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‘INVESTIGATION OF THE PQSSIBILITY OF APPLYING THE

ACCELERATED METHOD OF DETERMINING FATIGUE STRENGTH

UNDER CONDITIONS OF AN ASYMMETRIC LOADING CYCLE AWD
WITH VARIOUS PRODUCTION TREATMENTS

M.A. Yel'yasheva

The hypothesis.of energy similarity between fatigue failure and
meltiné of metals provides a basis for applying the accelerated
method for determihation of fatigue strength. This method was pro-
posed by V.S. Ivanova [1, 2].

On the basis of V.S. Ivanova's data, the cyclic constant a is an
approximate constant. Therefore, the possibility of using the accel-
erated method reduces to establishment of the constancy of the criti-
cal number of cycles Nk on varying different factors.

The accelerated method of fatigue testing war confirmed in
References [1, 2) for pure metals and certain alloys only in a
symmetrical loading cycle. The present study cites the results of de-
termination of the critical numbey of cycles for certaln alloys in
symmetric and asymmetric loading cycles on varylng the.state of the
surface layer, the welding procedure and other technological factors.

Our data are statistical in nature and are based on the systema-
tizatlon and evaluation of fatlgue curves obtained earlier on study of
the influence of procedure on strength. The results make no pretense
whatever to complete solution of the problem and we regard them as
preliminary.

Fatigue curves obtained on testing specimens of aluminum, mag-
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nesium and titanium alloys, alloy steels and several other alloys were
evaluated.

The tests were conducted on various machines and under various
schemes of specimen loading and cycle asymmetry (Fig. 1).

Circular rotating specimens fixed at both ends were tested on
an NU machine (NIKIMP design); a constant bending moment was applied
to the center section of the specimen. The stress on the surface of

the specimen varied in the range from +0 in the process, 1.e., in

max
accordanc2 with a symmetric cycle.

Flat specimens were tested on a Shenk-Erlinger pulser by apply-
ing an axial load varying in the range from Omax to Omin with the con-

stant ratio ¢ = 0.1. The test results obtained on the pulser

min®%max
correspond to a well-defined asymmetric loading cycle with a constant
asymmetry coefficlent.

Tests were conducted on an SU machine by bending the ends of
flat cantilevered specimens with a constant vibration amplitude (at
the point of load application). The design of the machine permits con-
ducting tests on the basis of symmetrlic and asymmetric (more precisely,
pulsating) loading cycles.

Thus, utilization of the test results obtained on these three
types of machines enabled us to check the proposed method not only i1n
a symmetric loading cycle, but also in an asymmetric tension cycle.

The loading‘schemes, which are indices of cycle asymmetry in
accordance with Fig. 1, are pointed out in the fatigue curves shown
below.

vIn Qiew of the absence of the required data for obtaining computed
values of the eritical fatigue stress (ck) and the critical number of
cycles (Nk) for the majority of materials considered, dgterm%nation'
of these values was carried out not by calculation, but directly from

- 2 -
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Vi)

Fig. 1. Loading schemes and cyclic stress dlagrams
of specimens., a) On NU machine (bending test during
rotation of specimen); b) on resonance type Shenk-
Erlinger pulser; c¢) on SU machine (bending test on
cantilevered specimens). 1) O pnax’ 2) Omin’ 3) n=

= 2800 rpm; 4) o = 0.1; 5) n = 2500-3000
cycles/min; 6) o 0.

min “max

min = %max’? 7) min =

experimental fatigue curves. The values of the cyclic fallure constant

a, for pure metals, which were cited in studies by V.S. Ivanova, were

employed for this purpose. The cyclié constant, as 1is shown in the
- 3 -
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above study, variés only very slightly; therefore, the values of the
cyclic constant for the pure metals on whose basis the given alloy is

produced were taken for the various alloys.

TABLE 1

Cycllc Constant for Certaln Alloys :
1 Marepuax .'-::-

2 Marunessi cnsne MAS .....'....'.... .

8,5
Texnuwecknik taram BT . . . .. . .. ... 8,0
Anounanesne canansu (J16T, I(WT B 95, B-92) 7,0
Hakeaerwit cnans 34378 . . . " . ., 8,5
CTM’II‘; 1X18119T, 31-659; I11-654, SOXI‘CA CH3 6.0

.....................

1) Material; 2) MA8 magnesium alloy;
3) VTID commercial titanium; 4) alu-

minum alloys (D16T, DI19T, V-95 and

V;92g 5) EI-437B nickel alloy; 6)

1Kh18N9T, EI-659, EI-654, 30KhGSA,

SN3 and ST3 steels.

The values assumed for the cyclic constant and the corresponding
difference between the critical stress Oy under which failure occurs
after Nk cycles and the fatigue strength Ou (on the basis of 107 cy- !
cles) in tension and bending are shown in Table 1.

The critical fatigue stress was determined on the basis of the
experimental value of the fatigue strength Oy after which the value of
the corresponding critical number of cycles Nk was found from the fa-
tigue curve. Then a comparison of the valﬁes obtain~d for the criti-
cal number of cycles Nk as a function of cycle asymmetry, various
technological factors and so forth was made for the given material. 7
Coincidence of the critical number of cycles under different test
conditions and freatment procedures may, 1n first approximation,
serve as a confirmation and basis for adopting the accelerated
method for determination of fatigue strength. Data on the influence

of various factors on the critical number of cycles are cited below.
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Influence of cycle asymmetry. In many cases, tests on the basis

of an asymmetric loading cycle correspond closely to the real operat-
ing conditions of the desligns. Moreover, a:loading scheme on the ba-
8is of an asymmetric cycle is the only one possible for cyclic teqsion
tests on sheet materials, welded, bolted, glued and riveted Joipts

gnd in many other cases. Therefore, confirmation of the applicabllity
of the proposed hypothesis under conditions of an asymmetric loading
cycle attracts much practical Interest.

Figure 2 shows the fatigue curves for a number of materials,
which were obtained in symmetric bending (specimens 10 mm in width)
and asymmetric tension (specimens 30 mm in width) tests. Comparison
of these éurves attests to the agreement of the critical number of
cycles for one and the same metal in symmetric and asymmetric loadlng
cycles. Such a comparison was made for the magnesium alioy MA8, com-
mercial titanium, alloy EI-654 and the aluminum alloy D16T, as well
as welded Jjoints formed by different methods in several of these
materials.

Figure 3 compares the experimental data obtained on the same
macﬁine on testing in accordance with.symmetric and pulsating loading
cycles for alloy V-92 in cantilevered bending. These data also con-
firm the constancy of the crifical number of cycles for a éiven materi-
al irrespective of cycle asymmetry.

Influence of state of material. Figure 4 cites the results of

testing the aluminum alloy D19 in the annealed and age-hardened state
(with and without subsequent heat treatment).

As we see from the data presented, the critical number of cycles
remains ‘the same, 3.5'105, irrespective of the state of the material
and the fatigue strengths (which differ one from another).

Influence of surface layer. It is known that fatigue resistance

-5 -
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Flg. 2. Fatigue curves for symmetric
bending, left-hand scale) and asymmetric
tensioning, right-hand scale) loading

cycles of various sheet materials 1.5 mm

thick. 1) Alloy MA8; 2) commercial ti-

tanlum VT1D; 3) same, argon-shielded arc
welding without filler; 4) EI-654 steel;

5) same, argon-shielded arc welding with

filler; 6) same, reinforcement removed

(without stress concentration); 7) same,

resistance seam welding; 8) D16T alloy.

A) o, kg/mmeg B) number of cycles.
varles .essentlally as a function of the state of the surface layer;
in principle, this is linked with the method of surface treatment.
Figure 5 shows the fatigue curves obtained on 30KhGSA steel
specimens (20 mm in diameter) after turning in which tools with
'different back-rake dressing angles were used [3]. The fatigue
strengths varied from 36 to 57 kg/mmz, while the critical number of

cycles remalned 106 for all procedures.
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Fig. 3. Fatigue curves In symmet-
ric (left-hand scale) and pulsat-
ing (right-hand scale) loading
gbending) cycles for V-92 alloy
6=1.5mm, B =10 mm). 1) o,

kg/mmz; 2) number of cycles.

Figure 6 cites the fatigue curves of V-95 alloy sﬁecimens with
different surface layer states produced as a result of applying-
various finishing operations. As the above data indicate, the fatigue
strength may fluctuate in a rather wide rarge dependlng upon the
method of working; its magnitude may increase by 40-50% as compared
with the initial stéte. Here the crifical number of cycles remains
unchanged at 2'105.

The fatigue curves shown in Fig. 6 by the solid lines represent
averaged experimental data; the inclined branches of the fatigue
curves based on the lower and upper points of the experimental data
are plotted by broken lines on the same diagram. In this case,
(considering that the critical number of cycles Nk and the cyclic
failure constant should remain unchanged) the theoretical values of
the fatigue stpengths obtained in accordancé with the proposed method
are denoted by broken horizontal 1lines,

As we see from the data under consideration, the theoretical

-7 -



values of the fatligue strengths are entirely within dispersion range

of the experimental data.

Influence of Welding. The possibility of adopting the proposed
method was also checked against experiméhtél data obtained from fa-
tigue tests on welded- joint -specimens. As an example, data on welded
"Joints between titanium and EI-654 steel are shown above (see Fig. 1),
winlle data for SN3 steel and type V-92 aluminum alloy are shown in
Figs. 7 and 8. It was shown on the example of EI—§5N steel that the
value of Nk remains the same for Jjolnts produced by different weld-
ing procedures (argon-shielded and seam welding) as for the base
material; nor does removal of reinforcement after welding with filler
wire reflect on the value of Nk' The value may vary on welding with
filler wire that differs in chemical composition from the material
being welded (Fig. 8). ‘

Table 2 shows the critical number of cycles for various materials,
which were obtalned as a result of evaluating a number of fatigue
curves, The values of Nk for commercial titanium agree well with the-
oretical data for pure titanium. For aluminum alloys, alloy steels,
and alloy MA8, the experimental values of Nk differ from the the-
oretical for the corresponding pure metals.

Let us note that the Nk values obtalned for alloy V-95 agree
well with the experimental data cited by V.S. Ivanova [2] for the
same material in other states. Such coincidence was not obtained for
certain other materials; thus, for example, according to V.S. Ivanova,
N, = 2-105 for steels contalning from 0.1 to 0.9% of C in various
states during rotational bending tests, while according to our data,
3Nk = 3.5'105 for flat steel specimens,

There is a discrepancy in the values of Nk’ which were obtalned
for 30KhGSA steel; thus, according to the data that we evaluated from

- 8-
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Fig. 4. Fatigue curves of D19 alloy with
thickness of 2 mm in different states.

1) Annealed; 2) age-hardened; 3) annealed
with subsequent quenching and aging; 4)
age-hardened with subsequent gquenching and
aging; 5) argon-shielded arc welding (of
annealed material) with subsequent quench-
ing and aging; 6) same (age-hardened ma-

terial)}. A) o, kg/mme; B) number of cycles,

fatlgue tests of specimens 20 mm in dlameter in rotational bending

(see Fig. 5), N, = 106; for heat-treated specimens 7.5 mm in dia-

meter{ however, the values of Nk fluctuate 1n,the'range from 2 to

3-105. It 1s possible that these discrepancies are linked with the in-
-9 -
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Fig. 6. Fatigue curves of ex-
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§ chemical milling on one
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A) o, kg/mma; B) number of
cycles. .
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Fig. 7. Fatlgue curves of type Fig. 8. Fatigue curves of base

V-92 aluminum alloy (asymmetric material and welded Joints of
tensioning). 1) Base metal; 2) ar- SN3 specimens (symmetric cycle,
gon-shielded arc welding with fil- SU machine). 1) Base materilal;
ler (procedure 1); 3) same, rein- 2) argon-shielded arc welding;
forcement removed; L) argon-shield- 3) same, after heat treatment.

ed arc wglding (procedure 2). A) A) o, kg/mmg; B) number of
o, kg/mm“; B) number of cycles. cycles.

fluence of the scaling factor — the more so because these results of
cantilever bending tests of flat specimens 2 mm in thickness agree
with the test results of specimens 7.5 mm in diameter,.

