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THE ROLE OF SEPARATION SURFACES IN THE
DELAYED FRaCTURE OF METALS

[Following is a translation of an article by I.i. Oding,
Ve S. Ivanova and Yu. P. Liberov in the Russian-language
book Issledovaniya po zharoprochnym splavam (Research on
Heat-Resistant Alloys) Vol 4, Publishing House of the.

Academy of Sciences USSR, Moscow, 1959, pages 3—12_._7

While developing the ideas of Greenwood [1/ who first made use of
the concept of vacant sites in the crystal lattice to explain the nature
of delayed fracture of metal operating under pressure at high temperatures,
Oding ard Ivanova /2/ have postulated that such defects have a role in
the process of delayed fracture only if they possess the following
characteristics:

. 1, The vacant sites arise from the plastic deformation of metals.
Their number in tempered material is clearly imadequate to form even
those pores and micro-fissures that are found in a metal long before its
fracture, The movement of dislocations effecting plastic deformation
brings about the formation of new vacancies.

2. The vacancies are mobile amd their degree of mobility depends
on the autodiffusion criteria of the metal .

3« The movement of vacant sites in a stressed metal is of a.
directional character and depends on the kind of stress: these vacancies
are transformed from highly elongated to less elongated volumes amd from
these to compressed volumes., The rate of their directiomal dJ.spla.cenent
depends on the amount and gradient of stress (deformetions) ﬁ

4. Vacancies. can coalesce; because two combined vacancies are
thermodynamically more stable than two separated vacancies [57 « Hence
vacancies can grav into large colonies and can form spaces and fissures
of ultramicroscopic and microscopic dimensions, ultimately reaching valuee
necessary /B/ for the self-generated expansion of fissures.

5. Most favorable to the collection and deposition of vacancies

are spaces of the metal which are situated at separation surfaces: the
boundaries of grains and blocks, sliding surfaces, micropores, micro-fissures
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and the boundary of twin crystals. Surfaces of secondary phases (aging
phases), gaseous and non-metallic inclusionms, are also considered as
separation surfaces, The greatest gradientis and degrees of strain are

to be anticipated at all these gites and for this reason the accumulation
and deposition of Vacancies w:Lll be greatest here., If, for example,
experimental conditions are such that plastic deformation is greatly
affected by intergrandula r plasticity ther the frdacture of the metal
will rin along the grain boundaries. If deformation is due to intra-
granidar pla.stldity with the formation of numerous shear surfaces and
twins, then the fissures in the metal will grow within grains

We emphasnze that if the vacancies lack any cne of these five
properties then they cannot be used to explain -fracture formation .and
development in the course of prolonged'service urder:.pressure at a high
temperature. These properties have been hypothetically assigned to
vacancies, hence we require éxperimental confirmation of the decisive
role of vacancies in the delayed fracture of metals, We cannot, for ex-
ample, consider that metal fracture due to accumilation of vacancies
If the latter were merely movable and were unable to form colonies -
to accumuldte and be dep051ted at separation surfaces - and possessed -.
no regular directionality in their displacement within. a metal under .
stress, then they could not be assighed a significant role in the delayed
fracture of the metal.

Evidently a metal's degree of saturation with vacancies is most
accurately measured with dilatometrical and X-ray structure methdds.
For example, we can mention the following works: s in which the con-
centration of vacancies is measured with a dn.latometer H in which .
an X-ray structure method is used for this purpose, and /10/ and [1_2_L7 in
which, respectiyely, calorimetry and density measurements were used,.
Measurement of ‘eléctrical conductivity can lead to errars because this
property iz also predetermined by the density of dislocations which
changes simultaneously with a change in the concentration of vacancies,
Neyertheless, this method has also been used [J-._27.

S However all these methods are suitable for the macroscop:.c but
not the micrescopic evaluation of vacancy concentration. The use of a
micro-hardness method likewise has its consequences, for the micro-
hardness of a metal should rise with the accumulation of a number of
single vacancies and be lowered by their coagulation; in this case we
do not know to what ‘extent an increased number of single vacancies is -
reflected in the change in micro-hardness and we also do not know the
degree of coagulation of vacancies hit produces a reduction in micro-
hardness. In addition, with the prolonged use of heat-resistant metals -
under high temperatures and pressure, aging processes occur which more
effectively change the prcperties of a metal in regions adjacent .to
separatlon surfaces in contrast to intragramlar regiéns, Consequently
in regioris adjacent to separation surfaces the aging process advances




in time and depending on the ddgree of aging the micro-hardimess can
bé greater than, less than or even equal to the micro-hardness of the
metal in intragranula¥ regions{; In oﬁhe’L words; the'effects of aging ..
with respect to maghitude and Hirédtion can condeal the jeffécts of a chinge
in micro~hardness due to disﬁiﬂ&emm , ¢oagulation and deposition of
vacancies, "

Finally, the change in the density of dislocations during the
use of a metal under stress at high temperatures is very effectively
reflected in a change of such properties as the micro~hardness and elec-
trical conductivity /13/. Therefore the most acceptable method to
detect the role of vacancies in the delayed fracture of a-metal is for -
all intents and purposes the microscopic method, specifically that of '™
electron microscopy, by means of which at even relatively small magnifi-
cations, of an order of 20,000 to 30,000x, it is possible to see colonies
of vacancies with a diameter of 0.05-0.03 microns-or 500-300 Angstrom
units. Such investigations were performed by us on heat-resistant
varieties of steel of mark EI 395, EI 257 and EI 432, samples of which
were employed under creep conditions for several thousand hours. The
widespread opinion that fissures propagate along grain boundaries only
with prolonged use of a metal and that intragranular fracture occurs
with short periods of use is frequently not justified although many have
even related this postuddte to the discontinuity of the dependence of
long~term strength on time which is observed when this relationship is
plotted on logarithmic coordinates. Thus, for cxample, as can be seen
from the microphoto of the structure of austenitic steel EI 257 (fig. 1),
whicl was subjected to a temperature of 575° and a stress of 20 kilograms/
mm? for only 200 hours, the intergranular failure predominates in this
case,  Figure 2 shows a microphoto of austenitic steel EI 432 whjch was
subjected to a temperature of 600° and stress of 18 kilograms/mm“ for ' . -u
L4500 hours, In this case along with intergranular failure we also see
evidences ~f marked intragranular deformation as well as intragranular
fissiires, demonstrating that the process of failure in internal regions
of grains may occur in cases of prolonged use of the metal,

