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In Part I, the book discusses the processes associated with the action of
1iquid metals on solids in stressed and unstressed states. The following corrosion
action of 1iquid metals is described: the mechanisms of dissolution, non-isothermal
and isothermal mass transfer, intercrystalline fracture, formation of compounds and
golid solutions, effect of impurities in 1liquid metals, etc. The changes occurring
in the mechanical properties of solid metals under the action of 1liquid metals
during short duration tests and during long-term strength, crezp and fatigue tests
are also described. Adsorptive, corrosive and diffusive effects of liquid metals
or. solids in a stressed state are discussed.

In Part II, the mechanism of the reaction of liquid metals on solids in a
stresgsed state, 18 discussed in continuity with Part I.
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DEFORMATION AND FRACTURE IN LIQUID METALS

The effect of a liquid metal medium on a =o0l{d metal in an unstressed
state has been discussed in *he first section u. 1 nis book. Let us now
examine the effect of the medium on a metal in a stressed state, The
influence of the liquid metal in this case is characterized by a number
of pecularities and is more diversified.

In the deformation and fracture process of the metal, the medium
exerts a corrosive effect on it in the same manner as in the unstressed
state, however, it is of a qualitatively different nature. For example,
an abrupt decrease in strength and ductility of the solid metal in
liquid metal may occur even for a relatively weak corrosion process.

In some cases materials characterized by low corrosion rates undergo a
greater reduction in strength and ductility in a liquid metal medium
than those which are less corrosion-resistant.

Although the corrosior rate of stressed metals increases, the
effect of stress should not be considered as a factor promoting the
increase of the corrosion process. In some instances fracture occurs
with a slight increase in the overall corrosion rate »f the metal
whereas i{n an inactive medium under those same loading cornditicns
its strength is much greater.

Unusual effects which are caused by the adsorptive influerce of the

medium csn Le observed in the deformation of a solid metal in the liquid,




This type of liquid metal effect occurs specifically in a stressed state
and is not observed in the ebsence of stresses, In principle the
adsorptive effect differs from the corrosive effect, It occurs in

the free surface energy of the solid metal in contact with the liquid

is smaller than tha in the fnactive medium. Reduct:ion in the surface
energy cf the deformed metal eases the plastic defermatfon process,
decreases strength and ductility of the solid metal and promotes some
cther effects. Unlike corrosion, the adsorption action of a liquid
metal medium is reversible. It disappears after deformed solid metal

is separated from the liquid metal.

It should be noted that the adsorptive effect of the liquid metal
on the solid metal may be associated with the adsorption of this process
in the usual physico-chemical sense. 1In this case by adsorptive effect
of a medium it is meant any change occurring in the mechanical properites
of the metal as a result of a change in its free surface energy under
the action of the medium.

The third type of liquid metal effect on a solid in the stressed
state is the diffusive effect, 1%t is associated with the penetratiot.
of atoms of the medium into the solid metal, It is characteristic
that in this case, in the same manner as in the adsorptive effect,
the surface layer of the metal does not show any damage to the
s“ricture. Metailographic analysis fraquently fails to show diffusion
through the selection of special corrosion agents. Even though thke

solid metal, judging by the change in its mechanical properties,
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experienced the effect of the liquid metal medium, its microstructure
remained the same.

One of the characteristic features of diffusion action in contrast
to the adsorption is its irreversibility. Tersting the specimen after
removal of the medium indicates that its mechanical properties chinged
when compared with the original state.

The nature of the diffusive effect enables one to treat it as a
separate type of action of the medium, Actuvally in this ~ase the
medium affects the deformation and fracture processes in the interior
of the metal whereas adsorption and corrosion affect its surface,

In the study of the corrosion processes we included the formation
of solid solutions by solid and liquid m=tal! . 1In conformance with
this classificacion the diffusive effect of the medium is another type
of corrosion. However, when describing the deformation and fracture of
metals the diffusion action should be correctly considered as nn
independent process., With this type of metal defect the dislocation
of the entire surface layer is absent in contrast to other types of
corrosive effect. Moreover, in manv ceses the wncentration of
dissolved metal due to diffusion is increased very slightly, for
example by one thousandth per cent”,

Thus, the effect of liquid metal on & solid in the stressed state

mayv be adsorptive, corrosive or diffusive. Consequently, one may also

*
In these cases the diffusive effect appears together with the adsorprive
effect (see Chapter 5).




indicate the adsorptive, corrosive and diffusive factors of influence

of the medium. In the genemrml case the influence of the liquid metel
may be determined by the combination of all three factors., Under certain
conditions only one of them can be the controlling factor, Since the
basic external appearances of the effect upon the mechanical properties
of solid metal are similar, it i s difficult to determine the degree

of the influence of each factor separately.

The first four chapters of the second portion of this book are
devoted to mechanisms of liquid metal effects on solids which are
observed under different mechanical tests, The phenomenology of the
discussed effects is given here. The factors determining the influence
of the medium are indicated in those chapters only where they are
positively established.

In the chapter on the mechanism of the liquid metal effect the
processes responsible for the adsorptive, corrosive and diffusive
influence are describaed as well as the characteristic features of
the action of each of these factors on the mechanical properties of
the solid metal. The mechanisms of liquid metal effect on solids,
which were described in the first four chapters are also explained

in the chapter indicated above.
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Chapter 1 - MECHANICAL PROPERTIES DURING BRIEF TESTS
a, General mechanisms for changing mechanical properties

Extensive investigations of the effect of liquid metals on single
crystals of different metals under constant strain rate were carried out
by Academician P, A, Rebinder and V. I. Likhtman and¥E. D. Shchukin
(Doctorate in Physico-Mathematical Sciences) at the Institute of Ilysical
Chemistry of the Academy ef Sciences of the USSR and at the Department
of Colloidal Chemistry of the Moscow State Uriversity., Single crystals
were grown by the method of zone crystallization, Tensile tests were
carried out on cylindrical specimens with a diameter from 0,5 to : mm,

A low meltfng metal was deposite’ on the surface of the specimens by
chemical, electrolytic or mechanical means, It was shown that thc action
of the liquid metal does not depend on “he manner of its deposition.

The thickness of the coating was usually several microns. The infiuence
of liquid metal is determined by the adsorption factor.,

The corrosive effect of the liquid metal coating was excluded since
its thickness was small and an extremely small amount of tested solid
metal dissolved in it, Consequently, the change in the specimen
dimension was negligible. 1In order to verify the validity of this
assertion tensile tests of zinc single crystals were carried out in a
bath with liquid tin saturated with zine., The stress-strain curves

obtained from this experiments and from the experimcnts of zinc

specimen coated with tin were the same [186].
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Expeivimental verification of the absence of the influence of volume
diffusion on the observed effect was also obtained, For example, based
on the measurement of electrical resistance of a zinc single crystal
coated with mercury, the diffusion coefficiert of mercury in zinc was
determined, It was found that at room temperature it isabout

3 x 107! en?/sec [187]. Since mercury affects the mechanicai properties
of zinc immediately after its deposition on the specimen, i.e, after
several seconds, 1t is obvious that the effect was not caused by volume
diffusion,

Fig. 72 shows the stress-strain curves of zinc specimens coated
wi.v tin [189]. It is evident that the surface layer exerts an influence
on the mechanical properties of single crystals only when it is in the
liquid state. At room temperature the stress-strain curves of the
specimens with and without the coating practically coincide. The
coated specimen is strengthened very slightly probably due to the
thin coating film of tin., The mechanical properties of test specimens
were significantly changed at temperatures insvring the melting of tin,
In this case two types of str2ss-strain curves were observed. At a
temperature of 2500 C "true stress - relative elongation" curves of
pure specimens and coated with liquid metal coincide up to the instant
of fallure of the ¢ ited specimen, The effect of the liquid metal in
this case was expressed in the decrease of strength of the solid metal
and particularly in the decrease of ductility, At temperatures 350

and 400° C another type of curve was observed.
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In this case only the initial portion of the curves (region of elastic

deformation) coincides, The action of the liquid metal causes not only
the decrease of strength and relative elongaticn but also the decrease
of yield point and coefficlent of hardening, The similarity in both
types of stress-strain curves was also observed when testing other
singie crystal specimens with liquid metal surface coating,

In many cases the mechanical properties of the solid metals were
abruptly changed under the action of the liquid metal medium, This
change is so great that a coated metal has qualitatively different
mechanical properties than the pure metal [186], High-ductile
materials capable of elongating under tension by one hundred percent
become brittle as a result of the effect of the liquid metal surface
layer. In this case if the base metal fails locally with necking down,
the coated metal fails without local deformation with a break in the
shear plane [194].

The degree of liquid metal effect on the mechanical properties of
single crystals depends on the orientation of the latter with respect
to tensile force. Fig. 73 shows the dependence of true fracture stresses
for zinc single crystals on the angle of inclination y, between the
basal plane and the specimen axis during fracture [188]. This Fig,
also shows the results of testing specimens coated with mercury at
room temperature and uncoated specimens which were fracture at a
temperature of -196° C, It is evident that the orientation dependence

of strength in zinc single crystal in both cases has the same character,
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Values of normal and shear stiesses during fracture also revealed an

orientation dependence of deformable sinpgle crystals. Such & dependence
for zirnc sirgle crystals, tensile tested with constant rate et the
temperatﬁre of liguid nitrogen (-196° C) without & coating and at a
temperature of 20° C with a mercury coating, is shown in Fig. 74

[189, 190]. Brittle fracture caused by lowering the temperature

and by the action of the liquid metal is characterized by qualitatively

similar mechanisms, E. D. Shchukin and V. I. Likhtman showed that with

Y

the increase in the angle between the basal plane, on which £fracture
occurs, and the specimen axis, the values of normal stress increase and

the values of shear stress cecrease, Such a change in stresses indicates
that failure of single crystals occurs as a result of plastic deformation
leading to the formation of fracture [189], If the angle between the

basal plane and the specimen axis is sutficiently great, i.e., at reiatively
great normal stresses, the brittle fractureon the slip plane which in the
given case is also the shear plane, occurs in the earlier stages of the
fracture development, However, 1f the indicated angle is small and hence
the normal stresses are low, then fracture occurs at a later stage of
fracture development subsequent to great plastic deformation. The decrease
in the ability of zinc single crystals to resist plastic deformation with
the increase of the angle between basal plane and the specimen axis

can be judged by the values of limiting crystallographic shear

which are given in Table 33,




Data in Table 33 indicate that under the conditions of brittle fracture
the magnitude of the limiting crystallographic shear steadily
decresses with the increase of the angle between basal plane and specimen
axis. However, different results were observed during tensile tests of
zinc single crystals without surface coating at room temperature, i.e.
when the metal 1is ductile. In this case the crystallographic magnitude
does not decrease with the increase of %0 , on the contrary it increases
[191]. Consequently, the orientation dependence of the limiting crys -
tallographic shear qualitatively varies as a result of deposition of
liquid metal layer on the surface of a single crystal.

The mechanisms of the influence of liquid metals on mechanical
properties of zinc single crystals indicated above are characteristic
not only for this metal. Experiments showed that cadmium single crystals
coated with liquid tin [192, 186], and gallium [193], as well as tin
single crystals coated with mercury [194-196] and gallium [197] behave
similarly to the above. It was found that the mechanisms of the influence
of different surface active liquid metals (tin [186, 192], mercury
[191, 195, 198)] and gallium [193, 199]) on zinc single crystals were
identical.

Not only single crystals but also polycrystals are subjected to the
influence of liquid metals during constant strain rate It has been
established by testing polycrystalline specimens that the action of liquid
metals in this case also leads to the decrease of strength and ductility

of the material. As in the testing of single crystels, two types of




variatiou of stress-strain curves of the polycrystalline metal with
surface coating from the initial curve of that same metal without
coating were observed. In some instances the curves coincide up

to the fracture of the coated specimen, which occurs at a smaller
magnitude of tensile strength aad relative elongation than that of the
uncoated specimen. In other instances, less common, the entire curve
of the coated specimen, with the exception of the elastic strain pcrtion,
is located below the curve for the pure specimen., A special case of
the curve of the first type are the curves having only an elastic
portion,i.e, those when the specimen in the liquid metal is fractured
during strain lower than the elastic limit.

Fig. 75 shows the stress-strain curves of 30KhGSA steel at a
temperature of 5000 C in air and in liquid metals: Bi, eutectic Pb-Bi
and alloy Pb-Sn [200]. It is evident that all the liquid metal agents
caused the decreased in the true strength, tensile strength, relative
elongation and coefficient cf steel hardening. The degree of influence
of various agents is different. The changes in the stress-strain curves
of 30KhGSA steel refer to the second type of classification accepted above,

The fra-ture of alloy EI437A during a constant rate tensile test in
the following liquid metals: Sn, alloy Pb - 40% Sn, Pb, Bi and the
eutectic ailoy Pb-Bi occurred in the elastic region, i.e., the stress-
strain curves in this case also agree with the second type, It should
be noted that an extremely high liquid metal influence on the mechanical

properties of the alloy was observed in these experiments [201].




Thus, for example, in air medium at a temperature of 700° C alloy EI437A
has a strength of 75 kg/mm2 and yield point of 48.5 kg/mmz; contact with
eutectic Pb-Bi caused its fracture under a stress of 25 kg/mmz.

Let us cite some more examples characterizing the interaction of
liquid metals on solids under the constant rate temsile tests. These
examples also irdicete the wide range of materials subjected to the
influence of liquid metals.

Miller disclosed [202] the significant reduction in strength and
ductility of 70/30 and 60/40 brasses as a result of contact with liquid
mercury, tin and tin-lead solder (50/50). With the effect of mercury at
room temperature the strength of brass decreased by a factor of three.

In liquid tin at a temperature of 260 C the decrease in the strength of
70/30 brass was 187 and 60/40 brass 287, The stiength of these materials
in a tin-lead alloy at 220° C decreased approximately as much as the above,
At a temperature of 350° C the decrease in strength of 70/30 brass in
liquid lead reached 407 and in tin 337,

The plastic properties of the materials decreased even to a greater
extent. Thus, the relative elongation of 70/30 brass in liquid tin at a
temperature of 260° C was 2.5% whereas in air at that same temperature
it was 27.5%. The limiting values of relative elongation cbtained in the
testing of this material in mercury and in air were 3 and 38.8% respectively.
In the case of the action on brass solder the corresponding values of

relative elongations are the following: 2 and 287.




Austen [203] carried out tensile tests wigh constant rate deformation
for different steels and other materials in contact with tin-lead
(60/40) solder, He established a significant decrease in strength and
ductility in the liquid metal cf pearlite steels as well as stainless
ferrites and austenites, Fracture in certain materials, for example,
low-alloy nickel chromium vanadium steel occurred in the elastic region
at a temperature of 290° C. Pure metals: Fe, Ni and Cu were subjected
to a significantly lower influence of the medium. Stress-strain curve
of materials in the liquid metal usually coincide with their stress-strain
curve in air, but fractured at lower values of stress-strain and relative
elongation,

S. T. Kishkin, V. V. Nikolenko and S. I. Ratner carried out tensile
tests for 30KhGSA, 18KhNVA and 40KhNMA steels at a high temperature in
the medium of liquid solders [204]. The influence of solders was inves-
tigated by two methods. In the test by the first method the specimen
coated with solder was placed in the furnace and tensile tested at a
temperature insuring the melting of solder. In the test by the second
meihod the specimen was loaded to a certain strain, after which its
surface was coated with solder. 1If during the application of solder
(about 3 minutes) the specimen would not fracture then it was loaded to
a strain exceeding the initial by 5 kg/mm2. With this strain, the
specimen surface was also soldered, etc. These operations were carried
out until the specimen fractured. Results of testing by two methods

were found to be the same, Under the action of tin-lead solder




(617% Sn, 397 Pb) the fracture of steels occurred at g tensile stress of
85495 kg/mmZ, which corresponded to the elastic region for some steels
and to the plastic reglon for others, However, the strength and ductility
in the second group of steels was also lower than in air. The change in
mechanical properties of steels was also caused by lead-silver sclder
PSP-3 (97.5% Pb; 2.5% Ag), but its infiuence was somewhat lower than that
of tin-lead. In Ref, [204] it was shown that solders in the solid state
practically do not exert an influence on the strength and plastic properties
of steels.

Tensile tests for a great number of different materials were carried
out in the medium of iiquid metals by Ya. M., Potak and I. M. Shcheglakov
[205, 206]. They and other investigators established that the strongest
effect of liquid metal coating was exerted on the plastic properties of
metals and alloys: relative elongation and reduction in area of certain
materials decreased more than ftenfold whereas the strength in this case
decreased twofold. However, not all the materials display the influence
of surface coatings, For example, the mecharical properties of copper in
tin-lead solder did not change at a temperature.of 270-280° C, It was
found that aluminum alloys of the AMTs and Al9 type were not susceptible
to the action of this coating at a temperature of 270-280° C. It should
be noted that high tempered 30KhGSA cteel was subjected to a significant
influence of the tin-lead coating at that same temperature. Thus, the
action of liquid netals is selective. The same melted metal éxerts
an influence on the deformation and fracture of some solid metals and

not on others,




The effect of liquid metals on the mechanical properties of solids
occurs nrot only during constant rate tensile tests but also with other types
of mechanical coatings., Many investigators observed the effects ol a2 medium
in a bending test of the specimen. It was established that fracture occurred
with decreased strength and ductility of low-alloy pearlite znd high-alloy
austenite steels during bending tests of the specimens in contact wich
tin-lead solder (63% Sn and 377 Pb) and with babbitt (tin-antimony-copper
alloy) [207]. The influence of liquid Zn, Sn, aud Sb on the mechanical
properties of steel during bending was also described [203]. The influence
of mercury coating in copper specimens during thac saase type of testing
was noted in Ref. [209].

In references cited above it was shown that the fracture of specimens
coated with liquid mets! occurred in a number of cases with an insignificantly
low angle of bending, i.e, the influence of the medium, in the same manner as
during tensile testing, causes the metal tc abruptly loses its ductility.

It was established that liquid metal exert an influence only when they arz
deposited on the stressed side of the specimen [207, 210]. If there i5 a
coating on both sides, then there will be no cracke ~n the compressive side,
Consequently, premature fracture in the liquid metal environment is caused
only by tensile stresses,

G. F. Kosogov and V. I. Likhtman [211] compar:d the influence of liquid
tin on the mechanical properties of steel of type St. 7 during axial tensile
an¢ torsional tests at a temperature of 350° C. The data obtained by them

(Table 34) indicates that the action of liquid metal appeared only during stress.
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This result is probably associated with lower values of normal stresses
during torsion [212].

Many investigators have noted the intensification in the influence
of liquid metals on the deformed solid metal with the increase in strength
of the latter, For example, authors of references [204-206] have observed
a significant decrease in mechanlcal properties of 30KhGSA steel in
contact with tin-lead solder and tin when it had an initfal strength
of about 170 kg/mmz, and no change (or a slight change) of properties
in the steel with a strength of 60 to 70 kg/mmz. 30KhGSA steel having
a strongth of about 120 kg/mm? in air is subjected to lesser influence
of liquid metal than that same steel with a higher strength. Table 35
shows the corresponding data obtained in references [205, 206].

The dependence Letween ratio of strength of aluminum alloys in

98 (liq. mer,)
9B (air)

liquid mercury to air cn the magnitude of initial

strength g, (air) given in Fig, 76 is plotted according to the

data in Ref. [213]. Despite the noticeable scatter in the graph, it

is evident that with the :increase of initial strength of aluminum alloys
their susceptibility to the action of liquid mercury increases. Thus,
alloys having a strength of 45 to 70 kg/mm2 in air, retain only 10-207%
of the initial value of strength in the liquid metal. However, alloys
having a strength of 20-35 kg/mm2 in air either are not subjected at all

to the influence of the liquid metal or undergo a slight (about 107)

decrease in strength.

it
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It should be indicated that the dependence of the influence of liquid
metal on the strength level of the solid metal is not always apparent,
For example, in Ref, [207] it has been shown that chromium-nickel steels
have about the same strength in air but differ in a medium of melted
solder. This observation as well as thz dependence stated in Fig., 76
enables one to make the conclusion that the increase in the effect of
liquid metal on the deformed solid metal with the increase of its
strength is only a trend. In other words a high level of initial
strength is only one of the many factors favoring the increased action
of the liquid metal,

Investigation of the microstructure of fractured specimens in liquid
metal has shown that polycrystalline metals arc usually fractured at the
grain boundaries, This type of fracture is observed even in those cases,
when testing in air the cracks propagate across the grain [204-206, 214].
Intercrystalline fracture was also found in those metals which are
subjected to a strong influence of the medium, being in the single
crystalline state,

Investigation of the generation of cracks in polycrystalline pure
metals during their deformation has been carried out by S. M.Zanozina and
E. D. Shchukin [215]. A special attachment was made to the metal microscope

which enabled one to deform the flat specimens smoothly by stressing 1t.

The deformation process was observed through the microsccpe.

12
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It was established tnat cracks are formed in the specimens with a liquid
metal coating and increase with increased deformation mainly at the
grain boundaries. This type of fracture was observed in zinc and
cadmium with a gallium ccating. Sometimes the cracks are propagated
at the grain but they are significantly .ess. A mixed typa of
fracture, but mostly intercrystalline, occurs in zinc coated with
mercury,

E.D. Shchukin and Z. M. Zanozina were the first who showed that
fracture begins at the boundaries of those grains in which the-slip
lines appear first,

Nichols and Rostoker determined the mechanical properties of
different coarse-grained materials during local deposition of liquid
metal on the surface of specimens [216].

The vesults of thefr investigation given in Table 36 showed that
during the deposition of liquid metal only at the grains the effect is
either absent or is significantly lower than during the deposition
of the meta! at the¢ grain boundaries. For example, the relative
elongation of silicide steel decrecased from 20 to 7% in the deposition
of lithium at the grain and to 1,6% in the deposition of lithium at
the grain voundary. 70/30 brass did not undergo any changes in strength
and ductility in the depcsition of mercury at the grain but underwent a
decrease in strength from 17.7 to 6.1 kg/mm2 and relative elongation from

42 to 8% in the deposition of liquid metal at the grain boundaries.

13




It is evident from Table 36 tha. although the infiuence of the
ligquid metal during wetting of the grain boundaries is greater than
during wetting of the grain body, it is weaker than when wetting
large areas of the specimen surfarce, This is apparently associated
with the great probability of the most stressed and the most unfavorably
orfented graln boundaries fallins, into the wetted area,

The results of experiments carried out ou bicrystals confirm the
extremely significant dependence of the wetted grain boundary by liquid
metal [8). Copper bicrystalline specimins wetted with bismuth were
tested at e strain rate of 0,016 min~!, It was showed that maximum
embrittlement by iiquid metal occurred when grain boundary was tranverse
to the axis of loading, When decreasing the angle between them from
90° to 0° the embrittlement steadily decreased and'the strength and
ductility of bicrystalline specimens approach the strength and ductility

of single crystaliine specimens (Table 37).
b, Influence of temperature

The temperature refers to a number of factors exerting a significant
effect on the magnitude of change in mechanical properties of solid
metals under the action of liquid metals, Moreover, at a certain

tempcrature this action does not appear at all [194, 346],

14
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Experiments carried out on single crystals coated with a thin layer
of, liquid metal showed that their strength and ductility are usually
restored with the increase in temperature and beginning with a certain
value the mechanical properties cf coated and uncoated specimens are
the same, Fig. 77 shows the dependence of true strength and elongation
during fracture on the temperature for pure tin single crystals and
coated with mercury  [194, 217]. It is evident that the effect of
mercury occurred beginning with the melting point. In the range -40
to 20° C the specimens coated with mercury are fractured at low values
about the same as those‘of relative elongation. At a higher temperature
the ductility of these specimens is increased and beginning with 20° C
it becomes the same as in the uncoated specimens. 1f one judges the
influence of temperature according to the change in true strength then
the effect of liquid metal steadily decreases with the increase in
temperature from - 40 to +20° C. It should be emphasized that the
dissppearance of the influence of the liquid metal during the increase
in temperature was not caused by its evgporation since the effect was
reversible, i.e. it was restored when the specimen was cooled.

It was established that the effect of liquid mercury on the zinc
gsingle crystals is characterized by that same temperature dependence as
the effect of mercury on tin described above [195, 218, 219]. The

influence of liquid metal on zinc disappeared at a temperature higher

than 1500 C. The characteristic properties of this material were restored

in the teuperature range of 110 - 160° C, while the nature of fracture

15
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of single crystals changed from brittle, with mirror-like cleavage at
the basal plane, to ductile at an elongation up to several hundredths
of percent, with pronounced local deformation.

Experiments with zinc and cadmium single crystals with a tin surface
coating showed a different temperature dependence of influence of liquid
metal medium. In this case with the increase in temperature the influence
of liquid metal on strength and ductility of single crystals steadily
increased [ 186, 192 ], The degree of this influence can be judged by
the.zinc stress-strain curves given in Fig. 72.

Experiments of polycrystalline metals in a liquid metal medium at
different temperaturcs have shown that the mechanism of temperature
influence is the same as in the experiments with single crystals.

G. F. Kosogov and V. I. Likhtman investigated the temperature dependence

of the effect of liquid tin and lead on the strength and ductility when
stressing steels containing from 0.05 to 1,10% carbon at a rate of

1,25 mm/min [ 211] . They established that liquid metals cause a decrease
in strength and ductility of steels within a given temperature range

above the melting point of the medium. The experiments show that the
decrease of the strength and ductility have a maximum within a given tem-
perature region depending on the concentration of carbon in steel (Fig. 78).
Consequently, the temperature range in which the effect of liquid metal is
exerted increases, with 0.05 carbon content the influence of tin was observed
in a temperature range between 200-400° C, and in steel with 1.08% carbon

the lowar range boundary is the same and the upper reaches 600" C.
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V. G. Markov [214] observed a similar dependence of influence of liquid

tin on the mechanical properties of steel upon the testing temperature.
The experimental results of mechanical properties at a strain rate of
167 of Armco-iron and steels at different temperatures are given in Ref,
[220]. The specimens were coated with liquid Cd, Zn and Sn. It was
estabiished that the influence of liquid metals on the Armco-iron, carbon
and low-alloy steels (St, 20, St, 45, 40KhNMA and 30KhGSA) is exerted
within a certain temperature range, which is limited tc below the melting

point of the ccating; the upper temperature boundary depends on the type

R e

of steel and its heat treatment and differs for various liquid metal
coatings, Austenitic steels 1Kh!8N9T and EI878 with zinc coating in
contrast to the above indicated steels steadily increase the effect of

liquid metal with increase in temperature (Fig. 79),

Continwus increase of the effect of liquid metal with the increase in
temperature was observed by Ya. M, Potak and I. M. Shcheglakov [205, 206}.
Table 38 shows the results for steels 30KhGSAand EI388 tested in liquid
tin by the above cited authors, It is evident that 30KhGSA steel after
hardening and tempering with the increase in test temperature in liquid
tin from 270 - 280 to 400° C becomes 2 completely brittle material,

3 breaking without plastic deformation, whereas at 400° C in air it has
a relative elongation of 13,27 and relative reduction in area of 36,7%.
30KhGSA steel, after annealing, is not subjected to the infldence of tin at

270 - 280° C, i.,e, at a temperacture somewhat higher than the melting point
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of the coating, The increase of the testing temperature led to a
significant decrease in its strength and ductility, so that at 500° C
the annealed 30KhGSA steel with a tin coating became a brittle material
(relative elongation of 2%, and relative reduction in area of 6%).
Similar results for a continuous increase of the influence of liquid
metal on the strength and plastic properties of materfals with the
increase of testing temperature were also obtained in references [207, 208].
Thus, the temperature dependence of the influence of liquid metals on
the mechanical properties of single and polycrystalline metals is the same
and appears in two forms. In one instance the effect has low and high
temperature boundaries, and in the other only a low temperature boundary

exists, which continuously increases with increase in temperature.
c. Influence of the deformation rate

The deformation rate exerts a considerable influence on the effect
of liquid metals on solids. This influence was detected when testing
single and polycrystalline metals,

Fig. 80 shows the change in true strength and limiting relative
elongation for tin single crystals during a tensile test with different
deformation rates [193, 217], It is evident that by changing the rate
of strain both an abrupt embrittlement of specimens coated with mercury
can be obtained or the influence of mercury can be eliminated completely,
It follows from Fig, 80 that the maximum effect of liquid metal on the

tin single crystal at room temperature was observed for the largest
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deformation rate, higher than 10%/min . The reduction of the deformation
rate leads to the decrease of the effect and a* a rate of less than
103-10%%/min the effect is absent,

The tests of polycrystalline specimens have shown a more complex
nature of the influence of the deformation rate. In certain papers it
was also observed,as in the case of single crystals, a weakening or, in
the extreme case, z= disappearance of the effect of liquid metal during
the decrease of the deformation rate. Fig. 81 shows the stress-strain
curves of specimens of St, 20 with two strain rates - 10 and 0.055 mm/min,
which were obtained by M. I.Chayevskii and V. I. Likhtman [221, 222],

The experiments were carried out on cylindrical specimens with a working ar=a
of 10 mm in diameter and 40 mm long, The test temperature was 400° C, The
influence cf two liquid metal melts, eutectic alloys Pb-Bi and Pb-Sn, was
investigated. It is evident from Fig, 81 that with a deformation rate of

10 mm/min the carbon steel undergces a decrease in strength and ductility
under the action of bocth melts (curves 1, 3, 5), With a lower deformation
rate (0,055 mm/min) tie mechanical properties of steel in air and in

the indicated liquid metals are the same,

An analogous action of the deformation rate on the influence of e
liquid metal medium was also observed in experiments with 2Khsteel [223],
The tensile test for the specimens prepared from this steel was carried out
with that same deformation as in the specimens of St. 20, i.,e. 10 and

0.055 mm/min, The test temperatures were 400, 450, 500 and 600° C.
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An alloy containing 59,5% Sn, 36.7% Pb and 3,87 Al was used as a liquid
metal medium and the specimens were elongated in a liquid metal bath.
It has been established that with a deformation rate of 10 mm/min the
effect of the melt, expressed in the abrupt loss of steel capability to
plastic deformation, occurs only at a temperature of 400° C, The
decrcase of the deformation rate to 0,055 mm/min led to complete
restoration of mechanical properties of steel in contact with liquid
metal to the initial level,.

An analogous action of the deformation rate on the effect of
liquid indium on an aluminum alloy was observed by Rostoker, McCaughey
and Markus [8],

In other studies the influence of the deformation rate on the
described effect was directly contrary to that observed in the above
investigations., It has been indicated that the increase of the deformatio
rate of the materials leads to the weakening of the effect of liquid metal
environment, Ya, M, Potak and 1. M. Shcheglakov investigated the behavior
of 30KhGSA steel under static and dynamic bending [205, 206], The test
was carried out on a cylindrical specimess (19 mm in diameter) with acircum-
ferential notch at a temperature of 300° C, One set of specimens was
tested without a surface coating and the other with a tin coating.

The rete of the static bending was 1,5 mm/min and dynamic bending was
3.61105 mm/min, The steel was tested with a high and an average strength

level, Experimental results are given in Table 39,
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It is evident from the Table that the work of rupture of steel
specimens under static bending decreased under the action of liquid tin
by more than or2 order of magnitude. Rapid loading of spe.imen removed
the detrimental influence of liquid metal surface film almost completely.

Greenwood investigated the mechanical properties of copper at various
strain rates [ 2247 . Specimens coated with mercury were used., The
results are given in Table 40. The Table shows the mechanical properties
of uncoated copper only at a strain rate of 40%/hr, however tests were
also carried out at other rates. The experiments show that in the range
of investigated deformation rates the mechanical properties of uncoated
copper specimens remain the same. Based on data in Table 40 one can
conclude the significant weakening of the effect of liquid mercury on copper
with the increase of the deformation rate from 0.2 to 1000%/hr. The data
in Table 40 also show that the nature of the influerce of the deformation
rate on the effect of liquid mercury is the same for copper with coarse
and fine grains.

The weakening of the effect of liquid solders on the mechanical pro-
perties of steels during bending with an increased load rate was noted
in Ref, [207 ].

The experimental results stated above enabled one to indicate the
two boundaries of liquid metal effect [219, 345] . Evidently, at a
constant temperature the influence of liquid retals ca&n be otserved within
a given range of deformation rates. The effect does not appear for lower

and higher values than those determined for deformation rates, 4
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The correlaticn between the influence of the deformation rate
(lower boundary) and the temperature (upper boundary) on the action of
liquid metals should be noted. Thus, the increase in test temperature
may lead to a transfer of a boundary developing the effect into the
region of higher strain rates or to its disappearance. A similar
increase in the deformation rate may cause a substantial rise in the
threshold temperature of induced brittleness., The relationship between
the temperature and strain rate based on the tests of aluminum alloy
wetted with a liquid wercury containing 3% zinc [8] is found in the

fom of

T'=Alnv+B, (148)

where T 1s the temperature; ¥ is the deformaticn rate; A and B
are the constants, Equation (148) is obtained by connecting the points
on the "temperature-strain rate" graph which corresponds to similar
magnitude of relative elongationof specimens, In the given case the
corresponding constants of the tested metal were such that the metal
possessed the same ductility.

It should be noted that the relationship betwecen the temperature of
brittle transition and strain rate was first established when testing
metals in an inactive wmedium by F. V. Vitman and V. A, Stepanov [ 343] .
Its applicability for interaction conditions of adsorptive-active liquid

metal was established by V. I. Likhtman and E. D. Shchukin [ 219] .
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d, Influence of grain size

The same metal but with a different grain size is subjected to the
effect of the liquid metal environment to a varying degree, In all
investigations, devoted to the study of the influence of grain size, an
unambigous result was obtained, It was established that with the
increase in the mean grain diameter the strength of a solid metal
in contact with a 1iquid metal is decreased.

This was concluded, for example, from the results presented above
for tensile test with various deformation rates of copper specimens
coated with mercury., It follows from Table 40 that the strength and
relative elongation of specimens with a mean grain diameter of 0,1 mm
is lower than that of specimens with a mean grain diameter of 0.03 mm
in all rates of strain employed.

The mechanical properties of annealed LS59-1 brass with a grain
diameter of 50, 220, 280 microns were investigated in Ref. [225].

The test was carried out by elongating the specimens at a constant
deformation rate of 0,03 mm/sec, One set of specimens was tested with
mercury coating and the other without a coating, They were tested at
rcom temperature. The results obtained indicate that with an increase

in grain size the strength of pure specimens and those with a liquid
metal surface film decreased, However the degree of decrease in their
strength is not the same: wunder the action of l1iquid mercury the decrease

in brass strength with the increase in grain size occurs more intensively,

23




For example, with a grain diameter of 220 microns the strength of brass
in mercury is 317 lower than the strength in air, and with a grain
diameter of 280 microns it is 407 lower,

It has been established by bending tests of steel specimens in contact
with molten tin-lead solder that the effect of liquid metal is also reduced
with the decrease in grain size [207].

A functional relationship between the true tensile strength in a liquid
metal medium and mean grain diameter of the metal being tested was found,
Fig, 82 shows the dependence botween these magnitudes for 70/30 brass at
room temperature, obtained in Ref. [226]. 1In accordance with the graph

the following expression may be written

S, = So+ K=", (149)

where S, is the true tensile strength of brass with a mercury coating;

d is the mean diameter of grain; S; and K are the constants,

Similar dependence were also obteined when testing iow-carbon steel
in lithium at a temperature of 250° C [226], cadmium in gullium at 25° C
[227] and copper in mercury at 25° C [228] and in lithium at 205° C [8].
It should be noted that equation (149" 1is frequently not obtained when
testing those same materials in air. The reason is that significan*
plastic deformation precedes the fracture of metal in air. When the
fracture of specimens which are not in contact with liquid metal is
brittle the relationship between the fracture stress and grain diameter

1s also described by equation (149) [227, 229, 230].
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The relationship (149) is valid not only for true strength but also

for the yield point [8] and limit of proportionality [227]. It is

evident from Fig, 83, which shows the results of constant rate tensile
tests carried out for 70/30 brass coated with mercury, that the constant K
in equation (149) 1is lower for the yleld point than for true tensile
strength whereas the magnitude S, remains the same. The difference in
constants K indicates that with the decrease in grain size the difference
in true tensile strength and yield point is increased, i.,e. the smaller

the graim diameter the greater plastic deformation preceding the fracture
of the specimen,

Nichols and Rostoker investigated the stress necessary to initiate
cracking or to propagate cracking in 70/30 briss wetted with mercury at
room temperature as a function of the mean grain size, The stress
necessary for crack initiation was determined by testing the specimens
which had been pre-cracked across a portion of the test-section, The re-
initation stress was computed on the basis of measured tencile force and
the residual uncracked cross section. The experiments have showr that
the stress necessary for crack inictiation is higher than the stress
necessary for its propagation during which the difference between them
is greater the lower the linear dimension of the grain. The relationship
between each of these characteristic stresses and the inverse square
root of the mean grain diameter was found to be linear similarly to

equation (149),
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The grain size of solid metals also affects the temperazture at which

the transition from brittle to ductile behavior occurs (see Chapter 1),
The tensile elongation as a function of temperature for annealed 70/320

brass of varfous grain sizes was investigated in Ref, [231], It has

been established that the embritt'ement in brass by liquid mercur
is temperature dependent and that che temperature is governed by the
grain size, Fig, 84 shows that the correlation between transition
from brittie to ductile behavior and the logarithm of the mean grain

diameter is linear.
e, Influence ot stress concentrators

The experimental results of the influence of notched type stress
concentrators on the effect of liquid metals on solid metals in the
deformation process are discrepant,

The influence of stress concentrators in the form of a circular
hole in the middle portion of flat specimen on the mechanical progerties
of L68 brass in tension was investigated in Ref. [232]. The specimens
had a working area 4 mm wide, 14/ mm long and 1 mm thick, The hole
was 0.8 mm in diameter, The specimens were tested without and with
mercury coating at room temperature., Table 41 shows the experimental
results, The Table also includes values of effective coefficients
Go¢g Which were cnlculated as a ratio of specimen's strength with

stress concentrator to the strength of flat specimen,
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The relative elongation in this case is an arbitrary magnitude. 7Tt is
calculated as a ratio of elongation of the working area of the notched
specimen to its initial elongation,

It is evident from data in Table 41 that a stress concentration at
the circular hole in the flat specimen appeared when testing in air
but when testing in liquid mercury its influence is almost absent.
Consequently the degree of mercury eifect on the strength and ductility
of specimens with stress concentrators is lower thai on the strength
and ductility of flat specimens., The notch action also did not appear
when testing flat specimens of L62 brass with notch in a form of circular
hole, when their surface was - :fted with mercury [233] s

Results similar to those stated above were also obtained during
tensile tests of flat specimens with notches on the sides [8] .
Aluninum base alloy type 2024-T4 was used as a test specimen and
mercuric amalgam as a liquid metal, It is evident from Fig. 85 that
the fracture stress is practically the same in flat specimens with
grooves of different radii of curvature up to 0.1 mm,

There are also papers in which the intensification of liquid metal
effect on specimens with stress concentrators was compared to specimens
without concentrators. For example, authors of Ref. [ 220] tested
specimens of steel 40KhNMA with a circular notch 1 mm deep and 0.2 mm
in radius. They observed a sudden drop in the strength and ductility

in cadmium coated specimens in the range 320-480° C.
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The strengcth at 350° C is only half that of the specimens; without coating.
At the same time the flat specimens under the action of cadmium experience
only a slight reduction in strength,

1t has been shown in Ref. [271] that the specimens of St. 20, which
were tensile tested at a constant rate in a melt of eutectic Pb-Sn, revealed
increased ductility if the working parts of the specimen are ground and
noticeably lesser {f marks from the lathe machining are not removed.

Ya. M., Pctak indicates almost a sixfold reduction in strength of
JOKhGSA steel under the action of tin-lead solder during a bending test
of notched specimens [206] . Tensile test of flat specimens under
such conditions showed that their strength decreased by 10%., Although
a bending test in a liquid metal is more rigid since the surface layer of
the specimen is under maximum stress nevertheless the significant difference
in the effect during tension and bend’'ng was apparently due mainly to the
presence of the notch in the bending specimens.

Thus, the data available at the present time on the influence of
stress concentrators on the effect of liquid metal on solid under the
conditions of deformation and fajlue still do not enable to explain the
general mechenisms. Based on the published data it is possible to
conclude that the presence of stress concentrators either has not effect
on the strength and ductility of the ma.erial in a l1iquid metal medium

or leads to the increase of effect of the mecdfum.
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Based also on the general presentations one can expcet that with a
sufficiently developed dissolution process in the liquid metal the
influence of the medium will lead to the decrease of action of rather
sharp notches, On the other hand taking into aceccunt that the increase

of stresses in the notch should intensify the influence of the medium

the presence of a contrary action of stress concentrators under specific

conditioris should be considered possible,

f. 1Influence of cold-hardening

Preliminary plastic deformation of metal leads to its strengthening
with subsequent deformation in liquid metal medium as well as in air,

The degree of liquid metal influence can be both weaker and stronger

in the cold-hardened material than in the starting material,

Table 42 shows the results of tensile tests of zinc single crystals
subjected first to plastic deformation [189, 191]. Cold-hardening was
carried by straining the specimens at room temperature. Subsequently
one group of specimens was tensile tested at a temperature of -185° C
and the other at +20° C, The specimens of the first group were tested
without surface coating and the specimens of the second group with
mercury coating, Failure in both groups occurred at the basal plane
and was brittle, Table 42 ircludes also the values of normal fracture
stresses which enables one to compare the nature of strengthening of

zinc single crystals under two types of brittle failure indicated above,
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It follows from the Table that cold-hardening leads to the strengthening
of single crystals which are pure and subjected to the influence of
liquid metal., In this case the degree of strengthening of both single
crystals undetr similar cold-hardening is about the same,

The testing of polycrystalline metals showed that they also d..elop
8 capacity of strengthening in liquid m."al medium as a result of cold
hardening, It has been established, for example, that such a strength-
ening is shown by an annealed L62 brass when tested in liquid mercury [234],
The test was carried out on cylindrical specimens with a working area
1 mm in diameter. Cold-hardening was set by tension at room temperature
with a rate of 1,85 mm/min up to different magnitude of residual deformation
(to 407 of residual elongation). Further testing of specimens was carried
out also by tension at room temperature, It is evident from the experimental
results given in Fig, 36 that cold-hardening leads to increase in strength
and yileld point and dcrease of relative elongation and relative reduction
in area of brass both in air and in mercury. However in all cases the
strength and ductility characteristics of brass are substantially lower
in liquid metal than in air., It should be noted that the yield points
become almost equal to the strength of brass when testing in air after
preliminary tension to 277 whereas when testing in liquid mercury they
approach 8% already after tension. From a strength comparison in mercury
and in air of the cold-hardened and starting material it should be concluded

that the effect of liquid metal is lower on cold-hardened material.
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A similar conclusion was made in Ref, [8] based on the determination
of elongation during rupture in air and in mercury of a preliminarily
cold-hardened aluminum alloy.

In addition to the data presented above there are investigations
in which an increase of liquid metal effect on the solid metal subjected
to preliminary plastic deformation was observed.

Fig. 87 shows the results of tensile tests carried out for 70/30
brass coated with mercury at a constant deformation after cold hardening
[228]. 1t is evident that the specimens with a mean grain diamater of
0.032 mm undergo a reduction in true tensile strength for all values of
preliminary plastic deformation., The specimens with a mean grain diameter
of 0,08 mm after preliminary deformation to about 20% are strengthened and
become soft at higher deformation. The specimens with a grain diameter
of 0,16 mm and higher are strengthened after cold-hardening.

Experimentai results on the influence of preliminary plastic deformation
can be understood if one takes into consideration in this case the action
of the following two factors. First, during cold hardening, an increase
of material strength occurs and this should intensify the effect of the !
liquid metal., Second, cold-hardening causes grinding of structual com-
ponents (grains, sub-grains, block structures) of solid metal which
weakens the etfect, Depending on the degree of influence of each of
these factors the final effect is determined in each specific experiment,
It is evident that for sufficiently fine sr2in in the tested metal the

action of the first factor would be prevaient and cold-hardening will
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intensify the influence of the liquid metal medium, A more effective
acticn of the second factor should be expected in metals with relatively
coarse grain and single crystals and consequently the weakening
influence of the medium with the increase of degree of cold-hardening,
The experimental results described above are in agreement with this

explanation,

g. Influence of thermal and thermomechanical treatment

The degree of influence of the liquid metal medium on the deformed
material depends on the thermal and thermomechanical treatment, This
influence is determined to a considerable degree by the strength level
and grain size acquired by the materials as a result of the trecatment,
However the action of thermal and thermomechanical treatment is also
associated with certain pecularities of the structural state of the
material,

V. G. Markov investigated the effect of liquid tin on pearlite
chromemolybdenum vanadium steel subjected to tempering at various
temperature [214]. In all instances hardening was carried out at
990° C, and tempering at 270, 370, 47C, 570, 670 and 770 C; the
duration of tempering at each temperature was 1,5 hr. The specimens
were made from steel billets, subjected to the indicated conditions
of thermal treatment, with a cylindrical working area 6 mm in diameter

Subsequently *the specimens were tensile tested at a rate of 1.25 mm/min.
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The experiments were carried out in a bath with liquid tin and in air

at a temperature of 250 6500 C,

It has been established that the steel after low and mean tempering
(at a temperature of 270-4700 C) was affected the greatest by liquid
metal. The specimens subjected to such a thermal treatment undergo
brittle fracture withhut plastic deformation and their strength is
lower than the yield point in air by a factor of 1.5-2, The specimens
tempered at 570° C undergo fracture in tin after certain plastic deformation
and there is a discontinuity on the stress-strain curve in the region of
uniform deformation, Tempering at 570° C caused further weakening of
tin influence on steel. In this case the yield points, strength and
uniform elongation of the specimens tested in air and in tin are the
same, The influence of liquid metal caused only the decrease of

concentrated elongation, The specimens subjected to tempering at

7709 C are not affected by the liquid metal medium,

Thus, the increase of a tempering temperature decreased liquid
metal effect on the mechanical properties cf pearlite steel. The
weakening of the effect in this case is caused appareantly by the
decrease in strength of steel. Thus, strength in air changes
continuously with about 130 kg/mm2 after tempering at 2700 C to
55 kg/mm2 after tempering at 670° C,

Similar mechanisms for the thermal treatment effect of 30KhGSA
steel on the magnitude of liquid tin and tin-lecad solder influence

have been established in references {204-206]. The results are
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discussed above (see Table 35), It was noted in Ref, [235] thet high
temperature tempering of pearlitc chrouwe-nickel and carbon steels
decreased their susceptibility to melted solder effects,

Authors of Ref, [213] investigated the influence of mercury at
room temperature on the mechanical properties of precipitation-hardened
aluminum alloys as a function of the duration c¢f agirs;, Fig. 88 shows
the experimental results of an aluminum alloy with 4,5% Cu, 0.6% Mn and
1.5% Mg, It is evident that the ircrease in aging duration, followed
by strengthening in air, caused an abrupt decrease of its strength in a
liquid mercury medium, It {s interesting that a slight alloy strength-
ening in the beginning of the aging process is caused by a streng
influence of liquid metal, This indicates the dependence of the effect
of the liquid metal medium on the structural state of the material,

A somewhat different influence of the liquid metal (mercury with
2% Na) is observed when aging Cu alloy with 2% Be [236, 237]. It
follows from Fig, 89 that testing an alloy in liquid metal does not
affect (qualitatively) the influence of aging on its yield point.