It is necessary to note that the natural scattering of the ex-
perimental data, which 1s particularly wide in investigation of tech-
nological factors, makes 1t possible for the slope of the fatigue
curve to vary; this makes it difficult to establish an accurate value
for the critical number of cycles. Due to the absence of required
data (melting point, specific heat and so forth), 1t 1is impossible
to confifm the values of Nk for a number of materials by calculation

- 12 -



TABLE 2
Values Obtained for Critical Number of Cycles
. NS 3 Hama
N, . .
. .lm‘mu x 2 Cnnas . %-.::e. ?::m
Nu Ny
"6 Marang ' | 1,4.90° | MAB L ... B 7400 | 7.100
7 Tatam - 7,44010 BTIAA, nner » cnpnue coennHennn . . 8-10% | 8.40%
. 1l Craae 3 (0 = 40 xefaen®), nncr 0=12 Ju)
. MAHDOBARRME « v « o ¢ o s o ¢ 4 o o 4400 | 4108 -
. . 1P1XI8HOT, ronenan coapxa . . . ., .. 100 | 6-108
8 Heneso - 2-908. B3U-654, anct W cespHWe coeqnmcHAN . . . 100 100
o 1‘£30XI‘CA {0 == 120 x2/an®) ¢ pasmun cocroa- ‘
BHOM 1TOBEPXHOCTHOrO CIOR . . . . . . . 3100
1 ’2CHS anct (B = 2 sw) ceapne coepuncann | 2108 -
10 16T, nuer (8 =2 wm) n cRapHne coennne-
HHA, B TOM 9ACTe ¢ TOYCIHOM cBApKOR 2-10¢ 2:108
1T B-95, npeccopasnss namens ¢ pasgum co-
. . CTORHAOM [OBCPXHOCTHOTO CIOX . . . - 2-108
9 Amounmmi | 2,3-1044 [119, amcr ® passux cocroaumax. (orom-
: WeHHIE, BaraprosamsWi, rtepmoobpabo-
TagHWid M T. A.) W cBAPHWe coeanmenna | 3,5-10%
l%r BO2 CBAPAE® . o o o v o v v s o s s 3.100

1) Metal; 2) alloy; 3) cycle; 4) symmetric N 5)
asymmetric N, ; 6) magnesium; 7) titanium; 8) iron;
9) aluminum; 10) VTlD sheet and welded joints; 11)

steel 3 (¢ = 40 kg/mm ), sheet (& = 1.2 mm) ground;
12) 1Khl1BN9T, spot welding; 13) EI- 65& sheet and

welded joints; 14) 30KhGSA (o = 120 kg/mm ) with
different surface layer states; 15) SN3 sheet

(6 = 2 mm), welded joints; 16) D16T, sheet (6 =

= 2 mm) and welded joints, 1ncluding spot welding;
17) V-95, extruded panel with different surface
layer state; 18) D19, sheet in various states (an-
nealed, age-hardened, heat-treated and sc forth)
and welded joints; 19) V-92, welded.

without addltlional investigations.
CONCLUSIONS

1. The use of the acceierated method to determine fatigue re-
slstance 1s promising for solution of a series of technological
problems.

2. A satisfactory coincidence of the critical number of cycles
occurs on comparing the fatigue curves of specimens with different
production treatment (for one and the same material).

3. The value of Nk for alloys in isolated cases does not coincide

- 13 -



with the critical number of cycles for the pure metals due to the in-
fluence of the alloying clements on the physlcal constants (Cp, Ts,
E and so forth). [2].

4, Other conditions similar, cycle asymmgtry does not exert a
noticeable influence on the quantity Nk'

5. The data ohtained may be regarded only as preliminary. The -
possibility of the practical use of the proposed method is limited
for the majority of alloys by the absence of verified fatigue cri-
terla, as well as specific data on the limitations and permissible
flelds of application of the method {the scaling factor, test condi-
tions and so forth).

Studies should be continued in this direction by setting up
special investigations and statistical evaluation of the experimental
data available in various organizations. '
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No.
1 'K = k = kriticheskly = critical
2 HYKUMIT = NIKIMP [unlisted]
3 Makc = maks = maksimal'nyy = maximum
3 Mui = min = minimal'nyy = minimum
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INFLUENCE OF THE EXTERNAL MEDIUM ON FATIGUE RESISTANCE

FUNDAMENTAL FACTORS ON INVESTIGATION OF THE EFFECT OF
THE EXTERNAL MEDIA ON FATIGUE RESISTANCE

T.V. Karpenko

The time required to give rise to the phenomena of both static
and cyclic fatigue is the fundamental factor where the external work-
ing media act on the mechaﬁical characteristics of solids. Actually,
the changes in the méchanical‘properties of solids under the Iinflu-
ence of the external media that are caused by corrosicn, diffusion,
radiation, erosion and cavitation processes.usually require considera-
ble tlme, Therefore, the active external medla almost always influence
the long-term strength and cyclic fatigue of solids.

A rather short time 1s required to change the mechanical proper-
ties of sollds in media whose influence on the solids 1s based on a
considerable adsorption reduction in the level of surface energy.
Certain metallic melts that reduce by several times the plastilcity of
metals in a deformation process that is carried out at a speed of a
few millimeters per minute belong to these media., This 1is confirmed
by the experiments of P.A. Rebinder and V.I. Likhtman (IFKh of the
Acad. Sci. USSR, Moscow) with metallic monocrystals and M.I. Chayev-
skiy (IMAShiA of the Acad. Sci. Ukrainian SSR, L'vov) with large-diam-
eter gteel specimens.

Furthermore, medla based on the action of hydrogen belong to the
fast-acting media; this 1s explained by the high displacement rate of
hydrogen 1nside the material. The proton gas generated as a result

of the action of a medium that causes a metal to absorb hydrogen,

- 15 -



fails to prpvoke changes 1n the chemical properties of the materlals
only on deformations that proceed at extremely high rates, for exam-
ple, deformations caused by 1lmpact loadings.

Thus, an influence of the external workling media on fatigue re-
sistance almost always appears when the fatigue phenomena of the ma-
.terials arise from the prolonged actlion of static and cyclic séresses.

A material subject to fatigue under the influence of the working
medium may undergo eicher reversible or irreversible changes; here
the material softens in the majority of cases; however, it 1is also
possible for the material to harden, for example, where molten tin
acts on steel under cyclic loading. |

The fatigue resistance of metals is reduced (without stress con-
centrators) under the corrosive action of the medium. This reduction
'is the more vigorous the more thermodynamically unbalaﬁced the struc-
ture of the metal; thus, reduction in the conventional fatigue strength
for martensite may reach several thousand per cent as compared with the
fatigue strength in air.

Medla that cause erosion and cavitation damage of metal also
decrease the fatigue resistance, usually as a result of.irregular wear
and formation of stress concentrators. Media whose radioactive decay
causes exposure of zSructural materials to thermal neutrons give rise
to an Increase 1n the fatigue resistance with negligible time and
intensity of the integral flux, while it decreases under prolonged
exposure or with high 1lrradiation densities, .

There are media which dissolve structural materials; reduction
in fatigue strength, which is caused basically by nonuniform solution
and formation of stress concentrators, is usually observed in this
case. Thils phenomenon is observed in certain metallic melts as regards

behavior toward ferrite-based alloys. Media whose reaction with struc-
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tural materials leads to formation of a chemlcal compound or solid
solution may give‘rise to an increase or decrease in the fatigue re-
sistance of the material. This depends on whether the newly forming
material 1s stronger or weaker than the initial structural material
operating under fatigue load; here, an 1Increase 1n fatigue resistance
1s also possible in cases of formation of a weaker material when re-
sidual compressive stresses appear in the subsurface layer, as is ob-
served, for example, when molten tin acts on steel; this was first ob-
served in our laboratory by M.I. Chayevskiy.‘

A peculiar aspect of the investigations of metal fatigue resis-
tance in working media is linked with the imposition of surface and
diffusion phenomena upon the purely mechanical phenomena of fatigue.
Different working medla may exert a different influencg on the fatigue
reslistances of the materials; in splte of everything, however, it is
possible to 1solaée certain factors that are common to the majority
of media and all materlals and from study of which it 1s necessary
to set up investigations 1In the field of the influence of the exter-
nal medla on fatigue resistance.

Because adsorption is observed from the majority of media and
precedes the corrosion and diffusion phenomena, it 1is possible to
speak of the unlversal nature of the effect of this external factor
on the mechanical properties of materials. The adsorption.of the me-
dium's surface-active elements gives rise to a reduction in the level
of surface energy on the solld; here deformation and fallure of the
solid are facilitated, since the origin of plastic shears and growth
of defects are possible cven under smaller stresses; this last phe-
nomenon 1s known as Reblnder's effect. .

Adsorption from the external medium may exert a major 1nflu§nce
upon the mechanical properties of solids, including their fatigue re-
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slstance. Reductlon in the level of surface energy as a result of ad-
sorption may even lead to spontaneous dispersion — decomposition of
the metal into colloidal-size particles —, generally without applying
external loads or under extremely small stresses. P.A. Rebinder and
V.I. Likhtman investigated and explained these phenomena and‘po{nted
-out the effect of such vigorous surface-actlive substances as low-melt-
ing liquid metals on the monocrystals of various metals.

Strong surface-active media usually cause softening of structural
materials, whille weak media, depending upon the conditlons, give rise
to elther softening or hardening owing to plasticizing of the materlal,
in the latter case furthering "training" of the metal, which effects
an increase in fatigue resisténce. Plasticizing of metal on adsorption
1s explalned by the lowering of the energy barrier on emergence of
dislocations on the free surface. ‘

Adsorption phenomena develop both at and inside the interface of
the medium and solid and in the latter case by two mechanisms: by ad-
sorption migration from the external medium into the solid through the
developed surfaces of the defects and by diffusive emergence, at the
internal phase interfaces, of the surface-active elements dissolved
in the solid.

The resistance of a metal to fatigue usually decreases as a re-
sult of the adsorption reaction between the external medium and tﬁe
metal that is being dcformed. This extremely common effect, which is
caused by "adsorption fatigue" is wholly analogous to the reduction
in surface tension on the given interface under the influence of ad-
sorption, and is the more vigorous the more active the medium.

Another universal factor, which emerges with reaction between
materlals under cyclical loading and the external media, 1s linked

with a property of the solids: their defective structure, the presence
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in solids of varilous statistically distributed defects (from ultra-
mlcroscopic to macroscopic size). The dislocations and vacancies which
'predetermine the deformation of sollds are also classed as defect
properties.