Hence it can be stated that intergranular or intragranular

failure depend not only on testing conditions but also on the nature of
the steel which determines the properties of the border and body of the
grain., Both cases of failure, however, can be generalized into one:
fissures form and grow at separation surfaces, We have not been able to
detect a micro~fissure or a nucleus thereof outside of these regions.
Intergranular micro-fissures are most frequently formed at junctions of
three grains, which very strongly confirms the accuracy of Zener's theory

, according to which delayed fructure of a metal occurs due to the
relaxation of stresses at grain boundaries, which produces a quite effec-
tive concentration of stress in regions close to the junction of three
grains, However this postulate of Zener's has no general significance.
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It is enough to turn to figure 3, which shows a micirophoto of EI 395
steel which has been employed for. 9064 hours at a témperature of 575°
and a pressure of 22 kilograms/mi?;,:to show' that.along with the forma-
“tion of fissure nuclei-at gunction sites of three grains micro-fissurés
are also'formed at other sites, : : - :

How are micro~fissures formed and is the mechanism of their
formation the same for separation.surfaces of all kinds? - Let us turn to
the electron microphotos in figures 4; ‘5 and 6.  These microphotos and
thiose following were made on an EM-3 microscope with the use of colloid
replica plating, . Shading of the replicas was. achieved by applying -
chromium to their surfaces. Interpretation of the electron microphotos
revealed that: the.face of the slide was covered with cavities; only at
isolated sites were inclusions found which projected cnto the face of

.the -slide., Figure L shows the boundary of two grains of EI 395 steel
in their initial. state,  The boundary is quite clearly ard cleanly out-
lined, withoutl:significant depositions of a secondary phase and without
accumulated porosity. S : »

The picture is markedly changed: however following the use of the
steel for 5519 hours.at a temperature of 575° and pressure of 26 kilo-
_grams/mm?- (figures 5.and 6)s The clearness of the boundary is absent
and the two grains are separated by a wide band (about 'l micron) con-
sisting of an accumulation of smell and large pores ard:. rare secondary
phase inclusiohs., The empty spaces, i.e. colonies of ‘vacancies, vary in
- shape from rounded to:quite elongated pores, blending into micro-fissures.
The latter by growing acquire ever increasing dimensions and by branching
out from not one but a network of fissures, In.thig process the width
of the band and the character of porosity depemd on the kind of steel,

In comparing the microphotograph of figure 6 with that of figure 7
which shows at the same magnification the structure of the intergranular
boundary c? EI 257 steel after 7880 hours at a temperature of 575° and
stress of 13 kilograms/mm“, we can see that the width of the band is
less and the cclonies of vacancies are here considerably larger, and -
this demcnstrates a greater degree of vacancy coagulation. The boundary
of this band is cut sharply upon contact with the grain of the solid
solution. A transitiomal zone of fragmented colonies of vacancies is
Jacking, which demonstrates.the specificity of the process of vacancy.
deposition, T ) .

As analogous picture is also seen in the surface of twin crystals,
Vacancy accumulation in this case is readily examined in the microphoto
. cf BI 257 steel in figure, 8 (test conditions were the same as for the
metal presented in figure 7). Here twin boundaries have .degenerated into
- fissures arising either from grain boundaries .or from intragranular
regions, These grains are also made up of vacancies located. on the
bourdaries of twins (figure 9, EI 257 steel, test conditions identical
to those for figures 5 and 6),
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The role of sudh separdbion slirfaces inh the process of vacancy
accumulation, as in thé ddse ¢f a dliding surface; is seén ih figure 10,
in which a microphoto of EI 432 steel is presented following 967 hours
at a temperature of 600° and stress of 25 kilograms/mm<, Clearly in
evidence here are dislocations in the form of punctate formations lying
in sliding surfaces and exposing one emd onto the surface of the grain.

It is interesting to note one detail of grain boundary structure.
sometimes observed after prolonged use of a metal under creep conditions,
-~ a serrated structure at grain boundaries as is seen in figure 11,
which pictures the microstructure of austenitic steel EI 257 after
11,250 hours under creep conditions at a temBera.ture of 575° The
sample was under a stress of 11 kilograms/mm* for 5000 hours and was
then loaded to 20 kilograms/mm?. The dark lines (angles) that appeared
apparently represent the accumulation of dislocations which migrated on
the sliding surfaces from the body of the grain to its boundary (arrow
a in fig. 11). The fields of force around such dense accumulations of
dislocations create favorable conditions for the accumuk tion of vacancies,
which a]);so brings about the formation of fissure nuclei (arrow b in
fig. 11).

With these findings we see a close relationship of the creep
phenomenon with the process of delayed failure of metals, In Oding's
work []_.5 s 1§7 it is shown that the rate of creep is proportional to
the density of dislocations developed for movement. This postulate
has been experimentally confirmed /13, 20/, It was shown that with
increased creep rate there is an increase in the hardneéss and electrical
resistance of a metal, which can occur only with a considerable increase
in the density of dislocations. It had seemed that with increased metal
hardness there must be an increase in long~term stability and a decrease
in the creep rate. However the large dislocation dehsity increases the
liklihood of temperature fluctuation effects, which brings about an
increased zreep rate. An increase in the density of dislccations also
impleinents the deposition of vacancies in those areas of force fields that
show signs of compression. Hence creeping at an increasing rate wn-
avoidable brings about the failure of a metal although the stress in
this case is considerably lower than those which bring about metal failure,
for example, in the case of active tension,