In this cese the usual strengthening stages and subsequently softening
(with the increase of soaking) associated with the over-aging of alloy
were observed, The influence of liquid metal on the relative elongation
of the material was similar to the influence on the strength established
in Ref, {213], i.e. the effect of the medium causing the reduction of
relative clongation becomes stronger in proportion to the alloy

strengthening and has the highest magnitude during maximum strengthening.
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Over-aging an alloy causes a decrease of embrittlement by liquid metal
coating,

Fig. 89 also shows the experimental results of copper-beryllium
alloy subjected to cold-hardening and tempering. This treatment
promotes greater alloy strengtheniug during aging however the
decrease of relative elongation was lowcr, For example, the
greatest decrease of elongation after temneiing and cold-hardening
was about 607 whereas after on!y tempeiilng it was clese tr 10C%.

Usl ng cold-hardening after heat treament as shown in references
[236, 237] usually does not cause any changes in the degree of liquid
metal effect, Thus, cold-hardening of copper-beryllium alloy after
tempering and aging at 370° C for 0.5 and 12 hrs, i.e. up to the
highest strengthening (see Fig, 89) does not lead to an increase
but to a wcakening of the influence of the liquid metal medium.

An alloy subjected to maximum strengthening during thermal treatment
(tempering and aging at 370° C for 1 hr) discloses an increase of
effect of the medium with the increase of cold-hardening degree.

Thermomechanical treatment of the material in a number of cases
enables one to increase its strength in & liquid metal medium. 1In
references [238, 239] the influence of thermomechanicul treatment on
the mechanical properties of 40Kh steel was investigated in air and
in contact with eutectic Po-Sn, Cylindrical specimens 10 mm in diameter
with a circular notch were tested, The treatment of the material was

carried out in the region of the stress concentrator,
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The specimen was placed on a special device and heated by passing an
electrical current through it up to the austenitic temperature,
Subsequently it was cooled to temperature 400-600° C during which
the notch was rolled with profiling rollers, The initial depth of
the notch applied on the turning lathe was 1 mm, the radius at the
top 0.2 mm and the angle 0.8 rad., When rolling the depth of the
notch increased to 1,5 mmn while the radius remained the same.
afie rotling Ye speciman was subjected to hardening in oil with
subsequent tempering. In addition to the above thermomechanical
treatment the specimen was subjected to torsional stress. The
influence of cold-hardening at room temperature on the liqui d metel
effect on the steel after hardening and normalizing was also d:termined,
It is evident from the stress-strain curves presenied in Fig, 90
that at a temperature of 400 and 500° C the specimens subjected to
quenching fractured under the action of liquid metal in the elastic
region undergoing repeated reduction in strength, Some increase in
strength is achieved by cold-hardening, rolling at room temperature
and thermomechanical treatment by means of torsion, Thermomechanical
treatment by rolling leads to the gicatest increase in strength, Even
though when testing in air this treatment yields an abrupt increase in
ductility the specimens undergo brittle fracture when tested in a melt,
It should be noicd that the method of thermmomechanical treatment which
proved to be effective for 40Kh steel did not give a positive result for

2Kh13 steel when testing In air or in a melt of eutectic Pb-Sn [239].
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The degree of influence of the liquid metal in this case is about the

same as after hardening and tempering giving the same level of
strength and ductility to steel,

The data presented above indicate that the increase in strength
as a result of thermal and thermomechanical treatment, as a rule,
intensifies the liquid metal effect, The strengthening effect of
40Kh steel in eutectic Fb-Sn after volling the stress concentratnr
is associat~d mainly with the appearance of compressive stresses
in the surface layer of the specimen, since the same thermomechanical
treatment but subjecting the specimen to torsicnal stress does not give
similar results. The structural factor exerts apparently an influence
on the degree of liquid metal effect when testing precipitation
hardening alloys, An increase of the influence of the medium on
these alloys should be expected since significant stress concentration
in the region of finely divided segregations may appear in them,

Thece scgregations are serlous obstacles in the path of crack propagation,

h, Influance of chemical composition of liquid metal

Comparison of data on the behavior of solid metal in different liquid
metals during deformation indicates that the change in strength and
ductility does not occur in every mediun, Thus, the action of liquid
metals is selective, As indicated above, it is determined by the capacity
of liquid mctal to decrease the surface energy of solid metal, to produce

corrosive fracture in the surface layer and to diffuse into solid metal.
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In the final analysis the effoct depends on the nature and degree

of interaction between atoms of solid and liquid metals,

An attempt has been made in references [199, 240] to find a
relationship batween the effect of adsorptive decrease in strength
ard ductility as well as the type of binary phase diagram of the
solid-liquid metal systems, It was noted %“hat an abrupt decrease
in strength occurs usually whera the phase diagram belongs to the
simple ecuteciic type, there is a narrow region of sclubiiity cf
liquid metal in the solid at the melting point of eutectic and the
intermetallic compounds are absent, There will be no change in the
mechanical properties if the liquid metal forms a wide region of
solid solutions in the solid metal or if they interact with the
formation of irtermetallic compounds. The liquid metal also does not
affect the deformable e5lid metal when it does not dissolve into the
solid metal and they are not miscible in a liquid state,

This rule as indicated by tlie authors themselves ascertains the
nnst probable trenu. fdowever there are exceptions to this rule,
For example, M. N, Gavze has established an abrupt decrease in strength
of certain pearlite steels in liquid mercury during constant rate
tensite test at room temperature [241]. It is well known that mercury
im insoluble in irca and consequently should not ciause an adsorpii e
decrease in strengzth in steel in accordance with this, Corrcsive effect

in these ex{ .:ments ¢i1d not appear dve to *he negligible solubility

of {ron {n mercury at room i enmpevature [119].
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The diffusion factor did not affect sime wercury is insoluble in iron
and the test temperature was too low for the occurrence of difusion
processes with appreciable rate. Thus, the influence cf mercury in
these experiments has apparently adsorptive nature.

One of the reasons for the deviation from the above rule is5 a
different electron structure of metal along the grainr boundaries than
the one Znside them as indicated by E. D, Shchukin, B. D. Summ and Yu.
V. Goryunov [ 446] .

Certain metsl additions to the liquid metal medirm cause substantial
chauge in the magnitude of the effect. Fig., 91 shows the results of
tensile tests for zinc singl=z crystals with lead-tin surface coating
[ 192, 2427, Liquid lead is an inactive medium with respect to zinc
and does not decrease i{¢« strength and ductility. However, lead addition
to tin even in A amall amount had a detrimental effect on the mechanical
properties of zinc., It is evident from Fig. 91 that the true tensile
strength and relative elongation of zinc during fracture decrease
steadily with the increase of tin concentration in lead to 207%. At a
higher concentration tte effect of liquid metal remains practically
the same.

Table 43 shows the results of tensile tets carried out at a constant

-

rate for 2024-T3 aluminum alloy wetted with mercury amalgam (=] . 1t
follows from the data in the Table that not all of the additions to

wercury affect its embrittlement capability,
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Thus, sodium, magnesium and cadmium do not change the strength of
the alloy {in mercury, and the addition of tin seems to somewhat weaken
the effect of mercury. However, zinc and gallium even in very small
amounts substantially increcase the effect of mercury. An amalgam with
2, 4 and 87 Zn exerts practically the same influence probably because
the solubility point of zinc in mercury changed and the amalgam
consists of two phases, liquid and solid, The same thing occurs for
amalgam with 2, 47 and 8% gallium however these compositions represent
mixtures of two liquids, one mercury-rich and the other gallium-rich,
The above described influence of additions to liquid metal on the
fracture of a high melting metal occurred as a result of a previous
introduction of admixtures to the medium. If the metallic elements
capable of exerting an adsorptive influence enter into the composition
of solid alley, then they may transfer into the liquid metal as a
result of dissolution. Being surface active agents they are adsorbed
along the solid-liquid metal interface and cause a decrease in its
surfuce tension. This causes the adsorptive effects to become more

intense,
i. Influence of radiation

The radiation of metal by electrons, y-quanta, protons or neutrons
affects its capacity to deform in the liquid metal medium, Under
specific conditions the radiation significantly intensifies the

liquid metal effect [ 243-248] .
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Fig. 92a shows the curves of uniaxial tension at a constant rate of

10%/min for zinc single crystals coated with mercury. After amalgamation
the specimens were exposed to electron radiation in a special apparatus
containing a radioactive sample with total radicactivity cf 100 Mc,

The specimen was 1 mm in diameter and the mercury coating was 5 microns,

After irradiating the specimens at a temperature of 25° C tensile tests
also under irradiation condition were carried out, Moreover the control
soakings of the amalgamated specimens were conducted and subsequently
tested without irradiation, It is evident from Fig. 92a that the
specimens exposed to radiation for 7 days with subsequent tension
under B ~radiation almost lose their strength. Their fracture occurs
at a stress of about 20 g/mm2 with significant deformation, The
relative elongation was 1-1,5%. The test specimens also undergo
brittle fracture at the basal plane but at a stress greater by

a factor of 10, Brief pre-irradiation (for a period of 15 min) causes

strengthening on the initial portion of the deformation curve which is
associated with a more intensive volume diffusion of mercury in
zinc under the irradiation conditions

Fig. 92b shows the change in strength of the amalgamated and non-

amalgamated zinc single crystals as a function of the duration of pre-

irradiation by electrons., The difference of the irradiation effect on
the strength of pure specimens and specimens coated with liquid metal
is clearly evident. If the strength vf the pure specimens increases

steadily with the increase of exposure then the strength of the
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amalgamated specimens increased only for small exposures and subsequently
decreased. With an exposure of about two days the strength of pure zinc
single crystals is lower than that of the amalgamated ones while with
longer exposures the ratio between their strength becomes the opposite.
An abrupt initial increase in strength is due apparently to the increase
in the rate of volume A’ ffusion of mercury into zinc under irradiation,
With longer exposures an adsorptive effect of mercury becomes controlling,
which apparently is precipitated at the internal surfaces in the defect.ve
places of the crystalline zinc lattice in the process of its deformation,
Another factor which intensified the effect of mercury on the
irradiated material is the formation of structural defects which may be
serious obstacles on the path of crack propagation, Not only the
phenomenon of intensive decrease in metal strength as a result of
irradiation and liquid metal medium is observed when tesiing zinc
but similar effects also occurred, i.e. when testing tin coated with
gallivm,

When irradiating single crystal specimens with a directed beam of
particles an anistropic effect of irradiation was established. It was
found that in those cases when the beam of particles is directed
perpendicular to the basal plane of zinc a significant decrease in
specimen ductility occurs. However in the case when the beam is
parallel to it the ductility increases, As far as strength is
concerned, it is lower than the strength of the amalgmated spccimens
with no irradiation in btoth cases. However the strength of single

crystals which were irradiated by the beam directed perpendicular to
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the basal plane is higher than the strength during parallel basal plane
of beam direction, The experiment showed that anisotropic irradiation
is more pronounced for relatively heavier particles, i.e. this effect
is greater for protons than for electrons.

The dependence of Ilrradiation on the orientation of the beam with
respect to the crystal lattice is associated with the possibility of
the preferred transmission of the momentum of an impinging particle
along a dense row of atoms [ 249-251] . The following condition should
be satisfied in these rows: the ratio of the distance between the
atoms to their diameter should be less than two. This is well satisfied
in the zinc lattice in the directions [1150:], [}510] and [5110] in
the basal plane. The calculations indicate that the mean energy of the
displeced zinc atom during electron and proton bombardment with the
intensity used in the experiments on amalgamated zinc single crystals

was substantially higher than the threshold energy of displacement [ 248] .




Chapter 2 - LONG-TERM STRENGTH
a. General mechanisms of failure under statically applied stress

The effect of liquid metals on solids is observed not only during
short-term mechanical cests but also under the conditions of long-temm
endurance tests.

Long-tem endurance tests of single crystal specimens in a liquid
metal medium have been carried out for relatively short test (usually
up to several tens of an hou.). The time dependence of the mechanical
strength (in a single and polycrystalline state) in an inactive medium is
well described as shown by S. N. Zhurkov and co-authors [ 252-254] by
the following empirical equation:

Uo—va
T=T48 AT , (150)

where 1t is the time to failure; T 1is the absolute temperature;

6 is the tensile stress; k 1is the Boltzmann's constant;}ol7oand_’?
are the constants of a given material. The above equation indicates that,
at a constant temperature, the time required to tracture of a metal
specimen increases according to the exponental law with the decrease
of a statically applied stress. The experiments carried out by V. 1.
Likhtman and co-authors [ 255, 256 ] on single crystals have confirmed
the validity of equation (150) and the "structure factor" ( y constant)
was found to be dependent on the orientation of single crystal with

respect to the tensile stresses,
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When the single crystal specimens coated with a liquid metal were
tested the nature of their change in strength with time was different,

Fig. 93a shows the results of an investigation at temperatures of
20 and 50° C of the long-term strength of zinc monocrystals with an
initial orientation of basal plane y =~ 50°, It is evident from the
graph that if in an air medium the time for failure changes with the
change of stress then the specimens coated with mercury rupture almost
instantaneously at a stress close to the yield point while a slight
decrease in stress leads to an abrupt increase of time required for
failure., Similar results were obtained when testing zinc single
crystals with a thin film of liquid gallium. 1In this case there is
an abrupt change in the strength of the specimen within an extremely
narrow interval of stresses. There is practically no time dependence
of the mechanical strength in this range rather it appears as a threshold
strength as sbown by E. D. Shchukin and Z. M. Zarozina [ 7] .

The fracture behavior of polycrystalline samples of certain metals
is the same as that of single crystals. For example, threshold strength
was observed in long-term endurance test$ of polycrystalline zinc coated
with mercury (see Fig., 93b) and polycrystalline cadmium coated with
gallium, It has been established that amalgamated polycrystalline zinc

specimens rupture at rnom temperature instantaneously at a stress of

1 kg/mm2 whereas under a stress of 0.96 kg/mm2 they remain stable
(extrapolated by data of tests in air the value of time required for

failure under this stress is about 1011 sec).
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1t should be noted that threshold stresses are about the same as the
values of brittle strength obtained during tensile test at a constant
strain rate, For example, in polycrvstalline zinc coated with mercury
the threshold stress and fracture strength are about 1 kg/mmz.

The long-term endurance tests which showed the exiscence of a
threshold strength were usually carried out without testing the specimens
at stresses significantly lower than the threshold stress sinca the time
required to failure in this case is extremely long. In those cases when
such a possibility was present it was found that the dependences 71=f(0)
in a liquid metal and in air coincide, This result was obtained for
example when ‘testing cadmium {n gallium [255, 25f] and St. 50 in liquid
Pb-Sn alloy at a temperature of 4G0° ¢ [257] .

However, this cofncidence of graphs of long-term strength in liqui¢
metal and in air may be only temporary since durirg creep tests of
those same materials the influence of the liquid metal medium accelarated
the pile-up process of plastic deformation with time (see Chapter 1),

In connection with the fact that creep and long-term strength {s a common
process [258] , the increase of creep rate should inevitably lead to
the decrease of time to failure. Therefore for sufficiently long tests
(hundreds, thousands of hours) and low temperatures the time dependence
of the mechanical strength in materials developing the threshold strength
and {n a liquid metal medium should be similar to the deperdence in eir

however the value of time to failure will be lower than in air.
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Thus the decrease in long-term strength of materials under the

action of liquid metal medium occurs in the region of relatively small
stresses and large values of time to failure.

Numerous investigations of strength of structural materials under
statically applicd load and high temperature showed [259-261 1 that
for very long test the cxperimental data agree well with the power

relationship hetween time to failure and the applied stress

1= Ao"", (151)

where A and n are the constants of the materials independent of stress.
Fig. 94 shows the diagrams of long-term strength for different

meterials tested in a liquid metal medium and in air. Copper type M-1

was tested for long-term strength in liquid bismuth and in air at a

temperature of 350° C. The specimens were machined on a lathe made from

bars. Tubular spccimens were used with an inside diameter of 10 mm,

wall thickness of 0.5 mm and gauge length 50 mm. Liquid metal was

poured into the internal cavity of the specimen. To avoid air contact

during the tests :he interior of the specim~n was hemetically sealed

by soldering a copper plug to the inlet. Test spccimens were filled

with argon and a plug was3 also soldered to their inlet. Long-tem

strength tests were carried out in uniaxial tension on the UIM-5 device,

The temperature was maintained constant within the working area of the

specimen and the liquid metal bath, Thus, the testing conditioas of copper

in liquid bismuth were statically isothermal,
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As will be shown {n Chapter 5 the controlling factor in the effect
of liquid bismuth cn copper will be adsorption.

It is evident frem Fig, 94a that under the action of liquid metal
copper experienced significant reduction in long-term strength, For
example long-term strength i{n liquid bismuth for 100 hours is lower
than in afr by about a factor of five, With the increase of the test base
the difference in the long-term strength becomes steadily greater.

It is characteristic that the power relationship of long-term strength
1s valid also under the conditions of liquid metal effect.

Fig. 94b shows the recults of long-temm strength test of Ammco-iron
in liquid zinc at a tempevature of 500° C. Machined tubular specimens
were used as in the casc of copper teasting., After preparation the

specimens were subjected to annealing in a vacuuum furnzce (pressure of

about 1074 mm Hg) at a temperature of 60C° for iwo houvs. The liquid
metal was in the internal cavity of th: snecimen, which was hermetically
sealed by welding a steel plug to the inlet, Zinc at a temperature of
500° C diffuses into iron very rapidly [ 118] . The diffusion factor
{see Chapter 5) bears the main responsibility for th2e reduction of long-
termm strength of Amco-iron in zinc, At the same time the decrease in
long-term strength is also associated with the action of corrosion and
adsorption factors.

It follows from Fig., 94b that both in liquid zinc and in air the

long-term strength of Arnnco-iron is characterized by a decrease in

stress with an increase of time to failure,




However, the level cf long-term strength is significantly lower in liquid
metal than in air. Long-term strength of Ammco-iron in liquid zinc for
100 hrs is 4.1 kg/mm2 and in air 9.8 kg/mmz. The difference however

in the time to failure under constant stress is much greater. In this
case the extrapolated values were compared since tests in liquid metal
and in air were carried out because of large difference in long-temm
strength in these media under various stresses,

Fig. 94c shows the diagram of long-term strength of EI612 (Kh15N35V3T)
steel in liquid lithium and in air at a temperature of 1000° C, The steel
was studied after hcat treatment consisting of quenching in water from
1180° C and aging at 780° C for 10 hrs and 730° C for 25 hrs., The
specimens were machined on a lathe and had the same dimensions as
specimens of the first two materials. A 400 mm long tube of Khi8N10T
steel with the same inside dimensions as the specimen (Fig. 95) was
welded to the upper portion of the specimens. The cavity of tiis
elongated specimen was filled with the liquid lithium by a special
filtration apparatus at a cemperature close to the melting ncint of
litgium. After filling the specimen a themmccouple pocket was placed
into the tube and welded to it, The free space in the tube above the
lithium surface was filled with argon. Thus, the possibility of a
chemical change in liquid metal composition due to intevaction with air
was eliminated, During long-term strength test the working surfaces of

the specimen and the liquid metal were maintained at a constant temperature,
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The temperature of the tube with liquid metal was lower than the temperature
of the working surface of the specimen and a centinuous decrease in tem-
perature occurred in the direction from the spezimen to the upper portion
of the tube., This caused a convection flow of liquid metal in the internal
cavity of the specimen during long-temm strength test an! the material

in the working surface was subject. = to continuous dissolution due to

the thermal mass transfer process in the conditions described (see Chapter
2). The test was carried out on devices manufactured by the Krasnodar
Machir.: Shop for which special hollow upper grips allowing an elongation
tube to be placed inside them wete prepared (sce Fig. 95).

In all experiments a constant temperature difference of 500° C was
maintained between the hot and ~old zones (working portion of the specimen
and upper portion of the tube respectively). The method of long-term
strength test in a conveection flow of liquid metal is described in
Refs. [80, 262] .

In conformance with the above the controlling factor during impact
of the solid metal in a3 convection flow of a liquid metal is corrosion
caused by thermal mass transfer, 1t is evident from Fig. 94c that
under these test conditions the reduction in the material strength
occurs. EI612 steel experiences a regular reduction in strength with
the increase of long-term strength test in liquid lithium.

Thus, in the region of low stresses and long test in liquid metal,
as i{n the inactive medium, the power relationship between the time to

failure and applied stress was observed (Fig. 94),
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This fact is of a significant practical value since it enables one to

carry out the extrapolation for determining the auxiliary properties
of materials designated for l.ng-term exploitation. The power law
of long-term strength enables one to write the following expression
fer coefficient of time reduction to failure in liquid metil K which
is equal to the ratio of time to fajlure in the liquin metal medium to
time to failure in air under similar stress and constant temperature:
K, =A% o (Fuem
4 ' (152)
where symbols with index «r» refer to experimental results in liquid
metal and symbols without indices refer to the results of testing in air. i
Another coefficient equal to the ratio of long-temm strength in the

liquid metal medium and in air with similar test duration and coastant

temperature can be used for liquid metal effect. In conformance with
power relationship (151) the expression for this coefficient has theo

following form

Kop=—rm s o 1" (153)

Based on equations (152) and (153) the dependence of the first coefficient
on stress and of second on time in logarithmic coordinates is expressed

by the straight line. This is convenient for comparing the intensity of the
effect under long-term strength conditions of different liquid metals on
any solid metal or for comparing the resistance of different solid metals

to the effect of the same molten metal,
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Failure in liquid metal under a statically applied load occurs not
only prematurely but also with lowar ductiiity. Table 44 shows the
values of relative elongation during failure of copper specimens,
Armco-iron and EI612 steel. Fig. 94 shows the diagrams of long-term
strength of these specimens, The data in Table 44 indicate that fcr
all three materials the failurein liquid metal o..urs at lower velative
elongation than in air., For example, copper specimens when tested in
air usually pile up several percent of dislocations during failure
whereas the failure in liquid bismuth occur at relative elongation of
0.15-0.287%. 1t should be noted that the values of relative elongation
should b> compared to materials tested ir air and in liquid metal for
the same duration since with the increase of time to failure the
ductility usually drops due to the process itself of long-term strength
and intensification of the liquid metal effect during lung soakings.

A characteristic feature of delayed failure of solid metals in a

liquid metal medium is an intercrystalline propagation of cracks.
It should be noted that not only the crack which divided the specimen
into two parts is propagated at the grain boundaries but also other
less developed cracks. Intercrystalline failure of the material in
liquic metal medium occurs also in the case when the material in the
inactive medium fails only at the grain.

A regular reduction of strength of materials with the increase of
t2st duration in liquid metal which occurs with more intensity than

in air was observed by many investigators.
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Foi example, in Ref, [200] the reduction of long-term strength of
nickel base alloy type EI437A in liquid bismuth and eutectic Pb-Bi at
a temperature of 700° C was described, In Refs. [263, 264] data are
given on the premature failure of brass in liquid mercury. Ref, [265]
shows the decrease of long-term strengch of copper and brass in liquid
tin and solders,

Thus, the above described influence of liquid metal on the time

dependence of solid metal strength under small stresses and large
values of time to failure has a general nature and is observed when
testing different solid-liquid metal couples. However, one should not
assume that this influence occurs in any liquid metal during test of
long duration., For example, there was no influence of liquid sodium
on the long term strength of chromium nickel austenitic steels type 18-8
when tested in static isothermal conditions at temperatures of 540-700° C
[34, 266, 267]. The long-term strength of St. 50 under the action of
d Pb-Bi eutectic at a temperature of 400° C and Pb-Sn eutectic at 500° C
did not change [22?]. Consequently, during long-term strength test
and short duration tensile tests, the action of the liquid metal is
sele ive,

Thus, under the action sf liquid metals the time dependence of
the strength of the solid metals changes firstly in the region of
high stresses and small values of time to failure on account of which
the threshold strength appears, and secondly in the region of small

stresses and small values of time to failure where the nature of
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correlationbetween stress and time te failure will retain its power law
as in the inactive medium, However, failure under these stresses occurs
for relatively shorter time intervals, The long-term strength, in the
usual understanding of this effect, is substantially the second region,
Therefore when speaking about the influence of liquid metals on solids
under the conditions of long-term strength test we will bear this

region in mind,
b, Influence of temperature

The degree of liquid metal effect on solids under the conditions of
long-term strength test depends significantly on the temperature

Fig. 96a shows the resnlts of long-term strength test for copper
type M-1 in air and in liquid bismuth at different temperatur:s,
Machined tubular specimens with inside diameter of 10 mm, wall
thickness of 0.5 mm and 50 mm long were tested, Before filling them
with the liquid metal the specimens were subjected to annealirg at

600° C for 2 hrs in a vacuum at a pressure of about 10-4 mm Hg.

Long-term strength tests were carried out under static isothermal
conditions by the method stated in Chapter 1.

Usually the relationship between temperature and time to failure

under constant stress in an inactive medium is describa:d by the

following equation [252-254, 268, 449]
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where T 1s the absolute temperature; Q 1is the activation energy
of the failure process under the conditions >f long-term strength;
B 1is the constant of the material which fs independent of the
temperature,

In order to explain whether relationship (154) is cbservad during
the 1iquid metal effect on solid metals, copper specimens were tested
at all temperatures under a constant stress of 4 kg/mmz. It is evident
from Fig, 96e that experimental data fall on a straight line in
coordinates "logarithm of time to failure - inversion temperature',
Consequently, with liquid metal effect being of an adsorptive nature
the exponential relationship (154) is observed.

Fig. 96a also shows the relatfonship of long term strength of
copper in air . It i3 evident that et identical temperatures the
time to failure of copper in liquid bismuth i{s lower than in air.

It is also characterisctic that the relative difference between the
values of time to failure in air and in the liquid metal is increased
with the drop in temperature. The different slope of the lines

corresponding to the tests in air and in bismuth indicates the
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difference of values of activation energy of the failure process in an
inactive medium and in the liquid metal., The calculation indicates
that the activation z2nergy of copper failure at a stress of 4 kg/nun2
is 39,8 kcal/g-ator: in air, and 23,4 kcal/g.atom in bismuth,

Thus, the adsorptive-active liquid metal causes the decrease of
activation energy of failure of a solid metal under the conditions

of long-term endurance tests,

Fig, 96b shows the temperature dependences of long-term strength
of Armco-iron in liquid zinc and in air. The iron was tested in zinc
({n the same manner as copper in bismuth) under static isothermal
conditions. The specimens were annealed at a temperature of 600° C

4 om Hg, The long-term

for 2 hrs in a vacuum at a pressure of about 10
endurance test was carried out at a stress of 7 kg/mmz. Time for fracture
of Armco-iron in air under that same ‘stress and different temperatures
could not be determinec experimentally for a sufficiently large range

of temperatures and therefore were obtained by calculation with lgo —'g=
dependence s for a temperature of 400 and 500° C, A method, stated in
reference [269], was used for the calculation in conformance with which

an empirical generalization of the long-term strength equation has the

following form

t=g" T RF " ET (155)

where a, B, ¥ aud ¢ are constants of the material, They .ve
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associated with the constonts in equation (151) by the following

relationships

A=o"%FHT, (156
n=— oy, (157)

Based on the experimental.data on long-term strength of Armco-ircn
at 400 and 500° C it was found that the generalized equation for this
material can be written in the following form

T=g>35-2,72. 104/NNT3~82,0 18,7
e—52,0+18.78. tod/nr
. (158)

A temperature dependence of long-term strength of Armco-iron at a
s:ress of 7 kg/mm2 was plotted in Flg. 96b in accordance with equation
(158). 1t is evident from the graph that the exponential relationship
'‘between time to failure and inversion temperature, which is valid when
testing Armco-iron in an.inactive medium, was not observed in the
case of liquid zinc effect.

Fig. 96b indicates that at a constant stress the difference in
values of time for fracture of Armco-iron in air and in zinc increases
with the decrease in temperature. This peculariaty of liquid metal

effect is associated with the controlling role of the diffusion factor.

57




o T T RN T T T .
.’

Since with the increcase of time the depch of the solid metal layer

under the diffusive effect of the medium increases relatively more
rapidly than with the increase of temperature, then this explains

the deviation from the exponential law of the long-term strength and

the increase of the liquid metal effect with the decrease in tempera-
ture, A more detailed change in the temperature dependence of long-term
strength of the metal caused by tlie influence of diffusion factor was
discussed in Chapter 5,

Fig. 97 shows the diagrams of long-term strength of EI827 nickel-base
alloy a: temperatures of 600, 750, 800 and 900° C in liquid sodium and
in air. The tests in sodium were carried out by the same method as for the
E1612 st:el in lithium (see Chapter 2). The effect of 1iquid metal in
this case was caused by a corrosive process - thermal mass transfer.

The results of static isothermal tests carried out in sodium at a
terperature of 750° C confirm the absence of an adsorptive and
diffusive influence of the medium (see Fig. 97), The corrosive
influence of sodium on E1827 alloy appears, as is evident from Fig. 97,
at temperatures higher than 600° C. The nature of liquid metal effect
is the same for all temperatures; the reduction of long-term strength
of alloy occurs in all cases during which the magnitude of relative
decrease becomes larger with the increase of time to failure. The
influence of liquid sodium on the alloy is greater the higher the

temperature., This is evident from Fig. 98 which shows the dependence




of the coefficient of decrease of long-term strength [see equation (153)]
on the temperature,

Table 45 shows the values of long-term strength for EI612 alloy in
air and in lithium at temperatures of 700 and 1000° C, Tests in a
liquid metal were carried out under the conditions of thermal mass
transfer, It follows from the Table that the liquid metal causes a
decrease in long~term strength of EI612 alloy for both temperatures
but at 1000° C its degree of influence is greater.

Although from the comparison of the coefficient of the decrease of
long-term strength for EI827 alloy and EI612 steel under various tempe-
ratures it is concluded that the corrosive effect of the liquid metal
is intensified with the increase in temperature, however, if the tests
were carried out under similar stresses and the values of time to
failure were compared with various temperature: then the result would
have been the opposite. This can be verified by examining the position
of t:e line in Fig. 97.

Thus, the adsorptive, corrosive and diffusive effect of liauid
metal on a solid tested for a long-term strength is characterized by a
general rule consisting of the increase of effect with the decrease in
tempecature when comparing the data for specimens tested under a

similar stress,
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3. Influence of the initial level of long-term strength

The magnitude of liquid metal effect on a solid during both long-term
endurance tests and short mechanical tests depends on the initial level
of strength of the solid metal, For evaluating the influence of this
factor long-term endurance tests were carried out in convection flow
of liquid bismuth specimens made from several austenitic chromium nickel
cteels having different levels of long-term strength in air at this
temperature. The test was carried out on steels of following types:
Kh1EN1OT, Kh16N16M3B, Kh16N16M3BS2, Kh20N12S2, Kh14N18V2B, Kh15N35V3T
and Kh20N25M3V6B,

All specimens were testnd in liquid metal under a stress of 14 kg/mm2
and at a temperature of 700° C, the drop in temperature according to the
height of the columr of liquid metal was about 400° C, The time to
failure was determined, Subsequently the long-term strength corresponding
to the magnitude of time for failure in liquid bismuth at a stress of
14 kg/mm2 was calculated by the diagram of long-term strength obtained
experimentally for each material in air at 700° C., After this the ratio
of leng-term strength in bismuth (14 kg/mmz) to the strength in air
was given as the degree of influence of the liquid metal medium,

Fig. 95 shows the dependence of the indicated retio on the long-term
strength of material in air. It is evident from the Fig. that the effect
of liquid bismuth on the material increases with the increase of its

initial strengch, Thus, under the action of thermal mass transfer the
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degree of decrease in long-term strength of the solid metal is greater

the higher its long-term strength in the inactive medium,
d. Influence of the scale factor

The influence of scale factor on the liquid metal effect was inves-

tigated by testing the long-term strength of tubular specimens with
different wall thicknesses., The test was carried out for a FI869

nickel alloy at a temperature of 7500 C, All specimens were made of
this allcy with an internal diameter of 10 mm and & wall thickness of
0.12; 0,25; 0,5; 0,75; 1,05 1.5; and 2.0 mm, The tests were carried
out in liquid sodium under the conditions of thermal mass transfer
caused by the drop of temperature in the specimen (see Fig, 95) from
750° C in the working portion to the upper portion of the liquid metal
column, Since the scale factor during long-term endurance test of
material in the inactive medium also appears as t'e dependence of time
to failure on the cross-sec::ona. dimension of the specimen [270],
similar specimens were tested also in air. The internal cavity of
these specimens was filled with argon prior to testing and hermetically
sealed by welding & plug to the inlet,

The test in liquid metal and in air was carried out under the same
tensile stress of .0 kg/mmz. The values of time to failure obrained
in thes: experiments are presented in Fig. 100a as a function of the
wall thickness of the specimen. It is evident that the lifetime of

the specimens decreases with the decreases of its wall thickness.,
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This conformity applies to tests in sodium and in air, However, in
liquid metal the time for failure within the examined range of change
in wall thickness, with the exception of extreme valuzs, is lower
than in air.

Fig. 100b shows the ratio of time to failure of the specimens in
sodium to time to failure in air as a function of the wall thickness,
It is evident that this ratio has a minimum value with wall thickness
of 0.5 mm and increases with larger and smaller thicknesses, Thus,
the influence ot liquid sodium due to thermal mass transfer process
is exerted on the long-term strength of EI869 alloy only within a
limited range of change of the specimen's wall thickness: £rom (.15
to 2,0-2.5 mm. It should be noted that the degree of influence of
liqqid sodium 15 extremely high., Thus, the maxfmum value of the eiifect
is 867 at a wall thickness of 0.5 mm and is within the 40-867% range
during its change from 0.25 to 1.6 mm,

In additicn to the influence on time required for failure the
scale factor also affects the relative elongation eof the specimen
during fracture. Table 46 includes the ccorresponding values of
elongations of specimens for various wall thicknesses tested in
sodium and in air, Although all the specimens had a working area 1C0 mm
long, their elongations are corparabdle since they correspond to uniform
deformation of the specimen. This is sclf-evident firon examining the
absoiute values of eiongations which are sufficiertly low and only in

one spicimen excead w7,
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Pata in Table 46 shows that despite the usual scatter of values

i for this curve, the relative clongation as well as time for failure

dei.reases with the decrease of the wall thickness of the tubular
specimen, For all wall thicknesses within the range of 0,25-2 mm

the relative elongation of the alloy in liquid sodium is lower than

in air and thus the region where the effect of liquid metal environment
appears, which is determined by this curve, coincides with the region

for the effect detemmined by the value of time required for failure.

e. Influence of grain size

The influence of the grain size on the long-term strength of the
material can be considered in conjunction with the effect of scale
factor, since it has been indicated in Ref, [270] that the scale
effect is determined by the ratio of average grain diameter to the
lineatr cross-sectional dimension of the working area of the specimen.
Consequently, the change in gra'n diameter with constant specimen
dimension leads to the change of the indicated ratio, and this in turn,
affects the long-term strength of the material,

Fig. 101 shows the diagram of the long-term strength of LS59-1 brass
in liquid mercury and in air at room temperature‘[ZSS]. Microspecimens
with a cylindrical working area of 1 mm in diameter and 5 mm long were
investigated, After the preparation the specinens were annealed in order
to remove cold-hardening. The annecaling was carried out in a vacuum

; furnace for 2 hrs at a temperature of 300° C.
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The specimens with the following three average grain diameters were tested:
50, 220 and 280 mm, The surface of the specimens was coated with mercury
by immersing them into a saturated solution of mercury nitrate., It is

k evident from Fig. 101 that the long-term strength of brass decreases

i with the increase of grain diameter in air and in mercury,

Consequently, the conformity that & change in long-term strength
occurs with the change of the ratio of grain diameter to the cross-
sectional dimension of the specimen noted in Ref., [270] was also

observed in these experiments, It is also evident from the Fig.

that for all values of grain size the long-term strength of brass

in mercury is lower than in air. With the increase of grain diameter

the effect of mercury increases, Thus, the ratio of long-term strength
in mercury and in air on the basis of 5 x 106 sec 15 52% at a grain
diameter of 50 microns, 507% at a diameter of 220 microns and 497 at

a diameter of 280 microns.

A limited range of grain diameter values was used in Ref. [225]
and based on the dats obtained general conclusicns cannot be made.
In authors' opirion it is possible that also under those experimental
conditions when the controlling factor was the diffusion action, for
a sufficiently large range of grain diameters, the conformity simjilar

to the one presented in Fig 100 appeared.
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f. The influence of chemical composition of liquid metal

The degree of liquid metal effect on the solid during long-term

endurance test depends on the chemical composition of the liquid metal,
The presence of other metal components in it may intensify or weaken
the effect, These changes may be associated with the change in the
interphase surface energy of solid-liquid metal intercface, For example,
an addition of bismuth into liquid lead causes a decrease in the free energy
of its boundary with solid copper. Consequently, during the long-term
endurance tests of copper in lead alloys with bismuth the time for failure
increases steadily under constant stress when changing the composition of
alloys from the predominant bismuth-content to the predominant lead-content
(see Fig. 137a).

The influcnce oa the long-term strength of the solid metal in iliquid
is alsu exerted by the non-metallic admixtures in the latter, One of
the admixtures, intensifying the corrosion actien of certain liquid metals,
i1s oxygen, Fig, 102 shows the diagram of che long-term strength of EI765
nickel-pase alloy in air and in sodium with pure and highly contaminated
oxygen. It is evident from the Fig. that the alloy has the same long-term
streugth in air and in pure sodium, The contamination of liquid metal by
oxygen causes an abrupt decrease in long-term strength of the alloy.
Thus, for example, the long-term strength of EI1765 alloy exposed for
100 hrs in air and in pure sodium 1s 20 kg/mmz, and in contaminated

sodium it is only 8 kg/mmz.
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The decrease in long-term strength due to oxygen-content in sodium
wds also established when testing EI869 nickel alloy at a temperature
of 750°, EI851 steel at 700° and Kh2M steel at 593° C [271] (see also
Chapter 5), In contrast to these experiments, S. T. Kiskkin and
G. P. Benediktova observed an increase in long-term strength of
EI437A and EI1617 alloys at a temperature of 1000° C and 1Kh18NOT
steel at 900° C in an unpuiified liquid sodium with carbon vwhen
compar :d to long-term strength in air [272-274], Fig. 103a shows
t'.e experimental results for EI617 alloy. It is evident that for all
the values of stress, the time for failure of the specimen: in sodium
is higher than in air, Consequently, the long-term strength of the
alloy after 100 hrs in an unpurified sodium exceeds the corresponding
strength in air by a factor of two,

The tests of EI617 alloy in pure sodium indicated that the time
dependence of strength coincides in this case with the one obtained in
air, Metallographic analysis of fractured specimens revealed
the presence of a diffusion zone, the hardness of which is
higher than the hardness of the starting material, at their surfaces
on the side of the unpurirfied sodium. X-ray analysis of precipitations,
electrolytically isolated from the surface layers of EI617 alloy, which
is in contact with sodium for 25 hrs has been carried out., It has been

established that Me carbides and titanium nitride were formed in the

23%
surface layer. The presence of these phases in alloy leads to its
strengthening and to the decrease of the plastic deformation capability

(decrease of creep rate),
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After identical time intervals, the specimen tested in contaminated
sodium has a lower relative elongation than the specimen tested in air
with the same initial stress, This difference in relative . ' - <vion
remains for the entire test up to the fracture of the specimen,

Fig. 103b shows a significant decrease in rélative elongation during
fracture of the specimens in an unpurified sodium, Thvs, if the
specimens of EI617 alloy in air are fractured at an elongation from
40 to almost 80%, then in sodium they fracture at 15-20%, As a result
of a significant creep rate of the specimens in air, followed by
necking-down, their long-term endurance test* occurs at an abrupt
increase of true stress withtime. According to calculations presented
in Ref, [272], during fracture the true stress in specimens of EI617
alloy exceeds the initial by more than a factor of two. In contrast
to the specimens tested in air in contac. with unpurified sodium, they
are deformed less and consequently the increase in true stress is
smaller, This increase at the end of testing (100 hrs) is only 25%
of the initial stress.

Thus, the presence of carcbon and apparently nitrogen in sodium
leads to the formation of a diffusion layer on the surface of the
material causing the increase in long-term strength due to a less

intensive increase of true stresses with time.

*The test was carried out under constant load,
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The indicated admixtures in sodium were formed from organic substances
(kerosene, oil, etc.) in which sodium was stored and from which it was
not prrified [272-274]. According to the opinion of the authors, the
increase in strength of the materials in an unpurified sodium during
brief tests [272, 273] will not occur in tests of long-duration, if
the material abrupcly loses the ductility, The strengthening of

nickel alloy dces not occur with a test duration of about 500 hrs [274],
g. Influence of chemical composition of the solid metal

The effect of liquid metal on a solid metal during long-term
endurance tezt depends substantially not orly on the chemical compo-
sition of liquid metal but also on the composition of the solid metal,
In many cases a noticeable increase or weakening of the effect in
comparison wich the influence on pure metal might be expected even
at relatively low content of a secondary component in alloy,

This influence of alloy may be observed, for example, in the decisive
role of the corrosion process, which occurs at the grain boundaries,

if the prescnce of the secondary component substantially changed

the rate of this process. In the case of the mixed diffusion-adsorption
action a small content of alloy component may exert a significant
influence on the effect, if this component is horophilic and the

11quid metal aixfuses mainly at the prain boundaries with diffusion

rxte as function of alloy content.
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The adsorption action of liquid metal may originate or be intensified
in the case of a small amount of any alloying element which penctrates
into a liquid metal solution due to the dissolution of basic alloy
components and after being adsorbed at the surface of the solid alloy
is capable of significantly changing the magnitude of the surface
interphase energy of the solid-liquid metal interface. From the
processes indicat:d the latter apparently played the decisive role in
decreasing the long-term strength of E14378 alloy at a temperature of
800° C in liquid sodium under static isothermal conditions [275] since
other nickel-base alloys (EI869, EI765, EI827) with the same oxygen
content in sodium and at similar tempcrature (750° C) did not decrease
the long-term strength [276].

It is quite natural that the influence on long-term strength of a
solid metal in a iiquid meval medium is exerted not only by small
alloying additions but also by large edditions. In this case their
influence mechanisms may be dirferent, For example, szlective
corrosion can play a significant role in breaking the stressed
material, Fig., 104 shows the dependence of rafio of long-term
strength of brass in liquid tin and in air on the zinc-content at
a temperature of 2400 C plotted according to data in Ref, [265].

It is evident that this ratio characterizing the degree of interaction
of liquid metal practically does not change with the increase of zinc
concentration in brass up io 18%, Further increase of its contuent

intensifies the influence of tin on brass,

69




Thus, if the influence cocfficient of tin on pure copper is 0,56 while

i

E on brass containing 187 zinc {s about 0,51 then on brass with 387 it
is only 0,21, This influence of the secondary component indicates the
decisive role of the corrosion factcr in the influence of tin om
brass, since the solubility of zinc in liquid tin at 2400 C is about

107% by wt,, and the solubility of copper in tin is less than 1% by wt,

[119].

Chapter 3 ~ CREEP

a. General principles of creep of solid metals in a liquid metal environment

In many instances a liquid metal medium exerts an influence on the
creep process of solid metals under constant stress, This influence
involves the easing of the deformation process and increase of the creep

rate in the liquid metal as compared with the inactive medium for

identical stress in both experiments. It has been established that
solid metal experience the action of a liquid metal medium under

creep conditions, being both in a single- and polycrystalline state,

g‘ Creep tests of single crystals in a liquid metal were first carried
out by V. I. Likhtman,V. A, Labzin, N. V, Pertsov and Yu, V., Goryunov
[277-279]. Specimens with cylindrical working area of 0.5-1 mm in

diameter and 10-15 mm long were tested in uniaxial stress.

Liquid metal was deposited at the surface of the specimens

electrolytically or chemically. The thickness of the coating

was usually 5 microns,




Fig., 105 shows the characteristic creep curves for pure zinc single
crystals and coated wich liquid tin at a temperature of 350° C and stress
19,1 g/mmz. It is evident from the Fig, that under the action of the
liquid metal the plastic deformation of zinc occurs at a significantly
greater rate,

The examinaticn of relative positions of curves enables one to
conclude that the creep rate nf zinc single crystals in liquid tin
is greater than in air both at the first stage (damping creep) and
in the secund stage (steady-state creep). Measurements of initial
creep rate of zinc indicated that this characteristic curve of the
process is also greater when testing single = ystals in liquid metal
than in air [278], When increasing the stress the initial creep rate
of zinc single crystals in tin increases in the same manner as when
testing in air but always has greater magnitude,

Tt should be noted that the influence of liquid metal coating on
creep of single crystals is observed at a temperature both lower and
higher than the threshold temperature of induced brittleness (upper
temperature boundary of embrittlement according to the definition given
in Chapter 1),

Creep tests of zinc single crystals in mercury, which were carried
out at roon temperAture, gave & mcre complex picture of liquid metal

action than the one established in experiments on zinc coated with tin,
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In this case it was found that for high stresses, close to the yield
point, the single crystals under the action of mercury are strengthened,
i.e. are deforned with lower rate than under that same stress in alr.

For stresse . of lower magnitude, for exauple 0,7 of yileld point, the
mercury as well as tin eases the plastic deformation of zinc, This
unusual action of mercury is assonciated with the influence of its

volume diffusion in zinc [240], Tor higher stresses and subsequently
more intensive plastic deformation the diffusion occurs at a greater rate,
This in turn leads to a blocking of sources generating dislocations to

a greater extent than for low stresses.