A characteristic feature of the defective nature of solids‘is
‘its development in the deformation process and concentration of these
defective properties in the subsurface layers of the solid and at the
interfaces between the grains and inclusions inside the solid, 1.e.,
in zones where the solid may be in contact with the working medium.
The surface tension gradient, which 1is linked with the surface curva-
ture and variable surface energy density of the solid, exerts an in-
fluence on the development of surface defects at the interfaces of
different phases. The adsorption from the external medium facilitates
development of the defective properties. ‘

The defective structure of the solid permits reaction between
the external medium and considerable volumes of the solid with
deep penetration of the external medium into the solid by two-dimen-
sional adsorption migration through the surfaces of these defects.
Plastic deformation, which facilitates development'of the defects, par-
ticularly dislocations, vacancies and their coagulation, thereby con-
tributes to the adsorption penetration of the external medium deep into
the metal.

Reactlons between certain types of active media and dislocations
are characterlstic. It 1s known that the dislocations and volumes of
the metal near the dislocations may serve as paths for deep penetra-
tion of the external medium into the metal. The principal factor of the
reaction between the external medium and the dislocations, however,
i1s the blocking of the dislocations by the active elements of the
medium, which gives rise to brittleness of the material.
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The atoms of the elements dlssolved in the solid solutions
which form as a result of the action of the medium may obstruct the
‘dislocations due to formation of outer Cottrell clouds by the famil-
lar scheme. The formatlion of the inner Cottrell clouds, which 1s ob-
served on absorptlon of hydrogen and also gives rise to loss of plas-
"ticity, 1s more interesting.

According to our presentations, the active components of hydrogen
— protons — 111 the dislocations and vacancies, and by transforming
into the molecular state, block theilr movement. Accumulation of mo-
lecular hydrogen in the dislocations and vacancies with prolonged ab-
sorption of hydrogen even results in formation of hydrogen blisters
and cracks, which we have observed visuélly.

An important factor which we must consider when studying the in-
fluence of the medium on the fatigue resistance of solids i1s the change
in the energy level of fthe solid on deformation. Deformation, which
Increases the energy level of the solid, thereby reduces the -addi-
tional activation energy needed for chemical, electrochemical dif-
fusion and other types of reactions between the medium and solid.

The irregular action of the medium, which is linked with irregu-
lar activation of the individual portlons of the metal on deformation,
for example, due to uneven work hardening, residual stresses and simi-
lar phenomena that arise even before the fatigue process begins, con-
tributes to facilitation of metal failure from fatligue. Therefore,
the preliminary deformation of the metal prior to prolonged loading
in actlive medla may be found decisive in evaluating the fatigue re-
sistance of a component in the medium,

Thus, reactlon between the external media and the metal is in-
tensified considerably in the deformation process; this refers to
both the adsorption action of the external media and other types of
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reactions. Actually, the .increase in the energy level of the metal as
a result of its deformation 1s responsible for a lower ion work func-
tion in corrosion processes, since the metal ions may vacate the

lattice more readily in this case, Moreover, deformaﬁion of polycrys-

talline metals gives rise to internal stress gradients between the

.individual parts of the metal (for example, grains); in isolated re-

glons, this ifregular deformation increases the potential difference
which exists between the ancdic and cathodic zones, i.e., the actilon
of the electrochemical pairs increases within the same component. The
zones with the least distorted lattice (the anodic zones) are subJect
to corrosive attack while deposition of the hydrogen ions, which leads
to hydrogen embrittlement of the metal, takes place on the cathodlc
zones.,

In our. opinion, failure from corrosion fatigue in'high—stress
regions develops through precisely these hydrogenized zones of the
metal.

Irregular deformation {both elastic and plastic) also increases
the diffusive penetration of the elements of the external medium into
the solid. In this case, diffusion iﬂto the evenly deformed zones of
the solid proceeds at a relatively low rate, while it takes place at
a high rate through the defects that have evolved, including those
of the dilslocation type; in this case, we should speak of surface dif-
fusion rather than that of the integral type.

If we consider the above factors, it 1s possible to explain a
series of interesting phenomena observed in metal -fatlgue in active
media. Let us dwell on the simultaneous influence of stress concen-
trators and active medla. Since the maximum distortion of the metal
lattice occurs and the first signs of plastic deformatlion appear in
zones of stress concentration, these zones are most active in the ad-
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sorption, electrochemical and diffuslon processes. Therefore, it 1s
possible to plasticize zones with stress concentration and reduce
their negative influence on fatigue, which we observe, for example,

in certain metallic melts. Another type of medium reaction 1is possible
when vigorous local solution or corrosive attack at the bottom of the
+ stress concentrator dulls it and effects a reduction in the concentra-
tor's influence on fatigue resistance, whlch is observed -in certain
metallic melts and corroslve media,.

The influence of surface machining §n metdl fatigue in active
media also rquires study, taking into account changes in the metal
as a result of machining. The influence exerted by stress concentra-
tors appearing as a result of machining on fatlgue resistance 1n ac-
tive media 1s explained above. The appearance of work hardening and
residual stresses gives rise to metal activation which.increases the
Influence of the medium on fatigue resistance in the case of Irregu-
lar work hardening and residuval-stress gradlents in particular. In
these cases, a sharp reduction in fatigue resistance occurs, for
example, that which we observed in corrosive media for specimens
machined by power cutting which creafes two épiral strips on a sur-
face with variable workhardening. High-speed cutting, which produces
a more thermodynamically uniform surface, contributes to increased fa-
tigue resistance in active media.

In view of the above, we should turn our attention to intensifi-
cation of the influence of technological heredity, i.e., the influence
of the production processes that pfecede finish machining, on metal
fatlgue resistance in active medla. In cases when finish working does
not put an end to thermodynamic nonhomogeneity of the subsurface layer‘
which 1s produced by previous machining, the medlium acts on the ma-
terial selecti&ely, giving rise to stress concentrators and reducing
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fatigue resistance. Such finish-working processes as surface rolling,
which suppresszes all the variations caused by previous types of work-
ing, as well as creating uniform work hardening on the surface, is
extremely advantageous for componenfs operating in active media. It
1s necessary to remember that surface rolling and other types of uni-
‘form surface work hardening elimlnate surface defects through which.

the medium can penetrate into the metal, thereby increasing fatigue

resistance.
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CORROSION-FATIGUE RESISTANCE OF CAST BRASS
V.A. Bykov and G.N. Vsevolodov

The technique of casting screw propellers of LAMtsZh68-5, 5-2-2
aluninum brass was developed by the Baltiysk plant in 1958 for the
purposé of increasing the operating durability of medium and heavy-
duty screw propellers. The above alloy possessed elevated resistance
as compared with the LMtsZh55-3-1 brass usually employed for screw
propellers. Metallographic investigatlons were conducted and the cor-
rosion resistance and mechanical properties studied for the aluminum
brass,

One of the divisions of this study was made by the Leningrad
Shipbuilding Institute under contract with the plant on blanks cast
by this plant. The shipbuilding institute investigated the mechani-
cal properties and corrosion-fatigue resistance of the two screw brass-~
es under consideration for the purpose of ascertalning advantages of
one alloy over the other. The limiting states of the brasses governed
by the deformation and stressing of the screw propellers and by the
activity of the external medium were,.as far as possible, reproduced
in testing the specimens.

The results of the investigations obtailned on Joint study by
the Leningrad Shipbuilding Institutg, the Baltysk plant and other or-
ganizations are set forth below.

LIMITING STATES OF SCREW PROPELLER MATERIALS

The material of a screw propeller experiences high stress in

operation as a result of water pressure on the delivering surfaces of
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the blades. The pressure varies in a cyclical pattern as a function
of the nearness or distance of the blades from the hull and may glve
rise to a certain vibration [4]. Conditions of fatigue cracking are
created 1n cases of cyclic overstress for screw propellers operating
in sea water, Cracks arise at the root sections on the deliveripg
‘side of high-speed screw propeller blades [5, 6]. The danger of hy-
drodynamic erosion arises‘on caviﬁation [2]. In the case of short-
term overloading, the plastic strength 1s exhausted; for example, con-
siderable bending and breakage of the blades may occur on impact with
chance obstacles.

Idle screw propellers may experience the effect of residual
stresses which are particularly significant after repair of defects
by welding. Residual tensile stresses give rise to the danger of cor-
rosion cracking of brass blades with an elevated zinc content corres-
ponding to the B structure [2].

The conditions cited above, which characterize the limiting
state of the screw propeller material, were reproduced in the present
investigation (with the exception of hydrodynamic erosion). The fol-
lowing data were taken from the test'results of the specimens:

a) the ultimate stresses in Qarious types of plastic deformation
and stress rigidity are smaller, equal to or larger than those for
axlal tensioning;

b) the capability of plastic deformation on increasing stress
rigidity and cooling;

¢) the dependence of the ultimate tensile stress in corrosion
cracking upon the holding time 1n a molst ammonia medium;

d) the dependence of the ultimate cyclic.stress upon durabilify

on bending specimens 1n sea water.
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Investigation of Strength in Various Types of Plastic Deformation

Smooth specimens were tested in various types of deformation, to
which the following stress rigidity coefficlents corresponded in con-
formity with the strength theories (first and fourth) [1]: O in com-
pression, 0.58 in torsion, 1.0 in tension, 1.0 for tension on the con-
-vex slde of a bent narrow strip and 1.13 for a wide one.

Notched specimens were tested for even greater stress rigidity.
Menage profile specimens 5, 10 and 20 mm thick were bend-tested. Off-
center tension tests were conducted on flat specimens with a notch on
the elongated side and a section of 70 x 17 mm at the notch; these
specimens were tested both at room temperature and on cooling to the
temperature of liquid nitrogen.

Good convergence of the ultimate stresses in tension, compression
and torsion was found for the smooth specimens; the yiéld points con-

verged under torsional stresses in accordance with the fourth theory

TABLE 1

Chemical Composition and Mechanical Properties of
Cast Brasses .

T
. 1ftem 2 Xauuseonst cocran, ses. % ¢ . ~ | 5 L %le %
R welma
. 4 B - . .
M : Cu—54,61; Mn—3,31
nIKSS-3-4 Fo—0,81; Zn~— 40:91 m s ™ » »
5 .
. Cu—68,28; Mn —2,69 . X .
NIAMQIKGS-5, 522 | pe—2,12; Zn -21'.44; Al—-30 | 6 |8 | 22 ] 25
, 5,45

1) Brass; 2) chemical composition, % by weight; 3)
kg/mm?; 4) LMtsZnh55-3-1; 5) LAMtszh68-5, 5-2,2.

and the breaking strength decreased for torsional stresses in accor-
dance with the third theory. The brass specimens deformed almost uni-
formly over thelir length up to fallure. The ability to concentrate
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strain was not detected. Therefore, the cast brass specimens were

brought to fallure even in compression,

Table 1 lists the chemical compositions of the brasses and the
data from tension tests of the smooth specimens, which are indicative
of fundamental mechanical properties.

The following was established as a result of testing specimens
that were more rigidly stressed than those 1n axial tension:

1. Smaller bending angles and residual flber stresses were ob-
served on wide blades than on narrow bla&es as a result of biaxial
stressing where the thickness of both blades was the same. In both
types of specimens, however, significant plastic deformation and con-
siderable energy absorption preceded fallure.

2. Increased width of the notched Menage specimens led to a
certaln reduction in ultimate plasticity, but without éransition to
brittleness. |

3. Even extremely vigorous cooling did not effect a reduction in
the plasticity of the brasses before rupture or in the ultimate load
in off-center tensioning of flat notched specimens.

