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stall, "Sudc'(s\troyeni.ye,'g Leningrad, 1969, Pages 7-12;
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CHAPTER I /7

CHATACTERISTICS OF FAILURE OF SHIPS' SCREW PROPELLERS
AND MATERIALS PRESENTLY USED IN THEIR MANUFACTURE

Research cerried out in the Soviet Unlon and abroad
during the past few years has established that failure of
screw propellers of all types of ships in use occurs &as
a8 result of:

1. collisions with some obstacles (solid objects),
which, when propeller material is not sufficiently ductile,
lead to the formation of large, branched cracks and even-
tual frasture of the blades. Propeller blade fallure is
observed most often in oropellers which operate in shallow
water and which are not equipped with some shlelding
devices, as well as in propellers of ships cruising in
waters with calved ice.

2. electrochemlcal corroglicn vrocesses. This type
of fallure takes place in screw propellers of seagoing
shios and in shlps which serve as a combination of sea-
going slilp and riverboat., Screw propellers of riverboats
are subjected to a lesser degree of corrosion fallure.

3. cavitation eresion processes, arlsiny because of
frickion between tre surface of propeller blades and the
water stream at hich elrcumfercentisl velocities, as well
as because of hydraullc impacts due to the "implosion" of
cavitation bubbles.

In addition to the above-mentioned types of failure,
vhich have been thorourhly studied and described in dome-
stlc &nd forelegn literature, screw propellzrs operating

*Numbers in the right marein indlcate pagination
in the original text.
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in water contalning suspended abrasive particles wear
under the actlion of these particles. In most cases,
failure of ships' propellers occurs under the combined
action of several of these factors, for example, corroslon
and erosion, cavlitation and aorasion, ete.

The principal types of screw propellér fallure on
seagoing ships and riverboats which have not been adequately
described in domestic literature are described below.

1. Hydroabrasive Wear of Screw Propellers on Shallow
Draft Ships

Screw propellers on ships which are used in shallow
water operate under more severe conditlons as compared to
those in deep water. River beds of shallcew areas of major
rivers, as well as of shallow rivers, are contaminated
with obstructions which often cause breakage in screw pro- /8
pellers.

The most efficient type of ship propulsion for shal-
low water is water jet propulsion. A 3 or b4-bladed wheel
and a 4 or 5-bladed directine apparatus rigidly installed
in the shaft of the water supply tunnel are usually used
for thls purpose. The wheel is protected by a grating to
prevent breakage in the event of collision with foreign
objects. As a rule, the speed of wheel rotation (500-700
rpm) does not exceed the maximum permissible speed at which
the circumferential velocity of peripheral points on the

_blade (wheel diameter 0.6-0.7 m) reaches the magnitude at
which cavitation ocours; therefore, cavitation-erosion
breakdown is not cbserved on working wheols in water Jot
propulsion.

Fallure of wafer jet wheels 1ls not similar to that
occurlng as a result of corrosive action of water upon
metal. To determine the nature and extent of metal fall-
ure, wheels were installed in both water jet and screw
prgpeller ships used under the same conditions in shallow
water.

wheel 1. A wheel 0,64 m in diameter, with a disc
ratio of 0.66 and a variable eross-section plteh, was
lnstalled In a water-jet propelled pusher tug with a poway
rating of 150 ho. The wheel's speed was 668 rpm. Mater-
1al was 25l steel. Average draft of the ship--0.5 m.

ihls pusher tus wev used on the Anvara Biver betwyeen
Kezhia wnd Strelka, 624 km speart. The prevalline depth
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Fig. 1. Wear of the Fig. 2. Wear of the
wheel of the water-jet wheel of the water-
propelled ship after jet propelled shilp
400 hours of operation after 850 hours of
in shallow water operation in shallow
(wheel 1). water (wheel 2)
of thls part of tre river is 0.9-2.5 nm. /8

The condition of wheel surfaces was lnspected after
)0 hours of service. It was found that ths suction and
dellivery surtlaces of blades did not have any traces of
fallure., The exit and periprieral eages were also in good
condition; however, consliderable metal fallure was observed
along the complete length of intake edges of blades, with
the exception of a small part of the edge at the bliade
root Metal cestruction arecas 15x250 mm, in size wers of
the abrasive wear type, with ¢learly pronounced edge scor-
ing (Fig. 1). Measurement of the thrust change with the
worn wheel showed that 1t decreased by mo.e than 53% as
compared with the original thrust.

The wheel was found to be unsultsble for further
service and was replaced

Wheel 2, For further study of wheel blade service
life under shallow water conditions, a wheel was prepared
by welding steel.-35 blades to a hub made of 25L steel.
This wheel was irstalled on a water jet propelled passenger
ship with 150 hp and 0.5 m draft, The dimensions of :the
nevt wheel (pitch, diameter, eve.) were almost the same as
thoge of the first wheel, installed on the pusher tug. /9
Operating conditious were also simllar to those in the
previous cage.
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Inspection of the wheel after 850 hours of service
gshowed that delivery and suction surfaces of the blades
were in their original state, without noticeable traces
of failure. Also, no signs of fallure were found on the
peripheral and exit edges; however, the intake edge of
the blade was subjected to considerable wear (Fig. 2),
similar in nature to that described above. The worn areas
were 300x75 mm in size and had a progressing nature.

Screw propeller 3. To study the reasons causing ship
propeller fallure in service in shallow rivers, a study
was made of the screw propeller of a 150-hp passenger ship.
After only 20 hours of operation in a shallow part of the
Yenisey River, fallure signs 22x2.5 mm in size were observed
at the intake edge of the blade. The suction and delivery
surfaces of blades remained in their original state.
Because the screw propeller had no protective screen, dents
appeared on the intake edges of blades, caused by colli-
sions with forelgn objects.

Microstructural analyses were performed with specimens
taken directly from the hlade of wheel 1 after 400 hours
of operatjion. These specimens did not have signs of cawri-
tation or corrosion fallure., Chemical composition of blade
material was within the standard composition range of 25L /10
steel, The structur¢ of the analyzed str contained
mainly ferrite and & small amount of perl. :.

The intake edge. of the blade, directly subjected to
strikes of abrasive particles, had & rough, pltted surface
(Fiv. 3). The deoth of individual pits reaches 3~4 mm
and their area 18-20 mm<,

The peripheral part of the blade is worn to a larger
extent than the part adjacent to the hub. This can be
explained Ly the higher circumferential speeds and by the
effect of centrifugal separation of solid psrticles.

Under the continuous action of abrasive particles in
areas of high stregs, some microscoplc cracks appear, which
with time Lecome one (Fig. 4). This explains the phenom-
2non of metal fracture under the wedging action of a stream
of hydroabrasive mixture,

The appearance of slip bands on the surface of the
suction purt of the blade is related to the presence of
abraslve wear duz to sliding type friction of abrssive
particles movirg in this area. Inspection of blade thick-
ness showed thet the thilckness decreased slirhtly as

Y
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Fig. 3. Cross section
of the intake edge of
the blade at a distance
of 0.6 radius from the
axis of the hub (x5)
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Fig. 4. CrecXs in a cross section of /11
the blade edge, developed under the
actton of a hydrosbrasive mixture (x200)

. compared with original dimensions; however, the blade wall 1o
thickness decrease did not exceed 1.0-1.54%. In this case, ’
the nature of abrasive wear conslsts of cuttine off micro-

valumes of metal by moving nmarticles of sand-gravel mix-
ture,

The intake edwve of the blade 1ls contlnuously subjested
to 1 larse nonher of concentrated impzcts of abragive part-
lcles, As a result, mexlmal stresses appesr on microusect)ens
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Flg. 5. Microplastic deformations /11
in a cross section of outer layers
of intake edge of the blade (x100)

of the surface, which causes plestic deforme“ion and strain /10
hardening of the outer layer of metal. Micruplastic de-
formations lead to orientation of metal grains in a direc-

?1on pe§pendicu1ar to the motion cf solid particles

Fig. 5).

Microhardness of worn intake edges was measured using
a PMT-3 device equipped with four sights, located at a
distance of 2 mm from each otfrer, with an indenter load
of 20 grams. The hardness tests determined that strength-
ening »f the intake edge under the action of abrasive part-
lcles reaches high vselues, increasing from the periphery
to the root of the blade. The depth of the strain-hardened
layer varies within che range from 0.15 to 0.20 mm, /12

Strengthening of suction and delivery surfaces of the blade
did not take place.