The screngthening of zinc due to volume diffusion of mercury was
confirmed by the tensile tests carried out for single crystals at the
liquid nitrogen temperature after keeping them in contact with mercury
at room tempera:ure., It was found that normal and shear stresses during
fracture of single crystals steadily increase with the increasing duration
of diffusion,

Strengthening due to alloying under creep c~nditions was also observed
when testing cadmium and tin single crystals in liquid mercury [279].
Powever, the action is not characteristic of a diffusion factor in these
experiments, In all probability, it is specific for testing sclid-liquid
metal couple, which do not differ greatly in their meltingz point values.
If the melting point of the .etal coating is considerably lower than the
melting puint of the deformedmetal, then both the diffusion and adsorption

action eases the plastic defcrmicion process under constant stress,
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The experiments carried out for polycrystalline metals indicated
that they are similar to single crystals, i.e, disclosed an increase
in creep rate under the action of & liquid metal medium. The influenée
of molten metal in this case is also observed in the first and second
stages of the process, The relative positior of creep-time curves in
polycrystalline snecimens, which were tested in contact with liquid
metal and in air, is the same as indicated for zinc single crystals in
Fig. 105, Usually within a wide range of stresses and crecp rates the

dependence between them is well described [259, 260] by the power law

v=ca™, (159)

where v 1is the steady-state creep; ¢ and m are constants of the
material independent of stress,

Creep tests in a liquid metal medium indicated that equation (159)
is also observed in this case., The dependence of steady-state creep
on the stress for copper of type M-1, which was tested at a temperature
of 350° C in air and in liquid bismuth, is shows in Fig., 106b as an
example. The experiments were carried out on machined tubular specimens
with a working area of 10 mm in inside diameter, wall thickness of
0.5 mm and 50 mm long. The test conditions in the liquid metal were
static isothermal and corresponded to those described in Chapter 2,
Pricr to creep testing the specimens were subjected to annealing in

vacuum (about 10-6 mm Hg) at a temperature of 600° C for 2 hrs,
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It is evident from Fig, 106D that in logarithmic coordinates the

dependence ot steady-state creep of copper in liquid bismuch st well

as in air is described by the straight line, i.,e., it corresponds tn

equation (158},  However, the line correspondinrg to tests in liquid

bismuth is located on this graph below the line corresponding tu the

This indicated that under identical stresses the

tests in air.

steady-state creep of copper in bismuth is greater than in air,

It also follows from Fig, 106b that with the decrease of stress

the relative difference of creep in liquid metaland in air increases,

In view of the fact that equation (159) is valid both during

creep tests of solid metal in liquid and in air, the depree of

influence of liquid metal can be easily characterized by tle magnitude

of ratio of creep in liquid metal to the creep in air under identical

stresses, The experimentally obtained ratio can be called the

coefficient of 1nfluence of liquid metal or coefficient of increase

Its expression has the following

of steady-state creep in liquid metal.

form

where symbols with indices ®K» refer to tests in liquid metal, the

symbols without indices refer to tests in air.

For the influence characteristic ¢f 1iquid metal on the steady-state

This is cqual to

creep of solid mctal another coefficient can be used.

the vatio of creep limits in the liquid metal and in air corresponding

to the identical value of creep rate,




It is convenient to use this coefficient in evaluating the influence
of temperature when there are several isotherms similar to those
presented in Fig, 106. The coefficient of decrease in creep limit
of solid metal in liquid in conformance with equation (159) has a

power dependence on creep

Jd/m
__c f/m,—4/m
0p = "7, U w7 (161)
Cm

As a result of increase of creep rate in a liquid wetal medium the
value of the first coefficient is greater than unity while the value
of the second coefficient is lower, If the liquid metal does not affect
the creep rate of the solid metal then both coefficients are equal to
unity,

Under the action of a liquid metal elastic strain of solid metal
occurs at a grater rate not only for steady-state creep but also for
damping creep as was indicated earlier. Data on the influence of the
liquid metal on the creep process in the first stage can be obtained
by comparing the values of mean creep rates in this stage in specimens
tested in a liquid mecal medium and in air, Let us calculate the mean
race v, as the ratio of the elongation &; ,acrumulaied by the specimen
for the Tirst stage, to the duration of the stage t, i.e. vy = 84/74
Fig. 106a shows the mean creep rate for the first stage as a function of
stress for anncaled copper of type M-! at a tempurature of 3500 C, It was

found that the power relationship is well fulfilled tetween these values.
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It 1s evident that the lines, which were plotted according to experimental
results of copper in liquid metal and in air, divide, The value of mean
creep rate in the first stage. as well as that of the steady-state creep
rate is greater when testing copper in liquid bismuth than when testing
in air and the relative difference between them increases with the
decrease of stress,

The effect of the liquid metal on the solid tested for creep
leads to the shortening of the duration of all creep stages . Fig. 107 .
shows the dependences of duration of the first, second and third stages
and relative elongation corresponding to these stages on the stresses
4 for copper of type M-1, which was tested in air and in liquid bismuth,
It is evident from the graphs that the action of liquid metal affects
the duration of the creep stage and the value of the relative elongation

in the third stage but does not change the relative elongation in the

first and second stages , The effect of liquid bismuth on copper is
determined by the adsorption factor. However, the regularities of changes in
crzep characteristics described above are observed also in the case of
controlling action of other factors, Fig., 108 shows the dependence of
steady-state creep of 1Khl4N14M3B steel on stress at a temperature of

700° C in air and in the convection flow of sodium. It follows from

the graph that under the conditions of action of thermal mass transfer
the power dependence of creep on stress holds , The liquid metal,
exerting a corrosion action, causes an increase of creep rate during

which the effects are greater the lower the stress,
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Tt has been established by the Armco-iron tests in liquid zinc that
the action of the diffusion factor on creep rate is simi’ar to the
action of adsorption and corrosion factors (see Chapter, Fig, 123),
The influence of liquid metals on the creep process of solid
metals is observed not only in the case of uniaxial stress. 1In
Refs, [280, 281] creep tests of single crystalline specimens under
the conditions of torsion were described. It has been established
that the mechanisms of influence of liquid metal coatings on the
creep process of single crystals under constant torsion is the same

as under constant tensile stress [277-279].
b. Influence of temperature

The magnitude of the effect of iiquid metal on the creep process
of solid depends substantially on the temperature. The influence of
temperature has been established in the experiments with single- and
polycrystals, Table 47 shows the experimental results ftor creep of pure
zipc single crystals and coated with tin under various temperatures,

A stress 0,7-0,.8 of the yield point was assign.d to the specimens
at a suitable temperature, The data in Table 47 indicate that with
the increase in temperature the effect of liquid tin increazes,
The testing of zinc single crystals at 200° C showed the decrease
of creep rate due to the action of a solid surface metal film, which

binders the escape of dislocationsat the surface of the specimen,
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Fig. 109 shows the temperature curves of steady-state creep rate

of metals in the polycrystalline state for copper and Armco-iron,

Specimens with a wall thickness of 0.5 mm were tested., The testing

conditions in liquid metal were static isothermal, The purpose of

this test was to verify the application of an exponential dependence
of the steady-state creep rate on the inversion temperature
experimental results in a liquid metal environment, which was fulfilled

in the absence of the influence of the environment [268]:

v =Uge—Q/RT, (162)

where T is the absolute temperature;

Q. 1s the activation energy of creep

R is the gas constant;

vy is the coefficient independent of temperature,

Equation (162) is applicable to the experimental results for creep
under various temperatures but identical stresses, Therefore the creep
rate of copper in liquid bismuth was determined under constant stress of
4 kg/mm2 while creep rate of Armco-iron in zinc was determined under a
stress of 7 kg/mmz. Since a stress of 7 kg/mm2 is too low for iron
when testing within a given temperature range and is practically
impossible to determine the creep rate under its action in view of
cxtremely long-term experiments, a method based on the application of
the following two empirical equations was developed for calculating creep

rate: creep rate as a function of stress (155 and temperature (162),
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Assuming that coefficients in equations (159) and (162) are certain
functions of the temperature and stress respectively, it is possible

to write the identity

Invo(0) 2D = In¢(T) +m () lno. (163)

Differentiating it successively with respect to € and T

we obtain the equations

___l_. dQ, (o) 1 dvg (0) _ 1
RF "do T o) 2o =m(T)—, (164)

d0,(0) 1 _ 1 dn(D)

—— = eew e

de R —a dT (165)

It follows from equation (165) that
Qs (0) =, In o +B,, (166)

m(T) = — 37— Vo
(167)
where @, , B, , and Ve are the constants cf the material
independent of temperature and stress.
For determining ty(0) from equations (166), (167)and (164) we

obtain a linear differential equation

v (0)+ ¥ vy (0) = 0, (168)

the solution of which we find in the fom

I'Q(O).—..e-tc"\'olnc. (169)
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From equations (163), (166}, (167) and (169) we obtain
Ine(T) = —q, —-Fx
ne(T) BT (170)

or

== g—Gs—B#/RT
¢ (T)=e 0= (171)

Finally a generalized equation,describing the dependence of steady-state

creep ratz on stress and temperature, is written in the form

v = % —B+/RTg=Ye=2a/RT, (172)
Using equations (167) and (171) it is possible to find four constants
of equation (172) from two experimentally determined isotherms
"creep rate-stress' and tﬁen plot the creep vs temperature curve
for any stress of interest. These calculations were carried out for
Armco-iron using in this case the results of tests at temperatures
of 400 and 500° C,
It has been established that the generalized equation of creep

has the following form

_ovg_ 20.58-10% 3.88.10¢ (173)
pme T TRT g R

Let us not refer to graphs in Fig,109, It is evident that the

action of an adsorptive-active liquid metal (bismuth} cn copper does not chang:

the functional relationship between the steady state creep and temperiture
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However, its action leads to a substantial increase of creep eand the
effect becomes greater the lower the temperature, The easing of plastic
deformation in an adsorptive-active melt was also expressed by s decrease
of activation energy of creep, Its magnitnde for copper, deforming
under a stress of 4 kg/mmz, is 42,5 kcal/g.atom in the inactive medium
while under the action of liquid bismuth it decreases to 34,5 kcal/g.atom,

The creep vs temperature curve of Armco-iron in liquid zinc (see
Fig. 109b) is of different nature, As a result of action of diffusive
active liquid metal (see Chapter 5) creep increases also for each selected
value of temperature while the exponential dependence (106) is not
fulfilled. However in this case, as in the preceding, the influence
of the liquid metal at low temperature is relatively stronger than at
high temperature.

Fig., 110 shows the experimental results of the influence of
temperature on the corrosion action of liquid sodium on EI827 alloy
under creep conditions. 7The testing method was the same as the one
described earlier in Chapter 2, The corrosion action of sodium on the
material when testing by this method was determined by the thermal mass
transfcyr which was caused by & drop in temperature (about 4000 C)
vertically of the column of liquid metal in the internal cavity
of the spxcimen, Test specimens were filled with argon and hermetically

sealed by welling a plug to the fnlet, Tests were carried out in air,
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It is evident from Fig., 110 that at a temperature of 600° C liquid
sodium does not affect the creep rate of alloy EI827. At higher
temperatures the creep rate in sodium is higher than in air under
that same stress, With the increase in tempgrature the effect of
molten metal is increased. This is evident by the increased distance
between lines lgv —1g0 for testing in sodium and in air with the
increase in temperature and also by the data in Table 48 in which the
values of the coefficients of decrease of creep rate of liquid metal
are given, Table 48 also shows the resuits of creep tests for EI612
steel in air and in a convection flow of lithium, which were carried out
by that same method as for alloy EI£27,

Data in the Table indicate that the increased temperatures lead to
the increase of the influence of sodium and lithium on creep rate of
both materials under investigation., However, it should be noted that
the corrosion action of liquid metal as well as adsorption and diffusion
is characterized by the decrease of the effe : with the increase in
temperature when comparing the results of creep tests under identical
values of stress, This conclusion can be made for example by comparing

the relative positioning of the lines in Fig. 110,
c. Influence of scale factor

Since the effect of liquid metal on the creep process of solid is
associated with their surface interaction, then it should significantly

depend on the cross-sectional dimensions of the specimens (details).
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Based on this one may assume the existence of a certain upper limit

of cross-sectional dimensions for which the effect disappears. The
experiments carried out under the conditions of corrosion action of a
metallic melt also showed the existence of a lower limit, Fig, 1lla
shows the dependence of steady-state creep rate of specimens made of
alloy EI869 on the thickness of their walls, The tests were carried out
on machined tvbular specimens, The inside diameter of the specimens
was 10 mm and wall thicknegses 0,15; 0,25; 0.5; 0,75; 1,0; 1.5 and 2,0 mm,
All the tests were carried out at a tempzrature of 750° C, tie

specimens were loaded in uniaxial tension at & stress of 20 kg/mm2.

The effect of liquid metal(sodium) on th- specimen occurred due to thermal
mass transfer caused by a drop in temperatures (about 3500 C) in the
internal cavity of the specimen vertically along the column of the

liquid metal (see Fig. 95),

It is evident from Fig. 1lla that the creep rate of the material
depends on the wall thickness of the tubular specimen in the inactive
medium, The increas: of steady-state creep rate with decreasing wall
thickness is associated with the metal approaching the single crystalline
state and with the increase of the role of the surface factor in the
creep process [270]. As evident from the Fig. the creep of specimens
with small wall thickness alio depends on the corrosion action of
liquid sodium, 1t leads to a greater increase of creep rate for

specimens with a wall thickness from 0,15 to 1 mm,
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The degree of influence of liquid metél on the creep rate of
specimens with differert dimensions can be easily deturmined‘by the
magnitude of the ratio of their creep rates in sodium and in air,

The deperdence of rhis ratio un the thickness of the wall is shown

in Fig, 111b, It follows from the above that the highest influence

is exerted on the specimens with micromillimeter wall., The increase in
the creep rate in this case is almost threefold, The change in wall

thickness as compared to 0.5 mm leads to smooth decrease of the effect.

d. Influence of chemical composition of liquid metal

The magnitude of the effect easing the plastic deformation of solid
metal in liquid under creep conditions as well as under other types
of mechanical tests depends also on the compcsition of liquid metal,

In this case both large and small amounts of admixtures can play a

significant role, The change of chemical composition of liquid metal
sometimes leads to a qualitative change of the effect of liquid metal,
Fig. 112 shows the dependence of the ratio of steady-state creep rates
in ligquid metal and in the inactive medium (argon) cn the composition
of liquid metal for zinc single crystals tested at a temperature of
3500 € ;277]).

It is evident that in pure lead the creep rate for zinc is even
lower thar in argon, Small tin addition to the liquid metal cause in

increase in the creep rate and the ratio of rates becomes grtater tnan unity,




Further increase of tin concentration in lead is accompanied by a continuous
increase of the effect which reaches a maximum magnitude in pure tin,

This action of the secondary compound of the liquid metal solution (tin)

is associated in the given case with the fact that this metal is surface
active with respect to zinc, while lead is not.

A bismuth addition to lead during creep test of polycrystalline copper
behaves similarly to a tin addition to lead during creep test of zinc
single crystals. In this case the nature of change in steady-state créep
and the mean rate in the first stage is similar to the change of magnitude
of surface interphase energy, which occurs with the increase of bismuth
content in lead (see Fig, 136 and 138).

Certdin nonmetallic admixtures also exert an influence on the magnitude
of the steady-state creep rate of the solid metal in liquid, Fig, 113 shows
the steady-state creep rate of EI85]1 steel as a function of stress at a
temperature of 7000 [282], The tests were carried out in uniaxial tension
of tubular specimens with a wall thickness of 0.5 mm, The experiments in
the liquid metal (sodium) were isothermal static, Pure sodium containing
0.01 wt, % O, was used and sodium inside the specimen containing 1% 0, was
contaminated with an addition of sodium peroxide. It follows from Fig, 113
that pure sodium does not affect the creep rate of EI351 steel, while sodium
with oxygen admixture causes it to increase, becoming higher as the stress

falls and consequently thc absolute value of the initial creep rate,
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The influence of oxygen admixture in sodium on the creep process
of the metal does not always increases its rate as in the case of EI851
steel. A strong change in the initial creep curves for deformation-time
making it impossitle to isolate the usual three stages on them was
established by testing a nickel-base EI869 and EI765 alloys in sodium,
which was highly contaminated with oxygen (107% by wt. of liquid metal
in the specimen), These changes arose from the chemical interaction
between alloys and the sodium oxide, When examining sections under the
microscope a wide range of highly etching reagents was observed in the
inner surface of the specimens.

The effects of the increase of long-term strength of EI437A and EI617
alloys at a temperature of 10009 C and 1Kh18N9T steel at 900° C in an
unpurified sodium was described in Chapte r 2, This 1s due to diffusion
into alloys and carbon steel and apparently due to nitrogen in sodium,
The surface layer formed as a result of the diffusion processes has a
lower capacity of plastic deformation, The creep rate of specimens
during testing in an unpurified sodium was lower than the creep rate
in air and in the pure liquid metal, The decrease of the creep rate
is thus another of the many effects of admixtures in liquid metal on

the deforming solid metal,
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Chapter 4 - FATIGUE STRENGTH

a. General principles of failure under cyclic load

A liquid metal medium exerts an influence on the strength of solid
metals when testing them not only under constant but also under variable

load. The decrease in fatigue strength of the material is usually due

“to this influence,

Most of the fatigue tests in the liquid metal medium were carried
out under cyclic bending. It has been established in many cases that
the effect of liquid metal becomes progressively stronger with the
increase of testing base. This effect wus observed for example during
fatigue test of alloy EIS17 in molten lead at a temperature of 700° C
(Fig. 114), These experiments were carried out on the Shenka machine
for specimens with a cylindrical working a-ca »f 7.5 mm in diameter
[283]. During the test the specimen was in a liquid metal bath,

It is evident from Fig. 114 that with the increase of the number
of cycles for failure and respectively with the decrease of stress
amplitude the discrepancy in the fatigue curves for alloy EI617,
corresponding to the results of testing in air and in lead, is
ircreased, In this case the materiel does not have a true enduranmce
limit in air and in liquid metal, The abserce of an endurance limit
when testing in air is due to the effect of high temperature:
irreversitle changes occur in the specimen at small stress ampl{tude

leading to failuve after a finite number of cvcles,
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The disappearance of a true endurance limit with an increasing test

temperature has been established in many materials [284-288],

In addition to alloy E1617 a similar effect of liquid metal on the
fatigue strength was determined when testing alloy E1437 in lead,
bismuth and their eutectic at a temperature of 700° C [283],

In some papers a different dependence of the degree of influence
of liquid metal on the endurance of the material upon the number of
cycles was observed than the one indicated in the above experiments,
Individual materials experience a greater effect of molten metal the
higher the stress amplitudc, The intensification of the aggressive
effect of the liquid metal medium with increasing stress amplitude
was observed during cyclic bending tests of 70/30 brass coated with
mercury at room temperature (Fig, 115) [289]. In this case the
material has a true endurance limit in air and in the liquid metal.
The decreaase in a true endurance limit of brass occurred under the
action of liquid mercury. The effect of mercury in the region
timited endurance was exerted to an even greater degree.

The intensification of the liquid metal effect with increasing
stress amplitude similar to that experienced by 70/30 brass in mercury
occurs apparently in those cases when the controlling factor is the
initial strength of the material, The empirical equation determined
for material fatigue in the inactive medium within the range of

limited endurance has the form
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where N is the number of cycles for failure; Ao is the stress

amplitude; Q and q are the material constants, At high temperature
and low frequency of changes in load, when there is no endurance

limit, another equation is valid [184, 185]
N ==Q,Ac—%, (175)

where @, and ¢, are the material constants,

During fatigue tests of the material in the liquid metal medium,
equations (174) and (175) are also valid but their coefficients are
different,

The degree of influence of the liquid metal medium on the fatigue
strength of a solid can be characterized by the ratio of the endurance

limits (arbitrary and true) in liquid metal and in an inactive medium with

an identical testing base

_ Ow (K M)
Kw=-gtom (176)

This ratio will be called the coefficient of liquid metal effect
on the fatigue strength of the material. It is evident that in the
case of strength decrease under the action of molten metal the

coefficient takes on the values within the range of 1 to 0, with the

increase of endurance (sce Chapter 4) they become greater than 1,
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The fatigue strength of a solid metal is decreased under the action
of a liquid not only in the case of symmetrical bending test, as in the
examples indicated above, but also under other types of loading., Thus,
[ the effect of tin on soft steel was observed when testing in a symmet-
rical tension-compression cycle at a temperature of 3000 C [289]. The

decrease in true endurance limit due to the tin influence and also in

resistance to cyclic load within the range of limited endurance was

observed.
k The decrease of fatigue strength of the material in the liquid metal
medium was established only when loading under tensile stresses, which

varies with time according to a rectangular cycle [283]. The specimen

was under load for 25 min and 5 min without load, The test temperature

was 700° C. Although the frequency of cycles was rather low the fracture

was of a fatigue nature since the time prior to fracture in this case was
significantly less than under constant load, i.e, when testing for long-

term strength, The experiments have indicated that alloys EI1437A and EI1617
undergo a decrease in plastic strength in lead and eutectic Pb-Bi under

this type of load. A comparison with the result of the test of alloy for
long-term strength at that same temperature and in those same media indicates

that even for a large magnitude of half-period during tensile stress, the

influence of the liquid metal medium under a cyclic load is relatively

lower than under a constant load,
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A continuous increase of the effect of liquid metal with the increase

of number of cycles to failure has been determined by the fatigue test
of alloys E1437A and EI1617 under tensile stresses [283]., Fatigue tests
with this type of loading of 7075-T6 aluminum alloy specimens in mercury
at room temperature showed an opposite mechanism [8].

The decrease in cyclic strength of materials as a result of molten
metal effect wa< observed in loading of the specimens under torsicn,
Fig. 116 shows the results of fatigue tests under this type of loading
of specimens made of 70/30 brass with an uncoated surface and coated
with 1iquid mercury [290]. The specimens were in a cylindrical rod form
3,56 mm in diameter and 44,5 mm long, Under the action of the applied
torque the specimens first were twisted for a determined angle into one
direction and subsequently into the opposite direction. Thus, the test
was carried out by the method of a specified amplitude of deformation,
The peculiar feature of the test was the application of deformation on the
specimens which exceeded the elastic deformations, i.e, the specimens
were tested for fatigue in the elasticplastic region, Under these
conditions the tendency towards strengthening of the material was
clearly defined (the increase of torque with the amplitude value of
deformation) as the number of cycles increases. In this connection
the experimental results can be given in terms of torque as a function
of the total angle of twist, The total angle of twist is proportional
twice the amplitude of deformation (given in degrees) for a number of
cycles; consequently in this case all the stresses irrespective of sign

are summarized,
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As i8 evident from Fig. 116, in the indicated test conditions the
strengthening of brass with the increase of the total angle of twist
occurs with identical intensity with and without the effect of mercury
on the specimens, The strengthening becomes greater the higher the
amplitude of deformation, The influence of liquid metal results in the
decrease of the total angle of twist during failure &s compared to tle
specimens without the coating. This effect increased with the increase
of the deformation amplitude. Thus, fatigue tests of 70/30 brass under
torsion in the elastic-plastic region showed a strengthening of the
effect of 1iquid mercury with an increasing amplitude of deformation,

The decrease in fatigue strength of St., 40 under the action of mercury
at room teuperature has been determined in Ref, [291] when loading the
specimens in the elastic-plastic region, The wire specimens were bend
tested in a special de?ice [292]. Clamps with different jaw radii were
used, It is evident that with the decvease in their radius the amplitude
of plastic deformation of the specimens increases. In accordance with
this the number of bends cndured by the specimens without failure should
decrease,

As 15 evident from Table 49, in which the experimental results are
given,this conformity was observed when testing the specimens with and
without mercury coating. The action of mercury on steel results in the
decrease in the number of bends in the wire specimens tested for failure
ai compared with an uncoated specimen with an identical jaw radius in

botu cases,
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The evaluation of the liquid metal effect by the magnitude of the

ratio of number of bends prior to faflure both in liquid and in air

indicates (see Table 49) that with the decrease of jaw radius the

effect increases. This supgests that the influence of the medium

becomes greater the higher the amplitude of plastic deformation,

T.us, the results in Refs, [290] and [291] are in agreement,
Microstructural investigation of specimens fractured during fatigue

tests showed that under the action of the liquid metal medium the

materials develop a tendency towards an intercrystalline fracture,

Cases were noted when under those same conditions the material in air

is fractured along the grain and in the liquid metal along the grain

boundaries [283]., Sometimes a transition from fatigue to intergranular

cracking occurs in the material under the action of liquid metal although

there is no decrease in endurance., This effect was observed during

fatigue test with a symmetrical tension-compression cycle of chromiuym-nickel

18-8 steel in liquid sodium at a temperature of 300° C [289].

Similar observations were also made by the present author during
the cyclic bend test with symmetrical loading of several heat-resisting
steels in liquid sodium (Table 50). These experiments were carried ou:
on the so-called Oding's ring specimens at assigned amplitude of
deformation by the method described in Refs, [185, 293].

It should be noted that together with the tendency towards inter-
granular cracking of materials in liquid metals in certain cases the
failure occurs along the grain, although there is no decrease in fatigue

strength,
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b, Influence of cold-hardening

There are no systematic investigations of the influence of preliminary
plastic deformation of the material on its fatigue strength in a liquid
metal medium, However certain conclusions on the effect of this factor
can be made based on Refs. [289, 291, 294].

Fig. 117 shows the diagram of fatigue strength under symmetrical
bending of 70/30 brass in air and in liquid mercury [289], Tests were
carried out on wire specimens (2,54 mm in diameter) which endured
significant plastic deformation in the process of cold-drawing.

It is evident from Fig, 117 that cold-hardened material is subjected
to significart influence of liquid mercury when testing under cyclic
load, Comparing Figs., 117 and 115 where the fetigue tests of annealed
70/30 brass are given, we come to the conclusion that the degree of
mercury effect in both cases iz about the same, The effect of iiquid
metal on the annealed and cold-hardened materlals is also similar:
the effect decreases with decreasing amplitudc of stress and has a
minimum value in the region of the true endurance limit,

It follows from the comparison between Fig. 115 and 117 that the
preliminary plastic deformation leads to the increase in fatigue strength
of the material both in air and in liquid metal. Thus, the results in
Ref. [289] indicate that cold-hardening does not cause a substantial
change in the degree of influence of the liquid metal medium on the
fatigue strength of the material and consequently is conducive co

strengthening of the material about the same as when testing in air,
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A similar conclusion also follows from Ref. [291] in which the
results of bending tests of wire sp cimens of St, 40 as received and
in the annealing state are given, Although the overall cold-hardening
of the material does not affect the degree of decrease of fatigue strength
of a solid metal in a liquid substantially, local plastic deformation may,
bowever, noticeably decrease the effect of the liquid metal. This effect
was observed by V. F. Karpenko during the cyclic bend test of L62 brass
and D1 Duralumin [294], He asserted that liquid mercury causes a decrease
ip the endurance of these materials, however its adverse effect is
significantly weakened after rolling the surface of the spccimens.
The positive influence of surface cold-hardening in this case is
determined apparently not by plastic deformation but by a secondary
effect. It is well-known that deformation of specimens by rolling
leads to residual compressive stresses in the surface layer of the metal
[295]. These stresscs may be appreciable, for example, in steel specimens
they reached 50-70 kg/mmz. The appearance of compressive residual stresses
in the surface layer leads to the increase of specimen's endurance due
to a decrease in the active stress amplitude, The roiling of surface
defects in the structure appears to be also one of the factors promoting
the decrease of the effect of liquid metal on the fatigue strength of

rolled specimens [294].

95




¢. Influence of stress concentrators

It has becn dectermined by cyclic bend tests that the material
subjected to the effect of liquid metal when testing smooth specimens
experience its effect also when testing specimens with notches,

Fig. 118a shows the fatigue strength curve of St, 50 at a tempera-
ture of 400° C in air and in the melt cf eutectic Pb-Bi [296].
Fxperiments wewe carried out with symmetrical bending of specimens at
a frequency of 50 cycles/sec, Smooth cylindrical specimens and specimens
with a\circumferential notch 0,5 mm deep (working area 16 mm in diameter),
radius ;t the tip of about 0,05 mm and an angle of 450 were tested,
It 15 evident from Fig, 118a that the liquid mctal causes a decrease
in the endurance of both smooth and notched spec!mers., The nature of
the fatigue curve as a result of effect of liquicd metal on the material
does not change, 1If the smooth specimens when tested in air do not
develop a true endurance limit then it is alsc absent when testing
the specimens in liquid metal. The true endurance limit in specimens
with stress concentrators was also observed in the inactive and active
medium, The degree of the liquid metal effect on specimens with stress

concentrators is greater than on smooth specimens based on the magnitude

of the ratio of endurance iimits in liquid metal ard In air,
It has been determined by fatigue tests of specimens of 1Kh18N9T
steel with circumferential notches under symmetrical bending that this

material at a temperature of 5000 C does not have a true endurance limit [297].
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Its fatigue strength curve in coordinates of stress amplitude (the
number of cycles to failure) develops a break in the region of small
stress amplitude but in this case the right branch of the curve retains
a certain slope towards the abscissa, i.e, the number of cycles to
failure is finite under any load (Fig, 118b), The fatigue strength
curve of 1Kh18NI9T in the medium £ liquid eutectic Pb-Bi has ihe samc
shape, however it falls below the curve corresponding to the testing
in air. It should be noted that the endurance curves in air and in
molten metal diverge after banding, i.e. the effect of the medium in
this case increases continuously with the decreasing stress amplitude.
It is obvious that fatigue strength :.:-rs ip Fig., 118 do rot indicate
all kinds of possible material endurance both in the inactive medium and
in the aggressive liquid metal when testing specimens with stress con-
centrators., Although there are no pertinent experimental data, it
follows from the general presentations on the effect of the medium
that there is a possibility when (for example during corrosion action)

the moterial has a true endurance ljmit in air and not in iiquid metal.
d. Strenghtening during the formation of intermetallic surface layer

The effect of the liquid metals does not always cause a decrease in
fatigue strength of solid metals, As shown by M. I. Chayevskii the
endurance of the material in liquid metal medium is increased in some
cases [298-303]. This effect was observed during cyclic deformation

of carbon steels and chromium nickel austenitic 1Kh18N9T steel in liquid
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tin and eutectic Pb-Sn,

Fig., 119 shows the fatigue strength curve of St, 50 under symmetrical
bending in air and in tho eutectic Pb-Sn, The experiments were carried
out on cylindrical sprcimens, smooth and with circumferential notches,
The test temperature in all cases was 4C0° C, It is evident from
Fig, 119 that under the action of eutectic Pb-Sn the fatigue strength
of steel increases.

The strengthening action of the liquid metal appears when testing
smooth specimens and specimens with stress concentrators, The degree
of strengthening of the latter however is greater, Thus, the maximum
increase of the arbitrary endurance limit in liquid metal reaches 607
when testing specimens with stress concentrators and only 12% in smooth
specimens,

A similar ratic of magnitudes of strengthening effect of smroth and
specimens with notches was alsc observed when testing other types of
carbon steels and 1Kh18N9T steel,

M. 1. Chayevskii established that the increase in fatigue strength
of materials is determined by the formation of an intermetallic layer
on the specimen's surface. In case of steel in contact with tin or
eutectic Pb-Sn the intermetallic compound FeSn, is formed, The FeSn:
lattice is larger than that of Fe, For this reason compressive stresses
arisc in the newly formed surface layer,

The existence of compressive stresses was confirmed by M, 1.

Chayevskii who carried out experiments with steel plates, The steel
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plate surface was coated with a liquid metal, The heating of these

plates is accompanied by the growth of an intermetallic layer resulted

in their bending [302]. Compressive stresses in the surface layer
weré also determired quantitatively [303] by the method of cutting
ring specimens developed by N, N. Davidenko. It was found that holding
a steel container with molten tin at a temperature of 400° C for 73 hrs
causes the appearance of compressive stresses of up to 20 kg/mmz.

The origination of comprescive stresses in the surface of the
specimens during the interaction with liquid metal is also confirmed
by the fact that greater strengthening occurs in notched specimens
than in smooth ones. These effects were also observed when testing
specimens having compressive stresses due to surface cold-hardening
in air [295].

The sirengthening action of tin and eutectic Pb-Sn on steel under
cyclic straining is not observed at any temperature, The experiments
have indicated that with the increase of temperature the strengthening
effect decreases and subsequently gives away to the effect of decrease
in fatigue strength, For example, it has been established by testing
specimens of St, 35 with stress concentrators that the endurance limit based
on 2 » 107 cycles at a temperature of 2500 C in the medium of eutectic
Pb-Sn exceeds the limit at the same number of cycles and temperature
ir air by a factor of one and a half [301]. The increas= of test
temperature leads to the continuous decrease of ratio of tu.se limits

so that beginning with 500° C it becomes less than unity, i.e., endurance
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of -teel in eutectic Pb-Sn at this temperature becomes lower than
endurance in air., The corrosive action of liquid metal at high
temperatures can be explained in this case by the intensive disso-
lution process [301].

The strengthening effect of steels during fatigue tests in tin
and eutectic Pb-Sn is observed when loading specimens .ot only by
bending but also by torsion., However, under the second type of loading
the degree of strengthening is lower than under the first, This dif-
ference becomes clear when it is considered that the formation of
a surface layer with compressive stresses by any method (for example,
rolling) leads to much lower strengthening during cyclic twisting than
during bending in air,

The strengthening effect of liquid eutectic Pb-Sn on St, 50 is
intensif{ed during cyeclic twisting as shown in the experiment of [296],
if the cpecimen was zged in liquid metal. The specimens were at first
loaded with a stress of 15 kg/mm?, which was subsequently increased in
stages by 0.3-0,5 kg/mm2 at {0 min intervals up to the ultimate testing
value, It was found that aging in liquid metal causes an increase in the
endurance limit of St, 50 by 40% and in an air medium only by 10%. It
is possible that during this aging a significant role is played by the
increase in soaking time of specimen in liquid metal for small stresses
when there is not fatigue damage and the thickness of the intermetallic
iayer increases, Data on the smaller increase of fatigue strength of

steel in eutectic Pb-Sn if the specimens are not previously coated
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indicate the important role of time in the experiments under considera-
tion [296, 303]. The decrease in fatigue strength of specimens with
notches occurs in the eutectic at a large stress amplitude (see Fig, 119)
and increase in endurance with a decreasing loading frequency [222].
Examination of Fig. 119 indicates that the streagthening during
fatigue tests in eutectic Pb-Sn should disappear at a given number of
cycle to failure exceeding the exp:rimental data, This action of
liquid metal is apparently associated with the fzct that the inter-
metallic layer after reaching a certain thickness fails. A more
durable strengthening during cyclic torsion may be achieved by adding
aluminum into liquid lead alloys with tin, The experiments on
St, 50 and 20Kh steels showed that additions of 3.8% Al to liquid
metal promoted the increase of its strengthening action, This is also
associated with the formation of a surface layer of intermetallic
compound, In the Fe-Al system several intermetallic compounds are known:
FeAl,, Fe2A15, FeAl,, FeAl and FejAl [119]. Possibly one or several of
them form the surface layer on stecl during cyclic straining., The
presence of this layer was confirmed by microstructural analysis of
specimens during fatigue tests [223, 304], In view of the layer cracking
on the specimens subjected to long-term tests and also in view of its
intensive growth at high temperatures the method of strengthening by
introducing aluminum into eutectic Pb-Sn is apparently useful for a

short time,
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e. Damage to metal in the process of cyclic load

In the preceding section of the present chapter the total effect
of liquid metal on the solid in the process of cyclic straining of the
latter which was expressed by the decrease of a number of cycles to
failure was evaluated, However, the effect of the medium on the metal
during deformation is a continuously developing process, Therefore
for each stage of cyclic straining the influence of liquid metal leads
to some damage to the solid metal which is continuously intensified
with an increasing number of cycles.

This nature of liquid metal effect on a solid during cyclic straining
was confirmed by the results in Refs, [305-308], The mechanical properties
during fracture of specimens subjected previously to a thermal fatigue
test for a period of a different number of cycles were detemmined,
The test was carried out on wire specimens which were periodically
hegted (by passing an electric current through them) and cooled, The
duration of heating was 8 sec, and cooling 17 sec. An abrupt change
in temperature led to the origiuaticn of thermal stresses in specimen.
Periodic oscillations of these stresses caused the appearance of lateral
cracks in the surface layer of specimens coated with liquid metals,
In specimens coated with a liquid metal there were no cracks even at
a maximum number of cycles, such as 1000,

The formation of cracks and other microdefects in the metal structure

during cyclic straining was due to the decrease of its strength and
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ductility which was established by tensile tests of specimens with a
conistant deformation rate, Fig, 120 shows the dependence of damage
to annealed nickel coated with bismuth on the number of cycles to
deformation. In order to prevent damage caused by liquid metal effect
the ratio of difference in strength of coated and uncoated specimens
to strength of uncoated specimen was used., The mechanical properties
of the metal not subjected to the action of the medium should be taken
into account because cyclic straining also damages the uncoated metal,
As evident from Fig, 120 the damage to nickel under the action of liquid
bismuth is continuously intensified with an increasing number of cycles.
A similar influence was also obtained when testing copper, L62 brass
and phosplor bronze with tin and other type coatings. The influence of
the effect of liquid metal with the increase of the upper temperature of
the cycle and lower constant temperature has been determined, i.e, with
the increase of thermal stresses. The decrease of the effect after a
given number of cycles or beginning with & certain upper temperature
and with their further increase has been noted in certain cases. This
result can be associated with some of the pecularities of physico-chemical
interaction between liquid and solid metals as well as with the oxidation

of the coating since the experiments were carried out in air,
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Table '3, Values of limiting crystallographic shear
during brittle fracture of zinc single crystals on basal plane

Specimens coated with Specimens without surface
mercury, temperature 200 C coating, temperature -196° C
L S LH L)

13 0.33 21 0.74
27 0.28 36 0.60
32 0.20 43 0.24
48 0.17 56 0.13
61 0.09 72 0.08
76 0.04
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Table 34, Mechanical properties of steel type St., 7 tested in

uniaxial tension and torsion at 350° C
Tension Torsion
Environment
Strength Relative Strength, Relative
kg/mm2 elongation,’ kg/mm2 elongation, %
Alrx 90.0 20,5 33.8 41,9
Tin 57.4 1.2 3.1 40.8
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Table 35. Mechanical properties of 30KhGSA steel in air end

coated with tin at a temperature of 270-280° C

Thermal treatment
of steel

Uncoated specimens

Specimens coated with tin

OB-

b %

4. %

v %

Hardening in oil,
tempering at 350°C
for a perfod of 1 hr

Hardening in oil,
tempering at 500°C
for a period of 1 hr

Annealing

165,9

121.0

66.4

13.3

10.7

12,3

58.3

52,0

115,2

96,2

63.6

1.5

2.7

11.3

2.0

7.9

25.4
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Table 36, Mechanical properties of coarse-grained metals wetted
locally with liquid metal

& ¥ £ I e
9 9 & " g g
it v Y g 0 0
Solid metal g 3 & a br 0D
. Bl o Sl e 2
ol ] ] o T E & e
gLoF 18 2| o zE| se
od = = > > [~
Fe-37 Si, cast Li 200 1 23.8 32.7 20,0
2 23,4 24,0 1.6
3 23.6 25.3 1.6
4 24,3 29.8 7.0
70/30 brass cast Hg 20 1 5.1 17.7 42
2 4,6 5.0 2
3 3.9 6.1 8
4 5.1 17.4 43
Al-67 Mg, cast Hg 20 1 6.6 10.1 3
2 - 5.7 0
3 - 4.9 0
4 7.1 8.0 1
Cu, cast Bi 300 1 3.1 11.0 24
2 3.0 7.5
3 - wh
4 - ok -
Cu, wrought Bi 300 1 ! 5.7 20
3 3.2 8.0 4
- ok
A1-4% Cu, wrought Hg 20 1 8.6 29.2 14.5
and aged 3 14.9 20.5 6
4 12,6 19.7 7

*| - unwetted specimens; 2 - large area of the surface wetted (grain boundaries
and grains); 3 - grain boundary wetted only; & - grain center wetted only.

**Specimens failed ductilely outside the wetted area.
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Table 37, Mechanical properties of copper single and bicrystals
in the presence of bismuth at 350° C

Soe Angle between | Yield Relative Relative
2ectmgns the prain strength, elongation, reduction
este boundary and kg/mm % in area, %
tencion axis,
deg
Single crystals - 9,41 45 6u
8.15 45 50
Polycrystals - 4,86 - -
Bicrystals 90 1,41 - -
60 2.04 5 -
45 2.82 10 10
30 4,70 25 10
1 3,03 30 20
0 8.94 40 40
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Table 38, Influence of test temperature on mechanical

properties of steels

Specimens coated

Specimens without

with tin coating
Material femperature,
o
C ) "
°B' o, % % GBu 8, % ¢ %
kg/mn? kg/mn>
30KhGSA steel 270-280 96.2 17 7.9 121,0 10,7 52.0
(hardening in oil, 400 22,0 0 0 105.0 13.2 36.7
tempering at 5000C 500 25.0 0 0 86.0 14.8 77.8
for 1 hr)
40KhGSA steel 270-280 75.5 20.0 | 66.3 14,0 21.2 67.3
(annealing) 400 68.7 6.4 1] 11.0 7C.5 22.7 69.0
500 46,0 2.0 6.0 59.8 19.1 2.0
EI388. 270-280 73.3 33.3 ] 50.5 70.4 30.8 54,3
400 66.5 26,0 { 29, 72.0 33.5 51.0
500 58.5 18.8 | 24.1 71.5 38.0 38.2
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Table 39. Work of rupture during static znd dynamic bending of
notched spccimens of 30KhGSA steel at a temperature of 3000 C

Thermal treatment
of steel

Surface
coating

Work of rupture, kgm

static
bending

dynamic
bending

Hardening in oil,
tempering at 3009C
for 1 hr

Hardening in oil,
tempering at 500°C
for 1 hr
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Table 41,

Mechanical properties of L68 brass at room temperature

Specimens without stress

Specimens with stress concentrators

concentrators
Medium
g 8 % Ve % Sy o " v % Sk |Geff
kg/mm? kg/mm2
Air 36.3 50.5 59.5 89.7 30.1 25.0 15.2 36,7 0.83
Mercury 16.5 7.0 10.0 18.6 16.3 9.0 8.0 18.4 V.99
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Table 42. Influence of cold-hardening at 20° C on the magnitude of normal
fracture stresses of zinc single crystals coated with mercury at 200
and uncoated at -185° C

Normal fracture stress, kg/mm2
Preliminary
deformation
(elongation), % Uncoated specimens Specimens with mercury
coating
0 1.8 0.8
50 2,6 2.0
150 4.8 4.2
300 7.6 5.2
450 9.6 5.4
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Table 43, Strength of aluminum alloy 2024-T3 during constant rate
tension of 2.5 mm/min in contact with amalgams of different composition

Maximum breaking load
Composition of
emalgans, wt. % kg Per cent of
ultimate load

Hg 3080 80

Hg+0.25% 2Zn 2580 67
Hg+0.5% Zn 2527 65.5
Hg*1% Zn 2560 66.5
Hg+2% Zn 2215 57.5
Hg+4 Zn 1916 49,5

Hg+8% Zn 2042 53

Hg+0,25% Ga 2660 69

Hg+17 Ga 1785 46

Hg+2% Ga 1005 26

Hg+47 Ga 893 23
Hgt87 Ga 870 22.5
Hg+17 Na 2700 70.1
Hg+1.5% Na 2913 75.6
*1 Hg+27 Na 2802 72,7
Hg+0.25% Cd 2904 75.5
Hg+0.5% Cd 2990 77.6
Hg+1% Cd 2970 77.0
Hg+2% Cd 2994 77.9
Hg+47 d 2885 75.0
Hg*0.25% Sn 3300 85.6
Hg+0.5% Sn 3193 83.0
Hg+17% Sn 3825 99.2
Hgt+27 <a 3150 78.2
# Hg+47 Sn 3665 95,0
‘ Hg+0.25% Mg 3551 92.1
Hg+0.5% Mg 2795 72.6
Hg+1% Mg 2940 76.4
Hg+2% Mg 2800 72.7
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Table 44, Values of relative elongation during fracture under testing
conditions for long-term strength of copper, Armco-iron and L1612 steel
Relative
Material Medium Temperature, | Time to elongation
oC failure, hr |during fracture,
%
Cu Alr 350 10 4,02
350 21 5.11
350 45 J.12
350 181 4,34
350 215 1.64
Cu Bi 350 9 0.18
350 74 0.28
350 284 0.15
Armco-Iron Air 500 4.5 10,37
500 23 17.64
500 45 11.03
500 500 13,96
Armco-Iron Zn 500 14 6.55
500 40 4,32
500 97 3.00
500 364 4,03
EI1612 steel Air 1000 18 9.06
1000 72 7.03
1000 147 90
EI612 steel Li 1900 10 4,16
1000 46 2.37
1000 315 0.81
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Table 45, Results of long-term strength tests of EI612 steel in air
and in convection flow of lithium

g Long-term strength, Ratio of long-term strength
. kg/mm2, for different in lithium and in air for
g time, hr different time, hr
2 Medium
g
@
a
s 100 100 100 1000
[~
700 Lithium 19.5 14,0 0.87 0.82
Alr 22,5 17.0
1000 Lithium 1.8 1.0 0.82 0.67
Air 2,2 1.5
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Values of relative elongation during fracture under testing

Table 46,

conditions for long-term strength of specimens of EI86Y alloys in

% BN Ul

of 20 kg/mm2

liquid sodium and in air at a temperature of 7500 C and a stress
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Table 47, Values of steady-state creep rate of zinc single crystals

] coated with tin ( », ) and uncoated ( v)

] Temperature, °C St:ress,g/mm2 v. %/min “we %/min ol
:

‘~

)

:

i

| 200 76 0.7 0.2 0.3
¢

] 280 51 1.7 10,0 6.0
{ 350 19 1.0 15.0 15.0
?