We may assert on the basis of
the experimental data that under any

unfavorable conditions, plastic de-

s HEPpyNE >

formation precedes the failure of

" the cast brasses investigated. As

) - P v .
' Aspopmey compared with the brittle state, an
Fig. 1. Curves of deformation
resistance (schematic). 1)
Viscous state; 2) limited vis-
cous state; 3) brittle state.
A) Load; B) deformation.

essentiai redistribution of stresses,
which always guarantees a high ulti-
mate load prioér to failure of the i;
brasses (Fig. 1, curve 1), occurs as a result of this defofmation. It
1s this that favorably distinguishes brass from many structural
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steels, which lose thelr ability to d&(gfm plastically under unfavor-

able conditions (curves 2 and 3), and may\?ail\ynder negligible ul-
timate load [1]. ' '

Investigation of Corrosion-Mechanical Resistance

Resiétance to corrosion cracking was investigated on smooth speci- .
mens placed in a vessel over a 25% aqueous solution of ammonia;

The investigation was conducted by two methods: 1) the specimens
were slowly elongated over several hours to rupture; the test waé
accompanied by the formation of fine transverse cracks under the actlon
of the tensile stresses and the cofrosive medium; thlis led to a re-
ductlon in strength and ultimate plasticity; this reduction appeared
in an extremely acute form in IMtsZh55-3-1 braés and was negligible
in LAMtsZh68-5, 5-2-2 brass; 2) elongated or curved prestressed
specimens were tested, showing that LMtsZh55-3-1 brass cracked under
much lower stresses and.in less time than did LAMtsZh68-5, 5-2-2
brass,

Flat specimens 15 x 25 mm in section were tested for endurance
over a prismatic-section length of 100 mm. As a result of forced de-
formation, the specimens were subject to pure bending 1in a symmetrical
cycle at a frequency cf approximately 500 cycleé/min. The specimen
sections being deformed were enclosed by a rubber casing filled with
artificial sea water (the volume reached 1oo‘cm3). The salt content
per 10 liters of water was NaCl - 265.18 g, anhydrous Mgso, - 33.05 g,
CaCl [sic] — 11.4 g, hydrated MgCl, — 24 .47 g, KC1 — 7.25 g, NaBr —
0.83 g and NaHCO3 — 2,08 g. The water was changed.daily in checking
specimen stressing. Bending stresses were established in accordance
with the proportionality law from measurements of the longitudinal :
fiber straln. The latter was measured with a lever-switch-and-indica- 5%
tor-type straingauge (base 20 mm) with a magnification of 1000 times,
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Fig. 2. Corrosion resistance
curves of cast brasses in
symmetrical-cycle bending.

A — brass with aluminum, N_;
¢ — same, without aluminum}
A — brass with aluminum, N_;
o — same, without aluminum.
1) Number of cycles.

A series of 7-9 specimens of each
brass was examined. Cyclic lives of
105 to 2~107 cycles corresponded to
different ultimate stresses.

The durability corresponding to
the ultimate stress of each specimen
was determined from the appearance
of metal fatigue weakening as indi-
cated by the sharp increase in the
readings of the device used to mea-
sure the amplitude of specimen fiber

deformation (NT) and the fatigue

cracks (Nv) visible to the naked eye. These two durability values

differed markedly, particularly under small ultimate stresses. The

formation of sets of fatigue cracks with one main crack occurred as

the tests progressed; this 1s characteristic for corrosive conditions,

The results of the endurance tests are shown in Table 2. The endurance

curve of LAMtsZh68-5, 5-2-2 aluminum brass was found to lie above

that of LMtsZh55-3-1 brass (Fig. 2). At a durability of 2-107 cycles,

the endurance 1limit for LAMtsZh68-5, 5-2-2 was 11.5 kg/mmg and 9

kg/mm2 for LMtsZh55-3-1. These endurance limits were found to be

considerably lower than the strength characteristics of thesg same

brasses in plastic tension (see data ¢: Table 1),

In view of this, the question arises as to which of the above

ultimate stresses may be the fundamental allowable stress for the de-

sign of new screw propellers. According to V.M. Lavrent'ev {3], an

allowable stress [o] in the range from 400 to 800 kg/cm2 1s recome

mended for screw propellers of manganese brass, This value approaches

the endurance limit of brass, but 1s considerably smaller than O¢
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or Gy. Therefore, we may assume that the real ultimate stress of the
screw propeller material 1s close to the limit of corrosion endurance.
This same supposition evidently directed the attention of foreign in-

vestigators to study of the corrosion endurance limit of screw-pro-

peller materials [5, 6]. ' .

TABLE 2
Results of Corrosion Endurance Tests on Flat Specl-
mens

3 .1 7 BIMOKSS-3-1 D JLAMUHSS-3,5-2-3 '
Mp’l.m - 4 N, 1w, Ny, Tae. IL', Ny, vve. 5 Ny, mvc. '

o wsineb 5 meknos |6 nexaos o -x. 5 wakaon Raraon

v ane 452 152 | 32, T | o1

2 18,9 1500 1630 . 18,9 T 3NN 39

3 18,5 3300 4100 18,7 4000 6530

4 13,9 4900 . 5900 15,1 9968 |. 11972

H 42,2 8300 10100 14,1 9830 12218

6 9,6 14 490 18 104 12,5 15 800 19070

7 8,7 20000 .| >>20000 11,6 | >20000 | 20000

s 7.8 >20000 | >20000 10,3 - | >20000 | >>20000

1] 8,7 >20000 | 20000 .

1) LMtsZh55-3-1; 2) LAMtsZh68-5, 5-2-2; 3) speci-
men No.; 4) o, kg/mma; 5) Np, thousands of cycles;
6) N,, thousands of cycles. ‘ !

CONCILUSIONS
The_ultimat,e stresses, which cha.racterize the Strehgth of cast
brass — a screw-propeller material — were studied in the paper. These
stresses were obtalned from tests which reproduced the operating
conditions of screw propellers (with the exception of hydrbdynamic

erosion) on the specimen.

The ultimate stresses of LAMtsZh68-5, 5-2-2 brass were found to
be greater than those of ILMtsZh55-3-1 brass. Neithef brase manifested .
tendencies to brittle fallure under rigid stressing conditions. |
In view of the alternating stressing of blades of screw pro-
pellers operating in sea water, corrosion endurﬁnce tests were con-
ducted on specimens in two-dimensional cyclic bending with a sym-
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metrical cycle., For endurances to 2-107 cycles, the ultimate étresses
of LAMtszZh58-5, 5—2—2 brass were found to be higher than those of
LMtsZh55-3-1, brass.

Of the ultimate stresses studied for screw-propeller brasses,

the limlts of corrosion endurance approximate most closely the.

‘stress allowable for strength calculations for the propellers.
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INFLUENCE OF LOW-MELTING M:TALLIC MELTS ON FATIGUE
“RESISTANCE OF CARBON AND CHROMIUM-NICKEL STEELS

M.I. Chayevskly

Molten metals are employed as heat carriers in a number of
nachines and apparatus. During operation;'the components of thesg
machines and apparafus may pe subjected to étressés which vary
cyclically and arise on peribdic changé in both the force load and
the temperature. Therefore, proper attention should be given to in-
vestigation of the influence of metallic melts on the fatigue re-
slstance of steels.

The influence of low-melting metallic melts on the mechanical
properties of steels is assoclated with differené types of physico-
chemical effects (adsorption and diffusion processes and chemical re-
actions). It is known that the fatigue resistance of steel may di-
minish considerably as a result of the adsorption effect of a sur-
face-active medium [1]. There are examples, however, in which the
medium does not exert a harmful Influence on the resistance of solids
or even increases 1t. Thus, a significant increase in the fatigue
resistance of steel specimens.with stress concentrators exposed to
an Sn or Pb + Sn eutectic melt was detected in References [2, 4].
This 1ncfease in resistance was explained earlier-by plasticizing
of the bottom of the concentrator by the melt, with the result that
stress concentration is reduced. . |

In view of the above positive influence of tin or lead-tin melts
on steel under cyclical deformation, it would also be interesting to
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study whether other melts result in a similar effect. The experiments

that have been conducted give a negative answer, As 18 seen from
Figs. 1-3, a sharp drop in the fatigue resistance of steel speclmens

. with sfress concentrators is observed with the action of the Pb + Bi

eutectic melt. Consequently, the effect of ilncreased fatigue rgsis-
‘tance with the action of a tin or Pb + Sn-eutectlc melt results not
only from plasticizing, but also from those diffusion and chemical
processes which take place on contact between deformed steel and
tin, |

In order to confirm this supposition, fatiéue resistance tests .
in the Pb + Sn eutectic melt were undertaken by a method somewhat
different from that used earlier [2-4). Specimens plated with the
Pb + Sn eutectic were tested in alr at the same temperature at which
they were previously tested for fatlgue resistance 1n>; pool with the
Pb + Sn eutectic melt. As 1s seen from Fig. 1 (curve 15 and Fig. 3
(curve 7), the durability of the specimens remained high in the pro-
cess, It is essential in these experiments that the surface film of
the melt undergoes oxidation during the tests and consequently, the
plasticizing effect willl disappear. ﬁevertheless, the specimen con-
tinues to endure increased cyclic loading [5].

On the basis of this, we might assume that plasticizing of steel
by the melt does not exert an influence on the effect of increased
fatigue resistance, and that it i3 entirely a matter of the physico-
chemical processes that arise on tinplating of steel. Experiments do
not confirm such an inference, because tin-plated-specimens that are
tested at room temperature have fatigue resistance limits lower than
specimens that are not plated with tin (see Fig. 3). ‘

Attention 1s also ‘drawn to experiments that directly indicate the
major role of steel plasticizing by the melt at the start of cyeclic
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Fig. 1. Fatlgue resistance curves of
specimens with stress concentrators (nor-
malized steel 50, frequency of stress
variation n = 50 cycles/sec). 1) Tests
of specimens platgd with Pb + Sn eutec-
tic in air at 400~ (control points ob-
tained on testing tin-plated specimens
in cup with Pb + Sn eutectic melt are
keyed bﬁ open triangles); 2) tests in
air at 400°; 3) same, at 20°; 4) tests
of tin-plated specimens in Pb + Bi eu-

tectic melt at 400°. A) o, kg/mm. ;

deformation. As we know [6], fatigue resistance tests of previously .
unplated specimens conducted 1n.a lead-tin melt may lead to signifi-
cant reduction in fatigue resistancel Consequently, only the Joint
influence of the plasticizing effect and other physicochemical pro-
cesses at the start of cyclic deformation may lead to an increase in
the fatigue resistance of steel.