Certain investigators /17-19/ consider the process of delayed
failure of metals as a process of reducing break resistance from the
amount of the stress of external forces operating on the metal. Certainly
a reduction in the profile of a sample due to the accumulation of empty
spaces (colonies of vacancies) must bring about a change in the break
resistance of a metal, But this is not the principal feature of delayed
fracture, If this were limited only to a change in break resistance as
is understood in the hardness testing of a metal, for example in stretching
at continuously increasing tension, then the break in contimity must be

-5 -
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Pig. 10, Vacancy accumulation along'
siiding surfaces in EI L3R steel after

crgap‘bestiné. ‘ . .
S » 25 kg/mm s T = 6009 & = 987 hus, |

10 A

Pig. 1ll. Vacsney accumulation slong
grain boundaries (optical micrcscops)

of Bl 257 stesl after creep testing, ‘
t = 11, 250 hrs, i

e
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developed instantaneously with the operating tension and must bring
about fracture of the sample. In creep tests this comes about only at
the last moments of the test; when fissures have grown to dimensions
that satisfy the conditions of Griffith far self-generating expansion of
fissures, In delayed fra¢ture the fissure ruclei appear long before the
final break: Hence if delayed fracture of metals is to be viewed only
as a process of changing break-resistance characteristics then it becomes
uncleat why the first break in continuity does not occur at onhce upon
loading of the sample, but only tens, hindieds and thousands of hours
later, and after having appeared, develops again over & long period of
time,

Only processes of a diffusional charachter that require some time
for their development can explain the processes of delayed fracture
in metals. In this respect the application of the theory of vacant
sites in the crystal lattice lms been completely sabstantiated, This
theory also explains the role of separation surfaces in the process
of delayed fracture, Grain and block boundaries as well as sliding
surfaces and twin boundaries, being sites of the greatest dislocation
density, because of the presence of fields of force about the disloca-
tions attract vacancies to themselves which migrate due to autodiffusion
throughout the entire volume of the grain. Fields of force also implement
the deposition of vacancies in thos volumes which are experisncing com-
pression stresses. The formtion of stable colonies of vacancies must
be looked upon as the first and most essential step of delayed fracture:
groups of vacancies become sedentary and other migrant vacancies by
settling out at the surfaces of these colonies are combined with them,
One must not expect a significant concentration of vacancies in a
relatively thick layer of metal around a separation surface, for an in-
creased concentration of migrating vacancies can be local only in the
ultramicroscopic sense, This is why in the electron microphotographs
presented above there is no transitional zone: the boundary strip
generated by colonies of vacancies is abruptly cut upon contiguity with
the =0lid solution. Finally, even the fact that nuclei of discontinuities
at grain boundaries are frequently observed at the junction sites of
three grains can also be explained by the theory of vacancies in the
crystal lattice, for in these junctions the elastic deformation of the
latter must be at its greatest, and consequently the conditions for
vacancy deposition are improved, :

- 10 -



CONCLUSIONS

This analysis of the microstructure of certain heat-resistant
varieties of steel which were subjected for a long period of time to
stress at high temperatures affirms that the most probable mechanism
of the delayed fracture of metals is the process of vacancy formation
and deposition,

Of course, With employmn‘o of hh elloy the precip:.tation and
coagulation of secondary phases ¢an also bring about substantial
deterioration of corresponding regions of the parent solid solution
and grain boundaries. However these processes can play a significant
role only when the alloy is employed under conditions which do not
assure the adequave stablllty of its structure. With adequate sta-
bility of the alloy the main role in the process of delayed fracture
¢an only be ascribed o vacancies, In this process sepa.ratlon sur-
faces play an exceptionally great role, attracting vacancies to compressed
regions of a force field set up around an imperfection in the crystal
lattice.,

=11 -
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EFFEGT OF CRYSTAL STRUCTURK DEFECTS ON CERTAIN
PROPERTIEG OF METLLS AND ALLOYS

Following 48 & translution of an artdcle by I. Ya.
Dakhtyar, V. 8, Mikhalenkov ard E. Q. Madatovs in
thes Russian-langeage book Iaslsdovaniys po zharo-
prochoys splavam (Research on Heat-Resiatant Alloys),
Vol &, Publishing Houss of the Academy of Sciences
USSR, Moscow, 1959, pages 1177,/

We know that the properties of real metals ars determined by
the mature ard oharascter of the dlastribulion of imperfactions present
in them /1. Efforts of investigators in recent years bave been
directed to the study of the properties of various sorts of impsrfectior
in metale, such ast vacanciss, dislocated atems, impurities of foreign
atoms and dislocations. As a result of thess studies it hes been

- gabablished that the physico-meshanical propertiss of metals ave

gonsiitioned not oniy by the movemsnt of various defscts of the crystallir
Jattice but alzo by the nature of their intersction,

4 atudy of the different properties of metala with respest to
thely stroctural malkeeup may provide useful information not only of
thes oature of the effect of defects in the lattice on properiies of
the metals but alse on the mechenisms of various processes, FPreaent
findings now indleats, for 2ummple, tiat the effech of plastic dew
formation on electrical resistence of metals can be explained by the
forpation and inberaction of vacancies, dislocated atcoms and dlslocs-
tions, In pracisely ihe same menner the incresse in the diffusicn
coafficient during plastic deformmtion can be explained by the ineresce
dn the concentration of vacancies with deformeijon and the character of
their interaction with defects of disloeation ‘f_é] s On the ovher hand
we know of marny deba which indicste that under certaln conditions the
novemsrt of verious defects ceuditions the deformition observed in the
matal, With this wa can apparently explain the defermation of thin

wirsw of 2 dismeter ogual to that of the gyain, which is discussed jin

refavonas [3/, 83 well as viscous aliding along grain boundaries /4/.
The intaraction of vacancies with dislocaticns can alse explain the
novemsnt of signs observed in the Kirkendahl effect /5/.
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These phencmena allow us to express the following hypothesis, !
If the extermsl force applied to a metallic object produces stress
and deformation effecting a change of stats of any defects present in
it, then conversely the interaction of the defects ard their change of
state and distribution may he the result of the deformation of the sample

Plastie Defo . Repsg ()

One of the mnifestations of this relstionship is the deforme-
tion discussed below of polycrystalline metallic shapes due to their
repeated hardening. If a metallic sample is subjected to fraquent
cooling from a high temperature cr to repeated cycles of heating and
cooling correspondingly higher and lower than the temperature for
polymorphic trensformetion, then it is deformed, be stratched out
in one direction and shortened in another [g: Note/.