4 i o ——r
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Table 48,

Values of decrement coefficients of creep limits for Ei927
alloy in liquid sodium and EI612 steel in liquid lithium

Decrement coefficient of creep

limit KXon at a creep rate, 7 hr
Material Temperature, °C

1074 10-3

EI827 600 1.00 1,00
750 0.79 0.86

800 0.60 0.68

900 0.18 0.35

El612 700 0.86 0.95
1000 0.80 0,81




Table 49, Results of bend tests for wire specimens of St, 40 in mercury
and in air at room temperature
. o

Radius Steel as delivered Steel after annealing at 840° C
of grip
Jaws, mn Nunber of|Number of Number of | Number of

bends in {bends in n/n bends in bends in SR

air, mercury, g air, mercury,




Table 50,

Results of fatigue tests during symmetrical bending of steels
and alloys in aiv and in iiquid sodium

Arbitrary fatigue limit, kg/mmz,
in air and in sodium based on cycles
Material Temperature, Medium
oC
104 109 106
EI437B 700 Aix 44,0 37.0 32,0
Na 44,0 37.0 32.0
EI855 700 Alr 26.0 22.5 13.0
Na 26,0 22.5 19.0
EI850 700 Alr 23,0 20,0 17.0
Na 23.0 20.0 17.0
EI853 600 Air 24,0 21,0 18.0
Na 24,0 21.0 18.0
15KhMA 500 Alr 27.5 25.0 22.5
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Fig. 72, Dependence of true stress S on the relative elongation
of zinc single crystals uncoated (1) and coated with tin (2),
The initial angl between basal planc and specimen's axis
is 449, The test temperature is shown on the graph,
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Fig. 73. Orientation dependence of true fracture stresses
for zinc single crystal uncoated at room temperature
of -1960 C (1) and coated with mercury at
room temperature (2),
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Fig, 74. Orientation dependence of normal pe and shear T
stresses for zinc single crystals during fracture:

a - uncoated at a temperature of -196° C;
b - coated with mercury at a temperature of 20° C
( x; 1is the angle between basal plane and specimen’s
axis during fracture);
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Fig., 75. Stress-strain curves for 30KhGSA steel after
high tempering in air (1), in liquid bismuth (2},
eutectic Pb-Bi (3) and alloy Pb-Sn (4) at a
temperature of 500° C,
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Fig. 76. Dependence of relationship between strength of
aluminum alloys in liquid mercury and in air on
the magnitude of initial strength (in air),
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Fig. 77. Dependence of true strength (a} and elongation
during frac-ure (b, on the temperature for pure
(1, 3) and coated with mercury (2, 4) tin
single crystals with .
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Fig. 78. Relative decrease of strength (a) and ductility (b)
for steels in liquid tin as a functinn of temperature:

Carbon content: 1 « 0,05%; 2 -« 0,35%; 3 - 0.55%; 4 - 0.73%; 5 - 1.08%,
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Fig. 80. Dependence of true strength and limiting relative
elongation on the logarithm of reciprocal of defcrmation
rate for pure (1, 3) and coated with mercury (2, 4)
tin single crystals with xo=55° at
room temperature,
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Fig. 79. Strength and relative reduction in area for EI878 (a)
and 1Kh18N9T (b) steels at different temperatures:

1 - uncoated specimens;
2 - specimens coated with zinc,
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Stress-strair curves for specimens of St, 20
at 4000C:

tesied

testing in air at VY
testing in air at v
testing coated specimens in a

v

= 10 mm/min;

10 mm/min;

0,055

testing coated specimens in a
= 0,055 mm/min;
testing coated specimens in a

Fig, 81,
1.
2
3
at
4
ar
5
at
6

testing coated specimens in a

ac

v

v

v

= 10 mm/min;

= 0,055 mm/min,
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Fig. 82, Dependence of tensile strength of 70/30 brass on
the average grain diameter at room temperature:

1 - uncoated specimens;
2 - specimens coated with mercury.
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Fig. 83. Dependence of yield point (1) and true tensile
strength (2) for 70/30 brass coated with mercury on
the average grain diameter.
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Fig. 84. Correlatjon between transition from brittle
to ductile and average grain diameter for 70/30 brass
wetted with mercury.
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fig, 85. Influence cf stress concentrator in the
form of a groove in the lateral surface of the
flat specimen on the magnitude of tensile
stress of aluminum alloy at room tem-
perature:

1 - testing in air;
2 - testing in mercury,
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Fig. 86. Influence of cold-working by tension on the

mechanical properties of L62 brass in air and in
mercury at room temperature:

1 and 1* - strength;
2 and 2* - yield point;
3 and 3* - relative reduction in area;

4 and 4* - relative elongation.

1, 2, 3, 4 « in air;

1*, 2%, 3%, 4* . in mercury,
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Fig.87. Dependence of true tensile stress of 70/30 brass
coated with mercury on the degree of preliminary plastic
deformation ( €p ) at room temperature:
Average grain diameter: 1 - 0,032 mm;
2 - 0,08 mm;
3-0,16 mm;
4
5

0.275 mm;
0,366 mm,
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Fig, 88, [Influence aging duration of aluminum alloy at
room temperature after hardening in eold (°C) water
on its yield point when testing in air (1) and
strength when testing in liquid mercury (2),
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. Fig, 89. Dependence of yield point and decrease of
relative elongation of alloy Cu - 27 Be in contact
with liquid meta! (Hg - 2% Na) on the curation

of aging at 370° C:

1 - hardenecd alloy;
2 - hardened and cold-worked.
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Fig. 90. Stress-strain curves for specimens of 40Kh steel
with stress-concentrators after various thermal and
thermomechanical treatments:

a - testing at 400° C,
1, 1 - oil hardening at 850° C;
2, 11 - thermomechanical treatment ('IMT) by roiling;

3, 111 - oil hardening at 8500 C, rolling at room temperature.

b - testiag at 500° C,
1, I - oil hardening at 8500 C;
2, 11 - thermomechanical treatment by rooling;
3, 11 - thermomechanical treatment with deformation by
torsion (angle - 0,5 rad);
4, IV . normalization, rolling at room temperature;

1, 2, 3, & - testing in air;
1, 11,111, IV - test specimens coated with eutcctic PB-Sn.
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Fig., 91, Dependence of true tensile strength (1) and
relative elongation during fracture (2) of zinc
single crystals ( o =42° ) on the tin con-
centration in Ph-Sn alloys at 3500 C,
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Fig. 92. a - Influence of electron irrediaticn on the deformation
process of zinc single crystals ( %= 50° ) coated with mercury.

Single crystals after being amalgamated were exposed tc 7 day (1)
or to 15 min (2) irradiation and were stretched under irradiation:

- test specimens (nonirradiated);
- irradiated specimens,

b - Dependence of strength of amalgamated (1) and pure (2)
zinc single crystals on the duration of preliminary
electron irradiation,
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Fig. 93. Dependence of the time to rupture on the stress:
a - for zinc single crystals ( x.x%0° );

1, 2 - nonamalgamated specimens at 20 and 50° C respectively;
3, 4 - amalgamated specimens at those same temperatures;

b - for polycrystalline zinc;

1, 2 - nonamalgamated specimens at 20 and 100° C;
3, 4 - amalgamated specimens at those same temperatures,
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Fig., 94. Long-term strength curves for copper type M-1 at a
temperature of 3500 C (a), Armco-iron at 5000 C (b) and
EI612 steel at 100° C (c):

testing in air;

- testing in bismuth;
testing in zinc;
testing in lithium,
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Fig. 95. Diagram showing the arrangement of the specimen
in machine grips during long-term strength test in
convection flow of liquid metal:

- upper grip;

- thermocouple pocket;

- elongation tube;

- crossarms of extensiometer;
specimen;

- thermocouple;

- lower grip;

- crossbar of extensiometer,
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Fig. 96, Dependence of the time to rupture on the reciprocal
of temperature for copper under a stress of 4 kg/mm2 (a)
and Armco-iron under a stress of 7 kg/mm2 (b):

1 - testing in air;

2 - testing in liquid bismuth;
3 - testing in liquid zinc,
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Fig. 97. Long-term strength curve for alloy EI827 at a temperature
of 600 (1), 750 (2), 800 (3) and 900° C (4) in & convection flow
of sodium ((O) ) and in air ( & ).

A - testing in sodfum under static isothermal conditions at 750° C,
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Fig. 98, Dependence on the temperature coefficient in
decreasing the long-term strength of EI827 alloy
in a convection flow of 1iquid sodium:

1 - Tet00 hrs;

2 = 1t =1000 hrs.
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Fig. 99. Dependence of the coefficient of decrease of
long-term strength of steels in liquid bismuth on
the value of their strength in air,

Tests were carried out at a temperature of 700° C,
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Fig., 100, & - Dependence of the time to rupture of specimens of

EIS69 allcy on the thickness of th:ir walls during long-term
strength test in liquid sodium (1. and in air (2) af &
temperature of 7500 C and under stress of 20 kg/mm®,

b - Dependence of ratio of time to rupture in sodium to time to

rupture in air on the wall tchil.ness of specimens of EI869
alloy under those same test conditions,
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Fig, 101, Long-term strength curve for brass type LS59-1 in
1iquid mercury ( Q) and in air ( X ) at room temperature,

Average grain diameter: 50 microns (1);

220 microns (2);
280 microns (3),
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Fig, 102, Long-term strength curve for EI765 alloy at
a temperature of 750° C:

- testing in air;
- testing in pure sodium (0,017 by wt. 0,)
- testing in sodium contaminated with oxygen (107 by wt. Oj).
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Fig, 103, a - Time dependence of strength for EI617
alloy at a temperature of 1000° C,

b. LCependence of limiting relative elongation on
the stress during long-term strength test:

- testing in air;
- testing Iin unpurified sodium,
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Fig. 104, Dependence of ratio of long-term strength after
10 hrs in liquid tin and in air on the zinc-content
in brass. The test temperature was 2400 C,
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Fig. 105, Creep curves for pure zinc single crystals (1)
and coated with tin (2) at a temperature of 350° C
and under a stress of 19,1 g/mm2,
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Fig., 106, Dependence of mean creep rate in the first stage (a)
and steady-state creep rate (b) on the stress for copper
in air (1) and in liquid bismuth (2) at a temperature
of 350° C.
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Fig. 107. Dependence of the duration of the first, second,
and third stages of creep ( 7, T2 © ) and relative elon-
gation (3, 8, &, ) on the stress for copper in liquid
bismuth ( O ) and in air ( D ) at a temperature
of 350° C.
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Fig. 108, Dependence of steady~state creep rate on the stress
of 1Kh14N14MZB steel at a temperature of 700° C in air (1)
and in a convection flow of liquid sodium (2).
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(b)
Temperature dependence of steady-state creep
rate for copper under a.stress of & kg/mm? (a) and

Armco-iron under a stress of 7 kg/mm2 (b):
1 - testing in air;

2 - testing in liquid zinc.
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Fig. 110, Dependence of steady-state creep rate on the
gtress for E1827 alloy at a temperature of 600 (1),
750 (23, 800 (3) and 900° C (4) in air (Q) and
in a convection of 1iquid sodium ( 0.
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Fig, 111. a - Dependence of steady-state creep rate of specimens
of EI869 alloy on the thickness of their walls when testing
in liquid sodium (1) and in air (2) at a temgerature of
750° C and under & stress of 20 kg/mm* 3

b - Dependence of ratio of creep rate in sodium and in air

on the wall thicknesses of specimens of E1869 alloy
under identical experimental conditions.
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Fig. 112, Dependence of coefficient of decrease of
steady-state creep rate of zinc single crystals
in liquid metal on the tin content in
alloys with lead,
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Fig., 113, Dependence of steady-state creep rate of EI851
steel on the stress at a temperature of 700° C:

& - testing in air;
O - testing in pure sodium;
@ - testing in sodium contaminated with oxygen.,
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Fig, 114, Fatigue strength curves for EI1617 alloy
at a temperature of 7000 C in air (1) and in
liquid lead (2).
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Fig., 115. Fatigue strength curve when bending annealed
70/30 brassat room temperature:

1 - specimens without surface coating;
2 ~ specimens coated with mercury.
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Fig. 116, Dependence of torque on the total angle of twist
of 70/30 brass tested for fatigue in torsion at room
temperature, Solid lines represent testing in
mercury, broken lines represent testing in air.
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Fig., 117. Fatigue strength curve for cold-worked
70/30 brass bent at rcom temperature:

1 - specimens without surface coating;
2 - specimens coated with mercury,
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Fig. 118, a - Fatigue strength curve for normalized St, 5C bent
at a frequency of 50 cycles/sec a'. a temperature of 400° C:

1, 2 - Smooth speclmens;

3, 4 - Specimens with notches;

1, 3 - testing in air;

2, 4 - testing in eutectic Pb-Bi,

b. Fatigue strength curve for 1Khl8N9T steel bent at a
frequency of 40 cycles/sec (hardening in water at a
temperature of 500° C, Specimens with notches:

Q© - testing in air;
© - testing in eutectic Pb-Bi,
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Fig. 119, Fatigue strength curve of normalized St, 50
under symmetrical bending at a temperature of 400° C:

l, 2 » Smooth specimens;

3, 4 - Specimens with circumferential notches;
O - testing in air;

Q - testing in eutectic Pb-Sn,
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Fig. 120, Dependence of damage to nickel coated
with bismuth on the number of cycles to
deformation, Change in temperature

when testing within 80-800° C,
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PART II

CHAPTER 5

I.ECHANISM OF REACTICN OF LIQUID
METALS ON SOLIDS IN A STRESSED STATE

Three Factors Determining The Action of
Liquid Metals

It was stated in the introduction to Chapter II of this
book that the influence of liquid metals on solids during the
vrocess of deformation may result from three factors: adsorptiocn,
diffusion and corrosion, Certain effects related Lo the influence
of each of these three were described in the preceding four
chapters, The appearance of each factor was generally related to
specific conditions of experiments, which were selected so as to
demonstrate the action of the factor in question, It must be
expected that in many cases, particularly when a material
operates over an extended period of time, tne influence of a liquid-
metal medium may be the result of the influence of all three
factors, It is therefore of interest to perform experiments which
do not give preference to any of these factors, then eliminate
each one in sequence, in order to determine the nature and
relative share of the influence of each one individually,

It was decided to perform an experiment on the long term
strength of armco irom in liquid zinc., As we know, zinc diffuses
into iron even at relatively iow temperatures E309-311 y the
diffusion of the zinc occurring at rather high sweed. or
example, according to the data of [ 310, at 500° C, zinec
venetrates into iron to a depth of 75 & and 10 min, We also
know that iron is corroded in ligquid zinc, primarily a result of
its dissolution [ (312, 3137] . It has been experimentally
established that zinc wets iron[ 314 | ; consequently, it is an
adsorption-active medium, Thus, the appearance of all three
factors -- the adsorption, corrosion and diffusion factors -- is
possible in principle as iron is deformed in liquid zinc,




o Long term strength tests of armco-iron were performed at
500" C, Tubular machined specimens were used; the external
diameter of the gauge section was 11l mm, the wall thickness was
0.5mm, After preRaration, the specimens were annealed in a

vacuum (about 10~* mm Hg) at 600° C for five hours., During the
test, the liquid metal was held in the internal cavity of the
specimen, The internsl volume was sealed by welding on a cap made
of armco iron like the specimen, Before welding, the free space
beneath the cap was blown through with argon, Specimens were test-
ed for long term strength with monaxial extension using UIM-5
machines,

In order to detzrmine the role of the adsorption, corrosion
and diffusion factors in the overall effect of reduction of long
term strength of the iron in zinc, four series of tests were
performed, The specimens in the firast series were used to test
the properties of armco iron without the influence of the liquid
metal, These specimens were not filled with liquid metal, but
their internal cavity was sealed with a plug. The specimens of
the second series was filled with zinc (TSV zinc was used), The
testing of thege specimens did show the change in long term
strength of the iron under the simultaneous influence of the
adsorption, corrosion and diffusion factors, The third series of
specimens was filled with zinc saturated with iron, Saturation
of the zinc was performed by holding it at 600° C for fifty hours
in a tank made of armco iron containing iron filings. Thus, the
corrosion effect of the liquid metal was eliminated in the third
series of experimsnts and, consequently, the change in long term
strength could have been caused only by adsorption effects and
diffusion of zinc into the iron,

It should be noted that zinc forms intermetallic compounds
with irons eo that, strictly speaking, corrosion of the iromn by
zinc is related to dissolution and formation and intermetallides,
However, since the formation of the layer of intermetallic
compounds can only result in an increase in time to rupture of
the specimen in the case of good bonding with the surface, as has
been established for example in the testing of materials for
fatigue (see Chapter IV, Section %), only the process of
dissolution of iron in the liquid metal should be considered in an
analysis of the affect of decreasing long term strength as a
result of the corrosion factor, It will be shown below that the
bonding of the layer of iron-zinc intermetallides to the surface
of the specimen was poor in the experiments, This allows us in
this case to limit ourselves to consideration of the influence of
the dissolution process alone,

Specimens used in the fourth series of experiments were
filled with iron-zinc alloy powder, which did not melt at the

172




L~

long term strength testing temperature of 500° C. The alloy was
made (iron gontent about 1,5 weight %) so that its melting point
was 600-650" C, Consequently, the walil of the specimen in this
case contacted not liquid metal but a finely dispersed powder,
Since the melting pcint was only slightly higher than the experi-
mental temperature, and since it was well packed into the specimen,
the powder is rapidly sintered, and the internal surface of the
specimen hecomes a boundary between two solid phases.* Obviously,
the free surface energy of this boundary is higher than the energy
of a g0lid iron -~ liquid zine¢ boundary. Therefore, specimens of
the fourth series should have greater long term strength than
specimens of the third series. The increase in long term strength
results from weakening of the influence of the adsorption factor.

The diffusion factor was present in the fourth series of
experiments to the same extent as in the third seriee., Some
difference was possible only with brief experimental time; as
concerns specimens tested for ten or hundreds of hours, the
diffusion influence of the medium was doubtless identical,

The results of long term strength tests are shown on
Figure 21 in the form of the time to rupture as a function of
stress, As can be seen from the graph, zinc is a highly corrcsive
medium in relation to iron., VWhereas the tensile strength of
armco iron after 1Q00 hours without the influence of the liguid
metal is 8,5 kg/mm“~, in zinc the strength is only 2.2 kg/mm<, The
effect of the zinc on the armco iron is weakened by saturating
the liguid metal with iron, that is by eliminating the influence
of the corrosion factor, In this case, the long term tensile
strength is 3,0 kg/mm“, Yeakening the adsorotion factor causes
a further increase in long term strength of armco iron: the long
term tensile strengih determined in the fourth series of experi-
ments was 3.6 kg/mm“,

In all cases, the influence of the sedium increasas with
increasing test duration and correspcndingly with decreasing stress
appijed to the specimen, An exponential dependence is observed
between stress and time to failure for specimens in gll series,

The affect of the zinc leads not only to a decrease in the
total life time of specimens, but also to a decrease in all
individual creep periods, (Figure 122). The greatest decrease in
the lengths of the second and third creep periods is caused by the
pure zinc,

*

Bintering c¢f the powder was noted ir all specimens tested for
leng term strength; afier rupture sintering was found to be
practicelly independent of test duration,
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Figure 121, Diesgrasm of long term tensile st~ength
of armco iron at 500° C; tosted in air (1)
in pure liquid zinc (2), in iron-saturated
liquid zinc (3) and in contact with solid
iron-zinc alloy (4),

The relative elongation of the specimons as a reault of the
croep during the time to rupture is also reduced as a result of
the zinc, Thus, whereas the elongation of specimens tested with-
out zinc fluctuates between 10 and 18%, the relative elongation of
specimens exposed to zinc lies between 2 and 10%,

The influence of the zinc is also manifested in an increase
in the creep rate of the armco iron, We can see firom Pigure 123
thet the rate of stable creep is mocst strongly increased in pure
zinc, slthough the results for the pure medium and the iron=-
saturated medium correspond. Consequently, in this case elimina-
tion of the corrosion factor had no influence on the creep rate of
tte iron, The diffusion infiuence of zinc, as the resulte of
tosts in the fourth series of experiments show, also facilitates
a rise in the creep rate of armco iron. Ths difference in the
creep rates in air and in contact with zin¢ increases when the
stress is decreased., An exponentisl dependence betwsen applied
stress and rate of stable creep is observed when specimens are
tested in air and in contact with zine, The regularities of a
change in the stable creep rate are aimilar to the regularities
of the change in average velocities of creep during the first and
third periods,

Studies of the microstructures of the long term strength
specinenc after rupture showed that the influence of the zinc in
all cases leeds to an increase in the numbur of intercrystalline
cracks, In specimenc tested for extended periods of time, almost
al} grains in the surface layer are separated by cracks (Figwre
124%),
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Figure 123, Stable creep rate as a function
of stress for armco iron at 500° C:
1, 2, 2, 4, first, second, third and
fourth series of experimentc resvectively.
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T %l /o Figure 124, Microstructure of
;:“_zziaia surface layer of
specimens of armco iron
after tests for long term
strength in contact with
zinc at 500° C ( X 150):

a, second series of
specimens,

v![
~
‘.

Y
£

N\ g

P o= 3 kg/mme, T = 36k hr;

L b, third series,

Lo o= 5 kg/mm2, 7 = 94 hr;
B .'\'. ¢, fourth series,

o= 4 kg/mm®, T = 598 hr,

Analysis of a microstructure of the iron-ginc boundary showed
that the intermetallide film was not well bonded to a surface of
the specimen®., The appearance of a new phase along the grain
boundaries was noted in specimene subjected to the influence of
zinc for extended periods of time, This phase is apparently an
iron-zinc alloy with high zinc concentrstion, separated as the
specimen cooled,

[

_ The bands which can be seen on the photographs of the sections
(see Figure 124) were formed as a result of oxidation during
etching.
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The changes in the processes of creep and long term strength
are a result of the effects of the corrosion, adsorption and
difzasion factors, The role of corrosion can be seen from a
comparison of results of tests for long term strength in the pure
and saturated zinc (Figure 121), Comparison of the long term
tensile strength after 1000 hours indicates that the influence of
pure zinc lesds to a decrease in the strength relative to the
initial value of 74%, whereas if the corrosion factor is eliminated
the material undergoes a decrease in strength of 65%, The
corrosion effect of zinc on armco iron is manifested in this case
as general dissolution, particularly dissolution of inter-
crystallite zones, which are in less favorable energetic conditions
than the sectors of metal within crystallites,

The time dependence of strength (see Figure 121) and the
dependence of creep rate on stress (Figure 123) indicate the
influence of the adsorption factor in the deformation of iron in
liquid zine, Comparison of the results of testing of specimens
in the third and fourth series indicates that the decrease in
the surface energy of the deformed metal-medium boundary leads to
a decrease of time to rupture and an increase in creep rate with
identical stress value,

The diffusion influence of liquid zinc on armco iron is
confirmed by the decrease in time rupture and the increase in
creep rate of specimens in coatact with solid iron=zinc¢ alloy in
comparison to specimens whose internal cavity was filled with
argon (see Figure 121 and 123). The diffusion penetration of .
zinc into the wall of the specimens was determined directly by
chemical spectral snalysis, It was found that the zinc appears
near the external surface of specimens tested over 100 hr, If we
base the determination of the diffusion factor on the dependence
D =~ 12/t, where 1 is the distance, t 4is the time, the order
of magnitude of the effective diffusion factor of zinc into iron

is 1 ° 10 cma/sec. In the presence of zinc in the material of
the specimens was confirmed by metalographic analysis (Figure 124).

The influence of the diffusion factor on creep and long
term tensile strength of armco iron in zinc is also confi-med by
the following experiment, Two specimens filled with zine which
had been saturated gith iron were held in a furaace in the un-
loaded state at 500" C, one for 38 hours, the other for 200 hours.
Their holding times corresponded to the ti-« to rupture specimens
in the fourth series tested at stresses ¢~* / snd 5 kg/mme
respectively. Thus, the quantity of zinc which diffused into the
material of the specimens wss approximetely 1dentica1 (if we do
not consider the influence of stresses and plastic deformation
on diffusion), After this holding and removal of zinc from the
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interral surfaces (melting of the liquid metal with subsequent
etching in 20, NaUH) the specimens were tested for long term
strength vt stresses of 7 and 5 kg/mm“, Although they underwent
the influeirce of the diffusion factor along during the tests, as
did the corresponding specimens of the fourth series, their time tc
rupture was found to be less -- 26 and 68 hours respectively.

This rasult can be explained by the faci that these specimens
contained aprroximately the same quantity c¢f zinc at the beginning
of the test Zur long term strength as the corresponding specimens
from the fourth geries contained at the end of their testing. The
stable creep rates on thg specimens subjected to rreliminery
diffusion were 8,8 » 107¢ and 2.8 * 107¢ % / hr respectively.
Comparing these figures with the data of Figure 123, we see that
they are near the values of creep rate of specimens in the fourth
series, the rate of “he aspec:nen tested at 5 kg/mm“ stress being
even somewhat higher which is aleo relat2d to the specific
feature of the test just noted.

Compsring the placement of the lines of long term strength
and creep of armcc iron on Figure 121 and 123, constructed using
the results of tests of the fourth series of specimens, we reach
the conclusion that the corrosion, adsorption and diffusion
factors act simultaneously when armco iron is exvposed to pure
liquid zinc, Due to their simultaneity and identical direction,
the effects of corrosion, adsorption and diffusion must be inter-
related and must inflvence each other, This in turn means that
the resulting effect is no. simply the sum of the influences
produced by superimpcsiug the influence of the various factors,
but rather the result of the interaction of the corrosion,
adsorption ana 3iffusisn faclors.

We must note the quantitatively identical nature of the *
inrluence of all three factors ca the long term strength and
creep cf the material, However, the degree of influence of each
factor differs, OCbriously, the intensity of the manifestetion of
the influence of corrosion, adsorption and diffusion depends on
the nature of the solid and liquid metals and the experimental
conditions (temperature, deformation rate, quantity of liquid
metal, etc.). Therefore, we must expect that undes certain condi-
tions the influence of the ach of these factors will credominate,
while under other conditions the inflnence of the same factor may
evan be absent,

Thus, the results of experiments presented above indicate
the complex nature of the influence of a2 liquid metal medium on
8 deformsdle s-*id metal, They also indicate the necessity of the
individual ap ch to cach solid metal «- liguid metal system.
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A, Adsorption Effect

1, Mechanism Of The Adsorption Effect

We ca. see from the data represented in the preceding four
chapters that the regularities of deformation and rupture of metals
in an aquative liquid metal medium are usually the same as in an
inactive medium, For example, the effects of various factors
(temperature, graiy size, etc,) when metals are tested in active
and inactive med.a are similar, The influence of the liquid metal
causes only a change in a magnitude of the strength and plasticity
charscteristizs of the metal, Therefore, we must consider that
the mechanis..s 0% deformation and rupture of the solid metal in
the liquid metal are the same as in the inert medium, This
conclusion 11dicsiz23 the possibility of using the results of
investigatiun of the rupture and the deformation of solid metals
with no coansideraxion of the influence of the external medium in
our study of the rechanism in the influence of adsorption -- active
liyuid metals,

Many investigators have estimated the theoretical strength
of an ideocrystailine lattice [ 315 - 319] . Regardless of the
models used in calculation, it hi« been found that consideration
of the forces of the interatomic i..teraction alone leads to a
gimilar expression in all cases for the rupture stress

o=r)/ B, (177)

where E is the normal elasticity modulus; 7Y is the specific
free surface energy; a is the crystalline lattice constant;

is a coevficient near unity (differing in the works of
different autkors).

It is well known that the actual strength of metals is two,
sometimes three orders of magnitude lower than the theoretical
strength, The first attempt tc explain this differential is made
by Griffith [320] . He suggested that the lower strength of
actual solids results from cracks, Griffith solved the problem
of the rupture of a thin plate of an isotropic materisl containing
a8 penetrating crack of elliptical form with the large half -- axis
perpendicular to the direction of application of the external
force, Calculation produced the following expression for the

rupture stress:
= Ej
Ok I"'l/c ’ (178)
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where ¢ 1is the length of the crack (large half axis of the
ellipse); 4 1is a factor near unity.

Griffith's equation can be easily produced by an analysis of
changes in the energies of the metal resulting from the development
of a crack [321] . Before the formation gf a crack, the density
of elastic energy in the metal is & = o </2E. The appearance of
a crack of lengths c¢ results in removal of the elastic stress
ovar an area of aporoximately cZ , or correspondingly to a

decrease in energy of 0'2c2/2E. Considering the fact that the
expenditure of work involved in the formation of the new surface
is 2 ¥ ¢, we can produce an equation for the total increment of
energy in the form

AE = 2yc — ¢*%/2E. (179)

Differentiating AE with respect to ¢, we find that the
maxizum energy increment is produced if the equality 27 - 02c/E=0.

This means that with stresses less than VZE‘Y/c s, a crack of length
¢ will close suontaneously, but that after the critical value

G‘k =V2E 7/c 1is reached it will grow spontaneously, that is the
s0l1id metal will be ruptured.

In later works {322-325, 361] the resistance of solids
with cracks to rupture was calculated with a different statement
of the problem, The solutions were producad in 211 cases in a
form similar to Griffith's equation (178); the difference was only
in the valve of coefficient . . Experimental tests of equation
(178) indicated that it corresponded well to experimental date if
the rupture of the metals was brittle. In the case of plastic
rupture, however, the calculated value of resistance to rupture
differed essentially from the observed experimental value. If we
assume that in the development of a crack the work is expended
not only in the procsas of increasing the surface, but also in
plastic deformation at the ends of the crack, we csn introduce
the quantity p, which represents the main work expended in
increasing the length of the crack® per unit area, thus converting
equation (179) teo

o2c3

AE =2ye | pc — =5 (180)

Or. the basis of equation (180), the resistance to rupture
is

3

A crack of unit width is analyzed.
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o";:p;y/élléiia, (181)

Experimental data igdicate that in plastic rupture of the
metal ¥ + p/2 ~ 1 « 10° erg/ch? [326] , where as in brittle

rupture ¥ =1 - 103 erg/cmz. The value of the free surface energy
of a solid metal produced by calculation using fermula (178)
agrees with the values produced on the basis of other estimates
[114] .

It follows from equation (181) that plastic deformation is
important in the rupture of metals, Since p 1is a variable
quantity in an actual crystal, that is, it has different values
during different stages of the development of a crack as a result
of various obstacles on the path of crack propagation, the Griffith
condition in form (181) will be fulfilled only during certain time
intervals and, consequently, it determines the value of critical
stress necessary for extension of a crack over a certain sector,
Thus, the Griffith condition for brittle materials is correct for
the specimen as a whole, while for plastic materials it is correct
for individual sectors of the specimen, As a result of this, the
rupture of brittle materials occurs when high propagation velocity
of the crack -- almost instantaneously, while the crack propagates
in plastic materials in jumps., During periods when the crack is
stopped, when its dimensions are temporarily stable, plastic
deformation occurs, after which condition (181) is fulfilled once
more and the crack moves further., As a result, the mean rate of
development of the crack ¢ er the entire cross section of a
plastic specimen is much 1 .wer than the speed of a crack in a
brittle specimen,

One defect of Griffith's hypotheses is its analysis of a
crack in a solid body as such, that is the supposition of the
presence of the cracks of critical Aimensions before the beginning
of formation, Further investigations have shown that such cracks
are absent in materiale in the initial state and, consequently,
the processes of their rormation must be clarified. A. V,
Stepanov [327-329] first indicated the decisive role of plastic
deformation in the formation of seed cracks in solids. Later,
this idea was extended to metals by N. N. Davidenkov [ 320] , The
modern theory of dislocations essentially concretizes tiese .
concepts,

There are several dislocation models of the formation of
.racks in metals (Figure 125), The best develcped and most wide
spread variant iz chat which explaine the formation of seed cracks
as a result of concentration of tensile stresses at the head of
accumulation of boundsry dislocations before ar obstacle (Zener-
Mott-Stroh mode) [331-334); see Figure 125, a). In this case,
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the crack is located at an angle of 70° to the siipping plane,
Gillman and V. N, Rozhanskiy have demonstrated the possibility of
formation of cracks in the slipving plane, in which accumulation

of boundary dislocations occurs [ 335, 3365 (see Figure 125, b),

V. L. Indenbaum established the possibility of appearance of such
a crack as a result of movement of dislocations in a curved
crystalline lattice [337] (see Figure 125, c). A crack seed may
also be formed due to rupture of a vertical wall of dislocations

{ 338, 339] (see Figure 125, d). Cottrell established that a
crack may arise upon interaction on accumulated dislocations moving
in intersecting planes of slippage { 340] (see Figure 125, e).
Formation of a crack may occur as a result of imposition of tensile
stresses from two dislocation accumulations of opposite sine
located in two slipring planes which are parallel and lccated

near each other (Fujita model [341])(see Figure 125, f).

e e
i

a b
L =
- Figure 129, Diagrams of
‘;rJ:::;i:] {%%%%%%%EEE;:] formation of internal
‘ { cracks in metal
. - ( 3"“23 .
c d

X =
C

Analysis of the conditions of development of a crack in a
50lid metal in contact with an adsorption active liquid metal
melt was performed by Ye. D, Shchukin and V. I. Likhtman U344~
345) . This analysis is applicable to practically any of the
rticular models of crack formation indicated above. The area of
localization of an incomplete shear (not extending through the
entire cross section of a crystal) with a length in the slipping
plane of S is analyzed. Two steges are differentiated in the
process of crack developmeat, In the first stage, the shear
stress 'ts, causing movement of dislocations and formation of

defermation heterogeneities of the incomplete shear type, is
decisive, As a result, locel stress concentrations avpear which
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exceed the applied stress ‘Ts by many times. The sharp concen-

tration of normal stresses arising leads to the appearance of
equilibrium seed cracks (not extending to the entire crystal under
the normal stresses). The dimensions of such a crack can be
determired as follows,

The density of elastic energy € near the area of the
incomplete shear is proportional to T iS/ZEr. where E is the

normal elasticity modulus; r is a distance from the point in
question to a certain point in interval S, where S 2 r > LAY

where To is the minimum distance for which the laws of the
theory of elasticity are still applicable (ro 2:10'7

result of formation o” a crack of length ¢, elastic stresses are
removed over the incomplete shear interval S and over a distance
approximately equal to ¢ to the side of area S, Considering
the work expended in the formation of the surfaces of the crack,
equal to 2 Y c, the total change in energy can be written in the
form

cm), As a8

s
AE ~ 2ye—{ { e()dS m2ye— T ln T (182)

where a is a coefficient nesr unity. The magnitude of the
equilibrium crack can bs found from the condition d(AE)/dc = O:

1353

c=Pgy - (183)

where (B is a dimensionless coefficient near unity.

A crack of maximal gize iz formed if the area of incomplete
shear encompasses the entire cross section L of the monocrystal
(or grain of polycrystalline metal):

WL
Cax =P EY - (184)

Thus, the dimensions of an equilibrium crack are determined
by the value of free surface energy. It follows from eguation
(184) that in a surface active liquid metal, the lerngth of the
maximum equilibrium crack is greater than in an inert medium,

In the second stage of development of a crack, the decisive
role is that of the normal stress o , Rupture occurs when the
critical value of normal stress 0‘k is reached (for the most
dangerous crack)

Ey

Un=p- .
max (185}
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We can see from equations (185) and (184) that in a ~urface
active liquid metal, the value of resistance to rupture is less
than in an inactive medium, These equations also indicate that
disruption of monocrystallines specimens with various orientations
relative to the avplied tensile stress should occur with s
definite relationahip between normal and shear stresses, namely
with constant value of their product '

(186)

Ty = K3,

where K = » VEyIL.

Lupresenting the angle of the inclination of the plane of
rupture to the direction of application of the force st rupture
of the specimen 'X,l, we can produce the following formulas on

the basis of (186) and known geometric relations for ¢ and (P
[345]

ow=KVigy, (187)
T=K VC'-E L. (188 )

Chapter I presented experimental data on the rupture of
pure zinc monocrystals at liquid nitrogen temperature and mono-
crystals with a thin surface film of liquid mercury at room
temperature, which agreed well with equations (186-188). On the
basis of these dataé it hLas been calculated [190] that in the first

case K, = 209 g/mm<, while in the second case KZn-Hg = 95 g/mn?,

It follows from this that the reduction in strength of zinc
monocrystals in mercury is caused by a decrease in surface inger-
phase energy, which amounts to Y Zn-Hg/ Y gy = (KZn-Hg/KZn) ~

=~1/5. Thus,_if the free surface energy of zinc is approximate-
ly 1000 erg/cmz. the mercury coating reduces it to approximately

200 erg/cmz.

Cn the basis of the concepts concerning the mechanism of
the influence of liquid metals on solid metals in the process of
deformstion presented above, we can explain many other effects
observed experimentally in short-term mechanical tests as well
(see Crapter I)., The disappearance of the influence of the
liquid metal medium as the temperature is increased was first
explained in a work by V, N, Rozhanskiy, in the Pertsov et al.
£195] . These concepts were then develowd in (240, 346, 450] .
The explanation was presented using an e«p.;ession for the
probability of penetration of an obstarie by an accumulation of
1islocations located in a common plane presented by Stroh [347]:
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W{T)=1—exp —i"%rv/n) , (189)

where U is the uctivetion energy used by the dislocations to
cross the barrier on the path of developmeni; w 1is a natural
frequency of thermel oscillaticas of the atoms; 1 is the length
of the retarded dislocation front; to is the time required for

sccumulation of dislocations sufficient to form a crack; b is
the Burger vector, Structure of equation (189) defines the shary
chunge in probability of plastic deformation from O to 1 in e
narrow tomperaiure interval located on either side of a certain
mean critical temperature U

klngg;‘ - (190)

TI(=

On the basis of experimental duata on tensile rupture of
menocrystsls of zinc, and estimate has been formed of the quanti-
ties included in formula (190), giving a valu2 of about 1 ev for
the activation energy. Then, the values of the variables were
substituted in the formula (189) and it was used to construct the
temperature dependence of the probability of plastic deformation
of zinc monocrystsls covered with mercury, . was found that the
tecperature intervel of the change of W(T) frum O to 1 agrees
faily with the interval of restoration o: plasticity (relative
elongation) of amalgamated monocrystals to the level af pure mono-
crystals, that is in both cases this interval was 120-160° C,
Thug, the effect of restoration of plasticity a3 test temperature
was increased for rupture at constant deformation rate results
from an increase in probability of plastic deformeiion due to
thermal fluctuations, Due to this, the concentratien of stressec
in the end portion of the crack is decreasej. (the stressed state
is discharged as a result of plastic deformation) and an increase
in stress’ becomes necessary for the track to grow to the
Griffith dimensions,

The nature of the solid and liquid metals and the test
conditions result in the formation of three variants of the
relationship of melting points of the base metal TO' liquid metal

T, and critical brittleness temperature T, [345], With the

relationshlp Tl < Tk < TO’ a reduction in plasticity and

strength of the base metal in the temperature interval Tl'Tk is

noted, Where '1‘l < To < Tk’ the effect of the adsorption

influence of the liquid metal is noted from the melting point of
the medium right up to the melting point of the base metal, When

Tk < Tl' the effect does not appear at all, The first of these
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three varianis is observed, for example, when zinc is tested in
liquid mercury, the second -~ when carbon steels are tnsted in

liquid %in (see Chapter I, Section 2),

Another effact - the influence of the liquid netal on the

dependence of the strength of the polycrystalline metal on grain

size (see Chapter I, Section &) -- can ha easily explained using

the Stroh-Fetch relationship [ 334, 348, 349]

Oy =0y |- (—:‘i"—%)l/’ d""/l' (191)

G is the shear mudulus;
v is

whera 0~k is the tearing resistance;

Y is the free surface energy; d is the grain diameter;
Foluson's coefficient; 0o is the material constant,

We can asee frem equation (191) that the slope of line

2
k - d'l/2 in reletion to the abscissa (d'l/z) decreasca with

a,
4
desrecaing surface energy of the solid metal, This result was

also produced in experiments with adsorption active liyuid aetals
‘ (see Chapter I, Section 4), Using dependeace (191) ané experi-

4 mental data on tensile rupture on 70/30 brass, the autnors of

‘ [ 226] showed that the 5urfa§e energy of brass in contact with
liquid mercury is 280 erg/cmS, whereas in an atmosphere of its
own vapors it is 1500 erg/cma. Obviously, a dependence such as
(19i) should also be retained for the strength iimit, which is
confirmed by the experimental data (see Figure 83).

The linear dependence between '1‘k and 1ln d, estabilished in

[2}1] in tests invelving the rupture of specimens of 70/3C braas

covered liquid mercury, has been confirmed by theoretical
The

analysis of brittle ruptures performed by Fetch [ 350],

formula which he presents:
T

=A+!2'-1nd

k

g indicates that the value of A depends on the value of surface
energy of the metal deformed, The absence of any results of tests

involving the terminatioan of Tk = f(d) for the same '‘material in

a surfsce active liquid metal and an inert medium prevents a
check of the dependence of A = A( 7 ) produced in {(350]. ;

N Chapter I (Section 1, é and 7) shows the increase in the

[ . degree of action eof liquid metals with increasing initial
strength of the solid metal on the basis of 2xperimental data.
This effect can b2 explained by the adsorptsion influence of the
medium, if we consider that the increase irn strength corresponds
to an increase in barriers across the patlh of movement of
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dislocation accumulations, Then when an influence of the medium
is precent, the formation of cracks in a material with high
initial strength occurs with lower applied stress than in a metal
with lower strength, Obviously, the size of the barriers created
by various types of hardening is not identical, For example,
dispersion hardening of an alloy creates more serious obstacles
to the movement of dislocations than work hardening, Correspond-
ingly, the effect of the action of liquid metal on a dispersion=
hardened alloy is greater than on a work hardened alloy, The
increase in the barriers resulting from the arpearance of additional
defects in the crystallire lattice is also explained by a re=-
inforcement of the influence of the surface active liquid metal
medium on the metal after irradiation (see Chapter I, Section 9).

In correspondence with the concepts which we have presented,
the formation of seed cracks is assumed to occur within the metal
being deformed (mono-~ or polycrystalline)., In the opinion of the
authors of reference [}hh-345] s the 1liquid matal penetrates into
these cracks by twp~dimensional migration along the hollowed dis=
location nucleii which may be formed in the very early stages of
deformation, In the presence of internai cracks in the mono-
crystalline specimens has been established by microscopic investi-
gation, Hhowever, this nature of the development of cracks under
the influence of the liquid metsl is apparently relatively rare,
Zven in inert medium, particvlerly at high temperatures, the cracks
are usually formed on the surface of the metal and then gradually
extend into the ertire cross section, The formation of surface
cracks in polycrystalline metals has been confirmed, for example,
in a work by S. T. Kishkin and A, A, Xlypin [351] by grinding off
the surface layers, and alsoc in [352] by periodic loading of a
specimen with compressive stresses, with constantly applied
tensile stresses, Due to oxidation of the surface zsracks, the
loading witl comprecsive stresses caused no increase in long term
strength of the materiasls,

Figu:-e 126. Diagrams
of formation of
surface cracks.,
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The electron microscope method was used to establish the
formation of cracks on the surfaces of specimens of nickel in the
very earliest stage of extension at constant rate [353] .

Surface cracks were observed in the deformation of mono-
crystalline specimens in a liquid metal medium, which can be seen
easily on photographs pra2sented in (7, 354 | . Naturally, when
cracks form on the surface the question of penetration of the
liquid metal medium into the crack by the mechanism mentioned above
is answered,

The mechanisms of formation of surface cracks may be as
follows, Farker [355] considers it possible that cracks may be
formed at points where two intersecting slipping planes reach the
surface (Figure 126, a)., Rostoker, et al [gﬁ believe that surface
cracks may arise upon formation of accumulation of dislocations
before the grain boundary near the surface of the metal (see
Figure 126, b), Of these models, the former, as we can see from
Figure 126, a, may operate in both monocrystals and polycrystals,
The formation of a surface crack is also possible at the point
where a slipping plane reaches the surface of the specimen (mono-
or polycrystalline), We know that plastic deformstion causes steps
to form here (see Figure 126, ¢) with dimensions oi up_to 1000 A

| 356, 354] . Assuming that the relationship G;szoﬁﬁx7r exists

between the epplied stress ¢ and the maximum stress at tge point
of concentration St and considering that r = 3,5 * 107" cm,

while =10‘5 cm, we find <, ~. 170" . Consequently, with

relatively low applied stresses, rupture of the interatomic bends
may occur at the point where dislocations reach the surface,
resulting in formation of cracks, The growth mechanism of seed
cracks already present on the surface of the crystal, formed due to
intersction with boundary dislocations passing nearby, was suggest-
ed by Orovan [}57} .

We must point out that the analysis of the adsorption
influence of a liquid metal on a solid metsal performed above is
insufficient, since it gives us no picture of rupture at the
"atomic level," 1In recent times, investigations have developed in
the area of analysies of atomic interactiors [227, bh6abl8],
Further development of the theory of adsorption etfects during
rupture will doubtless occur in the dir-~ction of consideration of
the active interaction of astoms of liquid and solid metals at the
end of a crack, An attempt has already been made on the basis of
analycis of this interaction to conclude an equation for the
long term strength of a8 so0lid metal in an adscrptiun active liquid
metal medium [358, 359] .
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In recent times, we have come to believe that the edges of

cracks formed as metal ruptures are not rounded, but are formed

of two asymptotically approaching the crystalographic planes right
down to the normal distance between them, corresponding to a
crystalline lattice constant [360-363] . However, it can. be easily
shown that such a crack cannot be equilibrium and should cause
rupture of the solid body in a field of tensile forces. Actually,
the distance between atoms in the terminal area sf the crack is
increased gradually and regularly, a pair of atoms should be found,
the strength of interaction between which will be equal to the
theoretical strength so that, consequently, the bond betwesn them
should be broken, Then, the next pair of atoms will be in a similar
situation, etc, as a result of which complete separation of the
crystal into two parts will occur. This conclusion agrees with the
results of calculations of A. N, Orlov [364] and Yu., ¥, Plishkin
3651, who demonstrated the imnossibility of the existence of
equilibrium cracks in a crystal with an ideal lattice,

1
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Figure 127. Diagram of crack (a), distribution of
normal stresses at crack edge (b), and changes
in force of interaction of two atoms with
changing d stances between them (c); I, inert
medium; II, adsorption active medium,
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'hus, in the end area of an equilibrium crack, the approach
of a plane cannot be even everywhere: in the area of maximum values
of atomic interaction force, relatively sharp approach of the planes
should be observed (Figure 127). The change in crack form may be
related to plastic deformation of tiic metal, We will differentiate
three arcas in such a crack [}6ﬂ: 1, the area where stresses
increase from their nominal value to their maximal value; 2, the
area where normal stresses change from the maximal value to zero*;
%, the internal area of the crack, where the forces of the inter-
action between a.sms on opposite surfaces are practically equal to
zero. This distr ition of stresses (see Figure 127, b) is

dztermined by th: well known nature of the dependence of forces of
iateraciion between two atoms on changes in the distance between
them (see Figure 127, c¢).

In correspondence with the above, the configuration of an
vquilibrium crack is such that the value of maximal normal stress
at the boundary of the first and second areas Smo should be less

than the theoretical strength s that is, S mo less than O_T'
The value of T mo depends on the value of the nominal stress 7,
and this dependence is determined [366| by the relationship

%

Omp=a}l/ 2, (192)

B
where o i the depth of the crack, equal to the distance ‘rom

the external surface of the so0lid to the bcundary of areas 1 and 2;
Ty is the radius of curvature of the crack of this boundary., The

development of a crack should begin at the moment when conditions

qrmo = ‘TT is fuifilled. Thie moment can be determined as the

loss of stability by the crack.