The plasticizing effect is the most general, universal effect of
a surface-active medium, and one which always arises on deformation
of metal in any surface-active medium [7]. It 1is associated with
facllitation of dislocation outcropping on the surface of a deformed
metal. Moreover, the méJor role in the plasticizing effect may belong
éo superficial (having one point of attachment) dislocation sources
whose initial operating stress 1s considerably lower than that of
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Filg. 2. Fatigue resistance curves of speci-
mens with stress concentrators (thermally
1mpgoved steel 50, quegching in water from
850”7, tempering at 590°, n = 50 cycles/sec).
1; Pest of specimens previously plated with
Pb + SB eutectic, in Pb + Sn eutectic melt
at 300" (control experiments where tin-
plated specimens were tested in air gre keyed
by trianglesz; 2) tests in air at 20°; 3)
same, at 300 ; 4) tests of tin-plated speci-
mens in Pb + Bl eutectic melt at 300°. A)

o, kg/mm°.

sources with two-point attachment, Reduction in surface energy should
lead to increased activity of the subsurface sources and to a decrease
in the yield point of the material [8). Consequently, the essential
nature of the positive influence of surface layer plasticizing of
metal at the start of cyclie deformation consists .in relief of the
local internal normal stresses that arise at accumulations of dislo-
cations on the surface layer of metal, which may be a major obstacle
for dislocations that move in the normal state [9]. ' E

We should remember, however, that the grfect of plasticizing can
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lead to an increase in fatigue resistance only in cases when some ,
obstacles impede c¢ontinuous penetration of the melt into the metal

through evolving defects. No such obstacles form when the Pb + Sn

eutectlic melt acts upon steel under cycle deformation; therefore, a

significant drop in fatigue resistance occurs. In the given case,
‘we are essentiaily concerned only with the effect of the adsorption |
.decrease in c¢yclic endurance, since neither lead nor bismuth reacts '
chemically with steel at the temperatures used in the tests [10]. we
should note that a similar phenomenon of sharp decrease in the fa-
tigue resistance of steel under the action of mercury was detected '
earlier in study [11].

The process takes place otherwise with steel under cyclic de- g
formation in a tin or Pb + Sn eutectic melt. Diffusing into the in- ‘
terior of the metal through\evolving defects, the tin ﬁelt enters
into chemical reaction with the steei, forming an FeSha-type inter- :
metallic compound. The cell size of the FeSn2 lattice 1s larger than ;
that 1In the Fe lattice; therefore, compressive stresses, which 1mpede f
penetration of the tin melt into the interior of the metal,.arise in é
the surface layer of the metal. Natur:.ly, t1n~frdm the melt will
also penetrate by diffusion through the intermetallic layer into the
interior of the metal. When Fe 1is encountered, however, chemical re-
action will again take place, forming new compact volumes of metal.
This 1s why solution of the surface layers of steel does not result in
removal of compressive stresses in tests 1in a pool with a tin or
Pb + Sn eutectic melt.

As was indicated in Reference [12], compressive stresses forming
in carbon steel are stable in a rather wide temperature range.

Experiments conducped with smooth specimens made of hardened
steel 50 aﬁd with specimens having stress concentrators led, at first
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Fig. 3. Fatigue-resistance curves of 1Kh18N9T°
steel specimens (quenching in water from 3150 ’
n = 40 cycleg/sec). 1) Tests in air at 20°; 2)
same, at 500°; 3) test of specimens previously
coated with Pb + Sn Sutectic melt, in Pb + Sn
eutectic melt at 500°; 4) test of specimens
with stress 8oncentrators in air at 207; 5)
same, at 500" ; 6) test of specimens with stress
concentrators plated with Pb + §n eutectic, in
melt of Pb + Sn eutectic at 500 (tin plating
at 400° using ammonium chloride as flux); 7)
test of specigens plated with Pb + Sn eutectie,
in air at 5007; 8) test of specimens plated
with Pb + Bl 8utectic, in melt of Pb + Bi eu-
tectic at 500°; 9) test of sgecimens plate
with Pb + Sn eutectic, at 20°. A) g, kg/mmc.

glance, to contradictory results. As we see from Fig. 4, the fatigue
resistance of the smooth specimens diminishes under the action of the
Pb + Sn eutectic melt by approximately 474 as compared with tests in
air. At the same time, the fatigue resistance of the specimens with
stress concentrators not only uid not decrease under the action of the
fb + Sn eutectic melt, but even increased somewhat-. It 1s necessary
to assume that a certain increase in the fatigue resistance of speci-
mens with stress concentrators under the action of a metallic melt

as compared with tests in air 1s an effect of the above-described
mechanism of surface-layer hardening as a result of the formation of
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an intermetallic compound.

The cause 6f~the drop in the fatigué resistance of smooth hardened
specimens that are exposed to a metallic melt should be sought in
microfailures of the steel that originated in the hardening process.
The point 1s that macro- and microcracks [13], which reduce ratiéue
-reslstance on testing in alr, may form in steel specimens on r;pid
quenching (in water). In cases of the melt falling into these cracks,
the latter begin to develop so rapidly that chemical reaction with
the formation of the intermetallic compound cannot take place and we
observe an adsorption decrease in fatigue resistapce.

We should emphasize that in order to ascértain the effect of
increased fatigue resistance under the action of the Sn or Pb + Sn-
eutectic melt, it 1s necessary that the diffusion process and the
chemical reaction between the tin and iron take place ﬁore rapidly
than formation of the defects and microcracks. Otherwise, the dﬁra-
blility of the speclimens on testing in the Sn or Pb + Sn eutectie
melt will diminish as compared with testing in air. As we see from
Figs. 1-4, the limited endurance of specimens that are tested in a
melt under considerable stresses 1s less than that on testing in
air (see also [2-4]). This also explains the fact that a sharp drop
in ultimate strength is detected (at certain temperatures) under the
act%on of the tin or Pb + Sn eutectic melt (Fig. 5) ia tension tests
of specimens wlth stress concentrators, although the fatigue re:-is-
tance increases (see Figs. 1 and 2) at the same temperatures and under
the action of the same melts.

It 1s not yet possible to conclude the inapplicability of har-
dened components for operation in metallie helts on the basis of the
drop in the fatigue resistance of smooth harderied specimens that was
detected by experiment. It is found that if we begin the tests with
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Fig. 4. Fatigue resistance
curves of hardened steel 50
specimeng (quenched in water
from 850°, n = 50 cycles/sec).
1) Test of smooth specimens in
air at 207; 2) same, at 300°;
3) test of smooth specimens
plated with Pb + Sn eutectic,
in melB of Pb + Sn eutectic

at 3007; 4) test of specimens
wilth stregs concentrators 18
air at 20°; 5) same, at 300°;
6) test of specimens plated
with Pb + Sn eutectic, with
stress concentrators in mest
of Pb + Sn eutectic at 300",

A) o, kg/mma.
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Fig. 5. 0 = f(g) curves for
normalized steel 45 speci-
mens with stress concentra-
tors. 1, 2, 3, 4, 5, and 6)
Tests in air at temperatures
of 300,°u00, 500, 550, 600
and 650, respectively. I,
I1, III, IV, V and VI) Tests
of specimens plated with

Pb + Sn eutectic, in Pb + Sn
eutectic melt at tempera-
tures of 300, 40Q, 500,

550, 600 and 650, respec-

tively. A) a, kg/mme.

stresses from 21-22 kg/mm2 and increase them gradually (in our ex-
periments, after every 107 cycles), the load withstood by the speci-
mens may increase considerably. The corresponding points are keyed
by triangles in Fig. 4. .

We should note that the conclusion [14]) that. the effects of
stress concentration and medium are not additive was drawn on in-
vestigation of the simultaneous influence of medium and stress con-
centrators on fatigue resistance; the effects do not aggravate one °
another but, conversely, both factors in Joint action show decreased

- 39 -




G AP 1T

Flg. 6. Microsection of thermally improved
steel 50 specimen tested in Pb + Sn eutec-

tic melt at 300°, o = 19.6 kg/mm°, N = |
- 2:107 cycles, 200x. ,
influence on fatigue resistance. This is because the corrosive medium
1tself creates a large number of concentrators in the form of corro-
sion eracks; but since addition of supplementary concentrators to the
base may exert an unloading influence on the fundamental concentrator, E
thié results 1n decline of the influence of the concentrator on
fatigue strength in a corrosive medium.

The majority of molten metals dissolve steel at elevated tempera-
tures, However, as is apparent from Fig. 6, the most vigorous solu-
tion of steel and intrusion of the melt into cracks develop in the
directioq of maximum normal stresses. In the given case, therefore,
it is impossible to speak of a reduction in stress concentration aé
a result of solution. ‘

An approximate determination of the magnitude of the compressive
stresses that arise in the surface layer of steel as a result of forma-
tion of an intermetallic compound may be established by using the
method of ring sections, which was proposed by N.N. Davidenkov [15].

Flgure 7 shows the nature of the stress variation in the inter-
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metallic surface layer of a split ring on heating to uoo°; As we see,
on heating the ring to 400°, the small residual tensile stresses
present at room temperature are converted into significant compres-

sive stresses which are the cause of increased fatigue resistance.

16, A jant.
20
7,
y) _:.:.3.. ] .. =
. > 100 200 300 ]
| | 11 1%

Fig. 7. Nature of residual
stress distribution in inter-
metallic surface layer of °
split ring on heating to 400".
Cup from which ring was cuf was
exposed to tin melt at 400~ for

2
73 hours. 1) o, kg/mm”.

On the basis of the above, we may draw the following conclusions:

1. The fatigue resistance of steel may increase under. the ac-
tion of a low-melting metallic melt,

2. This increase occurs only in cases where an intermetallic
layer and residual compressive stresses form in the surface layer of
steel as a result of adsorption, diffusion and chemical processes
(at the outset of cyclic deformation).

3. A decrease in the fatigue resistance of steels takes place in

cases of only adsorptive activity of the melt.

Manu- )
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APPARATUS FOR STUDY OF METAL CORROSION.FATIGUE
S.A. Gladyrevskaya, L.V. Ignatyuk and V.A. Sveﬁlitskiy

Up to the present time, the cause of metal fatigpe cannot be
regarded as definitely established. Moreover, none of the existing
schemes of the corrosion-fatigue mechanism can account for all of the
phenomena that occur when steel is placed under a live load in a
corrosive medlum.

Determination of the moment of fatigue cracking and its post-
development observation up to fallure of the specimen.may hold major
interest for ascertaining the mechanism of the fatigue fallure and
the influence of the medium on the mechanism. Fixatlion of the initial
stages of failure 1s always complex and modern methods of detecting
cracks are rather imperfect as yet.

The effect of the.frequency of stress variation on metal fatigue
failure, together with other factors that influence corrosion fatigue,
i1s extremely interesting. It 1s known that the process of metal fa-
tigue is accompanied by complex phenomena of hardening and recovery,
as well as the phenomena of stress redistribution among the indi-
vidual grains of the metal, which take place in secondary deformation.
Hardening occurs under the influence of microplastic deformations
that give rise to internal interfaces in 1nd1v1dhal grains with
distortlion of the crystal lattice and a change in the nature of the
atomic bonds [1].

The softening process 1s a secondary process; it is counter to
the hardening process and results in loss of the internal interfaces
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"ultramicrocracks that open on the grain surface. Surface-active sub-

GRAPAL HOT
JEPSCBLE

FPlg. 1. General appearance of appa-
ratus,.

and distortion of the crystal lattice, as well as closing of the

stances facilitate and considgrably accelerate the plastic deforma-
tion process by penetrating into the microcrack openings [2].

The frequency of stress varlation in corrosive media influences
the fatigue resistance of steel, effecting a reduction in the endur-
ance of s;eel with decreasing frequency, because at high frequencies
an aggressive .medium cannot penetrate into the microcracks opening
under the 1nfluence of tensile stresses, while those microcracks
that emerge with tenslle stresses begin to close on the shift to come
pressive stress and are made inaccessible to the influence of the
medium [3). Contradictory opinions are also encountered in the
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literature [4].

There are veé& few studlies on the corrosion-fatigue resistance
of metal in a low-frequency region, although many designs and mechan- .
1sms operate and fail in these frequency bands (5-30 cps).

An electromagnetic low-frequency machine that permits recording
Sf the appearance of.a fatigue crack in a specimen (Fig. 1) was de-
signed and fabricated (at the Rallroad Transportation Institute,
with participation of staff members of the Department of Strength of
Materials of the MVTU imeni Bauman) in a program to build new appara-
tus for study of ‘the corrosion fatigue process of metals.