[Bote/: The phenomenon was cbserved in the works of A. A. Bochva:

B, G, Lazarev as well as Ye, I, Ivanov and their coworkers,

In research performed up to the present workers have been con-
cernsd with samples of metals or alloys complex in their form and conten'
and although important relaticnships have besn detected, the mechanism
of the phenomenon remains undiscovered.

In order to study the mechanism of this phenomenon we have
striven to maximally simplify the conditions of the expriment, The
experiment was conducted with samplez in the form of thin wires or folls.
The diameter of the samples was varied from 0.5 to Q.9 mn and the length
from 140 to 150 mm. Test objects were purs metals (99.99%): silver,
gold amd certain alloys (/Note/: Samples of gold, =brass amd Cuwiu
alloy had a width of 4 mm and thickness of 0,1 mm.) Before treatment
with the thermocycles the saiplss were annealed at a temperature higher
than the corresponding maximsl hardening temperature. In this process
the dimensions of the orystals approximately corresponded with the
dismeter of the samplse,

Preliminary testing with sllver showed that at a constant
herdening temperature the slongation of the thin sample was proportional
to the number of thermocycles as a first approximation, Graphs of the
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in which A and U are certain constants depending on the materlal,

Assuming that migroscopie deformation is conmd tigned by en

axcessive conoentration of vacancies (An.g_.«,n, = Neap “W")) s
, o/

obtained after e&ch hardening and by the character of their movement
due to intersctions with dislocaticns, then we can write that

e m (- 57) @

in which N 4s the number of atoms in 1 em®, and Ug 4s the energy of
vacancy formetion. The data presented in table 1 show that the
aaleulated valuss of U, determined according to formla (1), approximste
the values of Ug, the energy of vackncy formation,

In order to explain the directicn of deformetion the authors
resort to the dislocation mechanism of deformation.

It is agserted that vacencies are most easlly generated at
dislocations ¢ These are not only the sources but also the cutlets

Table 1

s mm ' ; i -

Metal , Aymr mga' Ugg—:% fy Ng,cm 2
31.1?0?-.... SensBGsanss ane‘io. ‘ 15,3 15,9{61 6“0‘ LN 6'10“
Gc,ldunonn.:ueﬁut.i‘aooo "23'10. ) i6,2 18,‘(8) ‘517‘“)' 4.7'10“
Platinume,sesevecocsose 2,75-108 2,0 27,216} 2,0.406 | 2,0.401
Platinum & lO%rhodium.. 4,1.408 .6 SE— 5,240 | %,2.10m
"‘br".\ss. SseE RSt IB D 0,675"” 10,8 8,0 [11] 7,5”1” 7,5'1011
& oBPBSHiieccessevaas 9534108 12,4 - 10,5.408 1.4008
Cu_’jA'n fOil. Ceseos 200D 0,55"“ 15,1 i , —— 9,‘3‘"710. ‘ 0,9’}01’
Cuqhu Wireooo.oas.utn . 01'53'1":w 16»0 l ! ~— ,7""0‘ 1,0"0“

for the vacancies, Stressss oscur in hardening whish in the case of thin
wires are greatar radially than along the axis of the sumple. These
shresses are dus to the appearance of new dislocations, i.s., additional
outlets for the vacsncles,

Stressas san hHa reduced due to the annihilation of vecancies

. with dislocaticns, which occurs at the next heating period after the
Se hardening. In the case of wires of a diameter approximately equal te-

-160-
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the valiber of the grain, exces2ive vacancies due to the reduction of |
ptrees can escape on the orystal surface, But this muet be compsrsated
for by & movemwnt of atoéms in the opposite direction, as & result of
which the sample is stretched out on its axis and reduced in erosa
gastlicn.

If by n, we designate the number of dislocation points per unit
length of the éislocaticn which are outlets for excess vacancies, thsn
the elepentery defurmation thiersby brought about can be exprassed in
the fsllowing neiner $ C

. ;
] ”T‘;A‘”’ 4*3}

© where b iz Burgera! vector, By Juxtspoesition we obtaln:

R

AL N ¢ Uy
L=l o

By juxtsposing formmlas (1) and (4) we have:

b N :
A:x\i;;;-"- {fia)

. According to referarc. ;{Z:’ the average number of disiocation
points per unit length of disloemtion which sausge dislocation ias

ny wf;{.Nd, (5)

in whieh £ is a cosffielent less than one that deaignatas the &ffective
rmher of polnts serving as cutlats for vscancles;-f is the length of
free run of & dislocation, aml Ny is their density, ‘

Prom formalas (La) and (5) it is possible tu estimte ths
dansity of dislocations: ) .
' vEIN
Na

: (6)
i we mke an sosumption a8 to the value of the fres run path « €
(half the diztance fram the origin of the dislocation to the harrisr),

"If 4 is the distance hetwesen setive sliding ;urt‘acoa then the average

distance between dislocations will be (€d)2, This distance has &
value of the order ~ 0™ om, Then £d 3 1078 om?, From the data of
elestron microseopy, the distincs between active eliding surfeces is |
of the order of 100-1000 &, FEence¥= 10™3 owm, and the disloeation

- 17 -



{ density of 103 em=? (table 1) estimated from these data corresponds ‘

i._..,‘,.

adequately with the estimte from other metheds,
Effect of Plastjc Defor te of Nickel

An important question, which elucidates the interaction of
various defects of the crystal structure, is the effect of plastiec
deformation at elesvated temperatures on the mobility of atoms in
matals and alloys » This question has scarcely been studied, &l
though its study would aid in elucidating the mechanism of plastic
deformation of métals at high temperatures,

For this exaperiment [:2_7 we developed and bullt a vacuum apparatus
within which during the ammealing process an axial load of constant
value is applied to the sample surface to whieh a diffusing substance
has been applied (usually a radio-isotope of scme metal).