If a solid metal is located in a surface active liquid metal,
the atoms of the liquid metal will penetrate into the crack =s2
interact wit~ the atoms of the solid metal located on the £.(:'faces
of the crack in the second and third areas, (See Figure 127, II a),
This results in a decrease in normal stresses in the end areas of
the crack (See figure 127, II b), which results in a decrease in
forces of interaction between atoms of the solid metal (see Figure
127, 1I ¢) due to changes in their energy field due to the
influence of the atoms of the liquid metal,

*
A boundary betwe:»n the second and third areas is largely
arbitrary.
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Since fmA < me' the critical stress in the end area in ‘he

presence of a surface active medium will be achieved with lower
nominal stres: than in the inert medium, The result of this is
rupture of ti+ solid metal in the liguid metel medium at decreased
strength value,

However, it must be noted that a crack, after reaching its
critical state, can move only over a slight distance if defects in
the structure of the crystal of lattice (grain boundaries, packing
defects, accumulations of dislocations, etc,) are encountered in
its path, causing a decrease in maximur stress in the end area
below the value of theoretical strength, This results in temporary
stabilization of the crack, and further propagation can occur only
with an increased nominal stress,

Under the conditions used in long term strength testing,
movement of the <rack becomes possible if thermal fluctuation arises

in the end area, causing A tc reaca the veiuwe J, . let us

represent & the width of the end area ¢f the crack where the
stress exceeds the nominal value, Keeping in mind that for a non-
equilibrium crack a

Gadz =2y,,
-S ' A (193)

where 'YA is the surface energy of the division boundary of the

s0lid and liquid metals, and expressing this integral approximately
for an equilibrium crack in the form of the product ! (a]/ffi
2 ra

we see that the value of thermal fluctuation required to convert
the crack® from the equilibrium state to the nonequilibrium state
with fixed constant nominal stress 7 is approximately

1 N
(ZVA“E'Ual/f7%) a*, where s is the crystalline lattice constant,

Jowever, this expression does not take full consideration of the

work expended in the development of the crack. To do this, we must
also add the quantity 2, representing the work expended in plastic
deformation and the energy dissipated in the form of heat, Consider-
ing this, we can write the following formula for the probability of
rupture of btonds in the end vortion of the crack:

—
Qtanty ;- % aaly l/r—:—
W = we— xT

, {194)

*
Calculation performed for a crack in a monoatomic layer.
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where «w is the charscteristic freouency; k is Boltzman's constant;
T is the absolute temperature, Using formula (194), for the rate
of the development of the crack uader long term strength testing

conditions, we produce the eguation

1 oy
Qt2a%y 4~ Eaaio I/-T—
il e (195)

d(‘A - -
ar == (ae
Cbviously, the configuratinn of the end portion of a crack
depends on the nominal stress, Ar a result of the interaction of
atoms of the surface active liquid metal with atoms of the solid
metal, the configuration of the crack also depends on )’A. Thus,

the radius of the end portion of the crack is a function of the
nominal stress and the surface tencsion, 4s a first approximation
we will consider that this function has the form

ra=—p (196)

m L]
ava

where 2 and m are constant coefficients., Substituting (196)
into (195), we produce

Qt2aty - zaap=Yag'1VAZ 0

d;;‘ = 0ae AT . (197)

Using this last formula, we can write an equation for determination
of the time to rupture of the metal

Q+2a2y, CAxp _aa,ol+va/2 =
r»—=—m‘70_ﬁ_ S o /T U tge, (198)
0
where ¢, Xp is the criticsl (Griffith) crack length, beginning

with which its rate of propagation becomes near the speed of sound,

Introducing the following substitution to equation (198)

14my, /2
aalg A
Ve (199)
we produce
Q+-2aty, *xp
—-._s_ﬂ_ I._T_ : —TT_ —-my, -2 -
t"mab ( a ) 0 (1] A § e 'z dzx. (200)

The integral in equation (200) is practically equal to unity,
since the upper limited integration xkp is on the order of

103- 104. Therefore, we can replace the integral with coefficient

A , approximately equal to unity, but having dimensionality.
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Finally, {he equation for time to rupture of the metal under
long term strength testing conditions %takes on the form
Q+42a2y
B ;T2
tz;?iﬁ’(?;) o KT gT™a-2 (201)

Analysis of equation (201) leads to the conclusion that it
reflects properly the dependence of time to rupture on strecs and
temperature, In the first case this dependence is expcnent.al,
that is, as has been confirmed by many experimental data involving
long term testing of structural materials *, The dependence of
time to rupture on temperature both on the basis of (201) and on
the basis of experimental data, is exponential (with an accuracy to
the factor before the exponent, practically constent throughout the
entire range of temperatures for which experimental results are
generally presented).

Evaluating equation (201) from the standpoint of its reflec-
tion of the dependence of time to rupture on the value of surface
interphase energy, we can see that it reflects this dependence
properly. Thus, it follows from (201) that in a surface active
liquid medium, the time to rupture of the material should be
decreagsed in comparison with an inactive medium with identical
stress and temperature in both medium, It also follows from (201)
that this slope of the long term strength line in relation to the
time access (in coordinates log o - log T ) constructed according
to the results of tests in a surface active liquid metal is
steeper than the line for tests in an inert medium, Furthermore,
equation (201) shows that the activation energy for rupture, solid
metal in contact with a liquid metal is lower than the activation
energy for rupture in an inert medium,

These regularities agree fully with the results of tests for
long term strength of copper in liquid bismuth (see Chapter II)
and alloy EI4375 in liquid sodium ?see Chapter V, Section A2),
that is when the action of the liouid metal medium was by
adsorption,

we can make an estimate of the magnitude of the change in
surface energy nf cocvper when tested for long term strength in
liquid bismuth using the boundary of activation energy for rupture
presented in Chapter II, Section 2. On the basis of equation (201)
we can produce

»
As was already indicated in Chapter II, with brief test durations

and exponential dependence is generally observed L252-25&].
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Yr—Y¥r.2 ’*‘f? '9—‘—"’_2.‘3" ' (202)

where ‘YT and ‘!T Y represent the specific free surface energy

of the boundary of the solid metal with the inert medium and with
the surface active liquid metal respectively; QT and QT Y,

represent the energy of activation of rupture in the inert medium
and in the surface active liquid metal.

It was shown in Chapter 1I, Section 2, that when copper was
tested for long term strength in air, Q, = 38,6 kcal/g ¢ atom,

while in liquid bismuth Q; , = 23.4 kcul/g ¢+ atom, Calculations

using formula (202) will be performed assuming a = 3,5 * 10"8 cm.
Substituting these values into (202), we find that the decrease
in surface energy of copper is the result of the action of the

bismuth was 430 erg/cmz. It has been experimentally established
(367, 368 that 7, = 1270 - 1680 erg/en’, 7y = 280 erg/cn’,
taat is, YT - YT 1= 990 - 1400 erg/cmz. Consequently,

calculatio s using (201) - (202) yields a value of change in
stirface energy which corresponds in its order of magnitude to the
experimentally determined value, which is good agreement,

In all vrobability, the value of the difference ¥, = )E 2

determined from the data on long “erm strength should always

be less than that determined directly, since in the first case
during some time intervals in the development of the crack the
liquid metal will not succeed in filling its end area, while
during the second case experiments are performed in equilibrium
conditions, Thus, the value of the change in surface energy
calculated according to lons term strength data is an effective
value rather than a true value. e note also that the exponential
dewendence of time to rupture on the inverse temperature produced
for copper (see Chapter II, Section 2) may not be obseived over the
broad range of temperatures as a result of the changes in surface
tension as temperature changes [369]. o

‘e have analyzed the influence of an adsorption active
liquid metal on the process of rupture during short-term testing
of materials under tensile stress at constant rate and during long
t.»: strength testing, The experimental data presented in Chapter
IV indicate the adsorption influence of the liquid metal medium on
the vrocess of rupture under fatigue testing conditions as well.
As we know [3?0, 371] , fatigue rupture is a result of performance
of repeated microplastic deformations in the metal, At a certain
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stage in their development, the formation of a fatigue crack
becomes possible, The formation of this crack may occur as a
result of the action of the mechsnisms mentioned earlier 13797, or
as a result of a mechanism which is specific for_ testing under
variable load, such as extrusior or intrustion /372-374/.

An adsorption active liquid metal influences the formation
of fatigue cracks, since they generally arise on the surface of the
deformed specimen, However, this influence is most strongly felt
in the stage of development of a crack, since according to /370 /,
this stage makes up 90-97% of the time to rupture of a specimen.
At the present time, this stage has been insufficiently studied
even for metals which are not subjected to the influeace of a
corrosive medium. However, doubtless processes of microplastic
deformation are important in this stage, preparing the metal at
the end portion of the crack for rupture of the interatomic bonds.
It is quite natural that rupture of bonds and the corresponding
jump in the crack into the next sector of the metal, not as yet
prepared for the rupture, cccur in the adsorption active liquid
metal as 8 result of interaction of atoms of the medium and the
metal being deformed in the end portion of the crack at lower
nominal stress or after a shorter preparatory period tham in an
inactive medium with identical stress amplitude, Obviously, the
general regularities of the adsorption action of the liquid metal,
noted earlier for other conditions of deformation of the metsl
are correct for fatigue tests ac well,

Up to this point, they have analyzed the influence of a
surface active liquid metal on the development of rupture cracks
in a solid metal, This influence results in a deep decrease in
total plasticity of a strength and time to rupture of deformed
metal, Another group of effencts of the action of a liquid metal
medium is related to the facilitation of plastic deformation, The
facilitation of deformation results from a decrease in the yield
point and hardening fuctor during extension at constant rate, as
well as an increase in the creep rate when the metal being de-
formed is in contact with a low-melting liquid metal (see Chapters
I and II1), s

These effects, as Ye, D, Shchukin first showed /%75/, are
determined by a decrease in the energy barrier preventing movement
of dislocations to the surface of the metal, The existence of
this barrier is related to the formation of steps of a new surface
at the point where the boundary dislocations reach the surface,
The width of this step is equal to component b in the Burger
vector normal to the contour of the slipping plane and located in
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it. Toerefore, the Saximum value of the surface energy barrier* is
U ab?Y or U, =V , il a="b . The presence of the energy

barrier in turn leads tn the necessity of increasing the shear
stress acting in the plane in order to complete the shear movement,

Let us estimate the excess value of shear stress resulting
from the surface barrier, The work expended on displacement of the
toundary dislocation of unit length over a distance equal to the
crystalline lattice constant is expressed 13797 by the equation

A by, (203)

where Tg is the shear stress acting in the plane of movement

over dislocation. The magnitude of work calculated per atom
(or over a sector of the dislocation line of length b ) is

A=V, (204)

‘'hen the dislocation recches the surface of the metal,
additional work b® Yy must be performed, Consequently, the work
required to bring the dislocation to the surface (beginning
calculation at distance b from the surface) is

4"" I~ b! (b't. 'i" Y). (205)

The additional work resulting from the necessity of overcoming the
surface energy barrier can be performed by increasing the stress,
which shculd have the magnitude

Tos R (206)

Using (205), we produce the following expression for the
shear stress required for the boundary dislocation to reach the
surface:

*uzfr-%- (207)

Thus, when the stress is increased to a value equalling 7/v,
the dislocation can overcome the surface energy barrier. Assuming

¥ = 1000 er;/cmz and b = 3,5 10-8 cm, we find that Y, - T =

= 290 kg/mmz. We can see from this that the surface barrier is
¢ rather seriocus obstacle to the movement of dislocations,

iec: we do not consider the force of the "mirror reflectiom,"
facilitating movement dislocations to the surface of the metal.
This is possible due to a great steepness of the surface energy
barrier [3? .
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It follows from formula (207) that as a result of the action
cf a surface active medium, leading to the decrease in surface
energy of tre so0lid metal from )’T to YT JL the excess value of

shear stress is decreased by the quantity
{
A% =t (e ). (208)

Thus, under the influence of a surface active liguid metal,
completion of shear in the slipping plane in question, with
formation of a surface step, occurs with a shear stress which is
JA) Tg less tran that required with the formation in an inert

medium, ‘e can see from formula (208) that the decrease in shear
stress is jroportional to the decrease in surface encrgy,
Consequently, the effect of facilitation of plastic deformation is
greater, the higher the surface activity of the liquid metal,

Analysis of the effect of facilitation of plastic deformation
from the standpoint of the atomic interaction shows that it results
from weakening of the forces of interaction of neighboring atoms
in the external surface layer of the solid metal as a result of
establishment of new bonds with atoms of the liquid metal, Weaken-
ing of the bonds facilitates their rupture as dislocations surface
at lower stresses than when the influence of the medium is abseunt.

The diagram on Figure 128, which was sugpested for explana-
tion of the influence of surface active media on metal being
deformed by Benedict /377/ and M, I. Chayevskiy /378/, gives a
clear idea of this type of interaction, Ve can see from this
diazram that the excess bonds of surface atoms of the solid metal,
causing its free surface energy, are partially used in the inter-
action with stoms of the liquid metsl, leading to a decrease in
surface energy.

The importance of the surface in the process of deformation
of a crystal is dectermined by the presence of the subsurface
sources of dislocation, which have one point of attachment, as well
as the jncreased dengity of dislocations sources in the surface
layer /343, 344, 379/, For example, we know that the critical
stress determining the activity of the Frank-Reed source with
one attachment point is only half the critical stress of a source
with two attachment points é376, 3897. The increased dersity of
dislocation sources in the surface layer of metal has been
established in experiments involving the etching away of this layer

579/
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o Figure 128, Diagram of

Q@ interaction of atoms
of liquid and s~lid
éa m*tals at interphase
%¢ boundary:

A, inert medium;
b, surface active
medium,

Let vs analyze the influence of a aurface active liquid metal
on the process of stable creep of a solid metal, Let us trace ihe
movement of a boundary dislocation to the surface of the crystal,
termineting in the formation of a step. First of all, the dis-
location must travel from its initial point to the surface., We
represent by td the time required for it to move to the surface,

by Qd the activation energy defining the movement of the dislocation
over the sector, The probability of passage of a dislocation along
s path within the crystal is Hd = l/td over

W —we~ WA, (209)

where « is the natural frequency of thermal oscillations of the
atoms, The final stage-movement of the dislocatiocn to the surface -
occupies a time equal to tB’ while the probability of movement to

the surface WB = l/tB is defined by the value of the surface energy
tarrier, which is / Y - ¢'(0)/ az, where VY is the free surface;

<'(7) is the work verformed by external forces; a 1is the
crystalline lattice constants. From this the probability of move=-
ment of a dislocation to the surface is determined by the equation

ady—Q(
TORNCE o (210)

where (0 ) = aaQ'(O'). The time requiréd for performance of the
entire vrocess is td + tB' while the probability W = l/(td + tB) or

V3iY,
W= Wy + Wa - (211)
Since the creep rate v is proportional to the probability of
plastic deformation, 2 ratr-Qto)
. 0-_.“:_—
'YTa w-Qe) (212)
asy-Q(o
e_ﬁ-+e_T
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Let us analyze the two extreme cases, Iin the first case, the
probability of overcoming barriers within the crystal is much less
than the probability of overcoming the surface barrier, that is

wd<< WB. This relationship is apparently realized at high tempera-

tures, when movement of dislocations is achieved by the mechanism
of creeping over into neighboring slipping planes 4381-3827 and is
determined by the activation energy for self-diffusion Zﬁd in

equations (209) and (212) is in this case the self-diffusion
activation ener « Representing the creep rate at a certain
stress level in the metal in an inert medium as Vi and in a

surface active liquid metal medium at the same stress ac vy,
we can use relationships (211) and (212) to find jz/vatl,

tret is in this case the liquid metal will not influence the stable
creep rate,

In the second case, we assume that the surface barriers are
4 more serious obstacle for dislocations than the internal
varriers, from which it follows that WE less than dd. This

variaat is apparently possible at relatively low temperature with
low applied stresses, One favorable condition for the apvearance
of this variant is low transverse size of the specimen, Using
relationships (211) and (212) and assuming that the proporticnality
factor is (212) for v, and v, is identical, we produce®

ey, ~¥g g) \
e AT, (213)
Ve

Thus, in the second case the liquid metal can perform its
adsorption effect, It follows from equation (213) that with
identical applied stress and identical temperature, the rate of
creep in the liquid me’al is higher than in the inert medium
(‘/T > Vg ¢ eccording to the condition), Equation (213) also

shows that the influence of the liquic retal on the creer rate of
the solid metal should decresse with increasing temperature,

This relationship of rates of stable creep in liquid metal
and in an inert medium was observed in experiments with copper,
the results of which are rresented in Chanter IlI, Apoarently
in this case the value of the surface energy barrier is comparable
to the value of the internal barriers,

L
.e note that an equation similar to (213) wos produced earlier

by V, I. Likhtman on the besis of the concention of crecp as a
proceas of viscous flow,
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On the basis of formula (213), we produce the following
approximate relationship:
Lk Q—Q;
Ve~ Vrd®m ek (214)

where Qé and Qf Y, are the activation energies for stable creep

in an inert medium and in liquid metal respectively. Comparing
(214) and (202), we find

Q—0Qr s o (215)
QT QT. A

Consequently, in the second variant the change of creep
activation energy under the influence of surface active liquid
metal is approximately half azs great as the change of rupture
activation energy,

This result follows from the fact that two atoms move into
new positions as the crack length is increased by one interatomic
distance, while when the dislocation reaches the surface of the
crystal, only one atom moves into a new position, In other words,
this result is caused by the formation of a new surface unit of
area 2a° upon the rupture of one atomic bond in the crack and a
surface unit of area a2 upon the rupture of one atomic bond,
accompanied by appearance of a dislocation on the surface, This
relationship thus demonstrates that the influence of the adsorption
active medium on the process of rupture is greater than its
influence on the process of deformation, The quantities
characterizing the process of rupture of the metal should undergo
greater change due to the adsorntion influence of the medium in
the quantities characterizing tre process of deformationm,

Let us use the experimental data on the temperature
dependence on the creep rate of copper presented in Chapter II],
Section 2, The experiments showed that the act%vation energy of
stable creep of copper with a strers of U4kg/mm“ in an inert
medium is Gp = 42,5 kcal/r.atom, while in liquid bismuth

o= 34.5 kcal/g.atom, Using the value 3, = 38,6 kcal/g.atom
and the value @ 0= 23,4 kcal/g.atom presented earlier, we find
[ -
~ [ ] ) - : -
(3 - “T.,B)/(QT - g ) = 1,9. Thus, fulfillment of relation
ship (215), as well as the data presented above, indicates that
the experiments with cooper revresent the second variant.

Another result follows from formula (213), which is correct
for the second variant., Apparently, the increase in the stable
creep rate under the influence of the liquid metal cccurs in the
following inequality is observed:
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This inequelity can be looked uvon as the energy'condition
for the adsorption influence of the medium on the stable creep
rate of the metal,

For the case of tests of copver for creep in liguid bismuth
at temveratures of 300-400° C on the basis of equation (216), we
find that AY 80-100 erg/cm?, Consequently, the increase in
. the creep rate of copper in liguid bismuth may occur if the decrease
in free surface energy of copper in the ligquid metal is about

100 erg/cma. Comparing this quantity with the values of AY,
presented above, which were produced exverimentslly and by
calculation using the results of creep tests, we find that they
are in gcod agreement,

It was assumed earlier that the liquid metal influences the
processes of deformation and rupture of the solid metal because it
causes a decrease in free surface energy of solid metal, Iliowever,
the fulfillment of this condition ic necessary but insufficient
for the observation of adsorption effects, Cases are possible
when the liquid metal causes a strong decrease in surface energy
but still the changes in strength and plasticity characteristics
do not occur., These cases can be explained by conuidering the
kinetic factor /3547,

If the rate c' propagation of a crack under the influence of
an applied strerc is igher than the rate of penetration of the
liquid metel into the end portion of the crack, the influence of
the medium on the strength and plasticity of the deformed metal
will not be observed. A.chough in this case the interface energy
of the newly formed suriace is less than in the case of rupture in
an inert medium, this decrease occurs after its formation,

Cbviously, with sufficiently high rate of appearance of
dislocations on the surface, the atoms of the liquid metal
located at the point of appearance will be '"repelled" in the
direction of movement of the dislocation as a result of inter~
action with the atoms of the solid metal located in the slipping
plane, which makes up the surface of the step. As a result, the
next atom (looking at a one-dimensional model) must overcome the
surface barrier of the same magnitude as in an inert mediurm.
Thus, an increase in the rate of deformation should lead to
. disanpearance of adsorption effects., This influence of deformation
rates on strength and plasticity of a material in such a2 medium
has been observed experimentally, for example during dynamic
bending of steel discs covered with solder (see Chapter I, Section

3).
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Ar. avroxinate exnression of the kinetic condition of
adsorntion redvction in strenrth can be produced for the case of
deforratior of the metsl with constant rate /384/, We represent
by § the rela“ive elonration of a specimen at the moment ot
rupture wren tested at constant extension rate at ¢ = d&/dt
in an inert medium, The time to ruwture of such a specimen is
to = §/ & . ‘e rewresent further by vy the mean rate of
penetration of lioguid metal atoms into the end portion of a crack,
assuning that the diometer of the specimen is L, we find that the
time reguired for extension of the liquid metal through the entire
cross section is tl t:L/vl. Since the rate of movenent of the

licuid metal must be higher then the rate of propagation of a
crack, the kinetic condition for the adsorption effect is written

in tre form t1<-to

4
or €<-Ui~- (217)

Thus, the rate of deformation of a specimen should not
exceed v, §/L if the adsorption decrease in strength is to occur”,

However, ccndition (217) is quite approximate. 'he deformation of
metal and develovmert of cracks in it occur unevenly both in time
and in space, Irequently, several cracks are formed in a metal
each of which develops at a different rate at the same time,
During the course of deformation to rupture of a specimen , each
rracl: develops unevenly - its rate of propagation increases, then
decreases, uJislocations move to various portions of the surface
at different rates during deformation of metal as well, Their
nmean rate of movement, and consejuently, the mean rate of aprear~
ance on the surface change with time as the stress state and
structure >f the metal change, Therefore, a surface active medium
will fail to influence the development of certain groups of cracks
and will fail to facilitate the apvearance of certain dislocations
on the surface in the various time intervale, During the same
time interval, however, arother group of cracks and dislocations
mirht experience the full influence of the ligquid metal, Finslly,
vet a third croup may experience a vartial ‘nfluence, The effects
of the liguid metal, evaluated according to the loss of strength,
vlasticity or decrease in time to runture of the specimen, is an
inteprzl effect in relation to the elementary events of inter-
action of atoms of 2 solid ond liouid metels, Nonfulfillment of
the kinetic condition of the adsorvtion influence of the medium on
the microscovic scale should lead to z decrease in the macroscopic
effect relative to» ite maximal possible value, Consecuently, the
value of free surface energy in enuations describing the rupture

3
‘he nore couplex case when tr= guantity of liouid metal is

limited and the liquid metal is dissolved in the metal of the
svecimen is analyzed in reterence /5%4-387/,
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and the deformation of a s0lid metal in a liquid metal is an
effective quantity, not a true (equilibrium) value,

I. describing the rupture of polycrystalline metals in o
liquid metal medium (see Chapter I-IV) it was noted that cracks
develop preferentially along grain boundaries. Although the
particular role of grain boundaries may be related to inter-
crystalline corrosion and boundary diffusiou of liquid metal atoms,
the intercrystallite rupture under stress mwzy also result from the
adsorption influence of the medium methods /107, 215, 58§7.

As before, we will represent the free surface energy of
the solid metal in an inert medium as ¥ ., and in the liquid as
YT 2 3 we will further supvose that the free energy of

the grain boundaries of the solid metal is Vv, ... <{hen we
produce the value of 2 YT for the work *® expended in the

formation of a rupture surface of unit area 'n an inert medium if
the crack is a transerystallite type, or 27, - YT n if the

crack is an intercrystallite type. The work expended in the
formation of the same surface in case of rupture inr a surface
active liquid metal will be 2 ¥, , and 27, - ))T o Tespectively,

. 1y
Klthough (2 iT - YT.T) less than 2 YT since usually YT.T ~3 Yo

[367, 3822 still at low temperatures the inc¢reased grain boundary
energy in comparison to the grain volume is not as geat as the
higher strength, That is, the decisive factor is not their non-
equilibrium state in the thermodynamic sense, but rather their
ability to withstand a higher load, The analogy with a work-
hardened metal, the free energy of which is higlier than annealed
rmetal, although the strength of the former is greater than that of
the latter, is applicable, In connection with this at low temver-
ature in an inert medium, a volycrystalline metal ruvtures through
the bedy of a grain,

When the same metal is acted uvon br a liguid metal,
(2 YT.I' 'YT.T.)“ ZYT. 4 since YT.,("L pe In this case, the

nonequilibrium state of the rrain boundaries is decisive, so

that a crack develops between crystallites, .Incidentally, it

can be shown that the second inequality is more stronrly expressed
than the first, if the first is divided by 2'¥T, the second by

2%q g+ Then, assuming that the left portion of the first in-

equality is greater than the left vortion of the second, we find
l/’a'T i > l/q’T, which is true according to the condition,)
[ ]
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At high temperature, polycrystalline metals rupture between
crystallites in the inert medium as well /146, 268, 390/; a liquid
metal medium therefore causes no change in the nature of rupture of
the metal, nearly facilitating more rapid development of inter=
crystallite cracks.

let us now present the results of certain experimental
investigations revealing the various specifics of the mechanism of
the adsorption influence of liquid metals on solid metals during
the process of deformation,

2. Regularities of Change in Characteristics of
Long Term Strength and Creep of Metals Under=-
neath the Influence of Adsoyption

The regularities of the influence of adsorption-active liquid
metal on so0lid metal during the process of creep can be analyzed
on the basis of experimental data for IE437B nickel alloy, This
alloy has been tested for creep to rupture, that is the test were
tests for long term strength as well. The influence of liquid
sodium on the alloy was investigated [39;7: The tests were per-
formed using turned tubular specimens with external diameter
11 mm and wall thickness 0,5 mm,

The specimens were filled with liguid sodium filtered at
120-120° C, vroviding for an oxygen content of about C,01 wt. %,
After the specimens were filled, plugs made of the same material,
as the specimen were welded on in order to ceal the volume contain-
ing the liguid sodium during the tests. Thus, in contrast to the
more commonly used evperimental methods involving specimens with
surface coatings or tests in open liquid metal baths, in this case
the vhysical and chemical properties of the liquid metal could not
change 2s a result of interactions with components in the air, 1In
addition to the specimens filled with sodium, control specimens
filled with argon were also tested, (Subsequently, we will
arbitrarily refer to these srecimens at this being tested in air,
and will refer to the specimens containing sodium as having
been tested in sodium,)

Long term strength tests of alloy EI437B in liquid sodium
and in air were performed with monoaxial extension using the
ordinary methoé. The deformation of svecimens in the vrocess of
creer wa: recorded using circular dial type indicators. All tests
were perrormed at 800° C,
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Figure 129 shows the devendence of time to rupture of
specimens in air and in liquid sodium on applied stress, It
follows from the graph that the liquid metal medium causes a
significant decrease in long term strength of the allow, the effect
of its influence increasing with decreasing stress, Since the
exponential devendence between time to rupture and stress is
observed in both cases, the effect of the adsorption influence of
the liquid metal can be characterized by the equation
Kyy = A,‘tl/n-l/nf where K . is the coefficient of the influence
of the liquid metal on the long term strength of the solid metal
(see Chapter II, section 1),
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Figure 129. Time to rupture as a function of
avplied stress for alloy ZI437B at 300°C
in air (1) and in the licuid sodium (2),

The creer characteristics were also sifnificantly changed
wvhen the alloy was tested in liquid metal, These changes cen be
clearly seen, for example, from thae gravhs of the dependence of
duration of the first creep veriod Tqs the second creep period

Ta and the third creep period ‘t3, as well as relative elongation
during each period § 10 52, and 4 5 resulting from the stress

(Figure 130), ‘e can see from the figure that the duration of all
periods of creep is decreased ir the liguid sodium medium; the
relative elonmation accumulated by a specimen during the first and
second periods was found to be identical in sodium and in air;
rhowever, durirg the third veriod the relative elongaticn in the
ligquid metal decreased sharyly., All of these change increase with
decreasing stress, The dependence shown on Figure 130 represent
the schematic curves of so0lid metal creev in an inert medium and in
a surface active liguid metal with identical stress, as shown on
Mgure 131,
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Figure 130, Duration of individual creev periods
and relative elongation as functions of
stress for EIL375 alloy at 800° C in air
(1) and in sodium (2).

The 1iquid sodium caused an essential increase in the creep
rate of EI437B alloy, Fisure 132 shows the devendence of the
stable creep rate on stress in liquid metal and in air, We can
see from the granh that the adsorvntion effect of the medium on the
creep vrocess increases with decreasing stress. The devendences of
the mean velocities on stress for the first (vl = ‘51/ Zl) and

third (v3 = 53/'t3) creep periods were constructed, It was found

that the liquid metal causes an increase in the creep rate both at
the beginning and at the end of the process., iurthermore, it was
established that an exvonential devendence is observed between the
riean creep rate in the first period and the stress, just as in the
second period (at least within the rate intervals studied),

In correspondence with the avove the adsorttion influence of

liquid metal is characterized by the following e;prggsion for the
coefficient of increased creep rate: Kv =C, g "t 7, where
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o is the stress; C,, m and m, are constants (see Chapter
III, Section 1),

Figure 431, Diagram of change
in creep curve of metal
caused by adsorption
influence of liquid metal
medium: 1, in air; 2,
in liquid metal,
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There is interest in a comparison of the values of the
coefficients of increased creep rate in liquid metal in the first,
second and third periods on one graph. This comparison (Figure
133) shows that the liquid metal medium has the least influence on
the stable creep rate, and influences the creep rate in the first
and third periods much more sharply,

2
O;kg/ m'- /55’
? T
elw L L4
£ -
4
ws w* b yahr

Figure 132, Rate of stable creep as a function
of stress for EI437B alloy at a 800° C in
air (1) and in sodium (2),
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\\\\\\\\\ 3 Firure 133, Coefficient of
" X4 NN increased creep rate
\\\ N as a function of stress
! < for LI437B alloy in
o - AN liquid sodium at 800~ C:
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The effects which we hove described in the influence of
liguid sodium on long term strength and creev of EI437B alloy
result from adsorption. In order to test for corrosion damage of
the specimens, microsections were rrepared after rupture, Hicro~
structural analysis showed no traces of corrosion effects of the
liquid metal, Spectral analysis confirmed the absence of
diffusion of sodium into the alloy, Thus, the influence of the
liquid metal in this case results completely from its ability to
decrease tine surface interface energy at the boundary between the
solid and the liquid metals, This would be expected, for example,
on the basis of data on '"wetability" reference Zi5§7. It should
also be emphosized that the conditions of performance of the
exveriments (grain size of material - 2-3 grains in cross section
of specimen) facilitated avvearance of the adsorption effect of the
medium 13927-

The effects of the adsorption influence of the liquid metal
correspond to the existing dislocation concept concerning the
processes of creep and rupture of nmetals 1381-383, 393, 5957. let
us attempt first of all to exvlain why the adsorrption-active medium
causes an increase in the creep rate which is much sharper in the
first period than in the second period. At first, immediately’
after loading of the specimen, a large number of dislocations begin
to move, The rate of plastic deformation in this case is deter-
mined by the rate of movement of the dislocations arnd the influence
of applied stress, 4As time passes, the number of moving dis-
locations decreases, since some of them are held up by the various
obstacles, Certain obstacles were already present in the structure
of the metal before the beginning of deformation, while others
arose as a result of deformation (for example, dispersive separa-
tion of the second phase, packing defects, interstitial atons,
steps at dislocations, stress fields of other dislccations, etc).
As a result of this, the creep rate drops rradually and, finally
reaches its eguilibrium value, characteristic for the second
creep period, During this period, if creep occurs at high temypera-
ture, further disvlacement of dislocationc is possible only after
creeping over into a neighboring slipving nlane, vhere obstacles
on the creeping path (or a portion of the path) are absent, The
nrocess of creep over is a diffusion process, and its activation
energy is equal to the activation energy of self diffusion, If
the creep occurs at lew temvrerature, the activation energy of the
creep is less than the activation enerry of self-diffusion and
depends on the value of stress aorlied (decreases with increasing
stressi.

Thus, with both high and low temverature creen che difference
beiween the vsiues of the enerpgy barriers which the dislocations
overcome as thev move within the metal and come to the free
surface are greater for the second creep veriod than for the
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first period, This means, according to the preceding section,
that the degree of the influence of the surface active liquid

metal on the first period should be greater than on the second
period,

Coviously, the increase in the adsorption influence of the
medium at the beginning of creep also results from the greater
activity of suriace sources of dislocaticus., Frank-Reed sources
with one point of attachment can play an essential role in this
process, 3ince they besin to act at stresses half as great as the
activation stress for sources with two points of attachment,
Zxperimental proof has been presented to indicate that plastic
deformation begins in the surface layer of a crystal; for example,
this has been shown by the well known experiments of Suzuki [Sb
and of Chalmers and Davis 139§7. The influencs of the state of
the surface on plastic deformation, including ite initial stage,
has been confirmed by rany_exveriments with svecimens covered with
films of solid metals /397/.

The weakening of the adsorption influence of the liquid metal
on a solid metal upon transition from the first stage of creep to
the second stage is also confirmed by the results cf relaxation
tests ¢~ steel in liquid sodium /398/. It is then established
that in this case the iafluence of liqu.d metal on the process of
relaxation of stresses decreases with passing time, If we consider
that relaxation is creep with decreasing stress, it should be
expected that the physical processes forming the two phenomenon
would be identical. 1h+ decrease of stress in relaxation tests
can lead to an increase in activetion energy of displacement of
dislocations in comparison with its value during creep tests under
stress maintained equal to the initial stress upon relaxation,

(The followinc dependence of activation energy on stress Ty is

considered correct: Q = Qo -~ Ab Ty where b is the Jurger vector;

A is the ares of the surface covered by the dislocation,)
Therefore, the time cependence of the adsorytion effect in tests
with relaxation should be expressed even mnre sharply than in
tests with creep,

Figure 133 shows that the adsorvtion effecei of sodium on
the alloy is reinforced once more in tne third creep period. This
peculiarity of the influence of the liquid metal can be undar.-.ood
if we consider that in addition to the deforxation processes,
cracks develop under creep conditions, Ae time passes, both the
number of cracks and their lenzth ircrease, Furthermore, the
rate of growth of cracks increases /399-4027. It is also
characteristic that oll of these :hanges are varticularly sharply
expressed durinz the third creen period, ITherefore, the rein-
forcerent ¢f the adsorvtion effect can he caused by the following
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factor: Zfirst of all, by an increase in the number and length of
cracks, leading to an increase in the effective stress and

causing an increase in the number of active dislocations; secondly,
by the fact that the surface active metal facilitates acceleration
of the development of the cracks themselves, which is reflected in
the total value of relative elongation (an important part of the
relative elongation of the specimen during the third period is a
result of increasing velocity /401/). The specific nature of the
third creep veriod related to the intensive development of cracks
is also reflected in the fact that the vlasticity during the

third neriod in liquid metal i3 less than air, wheress during the
first and second pveriods the plasticity is identical in the two
media,

The effect of the increased adsorvtion influence of the
licuid metal with decreased stress described above is apparently
rclated to the decreased rate of movement of dislocations in this
case, The dependence of the mean rate of movement of boundary
dislocations v on apnlied stress Ty in reference [Fb}? can be
revresented in the form

o=, (218)

where v
C

ecual to the speed of sound in the metal; 3 is a constant,

is the maximum nossible rate of movement of dislocat.ons

Formula (218) allows us to calculate the mean re*e of
dislocations with constant stress. Xowever in various sectors of
the crystal individual dislocations move at different speeds, as
a result of the influence of local stresses, which may be either
hirher or lower than the applied stress, <“herefore, and in
consideration of the factore outlined in the vreceding sectionm,
one groury of dislocations with mean velocity vy will not

experience the influence of the liquid metal as it arrives at the
surface; the mean velocity of dislocations of another grouv were
increased to the maximum under the influence of the medium (from

v2 Le 2,1) and, finally, the mean velocity of dislocations of

the third group will increase but to a lower degree than the
velocity of the second sroup (from the v to v“Z) Uobviously

in connection with (218), the folloving 1neaua ities will be
fulfilled: ;l > 53 > 52 and vl> v-z>' v 26 if we represent

the dislocation densitv as n, its partial values corresponding to
each group of dislocations Nys 1, and Nyy and the Burger vector

as b, the creep rate in an inert medium is expressed by é =

= bl;l;l + n2;2 + n353;7, while the creep rate in the liquid
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metal £ = oZ;ivl + 0¥ A n3v54_7 Since the 72!2> v,
and V,Z > v3, we “roduCe %Z > é

as the anvlied stress is changed, the values of the
differences (VZ,J - v ) and (vﬁl - VBS will change, as will the

number of dlslocations in each group. Increasing the stress first
leads to a decrease in the values of Ny then to conmrlete

disarvearance of the sccond grouv of dislocotions and, finally,
at a certain critical stress value, the adsorption effect of the
medium avppears no longer,

7. Adsorntion Lffect w.th Jeformation by
Compressive Lcad

In works on the investigation of the influence of a liquid
metal medium on a solid metal in the stressed state it is cenerally
emphasized that this influence apmears in the presence of tensile
stresses, Ior examnle, tests with short term bending have demonstira-
ted that the strencrth ond nlasticity of solid metals do not chanre
if the liquid metal is avplir~i to the compressed cide of the
specimen (see Chapter I, Section 1), lHowever, on the basis of the
concevots concernines the wechanlsﬂ of the influence of an adsorvtion
active liquid metal medium on the vrocess of cdeformation of a
solid metal which we have vresented, we would expeci the mediun
to have an influence durines compression as well, Natr:ally, if the
adsorotion effect is mlated to facilitation of movement of dis-
locations to the surface of the svecimen as & result of decreased
resurface energy of the steps formed, it should be observed during
compressive stress as well,

In order to check this assumption, the influence of liquid
metal on the process of creep during monoaxial compression was
studied /BO4/, The combination of solid copper (type h-1l) and
liquid bismuth was selected for the exveriments, since the vresence
of adsorption effects in this system is teyond doubt, iAs we
know, in liquid bismuth a significant reduction of the free
surface energy of solid cooper occurs [§1;7, and a decrease in
plosticity of copper in contact with this liquid metal has been
observed repeatedly ég. ko

Tests were performed witn tubular cylindrical specimens*
with a wall thickness of 0,5 mm and an interna: dianmeter of 10 mm,

<
Specimens tested after anneaiing for twe hours at 600° C in a
vacuun (about 10~ mm ig),
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‘he liquid metal was contained inside the specimen; the working
volume was sealed by welding on caps. The specimens viere tested
for creep using type UIM«5 machines, Loading of the specimens
with a compressive lsad was achieved using a reverser, Identical
specime.s were also used to perform tensile tests for comparison
with results of the compressive creep tests, All creep tests were
performed at 350° C, The stresses used in the tensile tests were
lower than in the compressive tests since when high tensile loads
were apprlied the specimens in contact with the liquid bismuth

vwere ruptured at the moment of application of the load,
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Figure 134, Curves of ereen of copver at 350 C
in liquid bismuth (O) and air ( @ ):
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Figure 134 ghows creep curves in air and in liquid bismuth
for compressive and tensile stresses, ‘ie can see from the graphs
that the creep of covver in liquid bismuth occurs more rapidly
than in air, both in extension and in compression, ' One common
feature of the influence of the liquid metal medium in both cases
is the fact that as stress decreares, relative influence of the
medium increases, <he difference lies in the absolute values of
deformation, in the relative strength of the influence of the
medium and in the fact that during extension in liquid bismuth,
even in extremely low stresses, creep goes over into the third
veriod and the specimen is ruptured,

Figure 135 shows the devendence of the rate of stable creep
on stress, hese dependences indicate that quring compression
and extension the dependence between these quantities is logrith-
mic and that this is true fo:* tests in air and in the liguid metal
medium, The degree of influence of the liguid metal medium is
different in exteasion and in compression: ip extension, the
liquid bismuth .causes a consideribly greater increase in creep
rate than in compression (with identical stress values), It is
also characteristic that the difference in creep rates in air znd
in liquid metal is greater, the lower the applied stress (Table 51).
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Figure 135, &Stable creeg as a function of stress
C in air (1) and in
liquid bismuth (2): a - compression; b -

for copper at 250

extension,

Thus, a surface active liquid metal influencing the process
of deformation in extension also influences the process of
deformation in compression, The nature of the influence is
identical in both cases, but the degree of influence is higher in
extension, The greater increase in creep rate in the liquid metal
in extension than in compression is explained apparently by the
fact that during extension rupture cracks are formed and developed,
while during compression the deforriation vrocess occurs without
formation of cracks (at least in the material tested for the values
of deformation covered by the experiments)., Consequently, in
conpression the liguid metal has an influence only on the vrocess
of deformation, while in extension it also influences the vrocess

of rupture and the process of crack development,

Table 51

kesults of Creep Tests of Tyve
M-l copver at 350° C in Liguid
Bismuth and in Air

Type of Test Stress, k;;/mm2 Ratio of Creep Rates
in Bismuth and in Air

Compression -4 1.

-3 1.4

-2 3.8

Extension + 1.8 18,2

+ 1,5 26,0

+ 1,0 30,0
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4, Aadsorption Ef-ects as Functiors of Free
znergy of Solidebiguid lketal Boundary

The adsorption nature of the influence of liquid metal on
s50lid metal is particularly clearly seen when the change in free
energy of the solid-liguid metal boundary is established by
direct experiments, Figure 136 shows the dependence of the energy
of the solid copper=liguid meta% pi = Pb allecy boundary on the
composition of the alloy at 350" C [&/, The graph shows a
continuous decrease in surface energy with changing alloy composi-
tion: from 390 erg/cm® for a boundary with pure lead to 280 erg/cm?
with pure bismuth, The decrease in surface erergy is particularly
sharply noted in the lead concentration interval from 80 to 40,

viork [57 presents the results of tests of copper for short
term rupture in the Bi - Fb melts. It was found that the change
in the tensile strength and relative elongation depended
strictly on the change in surface energy cs the composition of the
liquid metal was changed, proving the adsorption origin of the
effects observed, This conclusion would be even more convincing
and general if a similar regularity were produced with another
type of test, Therefore, covper was tested for creev and lon
term strength in Bi - Fb alloys of varying compositions ZFOQ?.

herg/cm
790
; °/
370
/' Figure 136, Free interphase
Js0 energy of boundary of
copper with Bi - b
it » alloys at 350° C,
8
290 a
o]

b2)
0 20 40 60 Wi%

The tests were verformed with monoaxial extension of ‘tubular
turned svecimens with wall thickness 0,5 mm using the methodolopy
described above6 The specimens were prepared of k-l copp&r,
annealed at 500~ C for two hours in a vacuum of about 107" mm Hg,

All tests for_long term strength and creep were performed at
stresses of 5 kg/mm® and 350° C. The time to runture of the
copper as a function of liquid metal comvosition was represented
on the graph of Figure 137 a, We can see that the lifetime of a
specimen under constant load decreases regularly with an increase
in the content of bismuth in the melt. Ti'e amount of this
increase is significant; for example, whereas the time to rupture
in lead is 540 hours, in liquid bismuth a specimen is ruptured
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after 17 hours. It is characteristic that the form of a long term
strength curve on Figure 137 a is similar to the curve of inter-
phase energy shown on Figure 136, The sharp change in time to
rupture curves as the content of lead in the alloy is varied
between 40 and 80/, that is in the same interval where the inter-
phase energy charnges sharply.

Figure 137, b shows the relative elongation of specimens up
to the moment of rupture as a function of liquid metal medium
composition, We can see from the graph that as the content of
bismuth in the zlloy increases, that is as the surface interphase
energy decreases, the plasticity of the copper decreases continual-
ly. The relative elongation of the specimen tested in lead is
14,95%, in bismuth - 2,69% . In this case as well, the curse of
Figure 137, b is similar to the curve of Figure 13€,
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Figure 137, Time to rupture (a) and relative
elongatiom (b) of copper pecimens tested
for long term strength at 5 kg/'mm2 stress
and 350" C in Bi - Pb alloys.

The influence of the composition of the 1%;:id metal medium
and consequently of the interphase energy un the creep rate of
copper is shown on Figure 138, A decrease in interphase energy
causes an increase in the creep rate of the copper. The influence
of the medium is reflected both on the stable creep rate (Figure
138 a), and on the mean creep rate during the first period
(Figure 138, b). 1In order to establish whether the influence of
the liquid metal is greater at the beginning of the creep process
or during the stable stage, the dependence of the ratio of creep
rates of copver in Bi - Fb alloys with a corresponding creep rates
in pure lead was constructed (Figure 139). It follows from this
dependence that the surface of active liquid metal causes a
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greater increase in creep rate at the beginning of the process,
that is in its first period, and in the second veriod, Further-
more, Figure 132 shows that the degree of the influence on creep,
as well as the difference in the degree of the influence in the
first and second veriods increase with increasing surface activity
of the liquid metal medium,
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Figure 138, Rate of stable creep (a) and mean
creep rate in the first period,(b)
of copper specimens at 5 kg/mm” stress
and 350° C in Bi - Pb alloys

Thus, the experimental data presented above show clearly
that a decrease in interphase energy at the solid metaleliquid
metal boundary causes a regular decrease in long term strength
and plasticity and an increase in the solid metal creep rate,
Consequently, they indicate reliably an adsorption influence of
the liquid metal on the processes of deformation and rupture under
the conditions of testing of the material for creep and long ternm
strength,

Yeind N

te/%nm ,kﬁh Figure 139, Ratio of creep
< rate of copper specimens

. ‘”‘4:<<\A/}Th in the first and second

T TR periods in Bi - Pb
‘ \\ ] alloys to creep rate in
; 1T\ pure lead,
T W W W0 G
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We indicated earlier that the liquid metal medium causes the
number and length of cracks formed in the structure of the metal
deformed to increase, and cauzes a change in the nature of a
rupture -~ a transition from intracrystallite to intercrystallite
rupture, It seemed of interest to determine whether finer changes
in the structure occurred under the influence nf the adsorption
active liquid metal, These changes siould be expected due to the
intensification of the process of plastic deformation, particularly
in the surface layer of the metal,

The influence of organic surface active media, manifested as
a decrease ir. the thickness of slipping units and an increase in
their number /3/, as well as an increase in dislocation density
/%077, has been experimentally established. In order to determine
the influence of liguid metal, X-ray structural studies of the
surface layer of copver specimens were performed after long term
strength tests in 31 - Pb alloys*, FPlates 3 mm wide and 12 mm
long (the long side corresponding to the generatrics of the gauge
portion of the specimen) were cut from the specimens for which the
results of mechanical tests are vresented in Figures 137-129, In
order to remove traces of the low-melting metal from the surface of
the plates, they were etched in 10% agueous HHOB. Irradiation

(Cu_ ) of the specimens was perfurmed using a URS-50I apparatus,
buring irradiation, the specimen was rotated at 2 rpm., The X-ray
reflections from the (3il) plane were recorded, and the changes in
the intensity of the corresponding line were used to determine

II1 order distortions in the structure of the metal, The
reflections from plane (311) of an annealed covoper pecimen were
used as a standard,

In order to differentiate the influence of the liquid metal
on the intensity of the (311) line from the influence of the
plastic deformation occurring in the specimen in an inert medium
using the same load as in the experiments, this line was recorded
for the external and internal surfaces of the copper plate,

llew results of measurement of the intensity of line (311)
are presented on Figure 140, We can see from this f{igure that
the intensity of Z-ray interference from the same plane changes
differently depending on the composition of the medium for the
external (air side) and internal (liquid bismuth side) surfaces.
The change in intensity of the first case obviously indicates the
influence of the duration of test time on IIIl order distortions,
Comparison of Figure 140 a and 137 a indicates that these
distortions increase as the loading time of the specimen increases.

i-ray tests performed by G, U, Pigrova.
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The decrease in the intensity of Xeray interference from the
internal surface of the specimens tested in alloys with high
bismuth content indicates the increased distortion of the

structure in volumes on the order of the dimensions of a unit

cell under the influence of the surface active liquid metal., These
distortions are on the order of the crystalline lattice constant

of the specimen, The coincidence of the right parts of the two
lines of Figure 140 a indicates the identical influence (or

absence of all influence) of the air medium and alloys with high
lead content and pure lead, ‘

Jn
o Figure 140, a - Ratio of
a9 intensity of (311) line
Al for external (1) and
4 internal (2) surfaces of
ot copper specimens tested
! for long term strength in
2k Bi-Fb alloys to intensity H
of same line for annealed
Tt : copver; b - Ratio of
%%g_ 5 intensities of (311) line
st for internal surfaces of
o7t specimen to intensity of
48 e the same line for external
g 2 40 17} 80 L‘,,.Z surface.