The apparatus consists of a mechanical part, an electronlc
generator and a measurling system which provides for periodic measure-
ments of the total vibration period of the specimen - the reciprocal
of its frequency.

Mechanical Part of Apparatus

The mechanical part of the apparatus, which operates on the '
principle of a self-oscillating system with the specimen to be tested
placed in a bath with an aggressive solution (where the recovery force
of the specimen and the mass of the weights determine the natural vi-
bration frequency of -the system; and therefore that of the specimen
being tested), enables us to judge the specimen's fatigue'and other
endurance characteristics from the variation in its vibration period..

The apparatus 1s intended for corrosion resistance tests‘Qf flat
specimens from 2 to 10 mm thick, 30 mm in width and 100 mm in effec-
tive length with loading for pure bending in accordance with the scheme .
shown in Fig. 2; The mechanism of the apparatus provides for stresses
constant along the effective length of the specimens that are being
tested.

The specimenll is secured in the fixed lower grip 2 and 1in the
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movable upper grip 3. The movable

a'wém‘ . grip may rotate about the 0-0 axis
> ’ - ;

under the action of the force P

(attraction of the magnet). The pivot

=t
Q.ISZL ht )

axis of this grip runs through the

center of the specimen with the re-

sult that the reaction R is equal -

to the force P with the condition

s

that the rigidity of the grip is

Fig. é. Diagram of mechani-

cal part. Incommensurably higher than that of

. the specimen. The specimen will be
under conditions of pure bending with the moment
My= P41, . (1)

In vibration, the speclmen wili be loaded additiohally with the

moment M2
M, =2rF, (2)
- where F 1s the inertia of the mass m.

The natural frequency of the system depends upon the rigidity
of the specimen and the moments of inertia of the mass m and the
grip 3. Varying the position of the mass m, we may vary the vibration
frequency of the system, thereby determining the relationship of en-
durance 1limit to vibration frequency. The specimen is loaded by the
spring 4 in order to obtaln an asymmetrical stress cycle. The spring
tension that is required‘to produce a specific asymmetrical cycle 1s
established from the amount of spring elongation..

The value of the attraction P of the magnet (approximate value)
may be determined from a preset stress amplitude in static work (when
F = 0). In this case, '

.55"°ﬁ¥, : (3)
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where Oy is the stress amplitude and w 1s the moment'or_inertia,or the
most rigid specimen.

From Expression (1) we obtain _ .

w .
Perin: (%)
Knowing the force P, we may determine the number of ampere-turns
(as a function of the gap a between the armature and the poles of

the magnet):

D, 26

where anz 1s the magnetic flux in thé gap, p is the magnetic perme-

abllity of alr and S is the cross-sectional area of the magnetic cir-
cuit.

FPor more detalled study of the possible modes of operating the
apparatus, let us derive the equation of motion of the' armature.

The gap between the armature and magnet varies on vibration,
thereby varying the force of attraction P, The force P for an arbi-
trary position of the armature is determined by the expression

Pty (6)

where 5 is a constant cqefficient, I is the current which is dependent
upon time (it 1is assumed that the back effect of the armature's
movement on the current may be disregarded) and x 1s the displacement
of the armature.

Expressing the system's equations of motion in terms of the

linear displacement of the armature, we obtain the following equation:

@+l _ Pa+ip) .
=+ l.' T ,:f;: (7 o
where I1 1s the moment of inertia of the grip 3 and masses m and ¢y

and ¢, are the rigldities of the spring and specimen. fv

For small vibrations, we may assume
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emma(t+2). (8)

In this casé, the equation of motion (7) takes the form
a+ey  (1+0) I8 LK ‘ ‘
z'+[ 7 = f:-f ]"“‘ ( l:c)‘ . (9)

Since I 1s a periodic function of time, 1nvest1g?tion of the
armature merment or, what is the same thing, the vibration of the
specimen, reduces to investigation of a Mathieu eqﬁation with a
[nonzero] right member.

If the frequency of variation of the current I is independent of
the system's vibration, ihvesﬁféation of Equation (9) reduces, in
this case, to detefmination of the relationship between the parameters
of the system for which a stable vibration regime will develop. In the
present apparatus, 1t 1s possible to excite vibrations by using feed-.
back. In this case, the frequency of the alternating current agrees
with the vibration frequency of the mechanical part of the apparatus.

This case leads to investigation of a system of two equations {in
x and I).

Exciting Generator

‘ A tuning-fork type electronic generator, the block diagram of
which 1s shown in Fig. 3, where O 1s a metal specimen, Pl and P2 are
welghts that determine the inert mass of the vibrating system, D 1s an
iqductive sensor, ¢ 1s a phase inverter, UN 1s a voltage amplifier,

UM 1is a power amplifier, EM1 and EM2 are exciting electromagnets and
Ya is an armature, 1s employed in the apparatus to maintain the vibra-
tions of the mechanical system at its resonant frgquency.

The vibration period of the given generator may be expresged,as

T=2n

‘- .
. ’

Veo-te (10)

where m is the macs of the system, ¢ = F/1 and a = R/v, 1.e., are -

proportionality coefficients characterizing the magnitude of the re-

- 47 .- |




covery force F of the specimen and the resisting force R, respectively,
which are computed per unit displacement 1 of the specimen and per

unit velocity v of its displgcemént.

14 O ~ S - Eg e -
) ls. 3
¢ ] : K oeselpowameny

a1 -
8 w13 F'I 5 1
a” L/ bh\» s 1% ¢
Jlg | Rusmerumentnorny r ) Qx\l :
” :2_.__‘ mpeily . ) |

Fig. 3. Block diagram of ex- Fig. 4. Circuitry of inductive
citing generator. 1) D; 2) sensor. 1) Ya; 2) 2Zh; 3) to
P1; 3? P2; 4) va; 5) EM1; phase inverter.
6) EM2; 7} uM; 8f UN; 9) to

measuring unit,

The quantities F and R are subject to variation in the process
of testing the specimens; this effects a variation in the vibration
period of the mechanical system. The latter is fixed by a measure-
ment-signaling unit.

Operation of the generator is based on the presence of a positive
feedback through the vibrating part of the mechanical system with '
parameters Q and Rg + R,-

The feedback in the.generator is accomplished by the inductive
sensor shown in Fig. 4 where Ya 1is the armature of the sensor, M is a
permanent magnet, Zh is a Il-shaped iron transformer core, w1 and w2 are
sensor coils and C is a capacitor for shifting the resonant frequency
of the sensor colls into the operating-frequency region.

In the general case, the voliage that is picked off the sensor
is not'in phase with the exciting force of the field electromagnets
without use of speclal measures; this may result in small specimen
vibration amplitudes or in complete collapse of the generator regime;
To prevent this, a phase inverter, which serves as a selsyn, is mounted
at the input of the vol@age amplifier,

The four-stage voltagé amplifier is embraced by a seléctivd
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negative feedback for the purpose of collapsing the high-frequency

reéion of the amplifier's frequency characteristics. The final stage
of the voltage amplifier is a phase inverter for the input to the
push-pull power amplifier.

The oﬁerating conditions of the voltage amplifler are selgcted
.with bilateral limitation of the output signal, in view of which a
square-wave driving voltage 1s suppliéd at the tube grids of the power
amplifier. '

The power amplifier 1s built around two 6N5S tubes whose operat-
ing conditions (Rl;.Re) are selected in the vieinity of the Class A |
mode for the purpose of creating a constant magnetic fleld in the gaps
between the armature and the field electromagnets., The osci}lating
component of the current that feeds the field electromagnets is II-
shaped. .

A milliammeter is incorporated into the common cathode circult
of the tubes in order to monitor the current in the arms of the power
amplifier, while pushbuttons are introduced into the cathode circuits
of the arms,

When there is no need to measure fhe current, the millisecond
counter 1is. short-circuited by a toggle switch for the purpose of pre-
venting prolonged Joiting of the counter's casing.

The gaps between the field electromagnets and armature may be
varied with the micrometer screws that move the electromagnets-in
order to regulate. the vibration amplitude of the specimen.

A pulse coun&er used to count the number of specimen vibrations
18 incorporated between the tube plates of the power amplifier via
a diode. A pair of contzects, which close after every 10,000 pulses
is introduced 1nto the 10“-capac1ty counter; this makes it possible

to incorporate a second counter to produce a count capacity of 108.
‘ - 49 -
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Measuring-Signaling Unit

The fundamental problem in testing specimens is to obtain the
time dependence of the variation 1n the specimen's vibration period St
(with the rest of the parameters constant), 1.e., to obtain the re-

lationship T = f(t), the diagram of which takes the form shown in

' Fig. 5. :
}
E . Eﬂ771_ s §r 3 3
s| b 4
EQ * i ~ : " )
i 5 ] ===
o 2 Yucas yvrnod " ~ o g
Flg. 5. Dlagram of re- Fig. 6. Block diagram of measur-
lationship T = f(t). ing-signaling unit.. 1) UO; 2) BT;
1) Frequency variation 3) RS; 43 SZ; 5) Rl; 6) R2; T7)
in cps; 2) number of R3; 82 RY; 95 Ul; 10) U2; 11) U3;
cycles. 125 U4,

Naturally, we may Judge both the corrosion resistance and mechani-
cal strength of specimens by comparing the graphs obtained in testing
various types of steel or metals gnd'their alloys.

The problem of measuring the specimen's vibration perliod, as
well as that of signaling the arrival of the moment that corresponds
to the preset value of the period are solved by the measuring-signal-
ing unit. A block diagram of the above unit is given in Fig. 6.

This unlt consists of four fundamental assemblies: a measﬁring-
pulse shaper (UO,;BT, SZ and S0), a relay for automatié triggering
of readings (RS), an MSK-2 type millisecond counter and a signaling .
device (Ul, U2, U3, U4, R1, R2, R3, R4 and Z).

The measuring-pulse shaper, triggering relay and millisecond-
counter constitute the actual system for perliodic measurement of the
vibration period. The perlodicity of the measurements may be varied

- 50 -



ip the range from 5 to 30 seconds,
In the given system, the clipper-amplifier (UO) acts as a measur-

ing pulse shaper whose sequence time corresponds to the period of a

complete vibration of the specimen. 1

The binary trigger (BT) separates the measuring pulses for start-

- ing and stopping period varilation. P
The time relay (RS) determines the time between two measurements :
and effects automatic triggering of the millisecond-counter readihgs
(MSK-2).
The signaling.system consisting of four amplifiers (Ul, U2, U3.
and U4) and relays (R1, R2, R3 and R4) employs the voltage drop across
the loads on the millisecond-counter decade tubes on firing.
-Operation of the four relays leads to closing of thelr contacts
and actuation of the bell (Z). - ' e -
The present apparatus enables us to measure and signal the magni-

tude of the period with an accuracy to i;o‘”

seconds; this makes 1t
possible to analyze the smallest changes in the specimen.
REFERENCES » e

1. Ya.B. Fridman, Mekhanicheskiye svoystva metallov [Mechanical
Properties of Metals], 1946. )

2. A.Kh. Kotrell, Dislokatsii 1 plasticheskoye techeniye v kris-
tallakh [Dislocations and Plastic -Flow in Crystals], Izd-vo
inostr. 1lit-ry [Foreign Literature Publishing House], 1958.

