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THE ROLE OF SEPARATION SURFACES IN THE
DELAYED FRaCTURE OF METALS

Following is a translation of an article by I.A. Oding,
V. 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.j

While developing the ideas of Greenwood Nwho 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 and Ivanova g 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 inadequte 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 and their degree of mobility depends
on the autodiffusion criteria of the metal 7.

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 and from
these to compressed volumes. The rate of their directional displacement
depends on the amount and gradient of stress (deformations) 2, Ao

4. Vacancies. can coalesce, because two combined vacancies are
thermodynamically more stable than two separated vacancies Z3. Hence
vacancies can grcw into large colonies and can form spaces and fissures
of ultramicroscopic and microscopic dimensions, ultimately reaching values
necessary A 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

-1i-



and the boundary of twin crystals. Surfaces of secondary phases (aging
phases)i gaseous and non-metallic inclusions, are also considered as
separation surfaces. The greatest gradients and degrees of strain are
to be anticipated at all these sites and for this reason the accumulation
and deposition of VaCanCies will be greatest here. If, for examples
experimental conditions Ore siddh that plastic deformationl is greatly
affected by intergrandua. r plasticity then the tt±adture of the metal
will rtn along the grain boubdaries. If deformation is due to intra-
graniar piastidity'with the formation of numerous shear surfaces and
twinS, then the fissures in the metal will grow within grains /27 .

We emphasize that if the vacancies lack any one of these five
properties then they cannot be used to explain -fracture formation and
development in the course of prolonged'service under~pressure at a high
temperature. These properties have been hypothetically assigned to
vacancies, hence we require experimental confirmation of the decisive
role of vacancies in the delayed fracture of metals. We cannot, for ex-
ample, consider that metal fracture due to accumulation of vacancies 7.
If the latter were merely movable and were unable to form colonies -

to a cum6udte and be deposited at separation surfaces. - and possessed
no regular directionality in their displacement within, a metal under
stress, then they could not be assigned 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 methods.
For example, we can mention the following works: 17, in which the con-
centration of vacancies is measured with a dilatometer; j', in which
an X-ray structure method is used for this purpose, and L_ and cif in
which, respectively, calorimetry and density measurements were used.
Measurement of 'electrical conductivity can lead to errcrs because this
property is also predetermined by the density of dislocations which
changes simultaneously with a change in the concentration of vacancies.
Nevertheless,, this method has also been used [l27.

However all these methods are suitable for the macroscopic but
not the microscopic evaluation of vacancy concentration. The use of a
micro-hardress method likewise his 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 thit produces a reduction .-n 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 properties 'of a metal in regions a'djacent to
separation surfaces in contrast-to intragranular regions. Consequently
in regions adjacent to separation surfaces the aging procews advances



in time ,and depending on the d4gree of aging the micro-hardiiess can
be greater than, leisathan or even equal to themicro-hardness of the
metal in intragranula 'giond in, oief words, the' effects of aging
with respect to mghitude and {44tion cani condeal the ietffts of a chinge
in micro-hardness due to dieS;ement, €oaguatibrn and deposition of
vacancies.

Finally, the change in the density of dislocations during the
use of a metal mder stress at high temperatures is very effectively
reflected in a change of such properties as the micro-hardness and elec-
trical conductivity Z1'37. 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 6f',"
electron microscopy, by means of which at even relatively small magnifi-
cations, of an order of 20,000 to 30,O00x, 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-lresistant
varieties of steel of mark El 395, El 257 and E1 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 postudite 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 example, as can be seen
from the microphoto of the structure of austenitic steel El 257 (fig. 1),
which was subjected to a temperature of 5750 and a stress of 20 kilograms/
mm2 for only 200 hours, the intergranular failure predominates in this
case. Figure 2 shows a microphoto of austenitic steel El 432 which 'was
subjected to a temperature of 6000 and stress of 18 kilograms/mn for .,
4500 hours. In this case along with intergranular failure we also see
evidences : f marked intragranular deformation as well as intragranular
fissures, 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

/D 7, according to which delayed fracture 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 significance0
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It is enough to turn to figure 3 which shows a microphoto of El 395
steel which has been employed tor' 906k hours at a tmpErature -of 5750
and a pressure of 22 kilogrLsimSi, to eh& -hat,,along with the forma-
tion of fissure nuclei-at jundtion sites ok three grains micrzo-fissurms
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
those following were made on an E4-3 microscope with the use of colloid
replica. pUting. Shading of the replicas was. achieved by applying
chromium to their surfaces. Interpretation of the electron microphotos
revealed that th*,,face of the slide was covered with cavities; only at
isolated sites.were inclusions found which projected onto the face of
the. slide. Figure 4 shows the boundary of two grains of E1 395 -steel
in their initial state. - The boundary is quite clearly and cleanly out-
lined, without- significant depositions of a secondary phase and without
accumulated porosity. .