The samples ar#s cylimders with plane-parallel bases, 1.5 mm high
and 7.5 to 12 sm in diameter, in order to produce different pressures
at one and the same load. The samples are separated by molybdenum
packings and thin annealed mica foils, The latter perform two
functione: 1) they exclude the diffusion of atoms of the radio-active
indicator that covers the sample surface into the molybdenum peclking;
and 2) they serve as lubricants to reduce friciion between the facings
of the samples and the packing. The set up mekes is possible to obtain
pressures up to 10 kilograms/mm? and temperatures up to 1200°, which
are regulated by 2 thermorsgulator with an accuracy of 2°,

With this set up we stulied the depsndence of diffusion rate
into nickel alloys with molybdenum on the rate of deformation at elevated
temperatures, Dirfusiogncoafficients were determined by using the
radio~active isotope (o¥”, a thin layer of which was elecirclytically
applied to the sample surface by the absorption method. This method
makes use of the «radio-activity of the sample before and after
diffusion annealing.

The diffusion rate &, which for not very long pericds of
deformation can be considered a: almost independent of time, is de-
termined by the formmlat
I
o

¢ ==

in which mean deformation is

f
Ve
i

Vi
‘e = 21n !

R
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Figure 3 graphs the relationship of diffusioen mﬂe-on de~ }
formetion rate for NiuMo alloys with a molybdenum content of 6453,
9.57 and 16,68 at., ¥ at & temperature of 1050°C, _

24
£

m*/da

p-107 ¢

510, 15 20 @

¢ +20° hours~l
Fig. 5. Relationship of diffusion rate
to deformation rate for alloys of the
Hi=Mo system (t = 1050°) with molybdenum
content (at.%): '
LA 6.53; 0w 9-5?; bt 16;680

The data obtained indleasts that at smsll deformation rates
the diffusion is proporiional to the rate of deformation {at constant
temperature), while at larger deformation rates the diffusion rate
increases more rapidly and non-linearly with respeet to the deformeticn
rate,

The firet condition can be grasped by sxeming the follewing
intsraction of vacansies with dislocations f3/,

l. Vacancies can deposit out at dislocation sites or leave
Lhenls

2. In ordsr to displace & linear dislocation perpendleular to
& sliding surface it ie necessary to displace wera, which can be achieved
by the diffusion of vecancies to the dislocations,

2. A% thermal squilibr.um atoms a2rrive &t the site with the
same frequency. - If the corcentration of vacancles in the miterial |

surrounding the dislocation excesds the equilibrium value hhen the ...

-1 =
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rate of arrival of weancies at t" site increases, Auéordingly
4n excess of vacancies is the moving force for displacemsnt of a
dislocation in & direction pevpendicular to the sliding surface,

During deformation vacancies can arise as a rasult of the
migration of correspording dislocation sitos snd bs annihilated &t the
oublets, most frequently in places where dislocations are dense,
Under these conditions at a statiomary stats the mte of vacaney
formation in any elementiry volume is equal to the rate of their
annihilation. Tuis leads to the establishmet of a gradient of con-
sentration for vacancics in a laysr at scwe depth from the muirface,
approximately equwal te . . . . ‘

Arw= 2V D, T

where D, is the diffueion cosfficient of & vacancy, and T# ls lts

lifetime in & sone of constant vacancy concentration /7/.

The rats of vacancy generation {mmber/cw3/ssc.) acsording to
refererices /7, g/ is :

)’lj‘ &
Re=—gs . (7--8)

in whieh n, is the averags muber of sites per unit length of dis~
losstions ¥hich form vacanslies, & is the deformation rate, and b 4is
Burgars! veclor, :

in erder thet during deformation the diffusion rate is slwsye
in excess it is necessary to maintsin the gradiert of vacaney cone
sentration at the depthAx, But for this condition the rate of ‘
vacaney generation et some ares AM perpendicular to the direction of
diffusicn muat ba equal to the fiow of vacanciee discharged through
that argr. Only thus oan an sxecessive diffusion ccefficient 4D e
maintained statiomry In time, brought sbout by an inecresssd cone
centration of vacancies in this area, This conditiéns c¢an be ex~
pressed in the following menners )

nj;..'kz' ..,.‘D‘i"\.f
=S (%)

in which 4 ¢ is the excess nZ vacancies per unit volume (as compared
to their equilibrivm number at a given tempsreture) in the layer 4 x.

Let N be the number of stoms per cm’, then the increase in the
diffusion cosfficient in thia layer isa

S
AD =T %{- 1}‘ = '-1'\',%;‘ (2 l'/Dr, /] }QA

(10}

-.20:.
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If w is the average nuaber of sacansy leaps b etwsen i smurse snd |
an outlat, thea )
Dt: -T‘ = I)’lbe.
{(108)
For high tespsratures @,
= (13)
in m‘iehq' is o coefficiont charsaterdsing the afroctivemaa of
agnihilation of wvacancies with a dislocation site,
If v is the energy of the reaction bhetwsen a vacaney and a-
islocation, then
ozl - exp w,-ﬁ,-) (llai

By solving expressions (10}, (10a) and (11) for the diffusion
coefficiont during plastic deformation we osbitaln:

Dy e Dy b 8 = Dy -+ s e
s} ] RT“'“ ,\r =3 (12}

This ewpression indicates that the rate of moftening %..?_:

increasss with a desreasse in the dislocatlion density dus to the Laet
thiat the probability of blocking them is diminished,

With & linesr reletionship of the Jdiffusion goefficlendt on the
rate of defermation it is poesible to sstimste the density of disicca-~
tions (ublo 2); here it 48 azsumed thatdf'ml, snd b = 2°16°8 B

Tabls 2
!
Ma, a7 % i 8,53 ; 8,37 - 18,8
1
z z
] |
LRy ouE (850°) | otade | 2,640 1 1,840
Ny ows (1050°) IRESEI L - R 1,24 108
N,y o (1550%) | 06400 | D,0.408 | o740k
H

21
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The comperatively smal’ density of dislocations shown in Wz
tonle 2 apparsntly indicates that wier theees conditions of defloymyition
&t high temperainres crowded dislocations oceur.,

With formula (12) it is possible to czlculate the density of
dlslocations from data on the effect of axial pressire upon the rate
of auto-diffusion of d~iron /107, At B90° it turna out thet Dy = Dgee
”(1"‘ 50 @), in which @ is expressed in hours =%, At 890° Dypo ™ hed® 10"}“
en /asc@, whence, by assumiug &°¢ 1, we obtain?