3. V.I. Likhtman, P.A. Rebinder and G.V. Karpenko, 7 ‘yaniye pover-
khnostno-aktivnoy sredy na protsessy deformatsii metallov, Izd-vo
AN SSSR [Effect of Surface-Active Medium on Deformation Procésses
in Metals. Publishing House of the Acad. Sci. USSR, 1954.

4, L.A. Glikman, Korrozionno-mekhanlcheskaya prochnost' metallov

[Corrosion Mechanical Strcngth of Metals], 1955.
- 51 -



Manu- '
seript . [List of Transliterated Symbols]
Page - _
No. .
46 3a3 = zaz = zazor = gap
47 I = D = datchik = sensor ' ' .
47 YH = UN = usilitel' napryazheniya = wltage amplifiér
47 IM = UM = usilitel! moshchnostl = power amplifier
47 9M = EM = elektromagnit = electromagnet
47 1 = Ya = yakor' = armature
47 O = 0 = obrazets = specimen
48 x = zh = zhelezo = iron
50 YO = UO = usilitel'-ogranichitel' = clipper-smplifier
50 BT = BT = binarnyy trigger = blnary trigger
- 50 PC = RS = rele sb?osa = triggéring relay
51 Y = U= usilitel' = amplifier
51 P = R = rele = relay :
51 3=2 = zvonok = bell |

..519, -




INFLUENCE OF TEMPERATURE AND TECHNOLOGICAL FACTORS
. ON THE ENDURANCE OF THERMAL-SHOCK-RESISTING STEELS AND ALLOYS

B.I. Aleksandrov

. Failure of the most heavlily loaded components of steam and gas

turbines operating under elevated temperature conditions are basicallﬁ
4

fatigue in nature. The fatigue resistance of these components is one

| " - . 4

el 912 .—*

Fig. 1. Specimens used for fatigue

tests. a) Smooth; b) with circular .

notch.
of the most important characteristics whiéh must be considered-in
selection of the material, the method of producing blanks, the heat-
treatment and finishing operations, as well as the methods of in-
creasing the erosion and corrosion resistance of the components.

Investigations of the endurance and sensitivity to stress con-

centration on a total of 19 heat-resistant and thermal-shock resis-
tant steels and alloys have been carried out with the participation
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of I.A. Oding, I.V. Kudryavtsev, A.P. Shishkova, L.I. Savko, B.I.
Aleksandrov et al. in the Strength Division of TsNIITMASh in the
period from 1948 up to the present time.

Tests were conducted on a type Ya8 machine designed by S.I. [

Yatskevich for alternating circular bending 1n an air medium on bases

from 30 to 300 million cycles, but mostly on a base of 100 million

-

cycles (or 600 hours), at a frequency of approximately 3000 cycles/
min and temperatures to 800°. Smooth specimens with weak-section

diameters of 10 mm and specimens with a circular notch (Fig. 1) were

tested. We used specimens with two types of notches: p = 0.2 mm, '

§

t =0.5mmand p = 0.5 mm, t = 1.0 mm.. The notches were cut with

2
E

elther a cutting tool or a grinding wheel 1 mm thick, which was dressed

to a radius of 0.5 mm. The smooth specimens were ground in the zone %

of greatest sectional stress with a radial-feed profilé wheel. §
The values of the actual endurance limit in the absence (or in

the presence) of stress concentration and the sensitivity to stress

concentration were determihed.

Form of Endurance Curve

With a small increase in test témperature (for ferritic steels
to 300-400° and austenitic steels to 550—6000), the form of the en-
durance curves 1s the same as that at room temperature, i.e., the curve%
(in semilogarithmic coordinates of stress versus the logarithm of |

the number of cycles) consists of two rectilinear branches: one (cor- ;
responding to overloads) is sloped and the second parallel to the ?
axis of cycles, At these temperatures, steels have a true endurance
limlt, 1.e., a stress below which fatigue failure 1is praétically
impossible. '

The first branch of the fatigue curve inclines more gentiy with !
increasing test temperature, while the second acquires an inclination
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to the cycle axis; as a result of thls, the angle between the branches
of the curve diminishes and many of the materials tested have fatigue

curves in the form of a single line at relatively high temperatures.

‘”; o 1T — . Such a type of change in the en-
'3--“" S 7 AR . durance curves with a temp?rature
. ';:: .. i rise may be traced on 2Khl3 steel
‘:Eu Ne #.' “n.. ] (Fig. 2) when an endurance curve
: g:‘; =t in the form of a straight line is
#), L i ! 1 . obtalned even at 5900..Sim11ar
s o I lines are also obtained in testing
”4"‘“_”" A “J”f:.‘i",,:“,‘,'f,:a”?'“”’” . austenitic steels and the alloys
. wf TR | ' 'EI-395 (at 800°), EI-437 (at 700°)
a1+ SAp | ~ and EI-673 (at 750°). |
;'i:: b N ] " We may assume that the ob-
:3" ’f'l&:\ i I~ ‘ ' Jective existence of two differeflt ‘
, g_:* I = i "; . relationships for number of cycles |
._g " T et ] p prior to failure as a function of
w L i | ': . stress at the operating tempera-
‘a' '&”’Lﬁr“”’é gﬁ?},&;.{'”ﬁiﬂ_. tures (the two branches on the en-

durance curve) is due to the radi-
Fig. 2. PFatigue curves of 2Khl3

steel 3t temperatures from 20 cal difference in the phenomena

to 500°. a) Smooth specimens; .

b) specimens with ground notch, which take place in metal under
p=0mmand t = 1.0 mm. 1) .

Stress, kg/mm2;.2) number of heavy and light overloading. Under |
cycles N°10". heavy overloads, a fallure similar

to that at room temperature sets in after considerable plastic de-

formation as a result of plasticity depletion and development of kind

II and III stresses. In this case, mechanical aging, which increases
the strength and decreases the plasticity of the metal, may be another
supplementary phenomenon, while stress relaxation should not be sub-

: -S4 -
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sténtial as a result of the short perlod preceding fallure,

In cases of failures under light overloads corresponding to a
large number of cycles prior to failure, plastic deformations are so
small that they are 1n no way capable of causing fallure; here the
relaxation of nascent stresses may also make itself felt; this should
postpone the onset of failure.

Emergence of fatigue cracks under these conditions may be the
result of the action of the medium, which gives rise to wedge-shaped

surface inclusions acting as stress concentrators. Moreover, softening

of the metal may be caused by coagulation of the disperse phases.
Certain data have been obtained in this direction. Up to the present
time, however, the physical nature of the phenomena'takihg place in
metal under cyclical loading and elevated temperature‘conditions is
not altogether clear.

The appearance of a slope on the second branch of the endurance
curves makes 1t necessary (for 1néreasing the reliability of the data)
to increase the test base, 1.e., the maximum number of cycles that a
specimen can endure without fallure. In view of this, a base of 10 to
30 million cycles was used as a rule in all investigations for rela- ;
tively low temperatures, while 50-100 million cycles were employed as ‘
a base at temperatures when fallures are expected after prolonged
periods of testing. Océasional tests were made on a base of 300
million cycles and greater.

The slopes of the fatigue curves in the region of light o&erloads
and large number of cycles indicate the possibility of component
fatigue fallure on prolonged operation. In view of this, the necessity
of taking this phenomenon into account arises in extending the data
obtained in a relatively short-term testing process to a considerably

longer period or a larger number of cycles of component operation.
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If we assume that the slope of the curve obtained in the testing
process does not change with further increase in the number of cycles,
a conventional endurance limit for any set number of cycles may bg

determined either by graphic extrapolation or from the equation

-

0y =0, +18(§3).' (1)
‘where %o and No are the coordinates of the point of 1inflection on the
endurance curve, o3 is the conventional endurance limit for a set
numﬁer of cycles Nl, and k is a coefficient characterizing the slope
of the curve.

However, the possibility of this eitrapolation should be con-
firmed by tests on more protracted bases. In relation to this, inter-
est is drawn to the investigations of EI-405 steel at a temperature
of 500° and one billion cycles which were conducted by A.P. Shishkov.
In this study, the last specimen was tested for 250 da&s, while ob-
taining of the entire curve required approximately one year.

The test showed that the slope of the endurance curve does not
remain constant on increasing the test period, but may deérease, and
therefore the data obtained on a base of 100 million cycles will be
somewhat on the low side. '

It is much more difficult to extrapolate the data obtained on a
base of 100 million cycles for a significantly larger number of cycles
or prolonged operating time of the component than might be assumed
at first glance. This 1s associated with the difficulty of determining
the slope of the endurance curve at the operating temperature in the
reglon of small overloads. Accurate determination” of the slope is
made difficult by the small number of experimental points that refer
to the second branch of the curve and due to possible scattering of
the durability values for these points. The test time (machine-hours)
for one series of specimens should increase by several times when,
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Fig, 3. Fatigue curves of EI-405 steel at

500°. Specimens with spot [sic; machined]
c¢ircular notches p = 0.5 mm, t = 1.0 mm,

1) Stress, kg/mmz; 2) number of cycles.
besldes the conventional endurance 11m1£, the slope of the curve in
the reglon of minor overloads must be determined.

Interest is also drawn to data relating to éhe influence of the
type of stressed state on the path of the fatigue cur&e in order to
establish the possibility of extrapolating the results of fatigue
tests. In relation to this, comparison of fatigue curves obtained
from testing smooth specimens with similar curves for notched speci-
mens, in whose surface layers, as we know, a two-dimensional stress
(biaxial tension or compression) 1s.produced on bending, may be found
useful. In the majority of cases, these curves run parallel for ma-
terials in a relatively stable state (after quenching and stabiliza-
tion), while the breaking points correspond to one and the same number
of cycles, Differences 1h curve path may be observed for less stable
states. This occurs, for example, in the case of EI-123 steel at 550°
when the fatigue curve of notched specimens has a slope in the region
of large numbers of cycles, while a second branch of the curve was

obtained parallel to the axis of cycles for notchless specimens.

Influence of Temperature on Endurance Limit
Figure 4 shows the varliation in the conventional endurance limit
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of ferrite-based steels, With the general tendency to significant

lowering of the conventlional endurance limit of these steels with a
rise in temperature, a delay in the endurance drop (1Xnh13, 2Khl3
apd EI-755) 1s observed in the temperature region from 300 to 400°.
In this temperature region, certain steels even show an increase in
endurance limit (30KhM and EI-723). A sharp drop in the endurance
1limit of ferrite steels occurs at test temperatures elevated above

400-500°.

3
|

g .

5
3
/

Yepoluard .n*wﬂhum;:-qlmmﬂ
8 N
BRI
- —_— 2 7
8
~” P
==

it

s

uS\-- \Q?nr_
S »

R e W0 W0 9w G W
. -2 Tennepamypa ucnhmanus, ‘6

L3

Fig. 4. Dependence of actual en-
durance limits of thermal-shock re-
sisting ferrite steels upon test
temperature (smooth specimens after
improvement). 1) Conventional en-

durance lipit, kg/mme; 23 test tem-
perature, "C; 3) 1Khl13; 4) 2Khl3;
5) EI-755; 65 30knM; 7) 4OKh; 8
EI-723; 9) EI-T757.

The fatigue resistance of semiferrite steels 1is dependent to a
major degree upon carbon content and presence of alloying elements.
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Fig. 5. Dependence of coriventional
endurance limits of heat-resisting
austenitlc steels and alloys upon
test temperature. 1) Conventional

fatigue resisgance kg/mm 2) test
temperature, “C; 3 YalT; ﬁ EI-
395; 5; EI-123; ; EI-405; 73 EI-
765, EI-437, EI-69; 10) EI-

11) EI-673; 12) EI-257; 13)
Ex-ﬁsu 14) EI-395.