The picture is markedly changed however following the use of the
steel. for 5519 h~urs at a temperature of 5750 and pressure of 26 kilo-
grams/mm2 (figures 5 and 6). The clearness of the boundary is absent
and the two grains are separated by a wide band (about 1 micron) con-
sisting of an accumulation of smll:and large. pores and rare secondary
phase inclusiohs. The empty spaces, i.e. colonies of -acancies, vary in
shape from rounded to; quite elongated pores, blending into micro-fissures.
The latter by growing acquire ever increasing dimensioxis and by branching
out from not one but a network of fissures. In this process the width
of the band and the character of porosity depend 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 o.r a 257 steel after 7880 hours at a temperature of 5750 and
stress of 1' kilograms/mm2 , we can see that the width of the band is
less and the colonies of vacancies are here considerably larger, and
this demonstrates a greater degree cf vacancy coagulation. The boundary
of this band is cut sharply upon contact with the grain .of the solid
solution. A transitional zone of fragmented colonies of vacancies is
lacking, which demonstrates.the specificity of the process of vacancy
deposition.

As analogous picture is also seen in the surface of twin crystals.
Vacancy accumulation in .this case is readily examined in the, microphoto
cf LI 257 steel in figure,8 (test conditions were the sane as for the
metal presented in figure 7). Here twin boundaries have ;degenerated' into
fissures arising either from grain boundaries ,or .fom intragranular
regions. These grains are also made up of vacancies located on the
boundaries of twins (figure 9,- El 257 steel, test conditions identical
to those for figures 5 and 6).



The role of such gepardtion sUrfaces in the process of vacancy
accumulation, as in th i f a dliding surface, is 6ee in figure 10,
in which a microphoto of E1 4 2 steel is presented following 967 hours
at a temperature of 6000 and stress of 25 kilograms/mm . Clearly in
evidence here are dislocations in the form of punctate foruations lying
in sliding surfaces and exposing one end 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 U1,
which pictures the microstructure of austenitic steel El 257 after
11,250 hours under creep conditions at a temperature of 5750o The
sample was under a stress of 11 kilograms/rmm for 5000 hours and was
then loaded to 20 kilograms/mm2 . 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. IU). The fields of force around such dense accumulations of
dislocations create favorable conditions for the accumulation of vacancies,
which also 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, 1g it is shown that the rate of creep is proportional to
the density of dislocations developed for movement. This postulate
has been experimentally confirmed J3, 20, It was shown 'that with
increased creep rate there is an increase in the hardness 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 density increases the
liklihood of temperature fluctuation effects, which brings about an
increased o.:ceep rate. An increase in the density of dislocations also
implements the deposition of vacancies in those areas of force fields that
show signs of compression. Hence creeping at an increasing rate un-
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 L17-19 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 accumu3a tion 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 continuity must be
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F ig, 10.. Vacancy accumuticin along
sli.ding surfaces in 31 4,'2 steel after
creep testing

Fig.11.Vacancy accumuatein along
gmin boundaries (opticai mtaroscope)
of I 257 steel. after creep testing.

t = .1, 250 hrs.



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 fcr self-generating expansion of
fissures. In delayed fracture the fissure huclef-appear long before the
final breaki Hence if cqelayed tkacture of metals is to be viewed only
as a process of changing bieak-resistance characteristics then it becomes
unclear why the first break in continuity does not occur at ohce upon
loading of the sample, but only tens, hundrds and thousands of hours
later, and after having appeared, develops again over a long period of
time.

Only processes of a diffusional character 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 has been completely sibstantiated. 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 experiencing com-
pression stresses. The formation of sgtable 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 tabove there is no transitional zone: the boundary strip
generated by colonies of vacancies is abruptly cut upon contiguity with
the solid 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.
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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 affirnms that the most probable mechanism
of the delayed fracture of metals is the process of vacancy formation
and deposition.