Based on the above analyses, the mechanism of abrasive
failure of ship screw propellers and wheels operating in
shallow waters 1s presented as follows: durlng operation
the ship's propeller enters a water stream containing a
large number of suspended abrasive particles in the form
of sani-gravel mixture. The intake edge of the blade iz
subjected to a laree number of concentrated impacts of
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solid perticles of turbulent nulsations, the kinetlc
energy of which converts into deformation strain of blade
matexial. During this phenomenon, considerable plastic
defoi nations develop on separate microsections, accompan-
ied by strain hardening and subsequent embrittlement of
the surface layer. Progsressive strengthiening and embrit-
tlement under the action of a stream leads to the forma-
tion of cracks and fatigue fallure of the deformed areas
and therefore to the removal of mlicrosections of surface
layer. The rough surface formed at the initial stage of
this process 13 smoothed by the continuous action of the
abrasive stream, as if ground. Later, this process is

‘repeated.

Some very insignificant wear of suction surfaces is
a result »f the action of abrasive particles, which destroy
the surfase by scratzching and by cutting off microchips
of metaY as a result of friction and practically do not
cause any strengthening of the surface layer.

In conclusion, the operation of ships' prupeilers
under shallow water conditions demonstrated that the main
reason for their wear is the mechanical action of the water
stream, containing abrasive particles upon the intake
edge of the blade, which results in hydrogbrasive wear of
their surface.

6. Experimental Study of Cavitation-Abrasive Failure /43
of Materials

As discussed above, failure of ship .screw propellers
occurs as a result of the combined effect of several fac-
tors which are very difficult to reproduce under laboratoxy
conditions for a number of reasons. Therefore, the most
expedient method would be one of tests under service con-
ditions. This, however, would require the manufacture and
installation on ships of & large number of screw propel-
lers and their use under variable conditlons,which would
be very expensive. The method of scale modeling also
proved to be unacceoteble, since it is impossible to deter-
mine categories of scele units to convert modeline test i
results into actual results /22/.

At the present, sorme installationg have already been
created and some are beiny developed for the investigation
of wear resistarnce of nmaterisls under conditions approach-
ing those of actusl service tests. In principle, the
existine methods of laborgtory resgea.ch provide for separate
study of cavitation-ercslon, corrosion and hydroabresive
resistance of materiatls /1, 9, 21, 33, 36, 3%, 39/.
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Methodology of testing cavitation erosion resistance

The foliowing methods and equipment are used in test-
ing materials for cavitation erosion resistance:

1. Destruction of test specimens by repeated impact
against the water stream in a special impact-erosion
stand /1, 39/. In this test, a water stream under constant
pressure 1s directed against a revolving disc with specimens
fastened to it. The following parameters remaln constant
during the test: circumferential velocity, shape of spec-
imen, water stream velocity, nozzle dlameter, and the dis-
tance between the rnozzle tip and specimens being tested.

2. Cavitation destruction of materials in testing
in a diffuser /6, 30, 36, 38/. Test specimens are placed
within a stream, the cross section of which can be varied
durkng the test; as a result, cavitation develops in the
area where the specimens are fastened.

3. Destruction of materials 1n a magnetostriction
osclllator. In this case a cavitation zone is created
directly under the vibrating specimen.

Bvaluation of test results in all these cases is per-
formed by measuring the specimen's weight loss.

lagnetostriction equipment of various systems is
widely used; it is superior to other types of equipment,
in that it makes it possible to perform miscellaneous experi-
iments, including investigation of destruction kinetics
and of the effect of various factors on the rate of the
cavitation process. The most important advantage of a
magnetostriction device is its high cavitation rate, hence,
shorter time needed rfor the experiment.

The schematic Giagram of a magnetostriction oscillator
used in the experiments discu.-od is illustrated in Fig. 1i5.

Nickel pipe 2--3000 mm long, 18 mm in dismeter--serves
as a vibrator. Its lower end is screwed intc the specimen
1., submerged in fluid. Water temperature during experiments
was maintained within the range 204#2°9C. For this purpose, /45
the tank with fluid was cooled by running water.

Longitudinal vibrations in pipe 2 were prodnced by an
eTe st g cpetde fleld rhick vas croate® 1 - oL citetion
coll 7. Vibrations were amplified by the rield or constant
electronagnet 3. Thls amplifier-magoctostriciion osell-
lator system orovides antomatlc vibration of the specimen

8
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Fig. 15. Schematic representation
of a mugnetostriction oscillator

being tested. Vibratlion of plpe 2 occurs under resonance
conditions, since the frecuency of alternate field (pulses)
1s set by the frequency of pipe 2's own vibrations through
feedback coil 8. At the same time, electromotive force is
induced in the feedback coll and 1s transmitted to the
adapter input of amplifier 6. These vibrations are trans-
mitted to the oscillation eircuit consisting of coil 2

and a capacitor.

Pipe vibration frequency is determined by its dimen-
sions and by the weight of specimens belng tested and
usually is within the rense from 7000 to 8000 Hz. To
decrease losses to eddy curreats, which cause heating of /u6
the pipe, a narrow slot .5 mm wide is machined along the
plpe and then is fllled with an adhesive.

Plpoe 2 1s ccoled by water flowing along its walls
from tank 5 and drawn off by suction pump &4,

During tests, speclal attention was pald to maintain-
ing constant amplitude of pipe vibration. With an

9
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increase of vibration amplitude, the rate of weight loss
also increases /9/.

In the experiments discussed, the double amplitude
of vibration was constant and equalled 0.07 mm. At siach
an amplitude, accompanying processes such as corrnsion
and action of abrasive particles are suppressed. Tkis
could be the cause of errors in establishing wear reeis-
tance of various materials. For example, the cavitation
resistunce of 18DGSL steel when tested with a magneto-
striction oscillator, according to I. P. Kryakin /24/
equals that of 20Khi13NL steel; howevar, in actual servioce
18DGSL steel proved to be less resistant than 20Khi3NL

steel /33/.

When selecting the test method, we studied the effect
of aggressiveness of fluid on cavitation resistance of
carbon stainless steel. Synthetic ssa water similar in
cogfosition to Black Ses water was used as an aggreasive
medium,

As can be geen frca test results (Fig, 16), the ag-
gregsive medlum has & great effect on carbun steel and

10




considerably lower effect on stainless steels. In judging
cavitation resistance by total welght loss in 3 hours of
testing, it waes determined that the cavitation failure

of materiels is causad mi&inly by mechanical action, <he
rate of which 15 enhanced in a corrosive mediun,

When processes of cavitation and corrosion ara simul~ /47
taneous, the chemical.compoai*ion and structure of the
metal play a considerable role, particularly under condi-
tions of Woderute cavitatiop action intensity /21/. It
is quite possible that a cavitation pulse strength insuf-
ficient to removz metaul particles might be :suffisient to
destroy an oxidation film and remcve corrosion products,
and therelsre to énhanés the corrosion process.

! nugker of references /21, 33/ indicate the noncon-
rormity of lubcratory and service test results because it
is 1mgassib1e to exactly take into account the corrosion
factor during the cavitation process.

Consequently, when selecting a method of relative
teats, the cavitation resistance of materials in aggres-
sive media should be investigated first and then the
selected cavitation-resistant materials should be rbjected
to additional corrosion tests.

It should be noted that the relative service life of
matérials determined by testing with various devices, sush
a8 an impact-orosion stand, diffuser, or magnetostriction
oscillator, coincide pretty closely /1, 9/. Quantitative
differencs is caused by the varying degree of intenasity
of mschanical action on metal structure with mioroloading
of m~verial, which is caused ty different design features
of test egulpment.

xggr;mental study of cavitation abragive failure
nt mnterials on an ultraazonic testing unit

The astudy of the effect of abrasive particles sus-
pended in water on the cavitation erosion of a screw pro-
peller is of great practical interest.

8. P. Kozyrev /23/ has used in his studies of cavi-
tatlon erosion wear a unit that is based on the prineiple
of Lntroducing ultragonic vibrations into a strezam of
wator ocontaining sbrasive particles, As was detormined
in the coursze of testing, to evaluate the effect of abra-
slva aoction on the cavitation wear of mataly It was neceg-
gary to dcerzase the rate of mschanical rcmcval of wstal.

11 -
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Pig. 17. Effect of abrasive particles on
cavitation erosion in steels.
x-x-X- {resh water containing abrasive particles
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For this purpose a special ultrasonic unit was designed
by the authors.

The unit for teating cavitation abrasive wear con-
sists of a magnetostriction converter packet, with a
gtainless steel concentrator, shaped like a cone, soldered
to one end. The testing voltage is transmitted to the
winding of the packet from the generator. The speclmen /48
being tested 1s screwed into the dbutt of the concentrator,

‘ The rescnant frequency of the cryverter in the unit

o is 21.7 XHz. The amplitude of vibrations used in the
study was 0.020 mm. Quartz sand with a grain slze of
0.1-0.3 mm was used as the abrasivx The amount of wear
was evaluated by weight loss of the arzsuimen. Not less
that 3 specimens of the same material were testod under
the same conditions.