NG TANS em R

Thus the dsta obtainsd for the offect of piaatic deformtion
on the diffueion process coufirm the hypothesis that ithe displacemsnt
of disloeation typs defects underliss the mechaniem of plastic de-

formation at high temperatures,

| AN
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EXPERIMENTAL OBSERVATION OF SOURCES OF DISLOCATIONS
CN THE RASIS (F SEPARATIONS

[Following is a translation of an article by V. G.
Rakin and N, N, Buynov in the Russian-language boolk

Issladovan Po Zharopro:inym Splavam (Research on
Heat-Resistani Alloys), Vol 4, Publishing House of
the Academy of Sciences USSR, Moscow, 1959, pagese

193-196,7

According to the scheme proposed by Frank and Read /I7, new
dislocations can be generated by & source in the form of almost
circular closed loops, however up to the present the sources of dis-
locations have not been discovered. Only Wilsdorf and Kuhlmann-
Wiladorf /3/, on observing groups of little chains of separations in
an allcy of aluminue with several psrcent copper in the electron
microscope, proposed that esch group of separation chains was formsd at
dislocations generated by a source,

on e;,’namination with elsctron microscopy of a Al-Cu alloy (4% cu)
aged at 1907 for 4 hours and at 250° for 30 minutes, we detected chains
of separstions in the form of nearly closed contimious ar broken loops,
cless in form to & circle {fig. 1). Apparently these loops are produced
sa & result of the formation and growth of separations at dislocationa
gererated ty & source., The closer the orientation of & surface [ﬁotg] :
Zurface ordentation is determined by the orlentstion of the separations
is to a plane of type (111), the mors complete and distinet the loops
appear {figz. 1), and the number observed is greater, However the loops
or vings are also detected on other plares (fig. 1, b). For example
of 43 photographs with sources examined, in 8 cases the corientation of
the plane in which the source was lovated was approximately (111}, in
10 cases it was (112), in 6 cases it was (122), in 7 ceses it was (123),
and the orientation approximated (100) and (110) in 2 cases, The
crientation could not be determined in 8 cases. The loops are zeen best
on plane {111}, then on (112) ard (122}, worse on (123), and very poorly
on planes close to (110) and V100).

The possibility of observing locps of dislecation along separations
in planes other than (111) is partly due to the largs dismster of Q'-

_ rhase plates being separated at the dislocations (from 0,1 to .25 !
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microns). Then too in certain cases an sxvor could cecur in the !
datermination of surfsce crientation, for, du» to deformetion that
cceurs in an alloy on hardening, separations of iwo arientations

have principally been observed; a third crisntations haz been en-
sountered only rarely. Ths possibility of am syror has been ineresssd
by the smalil dimensions of particlez of separetions inm the metrix he-
yond the srea encompassed by dislocation loops, as & result of wiich
seourate determination of the orisntation of separations vis excluded.

The locps almost always hed & Poentertlilie the opening of a
hexagon or other shape (fig, 1, bs £ig. 2). In some ceses an

igs 1. Separation chaing in Al-Cu 2lloy: seaging at 1507
for 4 hours (zoém.:s:); be sging at 130° for 4 hours (15,000%);
c= aging at 250° for 30 minutea, etched wiin agus regla

(15,000} ; d- aging at 190% for 4 howrs (15,000%),

e
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Fig. 2. Al-Cu alloy; aged at 1qo°
for 4 hours {15,000X).

inclusion or an irregular etching figure was observed in the center.
At the present tims the nature of tnase "centers® has not been esta
iisheds In most cases with remoteness of loops from the "center" the
distance between lcops is somewhat inereased. An evaluation from 17
messurements indicated that if the average distance of the first

loop from the center is 0,47 microns, then between the first and
sesond and the third and fourth loops it is 0,55 snd C.72 microns
respectively, arnd betwsen lcops most remote from the source it reaches
175 microns,

Complete confirmetion has not been given to ths hypothesis of
Wilsdorf and Kuhlmann-Wilsdorf /3/ to the effsct that laminate separations
st dislocations must have only one orientation, namely such that the
line of their intersgetion with the distribution swface of the dis-
location forms the least angle with the axial direction of the latter.
Although the separation: at dislocations principally had one orienta-
tion, nevertheless in almost all cases at some segmente of a loop
saparations of two and sometimes even three orisntations were observed.

The angle betwesen the axis of dislocation and the line of intersection

of w-paranion particles with the surfuzce in which the disliocation lies
wzs 20-30°, tut deviations to one side or the other were frequently
chserved. In replicas cbtained from electrically polished samples

the loops formed by the sepsrations were incompiete in most cases.

This cen be explained in twe ways., First, by the fact that the disloca-
Lion loop consists of individual links which appear as marginal and

spiral dislocations, the poseibie orientation of which is shown by

the arrows in fig. l,c, and respectively designated by the lettars K

and B, Second, by ths fact that, in accordance with reference s
aeparations in Al«Cu alloys are formed only st marginal dislocations

(in our csse at marginal links of a loop)s If the links making up

the leop and the distance between zeparations are correspondingly small,
then the loop is continuous; if these links have a size of several
tenths of & micren then it will appear to consist of individual ]
Trazments., -

- 26



oiinna

The existsnce of separations of predominantly one orlentatioﬂ
along the entirs length of the loop (fig. 1,a) indicates that the
latter actually is made up of links of marginel aml spiral dislocations
and that &1) the marginal componernts have a aingle orientation.
order to ascertain the structure of the loops a portion of the samples
after eleatropolishing was deenly etched in aqua rogia following which
oxide replicas of them were taken. A4is is evident from photos of the
samples, the loops are far more deeply etchad than the segments between
sad beyond them, (fig. I,e) but almest always they appear to be in-
somplete, Accordingly the dislocation loop ejparently consista of
segments which appear to be marginal and spiral dislocations,