Of course, With emolOyment of th' alloy the precipitation and
coagulation of secondAry phabss can 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 adequate stability of its structure. With adequate sta-
bility of the alloy the main role in the process of delayed fracture
can only be ascribed to vacancies. In this process separation 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.
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1PUSCT OF1 CRYSTAL $SITCU1IU DWEGIM ON CURTAIN
FRO&TMES OF WX1LUz~ ANDl ALWY3

j ollowing Is a tranmtion of an arttelo by 1. Ya.
Dakhtyar, V. 3. Miidalenkov and E. G. YMatoya in
tho )bi jn-larqap book lasldoan vlbro-

ocnA-Vaa (Researeh on 9ieat-Neujstant Alloys),
Vo ~Publishing Hocuse of the iicademy of Sciences

USR, Moscoow, 1959, pageps7-7

We know that the prqperties of real metals are deterined by
'ahe natuire arnd character of the distribution of inrf actions present
In them SJ. EfifortA of invest±stors in recent years ha~ve been
diraroted to the atudy of the properties of various sorts of irnqarfectiov
in notals, suah ast vaaancies, dislocated &to=,s, impurities of foreign
atoms 4nd dislocatiorns. As a result of these studies it heas been
ostablished thet the physico-mechanicalI proprtissof metals are
c-ondition&d not only by thea movement of various defeta of the crytstallir,
'Lattice but. also by the nature of their ineraction.4

A study of the different properties of metals with respect to
their struactural mike-up may provide usefuil information not only of
thrs nature o~f the effect -of defects in the lattice on propertiois of
the matals but also onz the meclanisms of varions processes. Preaent
tinding,-. now indicate,, for ex~ple, that the effect of pjamtic do-
J~cxation on electrical. resistance of metals ean be ex~lained by thy;

c~ommstion and interaction of vacancies, disloeated atoms~ and disloca.-
tions.~ In precisely the wame uanner the increase in the diffusion
(mefficient d-xning plastio d oomtion can be explained by the inarease
11, th o ntration of vacancies with deformation and tha character of
ths-Ir ixitaraction with defects of dislocation jT. On the other haxnd
we know ofl many data which imniate that undier certain conditions the
rovimnt of variou-s defects c ,,uditions -the defornation obsse-d in the
ridtal. With thia we can apparently explain the defornation of thin

of ,, diaxieter equal ,to that of the grain, which is discussex. in,
aernce 5/, As -fell as viscous sliding along grain boundaries S7

The :terctonof vacancies with dislooatic ,s can also ex.03ain the
ui'-v enzent Of 'signg observed i-n the Kirkendahl effect



If the These phenomena allow us to express the following hypothesis'.If the eXtermal force applied to a metallic object produces stress
and deformation effecting a c-rnge of state of any defects present in
it, then conversely the interaction of the defects and their change of
state and distribution may be the result of the deformation of the sample

Plastic Defor Io R"azoni Reneated UArdenhze

One of the manifestations of this relationship is the deforma-
tion discussed below of polycrystalline metallic ghapes due to their
repeated hardening. If a metallic sample is subected to frequent
cooling from a high temperatRre or to repeated cycles of heating and
cooling correspondingly higher and lcwer than the temperature for
pol~morphic transformation, then it is defoqd, beng stretched out
in one direction and shortened in another LSee Not/.

ji ot-7: The phenomenon was observed 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-
cerned with samples of metals or alloys complex in their form and conten
and although important relationships have been 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 expo rment. The
experiment was conducted with samples in the form of thin wires or foils.
The diameter of the samples was varied from 0.5 to 0.9 m and the length
from 140 to 150 mm. Test objects were pure metals (99.99%): silver,
gold and certain alloys Q /oteW Samples of gold, -brass and Cu-Au
alloy had a width of 4 mm and thickness of 0.1 m.) Before treatment
with the thermocycles the say ples were annealed at a temperature higher
than the corresponding maximl hardening temperature. In this process
the dimensions of the crystals approximately corresponded with the
diameter of the sample.

Preliminary testing with silver showed that at a constant
hardening temperature the elongation of the thin sample was proportional
to the number of thermocycles as a first approximation. Graphs of the
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A 'expy.f)

in which A and U are certain constants deperdiag on the material.