Comparative tests performed in the above vnit showed
that the presence of abrasive partieclés I water enhances
cavitation srosion wear of carbon steels, but his less
aeffect on chromium gnd manganese alloy steels.

Fig. 17 illustrates the results of tests on carbon
steel (ghsut 0.4% C) and on 25KhidG5 chromiump-msnganese
steel in water with and without abrasive particles. A4s

shown in Pig. 17, the weight losg of carbon steal in waterx
with abrasive particles increased in 3 hours of testing
by 18% and that of chromiumn-zanganese steel by 94,

12
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The presence of abrasive particles increases the
intzngity of cavitation erosion wear and also causes a
completsly different type of specimen wear. This wear
occurs deeper into the metal and is in the form of non-
uniform p¥%:-, as compared with the more uniform wear withe
out the presence of an abrasive.

The worn surface is sovered with pits, nonupiform in /49
depth, 0.05-0.08 mm i1 diameter with hembspheric osttoms.
4, cracked beal of pressed out metal is formed around these
pits. This indicates that the surfacs of metal in the
cavitation zone was subjected to additional mechanical
impacts by abrasive particles. Abrasive perticles which
receive additional pulses by the "implosion® of cavitation
bubbles increase metal surface wear.

As was shown by further research, & qualitative cor-
respondence ia observed in tests in a magnetostriction
osoclllator with a frequency of 7-8 kHz and 0.070 mm amp-
litude, and in an ultrasonic unit with a frequency of
18-22 kHz and 0.020 mm amplitude.

The quantitative difference in the results of the
above tests is caused by the higher frequency and smaller
smplitude of specimen vibration in the ultrasonic unit.

In addition, an insignificent amount ofuweight loss, when
testing elloy steels in the ultrasonic unit, made it qulte
diffiecult to establish the deperdence between the weight
loss and the amount of alloying elements in steel. Thus,
in seiecting & test method for determining materials resis-
tant to the combirned action of cavitation and abrasive
particles, tlie test in a magnetostriction unit should be
used; however, the vibration ruplitude ahould be incrsased
to 0,070 mm, frequency dscreased to 7-9 kHz and matzrials
should be additionally tested for hydroabrasive wcar.

Hence, the brielf analysis of the existing teat methods
and the comparison of experimental results and actual ser-
vice datks as well as laboratory research, made it possible
to gelect the followirng methodology for studying wsar
resistance of materials for ship screw propellers:

1. The most expsdient method of atudy consists of
geparate investigation of cavitation eroslon, hydroeabragive
and sorrosion rosistance of materials;

2. To determine tho effeat of the corrosion faotor
on the eavitatlion erosion wsar of netals, teats zhould bhe
earryed ot in o ingnatostriotion oseillantor in o water;

i3
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3. The selected materials most resistant to cavita-
tion eroaion and hydroabrasive wear should be additionally
tested for corrosion resistance in sea water.

7. The Effect of Alloyl Elements on Wear Resistance
§n §§ea§ ‘ i

In references /1/ and /2/, by I. N. Bogachev and
R. I. Mints, data are presented on cavitation resistance
of 30Kh10G10 shromium-manganese steel., As a result of
experimeantal and theoretical studies, it was determined
that manganese austenite possesses a i “gh resistance /50
to cavitation erosion. However, the above references do
not present sufficient substantiation for selecting a
chromium-nanganese steel composition most suitable for
screw propellers operating under particularly severe son-
ditione of eavitation, corrosion and action of abrasive
particles.

L. 8. Malinov and T. D. Eysmond studied the cavitation
resistance of chromium-mmnganese alloys containing less
than 0.1% C /27/. They gave recommendations for seXecting
cavitation-resistant materials with thereased corrosion
resistance; however, application of steels recommended by
the authory for screw propellers may not be expedient due \
to the difficulties in producing steels with low carbon '
content., Melting of such steels would rsquire the use of
carbonless ferro-alloys, which would inorease their cost.
Reference /34/, by D. A. Prokoshkin, I. F. Zudin et al,
contains little information about wear resistance of echro-
mlun-manganese steel. This reference provides only inform-
ation ooncerning the effect of alloying elemente on the
corrosion properties of Khi18G5 steel.

The lack of publishedddata on the effect of alloying
elements on cavitation, hydroabragive and corrosion wear
resistance of chromium-manganese steel made it necessary
to sonduct a zpacial expsriment. The results oftthis
ragearch ars “iszgcussed balow,

Cavitation exomion resistance

The rasults of teating stocls with various amounts
of alloying elements are given in Table 7 and wolght loas
gégitiea in Plg. 18. The data glven in Fig. 181 ghow

amons steols containing 0.2%2 ¢ (heate No. 2 ~235%),
¢the hlghe%t cavitation raaiatancg la(pasgeas@d ggsétggf )
comtoAning 9.697 ln and 13.4% Cr (hoat No. 2353). VUith
further lnorease of chromium eenlent, usight lozsges inurenus




Results of cavitation reslistance tests
of chromium-manganese steels
Content of principal . Average weight loss (ug)
Heat alloying elements, % in time (hours)
numbers l total
c Si Mn Cr 1 2 3 for 3 hrs
2351 0.21 ] 0.5 10.71 6.15 0.9 k.1 9.3 14.3
2352 0.21 | 0.5 10.03 9.75 0.9 1.7 4.1 6.7
2353 0.21 | 0.52 9.69 | 13.40 0.2 1.7 3.5 54
2354 0.19 ]| 0.56 | 10.64 | 16.95 2.1 6.1 7.4 15.6
2355 0.19 | 0.5% 9.69 | 20.65] 11.8 |21.0| 26.0 58,8
162 c.42 | 0.74 9.73 9.95| 0.5 0.6} 2.7 3.8
163 0.42 1 0.73 2.5 i1.40 | 0.7 0.5 2.0 } 3.2
164 0.47 1 0,691 9.121]12.95 0.4 0.5 1.5 2.4
165 0.46 | 0.64 8.90 | 14.17 0-3 0.5 2.0 2.8
542 2.20 | 0.42 8.¢C 13.40 0.3 2.7 4.1 7.1
543 0.21] 0,421 10.53 | 13.13 1.1 3.4 4,2 8.7
54 0.21 | 0.38 ] 14.0 12.65 3.2 | 333 4,2 10.7
9971/1 0.35] 0.69 3.67|13.55 0.6 1.6 2,2 4,7
997172 10.34] 0.70| 8.02113.22| 0.6 | 1.5| 2. b5 |
9971/3 0.381 0.71 ] 10.74 ] 12.82 0.2 1.5 3.8 505
9971/4 0.47 ] 0.71 113,30 | 12.49 0.6 1.3 3.0 4,9
861 0030 2003 306‘# 12.70 QoSf 0.7 204 306
340 |0.35]1.13| 7.83{13.80| 0.5 | 0.6 1.6 2.8
9503 0.231! 0.59 8.48 {13.65 2.4 2.8 3.8 9.0 !
9543 0.25} 0,88 7.35 | 13.34 0.4 1.2 3.5 5.1 j
and with a chromium content of 20.65% Cr weilght losa /53

reaches 58.8 mg., Surface wear of gpecimens made of this
steol 13 the greatest, reaching 0.2-0.3 mm in depth. Wear
1s nonuniform in the surface area of the specimen.

Anmong stéels with increased carbon content (heats
162-165), the highest cavitation resistance is also an-

sessed by steel containing up to 13% Cr (heat No. 16
Fig. 18b).

Our rosults confirm data cbtained by I. R. Kryanin
/24/ concerning optimum cavitation resistanca of chromium
and chroxium-nickel steel contalning 13% Cr; however, some
reforancag glve different data. For exomple, I. N. Begachev
and R. T. Hints /1, 2/ congidoer that the optiaum amount of

chromiua to provide eavitatlon rosistance in gteol iz
obout 103.
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The. greater cavitation resistance of chromlum-man- /51
ganese stesl containing up to 14% Cr is explained by the
fact that chromium in such amounts provides fcr the high-
est dagree of .alloying without causing structural hetero-
geneity (i.e. an increase in the amount of structurally
free ferrite), which ocauses the lower cavitacion vesist-
ance of steel.

Pigures 18¢c and d and Table 7 illuztrate the results
of cavitation resistance tests of chromium-manganese
steel with varying manganese content. When steel contains
0.2% C and not more than 14% Cr (heats No. 5ié2-544), an
increase in manganese content from 8 to 14% lowers the
cavitation resistance of the steel.

In steels containing 0.4% and more carbon (heats
No. 9971/1-9971/4) the incrsase of manganese contant does
not affsct cavitation resistance noticeably. However,
also in this case, the steel containing 8.02% ¥n and /53
13.22%4 Cr (heat No. 9971/2) possesses higher cavitation
resistance. This is explained by the faét that as mengas-
nege conte:nt increases, the austenite's stability is
raised. This, on the other hand, decreases the capacity
of: £54el to strengthen during the initial (incubation)
period of cavitation, hence welght losses l'icrease.