In connection with the fact that the intensity of X-ray
interference from the external surface c¢an be looked upon as a
standard for determination of the adsorption effect of the liguid
metal, this influence can be judged by the ratio of intensities

of the lines for the internal surface 1311 ( £ 1) and external
surface 1311 (T) (see Figure 140 b),

Compering Figure 140 b with Figures 137-139, we conclude
that the adsorption effect of the liguid metal leads to the
formation of III order distortions in the metal structure tested

| for creep.

5. The Reason for Differences in the liature
of the Adsorption Influerce of Liquid
Metals and Organic iaterials

The most important difference in the adsorption effects of

organic and liquid metal media on the deformable metals lies in
the absence of brittle rupture of metals in orgaric media, since
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this form of rupture is a characteristic feature of melted metals,
This difference was first noted by Ye, U, Shchukin and ¢, A, Rebin-
der /3447, They indicate that the differing nature of the influence
of surface active organic and liquid metal media is related to

the essentially greater decrease in free surface energy of the
solid metal in liquid metal media, Thus, whereas in liquid metals
the decrease %n surface energy may amount to some hundredths of
ergs per 1 cm“, in organic media it amounts to but some dozens of
ergs., In certain cases, the increase in the adsorpticn effect of
liquid metals is related to rapid penetration of the adsorption
active atoms to the surfaces of internal micro cavities by two
dimensional migration along defects in crystalline structure /3447,
It was noted at the same time that the plasticizing effect of
organic adsorption active media is based on their surface inter-
action with the specimen, which leads to a decrease in the
votentisl barrier preventing movement of dislocations the surface
of the crystal, and the formation of a new surface; it was
considered that the plasticizing effect of liquid metal media
cannot be explained in the same way /3447,

The experimental material which has been accumulated at the
present time allows us to stuate an additional consideration
concerning the reasons for the differing manifestations of
adsorption effects ¢f liquid metal and organic media,

First of all, we should note the fact that the results of
tests of materials for long term strength and creep in surface
active liquid metal media presented above (Chapter V, Section 2-4)
indicates simultaneous occurrence of effects of facilitation of
plastic deformation (increased creep rate), embrittlement
(decrease in total relative elongation at rupture) and decreased
strength (long term strengih), These results were produced in
experiments with polycrystalline metals, but the results would
apparently be the same for monocrystals if the specimens in
experiments on creep (see Chapter III, Section 1) were subjected
to testing to rupture,

Furthermore, if we look at the results of tests in extension
at constant velocity, we can conclude that the changes in the
stress-strain diagrams in organic /3/ and liquid metal (see
Chapter I, Section 1) media in comparison to the diagrams in an
inactive medium are similar: in both cases the yield point,
hardening factor and strength are decreased. The differences
only that the relative elongation of the metal is greater in
tests with an organic surface active agent than in teats with an
inert medium, while it is less in tests with liquid metal
surfactant,
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These facts indicate that liquid metals accelerate the pro-
cess of rupture to a greater extent than do organic surfactants,
The large molecules of the organic materials cannot penetrate into
the submicrofissures or to the ernds of micro~-and macrofissures.
The small dimensions of cracks, as was indicated earlier in /47,
represent a steric obstacle, The atoms of 1liquid metals, on the
other hand, can penetrate into the smallest defects in the
structure of the solid metal, Therefore, the process of rupture
in a liquid metal medium occurs incomparably more intensively than
in an organic surface active agent,

The acceleration of the process of deformation in both media
occurs as a result of interaction of etoms of the solid and liquid
metals at the points where dislocations reach the surface or as a
regsult of the corresponding decrease in surface energy of the step
formed at this point., The intensity of the influence of the medium
in this case is apparently independent of the dimensions of the
molecules and atoms, and is determined orly by their mobility and
the degree of the decrease in surface energy.

Thus, the practically identical effect of surface active
organic and liquid metal sgents on the process of deformation
results in an ldentical manifestation - facilitation of the
process of deformation (decrease in yleld point and hardening
factor in extension at constant rate and incrcase in creep rate
under constant load). Consequently, the effect of facilitation of
deformation is a universal effect, characteristic for various
surface active agents,

The difference in organic media from liquid metal media is
the greater acceleration of the process of rupture in liquid metal
thar in the organic media, This differcnce is manifested as a
significant decrease in plasticity in the liquii metal in compari-
son to the inactive media, The effect of embrittlement also
arpears in extension with constant rate and under conditions of
long term strength testing. In organic medis the metal is deformed
to a considerably greater extent before rupture than in an inactive
medium,

Consequently, the diifering influence of organic and liquid
metal surface active agents on the proceas of rupture and their
identical influence on the process of deformation means that
rupture of a metal in an orgesnic medium occurs later and at higher
plasticity, while in a liquid metal medium it occurs earlier and
with lower plasticity than in an inactive medium,
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Be Corrosion Influence

1, Nechanism of Corrosion Influence of Liquid
Metal on Solid Metal in The Process of
Rupture

The corrcsion inflnence of liquid metals on solid metals in
the stressed state depends on the same corrosion processes which
are observed when metals are tested in the unstressed state. That
is, in this case as well, simple dissolution, thermal and iso-
thermal mass transfer, intercrystalline corrosivn and other
processes are possible (see Part I), However, the manifestations
of these processes in metal under stress have certain specific
features,

The rupture of metal as a result of the simultaneous effects
of stress and a corrosion active medium is not a result of the
decrease in cross section of the specimen (part) bearing the load
and the corresponding increase in effective stress alone., If
materials are placed in sequence according to characteristic
resistance to total corrosion (for example, according to the
inverse of corrosion rate), this series will not coincide with the
sequence in order of resistance to the effects of liquid metal on
the stressed solid metal (for exemple, the sequence in order of
increasing long term strength reduction factor). In narticular,
although certain materials undergo corrosion in liquid metal at
identical rates, this does not mean that the degree of redemption
of their strength under conditions of extension at constant rate
or long term strength testing or fatigue testing will also be
identical, For example, corrosion tests have shown /797 that the
rate of thermal mass transfer of nickelzbased alloys 21827, EIS€9
snd EI765 in liquid sodium at 750° C with a temperature drop of
350° C is identical, at 2,62 * 10-6 mm/hr, liowever, when these
materials were tested for long term streagth under analogous
conditions, it was found that they have varying abilities to
resist the corrosion effect of the liquid metal. (Control tests
of the alloys in sodium under static, isothermal conditions have
shown that the effect of the liquid metal in the presence of
t'ermal mass transfer is corrosive: under isothermal conditions,
ths change in long term strength in relation to its level in air
did not occur.) Teble 52 presents values of the reduction factor
for long term strength of these alloys in liquid sodium over 100
and 1000 hours, We can see from this table that the rpreatest
resistance is that of alloy £I765, the least being that of alloy
EIB69, and that the values of long term strength reduction factors
in 1000 hours indicate that the degree of influence of the liquid
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metal medium on the former is 12% less than on the latter, In the
100 hour test, alloy EI 765 showed no changes in the level of
long term strength in sodium at all, whereas the reduction of the
corresponding strength of EI 869 was 2675,

Some types of corrosion influence of liquid metals on solids
are more dangerous for stressed metal than others, The greatest
danger is not that of the total corrosion of the material, but
that of local and microlocal processes, Therefore, a material
subjected to intensive intercrystalline corrosion in liquid metal
in the unstressed state, for example, cannot withstand the effects
of stresses,

Table 52

Values of Long Term Strength Reduction

Factors of Alloys EI827, EI826 and

EI765 in Liquid Sodium under Thermal

i'ass Transfer Conditions. (Temperature
750°, brop 350° C),

Allo SpH 100,

ty lﬁy Medi\m* ké) f‘u Rt K"n 100 l‘:’g"‘\).o.?z K°D 1000

Bl g | Adr 95,5 0,74 14,0 0,68
Na 18.8 9.5

EIs27| Air 34,5 0,80 26,0 0,71’
Na 27,5 18,5

EI 5| Air 27,0 1,00 20,0 0,80
Na 27,0 16,0

The dangerous types of corrosion influence of liquid metal
also include selective corrosion, particularly if the easily
soluable component horophilic, The results produced for brass
(see Figure 104) indicate the influence of selective corrosion on
the resistance of alloys to the effects of a liquid metal medium
when tested for long term strength, Experiments have shown that
with increasing content of zinc in brass -- an element easily
dissolved in tin -~ the long term strength decreases sharply.

The conclusion of the essential influence of selective corrosion
on the strength of alloys in a liquid metal medium is confirmed

by the results of reference /408/, It is shown in this work that
the tensile strength in extension at constant rate of 70/30 braaaa
increases to 17.3 kg/mC in a medium of pure mercury to 23.6 kg/mm
in mercury containing 2,02% Zn, It is established in this work
that the surface tension of pure mercury and its smalgans
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containing 2,02% Zn 18 practically identical. Apparently, these
facts can be looked uvon as an irdication of the identical value
of the free interphase energy of the boundary vetween brass and
mercury and its amalgams.

Due tc the local nature of the corrosive influcnce of a
liquid met2l on a solid metal in the stressed state, specifics of
the structure of the solid metal become imvortant, Cbviously,
heteroseneity of the structure, the vresence of vhases easily
dissolved in the lijuid metal or entering into active =»hysical-
chemical ‘steractions with it should cause an increase in the
influence >f the medium, Increcsed corrosion ruvnture of the
naterial, related to the develovment of cracks, may berir at such
thermal ¢y~ amically non-equilibrium sectors of the structure ard
grain bour laries and mosaie block boundaries, noints of contact of
slinping rh.anes with the surface, ete,

The nature of the develonment of ruvture processes of the
solid metal in the inert medium is also significant, For examnle,
if intercrystalline cracks appear in large number in the carly
stages of deformation, the reduction in long term stren.th in a
corrosion active liguid metal medium will be rreater than that of
a metal having relativel; lonnm incubation period for the formation
of cracks and smaller numbers of cracls,

is was indicated in rart I of this book, the mcst dangerous
fornm of corrosion damage to materials in a liquid metal medium is
therral mass transfer, The occurrence of this process is unavoid-
able in rrinciple in heat exchar~e installations, since they have
different temperatures in different areas along the length of the
heat transfer medium channel, In spite of the linear corrosion
rule effective under such conditions and the absence of czuy
acceleration or deceleration of the process, even ma::rials sub-
jected to even dissolution when stresses do not act upon taem will
show an essential increase in the effect of the infliernce of the
medium in the stressed state due to the occurrence o! local
corrosion processes,

Tais conclusion has been confirmed, for example, by the
results of tests for long term strengta of tyve EIG69 nichelw
based alloy in liquid sodium /276, 409/, The tests were porformed
at 750° C in a current of the iiquid metal using a method
described in Chaoter IJ, Section 1. During the tests, a flow of
sodium moving through the internal cavity of the tubular specimens
by natural confection arising due to the temverature drov maintain-
ed (in this case %50° C) through the heizht of the liquid metal
column acted uvon the material, Under these conditions, the
vrocess of thermal mass transfer of ‘he material of the rauge
section of the specimen in the "hot" zone up to the hicher "cold"
zone is continuous,
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Tests of alloy EIB69 showed that its long term strength is
sirnificantly decrcased as a result of the thermal mass transfer
(rigure 141), It is important to note that the effect was
in entirely a result of thermal mass transfer: the absence of
adsorption and diffusion effects of the medium was indicated by
the correspondence of the results of the test in sodium under
isothermsl conditions and in air (see Figure 141), The micro-
atructural study of the specimenc after rupture establish that
the liquid metal causes no structural changes in the alloy,
Corrosion tests of the alloy is the unstressed state under the
same conditions demonstrated /787 that intercrystalline corrosion
of the specimen does not occur, Therefore, it can be assumed that
the reason for the decrease in lorg term strength is the effect of
reduction in cross sectional aress of the specimen, The influence
of this sffect can be easily evaluated by using the hypothesis of
linear addition of damage, which yields satisfactory correspondence
of calculated quantities to experimental values /410-4147, The
initial dependence with this estimate is the relationship

‘l(
A

{4y, : (219)
v
wiere t 1is the current time; T, is the time to rupture with
constant stress; in this case the constant stresa acts on the
specimen over time dt; 7T, 1is the time to rupture with vasiable

k
stress, provided in these experiments by thermal mass transfer,
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KFigure 141, Diagram of long term strength of
EI869 alloy at 750° C;
)l - tests in air; 2 - in sodium (static
isothermal conditions); 3 - in a convective
current of sodium; 4 ~ celculated dependence,

The stress value for the tubuler specimen which we use can
be approximately expressed in the form

. P
0= D=k ° (220)
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where P is the load; D°'is the external diameter of the specimen;
50 ig the initial wall thickness of the specimen; k 1is a

coefficient characterizing the rate of mass transfer, determined

from equation gq = kt, where q 4is the depth of corrosion in time
t.

Using relationships (219) and (220), as well as the
dependence between time to rupture and stress with no influence of

the medium Ty = 2 6"n0, we arrived at the following equation:

T

+ ()" | G-k ar=-1. (221)
0

The integral in equation (221) can be easily selected using
the substitution x = ( &0 - kt)l/r, where r is the denominator
of fraction Nye We finelly produce the following expression for
the time to rupture of the material in the presence of thermal
nase transfer as a dependence on initial stress:

{
= 4 {180 "0+ Ak (ng—1) 8,0 ), (222)

It follows from equation (222) that the time to rupture of a
material in a convective flow of heat transfer mediunm, 'rk and

tie time without the influence of the medium tb should be

related by the following expression
1

o= (o= (8 O k(o —1) 8 ™g . (223)

Let us determine the quantitative relationship of the
experimental and calculated depth, We will do this by calculating
the time to rupture of specimens of alloy &If69 in a convective
heat flow, using formula (223), From the long term strength
diagram (see Figure 141) we find that ng = 3.76. Or the basis of

7Y, k= 2.62 X 107° mm/hr, The initial wall thickness of the
tubular specimen ( 60) in our experiments was 0.5 mm. Thus,

equation (223) as applicable to EI869 alloy tested in sodium at
750° C has the form

T 3,8:10°(0,5 — (6,75 4 9,8- 10-57,) 0,381, (224)
In connection with the specifics of the structure of
equation (224), significant errors in the calculation of T, can

arise with small values of ’tO; therefore, we will perform the
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x
calculation for ro equal to 107, 10 and 10° hr., The results of

calculations are presented in Table 53, This same table shows the
experimental values of 'zﬁ vroduced from the long term strength

diaeram shown on Figure 141,
Table 53
Calculated and ixperimental Values of

Time to Rupture of Alloy EIZ69 in
Convective Flow of Sodium at 750° C.

e e
whr Ty hr /% Ty br /%
103 0950 0,95 260 0,26
104 8 560 0,86 200 0,20
108 52400 0,52 15000 0,15

4e can see from the table that the effect of decreased long
tern strength of alloy E1859 observed in a convective flow of
sodiur is corsiderably preater than-.that which should be expected
on the bagis of the calculations, The difference between the
calculated and experimental data can also be clearly seen from the
lons term strength diagram (see Figure 141). This result can only
be exvlained by the fact that the decrease in cross sectioral
area of the svecimen occurring as a result of the process of mass
transfer is not the main reason for the decrease in long term
strength of the material,

Thus, the experimental data currently available convince us
of the local nature of the corrosion effect of the liquid metal,
Cbviously, the decrease in strength of a solid metal in a corrosion
active liguid metal is determined by physical and chemical
vrocesses of their interaction in the end portion of a crack.
Analyzing this interaction in its general form, it can be
characterized by a certain mean specific work of interaction of
the medium and base metal over the length of the crack
Then the expression for the change in energy of the metal when a
crack of length ¢ is formed in it is written, similarly to
(180) in the form

AE == 2yc+- pc—xc— o*c?/2E. (225)

from equation (225), considering that the rclationship
d Ao/de = O is correct for the critical state of the crack, we
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we produce e
E 2—%/2

Consequently, the rupture resistance of the metal decresses with
increasing corrosionr influence of the solid and liguid metals
(that is with increase in value of ).

p
' Figure 152, Diagram for
explanation of
greater probability
of transition to
liquid metal solution
of atoms located in
1iquid end portion of
crack (1) tnan of
atoms in reighboring
portions of surface
(2 and 3),
(P equal load,
0 equal stress)

metal
solution

The influence of the liquid metal on the process of rupture
of the solid metal under the conditions of tests for long term
strength and other forms of tests with thermal mags transfer can be
described using the diagram shown on Figure 142, Since there
is always a concentration of stresses in the end area of the crack,
the atoms in this area are of essentially higher potential energy
than astoms in neighboring sectors of the crack and on the remaining
surface of the metal, -Consecuently, the probability of transition
to the liquid metal solution of the former is considerably greater
than that of the latter, Therefore, with compvaritively low rate
of general corrosion (mass transfer), considerable localization of
corrosion in the end portion of the crack is vossible. Cne result
of this acceleration of the process of dissolution is ruvture of
some stomic bonds and weskening of others, which in the final
analysis causes an increase in the rate of crack develovment and a
decrease in the time to rupture of the metal.
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Figure 143, Dependence of
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12 ::5 accumulated by
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The effect of decreasing plastic deformation accumulated by
the specimen over the time to rupture is also relalted to the
increasing rate of crack growth, The decrease in total plastic
EI869 alloy when tested for long term strength in sodium in the
presence of thermal mass transfer car be seen from Figure 143,

Compvaring the corrosive influence of a liquid metal medium
to the adsorption influence, we should note that whereas the
adsorption effects can be observed almost immediately after contact
arises betveen the medium and the deformed metal, the appearance
of corrosion effects requires a certain amount of time, involving
the development of physical and chemical processes causing
irreversible structural changes in the metal, Therefore, the
corrosion influence may not appear with short term mechanical
tests of metals but may cause an essential decrease in their
strength and plasticity with longer tests - in experiments for
long tern strength and fatigue, For this same reason, an increase
in the corrosive effact of the medium should be expected with a
decrease in the frequency of a fatigue test if the amplitude of
the stress deformation)remains unchanged,

The lower dependence of the adsorption effect of a liquid
retal on time in many cases causes a catastrophic drop in strength
and plasticity of the material when it is deformed even at very
hirh rates, Since the diffusion effect also depends ersentially
on time (see Section C of this chapter), in all vrobability most
of the effect described in Chavter 1 result from adsorvtion,
However, it should be noted that the corrosion effect may avpear
under conditions of deformation at high rates if the contact time
of tne solid metal with the liquid metal vreceding deformation is
lonr,
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On the basis of the considerations vresented above concerning
the mechanism of the corrosion influence of liauid metals, we
can explain the experimentally observed repgularities of the
influence of various factors on the long term strength of materials.

In Chaoter II, Section 2 we present the results of experi-
ments characterizine the influence of temperature on the desrree of
corrosion damage to alloy EI827 in sodium and steel k1612 in
lithium, They indicate that the long term strenpsth reduction
factor of the materials decreases continually with increasing
temperature, that is the corrosion influence of the liguid metal
increases. Since the values of coefficients at each tenperature
are determined for the same test duration, this regularity can be
easily explained if we recall the exponential temperature
dependence of the dissolution rate constant (see *art I, Chapter I,
Section 1),

Figure 100 shows the results of investigation of the
dependence of the influence of liquid sodium on EIZ69 alloy under
conditions of constant load on the scaling factor., In this case,
the effect is also fully determined by the corrosion influence
of the medium - thermal mass transfer, since the alloy at this
experimental temperature (750° C) showed no decrease in long term
strength under isotnermal static conditions, e can see from
Figure 100 that the decrexse in long tern strength (time to
rupture with constant load) is observed in s limited interval of
specimer wall thicknesses,

The disapvearance of the effect of corrosion by liquid
sodium on specimens with low wall thickness (about 0,15 mm) is
explained by the high rate of crack development and the relatively
low rate of dissolation., Apparently, in this case the orincivle
share of the time to rupture is occupied by the incubation period
corresponding to the formation of cracks, The development of tre
latter can occur at high rates, since the wall thickness of the
specimen is equal to the mean grain diameter of the slloy being
investigated, so that an intercrystalline crack (this was the
type of runture observed) moves without encounterins such serious
obstacles as the joints between three grains,

“re weakening of the corrosion effect of the liguid metal
with increasing wall thickness of the specimen depends on the
increase in crack lencgth, Although as was noted in Part 1,
Chapter I, Section 1, the rate of dissclution of certain metals in
sodium is determined by the rate of their transition throuch the
interphase boundary, not by diffusion in the boundary film, in
this case the determining effect was apvarently diffusion, The
layer of liquid metal in the narrow rupture crack can be looked
upon as a local increase in the thickness of the boundary film,
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We then come to the conclusion that an increase in crack length
should lead to an increase in diffusion path of the metal dise-
solved in the end portion of the crack and, consequently, to a
decrease in the rate of dissolution, and also to a decrease in
the corrosion effect of the medium as a whole, Another factor
which might be significant in the reduction in the rate of
dissolution of the metal in the end rvortion of a long, narrow
crack is the increased degree of '"feeding" of the liquid metal
solution in the crack due to diassolution of atoms from its walls,

The influence of the increased diffusion path on the scaling
effect can be estimated as follows, Cn the basis of formula (7)
the ratio of the maximum rate of dissolution of the metal (this
value can be used due to the increased energy of atoms in the end
portion of the crack) from shallow cracks 2 and relatively

, will be (dn/dt)l/(dn/dt)va = ¢,/c;. In the

first approximation, considering the determining influence of the
rate of corrosion on _the rate of development of a crack, we can
consider the Vi h-(dn/dt)l and ¥, «—(dn/dt)a. where ¥, and
72 are the main rates of development of cracks in specimens with
wall thicknesses Jl and 52

ci and cé are the Griffith values of crack length in the
specimens, then as above equation (dn/dt)l/(dn/dt)2 = cé/ci.
Keeping in mind that ;1

c3/cy = 52/ §+ we produce T/ Ty &/ Jl)z.

long, deep crack ¢

respectively, If we assume that

- * b - *
= °1/ Tyy ¥, = °2/ 7,, and assuming that

Thus, the change in wall thickness of a specimen should have
a strong influence on the effect of the liquid metal,

We can test the relationship produced using the data of the
graph on Figure 100 b (its rir~ht vortion). The quantity on the
ordinate can be looked upon as values of time to rupture in
relative units, Taking the extreme noints y = 0.5 mm and

A

32 = 2 mm, we find (52/4“1)2 =16 and T,/ 7, = 7, that is

rather similar values, This result can be considered confirmation
of the assumption of the action of the mechanism of influence of
the medium described above, The somewhat weaker influence of

the scaling factor produced in experiments in comparison to the
calculated volue is anparently determined by the lower rate of
dissolution of the metal in the end portiom of the crack and the
maximum possible rate in these experiments [;ée equation (727.
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The determining influence of the ratio of the rate of crack
development and the rate of corrosion is also indicated oy the
experimental data on duration of individual creep periods and
plasticity during each period, It has beecn established that the
changes in duration and relative elongation in the second and third
periods in specimens tested in sodium with each value of wall
thickness between 0,15 and 2 mm were of the same type as for the
sumr.ary characteristics, that is the corresponding quantities in
specimens tested in sodium were lower than in specimens tested in
air, The relationship of these data to the concept outlined above
concerning the influence of the corrcsion of the material in a
crack can be easily established if we consider the indication in
the literature of the formation of cracks in metal at the baginning
of the second creep period /4007,

In Chapter II, Section 3 we find the results of experiments
indicating a reinforcement of the corrosion effect of liquid
bismuth on steel when the initial strength is increased, This
effect results from the higher level of potential energy of atoms
in the end vortions of cracks (see Figure 142) in the high
strength material than in materials of lower strength, The
increase in the potential senergy of atoms in turn should lead to an
increase in the rate of their physical and chemical interaction
with atoms of the medium, and there to an increase in the degree of
influence of the medium,

The reinforcement of the corrosive effect of the liquid
metal medium when its composition chanpges is a direct result of
the increased content of the more active comronent, For examvle,
an increase in the concentration of certain elements in the
liguid metal melt may lead to an increase in solubility and rate
of dissolution of the deformable metal or of some component in
the case of an alloy, <uite similar effects are observed, as
experiments have shown (see Chapter II, Sections 6 and 7) when
the concentration of the active component in the solid metal is
increased,

2. lechanism of Facilitation of Plastic
Deformation During Dissolution of
Solid HMetal in Lioquid ¥etal

The facilitation of plastic deformation of a solid metal in
8 liquid metal medium is expressed as an increase in the creep
rate under constant stress, and also as a decrease in the yield
voint and hardening factor during tensile tests at constant rate,
is usually caused by the adsorption effect of the medium (see
section i, 1 of this chapter). In those cases when the liquid
metal has only corrosion effect, the effects of facilitatior of
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plastic deformation have not been observed, with the exception of
the trivial case of the reduction of the resistance to deformation
with a significant decrease in the cross sectional area of the
specimen carrying a load, ‘e present below the results of a test
of meterials for creep in s medium of liquid sodium /4157, which
indicate an increase in creep rate under conditions of relatively
weak corrosion influence of the medium,

Figure 144 shows the stable crgep rate as a function of
stress for 21869 alloy tested ai 750 C in liquid sodium (under
static and conduction conditions) and in air, The test method
(see Chapter III, Section 1) assured that the process of thermal
mass transfer of the material of the gauge section of the specimen
occurred, We can see from Figure 144 that the creep rates of the
alloy in air and in sodium under static conditions correspond,
whereas in liguid sodium when mass trancfer occurs the rate is
noticeably higher, and the difference in creep rates increases
with decreasing stress,
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Figure 144, Stable creep rate as a fungtion
of stress for EI869 alloy at 750 C.
l - tested in air; 2 = in sodium,
isothermal static conditions; 3 = in
convective sodium foil.

Firure 145 shows creep curves of two specimens of EI869
alloy at identical stress, 15 kg/mmz. e can see that the
specimen undergoing thermal mass transfer during the test shows a
hipher creev rate than the svecimens tested in sodium under
isothermal conditions, and that the increase in creev rate is
observed not only during the second period, but during the first
veriod as well, These regularities are not gpecific for EI869
alloy., They have also been observed in tests of other materials,
for exarple, £1827 and EI765 alloys in liquid sodium, £I612 steel
in liquid lithium,
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The effect of increasing creep rate described above does not
result from adsorption influences by the melted sodium, since under
isothermal static conditions the sodium has ne such influence on
the material /%#16/. This effect is also not related to the
diffusion influense of the medium, since sodium does not diffuse
into EI869 at 750  C, as spectral avalysis has shown. The effect
cannot be explained by a decrease i, cross sectional area of the
specimen as a result of corrosion, since special experiments
studying mass transfer have shown (see Fart I, Chapter II, Section
3) that the corrosion rate of 21869 alloy under these conditions
is 0,02 mm/year, This means that even the specimen tested for
1000 hours would have a reduction in cross sectional area of less
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Figure 145, Crgep curves of EI869 alloy under
15 kg/mm® stress at 750° C in medium of
liquid sodium: 1 -~ tested under static
isothermal conditions; 2 - in convective
liquid metal flow.

The facilitation of plastic deformation of the metal in a
corrosion active medium which dissolves the- s0lid metal may
occur due to various causes, This effect may be caused by the
fact that as the corrosion front moves into the metal, dislocation
sources which were previously "tlocked" by various obstacles alonr
the path of movement of the dislocations can becore active again,
as these obstacles are removed by corrosion, Some of the Frank-
Reed dislocation sources with two voints of attachmeut may be
activated as a result of liberation of one voint of attachment
and movement of this end of the dislocation line to the surface,
which has moved into the metal during the rrocess of dissolution,
The increase in the number of surface cources of dislocations
with one point of attachment should also occur as a result of an
increase in the surface of the metal as a result of corrosion,
Fowever, all of these vrocesses can be effective only if the
greater movement of the corrosion front is rather hirgh,
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The faciliation of plastic deformation dscribed above
apparently resulted from the following mechanism of the influence
of the corrosion active medium, As was stated in Section A, 1 of
this chapter, a dislocation which moves to the surface of the
metal must overcome an energy barrier approximately equal to

bz'v /375/. Since there is a stress field around the dislocation,
as it moves from the mass of the metal of the surface a highly
stressed sector is produced before the dislocation, Obviously,
the dissolution of metal atoms from the surface of this sector is
more probable than from neighboring sectors. Thuy, a dislocation
or a part of a dislocation, may possibly be ''dissolved,' that is
the atoms at the head of the dislocation may be dissolved into the
liguid metal medium, so that the energy barricr (b ¥ ) no longer
need be overcome., Schematically, the movement of the disiocation
to the sur’ace of the metal in an inert or liguid metal medium
causes dissolution of the solid metal, as shown on Figure 146,

iie present the following calculations to confirm the above.
First of ali, let us estimate the probability of dissolution of an
atom at the center of a dislocation, The probability of dissolution
on the atom from the nondeformed crysta%line lattice is determined
by the activaticn energy Qp = Qo+ ab® ¥

Q
Wy o (227)

where I is Boltzman‘s constant; T is the absolute temperature;
K is a coefficient considering the mean increase in surface per
atom upon dissolution, In the case of dissolution of an atom from
the center of a dislocation (this is the area with the greatest
distortion, and therefore has the sreatest deformation energy
density Qd ) the exvenditure of energy required to dissolve an

atom is 0 decreased by Qd + Thus, the .robability of dissolu-
tion of an atom from the ° core of a dislocation is character-
ized by the quantity

Qo +802y—Qq,
Woge~e A . (228)

Usinp expressions (227) and (228) 2nd assuming & = A4,
we find that the condition for svvearance of the effect of
facilitation of plastic deformation of the metal in the liquid
netal medium dissolving the solid metal is

W
—_ o _ QAT
=q >1.
Wy (229)
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Since the rate of dissolution is proportional to the
probability of dissolution, conditions (229} can also be written
in the form

(.l""_l "Q,Iu/k'r S 1

pa ' (230)

lLet us estimate the value of the ratio of dissolution rates

vpd / vp. The approximate value of free energy of the core of
(0]
the boundary dislocation, calculated for the atomic plane /3767,
is
s _ Gab?
Q’ioz ; ’

(231)
where G is the shear modulus,

From this, the mean value of free energy of the atom at the
core of the dislocation is
. Gasb?
Qo ~ 3 (232)

where r, is the radius of the core of the boundary dislocation,

lLet us perform calculations for a nicliel alloy, assuming G =
= 47 +207° kg/en® /3607, a = b = 3.5 - 1070 em T = 107 %K; 1

will ve determine’ from the assumotion that there are 10 atoms at
the core of the dislocation, from which ry = 6,23 + 10"%¢em,

Substituting these quantities into expressions (232) and (230),
we find that the vpd /vp =2 1250. von=equently, the rate of
0
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dissoiution of atoms at the core of a bourdary dislocation is

more than 3 orders hizher than the rate of dissolution of atoms
from neighboring, nondistorted sectors of the metal, Thus, the
result produced can be looked upon as confirmstion of the
possibility of facilitation of plastic deformation of metal during
the process of its dissolntion,

Let us calculate the value of {230) for atoms at some distance
from the center of the bourdary dislocation, The expression for
the mean deformation energy for one atom /3767 in this case is

Gab? (1n2-—1), (233)

Q= ma—mn=m\ "%

where V is the Foisson coefficient; r, is the radius of the

area for which the deformagion energy is being defined, Let us
deterwine Qd for ry = 10" c¢m, using the same values of

quantities in formula (233) which were used in preceding calcula-
tions; the lFoisson coefficient will be considered equal to

0.3, Then we produce the value of 1,5 - 10~15 erg/atom for the
deformation energy density, and a value of vpd/vp = 1,01 for the

ratio ci the dissolution rates, Conseguently, the rate of
dissolution of atoms outside the core of the boundary dislocation
is the same as for &oms of the undeformed metal,

We have now ectimated the possibility of facilitation of
plastic deformation due to dissolution from the energetic stand-
point, We must also estimate the possibility of this process in
consideration of its kinetics, Obviously, in this case the kinetic
condition of possibility of facilitation of deformation consiets
of observation of inequality

+ <
"o td

where tp is the time required for transition of an atom of

(234)

a s0lid metal to solutions; td is the time required for the

dislocation to move to the surfaece of the metal, that is for it
to travel a path of length a,

we will consider the rate of dissolution to be aprroximetely
equal to the rate of diffusion of a dissolved atom in the non-
moving boundary film of a liquid metal, Then the minimum distance
equal to a, which the atom must travel in order to enter the
liquid metal solytion is determined bty the expression

« KV Dgty, (235)
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where Dl is the diffusion coefficient of the dissolved metal in

the liquid metal medium; K is a constant. Expression (235) yields
the approximate value of the dissolution time,

ald
tpzm. (236)
Representing the rate of movement of the boundary dise

location as v, and using equations (234) end (236), we produce

the kinetic condition for possibility of facilitation of plastic
deformation due to dissolution in the form

a o2 (237)
g = Kily
and finally . <Km
a e (238)
8

We will consider K = 2, a = 3.5 ¢ 10 ~ cm. The values of
diffusion coefficients in liquid metals /37/ are usually 107 -
1070 cma/bec. Substitut: . *hese values into inequality {238),
we find that v, < 107 - 16" cn/sec.

in reference /%177, the rates of movements of boundary
dislocations in ferrosilicon are determined experimentally. Itois
established that in the temperature interval between 7§ ~nd 373 K,
the rates of movement of dislocations vary between 10" and 10~
cm/sec, The stress corresponding to the yield point in all cases
corresponded to the rate of boundary dislocation movement of

10'3 cm/sec, Obviously, under conditions of material creep the
rate of movement of dislocations will be even lower. Consequently
the experimental data showed that a kinetic condition for the
process in question (238) is also observed,

Thus, the estimates performed confirm the possibility of
operation of the mechanism of facilitation of plastic deformation
of metal in a corrcsion active liquid metal medium., It should be
noted that this mechanism is not specific for liquid metals, and
can appear in any medium causing dissolution of the solid metal,
It should also be noted that an increase in the rate of dissolution
of the metal after its deformation has been repeatedly noted
experimentally, and indirect confirmation of the possibility of
this effect, Another confirmation of its possibility is the
method of study of the process of deformation broadly used in
laboratory practice, consisting of etching of metallographic
sections. As we know, sectors with increased energy as a result
of plastic deformation are etched preferentially,
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It might be thought that the reason for the effective

increasing creep rate is the formation of intercrystalline cracks _5

in the metal which has been exposed to sodium in considerably
larger numbers and with greater lengths than in the inert medium,
leading to an increase in effective stress. However, this
suggestion is negated by a comparison of the creep rate increase
factors in the first and second periods., We gee (Figure 147) that
with constant stress the increase in creep rate is a result of the
corrogion influence of sodium at the beginning of the process is
greater than during its stable stage. This relationship of
coefficients is explained similarly to the explanation presented
in the discussion of the adsorption effect of facilitation of
plastic deformation in section A, 1 of this chapter,

We should discuss the reason for the absence of the effect
of increased creep rate in sodium under static isothermal
conditions, Let us calculate time to 9 required to complete the

process of dissolution under isothermal coniitions to 30%., 1In
Part I, Chapter 1, Section 4, it was stated that it is expressed
by the formula to 9 = 2,3 V, / S, where VL ias the volume ¢*¢

the liquid metal; « is the dissolution rate constant; S is the
surface of the solid metal from which dissolution occurs. For the
specimens which we used, V, /S = 0,25 cm., Since the literature
contained no information on the value of &« for nickel
dissolved in sodium, we will perform our calculations using the
dissolution constant of iron i~ sodium at 750° C: « = 4,53 - 10~
cm/sec /33/, which is certainly no greater than the value of

o¢ for nickel, Using these juantities, we find that t0.9 = 2 min,

Since heating of the specimen can the long term strength testing
machine is performed rather slowly, and since two hours gunerally
pass after the required temperature is reached before the load is
applied to the specimen, these two hours being used for precise
adjustment of the temperature, it is quite obvious that deformation
of the specimen under isothermal conditions begins with the

process of dissolution in the practically saturated liquid metal
solution complete,

Chapter III, Section 2 presented experimental data on the
influence of temperature¢ on the effect of facilitation of plastic
deformation (creep) of EI827 alloy in liquid sodium. The
regularity produced (see Figure 110) - an increase in the €fect
of an increasing temperature - is explained by the increase in
the rate of the process of dissolution,

Data on the influence of the scaling factor (see Chapter

I1I, Section 3) can be explained by the fact that with a signi-
ficant decrease in wall thickness of the specimen and increase in
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Figure 147, Mean creep rate increase factor in
the first period (1) and stable creep
rate (2) as functions of stress_ for EI827
(a) and EI7?65 (b) alloys at 750 C in liq
sodium under thermal mass transfer
conditions.

deformation rate, condition (238) is not fulfilled and th
disappears, An increase in wall thickness of the specime
corresponding "polycrystallinity" leads to a weakening of
role of surface effects in the deformation process, which
E results in disappearance of the effect at a certain value

with EI869 alloy, 4/§ == 0,15),

In conclusion, we must emphasize that, in spite of
facilitation of plastic deformetion of the material when
dessolved in a liquid metal medium, the total elongation
specimens at rupture ix less than an inert medium, This
result of the fact of accelerated crack growth unde- the
of the liquid metal, as was pointed out in the preceding
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3o Influence of Oxygen ip Purity in Sodium
on Long Term Strength of Materials

In Chapters VI, Part I of this book we indicated that the
corrosion influence of liquid sodium on unstressed materials is
increased as a result of contamination of the sodium with oxygen.

Correspondingly, we should expect a worsening of the atrength
properties of materials in contact with sodium containing increased

quantities of oxygen.

Tests were performed for long term strepgth of E1869 alloy
in sodium with various oxygen contents at 750 C /276/. Tubular
specimens were tested with wall thicknesses of 0,5 mm and internal
diameters of 10 mm, Pure sodium, containing about 0,01 weight %

02 was produced by filtration using a special device. High oxygen

contents (1 and 10% of the weight of the sodium in the internal
cavity of the specimen) were achieved by introducing the required
quantity of sodium yreroxide to the specimen before welding on the
plug; sodium peroxide, as we know /1357, decomposes at high
temperature to sodium oxide and oxygen, The long term strength
tests were performed with monoaxial extension of the specimens
according to the normal method, In addition to the sodium-contain-
ing specimens, control specimens were generally tested, with the
irternal cavities filled with argon,
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Figure 148, Time to rupture as a function of
stress for EI869 alloy in air and in o
sodium under static conditions at 750 C:
1l - tested in air; 2 - in sodium with
0,01 wt % 0,3 3 - in sodium with 1 wt %

O,; & = in sodium with 10 wt % 0,.

Figure 148 shows the diagram of the long term strength of
EI869 alloy, We can see that the alloy has an identical long tera
strength in air and in pure sodium, The long term strength of the
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alloy is also unaffected by the introduction of 1 wt % 02 to the

liquid sodium, Increasing the content of the oxygen impurity to
10 wt % cesuses a sharp drop in long term #rength of the material:
the degree of decrease in strength with this contamiration of
sodium is equivalent to that caused by increasing the temperature
by approximately 100° C, The construction of creep curves showed
the absence of any influence of pure sodium and sodium containing
1l wt % O, on the creep rate of EI869 slloy., In sodium with

10 wt % 02, the creep curves were changed so sharply that the

ordinary three periods can not be separated on them; some specimens
in sodium with 10 wt % 02 showed negative creep, All of these

changes are a resul’ of the chemical interaction of the alloy with
the oxygen in the sodium,

Microscopic analysis of rupture specimens hass shown that
pure sodium causes no structural changes in the alloy {Figure 149),
In specimens tested in sodium strongly contaminated with oxygen
the internal surface showed a layer of products of the interaction
of the alloy with sodium oxide., Inspection of metallographic
sections also clearly shows an increase in the number of inter-
crystalline cracks and the depth of their penetration into the
structure of the metal,

Regularities of the influence of an oxygen impurity in
sodium on long term strength of materials similar to that described
above were also observed in tke testing of alloy EI7?65 276/, A
decrease in long term strength as a result of contamination of
sodium with oxygen was also noted for EI851 steel /2827, although
in this case a slight effect was observed at a concentration of

If we compare the datz of tests in sodium with 1 and 10 wt %
0,, we notice the absence of any influence of sodium with 1 wt % 0,

on EI869 alloy, compared to the strong influence of sodium with
10 wt % 02. Although different quantities of oxygen were placed in

the internal cavity of the specimens, since in both cases it
exceeded the equilibrium concentration (0,38 wt % 0, /1367 at the

experimental temperature of 750° C), liquid metsl of the same
composition was in contact with the gauge section of the specimens;
the excess quantity of sodium oxide was present as a second phase,
This indicates that the mechanism of the effect of the liquid
metal on the material of the specimen, as well as the intensity of
the process in the two series of experiments should have been the
same, The difference in the effects of the medium on the long
term strength of the alloy produced in spite of the identity of
the mechanisms is apparently explained by the difference in the
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absolute oxygen content in the system, Actually, metallographic
analysis of specimens ruptured in sodium containing 10% 02 and

aralysis of the creep curves indicate that the earlier rupture was
caused by the corrosive influence of the medium - chemical inter-
action of the material of the specimen with the sodium oxide, The
degree of damage 3n this case depends on the portion of the cross
section of the specimen subjected to corrosion which in turn
depends on the quantity of the reagent in the system and the
dimensions of the cross section, Therefore, the following
corrosiveness factor can be ured to characterize the currosiveness
of the oxygen in the liquid metal system:

Koo w22, (239)
OF S¥in
where Po is the weight of oxygen in the system; S is the area of

the entigo surface of the structural ma.erial in contact with the
liquid metal; min is the minimal transverse dimension of the

submerged portion of the specimen (wall thickness in the case of a
tubular specimen),
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For long term strength tests in sodium of 10 wt % 0, in the
experiments described above, the corrosiveness factor was
4,9 k/cm’, while for tests with 1 wt % 02 it was about 0,5 a/cm3.

As the experimental data show, no influence of oxygen on the long
term strength of a nickel alloy at 750° C in a static sodium
system should be expected if the corrosiveness factor is less than
0.5 g/cm’, However, type EI85. chromc-nickel sustenitiy steel
does experience some influence of sodium at 700 C even where

Keor = 0.5 g/cm3 [282]. The performance of experiments on the
determination of long term strength of various materials in

sodium contaminated with oxygen should provide the critical values
of corrosiveness factor for materials of various classes,

In connection with these results, we must also note that
although quite high per cent contents of oxygen in sodium were
used in order to produce the effect of decreased long term strength,
this does not mean that the influence of oxygen in any liquid
metals system will be observed only at these high degrees of
contamination, We know that large sodium installations are care-
fully screened and the content of oxygen in them is maintained
at low levels., However, since the effect of the influence is
determined by the absclute content of oxygen in the sodium, even
with high purification but with a large ratio of the volume of
liquid metal to the area of the internal surface of the installa-
tion, the agressiveness factor of the oxygen may be rather high,
Of course, we must recall the existence of the lower boundary of
the effect - the minimum concentration of oxygen in the sodium at
which the chemicul reaction can occur,

L, 1Influence of Electrotransfer on Long Term
Strength of Materials in Sodium

Earlier, we presented the results of tests of the alloys
E1869, EI827 and EI765 for long term strength in sodium under
therma? mass transfer conditions, It was demonstrated that the
decrease in the long term strength results only from the
corrosion influence of the medium, Careful studies of mass
transfer have been established that an electromotive force arises
between the ends of a long term strength specimen under tensile
stress (see Figure 95), It has been determined in exactly the
same manner as the EMF of convection chambers is determined (see
Part I, Chapter VII), Electrodes of KH18M1OT steel were welded
) to the upper end of an extension tube made of KH18M1OT steel and
4 to the specimen beneath its gauge portion., Consequently, one
end of the upper electrode was at the temperature of the cold zone
of the liquid metal system, on the other end was at room tempera-
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ture; the ends of the second electrode were at the temperature of
the hot zone and at room temperature, Connection of a potenti-
ometer to these electrodes demonstrated that an electromotive force
arises hetween the ends of the specimen, related to the presence

of 5 liquid metal inside the mpecimen, The correctneas of thils
conclusion is confirmed by *ue fact that the EMF is several
millivolts when the liquid metal is present in the specimen and

the temperature difference between the hot and cold zones is
several hundred degrees, and only 0,1-0,2 mv when the liquid metal
is absent in the specimen with the same temperatire difference.,

The electromotive force produced is thermoelectric, not
electrochemical in nature (see Part I, Chapter VII), However,
there is reason to believe that it might influence the corrosion
process even in this case,

Weeks and Klamut, as was stated earlier, assume /627 that
the high electrical conductivity of liquid metals under the
influence of a thermal electromotive force might result in the
formation of a powerful elect.,ic cnrrevt, causing electrotransfer
of components of structural material. Therefore, we must determine
whether the reduction in long term strength of the material is
related to the electromotive force and consequently to electro-
transfer, or whether the corrosion process is determined only by
thermal mass transfer,* Tests of long term strength under
conditions of mass transfer with the passage of a constant electri-
cal current through specimens were performed for this purpose [ﬁl?] .

A diagram of the experiment is shown on Figure 150, The
DC source used was a selenium rectifier type VSG-3M, The current
in the specimen circuit was regulated by a rheostat, with the
required current established at the beginning of the experiment
then left constant right up to the moment of rupture of the
specimen, Type EIB69 alloy was used in the test., The temperature
of the gauge portion of the specimen was 750° C, the temperesture
of the cold zcne « about 400° C, These temperature conditions
were maintained during testing of the specimens with and without .
current. In all tests, the current was maintained at 190 A. The H
specimens were tested for long term strength at a stress of

15 kg/mma. The tests were performed using types UIM=5 machines.,
The results of the tests are presented in Table Sk,

L]
in these long term strength tests, in contrasst to the corrosion

tests, the electric circuit through the convection chamber was
closed through the support of the machine and a current passed
through the circuit,
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Figure 150,

Diagram of tests of

specimens for long term
strength in liquid metal
under thermal maes trans-
fer conditions with
electric current from
external source passing
through specimen:

l « spetimen; 2 - recti-

fier;

3 - electric

furnace.