Assuming that miQroscopic deformation is eondtigznd by an
eooesive concentration of vacancies (an. - Nx(- -)) ,
obtained after each har4enin and b7 the owaracter of their movement
due to interactions with dislocations, then we can write that

.7 M A 7 W(2)

in which N is the number of atoms in 1 cm, and UB is the energy of
vacancy formation. The data presented in table 1 show that the
calculated values of U, determined according to formua (1), approximate
the values of UB, the energy of vacancy formation.

In order to explain tbe direction of dWformation the authors
resort to the dislocation mechanism of deformation.

It i as erted that vacancies are most eavily generated at
dislocations / These are not only the sources but also the outlets

Table 1

metal ,A,- n. -2,M111 Nd,o

Sil.ver ................ 0,64i01 16'1 15,9E16 6-10* 6111
Gold . ............. ,23.40 16,2 8,4 [8) 4,7.100 4,7.0'
Platinum ......... . . 2,75.10 23,0 27,2(81 2,0.10 2,0.401
PFtinwu- & 1Orhodium.. 1,t.' 21,8 - 6,2, 0$ 5,2.10"
-br&8 0. ... s. *0... *... 0,675.102 10,6 8,0 [1i1 7k5,t a  7,6,4011

& -brass .. .... 0, . 1 - 12j4 - 10,5.100 1-103
cuXyAu foil ............ 0,55.1(p 15,1 - ,34.40 0,9-10A
C-kleu wire ...... 0,5,406 18,0 9 - ,7401 ' O Oi,

for the vacancies, Stresses occur in hardening which in the case of thin
wires are greater radially than along the axis of the sample. These
etresses are du to the appearance of new dislocations, i.e., additional
outlets for the vacancies.

Stresses can be reduced due to the annihilation of vacancies
with dislocation, which occurs at the next heating period after the

L-hardening. In the caise of wires of a diameter approximately equal to-

- 16-



th caliber of the grin, cesesie vacancies due to the reduction of^
stress can escape on -the crystal surface, But this must be compansated
for by a movment of atom in the opposite direction, as a result of
which the sample is stretched out on its ;6xis and reduoed in cross
section,,

If by ai we designate the number of dislocation points per unit
length of the islocaticn which are outlets for excess vacancies, then
the elementary deformation theroby brought about can be ,expressed in
the following wunner LV:

where b is Burger*' voctor4 By jimtaposition we obtain:

Me (4)

R7 Jutxtaposing formulas (1) and ()we haie :

A z& bl N(1aA -. (j)

According to referert ff7 the average number of dislocation

points ;*r unit length of dislocation which cause dislocation is.

in which f is a coefficient les than one that designates the effeotive
rnmber of points serving as outle to for vacancies; -e is the length of
froe run of a dislocation, arld Nd is their density.

From for imP (4a) and (5) it is possible tV estimte the
denmity of dislocations:

(6)
if we mke an asumption as to the value of the free run path -
(half the distance from the origin of the dislocation to the barrier).
if d is the distance between active sliding surfaces then the average
diotance bqtween dislocations will be (ed)Z This distance has avalue of ths order -' I0 " ore Th1 --4 d -10 "  u2 . From the data of
eJloctron microscopy, the ,istvanco between active sliding surfaces is
of the order of 100-1000 1, ,encoe- 10-3 m, and the dislocation -

- 17 -



P-density of loll cm-2 (table 1) estimated from these data corresponds

adequately with the estimate from other methods.

Cfect of Plastic Deformation on Diffusion ,ate of Nickel A3l4ov

An important question, which elucidates the interaction of
various defects of the crystal str;oture, is the effect of plastic
deformation at elevled temperal-uros on the mobility of atoms in
mtals and alloys /2j. This question has scarcely been studied, al-
though its study would aid in elucidating the mechanism of plastic
deformation of metals at high temperatures.

For this experiment S we developed and built a vacuum apparatus
within which during the annealing process an axial load of constant
value is applied to the sample surface to which a diffusing substance
has been applied (usually a radio-isotope of some metal),

The samples ar6 cylinders with plane-parallel bases, 1.5 mm high
and 7.5 to 12 mm in diameter, in order to produce different pressures
at one and the same load. The ramples are separated by molybdenum
packings and thin annealed mica foils. The latter perform two
functions: i) they exclude the diffusion of atoms of the radio-active
indicator that covers the sample surface into the molybdenum packing.
and 2) they serve as lubricants to reduce friction between the facings
of the samples and the packing. The set up makes is possible to obtain
pressures up to 10 kilograms/;m2 and temperatures up to 12000, which
are regulated by a thermoregulator with an accuracy of 20.