Te experiments showed that the optimum mangansse
content in steel, containing 0.20-0.30% C and 12-14% Cr,
is from 7 to 9%.

Reference /27/ states that a decrease uf cavitation
regsistance 1s observed with an increase of manganese
content from 11 to 18% in steel containing 10% Cr and
about 7,1% C. As & result of testa it was determined
that w.. .Morease »f carbon content in steel from 0.1 to 0.4%
and more (with Mn content 7-9% and chromium content 312-14%)
leads to a noticeable increase in cavitation reslstance;
however, the same tests showed that an increase of carbon
content above 0.3% lowers the weldability of chromi m-
manganese gteel. In additlon, difficultly soluble momplex
carbldes of the MezqCg type, formed in steel, require heat-

ing to a.higher tomperature, which is difficult to achieve
under industrizl conditions and also results in a digtor-
tion of casting shape during heat treatment. Thus, the
optimux eaxrbon content in chromlum-pansancse steel is con-
gidered to bo 0.20-0.28%8, toking into ecomsideration the
combination of tochneloglenl proporties and eavitatien
aroglon raslstanes.
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It i3 known that of all alloying elements, silicon
increases the wear resistance of ferrite in steel most
noticsably. Test results for chromium-~-menguness sieal
with variousn silicon contents ara shown in Fig. 18e¢; and
the chiamkeal compcsition of thess steels is shown in Table 7.

In steels contsining 0.23-0.25% C, with the same man-
ganesc and chromium content, an increase of silicon content
fror 0.59 to 0,88% lowers weight losses in cavitation ero- /5b
ston wear from 9.0 to 5.1 mg (heats No. 9503 and 9543).

The highest cewvitation resistance is possessed by steel
containing 0.34% C, 8.3% Mn, 13.8€ Cr and 1.13% 81 (heat
No. 3%0). It should be noted that an increase of silicon
contsnt in steel above 1% is not desirabie, since it leads
to an intolerablie decrease in notch toughness (below 3.0

kg-q/cmz).

To study the effect of structure on cavitation resist-
ance of chromjium-manganese steel in industrial heats, tests
were carried out with specimens prepared frcam large ingots.

Table 8 and Fig. 19 i1llustrate test razsults of three
heats of steel containing various amounts of manganese
(heats No. 8716, 8717 and 8695). Test specimens were pre-
pared from ingots 130 mm in diameter in a basic indaction
furnace, 150 kg capacity. Prior to teating, specimens
were subjected to low annealing at 680°C for three hours
to reduce residual stressas and improve machinability.

The microstructure of the steels tested 1s shown in Fig. 20.

From data given in Fig. 19 it can be determined that
of all heats, the highest cavitution resistance is possessed
by stesl of heat No. 8717, containing 0.28¢ C, 0.36% Si,

£
g /3715

36}
- Fig. 19. Results of
%z; o cavitation tests of
o 7 chromiun-manganese
~ /} . gstecl in sea water.
o 18
% 3 ’/ das9s
= 217
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Fig. 20. Miorostructure of chromium-
manganese stesl (x500): a. heat No. 8695;
b. heat No. 8717: ¢. heat Ho. 8716.

6,85% Mn, and 13% Cr. The structure of this steel con- /54
sists of gamma-phase, a small smount of alpha-phase and
carbides in globular shape (Fig. 20b).

The martensitic-ferritic steel of heat No. 8716
(Flg. 206) had maximum weight losses and the deepest wear,
with worn areas nonuniforualy distributed on the surface
area. The heterogeneous structure of steel in such a state
ceuzed the appearance of focl of cavitation erosion wear
after 35-40 minutes of testing.

The steel of heat No. 8695 contained a lower cmount
of caxbon than the steel of heat No. 8717: howovor, the
highor wangancso content in this gtosl ghifta thoe stoel
into tha zone of sakba~-panzo and de28 not rogult in o
hotoregonoous structure. This steel has o largs ancuut
of forelto (Fiz. 200) an somearod ulth otoel of hoat /8%
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Fig. 21. BResults of chromium-manganese cavita-
tion tesats in fresh watexr.
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No. 8717 (Fig. 20b) This lowers the cavitation rasistance /56
of the steel.

The results of cavitation tests in fresh water of
chromium-manganese sveel with various content of Cr, Mn
and C are shown in Table 9 and Fig. 21.

Test specimens were prepared from ingots 150 mm in
diametor. As in the preceding case. cpecimens were annealed
for three hours at 680-7009C before machining.

The results obtained indicate that steel of heat
No. 8714, containing 0.27% ¢, 8.05% Mn and 14.30% Cr, pos-
sesses the highest cavitation resistance. Relatively high
carbon content provides high cavitation resigtance of /57
steel with chromium content above 13.5%. The structure
of this steel consists prineipally of sustenite with small
areas of ferrite along grain boundaries.

48 compared with steel of heat No. 8714, speocimens
of hieat No. 8713 possess lowar cavitation registance, in
spite of higher carbon content, which contributes to
iroreasod gamma-phass formation in otesl, This is oxplained
by the highor chromium content of heat No. 871% (14,30%)
es compared ulth heat No. 8713 (9.38%). Honcae, the anount
of ehromiva contalned in cteel is o detcrnizant for cooup-
ing hlgh eavitation vopioctoneo 4n bath coa and frosh thter.

Uith o doorcauo in earbonm con'ont in otecl to 0.19%

1
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(heat No. 8694), the amount ci' alpha-phase in the metel
structure increases, which results inr higher weight lcass
in tests.

From the analysis of test results of steel speoimens
of heats Nco. 8§97 and 8718 it follows that increasing
chromium content to above 18%, with a manganese content of
5.0-6.5% and thet of carbon of 0.25-0.28%, results in an
ircrease in weight loss by a factor of more than four.

Some difference in cavitation resistance of steels in
heats No. 8697 and 8718 with approximately the same chem-
ical composition is explained by individual characteristics
of microstructures of these steels. More favorable, in /58
regpect to cavitation resistence, 48 the structure of steel
in heat No. 8718, where cartiides are uniformly distributed
along grain boundaries and the grains are homogeneous.

This provides for higher weur resistance. Steel in heat
No. 8697 is characterized by an accumulation of carbides
at grain boundarieg and nonhomogeneity of grains. Thus,
weight losses in cavitation tegts excesd that of heat
No., 8718 steel by a factor of 1.5.

Highest weight losses were observed in tests of heat
No. 8696 steel, These losses are explained by low carbon
and manganase content (0.16¥ and 6.04%). Thia steel ocon-
sists mainly of alpha-phase, some amount of gamma-phese
and initial carbides.

We also carried out comparative cavitation resistance
tests in sea and fresh water of steels with varying con-
tents of chromium and mangsnese.

As seen in Table 10 and Fig. 22, the difference in
the welght loss of corrosion resistant 1Khi18N9T steel in
gea and fresh water 1s insignificant (heat No. 8677).

Similar concimaions can also be made in respect to /59
steel of heat No. 8714, containing 8.05% Mn and i4,.3% Cr.

In splte of the lower carbon content in steel of heat
No. 8694, as compared to steel in heat No. 8714, thia gtasl
lost twice as much welght in sea water ap 1t did in frosh
water. This is explaired by its low chromiunm coatant,
which 1o insufficient to provide high cavitatlon resistance
in ooz wator.

Beferance /39/ by V. V. Fomin also states that the
optimal eontent of chromium ir austonltic shroulum-wansapcoe
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Table 10 /58
The effect of agaressiveriss of sea and. rroah wator
on cavitation reliatance of ataela with vardoy

sontents of aJlozigg a;e!gnt

Content of prinoipal Avezege weight losses
Heas alloying elements (mg) in tima (hr)
Kedium ' ' total
No. (o] 81 | Mn | Cr 1 2 3 {(for 3
‘ ’ houra)
s69t| oo e, | 0.190.53(12.2] 9.9 5:31 3-8 2:91 33
Corresponds to ’
8677|3¢8 ¥. | jtandard composition|13+5]30.7 25‘3 69.7
sran{aes x| o.27foukofo.05{sn. 20 2:8] 30| 2:8| 20
75
8677
¥, /
iy 3 Fig. 22, The effec: of
0 W (S an aggresgsive medium on
) A
4 VA the cavitation resistance
» i/Aé of chromlum-manganese
[\
< 2 steel. ¥*gea water,
Y *¥fresh water
-
15 - lusss
: l}8715
g 1Y/ 70 180
Time, nin,

st2el As 14%. Vith & chromium content bolow 12% the
vagigtance of iteel to sleotrochemical corrvcasion deoresses,
viiioh also lovars resistance of stesl to microinmpact eaotion
during cavitation.