Table S&

Results of Tests of EI69 Alloy for Long Term
Strength in Sodium at 750° C at 15 kg/mm® Load
with Electrie Current Fassing Through Specimen

Current, a Polarity (sign) | Time to rupture, |Deformation creep
of specimen hr ’(elongation), %
J
- No current 161 l 0.20
- oo 197 ; 0.2k
- " " 97 ! 0.19
190 - 124 : 0.21
190 - | 115 0.22
190 + | 202 0.18
190 + 131 0.13
190 + | 146 0.49
- 1639* 0.82¢

L ]
Specimen tested in air
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is we can see from the table, the liquid sodium causes
identical reduction in long term strength of the material in
comoarisun with this ievel in air, regardless of whether an i
electric current passes through the liquid metal medium or not.
The direction of the electric current in the liquid metal medium
also has no effect on the lorzs “orm strength of the materisl. The
values of time to rupture of all specimens in sodium lie witi’'..
the limits of normal variation for long term strength tests.

We mentioned above that a current of 190 a passed through
the circuit, Of greatest interest is the electric current and
intensity in the liquid metal flow, Considering that the tube and
the liquid metal which fill it form a circuit consisting of
parallel connected conductors, we can determine that the current
passing through the liquid sodium was approximately 160 a, through
the tube - 30 a, The current density through the sodium was 204
a/cm®, that is rather high,

In a moving liquid metal medium, of course, we cannot
, obgserve the same effects of the electrotranafer of dissolved
| elements as observed under static conditions in experiments with
f capillary tubes /418, 42Q/. However, we can assume that the
f additional impetus imparted to the atoms in solution under the
influence of the electrical current will either lead or hinder
| their movement under the influence of convection forces toward the
! upper, cold portion of the chamber., Consequently, if the impetus
; was high enough, it could influence the process of mass transfer,
? accelerating or retarding it,

Naturally, the influence of an electrical current should
depend on its direction, Whereas with one direction with current
| the movement of the ions in the liquid metal solution toward the
? cold zone will be more rapid, when the polarity is changed the

movement of the ions should be retarded by the effect of the
current, It is interesting to note that in the ascending and
descending flows of liquid metal the electrical impulses act on
the ions in the same direction, but in the ascending flow they
accelerate of decelerate the movement of the ions to the cold zone
(zone of crystallization) while in the descending flow they
correspondingly retard or accelerate the movement of the same ions

r toward the hot 2one (dissolution zone), Consequently, when tests

f are performed using the method described above, the electric
currents should accelerate or retard while mass transfer, scting
on both of the liquid metal fliowa,

b In the considerations outlined above show how an electrical
L current can influence the process of thermal mass transfer. The
electric current may result from a thermoelectromotive force
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arising between the ends of a specimen or from an external source,
In experiments on the long term strength of EI869 alloy in liquid i

sodium, the thermoelectromotive force amounted to a few millivolts,
Consequently, it was necessary that the externul source of current
create a potontial difference between the ends of the specimen

at least no less than the thermoelectromotive force, Only when
this condition can be observed can the electrical current caused

by the external source (if the direction is opposite) overcome the
influence of the thermo current in mass transfer, if the thermo
current has such an influence, In the experiments described above,
the potential difference resulted from the external source exceeded
the thermoelectromotive force by approximatelv one order of
magnitude, Consequently, the condition necessary for such tests
was observed, In spite of this, as the experimental results

show, the electric current had no influence on either the time to
rupture of the specimens or their plasticity,

Thus, we can conclude that the electric current caused by
the thermoelectromotive force has no influence on the process of
thermalmass transfsr of EI869 alloy in liquid sodium, which leads
to early rupture of specimens in comparison with tests in air,
The influence of the liquid metal medium is neither increased nor
decreased with an electric current density considerably higher
(approximately one order of magnitude), achieved by connection of
an external DC source to the liquid metal system.

Co Diffusion Influence

The diffusion .ufluence of a liquid metal, in contrast to
the adsorption influence, occurs not st the phase boundary, but
rather within the structure of the metal deformed, and leads to
changes in the mechanical properties of a certain sector of the
metal, Thus, the diffusion influence is not a surface influerce,
but rather a volumetric influence. Diffusion of atoms of the
liquid metal into the solid metal forms a layer of solid solution.
Consequently, the nature of the influence of the medium depends
on the mechanical properties of the solution, Another essential
difference between the diffusion influence and the adsorption
influence is that the former is irreversible, while the latter is
reversible,

Changes in the mechanicul vroperties during dissolution can
seemingly be determined on the basis of practice of alloying of
metals, However, aslloying results in an increase in strength and
Yield point and an increase in creep resistance of alloys, that
is the influence of alloying is opposite to that of liquid metals
(in certain cases the nature of the influence of liguid metals
and alloying may be the same; for example, see the results of
tests of monocrystals for creep /279/).
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Vhe mecharisms of the increase in strength of solid solutions
in comparison to pure metals may be vsrious: interacticn of the
stress tield around atoms of the alloying elements with the stress
field of moving dislocations; inhibition of extended dislocations;
formaticp of close order; precipitation of dissolved atoms on
dislocation steps and resultirz impediments to motion; chemical
interactions of atoms of the alloying element and atoms of the
base metal, etc, /376, 393, 4214247, Obviously, tke influence of
these mechenisms in alloying of any element will be the same: an
increass in the strength of the soiic¢ solution, Therefore, the
weakening influervce of the liquid metal diffusion into the solid
metal must not be related to these mechanisms,

“e must erphasize that the practice of alloying involves
primarily irtroduction of high-meltiry elements to metals. This
generally leads to an increase in the bonding forces in the
crystatline lattice /425 - 427/, One essential difference in the
alloyjng of low-melting clements is apparently the lower values of
bonding forces between the different atoms thar between the atoms
of the base metal, This influence of alloying is indiceted by the
decreasa in the melting point of the solid solution, Obviously,
the influence of this factor, causing a decrease in strength, will
in some cases be greater than the influence  of the changes in
lattice parameter resulting from differences in the atomic radii of
the dissolved metal and the solvent, Furthermore, there is an
indication that distortion of the crystalline lattice is an un-
favorable factor for long term operation of a metal at high temper-
atu.e, for its heat resistunce and should be kept to a minimum
[h2§7. The diffusion influence of a liquid metal medium at high
temperature, ieading to a decrease ir long term strength and an
increase in creev rate, uay be a result of the decrease in activa-
tion energy of self diffusion of the base metal due to distortion
of its iat ‘ice.

Formation of s0lid solutions with high concentrations of the
retal of the medium are highly possible in the practice of tae
usage of etructural materials in ligquid matal media. Therefore,
there is greater “-terest in cases of very low solubility of the
liquid metal in the solid metal, Althougli the degree of the
influence of the dissolved metal on the bonding forces, melting
point of the solution, etc., increases with increasing concentra-
tion, an easential decrease in the strength and plasticity of
the solid me%al is possible even with a negligible smount of the
low-m~d+ing metal present., This influence is most probable if
the ¢ 27lved olement is horophilic. In this zase, it might be
expected that an incresase in its cuntent at the grain boundsries
would lead to & decr=ase ia the coefficient of viscosity at high
temperature which, :n turn, caue2s an increase in i‘he creep rate
due to the increased share c¢f intercrystallite slipping, and also
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leads to earlier formation of intercrystallite cracks and rupture
than in an inert medium, Tle horophilicity of atoms of the liquid
metal can facilitate rupture of a solid solution not only along
grain boundaries, but along boundaries of mosaic units, along
5lipping planes and along sectors of "pretransient" type gtructures
in aged alloys if subcrystalline internal adsorption occurs 1528-

430/,

The case of the influence of a small impurity of a horopbi-
lic metal on the metal being deformed which we are analyzing
results from the diffusion influence of the medium, but it is
still a mixed diffusion-adsorption influence, The reason is that
the accumulation of tL: lowemelting metal along the grain
boundaries leads to a decrease in their free surface energy. How-
ever, in spite of this the adsorption influence of the horophilic
metal and the crdinary adsorption influence resulting from processes
of interaction on the boundary between the solid and liquid metals
differ essentially., First of all, the degree of decrease of
surface energy of the metal at the boundary with the liquid phase
is greater than that which results from the presence of a small
amount of the low-melting metal in the boundary zone or surface
layer, Secondly, rupture in the case of "phase adsorption" begins
at the surface, while in the case of the influence of the horo-
philic impurity it begins in the volume of the metal, Third,
the magnitude of the a orption effect with "phase adsorption”
depends on the rate of propagation of a crack and the rate of
penetratior of liquid metal in the c¢racky the presence of the
horecphilic impurity along the grain boundaries excluded influence
of these kinetic factore for the beginning of deformation, and
the magnitude of the effect is determined by the deposition density
of impurities in the boundary zone of the metal deformed, Fourth,
the adsorption effect in the case of "phase adsorption" is
reversible, while the similar effect caused by horophilic impuri-
ties is irreversible, Since the influence of horophilic impurities
is possible only afte:: diffusion has occurred, that is it results
in the final analysis from the occurrence of diffusion, this
mixed for: of influence of the liquid metal medium should be
analyzed in the section on diffusion influences,

Regardless of whether the low-melting metal diffuses evenly
through the volume of the solid, deformed metal or principally
along grain boundaries, the influence of the medium on the develop-
ment on rupture cracks can be represented as follows, The
diffusion of atoms of a mediwm leads to a change in the physical
mechanical properties of the damaged sector of the solid metal
(Figure 151), Since the zone of plastic deformation of the metal
is located near the end portion of the crack, and since the
diffusion is accelerated due to the plastic deformation /B31-43L47,
the diffusion front here penetrates somewhat morz deeply into the
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Figure 151, Diagram of rupture
of metal in diffusion
active liquid metal
medium, (P - load;

g - stress).

solid’ solid
me(al} solution

metal than at neighboring sectors, Penetration of the crack into
the depth of the svecimen now requires breaking of bonds between
atoms which are components of the solid solution, Since the bond
forces in the solid solution, one component of which is the low-
melting metal, are weaker than in the initial pure metal, they
are broken with a lower value of applied stress in the case of
tests with constant deformation rate, or breaking of the boris
requires a lower degree of thermal fluctuationa in the ca~z of
tests with constant stress, In fatigue tests, the movemeat of a
crack occurs with a lower value of plastic deformation of the metal
adjacent to the end portion of the crack, or with a lower concen=~
tration of vacancies /370, 435, 4367 than when the diffusion
effect of the medium is absent,

In tensile tests with constant rate of deformation, the
diffusion effect of the medium in a crack can be characterized by
a8 certain mean value of specific work ¢ over the length of the
crack, Then the change in energy of the metal during the formation
of a crack of length ¢ is expressed in the form

AB == 2yc -t po— -0, (240)
2K,
where E; is the local value of modulus of elasticity of the metal
in the diffusion zone; the remaining symbols are the same as in
formula (180), Using equation (240) and the condition for the
formation of a Griffith crack 4 AE/dt = C, we produce the
following expression for the rupture resictance

Fy (Y Fpi2—9/2
Un'—'_:}ll/ ! p (Y-bp/2—g/2) ) (241)

c

Thus, the greater the weakening the bonding forces in the
diffusion zone, the greater the equivalent work ¢ , the greater
the decrease in strength of the metal,
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The dynamic effect is appareatly significant in the
diffusion influence of the medium, in addition to the static effect
of weakening of bonds in the lattice of the metal, which is also
prosent if the solid solution is formed for the beginning of the
test., Its influence is related to continuous diffusion of the atoms
of the medium during deformation of the metal, The movement of
the diffusion flow of atoms apparently can lead to a decrease in
stability of the atoms which are in the metastable position in
the crystalline lattice, Uader the influence of the diffusing
atoms of the medium, the atoms of the base metal will recelve
additional impetus, which facilitate their transition to a more
stable position, Apparently, this influence can lead to liberation
of the inhibited boundary dislocation, to creep of this dislocation
to neighboring slipping planes as a result of transition to a
new position of atoms at the edge of the dislocation plane,
Apparently, the additional impetus of the diffusion atoms also
facilitates rupture of the bonds between atoms in the end portion
of the crack when the metal is tested for long term strength, since
this impetus decreases the thermal fluctuations supporting rupture
of the bonds,

The diffusion influence of the liquid metal may be particu-
larly greatly increased with unstable temperature regime of de-
formation if the temperature dependence of the soclubility of the
liquid metal and the solid metal is sharply expressed. In this
case when the temperature is decrcased the second phase may
separatey liquid metal, intermetallic compound or super saturated
solution, vhich looses coherent c,upling to the initial solid
solution, Naturs ly, the most dangerous effect is the sepsration
of the liquid metal, since sectors of the new phase in this case
forms seeds for rupture cracks.

One essential feature of the effect of the diffusion
influence of liquid metal on s0lid metal is its time dependence,
The longer the contact between the liquid méetal and the solid metal
before or during deformation, the greater the depth into the
specimen which the diffusion front can move, the greater the
change in the mechanical properties of the metal being tested.
Table 55 shows the dependence of mechanical properties of lead
specimens in extension at constant rate, as well as the number of
bends on contact time with mercury before the beginaing of the
experiment /4377, The tests were performed using flat specimens
with a gauge section thickness of 1,2 mm and a width of 5 mm, We
can gee from the table that as the duration of contact of speci-
mens with mercury increasec, the effect (decrease in strength,
plasticity and number of bends) of the conftact increases continual-
ly. The decrease in the degree of change of mechanical properties
as contact time increases it apparently caused by the approximation
of the solid solution concentration to the equilibrium of level.
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The considerable solubility of mercury ir lcad is confirmed by
the data of /119/.

An influence of holding time in liquid metal on the mechanical
propertiegs of a solid metal similar to that described above was
also observed in short term tensile tests of type L62 brass /4387
and copper-beryllium /237/ after contact with merc «y,

The following observation, made during tests of armco iron
for creep in liquid zinc, saturated with iron (see beginning of
this chapter) is also related to the influence of time on the
diffusion effect of the liquid metal: the degree of influence of
the liquid metal on the creep rate of armco iron in the second
period was greater than the first period, that is the value of the
creep rate increase factor for the second period was greater then
for the first, with all values of applied stress (Figure 152),
This fact as well as the increase of the effect with decreasing
stress, are determined by the more complete occurrence of dif”asion
processes as the diffusion time of atoms of the medium into the
deformed metal increases, We must note here that the relationhsip
between creep rate increase factors with adsorption and corrosion
by the liquid metal (see Sections A and B of this chapter) and
with the diffusion effect differ,

Table 55

Mechanical Properties of Type S3 Lead
Specimens has a Function of Contact
Time with Mercury before the beginning

of the Test
Time of > 2 Eumber
exposure to s kg/mm” | S, , ke/mm §,% Y, % | of
ercury, sec ) bends
o] 13.1 89,2 62 84 15
60 12.9 51,0 57 74 14
600 11.4 19.1 57 46 3
1800 10.5 14,8 57 30 2
3600 10,5 1h,? 57 25 1
7200 10.4 12,6 56 1?7 1
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The decrease in strength and plasticity of monocrystals under
the influence of a liquid metal coating is also sometimes related
to volumetric diffusion of atome of the medium, as was ahown by
the works of V, N, Rozhanskiy /439, 440/, The diffusion of liquid
metal, as these works indicate, sometimes leads to the formation
of new phases, to the rupture of specimens along planes of induced
cleavage. Works on the investigation of internal friction in
metal specimens with thin surface coatings of low-melting metal
also indicate the diffusion influence of liquid metals /280, 281,
4417, The increase in internal friction established in these
works is proportional to the increase in grain boundary surface
area, indicating intercrystalline diffusion and horophilicity cf
the diffusing retal,
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Figure 152, Creep rate increase factor in the
first (1) and second (2) ryeriods has a
function of stress in tests of armco
iron in liquid zinc saturated with iron
at 500° ¢,

An indirect indication of the possibility of reducing the
long term strength of materials as a result ~f the diffusion of
low melting metals can be found in the resulits of /L42-L4y7, These
works showed that the time to rupture at reletive elongation of
heat resistant alloys tested under constant stress at high tempera-
ture decrease gharply even with negligible contents of Fb, Sb, Bi
and other low melting metals., For example, in the Pridantsev
established reference /4437 that the time to rupture for specimens
of type BI437 nickel alloy at 700° C with a stress of 36 kg/mm? is
88, 2§ and 12 hr with a content of lead in the alloy of 0,0006,
0,0015 and 0,0050 wt, % respectively,

Since appearance of the diffusion influence of the liquid
metal on the solid metal during the deformation process requires
more rapid movement of the diffusion front into the depth of the
specimen than the movement of a crack, there is a kinetic
condition for the diffusion v¢ffect. In the case of tensile testing
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of a metal at constant deformation rate, this concfition can be
produced as follows, We represent by to the time to rupture of

a specimen stretched gt rate & 1in an inactive medium, Suppoag
its elongation at the moment of rupture is § ; then tg = S/ € o

We represent by tl the time reyuired for diffusion penetration of

the liquid metal through a layer of the metal of the specimen with
thickness equal to its diameter L, If the diffusion factor
(volumetric or boundary, depending on the nature of propagation of

the crack) is D, then t, & D/Lz. Since facilitation of crack
development is necessary for fulfillment of inequality t1 < to,

the kinetic condition for appearance of the diffusion effect of
the liquid metal will be

. _ Do
< (242)

Thus, the diffusion influence of the medium can appear only
with specimen deformation rates for which inequality (242) is
fulfilled. At higher rates of deformation, the specimen will not
experience the diffusion influence of the liquid metal, However,
it should be noted that condition (242) is correct if the contact
time of the specimen with the liquid metal before the test is not
great, that is if it is much less than tl .

It was shown in Chapters II and III that the diffusion
influence of the liquid metal on the long term strength and creep
of materials increases with decreasing temperature, For example,
tests at constant stress have shown that the relative decrease in
time to rupture and increase in stable creep rate of armco iron
under the influence of liquid zinc are greater, the lower the
temperature (see Figure 96, b snd 109, b). The results of these
tesgts seem at first glance to be paradoxical, since the diffusion
factor increases exponentially with increasing temperature.
LEowever, this influence of the diffusion factor of the liquid metal
is quite normal, During long term strength tests, it is possible
if the activation energy for diffusion of the liquid metal in the
solid metal is less than the activation energy for rupture of the
solid metal, This can be demorstrated as follows,

The diffusion influence of . he liguid metal on a specimen
at two different experimental temperatures is approximately the
same if the depth of the diffusion zone is equal., Let us represent

by 11 and Jb the depths of diffusion penetration of atoms of the

medium into the specimen at temperatwes T, and T, (T2 > Tl). Ir
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the diffusion is volumetric, then '{1 = KyD (5 and 472 = KyD ré.

we will assume that Tl and 'tz are the values of time to rupture

of specimens at temperatures T
1 /RT

mind the relationship T = Be , where Q is the

rupture activation energy, and since D = Doe-QD/RT, where Qp is

the diffusion activation energy of the liquid metal into the
solid metal we produce

and '1‘2 respectively, Having in

1
L= KDy exp [‘zﬁ,‘ (@— QD)]
and

L = KDYt oxp | 5= (000 ] (243)

Cbviously, the degree of diffusion influence of the medium is
determined by the ratio !l/ l%, which is equal to

1,
b gwi-o(r= ), (k)

2

If ]1/.12 = 1, the degree of influence of the liquid metal

at various temperatures will be the same, We can see from equation
(244) that this case is possible if the activation energies for
rupture and diffusion are the same, If ,/1/.1 > 1, when the

temperature is decreased the effect of the influence of the medium
increases, It follows from (244) that this is possible if the
rupture activation en }gy is greater than the diffusion setivation
energy., Finally, if /,i < 1, the degree of influence of the

llquid metal increases with 1ncreasing temperature, This last
case is possible if the rupture activation energy is less than the
diffusion activation energy.,

Since the value of Qp included in equation (244) represents

the diffusion activation energy in the metal near the end porticn
of a crack with strongly distorted structure as a result of the
plastic deformation which has occurred, its value should be rather
low. In any case, it should be not over the activation energy for
surface diffusion which, according to the <alculations of S, T.
Kishkin /G457, might be approximately 10 xcal/g.atom. The value
of rupture activation energy is generall; several tens of kcal/g.
atom, Therefore, in most cases the second of the variants
analyzed above is realized when a liquid metal diffuses into &
solid metal,
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Commonality and Diffusion of
Adsorption, Corrosion and
Diffusion Factors

The £fects of the influence of liquid metals on solid metals
in the stressed state described .n the second portion of this book
result from the effects of the adsorptior, corrosion and diffusion
factors. The macro effect observed experimentally is a result of
the individual or combined influence of these factors,

Experimental investigations have indicated that all three
factors act in the same direction and lead to a decrease in the
strength and plasticity of the solid metal, or inm certain case:
made plasticize it, The effects of each of these three factors
are thermal dynamically determined, since the solid-liquid metal
system is brought to a state with lower thermal dynamic potential
than its potential in the initial state.

The identical nature of the influence of the adsorption,
corrosion and diffusion factors on thé mechanical properties of
the metal deformed is based on the identical na*ure of their
influence on the atomic bonding forces in the solid metzl, namely
a veakening of the atomic bonds., The mechanism of the influence
of the liquid metal medium on the strength and plasticity of the
s0lid metal in the limiting cases, when only one of the three
factors has sn influence, can be conveniently analyzed by using
the diagrams of the interaction of the atoms of the medium and
the solid metal in the end portion of a crack (Figure 153). The
stability of the crack in the field of external forces results
from the bonding forces of atoms in its end portion, 1t can be
considered approximately that it is determined by the bonding
0
AA
is maximal (see Chapter V, A, 1),

force f of the pair of atoms A - A whose interaction energy

The penetration of atoms of an adsorption active liquad
metal into the crack leads to weakening of bonding icrce fAA to
the value f,, and to the establishment of new bonds f,, (see
Figure 153, a). At this point, the crack can propagate by one

0
interatomic dista..=e by breaking bonds fAA and fAB’ not bond fAA
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as before, Therefore, the condition of the adsorption influence
of the medium is written in the form

fap+fha< 13, (245)

where the supetrscript y indicates that the corresponding values
are projections of vectors on the y axis, corresponding to the
direction of the influence of th» external medium,

Due to the capability of adsorption active medium atoms to
perform surface migration, one atom of the medium is in principal
sufficient for propagation of a crack through the entire cross
sectign of the solid metal (having in mind a flat model one atom
thick),

® @

Figure 153, Diagram of
adsorption (a),
corrosion (b) and

lg? diffusion (c) in=-

" o) fluences of liguid
metal on solid metal

— at end portions of
@@ crack,

One specific feature of the adsorption influence is its
reversibility: after the medium is removed, the mechanical
properties of the. metal become the ssme as in the initial state.
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The corrosive influence of the liquid metal, related to the
dissolution of solid metal - the most frequently encountered form
of corrosive destruction - causes breaking of the bonds of two
light atoms A4 = A in the end portion of the crack as well, This
rupture is facilitated by the transition of one atom into the
liquid metal solution (see Figure 153, b). Thus, the condition
for the corrosive influence of the medium is written as follows:

faa<ti. (246)

Obviously, the effect of the corrosive influence is greater,
the less the concentration of atoms A in the liquid metal and the
higher the saturation concentration of the liquid metal solution,
The presence of one atom B in the crack will not in this case
cause a change in the bonding force of atoms A - A, After removal
of the medium, changes in the mechanical properties of the metal
sre possible only as a result of irreverasible changes in the
surface (dissolution) occurring during preliminary holding in the
liquid metal,

viith the diffusion influence, which is related tec diffusion
penetration of liquid metal into the solid metal, the bonds broken
are not between like atoms A - A, as in tbe case of adsorption and
the corrosion influences, but rather between different stoms A - B
(see Figure 153, c¢).
The condition of the diffusion influence is
fan<fia. (247)

The degree of corrosive influence is greater, the stroager

an inequality (247) and the higher the solubility of the liquid

metal in the solid metal, The effect of the diffusion influence

is irreversible, and removal of the medium from a surface of the
s0lid metal will not result in restoration of ites mechanical
properties to the initial level, It should also be noted that

at high Lemperature the change in strength of plasticity of a solid
metal may result from an increase in the self-diffusion factor of
the metal- the base of the solid solution,

The interaction of atoms of solid snd liquid metals in the
end portion of a crack with adsorption, corrosion and diffusion
influences can be considered identical formally, by introducing
a certain equivalent specific rupture worlk, Usage of this
equivelent lesds to equations of identicsl form (181), (226) and
(241), which give the values of the strength of the deformed
metal when acted upon by a liquid metal radium, as determined by
one of the three factors.
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The adsorntion, corrosion and diffusion factors differ not
only in the mechanisms of their influence on the process of
rupture of a solid metal, but also in the mechanisme of their
plasticizing influence, Thus, it has been shown /375/ that
adsorption plesticizing rssults from the effect of reduction of the
surface energy barrier b<7) preventing the movement of dislocation
to the surface of the deformed metal., The facilitation of plastic
deformation as a result of the corrosion influence of the liquid
metal is possible as a result of solution of the surface atoms of
the solid metal located in the path of a dislocation moving toward
the surface, in the liquid metal /415/. Diffusion plasticizing is

. apparently possible only at high temperatures., It is manifested
as an increase in creep rate of the solid metal in a liquid metal
medium and results from an increase in self-diffusion factors of
the base metal resulting from penetration of atoms of the medium
intercrystalline lattice, At low temperature, diffusion plasti-
cizing does not appear, since the distortion of the crystalline
lattice in this case has more influence on the plastic properties
of the so0lid solution (and also more influence on the strength
properties) than does the decrease in the atomic bonding forces,

iie must note that the influence cof the medium on the process
of ruvture of this solid metal is greater than its influence on
the process of deformation., For example, in Chapter V, A, 1, it
is shown that with the adsorption influence of liquid metal, the
change in rupture sctivation energy (262N 7)) is twice as great
as the change in the energy of activation rsquired for a disloca-
tion to move to the surface of the metal (b“AY). A3 a result
of this, the change in the strerngth and plasticity characteristics
(true tensile strength, rupture activation energy, limiting
relative elongation) is greater than the characte-istics of the
plasticizing influence of the medium (yield point, hardenirg
factor, creep activation energy). In particular, this is explained
by the fact, noted in Chapter I, Section 1, that when metals are
tested for rupture in an adsorption - active liquid metal medium,
t the stress-strain diagram most frequently corresponds with the
: diagram produced by testing in sn inert medium, right up to the
) : moment of rupture, which occurs, in the liquid metal with consider-
[ ’ ably less elongation of the specimen, The placement of the stress-
» strain diagram of a materisl in liquid metal in the area of lower
stresses than the stress-strain disgram of the material in an
inert medium is generally much rarer.

S ——

! In addition to the difference in the mechanisms of the

5 adsorption, corrosion, and diffusion influence of the liquid metal
on solid metal, there is alsc a difference in the kinetics of the
influence of these factors, It was demonstrated in Chapter V,
C that in the case of the diffusion influence of the medium the
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criticel value of deformetion rate of the metal at which changes
in the mechanical properties of the metal are so observed as
defined by equation (242), that is the value of critical rate

va is proportional to the value of the diffusion factor for atoms
of the medium in the solid metal: va ”'DT' Equations of the form
of (252) can be produced similarly for the critical rate of
deformation with the adsorption (v;) and corrosion (vi) influences

of the medium, The only diiference will be that for the
characteristics of the ads-~otion influence, we will have to
replace DT in the equation Jike (242) with the coefficient of

surface migration of atoms of the medium into a crack Dy, or in

case of the corrosion influence - with the coefficient of
diffusion of atoms of the deformed metal into the liquid metal
Dl . Assuming in the first spproximation that § is similar in

all three inequalities, written for the three forms of ligquid
metal influence, we produce

(248)

v; : v;( H v& f—"DP! o

Since the rate of surface migration is considerable greater

than the rate of diffusion into the liquid metal, while tlLis rate
is greater than the rate of diffusion in the solid metal, that is
DM 7Dy > DT’ we find the following relastionship of the values of

the ccitical rates of deformation of the solid metal: v; > vl‘( bd v;.

: D[ : D

Thus, if a liquid metal medium is capsble of influencing a solid
metgl by adsorption, corrcsion and diffusion, in tensile testing of
specimens with various deformation rates the diffusion influence
will disappear first, followed by the corrosion influence, and

the adsorption influence will disappear only at the highest
deformation rates,

260

[ e VN I SO

PN




BIBLIOGRAFHY

1, Akimov, G, V,, Teoriys i Metody Issledovaniya Korrozii
Metallov, "Theory and Methods of Investigation of Corrosion of
Metals", Moscow, Academy of Sciences, USSR Press, 1945,

2. Ryabchenkov, 4. V,, Korrozionno-ustalostnaya prochnost’
gtali, "Corrosion~Fatigue Strength of Steel’, Moscow, Mashgiz Fress
1953.

3+ Likhtman, V, I,, Rebinderpal vliyaniye poverkhnostnl-
gktivncy sredy na protsessy deformatsii metallov, "Influence of
Surface Active Agents on Processes of Metal Deformation', Moscow
Academy of Sciences, USSR Fress, 1954,

k, Glikmeuw, L. A., Korrogzionno-mekhanicheskaya prochnost'
netallov, "Corrosion-Mechanical Strength of Metals', Moscow,
Mashgiz Press, 1955.

5. 7Tomashov, N, D., Teoriyn korrozii i zashchity metallov,
"Theory of Corrosion and Protection of Metals”, Moscow, Acad. Sci.,
USSR Fress, 1959,

6. Balandin, Yu, F,, Markovvg koastruktsionnyye materialy
dlya ustanovok s zhidkometallicheskimi teplnositelymi, "Structural
Materials for Installations with liquid Metal Heat Transfer
Media", Leningrad, Sudpromgiz Fress, 1961,

7. Likhtman, V, I,, Shchukin Ye, D.,, et al, Fiziko-khimich-
eskaya mekhnaika metallov, "Physical-Chemical Mechanics of Metals",
Moscow, Acad, Sci,, USSR Press, 1962,

8. Rostoker, U,,Maek-Kogi, J., Merkus, G., Khrupkost'
pot beystvyem chidkikh metillov, "Srittleness Under the Influence
of Liquid Metsals,' translated from the English, edited by
Ye. D. Schukin, Moscow, Foreign Literature Press, 1962.

9. Karpenko, G. V., Vliyaniye aktiypykh zhidkikh sred ns
vynoslivost' stali, "Influence of Active Liquid Media on
Indurance of Steel", to, Acad, Sei., UKSSR Prees, 1955,

10, Keller, J, D, J,, Iror and Steel Inst.,, 36, No, 1. 125
(1959)., Switucha, N, M, Wire Ind., 30, 953 (1963).




11, Epstein, L. F., International confer. on the Peaceful
Uses of Atomic Enerpy, Geneva, 1955, Paper P/119,

12, Smirnov, A, V,, Goryachcye tsinkovaniye, "Hot
Galvanizing", Moscow, Metallurgivat Press, 1953.

15, Sniev, N, M,

Baturov, D. B,, Shmelev, V., N,, Atomanaya
energiya, Vol. 17, 243, —

1964),

14, Leypunskiy, A. 1., et al, Atomanaya energiya, Vol., L7,
545, (1964),

15, Kazachkovskiy, O. D., Atomaraya erergiya, Vol. 18, 390,
(1965).

16, GSrasunas A, Corrosion, Vol. 9, No. 3, pp. 78, 1953,
17, Manly, W, D., Corrosion, Vol, 12, Nan, 7, p. 46, 1956,

18, Hoffman, E, E,, Manly, W. D.,, In "Handling and Uses
of the Alkali Metals", Washington, A. G. S., 1957, p. 82.

19, Wwilkinson, %, D,, Murphy, W. F., Nuclear Reactor
Metallurgy, Toronto - New York - London, D, Vaced Nostr. Comp.
1958,

20, MNikitin, V. I., Tploenergeiika, No, 2, 90, 1962.

21. Bruk, B, I.,, et al, Metallovedeniye, Ko. 6, Leningrad
Sudpromgiz Fress, 1962, p. 176,

22. 4ndreyev, F, A,, Kanayev, A, A,, et all, Zhikdometalli
cheskiye teplonositili dlya yadernyakh reaktorov, 'liquid Metal
lieat Transfer Media for Nuclear Reactors', Leningrad Sudpromgiz
Press, 1959,

23, Kummerer, <. Atomkern-Energie, Vol. 9, No. 5 - 6, 159

1964,

24, Weeks, J. et al, Zhidkive metally i ikah zatverdevaniye
"Liquid Metals and Their Solidification", translated from the
English, edited by B. Ya, Lyubov, Moscow, Metallurgivat Press,
1962, p. 126,

25. Ward, 4, G., Taylor, J. W. J, Inst, Metals, 85, Lo, 4,
145, 1956,

26. erd, A, G., Taylor, J. W., J. Inst. Metals, 86, No. 1,
36, 1957.

262




27. Stevenson, D, A,, Wulff, J, Trans. AIME, 221, No. 2,
279, 1961,

28, Sano, et al,, J. Jepan Inst, letals, Vol. 24, No, 7, p.
452’ 1960.

29, Grsham, L, W,, Wilson, G, W,, J, Iron and Steel Inst,,
Vol, 193, No, 2, p. 103, 1959,

%0, Graham, L, W,, Wilson, G, W,, J. Brit. Nuel, Energy [,
Conf., No, 2, p. 128, 1960,

31, Jackson, J. K,, Grace, R, E,, Metallurgical Soc. Conf,,
Vol. 7, p. 633, 1961.

32. Lommel, J, M,, Chalmers, B,, Trans, Inst, “ining Met,
Engrs., Vol. 215, p. 499, 1959.

33, Epstein, L, F,, Chem, Engng., Progr. Sympos. Series 53,
NO. 20’ po 67) 1957.

34, 2Zhidkometallicheskiye tzplonositeli, "Liguid Metal "eat

Transfer Agents', translated from the English, edited by A. Ye.
Sheyndlin, Moacow, Foreign Literature Fress, 1958.

35. Covington, A, K,, Baird, J., D.,, Woolf, A. A., Reactor
Science and Technology, Vol, 16, No. 7, p. 355, 1962,

36, Finniston, H, M, Austral, Atomic Energy Symp.,
Melboul‘n. 1958’ p. 189.

37. Yang, L., Derge, G,, Metallurgical Soc, Conf,, Vol. 7,
Pe 503 " 1961‘

38, Melvin-ldughes, E, A., Fizchekaya khimiyas, Fhysical
Chemistry, Book 2, translated from the English, edited by Ya. I.
Ge: salov, Moscow, Foreign Literature Press, 1962,

39, Gurinsky, G, H., Nuclear Metallurgy, No, &, 5, 1956,

40, Kelly, K. J., NASA Technical llote D-769, Washington,
1961, February, p. 27.

41, Vveeks, J, R., et al, Metallurgiya yadernoy nergtiki
i deystviye obluchenrya ns maierialy, ''The Metallurgy of Nuclear
Power Engineering and the Effects of Radiation on Haterials",
Moscow, Atomizdat Fress, 1956, p. 321. (Reports of foreign
scientists at International Conference on the leaceful Uses of
Atomic Energy, Geneva, 1955).




k2, Frost, B, R, T7,, et al, International Confer, on the
Feaceful Uses of Atomic Energy, Geneva, 1958, Paper P/270,

43, Klamut, C. J., et al, International Confer, on the
Peaceful Uses of Atomic Energy, Geneva, 1958, Faper P/2406,

kh, Weeks, J. R,, Klamut, C, J,, Mucl, Sci, and Engng.,
Vol, 8, No. 2, p. 133, 1960,

45, Eorsley, G, W., Maskrey, J. T., J. Inst, Metals, Vol, 86,
p. 401, 1958,

46, Stevenson, D, A,, Wulff, J,, Trans. ASME, Vol., 221,
No., 2, p. 271, 1961.

47, Alden, T., et al, Trans, AIME, Vol, 212, p. 15, 1958,

48, Davey, T. R, A,, Metallurgical Soc., Conf,, Vol. 7,
p. 581, 1959,

49, Evans, J, W., Nucl, Ergng, Vol, 4, No. 35, p. 59,
1959.

50. Griftith' c. B., Hallett. M. w.' lT. AMQI‘. ch’m. SOO.,
Vol, 75, No, 8. P 18%2, 1953.

51, Chasanov, M, G,, et =1, Trans, AIME, Vol, 224, No, 2,
p. 935, 1962.

52, Kerridge, D, H,, Reactor Technology, Vol, 1, KNo. 3,
p. 215, 1960.

53. Kozin, L, F., Elektrokhimiya rastovorov i metalliche-
skish sistem, "Electrochemistry of Solutions and Metallic Systems",
Alma-ata, Acad. Sci., Kazssr Press, 1962, p. 101,

54, Slavinskiy, M. P,, Kizo~khimicheskiye svoystva elementov
Moscow, Metallurgivat Press, metallurgizdat Press, 1952.

55, Bokiy, G, B., Kristallokhimiya, "Crystalochemistry",
Moscow, MGU Press, 1960,

56. Umanskiy, Ya, S,, Finkel'shteynbn, et al, Fyziche
gosonovy metallovedeniya, "Physical Principles of Metallograpby ,
Moscow, Metallurgizdat Press, 1955.

57. Yumerozeri, V,, Reynor, G, V,, Struktura metallov i
spalevob, "The Structure of Metals and Alloys'", translated from
English, edited by Ya, P, Selisskiy, Moscow, lletallurgigdat Press,
1959,

264




56, Strauss, 5. W,, et al, Acta Meiallurgica, Vol, 6,
p. 604, 1958,

59, Strauss, S. W,, Acta Metallurgica, Vol. 10, p. 171,

1962,

60, Morgan, D, W.,, Kitchener, J., A., Trans, Faraday Soc.,
Vol, 50, 51, 1954,

61, Varley, J., H., O, Philos Mag., 45, 887, 1954,

62, Weeks, J, R.,, Klamut, C, J,, in "Corrosion of Reactor
Materials", V. o, Vienna, 1962, p. 105,

63, Cleary, R, L., Leavenwortn, i, W.,, Acta Metallurgica,
9, 519, 1961.

64, Nevzorov, B, A., Zh, Fiz, Khimii, 35, Fo. 3, 620, 1961,

65. Nikitin, V. I., 2Zh, Prikl, Khimii, 36, ho. 10, 2192,
1963,

66, Strachan, J. F,, Harris, N, L., J. Metals, 385, No, 1,
17, 1956-57.

6?7, Brush, E, G,, Corrosion, 11, No, ?7, 27, 1955,

68, Nikitinvi, IA SSR, Metallurgiya i gornoye delo, iio, 3
163, 1964,

69, Tsuprunlitarytinami issledovaniys v oblasti geologii
khimii i metallurgij, "Investigations in the Area of Geology,
Chemistry and Metallurgy", Moscow, Acad, Sci, USSR lress, 1955,
p. 285. (Report of Soviet delegation at International Conf. on
leaceful Uses of Atomic Energy, Geneva, 1955),

70, Gertsriken 8, D,, Khtyar, I, Ya,, Diffuziya v metallaksh
i splavakh v tverdoy faze, "V ffusion in Metals and Alloys in the
Solid FPhase," Yoscow,FIZMATGIZ lress, 1960,

71, Cathcart, J, V., Manly, W, D., Corrosion, 12, 871, 1956,

72, Imai Y,, et al, in " ‘orrosion of Reactor Materials'",
V. 2, Vienna, 1962, p. 51.

73, Imei, Y., Nishino, K. Sci. Repts, Ree, Inst, Tohoku
Unch' Als' No, l*' 197| 19630

74, Covington, A. K., Geach, G. 4,, Yolf, A, A., Atomics
snd Mucl, Energy, 9, No. 1, 10, 195¢,

265




7%. Taylor, J. W,, Nucl, Power, 3, No, 22, 53, 1958,

7?6, Fikitin, V, I,, Zavodsk, Laboratoriya, 28, No. 8, 951,
162,

77, Nikitin, V, I.,, IAN SSR, Metallurgiya i gornoye delo,
No. 6, 125 1963,

78, WNikitin, V, 1., 2h, Fig, Khimii, 38, No, 5, 1210, 1964,

79. Nikitin, V, I., Zh, Fiz, Khimii, 41, o, 8, 1721, 1967.

80. Adnikitin, V, I,, Mashiny i ustanovki dlya issledovaniya
korrozii i prochnosti knostruktsionnykh materiallov v zhidkih
metallaka, "Machines and Installations for Investigation of
Corrison und Strength of Structural Materials ir Lisuid Metals",
Moscow, GOSINTI Press, 1964,

81, Horsley, G, W., Maskrey, J. T., J. Iron and Steel Inst.,
189, No, 2, 139, 1958,

82. Gill, W, N,, et al, A, I, Ch, E, Journal, 6, No, 1, 159,
1960.

83, Davis, M., Draycott, A,,International Confer. e«n the
Peaceful Uses of Atomic Energy, Geneva, 1958, Paver P/25.

84, Haag, F. G., Chem, Eng. Prorr, Sympos. Ser,, 53, No., 20,
43, 1957,

85. Gurinsky, D, H., et al, Third United Nations inter=-
national confer, on the Feaceful Uses of Atomic Energy, Geneva,
1964, raper F/2uh4,

86, Konstruktsinnyye mterialy i tekhnologiya tvelov,
"Structural Materials and Technology of Fuel Elements', Book 2,
translated from the English, edited by D, M, Skorove, lioscow,

87. McKee, J. M., Nucl, Eng, and Science Confer., April
609, 1959, Preprint V=114,

88, Cathcart, J. V., Manly, W, D,, Corrosion, 12, No. 2,
43, 1955,

89, Nikitin, V, I., Tevloenergtika, lo, 5, 80, 1963,
90, Nevsorov, B, i,, et al, Third United Nations Inter-

national confer., on the Peaceful Uses of Atomic Epergy, Geneva,
1964, i/Conf., 28/¥/343.

266

ol b P s




91. Nikitin' vm I.' IAN SSR, Metally’ NO. 6’ 15}' 1965.

92, Taylor, J. W,, Ward, A, 5,, Nucl, Power, 3, No, 23, 101
1058,

93, Covington, A, K,, Woolf, A. A., Reactor Technology, 1,
35, 1959.

94, Epshteyn, L, F,, Nekotoryye voprosy korrozii i teploov-
mena v zhidkikh: metallakah, ''Certain Problems of Corrosion and
Good Exchange in Liquid Metals'., Translated from the English,
edited by T, Kh, Margulova, Moscow - Leningrad, Gosenergoizdat
Press, 1958, p. 5.

95, ©borush, R, G,, Corrosion, 11, No, 7, 27, 1955.

96, Lyashenko, V, S,, Zotov, V, V,, et al., Tr, Vtoroy
mezhdunarodnoy knoferentsii mirnomu js,orl'zovpaiyu stomly energii,
zageneva, 1958, 'Works of Second International Conf, on Peaceful
Uses of Atomic Energy. Geneva, 1958", Revorts of Soviet Scientists
Vol, 3, Moscow, Atomizdat Press, 1959, p. 642.

97. Brush, E. G., Koenig, R, F., Chem. Engng. Progr. Sympos.
Series, 53, Mo, 20, 59, 1957,

9%. Lysshenko, V., S., Nevzorov, B, A., in Corrosion of
Reactor Materials, V, 2, Vienna, 1962, p. 373.

990 Nevzorov, Bo A.' ibido' Fe 2?1.

100, Prosvirin, V. I,, Vestnik metallopromyshlennosti, No. 12,
102, 1937,

101, Seit F., Kubashewski, O, Z. Electrochem,, 41, 551, 1935,

102, Rabkin, M, A., Ch, Prikl. khimii, 30, 5, 1957.

103, Gel'd, P, V,, Yesin, C, A,, Protessy vysokotemperasturnogo
sstanovleniya, "High Temperature Reduction Frocesses', Moscow,
Metallugizdat Press, 1957,

104, Smith, A. A., Smith, G, C,, J, Iron and Steel Inst.,
196, No. 1, 29, 1960,

105, Beskorovaynyy, N. M., Yakovlev, Ye. I,, Metallurgiva
i metallovedeniye chjistykh metalloy, "The Metallurgy sand Metallo-
graphy of Fure Metals", No, 2, Moscow, Gosatomizdat Press, 1960,
P 189.

267




106, Bruk, b, 1,, Grishmanovskaya, R, N,, et al, IAN SSSR,
Metallurgiya i toplivo, No, 5, 212, 1962,

107, Mak lin, D., Granitsy zeren v metallakh, "'Grain
Boundaries in Metals'", translated from the English, Moscow

Mevellurgizdat, 1960,

108, Arkaharov, V., I,, et al, Tr, in-ta fiz, metallov, No. 16
Moscow-Leningrad, Acad. Sci. USSR Fress, 1955, p. 56.

109, Ciifford, J, C,, Burnet, G,,Chem, Ergng Progr. Sympos.
Series, 58, 67, 1962,

11C¢. Krishdal, M, A., Diffuzonnye yrotessey v gh nykh
splavakh, "Diffusion Processes in ¥on Alloys", Moscow Metallurgigze
dat Press, 1963,

111, Smith, C, S.,, Metr1ls Technology, AIME, 15, 1, 1948,
112, Frost, B, R,, Atomics, 8, No, 10, 387, 1957,

113, Krishman, A, A,, J. Scient, and Industr. Res, B, 22,
No, 9, 371, 1963,

114, Kuznetsov, V. D,, Poverkhnostnaya energiya tverdykh

tel, "Surface Energy of Solids'", Moscow, Gostekhteorizdat Press,

e

9
1954,

115, Semenchenko, V., K,, Poverkhnostnyye yavlieniya v
motallekh i stlavakh, "Surface Phenomenon in Metals and Alloys",
Moscow, Gostekhizdat Press, 1957.

116, KOQnig’, 1, Fc, Bruah, E. G., Mater, and MethOdS, hz.
No. 6, 110, 1955.

117?. Dvorak A., Strojiremstvi, 12, No. 1, 39, 1962.

118, Bugakov, V, 2., Diffugiys v metallaksh i splavakh,
"Diffusion in Metals and Alloys", Leningrad-Moscow, Gostekhteorizdat

119, Hensen, M,, Anderko, K., Struktura dvoynykh splavov
"The Structure of Binary Alloys", transleted from the Fnglish,
edited by I, I, Novikov, et al, Moscow, Metallurgizdat Press,
1962.

120, Distefano, J, R., Hoffman, E, E,, In Corroaion of
Reactor Materisls, V, 2, Vienna, p. R}l.




-

121, Distefano, J. R,, Littman, A, P,, Corrosion, 20, No, 12, 1
392, 1964,

122, Beskorovaynyy, N. M,, et al, Metsllurgiys i metalloved-
eniye ¢ y "Metallurgy and Metallography of Pure

Metals", No., 3, Moscow, Gosatomizdst Fress, 1961, p. 233.
123, Beskorovaynyy, N, M., et al, op.cit.,No. &, p. 122,
124, Op cit., op cit No., 4, p. 130,
125, Darken, L, S., Gurri, R, V,, Fizicheskays thimiya
metallov, "Physical Chemistry of Metals", translated from the

English, edited by N, M, Sirota, Moscow, Metaliurgizdat Press,
1960,

126, Tyzeck, C., in "Strel Reactor Pressure Circuits",
London, 1961, p. 179.