With this set up we studied the dependence of diffusion rate
into nickel alloys with molybdenum on the rate of deformation at elevated
temperatures. Diffusiop,.coefficients were determined by using the
radio-active isotope Co ;, a thin layer of which was electrolytically
applied to the samle surface. by the absorption method. This method
makes use of the -radio-activity of the sample before and after
diffusion annealing.

The diffusion rate b, which fcr not very long periods of
deformation can be considered a, almost independent of time, is de-
termined by the tormula:

I . )

in which mean deformation is

!e I -
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Figure 3 graphs the relation~ip of diffusion rate on do-fornCtion rate for Ni-Mo alloys with a molybdeum content of 6.53,

9,.7 and 16.68 at. % at a temperature of 10500C.

61

o 15---- - '

36 " -.. .

5 10 15 20 25

.I03 hours-1

Fig. 3. Relationship of diffusion rate
to deformatioyi rate for alloys of the
NIA14o system (t 10500) with mo]ybdenum
content (at.%):

* - 6.53; 0 - 9.57; - 16.68.

The data obtained indicate that at small d.eformation rates
the diffasion is proportional to the rate of deformation (at constant
temperature), while at larger deformation rates the diffusion rate
increases more rapidly and non-linearly with respect to the deformtion
rate.

The farst condition can be grasped by examing the folowing
interaction of vacancies with dislocations /

1. Vacancies can deposit out at dislocation sites or leavre
them.

2. In order to displace a linear dislocation perpendicuaJir to
a sliding surface it is necessary to displace w-, which can be achieved
by the diffusion of vacancies to the dislocations,

3, At thes,,mal equilbrum atoms arrive at t he site with the
same frequency. , If the cor,.cr.tration of vacancies in the iirterial i
.urrounding the dislocation exceeds the equilibrium value then the
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rate of w:rtv-l of vacancies at V--.ti site increases. Accordingly
in excess of vcanoies is the ?aoving force for dieplaoement of a
dislocation in a direction perpeidicular to the sliding surface.

iuring deforzation vacancies can arise as a result of the
migration of corresponding dislocation, sites ad be annihilated &t the.
o tlets, most frequently in places where dislocations are dense.
Under these conditions at a stationry state the rate of vacancy
formation in any elemntary volume is equal to the rate of their
annihilation, This leads to the establishment of a gradient of conr-
centration for vacancies in a laytr at s%" depth from the eurface,
approximately equal to

where D7 is the diffution coafficient of a vacancy, an.d ? is Its
lifetime in a tons of cost~ant vcancy concentration IT.

The rate of vacancy Seneration (rmber/eoz 3 seo.) according to
references [7, j7 is

in which n is the average number of sites per unit length of dis-
locatlons hich form vacancies, A is the deformation rate, and b is
Bmrger ' vector.

in order that during deformation the diffusion rate is alwayu
in excess it is necessary to maintain the gradient of vacancy con-
aventration at the depthAx, But for this condition the rate of
vacancy generation at som area . perpendicular to the direction of
diffusi-i must be mqual to th. fr1c of vacancies discharged through
that aroa. Only thus can an cxcessive diffusion coefficient D be
maintained statiory in time, brought about by an increased con-
centration of vacancies in this area. This conditions can be ex-
pressed in the folloing meanner

(9)

in whioh . c is the excess o? vacancies per unit volume (as compared
to their squilibrium number at a 6 iven temperature) in the layer A x.

Let N be the number of atoms per cm,, then the increase in the
diffusion coefficient in this layer is

NbI(10)I
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f Ia m is the average minber of mccnoy leaps between 6 siroe ad T
an outl , then

~(lm)
For high teapeztres 7

in which'1' is a ooefficiant char eterivlzg the effectiveness of
• .annihilation of vueancies with * dislocation site,

If v is the eergy of the reaction between a vaeancy nd a,
dialocation, then

k(ha

By solving express~ions (10J, (10a) and (1U) ffor the diffusion
coefficient durir4 pl.stic deformation we obtaint

D,, L,_ +AD +.2

This expression indiimtes that t-he rate of~ softmirig DO

inreass with a deoarase in the disloeation density due to th* fact
that the probability of blooking them is diminished.