As o Taszult of studies of the cavitation rozistanse
of chroulun-uansnnene ateel of variouws oconposzition and
ptrustura, 1t wog doteormined thot:
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1. with an increase of chromium content from 12 to
Ihﬂ,the cavitation resistance of shromjum-manganese gteel
also increases. When steel contains more than 14% Cr the
amount of ferrite increases, forming an almost continuous
network along austenits grainc and even separate ferrite
areas. ‘Thi': leads to a Cacrease in cavitation resissancs
of steel;

The optims: chromiw,. oc Sent is ebout 14%.

2. +le highest cavitation resistance is vozscsaed
by chromium-marganese steel containing 7-9% Mn;

3. an inocreasad of carbon cuntent in ohromium-manse-
nese stéel up to 0.38-0.40% results in an increase in cavi-
tation resistance;

k., at a silicon content of up to 1.0% the necessary
ductile properties and high cavitation resgistance are
retained.

Resistance to hydroabrasive wear

The amount of surface wsar of screw propeller blades
operating in shallow water with a hydroabresive mixture
depends on the following factors:

1. physical-chemical properties of abrasive particles,
such as density, hardness and grain shape;

2, the number of hard particies colléding with a
surface area unit per time unit and the duration of their
action;

velocity of the stream containing the hydrosbra-
sive mixture;

L d

‘a1 k., physical and mechanical properties of blade mate.
rial;

5. quality of blade gurfaces maintained in the sourse
of exploitation, i¢e, surface roughness,

Due to the lack of sufficlent data on wear resistance /60

of chromium-manganese stesls, as well as the lack of guant-
ltative charactorintios of the effect of alloyling alemante
on the intensity of hydrozbrasive wear, it was nseogeary
to perform a sp2elal oxporimont. In this experipent,

puits wors uscd whleh provided fox Qifferont types of
materiol woar in a hydreabrasive podina,

28




Unit No. 1 (Fig. 23a), in which specimens revolve in
a stationary hydroabrasive medium, is fnr studying compa-
rative wear resistance of materimls. %ne advantage of
this unit, as well as of the units described below, 1s
their small size, hence low consumption of abrasives, and
no need fox special circulation devices with pumps, tanks
and other bulky equipment,

The drawbacks of these units include nodulizing end
breaking up of abrasive particles during the test, as well
as indeterminacy of the relative veloolty of abrasive part-
icles in raespeet to specimens; therefore, in tests using
thege units the wear resiastance of diéferent materials ms
determined in relative units.

Unit No. i conslste of a oylindrical tank, detachszble
along the diameter, and a chamber, inside of which test
specimens 2 are fastened to flanges on the shaft. Spscimens
are made in the shape of oylinders, 10 mm in diameter,

100 mn long. This speclmen shape makes 1t péssible to
study hydroabrasive wear 'mder conditions of abrasive part-
icle impact against the cylindrical surfacos and at the
same time under conditions of friotion along the butt sur-
faces, ¥iich to some dsgree imitates screw propellar ser-
vice econditions. The spesad of rotation can be changed vie
multistep pulleys }.

Basged on experimental research, the test methodology
was developed and other test conditions determined, such
ag uixture concentration and test duration. Testa were
carriad out at a cenatant rotation gpeed. Test duration
wap 3 heuars, with the hydroabrasive mixture changed each
30 minutes. Hixture concentration was 180 grams per litor,
vhich proevented its nmotion together with the specimens.
3ix to eight specimens were te ted simultaneously. One of
the specimens, made of type St. 3 steel, was considered to
be a standard. Three spacimens of each material were
testod. Evaluation of woar extent was determined by cal-
oculating weight loss with an accuracy of up te 0.1 ng.

The ratio of the woeight lcass of the standard spocinmen
to that of tho specoimen balrg tested, takling inte acooun*
thoir Initial welghts, vas considered to be the woar roslst-

anco factor. UWelght loszs wus caloulated ag an average loss
froo elx tasts{

Unlt Ho. 1 was al-o usod for studying materinl wvoor /42
raglstonee under eonditions of wesr due to impacts of opoe-
lmend agalnet o gtreor of wator conbulnlng abracive

i
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Fig. 23. Unita for testing hydrcabragive wear:

a. Unit No. 1:
1. rnultiastep pulley; 2. test specimen; 3. dif-
fuser for fedding hydrcabrasive nixture;
b, ultrasonic attachmoent;

b, Unit No. 2:
1. electric motor; 2. externnl chambor; 3. lid;
4. iaternal cramber; 5. tost sposinon;

c. Unlt No. 3
1. aloetrie notor; 2. tont cpocimnd; 3. hydro-
ohraslve plxbure; 4. covolvipg eylindors.
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particles (impact erosion wear). For this purpose water /62
was fed under constant pressure to diffusex 3, to which

an exact amount of abrasive was fed through a measuring
funnel., Then the hydroabrasive mixture was fed to spec-

imens being turned by an elactric motor, causing their

wear.

Unit No. 2 (Fig. 23b) makes it possible to parform
tests at various speeds simultaneously. In thls unit,
cylindrical rods 10 mm in diamneter were usaed, with oylind-
rical spacimens 20 mn in diameter and in height fastsnsd
at their ends. The distance between the speocimens and the
wall of the cylindrical chamber is amall, which contributss
to the decreased abrasive mixture displacement behind the
gpscimens. In addition, atationary speclnmens were inatel-
led for the sams purpose.

The mixture temperature was kept constant by cooling
1t with water, circulating in external chamber 2. Tho
speed of apecimen rotation was changed elther by placing
specimens inte the externsl chamber {4n which case the
internal chamber served as a cooler) or by eshanging the
gpded of the 3-speed eleotric motor J. Up to 12 specimens
were tegted simultanecusly in one chamber. Linear speed
of specimen motion in chamber 4 was (1.3 m/sec, and in
chamber 2, 16.4 m/sec.

The most intensive wear ocoured when the hydroabrasive
mixture contained 50% water and 508 quartz sand by volume.
Experiments with the same get of specimens were repeated
three times and the amount of wear was calculated as an
averagd value of three tests. PEach test lasted 4 hours,
after which the hydrororasive nixture was replaced.

Unit No. 3 (Fig. 23c) was designed for testing wear
resistance under condliiions of impact loading. It oan be
used with fastened or free apscimons. Tests were carried
out in four cylinders L4 simultansously, with a cylinder
rotat} gpeed of 60 rpm. All gpecimensg were testad three
tizes. Pach test lasted 4 hours. Cylindriecal spacimena
viers 20 mn in diameter and holght and thelr edges wero
rounded off to an edge radlius of 5 mm,.

Hydroabrosive mixture concisted of rounded gravel 5
to 11 mm in 3ize, quartz sand with a grain sizo of 0.8-0.47
s and wvater, in a propoction of 4:1:5 by volume. The
eyliunder wos filled befor2 the togt to 60F of 1ts height
and hydreabragive mixturee wao replaecd after czen test.
The offeet of eycorima, Toot rocultr for eylivcriond -3
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Fig. 24. The effect of
] chromium on hydroabrasive
~_ "9} wear reslstance of gtesl:
M '\ a. 0019“002_1% C. 907"‘100?%
Mn, 0.5% Si; b. 0.38-0.47%

~N

stance,

-t 6 1 1% 18 2 C. 809"'9.7% Mn. 0.7% 810

34b) % Chromium  pegts 1n Unit No. 1.

7

'3 ff?\k» A - as cast; o - cooling

g, A in eir from 1100~1150°C;

= ¥ ;7rﬁ53 9 - quenching in water
e s from 1100-1150°C,

4 Chromium

gpecimens in Unit No. 1 are shown in Flg. 24. 1Ir. these
tests,quartz sand with a grain size of 0.1-0.25 nm wag
used. Concentration of hydroabrasive mixture was 180 grams
por liter and rotation gpeed was 1500 rpm. Test specinmens
were prepared by investment casting. The skin of the gpec-
imeng formed in casting and heat treatment was removed and
the surface was cleaned with fine emery ocloth until a
notallic luster was obtained.

An analysis of tezt results shows that among steels
containing 0.19-0.21% C and 9.7-10.7% Mn, the highest wear
replstance after cooling from 1100°C in air is possessed
by specimens with a chromium content within a range from
10 to 14% (Fig. 24a). The same types of steel, elther as
cast or after quenching in water from 1100°C, possess
1g%raasod vear resiastance with a ohromium content of about
10%.