In’

Aeoording to dislocation theory, the minimel dislocation stress

%, necsssary for activaticn of & Frank-Read source of length ¢

s of

© an omitting dislocation with a burgers vector ot b, is given by the

sxpressiont a

I il

. in whieh G i& the module of the displacement,

WRES segr in all ﬂf these gases, but their

The length of the source / can be estirated from measurements
of the "ecantert, From the photogrephe taken with 26 meaauremnts the

linear size of the Yoentert® was equal to C.4 mic:mns« 2 is taken
88 2.6 Angstrome an! G a8 2700 kg/rm™, then 7 is 1,9 which
approximetely corresponds to the yleld point of the alloy. Consaquently

oy measuremsnts of the scurces can he considered as accurate,

In addition to those in figure 1, sometimes (about one case in
ten) sources of another type are chearved which produce two ellipscidal
lc:opa extending into opposite sides with an interruptsd distribuitien
of seperitions along them (£ig. 2). This sppsrently is expleined by
the fact that the "eenter® can contain iwo dislocations of oppesite
glgn, the ends of whish are so secursly Lixed that they cannot be
approximated and mutcally annihilisved slthough they alzo sxperience
mutual attraction. Upon applization of external stress both di slaca.tmn
lines hegin to gensrate disiccation loops of different sign,

We hove eatimated the density of dislocation sources in the

gurfaces ccrr%pcﬂdmg to or close to planes {111) o (122), (112) apd’
(123}, In the meen of ten measurements, the scurass darxsitaé Xaz
WS £ead in soms works it has bash reported as from 108 om

~t

Be 10 ’«.,m"'“ a

to 107

o ﬂ . Frow one ssmple veplices wers obiained at ciifferm«. depths
The metal iazers wers
Scurges of dislocations

‘Prom the survace (250, 500 erd 800 mierons),

romoved fron the mraca by eleectr:polisbing.

bo 52107 4o 8°15° and 2°10° b0 3°10° o2,
loops &bmt soch source was ohbsorvsd as from

deneity varied, corre

sponding

"‘he namber of disloeation

*to 10, but on the

averags {from 75 phobogrophs) it was from 3 to 5.



| Thus these experiments provid: yei another confirmation te
the dielocation theory of separations,
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STUDY OF SUBMICROSCOPIC DEFECTS IN METALS BY THE METHOD
OF X~RAY EEaM SCATTERING AT LOW ANGLES

[Following 48 a translation of an article by S. N.
Zhurkov and A+ I. Slutsker in the Russian-language
book Igslsdovaniys Po Zharoprochnym Splavam (Research
on Heat~Resistant Alloys), Vol 4, Publishing House of
the Acadaumy of Seiences USSR, Moscow, 1959, pages
197-201./

A3 we study thes actual structure of metels more and more
haterogeneity is encountered in their atructure. The image of the
ideal ¢rystal lattice and its fundamenital properitles which hasz been
such a grest achievement of the physies of solids is because of
rassarch being constantly supplomented with new dspartures from the
ideal structure, Now it has been firmly established that the ideal
erystal structure is disrupted by thermsl escillations of atoms,
vacaneiss, atoms, intrusions into interstices, impurities, block
structure, dislocations and the like.

"Of the many types of defects encountered in the crystal
lattice of metals, our work will concern itself with heterogensities
characterized by variation 4n electron dersity, which is frequently
eguivalent to ordinary denelty irregularities, Such irregulsrities
may be empty spaces (fissures, pores), precipitated phase regions in
alloys during dispersion hardening, amorphous intercelations at grain
Bourdaries, strongly etressed blocks, dislocation disruptions, ets,

Heterogeneitises of this type can be of grest intarest, for
uxarple, the presence of sibmicrcscopic fissures causes a significant
differencs in theoretical and practical yleld strength, temperature~
evdurance effects on strength, creep, and the like, On the other
hand, dispersion precipitated phases markedly alter the propertiss of
a metzl, increasing 1is mechanical charecteristics in comparison %o
the solid seclution,

One neans of studying irregularities in eleciron density is a

mathod bssed on X-ray be.:m scattering at small angles, the physical
basis for which is as follows.
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If & thin pencil of x~rays in passed through a 1ayer of a |
gubstance having electron density irregularities with dimensions
of an opder of 10 to 1000 wavelengths of & given x-ray murce then a
halo will appear close to the prirary beaw -~ & scatter that falls
off rapidly with ineresse in the angle (fig. l).

Disporsion theory mekes it possible to use the angml&r funection
of a scattered beam and its intensity to caleulate the dimensions of
heterogeneitiea, thelr concentration, and in the most favorable cases -~
their shape and orientation, In the simplest case of non-densely
packed, monodisperse, sphericel irregularities, diffuse scatiering
cloge to & thin primary bm is quite accurately determined by the
formaias w R, :

[ A

Ty '
I sz N(n"'"‘n ‘2 $ (l)

T.u which I is the intensity of & beam with wavslength , scattered

[ o

t angle ¢ , expressed in unite of single slectron scatter; R and N
am the radiug snd nurber of apherical irregularities takirg part in
the scatter, and n and Ny ere the nusber of electrons in the region
of hetevogeneity and in an squal volume of its surroundings.

Fige. 1. Zeray secablter close
to the primery beai.

lote that since formuia (1) involves the squars of the diffsrence
of Lhe eleciron densities gt the region of hsterogeneliiy and ita
environs, scatter will cecur at a positive or negative walue of this
diffarence, including particles in an empty space as well as pores
in a continuous medium. In this way msasmwemsnts of the snglsr
gpread of xersy scatber intensity at swsll angles permite us to obtain
detadled information on defecte in metals and alloys of interesgt Lo us.