The greater the carbon content, the greater will be the fatigue re-
sistance; this is indicated by the fact that the fatigue resistance
of 2Khl3 steel 1s greater than that of 1Khl3 steel.

Complex alloying with molybdenum, vanadium, tungsten and other
-elements exerts a particularly favorable influence on the fatigue re-
sistance of ferrite steels. Among the ferrite-based steels, the
stainless steels EI-755 and EI-757 and the compound-alloy pearlite
steel EI-723 possess the highest conventional endurance limits in the

temperature range from room temperature even up to 580°.
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It 1s interesting to note that the reduction in the conventional
endurance limits of EI-755, EI-757 and EI-723 steels has approximately
thé'éamé character in the temperature range from 400 to 5352 in spite
of the large difference in thelr corrosion resistance.

The advantages of EI-755 and EI-757 stainless steels over EI-723

‘pearlitic steel should no doubt have appeared in prolonged test

périods, since it was already established by tests on a base of 100

million cycles (600 hours) that fallure of EI-723 steel is corrosion-
fatigue in nature at temperatures of 500° and above, while corrosive
actlon 1s not noted in EI-755 and EI-757 steels even at a temperature
of 580°,

At 500°, the majority of austenitic steels have a conventional

-

endurance limit approximately the same as that at 20° (Fig. 5).

The steels and alloys may be arranged in the follbwing manner in

,order of increasing restricted endurance limit at 600-650°: YalT, EI-

405, EI-257, EI-395, EI-434, EI-612, EI-673, EI-69 and EI-437. The
presence of large quantities of disperse carbide or intermetalloid
components exerts a decisive influence on the fatigue resistance of
steels (with an austenitic basic solid solution) at temperatures of
600-700°. Thus, for example, as compared with EI-257 steel, EI-69

steel showed high fatigue resistance due to simultaneously high carbon

‘and tungsten contents.

The conventional endurance limi:. of EI-434, EI-395 and EI-673
steels are approximately the same (24-26 kg/mme) at 650°. Differences
between these three steels appear at higher temperatureé when the
extent to which the fundamental solid solution is alloyed with nickel,
chromium and cobalt begins to play the major role. The most heavily
alloyed metai, EI-765, possesses maximum fatigue resistance at 750°;
a;loy EI-765 and the éteels EI-673, EI-434 and EI-395 follow there-
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alfter in order of decreasing resistance._
A composite endurance dlagram of ferrite- and austenite-based
materials is given in Fig. 6. - .
The high-alloy stainless steels EI-755 and EI-757 and the pearlite ]
steel EI-723 have conventional limits above those of the medigmp ’
‘alloy auétenitic EI-257, EI-123 and other steels at temperatures up
to and including 535°. At 580°, the conventional endurance 1imit of

EI-755 steel is approximately the same as that of medium-alloy aus-
tenitic steels., Steels and alloys that are based on austenite have
higher endurance at temperatures above 580°.

At 650 and 700°, cast austenitilc steels have somewhat lower en-
durance limits than do forged austenitic steels of similar composition.

Type EI-765 chromium-nickel-based élloy showed particularly out-
standing properties in the 750-to-800° temperature region. Its con~
ventional endurance limit at 750 and 800° exceeds by far the values
for other high-alloy heat-resisting steels and alloys that we tested.
‘ A comparison of the endurance limits in the presence of stress
concentration for various groups of metals (ground notches).is given
in Flg. 7, where the advantages of ferrite steels at relatively low
temperatures -~ to 400° — and high-alloy ferrite EI-755 and EI-757
steels to 535° are seen. The endurances of these ferritic and austen-
itic steels coincide at 586°, while the advantages are on the side of
the austenitic steels at higher temperatures.

| It 1s interesting to compabe sensitivities to stress concentra-

tion. Maximum sensitivity is frequently observed at temperatures of
approximately 200-300° for ferrite steels (35KhM and EI-723). It 1s
found that the stainless heat-resisting materials EI-755 and EI-757,

while possessing high endurance limits, are, at the same time, ex-

tremely sensitive to stress concentration (q = 0.8 rather than 0,4-
-61-
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0.6 for 1Knl3 and 2Khl3). Like ferrite materials, austenitic steels
are also sensitive to stress concentration at room and operating
temperatures; however, alloy EI-765 showed low sensitivity to stress
concentration (q = 0.3-0.4), together with high endurance at operat-
ing temperatures of 750 and 800°.
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Fig. 6. Dependence of con- . Fig. 7. Dependence of conven-
ventional endurance limits of tional endurance limits of
steels and alloys upon test steels and alloys upon test
temperature, 1) Thermal-shock temperature in presence of
and heat-resisting ferrite stress concentrators. 1)
steels; 2) stable EI-405 and Thermal-shock and heat-re-
EYalT austenitic steels; 3) sisting ferrite steels; 2)
austenitic steels with con- ' austenitic steels; 3) alloy
siderable quantity of elements EI-765. A) Conventional en-
that increase heat resistance; . 2.
4) EI-69 austenitic steel; 5)’ durance limlt, kg/@m ; B)

heat-resisting chromium- test temperature, “C.

nickel-based alloys; 6) cast
austenitic steels. A) Conven-
tional endurance limit,

5g/mm2; B) test temperature,
c.

Influence of Heat Treatment, Casehardening and Plastic Deformation
on Endurance Limlt

An increase 1n the quenching temperature of EI-757 steel from
1050 to 1150o with three-hour tempering to 680° enables us to increase
the conventional endurance 1limit at 580° without stress concentration
by 6 kg/mm® (or 26%) and by 2'ks/hm2‘(or 11%4) with stress concentra-
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tion., Change in the stabilization procedure of EI-434 and EI-395 steels
does not exert a substantlal influence on endurance. The endurance
1imit for EI-434 steel at 650° 1s at a level of 21-22 kg/mm> without
stress concentrators and after various stabilization procedures, while
it 1s at a level of 14,5-17 kg/mm2 with stress concentration. The

'same 1s also observed fér EI-395 steel at 650°;>change in the sta-
bilization procedure of this steel exerts hardly any influence what- i

ever on its endurance limit without concentrators.

In view of the development of new case-hardening processes for

e v bt

such heavily loaded- components as rotor blades (for the purpose of
increasing their erosion resistance), interest is attracted to the
problem of the influence of these treatments on the fatigue-resistance
characteristics of the materials. Investigations conducted up to this
time have established that chromizing in an ammonium 1édide medium

at 1050° for 10 hours with subsequent high-temperature nitriding or
cyaniding combined with heating for quenching, while increasing
erosion resistance, at the same time increases the fatigue resistance
of EI-U405 steel at 600°,

Aluminum-chromiﬁm plating as well as spark-discharge machining
of EI-434 steel decreases its endurance. A reduction in endurance 1is
also obtalned after aluminum-chromium plating or after carburizing
and chromium plating of EI-612 steel. The above data indicate that
treatments which increase erosion resistance may, at the same time, @
affect the fatigue resistance of the components in different ways.

It has been established as a result of study of the influence of
continuous deformation (tensioning at room and elevated temperatures,
torsion, and conpression in die blocks under a hammer) on the endur-
ance and sensitivity to stress concentration of six austenitic steels
(EI-257, EYaIT, EI-405, EI-395, EI-434 and EI-69) at 580-650° that
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continuous deformation may give rlse to either an incréase or decrease
in the endurance of austenitic steels at elevated temperatures. A
positive effect of this deformation is more probable for structurally L
stable steels (for example, EI-257 and EI-405) in deformation under
mild stress conditions (for .example, biaxial compression), with - ' v
moderaté amounts of plastic deformation, which are different f;r _
different steels and s&ressed states, and 1n deformation under room-
temperature conditions. ' .

A negative effect of continuous work hardening is more probable
for structurally unstable steels which show higher ‘hardness on heating
(for example, EI-69) in deformation ugder rigid stress conditions
(for example, tension), with large amounts of plastic deformation and
in deformation under elevated temperature conditions.

Investigation of the influence of surface hardenfng (shotblast
work hardening and surface rolling) on the endurance and sensitivity
to stress concentration of steels with a sorbite structure (30KhM, !
1Kﬁl3, 2Kh13 and EI-723) at temperatures to 535° enabled us to es-
tablish that surface work hardening of these steels effects a 10-25%
increase in the endurance limit at operating températures in cases
without stress concentration and a 40-90% 1n§rease with stress concen-
trators. The effect of shot blasting and surface rolling on the en-
durance of 2Khl3 steel 1s shown as an example in Fig. 8.

Surface work hardening (surface rolling) of austenitic steels,
which 1s carried out after quenching, increases the endurance limit
at operating temperatures (600-650°) by 11-33% without stress concen-
tration and 31-63% with concentrators. The hardening effect 1s re-
tained at both operating and above-operating temperatures (Fig. 9).
The steels under study may be arranged as follows in order of increas-
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ing effect of surface work hardening: EI-123, EI-434, EI-395, EI-673
and EI-405. The effectiveness of surface work hardening is greater
where it 1s accomplished after quenching and prior to‘stabilization,
but not after completion of the final heat treatment (Fig. 10).
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Fig. 8. Dependence of conventional
endurance limits of smooth (a) and
notched (b) 2Khl3 steel specimens
upon temperature (quenching from o
1050™ in oil and tempering at 700
for 3 hours). 1) Without surface
hardening; 2) shotblast work harden-
ing and polishing; 3) surface rol-
ling; 4) surface rolling and holding
for 750 hours at test temperature.

A) Endurange limit, kg/mn’; B) tem-
perature, C.

In many cases, reductlon in the endufance of components, which is
caused by the effect of stress concentrators in the form of notches,
grooves or Jjoints with negative allowance is avoided altogether with
surface work hardening, A .

The favorable residuﬁl stresses and hardening of the surface
layers of metal obtalned after quenching, surface work hardening and
stabllization are stable under the prolonged action of operating
temperatures and cyclical loading. )

Surface work hardening may change the nature of the precipi-
tating phases on subsequent aging (for example, eliminate the ferro-
magnetic phase in EI-434 steel from the grain boundaries and from
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Fig. 9. Fatisue curves of EI-395
steel at 750" 1) Quenching at

1180~ and stabijization (650",

100 hours + 800 ;010 hours); 2)
quenching at 1180°, surface roll-
ing and stabilization (650, 100
hours + 800, 10 hours). A) Stress,

k mm2; B) number of cycles N-10;
C) smooth specimens; D) notched

specimens.
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Fig. 10. Fatigue curves of EI-673 “

steel at 650  (specimens with ground
circular notch p = 0.5, t =.1.0 mm). ,
1) Quenchi in o1l at 1200~ and sta- .
bilization (760~, 7O hours); 2) quench-
ing in oil at 1200, sgrface rolling
and stabilization (76 ,024 hours); 3)
quenchingoin oil at 1200”7, stabiliza-
tion (760°, 70 hours), surface rollin
and stabilization (650°, 50 hours). A

Stress, kg/mmz; B) number of cycles N-10°,

(£

e e L

e

PRPPVIPRS




around the primary carbides), as well as the nature of the effect

of the ambient medium by changing nonuniform medium activity into
uniform activity without formation of wedge-shaped inclusions along
grain boundaries, which may chip and act as seats of fatigue fallure :i

and thereby reduce endurance.
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