The greater wear resistance of specimens after cooling
in alr from $1060°C * =xplainsd by the fact that with the
lower cooling rate, «. compared with quenching, the asteel
ccntains a greater amount of uniformly distributed carbldes,
having mostly globular shape. After quenching in water
from 11000C, the am. at of austenite in steel increases and
the anount of carbides decreases. This results in o decreoase
in the woar rosistance of steel under conditions of hydro-
abrasive wvear.

In the structure of cho gpoelimens as cagt, an accunmu-
lation of eoarge-grolin carbldes aed nonhomoponeity of nlero-
gtrusture ware ohserved, wileh lod teo decreaszed voar ro-
glatonca




The sharp docreage 1ln wear resistance of stsel oon-
taining over 15¢ Cr is explained by the noticeadble increase
in the amount of fres ferrite.

Chromiun-manganese steel containing 0.38-0.47% C
attalne maxinmum wear resistance with about 13% chromium
content, both as cast and after heat treatment (Fig. 24b).
With an inorease of chromium ccntent to above 14%, a de-
crease in wear resistance was observed. In such & ocese, /64
as well as when sarbon content is low, the highegt wear
regigtanca of steel was attalned after cooling ir air from
11509C,

Tegt results also showed that an inorease of carbon
contont in steel from 0.2 to 0.47% results in a decrease
in wear resjstance. The relative wear resistance of steel
with 0.2% C exceeds that of steél containing 0.47% C by a
faotor of 1.4.

In order to approximate the laboratory test results
to tests under actuasl service conditions, a study of hydro-
abrasive wear reslstance was carried out using spscikens
prepared from large castings (industriel melts) in Unit
No. 2, with a lower intengity of impact acthok of hydro-
abrasive mixture as compared with the tests in Unit HNo. 1.
Suchk condltions correspond with the opsration cf low-draft
ships in challow water with a sandy bottom.

Test sBp2cimens were prepared from ingots 60 mm in
diarster, cast in sand-clay molds. Cast ingots ware
quenched in water from 1100°C. After this heat treatment,
ingots were machined to the gize of spscimens for hydro-
abrasive teating and invastigation of microatructure,

Spooinmens wero tested at a linecar gpeed of 16.4 m/sec.

Plgure 25 illustrates the relative wear of ateel
spacinans, with varying chromium contont et a carbon con-
tont of 0,11-0.31% and rmanganese contont of appreximately
7%. Toest lasted one hour. A3 seon from the data in
Flg. 252, opecimens containing 0.11%C had meximun wear and
spsoinons containing from 0.22 to 0.2%% C had mintnun %ear.
Among gteols containing 0,113 C, eaximum wear resistance
was posgesgad by stools containing 12-138 Or; whon earbon
content was 0.22-0.24%, higher resistance woz shown by
Btaala contalning 7-53 Cr. In prolenged tests (ovor 20
houes) thip regularity deos act ochoanga. In measuelng harde
p200 In o Pil-3 teating wachlns, vith o 20-gram lead on
tho Awndaptew, 1t uas dotormined that after tostios in Umdt
Ho, 2 the wlerdinrdnrens of bho gurvsose layer lnerosues legc
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Fig. 25. The effoot of chromium on the hydro-
abrasgive wear resistance of steel.

. Tests in Unit No. 2: a. test specimen weor
in one hour of testing: b. and o. avaroge
value of wear rocistancs of grosinens arter
20 hours of teating.

d. toegts in Undlt Mo, 3.
0 = 0.115C; A ~ 0.,22-0.283 21 @ - 0.:6-0.31% ¢,

;
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than after teasting in Unit.No. 1. This indicates the lower /64
intengity of abrasive mixture action in Uni¢ No. 2. Thus,
under those conditions whersby in the process of hydro-
sbrasive wosr maxinum hardening takes place (operation on
& sand-gravel bottom), the optimum chromium content (with
0.2% C) will be 1ts lower amount, i.e, 10-12%. Under con-~
ditions where the intensity of 1apact astion is low (esandy
bottom), 4t is expedient to increase chromium content to
above 12%. The optimum wear resistance will be observed
with a chromium content of 12-14%., Further increase of
chromium content to above 15% leads, as well as in Unit

No. 1, to desreased wear resistance hecause of the increase
in the amount of free ferrite in the microstructure of
gteel,

After testing in Unit Mo. 2, th- same specimens wore /&6
‘Weated under conditions of impact load applicaetion in Unit
No. 3. The spacimens were not fastened at the tottom of
the oylinders. Tests lasted 20 hours, but the specimens
ware wailghed after each three hours.

As seen from Fig. 254, test specimen wear decrsoases
with increase in chromiua content from 5 to 12%,at the sams
rate both for steels containing 0.11% C and thoze contain-
ing 0.22-0.24% C. 1In eteols containing 0.26-0.31% C, an
increase in chromlum content dces not affect wear resiat-
ance, With further increase in chromium content, apocimen
wear decreases sharply. This oan be explained by ths faet
that with an increage in carbon content from 0.11 to 0.31%,
the amount of gamma-phase in steel structures increases,
wnile the gtability of austenite also increases with an
increase in chromium contont above 12%. This aggumption
ig confirmed by the resultsz of microhardness meagurema3ats
of purdace layers bafora and after the tests.

Hydrcabrasive tests wore also psrformed in Unit o, 3
in synthetic poca wator of Black 8ca composition. Duration
of tests was 60 hours. In each 24 hours of tests the spco-
insng wora in motion for ? houra and atatiomary the rost
of tho timo.

Theae tests showed that uhen the corrosion factor vuag
pravolont, tho opticum coemtent of chromlum and earbon Lora
12-24% ond up to 0.2%, reszactivaly.

Tasts carvied -ut in dAlffereont unlts alloy ua £o oo~
clude that the eadtlng okin has o fovoerablo arfoet on tho
irsronce of woar roslstopes under corcditlons of hyvdreshro-
glve voor. PFor oxamplo, oposiions propared by 1avostioont
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ocasting possessed the higher wear resistance in all cases.
This is due to the fact that the surface layer of the
gpecimen has a fine-grain microstructure (7-8 in the GOST
scale) to a depth of 1.2 mm, while the oore of thess apec-
imens consisted of larger grains (2-4 on the GOST scale).
In addition, the density of the oxidation film of cast
apecimens 18 hisher %Yhan that of machlned specirenas. This
18 of considerable tmportance under service in a corresive
nediun.

The effect of carbon. Carbon content in chrorium-
manganeses steel has a substantial erfect on its wear rasist-
ance under conditions of hydroabrasive wear. It was shown
earlier that deponding on wear conditions, an increasne of
carbon content in steel results in individual caszes in
inocrsages of the relative wear resistance. This is part
iculariy pronounced under conditions of impact ioad appli~
cation.

a) . b)
0,34 o 2
el /67
O 2%
Do \\ M2
¢
,ﬁ " \ ool _\\ \
G £ 02 =
o 028 0.?0 D
g oz 639 g N Wi
% Carbon o 18 \V\\ e
@ b5
i3, 26, Effoct of S Nohe AT
cardon on tho N
hydrosbrasive ro- Y T R
slstanco of stool: % Carbon

a. tagts in Unit
No. 2; b, teste in Unit No. 3,

In Pig. 26a, goneralized da%a are prosonted on the /66
offect of earbon contont in tosts in Unit No. 2 and in
Filg. 26b, in tosts in Unit Ho. 3.

Ac o rogult of teots ia Unit NHo. 2 (Fig. 26a), it uas /67
doternined that the optinum corbon content do:  0.20-0.28%
C Ath 5-18%5 Cx and with obout 74 ln.

ndar condltlons of ingast lend apellontlion in Dnle
How 3, Bhe wolntlve wene wad doeroaeod with on LasreoQua
L0 eozben eertont el 0.1 £o vl (g, 26b).
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Pig. 27. Bffect of rangansse on hydroabrasive
wear reésistance of steel: a. tests on Unit

No. 1, spocimens of steel with about 0.2% C
ard about 13% Cr; b. also Unit No. i, spacimens
of ateel with about 0.42% C and about 13% Cr;
¢. tosts on Unit No. 3, spsocicans of pteel with
about 0.2% C and about 12% Cr.

¢ - 08 cast; A - air cooling froa 1100-11569C;
o - quenoching in water from 1100-£1500C

The offoct of manwamsso. Steels containing 0.23 C, /67
obout £33 Or and 3~163 Hn wore tested in Unit No. 1. Stoels
with highor carvon contont (about 0.42%) wore also tosted.

In both caoes tho woar rosistanee of stool bagleally insrcasos
a8 KapzLn200 conteut ip incrossed to 7-9% (Pig. 270). An
oxcoption 1s stoel contalining 0.24 C after quenching in

vater fren 1100°9C. The woar resistones of this stool
inorcases tith an ineroass of manzancne contont to 124,

%he inercace of austoniio gtability, rolated to tho
Ansrease of manzoanons eontoat to nbove 124, leado to a
dosrcnza in ooy resistanco of chrenlul-~ing~anoed siocly,.
Tho pregenae of o large qmount of eorbidos An &t0c) eon-
tadrdng 0.427 C aftor alx eoelinmg fvon 1150Y ¢, loads to
the hWlghest ropictonso of this otool (¥ig, 27h).