Unfortunatelys in spite of its great potential, this method
has net attained widespresd use, eavijently dues to ignorance of it &g
well a5 cartein difficulties in expardmentation with it and in the
interpretation of the results obtained. In experimental study of the
small angles scatber of x-rays by submicrcscople heterogeneities two
basiec diffionlilss arlise:
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l. In the majority of cases the scatter comprises a very ”‘f
small share of the ingident beam (I/I,%2-1077 to 16~7).

2+ Apprdoiable scatier lles in a region of very asmell sngles
with respest o the ails of the primary betm, sharply falling off with
an increase of the angle (1), AY wavelengths of the order of 1 Angstrom
unit the reglon of appreciable scatter for particles with linear di~
mensions R lies up to

3° when R 10 A°
20t when R 100 A°°
2! vhen R¥ 1000 A,

The requirenment of measuring a weak scattersd ray at asuch
a1l angles close %o the powerful primary beam is gquite a difficult
axperimental task, '

: The problem with most of the instrurentation deseribed in the
literature is thelr amall light intensity and th» considerable backgroung
which increases rapidly with decrsase in the angle, Superimposed on a2
wonlke scatter emisaslon this backgfound makes the instrument unsuited

for tha study of dafects in pure metsls and in many cases even in
&115?3;

Below is dezoribed a vardation of the slit method which greatly
eliminates thesa problems, The apparatus which is outlined in figure 2
bas been developed to measure scatier at ultrasmell angles and has
been quite effective in the study of the submicroscople strusture of
substances producing wesk scatter,

Fige 2 An apparatus for measuring
scatter &t ulbtrasmll angles,

A thin plate of the test sample (1) is swposzed to & wide
divergent x~ray beam with s sharp border created by a lead gate (2)
whoss sdge ns heen wall polished, Sharpness of the border in this
case is determinad by the width of the entry slit (3) and the gecmetry
n? btine device, Rays scattered by the edge of the gate (2) are collected
by & lead Poil (4) which is set by control sorews at the very borderl
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of the primry beam. The angelay dispersion of the besm scatbersd |

by the mample (1) is mesapred by the slit (5) which tegather with an
end~type Gelger-Muell.r countar or a photomultiplying seintillation
countsr (6) is rotated in the plans of the figure around sn axls
passging through the sample, The x-ray sourca is the URS-55 with BSVL
type tubes. Instability of the x~ray tube was corrected by a second
counter (7), and the neceasary moncchromaticiiy of the acabtter recorded
wag achleved by optimal oparation of the tube, suituble filters (8)
aud (8'), optimel thickness .f the tezt sample and the selectivity of
the gas counter or by the diseriminatoy during seintilletion mecording.
In order to oxcluda scatter in the air of the slit, the gates and the
sample were enclosed in & vacuum reservoir (9).

The use of 8 wide bsam considersbly increassd the light ine
tensity of the device and the use of & gate with a foll in place of
2 811t sharply reduced background and made it posalble to coms up 4o
the edge of the primry besw at ultrasmell anglee messuring fractions
of & minute., In addition, the wuse of icnizstion recerding instead
of photography, dwe to & marked increase in sensitivity, makes it
possible in the differential method of measurement te exolude residual
background and to obtain the desired velues for the asmount of scatter
at smell end ultrasmall angles,

The operation end rating of the devise were tested on standerd
objects — dilute aqusous selutions of globular proteing of nown
wolecular size. Meneurements demonstrated & satisfaclory correspondenc
of the dimensions aud concentration of protein moleeules obtainad by
the method of smell angle scatter with results of other tests,

The apparatne providea for the introeduction into the vacuum
chawber of equipment ¢ study metals in the procsss of deformbiion st
varions tempersture aud testing condibiens,

Figure 7 shows data on the measuremsnt of emall angle seatter
{msasurements porformed &b a wavelongth of 1,54 &Y s Baclkgreund haa baen
subtracted in all the grapha) in thin foils of sheet meials {41, oy
Wi, Ag, Ft). The presence of & uniform dlscrete angular dependence
of gnatter Intengity in the reglon of small angleg demonsirtes the
axistence in theze metals on defeats 200 wo 500 A in size,
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The irregularities in structura do not disapvear even after i
prolonged high-temperature amvealing in a vacwum, Upon snnsesling

. alumirum sheet up tw a temperature of 640° thers cccurs s decrease in

the number and an increass in the size of the defects, which follows

from the increase in the slope of the curves in figure L, It is inter~
esting to see that submicroscopic defects also occur in monocrystalline
aluminum obtuined by annealing recrystsllization (curve 3 in figure 4).

Figure 5 presents data on the change in scatter with deformation
of annealed nickel., From the graph it is evident that the principal
scattar changes ocour at very smell angles. If scatter determinations
were limited to angles of & degres and more then it is paossaible to
arrive at a falss conclusion of the absence of defects in the initial
state of the material as well a8 to arrive at reduced values for their
sige,

The density charge (Ap/p & 0~5) , calculated fram our measure-
ments on the assumption that these defects are empty spaces, correspounds
well with direct msssurements of tle density reductiocn of the deformed
aluminum,

This result as well as the high stability of the irregularities
during intensive annealing mk: it quile likely that these defects are
empty spaces or fissures in the meial,

The se investigations lmve alsc established that the greatest
nchange in submicroporosity occurs at an sarly stace of metal deformation,
corresponding to the first portion of a creep curve, Somewhat later
anisotropia of the scattered beam occurs, demonstrating the non-
spherical shape of the defects and a certain ordientation in their
position. The defects must cbviously be sonsidered as dise~shaped with
their plane perpendicular to the tension axis. PFurther, smll angls
gcatter indicates that the vacancies arising from deformstion are
unequally distributed in the volume of the sample. The removal by
elsctropolishing of a superficial layer several microns thick reduces
scatter intensity ocut of proportion to the thickness of the layer
removed {fig. 6), which indicates &n increased (by 2 to 3 times) cone
pentration of fissures in the surface layer.

The method of small angle x-ray scatter can he applied to the
study of dispersion deposits at early stages in alloys and also makes
it possible to detect submicroszopic defects and to investigate their
behavior.
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