. 127. Horsley, G, W,, J, Iron and Steel Inst., 182, No, 1,
k3, 1956.

128, Kovacina, T. A,, Miller, R, R., Nucl, Sci. and kngng,
10, No. 2, 163, 1961,

129, Batutis, E, F., et al,, Mine Safuty Apolicances Co.,
Rep. 1954,

130, Bychkov, Yu, F,, et al, jetallurgziys i metallovedeniys
chiatykh metalloy, "Metallurgy and Metallography of Fure Metals'",
No. 2, Moscow, Gosatomizdat Press, 1960, p. 78.

131, Gudtsov, M, T., Jvze, M, N,, Vozdeysiviye rtuti
kaka tplonositelya na stal' v energeticl:askikh ustanovkakh,
"Effects of Mercury as a Heat Transfer Medium on Steel in Power
Installations", Moscow, Acad, Sci., USSR Press, 1956,

132, Brush, E, G,, Koenig, R, F., Nuclear Metallurgy, No. 2,
21, 1956,

133, Mackay, T. L,, J. Electrochei.. Soc., 110, 60, 1963,

134, Nikitin, V, I,, Figiko-Khimicheskaya mekhnika
materialov, 1, 361, 1965,

135. Rode, G, V., Gol'der, G, A., IAN SSSR, otd. khim.
nmuk, No, 3, 299, 1956.

136, Wwillisms, D, D,, et ai, J. Phys. Chem., 63, lo. 1, 68,
1959.




F‘M

137, karp, K. R., U etallov, '"Success in

Metal Fhysice", Vol, 2, Moscow, Metallurgizdat Press, 1958, p. 177.

138. Kubashevskiy, O., Hopkins, B,, Okisleniye metallov
i splavov, Oxidation of Metals snd Alloys, translated from the
English, Moscow, Foreign Literature Press, 1955.

139, Zhuk, !y P., Korroziya i zashchita metallov, “Corrosion
and Frotestion of Metals", Moscow, Mashgiz Fress, 1957.

140. Richardson, ¥. D., Jeffes, J. H., J, Iron and Steel
Inst., 160, 261, 1948,

141, Gleiser, M., Trans. Metallurg, Soc., AIME,221, 261,
1961,

142, Gudremon, E,, Spetsial'nyye stali, "Special Steels",
Vol, 2, translated from the German, Moscow, Metallurgizdat Press,
1950,

143, Tankinms, E. S., Gokcen, N. A., Trans. ASM, 53, 843,
1961.

144, Eraun, M. P., Krukovskaya, G, N., Struktura i
svoystva litykh splavov, "Structure and Properties of Cast Alloys",
to Acad, Sci, UKSSR Fress, 1962, p. 82.

145, Meijering, J. L,, Pittsburg Internat. Conf. on Surface
Reactions, Proceedings, London, 1948, p. 1.

146, Stanyukovich, A, V., Problemy prochnosti pri
vysokikh stemperaturakh, "Strength Problems at High Temperatures',
Leningrad, Lonitomash, Book 18, 1950, p. 102.

147, MNikitin, V. I., Zashchita metallov, 1, No. 4, 385, 1965,

148, Fisher, I. C., J. Anvl. Fhys, 22, 74, 1951,

149, Borisov, V. G., Lyuvov, B. Ya., Fizika metallov i
metallcvedeniye, 1, No, 2, 298, 1955.

150, Fast,J,D., Verrig, M. B,, J. Iron and Steel, .Inast,,
176, 2b, 1954, °

151, Kerken, L. S,, et al, J. Metals, 189, 1174, 1951.

152. Stlnly. K;' J.Tl‘lﬂﬂo AIME’ 185' 752' 19“90 v

270

;
3
!
i
i
i
3
F]




153, Wells, O, C,, Mehl, K. F., Trasns AIME, 140, 279, 1940,

154, kcIntosh, A, B,, Bagley, K. §., J. Inst, Metals, 84,
No, 7, 251, 1956.

155, Ball, J. G., J. Inst, Metals, 84, No. 7, 239, 1956,

156, Bett, F. L., In Australian Atomic Energv Symp.,
Melbourne, 1958, p, 201.

157, Scebold, R.,, et al, Corrosion, 16, No. 9, 130, 196C,

158, Liquid ketals Handbook, Editor Lyon R. N,, VWashington,
First edition, 1950, Second edition, 1952.

159, Thorley, A., Tyzack C,, In Thermodynamics Nuclear
Materials, Vienna, 1961, p. 365.

160, Epstein, L. F,, Fluid Handling, No. 73, 49, 1956,
161, Mikitin, V, I., Issledovaniye materislov dlya energeti-

cheskikh ustanok, "Studies of Materials for Fower Installation ',
works of TSKTI, No. 69, Leningrad CNTI TSKTI Fress, 1966, p, 183,

162, Yikitin, V, I,, Zashchita met v {in print).

163, Skorchelleti, V, V., Teoretichekaya elektrokhimiya,
"Theoretical Electrochemistry", Moscow, Gostekkisdat Press, 1959.

164, Levin, A. I,, Teoreticheskiye osnovy eletrokhimii,
"Theoretical Principles of clectrochemistry", “Moscow, letallurgiz-
dat Press, 1963,

165, Livshits, V. G., Figzicheskiye svoystva metallov i
splavov, "Physical Froperties of Motels and Alloys", Moscow,
Mashgiz Press, 1959.

166, Drakin, S, I,, Fiziko-Khimicheskiy analiz, "Fhysical-
chemical Aualysis", Novosibersk, SC AN SSSR Iress, 1963, p. 71.

167, Orakin, 3. I., et 8l, Zh, Fiz. Khimii, 38, No, 2, 321,
1964,

165, Wwang, J. Y. N,, Nucl, 3¢i., and Engng, 18. 1964,

169, Dawe, L, W., J. Iron and Steel Instr. 190, No. 3, 271,
1958.

2N




170, Beneditkova, G. I., Dubinin, @, N,, USSR Authors
Cert, No., 152602, 1963, "

171, Subbotin, V, 1., Teplofizika vysokikh temperatur,
3, No, 1, 194, 1965,

1?2. NOWkirk, J. B.' Turnbull' D.' J. Appl. Phya.' 26’
Noo 50 579’ 1955.

173, Gurinsky, D. H,, Weeks, J, R,, Trans, New York
Academy of Sciences, Ser, 11, V., 21, No, 1, 28, 1958.

17"’. K&mmel‘cx‘, o. F.| et ‘1.' TranB. Amar. Inat. I‘dinc Het.
Petr. Engin,, 212, 20, 1958,

175, Jawmes, J. A., Trotman, J., J. Iron and Steel Inst,,
194, No. 3, 319, 1960. -

176, Jemes, J, A., Trotman, J., Associated Electrical
Industries Ltd., Fat. No., 896153, 9.05.1962,

177. Grobner, P., Ci%al, V., Arch, Eisenhuttenwesen, 32,
NO. 7. 19610

178, Dwyer, O, E., Chem. Engng, Frogr. Sympos. 3eries, So,
No, 11, 75, 1954,

179, Hammit, F, G., Trans, ASME, 85, No, 3, 346, 1963,

180, Bogachev, I, N,, Mints, R, I., Fovysheniye kavit o~
eroginnoy stoykosti detaley mashin, "Increasing the Cavitation
Errosion Resistance of Machine Parts'", Moscow, Mashinostroyeniye
Press, 1964,

181, Smith, P, G., et al, Trans, ASME, 85, No. 3, 329, 1963,

182, Imai, Y., et al, J, Atomic Energy Soc, capan, 4, No, 2,
77, 1962.

183, Hovanec, F, L,, Babcock and Wilcox Co. R2search Center, v ?
BAW-1089, 1959, i

184, Mikitin, V, I., Teploeaergitika, No, 4, 6, 1966.

185, NMNikitin, V. I.,, Zhareprochnyye materialy diya energo- !
meshinostroyeniya, "Hest Resistant Mrterials for Fower Machine i
Buflding™, works of TSKTI, No. 53, Leniagrad CNTI TSKTI Fress, :
1665, p. 232.

272




i)

186, Kochmova, L. A,, Likhtman, V, I., et 8l,, Fiz, Metallov
i metallovednive, 8, 288, 1959,

187, Sherukin, Ye, D,, Study of Heterogeneities of Flastic
Pefoemation of Metal Honocrystals, dissertation, Institute of
fhysical Chemistry, Acad. Sci,, USSR, Moscow, 1957,

188, Kochanova, L. A,, Andreyeva, I, A.,, et al, DAN S3SR,
126, 1304, 1959,

189, likhtman, V, I., Kochanova, L. A,, Et al, DAN SSER,
120’ ?57. 19580

190, Shchukin, Ye. D., Likhtman, V. I,, et al, DAN SSSR,
124, 307, 1959.

191, Bryukhanova, L. S., Kochanova, L. A,, et al, Fiziks
tvertogo tela, 1, 1448, 1959.

192, Rebinder, P, A,, Likhtmaz, V, I,, et al, DAN SSSR,
111, 1278, 1956,

193, Goryunov, Yu, V,, Fertsov, N, V,, et al, DAN SSSR,
127, 784, 1959.

194, Fertsov, N, V., st al, DAN SSSR, 120, 1003, 1959.
195, Rozhnanskiy, V. N., et al, DAN SSSR, 116, %9, 1957.

196, Fertsov, N, V., Goryunov, Yu, V., Inzh~Fig, Zh,, 2, 3,
1959,

197. Goryurov, Yu. V,, et al, DAN SSSR, 128, 269, 1959.

198, Likhtman, V. I,, Kochanova, L. A., et al, DAN SSSR,
120, 757, 1958,

g 199, Frertesv, N, V,, kebinder, P, A., DAN SSSR, 123, 1068,
1956,

] 200, Kishkin, S. T., Nikolenko, V. V., DAN SSSR, 110, 1018,
1956,

201, Kishkin, 8, T,, Klypin, A, A,, et al, Issledovaniye
gzharoprochnykh splavov, ""Studies of Heat Resistance Alloys" edited
by S, M, Vinogradov, No., 123, Moscow, Oborongiz Fress, 1960, p. 5.

202, Niller, H, L,, J, Inst, Metals, 37, No., 1, 184, 1927,

273




ws - T T T

203, Austin, G, W,, J, Inst, Metals, 58, No. 1, 173, 1936.

204, kishkin, S, T., iikolenko, V. V., et al, Zh, Tekhn,
Fiz,, 24, 1455, 1954,

205. Potak, Yao M.’ Shcheglakml. Ic Mo, Zho Tekhno P'ii&op
25, 897, 1955,

206, Potsk, Ya, M., Khrupkiye Razrusheniya stali i stal'nykh
detaley, "Erittle Rupture of Steel and Steel Parts'", lioscow,

Oborongiz Fress, 1955.

207. Goodrich, W, J., Iron and Steel Inst., 132, No, 11, 43,
1935,

20¢., Schottky, H., et al, Arch, Eisenhuttenwesen, &, 541,
1930.

209, Sailey, A, R., King, R, I., Bull, J. Inst. Metsls, 2,
No. 8, 105, 1954,

210, Genders, R, J., Inst, Metals, 3", No. 1, 215, 1927,

211, Kosogov, G, F,, Likhtman, V, I,, DAN SSSR, 134, No, 1,
81, 1960.

212, Fridman, Ya. B., Mekhanicheskiye voystva metalloy,
"Mechanical Froperties of Metals," Moscow, Cberongiz Press, 19°3,

213, Ctto, H, E., et al, Trans. ASM, 55, 429, 1962,

214, Markov, V. G., Metallovedeniye, No. 5, Leningrad,
Sudpromziz Press, 1961, p. 157.

215. Vanozina, Z. M,, Shchukin, Ye, D,, Inzh-fiz, Zh,
S, no. 7, 86, 1962,

216, Nichols, H.,, Rostoker W, Acta Metallurgica, 9, 504,

1961,

217. ‘Yrertson, N, V,, et al, Ingh-fiz, Zh, 2, No. 12, 77,
1959.

218, Rebinder, F, A., IAN SSSR. Otd, Khin, Nauk,, 11, 1284,
1957,

219, Likhtman, V, I., Shchukin, Ye. D., Uspekhi fiz, nauk,
"Successes of the Fhysical Sciences", 6, 213, 1958,

274




220, Dityatkovskiy, Ya, M., Andreyev, I, V,, et al, Fiz,
Metallov i metallovedeniye, 15, 435, 1963.

221, Chayevskiy, M, I,, Likhtman, V, I., DAN SSSR, 140,
1054, 1981, : '

222, Chayevskiy, M, 1., Vop:osy mashinovedeniya i prochnosti
v mashinostroyenii, "The Problems of Machines Science and
Strengths in Machine Building", No. 8, Kiev, Acad. Sci. UK SSR
Press, 1962, p. 30.

223. Chayevskiy, M, I.,, Shatinskiy, V., F., Vliyaniye
ravochikh sred na svoysiva materialv, "Influence of Working iledia
on the Properties of Materials', No, 2, Kiev, Aca. Sci. UK S3R
Press, 1963, p. 40,

224, Qreenwood, J, N,, Bull. J, Inst, Metals, 1, No, 19,
177, 1953.

225, Maksimovich, G, G,, Yanchishin, F, I,, Vliyaniye
ravochikh sred na svoystva materialv, "Influence of Working Media

on the Properties of Materials', No, 3, Kiev, Aca. Sci. Naukova -
dumka Preas, 1964, p, 52,

226, Coleman, E, G,, Weinstein, D., Rostoker, W., Acta
Metallurgica, 9, No, 5, 491, 1961,

227. Stoloff, N, S,, Yonston, T, L., Acta Metallurgica,
11, No. &, 251, 1963,

228, Rosenberg, R., Cadoff, I,, In Fracture Solide, Inter=
science, N, Y, - London, 1963, p. 607.

229, Petch, K, J.,, J. Iron and Steel Inst., 174, 25, 1953,

230, Low, J. KRs, In Symposium on Relation of FProperties to
Microstructure, ASM, 1954, p. 163,

231, Nichols, H.,, Rostoker, W,, Acta Metallurgica, 8, No, 12,
848, 1960,

232, Msaksimovich, G. G,, et al, Vliyaniye ravochuikh sred na
svoystva materjaly, "Influence of Working Media on the Iroperties
of Materials™, No, 2, Kiev, Acad. Sci. UK SSR Press, 1963, p. 56.

233, Maksimovich, G, G., et al, ibid, No. 3, Naukovadumka
Press, 1964, p. 58,

275




234, Maksimovich, G, G,, Nagirnyy, S. V., ibid, No, 2, Kiev,
Acad. Sci., UK SSR Press, 1963, p. 102.

235, Ewijk, L., J. Inst, Metals, 56, 241, 1935,

236, Rinnovatore, J, V., McCaughey, J. M., Markus, H., Acta
Metallurgica, 12, No, 4, 383, 1964,

237. Rinnovatore, J., V., Corrie, J. D,, Markus, H,, Trans.
ASM, 57, 474, 196t

238, Chayevskiy, M, I,, Shatinskiy, V. F,, Popovich, V. V.,
DAN 5SSR, 152, 1096, 1963,

239. Chayevskiy, M., I,, Shatinskiy, V. F,, et al, Vliyaniye
ravochikh sred na svoystva materialv, "Influence of Working Media
on the Properties of Materials", No, 3, Kiev, Acad. Sci. ,
Naukovadumka Press, 1964, p. 75.

240, Shchukin, Ye, D,, Pertsov, N, V,, et al, Kristallogra-
fiya, 4, 887, 1959.

241, Gavge, M, N,, IAN SSSR, Metallurgiys i gornoye
delo, No. 2, 143, 1964,

242, Rebinder, P, A,, Likhtman, V, I,, et al, Issledovanaya
po zharoprochnym splavam, "Investigations of Heat Resistant Alloys",
Vol. 5, Moascow, Acad., Sci. USSR Press, 1959, p. 293.

243, Troytskiy, O. A., Likhtman, V, I,, DAN SSSR, 147, No, &,

24, Troytskiy, O. A., Likhtman, V, 1., DAN S$SSR, 148, No. 2,
332, 1963.

245, Troytskiy, O, A,, Likhtman, V, I., Zh, Fiz, Khimii,
36, No. 8, 1893, 1963,

246, Troytskiy, O. A,, Likhtman, V. I,, DAK SSSR, 149, No, 5,
1115, 1963, .

247, Troytskiy, O, A,, Kristallografiye, 8, 6, 1963,

248, Troytskiy, O, A,, Beregima, I, G., Fiz, Metallov i
metalloveteniye, 18, No, 1, 125, 1964,

2h9, Silsus~, R, H,, J. Apvl. Phys,, 2&, 1246, 1957,

250, Leibfried, G. J., J. Appl. Phys., 30, 1388, 1959.

276




251,

252,
23, 1677,

253,
1955,

25h.

tela, 2, 1033, 1960,

255,

132, Ko. 2, 359, 1961,

256.

tverdogo tela, 3, 2774, 1961,

Thompson, M. W,, Fhilos. Mag., 4, 439, 1959,

Zhurkov, S. No' Narzullayev’ Bo N.. __Zh. Takhno FiZO'
1953.

Zhurkev, S, N,, Sanfirova, T, P,, DAN icod, 101, 237,
Zhurkov, S, u,, Sanfirova, T, P,, Fizika teverdogo
Likhtman, V, I,, Bryukhanova, L, S., et al, DAN SSSR,

Bryukhanova, L. S., Andreyeva, I, A., et al, Fizika

257.

143, 92, 1962,

258.

Yo, 5, 116, 1963,

Chayevekiy, M. I., Eryukhanova, L, S., et al, DAN SISR,

Nikitin, V, I,, IAN SSSR, Metallurgiya i gornoye delo,

259, Libermen, L, Ya,, Peysikhis, M. I,, Spravochnik po
svoystevam staley, primenyayemykh v kotloturhostroyenii, "Handbook

on Properties of Steels used in Boiler Construction", Leningrad
lashgiz rress, 1958,

260, Mikhylov-mikheyev, T. B.,, Spravochnik po metallicheskim
materialam urbin- i otorostroveniva, "Handbook on Metal Materials

Used in Trrbin and Motor Building", Moscow-Leningrad, Mashgiz
Press, 1961,

261,

royenaya, '"Steels for Boiler Construction", Moscow, Metallurgizdat
Fress, 1959,

262,

263,

edniva i vrochnosti v mashinostroyenii, "Problems of Machine

Prigantsev, M, V,, Lanskaya, K, A,, Stali dlya kotlosto-

Nikitin, V. I,, Zavodsk, laboratoriya, ‘o, 2, 213, 1964,

Maksimovich, G. G., Yanchishin, F. P,, Vuprosy mashinov-

Science and Strength in Machine Building", No. 8, Kiev, Acad. Sci.
USSR Press, 1962, p. 68.

264,

ravochikh sred ns svoystva materislv, "Influence of Working Media

Maksaimovich, G, G,, Yanchishin, F, P.,, Vliyaniye

on the Froperties of Materials', No, 2, Kiev, Acad. Sci.,
UK SSR Fress, 1963, p. 97.

21




265, hartley, H, J., J, Inst, Metals, 37, No. 1, 193, 1927,

266, Koerig, R, F., Vandenberg, N, G., Metal. Progr., 61,
No., 3, 36, 1952,

267, Baldwin, E, E, Trans, A3SME, 78, No, 3, 517, 1956,
268, 0Oding I, A., Ivanova, V., 5,, et al, Teoriya polzuchesti

i dlitl'noy prochnosti metallov, "Theory of Creep ard Long Term
Strength of Metala", Moscow, Metallurgizdat Press, 1959.

269, Nikitin, V. I., Zavodsk, laborstoriya, fKo. 1, 71, 1961,

270, Nikitin, V., I,, Taubina, M. G,, Teploenergtika,
No, “g 52. 19650

271, DNucl, Sci. Abstrs, 12582, 1964,

272, [Fishkin, S, T,, Benediktova, G, P,, Rssledovaniya
zharoprochnykh splavov, "Studies of Heat Resistant Alloys', edited
by S, M, Vinarov, No. 123, Moscow, Oborongiz Press, 1960, p. 45.

275. Kishkin, S, T., Benediktova, G, P., Issledovaniye
splavov tsvetnykh metallov, 'Studies of Alloys of Nonferrous
Metals"™, Vol, 2, Mcscow, Acad, Sci, USSR Fress, 1960, p., 19,

274, Benediktova, G. P,, Kishkin, S, T., Issledovaniye
struktury i svoystv zharoprochmykh splavov, "Investigation of the
Structure and Properties cf Heat Resistant Alloys", edited by
S. M. 7inarov, No, 158, Moscow, Mashinostroyeniye Press, 1964,

Poe 29.

275. Dykova, G, I,, Nikitin, V. I., Zhidkiye metally,'"Liquid
- Metals", edited by V. M. Borishanskiy, et al, Moscow, Gosatomizdat
? Press, 1963, v. 292,

276, Nikitin, V, I,, Zharoprochnyye materialy dlya energo-
! nashinostroyeniya, "Heat Resistant ilnert Materials for Fower

i Wachine Building", works of TSKTI, No, 53, Leningrad orti TSKTI
rress, p. 167,

277. Labgin, V, A,, Likhtman, V, I,, DAN SSSR, 121, No, 3,
kb3, 1058,

278, Labzin, V, A,, Likhtman, V. I., DAN SS3R, 129, No. 3,
526, 1959.

279. Pertsov, I, V,, Goryunov, Yu. V., Inzh-fiz, Zh, 2, Ko, 6,
3, 1959,




280, Bekartova, N, V,, Rozhanskiy, V. N,, DAN SSSR,
126, No. 3’ 602’ 1959-

281, Bekartova, N, V,, Rozhanskiy, V. N,, Fiz., Metallov i
metallovedeniye, 11, No, 1, 138, 1961,

282, Nikitin, V, I,, Fiz, Metallov i metallo:+deniye, 1k,
No, &, 613, 1962,

283, Kishkin, S, T,, Semichastnova, V, P,, et al, Issledova-
niya zharoprochniyka splavov, 'Investigetions of Heat Resistant
RIToys™, edited by S, M, Vinarov, No, 123, Moscow, Oborongiz Press,
1960, p. 69.

2%4, Serensen, S, V,, Kozlov, L. A,, Prochnost' pri povyshe-
nnoy temperature, "Strength at High Temperatures", No. 18, Moscow,
Oborengiz Press, 1955, p. 49,

285, Serensen, S, V., Meshchaninova, G, P.,, Ustalost'metallov
"Fatigue of Metals", Moscow, Acad, Sci., USSR Press, 1960, p. 19,

286, Ratener, S, 1,, Razrusheniye pri povtc-»ykh nagruzkakh
Moscow, Oborongiz Press, 1959,

287, Allen, M, P,, Forrest, P, J., Ustalost'metallov,
"Fatigue of Metals'", translated from the Errlish, edited by
G. V. Uzhik, Moscow, Foreign Literature Press, 1961, p. 49,

288, Aleksandrov, B, I., Vriyaniye,temperatury ns vynoslivost'
zharoprochnykh i teploustoychivykh scsley i splavov, "Influence
of Temperature on Indurance of Heat Reistant and Thermal Stable
Steels and Alloys", Moscow, CNTI TSNIITMASH, Information Letter
No. 18, 1960.

289, Mextin, I, W., Smith, G, C,, Metallurgia, 54, No, 325,
227, 1956,

29C, Wood, W. A., J, Inst, Metals, 86, No. 5, 228,
1957-58.,

291, Stepurenko,Y, T,, Babey, Yu, I,, et al, Vq¥£ggl_
mashinovedniya i prochnosti v mashinostroyeaii, '"Froblems of
Machine Science and Sirength in Machine Building, No, 8, Kiew,
Acad, Sci., UK SSSR Preas, 1962, p. 34,

292, Stepurenko, V, T,, Soshko, A, I,, ct al, Mashiny
i pribory dlya ispytaniya metallov, "Machines and Instruments for
Testing of Metals", Kiev, Acad, Sci., UK SSR rress, 1961, p. 128,

279




293, Stanyukovich, A, V,, Nikitin, V, I,, Metally v
sovrenennykh energoustanovkakh, '"Metals in Modern Power
Installations”, Moscow, Gosenergoizdat Press, 1961, p., 56,

294, Karpenko, G, V,, Prikladena mekhsnika, 3, No., 1, 13,
1957,

295, Kudryavtsev, I. V,, Vnutrenniye napryagheniya kuk
rezerv prochnosti v mashinostroyenii, "Internal Stress as a
Strength Reserve in tachine Building", Moscow, Mashgiz Press,
1951,

296. Chayevskiy, M, I., Issledovaniya po zharoproc' amy
splavam, "Studies of Heat Resistant Alloys™, Vol., 9, Moscow,
Kgad. S¢i,, USSR Press, 1962, p, 88,

297, Chayevskiy, M, I., Fizmetallov i metallovedeniye, 10,
No. 4, 604, 1960,

298, Chayevskiy, M. I., DAN SSSR, 124, No, 5, 1045, 1959.
299, Chayevskiy, M, I,, DAN S3SR, 125, No, 2, 319, 1959,

300. Chayevskiy, M, I., Metallovedeniye i termicheskaya
obrabotka metallov, No, 8, 14, 1959,

301. Chayevakiy, M, I,, Fizmetallov i metsllovedeniye, 8,
No, 5, 789’ 1959,

302, Chayevskiy, M. I.,, DAN SSSR, 134, No, 6, 1399, 1960,

303, Chayevskiy, M, I,, Tsiklicheskaya prochnost' metallov,

Cyclical Strength of Metals", Moscow, Acad. Sci., USSR Press,
1962, p, 243,

304, Chayevskiy, M, I,, Shatinskiy, V., F., Vliyaniye
_rabochikh sred na svoysteva materialov, "Influvence of Working
Media on Froperties of Materials", No. 3, Kiev, Naukova dumka
Fress, 1964, p, 92,

305, Savchenko, N, V., Zavodsk, Laborstoriya, 29, 1247,
1963,

306, Savchenko, X, V,, Fizmetallov i metallovedeniye, 15,
No. 5. 765. 1963-

307, Savchenko, N, V,, Metsllovedeniys i termicheskaya
obrabotka metallov, i, 10, 37, 1953,

280




308, Novokreshchenov, P, D,, Savchenko, N, V., Issledovaniya
po zharoovrochnym splavam, "Investigations of Heat Resistant Alloys",
Vol, 10, Moscow, Acad. Sci,, USSR Press, 1963, p. 277,

309, Gorovunuvv, N, S,, Diffuzionnyye pokarytiya na zhaleze
_1_stali, "Diffusion Coatings on Iron and Steel", Acad. Sci,.
USSR Press, 1958.

310, Gorovumov, N, S,, Zholudev, ii, D,, et al, Zashchita
_matallov, 1, Wo, 3, 314, 1965,

311, Allen, C,, Mackowiak, J., J. Inst, Metals, 91, No, 11,
369, 1963,

312. Webeter, HQ' EvanB, Ro M.. Hﬂﬂkins' A, Fo’ Trans.
Amer, Inst, Min, Met. Eng., 203, No. ?, 824, 1955,

131, Horstman, D,, Arch, Eisenhuttenwesen, 29, No, 12,
731, 1958,

314, Bailey, G, L., J., Watkins, H, C., J. Inst., Metals, 80,
No. 2, 57, 1951.

315, Polanyim M, Z., Phys., 7, 323, 1921,

316, 2wicky, F. Z.,, Phys., 24, 131, 1923,

31?. Born, M., Mayer, I. Z,, Phys., 75, 12, 1932.

318, Seitz, F., Read, T., J. Appl. Phys., 12, 170, 1941,

319, Orowsn, E,, Trans. Instn, Engrs and Shipbuilders
Scotland, 89, 165, 1946,

320, Griffith, A., Philos, Trans, Roy. Soc, London, A221,
163, 1921,

321. Frenkel', Ye, I., Vvedeniye v teoriyu metallov,
"Introduction to the Thecry of Metals", Moscow, GTTI FPress, 1950,

322, Orowan, E, Z,, Kristallogr., A89, 327, 1934,
323, Elliot, H, A., Proc, Fhys., Soc., 459, 208, 1947,

324, Orlov, A,N,, Fiz, Metailov i Metallovedeniye, &, 481,
1959.

325, Onyshkxo, L. V,, Voprosy mekhaniki real'nogo tverdogo

tela, "Problems of the Mechanics of an Actual Solid", lo., 2, Kiev,
Naukova dumka Press, 1964, p, 38.




d

326. Felbeck’ D. Kp' Orowan, Eo. Weld. J. Res, Suppl.. 34’
570, 1955.

327. Stepanov, A, V., Sow, I"hyﬂo. 29 537, 19320
328. Steplnov. Ao vo' Z. Phys., 92' 42’ 19}4.

329, Stepanov, A, V., Zh, Tekhn, Fiz., 5, 349, 1935,

330, Vitman, F, F., Davidenkov, N, N,, et al, Zh, Tekhn.
Fiz.' 5' "18’ 1935'

331, Zener, C., In Fracturing of Metals, ASM, N, Y,, 1948,
Pe 3.

332, Mott, N, F,, Proc. Ftys. Soc,, B6k, 729, 1951,

332, Mott, N, F,, J, Iron and Steel, lsnt., 183, 233, 1956,
334, Stroh, A,, Advances Phys,, 6, 418, 1957, *
335, Gilman, J., J. Trans, AIME, 212, 783, 1958,

336, Roghanskiy, V. N,, DAN SSSR, 123, 64&, 1958,

337, Indenbom, V, L., Fizika tverdogo tema, 3, 2071, 1961.
338, Friedel, J,, Les dislocations, Faris, 1956,

339, Stroh, A, N,, Philos, Mag., 3, 507, 1958,
340, Cottrell, A, H., Trans. AIME, 212, 192, 1958,
341, Fujita, F, E,, J., Phys. S=c. Japsn, 11, 1201, 1956,

342, Indenbom, V, L,, Orlov, A, N., Uspelhi fiz nauk, 76,
No. 3, 557, 1962,

343, Vitman, F., F,, Stepanov, V, A,, Zh, Tekhn, Fiz,, 3, 1070,
1933.

344, Shchukin, Ye, D,, Rebinder, F, A,, Kolloidnyy zhurp,
20, 545, 1958, .

345, Likhtman, V, I., Shchukin, Ye, D,, Uspekhi khiwii,

29, No, 10, 1261, 1960. ]

340, Shchukin, Ye, D,, Percsov, A, V,, et &1, Kristallogre-
fiya, 8, 69, 19€3,

282

RS AN




347, Stroh, A, li,, Fhilos, Mag., 46, 968, 1956,
248, Petech, N, J,, J. Iron and Steel Inst., 173, 25, 1953,

349, Peteh, N. J., In Progress in Metal }lhysics, No, 5,
Ed, B. Chslmers, R, King; London, 1554, p. 7.

350, Peteh, N, J,, In Proc. Conf. on Fracture, Swampscott,
ilass oy 1959 .

351, Kishkin, S. T., Klypin, A, A,, Metallovedeniye i
obrabotka metailoy, lo. 12, 36, 1957,

352, likitin, V, I,, Fiz, Metallnv i Metallovedeniye,
21, No. 4, 580, 1966,

353, Oding, I. A,, Liberov, Yu. P., IAN SZSR, betallurgiya
1 toplivo, XNo. 6, 125, 1962,

. 354, Rozhnskiy, V. N,, Uspekhi fiz, nauk, 65, No. 3, 387,
1956,

355. Parker, Ye, R., Atomnyy mekhanizm razruskeniys, "The
Atomic Mechanism of Rupture”, translated from the znglish, edited
by Y. A. Shtremel', Moscow, Metallurgizdat Press, 1963, p. 207,

356, Fraun, A, F,, Uspekhi fiz nuuk, 62, No, 3, 305, 1957.

357, CUrovai, Ye, V., Atomnyy mekhanism razrusheniya, "The
Atomic Mechanism of Rupture", translated from the English, edited
by ¥, A, Shtremel', Moscow, Metallurgizdat Press, 1963, p. 171,

358, MNikitin, V, I., Issledovaniye materialov delya energet-
icheskikh ustnovok, "Investigation of Materials for Fower
Installatiord',Works of TSKTI, No. 69, Leningrad, ONTI TSKTI Press,

1966, p. 270,

359, Nikitin, V, I,, Ian SSSR, Metally, No. 6, 160, 1966,

360, Frenkel', Ya, I,, Zh, tekhn. fiz, 22, 1857, 1952,

361, Barenblstt, G, I,, lrikl, Matem, i teoret. fizika,
Lo. 4, 3, 1961,

362, Drozdvoskiy, B, A,, ridman, Ya, B,, Vliyaniye treshchin
na mekhanicheskiye svoystva konstruktsionnykh staley, "Influence of
Cracks on the Mechanical Properties of Structural Steels", Moscow,
Metallurgizdat Iress, 1960.

283




IR i O s

5363, Panasyuk, V, V,, Voprosy Mekhniki real'nogo tverdogo
tela, 'Problems of the Mechanics of the Real Solid", No, 2, Kiev,
Naukova dumka Fress, 1964, p. 3,

364, Orlov, A, N,, Fiz, Metallov i Metallovedeniye, 8, 481,
1929,

365, Plishkin, Yu, M., DaN SSSR, 137, 564, 1961,

366, Cottrell, A, Kh,, Atomnyy mekhanizm razrusheniya, "The
Atomic Mechanism of Rupture', translated from the English, edited
by Me «. "htrezci', liereow, Metallurgizdat Fress, 1963, p. 30,

367. Taylor, J, W., J. lnc4. Metals, 67, No, 10, 456, 1958,

368, Eaes, C, F,, Kellog, H. H., Trans. imer, Inst, Min,
Met. Eng., 197, 643, 1953,

369, Fugachevich, P, I,, Poverlhnngtnoye natuiazheniye i
adsorbpsiya v metallicheskikh rastvoreaXkh, Surface Tension and
Adsorption in Metal Solutions", dissertation Moscow, 1Ghk4,

370, Ivanova, V, S,, Ustalostnoye razrusheniye metallov,
"Fatigue Rupture of Metals", lMoscow, Metallurgizdat Press, 1963,

371, Afanas' Yev, N, N,, Statisticheskaya teoriya ustalostnoy

prochnosti metallov, "Statistics Theory of Fatigue Strerngth of

lletals", Kiev, Acad, Sci,, UK S3SR Press, 1953.
372, Forsyth, P, J,, E, Nature, 171, 172, 1953.
373, Hull, D, J,, Philos. Mag., 3, No. 29, 513, 1958,

374, Cottrell, A, H,, Hull, d, J., Proc, Roy. Soc,, A2h2,
Yo, 1229, 211, 1957,

375, Shchukin, Ye, D,, JAN S5SR, 138, Ne, 6, 1105, 1958,
376, Cottrell, i. ¥Yh,, Dislokatsii i plasticheskoye techeniye
v kristallakh, "Uislocatione and Elastic Flow in Crysts .",

Moscow, rietallurgizdat Press_ L1256,

377, Jlenedict, C.,, In Froceedinrs o. P <sburg Intsrnat,
Corf, on Surface Reactions, Fittsbturgh, 1¢ ". p 196,

378, Chayevskiy, il ., Fiziko-Khimi eskaya mekhanike
a lj.l.!..;" 1’ NO.G ' 63':1 1965“ -

284

AT RREEN%y s AN e A Tt e T




379. Makhlin, Ye, S,, Nakahnizmy uprochneiya tverdykh
tel,, '""Mechanisms of Hardening of Sclids", translated from the
English, edited by M, L, Bernshtuin, Moscow, Metellurgiya Press,
1965, p. 340,

380, Van Buren, Defekty v kristallakh, "Defects in Crystals",
translated from the English, edited by A, N, Orlov, et al,
Moscow, Foreign Literature Press, 1562.

381, Weertman, J.,J, Appl. Thys. 26, 1213, 1955,

382, Shoyek, J. V,, Folzuchest'ivozvrat, ""Creep and Recovery!
translated from the English, lloscow, Metallurgizdat Fress, 1961,
P 227,

383, Kennedy, A. D., Polzuchest'i ustlost' metallov, "Creep
and Fatigue of Metals", translated from the English, edited by
V. M, Rosenberg, Moscow, lietallurgiya Press, 1965,

384, Goryunov, Yu, V,, Summ, B, D,, 2t al, D#N SSSR, 153,
o, 3g 63‘*, 19630

585, Goryunov, Yu, V,, et al, Dill SSSR, 146, 638, 1962,

386, Summ, B, D., et al, Fiz, Metallov i Metallovedeniye,
14, 757, 1962,

3870 GOI‘WROV. UY. Vo' Summ, B. Doq .f.'_iz_;,l'liiéllp____v i
letallovedeniye, 16, 209, 1963.

388, Eborall, R., Gregory, P.,J. Inst. Metals, 84, No, &,
58, 1956,

389, Williams, T, M,, Barrand, P., J. Inst, Metals, 93,
No, 12, Lh7, 1965,

390, Ilvanova, V, S,, at al, Rol' dislokatisiy, v uprochnenii
-4 rezrushenii metallov, "The Role of Dislocatiors in Hardening
and Rupture of Metals", Moscow, NAUKA Fress, 1965.

391, Nikitin, V, I., Fiz, retallov i Metallovedeniye,
15, 900, 1963,

392, Amfiteatrova, T, A,, Yampol'skaya, V. Ya., DA SSSR,
82, 735, 1952,

593, Mak-Lin, D, V,, Vakansii i tochezhnyye defekty,
"Vacancies and Point Defects'", Moscow, Metallurgizdat Press, 1961,

r. 197.

285




394, Zeger, A, V,, Viglokatsi i akhnicheskive svoystva
kristullov, "Dislocations and Mechanical Properties of Crystals",
translated from the English, edited by M, V,, Klassen-hekhlyudova

and V, L, Indenvom, Moscow, Foreign Literature iress, 1960, p. 179,

396, Chalmers, B,, Davis, R,, ibid p. 169, |

397. Crammer, I., Demer, L,,Vliyaniye sredy na mekhanicheskiye
svoystva metallov, "Infouence of the Hedium on the Mechanical i
Properties of Metala", translated from tke English, edited by ;
Yu, A, Geller, Moscow, Metallurria Press, 1964, ‘

398, Yikitin, V, I,, Zhidkiye metally, "Liquid Metal",

edited by V, M, Borishanskiy, et al, Moscow, Gosatcmizdat Preﬂs,
1963, p. 500.

399, Shurakov, S, S,, Zh, Tekhn, Fiz,, 24, 527, 1954,

400, Kishkin, S, T., DAN S3SR, 95, 788, 1954,

401, Grant, N, J,, Atomnyy mekhanizm razrusheniya, "The
Atomic Mechanism c¢f Rupture', translated from the English, edited

by M, A, Shtremel', Hosccw, Netallurgizdat iress, 1963, p. 575,

Lo2, Regel', V. R., Zh, Tekhn. Fiz,, 26, 359, 1956,

403, Teteiman, A, S.,, In Fracture Solids, N, Y, - lLonden,
2963 2 Po hé1,

4ok, Kikitin, V, I,, Fizlko:ggigig_gghxg_mgkabnikg
materialove, 1, No, 5, 609, 1965,

e e aemsen

405, Frank, F, C., In"Reports of Fittsburg, Conf. on
Plastic Deformat. In Crystals, Washington, 1950, p, 89.

406, Nikitin, V, I,, Zeshchita matallov, (in press),

407, Kostetskiy, B, I,, Kolesnichenko, L. F., DAN S3SR,
157, 574, 1964,

408, \aterhouse, R. B,, Grubb, D.,, J, Inst, Metals, 91,
No, 6, 216 1963,

409, Nikitin, V, I,, Lggnsn&ighgnk&xa_mnahingsszgxg_nd434
\‘0. 7. 10. 1964

et [ P R B s
e e o A RS O i s b M Er o

286

i




i rmen e g e = e

T PR

AR PR e, i e

410, Kinasoshvili, R, 5,, IAN SSSR, Makahnika i
mashinostroyeniye, No. 3, 126, 1959,

4311, Serensen, S, V., Pozlov, L, A,, Zavodsk, lLaboratoriya,
Ko, 11, 1378, 1958,

k12, Zhurkov, 5. M,, Tomashuvskiy, E, Te,, Nekotroyye
oroblemy prochnosti tvervogo, tele, "Some Problems in the

Strength, of Solids", Acad. Sci., USSR Press, 1959, p. 68,

k13, Cachanov, L. M., IAN SSSR, ot, Tkhn, Nauk., No. 5,
88, 1960.

414, Robineon, E, L,, Trans, ASME, 74, 777, 1952,

415, Nskitin, V, I,, Issladovaniye materialov_dlya energeti-
cheskikh ustnovok, "Investigation of Materials for Power

Installationa", works of TSKTI, No, 69, Leningred, ONTI TSKTI
Press, 19A6, p. 175,

k16, Nakitin, V., I,, Energomashinostroyeniye, No., 2, 35,
1964,

417, Stein, D, F,, Low, J, R,, J, Appl, Phys,, 31, 362,
1960,

418, Fiks, V., B,, Fizika iverodo tela, 1, 16, 1959,

419, Nikitin, V, I,, Figika-khimicheskaya mekhanika
materialov, 2, No, 3, 353, 1966,

420, Belasachenko, D, K,, CGrigor'iev, G, A., Fiziko-khimich-
eskiye osnovy proizvodstva stali, "Physical~-Ckemical Principles
of Steel Production', Moscow, Nauka Press, 1964, p, 408,

421, Parker, E, R,, Haslett, T, H,, Struktura metallov i
svoystva, "Structure of Metals aud Their Properties", translated
from the English, edited by M. L, Bernshtuin, Moscow,
Metallurgizdat Press, 1957, p. 36.

422, KXornilov, I, I,, Figiko-khimicheskiye osonovy zharopro-
chnosti splavov, "Physical-Chemical Principles of Heat Resistance
of Alloys", Moascow, Acad. Sci., USSR rress, 1961,

k23, Osipov, K. A., Voprosy teorii zharoprochrosti
metallov i splavov, "Problems in a Theory of rieat Resistance of
Metals and Alloys", Moscow, Acad. Sci., USSR PRess, 1960,

287




L2k, Honycomb, R, B,, Viiysniye temperatury i legiruynshchikh
elementov na geformg_gixg_ggggkziggg;_gv "Influence of

Temperature and Alloying Elements on Deformation of Monocrystals",
translated from the English, Moscow, Metallurgia Fress, 1964,

k25, Kritskaya, V. K, Kurdyumov, G, V,, et al, Problemy
metallovedeniya i fiziki metallov, "Problems of Metallography and
Metal Physics", No, 4, Mosccw, Metallurgizdat Press, 1955, p. 408,

426, Xurdyumov, G, V,, Previna, N. T., ibid p. 402,
427, 1Il'ina, V, A,, Kritskaya, V. K., ibid p. 412,

428, Arkharov, V, I., Shronik rabot po isslebovanivu
diffuzii i vnutrenney edeorbtaii v _metallakh i splavakh, "Collective
works on the Investigation of Diffusion and Internal Adsorption in
Metals and Alloys'", works of IFM UFAN SSSR, No., 16, Moscow = Lenin-
grad, Acad, Sci,,USSR Press, 1955, p. 7.

429, Arkharov, V, I,, Yakutovich, M, V., Voprosy teorii
_zharoprochnosti metallicheskikh splavov, "Problems of the Theory
of Heat Resistant Metal Alloys", works of IFM UFAN SSSR, No, 19,
Sverdlovesk, Acad. Sci., USSR Press, 1958, p. 7.

430, Arkharov, V, I,, Mezhkristallitnaya korroziya i
korroziya metallov v napryszhennom sostoymii, "Intercrystalline
Corrosion and Corrosion of Metals in the Stressed State", edited

by I, A, Levin, Moscow, Mashgig Press, 1960, p. 3.

h31, Pines, V, Ya,, Chaykovskiy, E, F,, Fiz, Metallov {
Metallovedeniye, 11, No, 5, 812, 1961,

422, Bokshteyn, S, Z,, Metallovedeniye i termicheskaya
obrabotka metsllov, No, 11, 2, 1961,

433, Bokshteyn, S. Z., et al, Mekotoryye brobl
tverdogo tela, "Some Problems of the Strength of Solids", Lenin-
p.d' Acad, SCi, USSR prQB" 1959. Pe 76.

434, Buffington, F. S,, Cohen, M. J,, Metals, &, No. 8,
859, 1952,

k35, Ratner, S, I., Ragrusheniye pgg povtornykh nagruzkekh,
“Rupture Under Repeated Loads', Moscow, Oborongiz Press, 1959,

436, Ustslost'metallov, Collection of Articles, translated
from the English, edited by G, V., Uzhik, Moscow, Foreign
Literature Press, 1961.

288

Lot g Pl et e




437, Yanchishin, F, P,, Viiyaniye rabochikh sred na
svoistva muterialov, "Influence of Working Media on the Prouperties
of Materials", No, 2, to Acad, Sci,, UK SSSR Fress, 1963, p. 53.

438, Yauchishin, F, F., Maksimovich, G. G., Voprosy
mashinovedniya i prochnosti v mashinostroyenii, "Froblems of

Machine Science and Strength in Machine Building", No. 8, to,
Acad, Sci, UK SSSR Fress, 1962, p. 37.

439, Rozhannakiy, V., N,, Studies of Heterogeneity and
Flastic Deformation of Crystals', Doctores dissertation, lMoscow,
TSI ICEM, 1963,

440, Rozhannskiy, V. ii., DAN SSSR, 128, 1171, 1959,

44y, Dekartova, L, V,, Rozhannskiy, V. I,, Poverkhnostryye
Yevleniya v metallakh i splavakh 1 ikh rol' v _protsessakh
poroshkovoy metallurgii, "Surface Phenomenon in Netals and Alloys
ard Their Role in Powder Metallurgy Processes”, to Acad. Sci.,
UK 53SR Press, 1961, p 202,

442, Fridantsev, N, V., Estulinl.t,stal’, lio. 7, 636, 1957.

443, Pridantsev, ¥, V., ibid, No., 11, 1006, 1957,
4bh, Wood, D. R., Cook, R, M., Metallurgia, €7, 109, 1963.
445, KXishkin, ®, T,, Issledovaniye svlavov tsvetnykh

metallov, "Studies of Honferrous Metal Alloys", No. 4, Moscow,
Acad, Sci,, USSR Press, 1963, p. 39.

446, Shchukin, Ye, D,, Summ, 3, D,, et al, DAN SSSR,
167, No. 3, 631, 1966,

447, Chayfevskiy, M. I., Topovich, V. V,, Fiziko-khimich,
mekhn, naterialov, 2, To. 2, 143, 1966,

448, Shchukin, Ye, D,, Yushenko, V., S,, Fiziko-khimich,
mekhn, materialov, 2, No. 2, 133, 1966,

449, Bartenev, G, ¥,, Razumovskaya, I, V., DAN SSSR,
150, Ko, 4, 784, 1963,

450, Shehukin, Ye. D,, Rebinder, F. A,, Kolleidn, ghurm. ,
25, 108, 253, 1963,

289