Tooty in Usdt Ho. 3 douenstantod o daaeoane din wonn
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resistance of stesl containing sbout 0.2% C and 128 Cr

with an ineréase in manganuse content from 3 to 16% (Fig.

27¢). This proves once more the assumption mede sbove that

fansanese austenite stability laproves &s mangansss content
nereases.

Hence, the test results obtained under various oondi-
tions of hydroabrasive wear make it pcssible to conrclude /68
that the optimum mangenese content in steel which contains
about 0.2% C and 13% Cr iz 7-°9,

The effect of silicom. The tests of chromium-manganese
steel specimens convainig about 0.25% C, 147 Cr and 73 Mn
in Unit No. 1 establishrd the favorable effect of sllicon
content increase from 0.3 to 1.4% on hydroabrasive wear
resistance of gteel gpecimens (Fig. 28).
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Fig. 28. The offect af siliocon on
hydreabrasive wear resistance of ateel.
Tegts in Unit YNo. 1. B8pscinong of
atool with about 0.25% C, about 1443 Cr,
and 7% tn.

Corrosion Reglotoneces /69

Tha purpose of this rosearch was to determins tho
corrosion rosiptance of chromium-ranganose gtecl with vory-
inzg contont of chromiuvm, ransancso and ecarbon. Tho gtudy
of corrosion roolistancs rakes it vossible to corractly
dotoroins vinleh steol should bo seloetod for gerol prondl-
loro An gorvies undor conditiono of caubinod action of
eavitation and eorrocion.

Cozroslon rouictones of ateel vag doseriined by abani-

iy the oloetrede potoatlol. This evdluntion of cogreslon
woulotoney by Olueticdo potoatinl wny B wond only {for
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preliminary testing. Sea water of the sames composition as

Black Sea water was used as an electrolyte. The galvanic

circuit was composted of five test spseimens made of various
steels of the same heat and a saturated calomel comparison
olectrods, connectel, through an intermediate vessel, with
a saturated solution of potassium chloride, by electrolytic
koys filled with a saturated solution of KCl and sea water.

The steady potential of 2ach of the specimens was
measured with a type PPTV-1 high-resistance potentiometer.
Heagurement precision wa3 within 5 My,

Chromium-manganese seeels were tested, the microastruc-
ture of which, after quénching in water from 1100-1150°C,
u:s both two-phage (alrhiax + gamma) and austenitic mone-
pnase,

==~ ,s
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g ny 13 5 17
4 Chromium

Fig. 29. The effext of chromium on
change of the electrode potential of
chronium-manzanage steels in sea water:
1. o.ugg C, 9% Hn; 2. 0.28% C, 7% Mn;
3. 0.28%3 C, 7% Hn; 4. 0.11% C, 73 Hn.

t
-3

A study waa made of the effcet of chromlum on change
in eclectrode potential of chromiun-ranganese steel, rola-
tive to a calowsl electrade, in goa water (Flg. 29). Prom
this study, it was deterninsd that the corroscion rasist-
anse of otocls with o conctont manganese content deponds /70
gainly on the contont of ehroniva gnd earbon. In all
atoels wbudied, thor chrodun ccatont wos ineresszed from
8 to &3, the correzion ragictonso inerenscd to approxiimtely
tho fona extent, At o ehurenied eontont above &5, olectreds
potontlol) values qoagord prinelrllly oa the cnebon eantQual
in atoola,

To strol coatuledas 0,17 ¢ (hest Yoo ), the
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passivation phenomenon (the attainment by steel of o con-
stant electrode potential value) tekes place in sea water
at a chromium content of about 10.5%. This steel, by the
way, has the highest potentiail of all steals studled.

8teels containing about 0.45% C possess lower corrosion
resistance (heat No. 1). Although their electrode potential
becomes constant at a chromium eontent of about 10%, its
value 18 only one-third that of specimens of heat No. &,
containing 0.1% €.

It shouls be nzsted that heating of heat No. 1 spec-
imens during heat treatment was carried to & higher tenmp-
erature than that of carbide diffusion (1156°C), so prac-
tically no carbides were observed, i.e, solid solution
impoverishment by chromium did not occur. However, the
corrogion resiatance of steel with increased carbon scontent
was lower than that of the steels in heats No. 2-4.

The data in Fig. 29 made it possible to establish
that chromium-msnganese steels attain a stable electrode
potential at a chromium content of about 13%, regardless
of carbon content; therefore, further incrsase of chromiun
content doas not change the corrosion resistance of steel.
An increass of chromium content to above 18%, with 2 carbon
oontent of 0.1%, sharply ralses the amount of alpha-phase
in the structure, which results in the appearance of spot
corrosion.

According %c F. F. Khimushin /40/, the high contont
of rangancse n type 18-8 chromium-manganose stecls impaira
corrosion resistance in soa water as eonpared with typo
18-8 shromlum-nickel steel. We studied %he corrosion ro-
gigcance of ohromlum»manganasa steal containinz 0.20-0.45% C,
obout 13.58 Or and 3.5-16% Hn.

Analysis of the change in electrode potential in rela-
tion %o manganege content (Fig. 30) showsd that increasing
manganese content up to 10% does not noticeably change the
corrosion resistance of chromifum-mansmancne stesl, At a
mangancoe content above 108 the corrosion resistance of the
steel deteriorates slightly.

Ag vill be shoun below, our reseerch /18/ estoblished
th2 favorable offect of addins a slisht amnount of titanium
to asteel (0.05-0.1%) on the wechoanienl ocoperties ond envi-
totion resistoace of chromluvn-panganone stoel.

Gtecls nlloyed Ulth titaalva cleso poszese relatlvely /71
bigh eovyoaion ~2gistonea,

11




L
R
o

b .
‘0," 2 e 4_;—;—‘
- o . X...—-o-"""—o x

3 Q

6 [ ]

-«

Jé‘a,e )

)

o

e

P g s 7 g 1 13 5 17

% Manganese

Fig. 30. Effect of manganese on change
ix the electrode potential of chromium-
manganese steel in sea water.

0 - 0.35% C, 13.5% Cr; o - 0.32% C,
11% Cr; x - 0.28 C, 13.5% Cr.

The comparison of data given in Fig. 29 shows that
heat No. 3 steel, containing 0.04% Ti and 10.5% Cr, is more
registant to, corrosion than steel of heat No. 2, which

does nct contain titantum (with 12.3% Cr).

The effect of steel structure on corrosion resistance
was investigated using spacimens in an as-cast state (with-
out heat treatment} and after water quenching from 1100°C.
Test specimens were preparédd by investment ocasting. S8pec-
imen surfaces were cleaned with emary oloth before teating.

The miorostrucsture of steel, as cast, consisted of
alpha- and gamma-phage, with carbides present along grain
boundaries. Hicrostructure of the surface layer of spoc-
imena consisted of elongated fine grains. In some ardas,
clearly exprassed structural norhomogenzity (dendritie /
gegrogation) was observed, with large equiaxial grains,

Ag a result of tests, 1t wos established that the fine
grain struocture of the gurface layer of cast specimens
favorably affeets corrosion resistance of steels contalning
up to 11% Cr. With further increase in chromium content,
to above 11¥, the cast steel possegges lowar corrosion re-
slstonce {Fig. 31) au compared to heat treated stsel.

Thia 1s probably cauzed by the impoverishment by chromium
of the so0lld solution due to tho presence of cariides in
st steel.

‘As a regult ot enesrch o the eoriosion renlotange of
steel wlth varlous conteats of alloying olupeats, tho fol-
Totia conclusions wars made;
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Flig. 31. Effect of structure on change
in electrode potential of chromium-
mangansse steel in sea water.

x - 0.21% C, 10.2% Mr, as cast;
o -~ the same after quenching in water
from 1100°C

1. To secure high corroslion rc Jistance of chromium- /72
nanganege steel .in sea water, the chromium content should
be at least 12%:

2. The optimum carbon coixtent in corrosion-resistant
steel is considered to be 0.1-0.2%;

3. Addition of titenium te steel (0.05-0.1%) vesults
in some increamse in corrosion resistance;

4, Heat treatment of steel, i.ec. quenching in water
after annealing at a temperature higher than the temperature
of carbide diffusion, also enhances its corrogion resist-
ance.

16. Corrosion Resistance of Steel /106

Specimena of 25Khi4G8T steel were tested in a strean
of synthetic soa water, corresprnding in composition to
water of' the Black Sea.

The sea water was prepared through reactions of
chemically pure reagonts With distillad water. The overall
aalinity of the water gas 2.2%. Tho surfarce arca of the
gamples wag about 3 dm<, and the voluwa of the wtater about
20 liters. The water was changed twice a week.

Corrozion rosisgtonee in the atroam vas weasurod in
terns of welght lows of the gauples befors and after seoto.
Testim: vas de-2 on o gplndle apparatug with o geoeimea
deﬁb’ty in umeor of 1& w/ame, Lhieh 2corbles to Pums oxtent
tho operating conditlour of = morew propallor.




The daration of the corrosion tests in a current was
usually 250 hours /8, 9/. Study of the effects of stop-
ping the apindle apparatus showed that the corroeslion rate
of ferrous metal, and especially of stainless steels,
increases significantly when the samples are allowsd to
remain stationary for some period of time, In oxrder to
determine the role of the corrosion factor, the length of
comparative expsriments was extended up to 1000 hours,
with the test specimens being in motion 410 hours.

Studies of the effsct of the sen water stream on cor-
rosion resistance of 25Kh14G8T asteel were conduoted using
cast specimens which warse cooled in air from 11009C before
machining. Tests were simultaneously conducted on spec-
imens of St. 48 carbon asteel, widely used in the manufac-
ture of ships' hulls,and on specimens of 30Kh10G10 cavi-
tation-resistant steel.

The ohemical composition of tested steels and the
results obtained are given in Table 23. As seen from this
table, the 25Kh14GEY steel possesses high corrosion resist-
ance, exceeding that of 30Kh10G10 steel by a factor of 4.3.

The data from tests of corrosion-resistant steels
used for socrew propellers of s3a-going ships (1Khi4ND /107
chrumium steel; 1Kh18N9T, OKh17N3GH4D2T, Kh23Ni8 and other
austenitio chromium<nickel steels) show that the corrosion
rate of austenitic stainless steel, at various sea-water
ocurrent velocities, remains practically the same and is
indepsndent of current flow velocity within the range fron
2 to 16 m/sec. The averagé corrosion rate of thass steels
(based on testa of 250 hours) is 0.005 nm/year.

The ocorrosion rate of 0Khi7N3GAD2T austenitic steel
18 8lightly lncreased when subjected to a stream velocity
of 16 m/sec, to 0.008 mm/yr. The corroasion rate of iKhi4ND
steol, whon subjected to an increased scurrent velocity from
8 to 16 m/sec, doubleag and amounts to 0.013-0.01% mm/yr.

In 25Kh14G8T steel an increase of wnter stream velo-
oity from & to 16 m/mec regults in an increase of corrosion
rate by 2.2 tizos, and ot a velocity of 16 m/sec the core
rosion rata is 0.024 mm/yr.

The reaunlts of thege experimonts sonfirmed earlisy
studies of the corrosion resistance of chromlume-Eangandse
steecls containing over 123 Cr. The relatively high ro-
glstanse to corrosion of thege gteels, when subjoched
to an inerzase in current veloelty withia the range 2-16

B/ses, 1o oxplolncd by the mther strong proboctive uuefoen
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film on steels containing more than 12% Cr. As the sea
water stream velocity is increased, this film not only
dees not break down, but, on the contrary, is quickly re-
stored at damaged areas due to the intensifisd supply of
Oxyge n.

Less resistant to corrosion are steels containing less
than 12% chromium, for instance, 30Kh10810 steel. This is
due to an ingufficiently strong surface film, formed at a /1i(
lower chromium content and a higher carbon content. In
the experiment, the film was worn more easily by the sea-
waeter strean.

Our results confirmed the results obtained by
V. &. Delle /5/, in which it was determined that rnly alloys
containing 12% or mor- chromium had a high corrosion re-
cistance in oxidizing media. Alloys containing less than
12-13% Cr are insufficiently passivated in a sea-water
stream, thorefore their corrosion resistance is relatively
low.

17. Corrosion~-Fatigue Strength of Steel

Ship screw propellers operate under conditions of
varying stress and corrosion, espscially when operating
in sea water, so materials used in the manufacture of ship
propellers must have adequate corrosion-fatigue strength.

During both normal and corrosion-fatigue failure,
nicroscopic cracks appear which gradually expand, leading
to ocudden brittle fracturo. Corvosion-fatigus failure is
charaocterized by extensive cracking in the area of stress
concantration.

The fatigue procsss in a corrosive medium is ocharac-
terized by the sbsence of a fatigue limlt; the prooceass
depands on the cyocle duration, i.e. on the basias for its
baginning (a cortain numbor of cycles).

Currosioa=-fatiguo fallure oscurs as the resutl. of the
simultancous aotion of machanical and corrosive factors,
and ons maoy visualigzge it in the following mannsr /9/:

Local mieroplastic deformation leads to lower roaslast-
ance to oxidatson of mierovolunos of mstal, which io
enhancod by the astion of tho corrosiva medium, and which
faellitatos the cuenpd of long from tae motal into tho
solutlon. This leads to the forzntiea und oXpansion of /1
fatizun eroacks of ecorrosivo-voshanienl orlgin.
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The chemical composition of 28Kh14G8T steel and the /109
mechanical properties of specimens subjected to corrosion-
fatigue tests are shown in Table 24.

Experiments wera conducted using specimens 8.5-10,0 mm
in diemeter on MUI-6000 fatigue testing machines at 6000
rpm. The samples were in the shape o bars 25x25x350 mm
in size, prepared by investment casting. The metal was
melted in a basic induction furnace with a 40 kg capacity.
Before machining, the specimens were subjected to heat
treatment--quenching from 1100°C in water. The gpecinens
had a groove 15 mm in radius running lengthwise down the
middle. This groove provided a smooth transition from the
working part of the specimens to the part turned to a dla-
meter of 8.5-10.0 mm; it also prevented the action of
stress concentrators during tests.

The corrosive medium was a 3% solution of NaCl in tap
water, imicating sea water. The circulation rate of the
golution ra?ained constant at about 10 1/hr; tests wore
based on 10/ cycles.

The results of the corrosion~-fatigue tests of steel
are given in Fig. 46. As seen in Fig. 46, the fatigue limit /110
of steel under normal atmospheric conditions is 46-48

kg/mme, while the corrosion-fatigue limit on g base of 107
cycles in & 3% saline solution is 18-25 kg/mnc.

As a comparison, w5 inolude the test results of some
steels, according to data in reference /37/ by N. N. S8okolov.
The corrosion strength of 1Khi4ND ateel, in testing on a

basis of 107 cycles, wag equal in air to 25 kg/mm? and in
a 3% NaCl solution to 16 kg/mm®. Por 2Kh13N steol the
corresponding figures are 22 and 14 kg/mmz. Por 18DGC
steel they are 30 and 12 ka/mm?®.

Thus, experiments have shown that 25Kh14G8T steel has
a sufficliently high resistance to corrosion-fatigue failure.

It 1s knoun that stress concentrators in the form of
keyways, gharp changes in cross-section, etc., result in a
decrcage in the fatigue resistance of matal parts. The
value of the fatigue limdt in this ecase doponds en tho
gacrotric form of the notch and tho sensitiwvity of the
Eaterial to strogs concontrators. Spocimens wilth o gtroso
coneonsrator had o cherp, cireular, V-chapod noteh 2.5
in dopth and vith o cornor rodius of 0.1 .
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Fig. 46. Corrosion-fatigue strength
of steel: 1. tests in air (heat

No. 570); 2. tests in a 3% NaCl sol-
ution (heat No. 570); 3. saze as
curve 2 (heat No. 524/1).

Under identicel conditione, smooth and notchcd spoc-
inmens of 25Khi4G8T steel, 10 mm in diameter, were tested
in air and in & 3% =olution of MNaCl.

The results obtained demonastrate that a docrcasd of
fatigus resistancoe occurs in spscluiens with atrocs con-
centration (sharp notches) when tosted in air. Tho offoc-
tive ptress concontration factor {the ratio,of fatipuo
limit of smooth to notched specimons) is K.=2. A groator

decroase in tho corrosion-fatiguo resistance with notoched
grecieans 1s observed in salt water. Undexr those ocondli-

tiona, the value of the cerrosion fatigu@ stronsth baccd
on 107 cycles was only 8-10 kg/m: . wherens for gswooth

4 *¢lrang under the porz conditions the valws of tho core
rosion-fatiguo stirongth is equal to 1825 kg/mmz

The doereoace in corresion-fatigue strenmsth of notehsod
gpeeitzns 4o a pﬁirently cormected with the cerroolon rso-
@008 at ths root of the aoteh as o regult of tho iy OLO@

oXyeaa supply, aseosgary for thio rootoration of © p;@usan
¢iva oxido fiim.
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