With a linear ralatonship ccf the difueion coefficient on t
rate of defor t.ion it ia possib E; to estimte the density ot disloca-
tions (table 2); here it is ar-sumed that 44 l, and b- 2.1 --  .

Table 2

2, e ,o' I 1,8,1o

Z~;6T.I C I ,
Ad c '  ti -O2) , . OPO'

I a



The comparatively 8al." density of dislocations shown in
t ble 2 apparently irdiates that ulcer these conlitions of defol'vltiln
at high temperatures crowdod dislocations occur.

With formna (12) it is possible to caIculate the density of
dislocations from data on the effect of axial preswcre upon the rate
Z auto-ditfusion of O-iron Z7. At 8900 it turns out that D D

UI+ 50 4),* 4n whiCh * is emressed in hours -1. At 8%1"
cm2/sec., whence, by assumii q 1, wo obtaint

7/ - I 0I' (

Thus the data obtained for the effect of p]tie defora tion
on t * diffusion process confirm the hypothesis that the displaoewnt
or dislocation type defects underlies the mechanism of plastic do-
formation at high temperatures.
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EXPERIDMTAL OBSIRVATION OF SOURCES OF DISWOATIONS
ON THE BASIS OF $EPARATIONS

47olowing is a translation of an article by V. G.
Rakin and N. N. Buynov in the Russian-lazg book
1Eso3j.droLU Po ZaropM:,_: Slavam (Research on
Heat-Resistant Alloys), Vol 4, Publishing House of
the Academy of Sciores USSR, Moscow, 1959, pages
193=196../

According to the scheme proposed by Frank and Read T, new
dislocations can be generated by a 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-
Wilsdorf N, on observing groups of little chains of separations in
an alloy of aluminum with several percent copper in the electron
microscope, proposed that each group of separation chains was formd at
dislocations generated by a source.

On examination with electron microscopy of a Al-Cu alloy (4% cu)
aged at 190' for 4 hours and at 2500 for 30 minutes, we detected chains
of separations in the form of nearly closed continuous or broken loops,
close in form to a circle (fig. 1). Apparently these loops are produced
as a result of the formation and growth of separations at dislo'cations
generated by a source. The closer the orientation of a surface Zoti):
Surface orientation is determined by the orientation of the separations
is to a plane of type (111), the more complete and distinct the loops
appear (fig. 1), and the nuier observed is greater. However the loops
or rings are also detected on other planes (fig. 1, b). For example
of 43 photographs with aourcee examined, in 8 cases the orientation of
the plane in which the source was located was approeximately (lll), in
10 cases it was (112), in 6 cases it was (122), in 7 cases it was (123),
and the orientation approximated (100) and (110) in 2 cases. The
orientation could not be determined in 8 cases. The loops are seen best
on plane (Il), then on (112) anl (122), worse on (123), and very poorly
on planes close to (110) and (100).

The possibility of observing loops of dislocation along separation
in planes other than (111) is partly due to the large dismeter of Qt-
! . so plates being separated at the dislocations (from 0.1 to 0.25
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micow), Than too i ertain cae narrcadocri h
daterrLtmtion of suxrface orientation,~ for. due, to deform~tion th'r.t
occurs in an alloy on hardening, separatioas of two ctrientations
.Ave principally been observed; a 4hird or-Ientations as been en -
oouterod only rare.1y. The possibility of an error Ms been increased

by t4 sm.L! dimensions of particlea of separationks In thc mtrixc be-
yond the area eneompassed by ed Iocation loops, as a remilt of i~siob
accurat e determination of the orientation of a~ratiis "a excluded.

The loopo almost alayt& had a Poenteriplikv the openking of a
hexagon or other thane (fig. 1, b; fig. 2). In some caaeo' an

Fig. 1. Separatic heIns in Al-CU alloy: a-agi,,x PAt 19&'
for 4 hours (20 O0M.X); b- uging at 1900 for 4 hours (11' 0OOX);
C- Sgin~g at 250 for 30 minutas, etched with aqua regia
(15..OOOX); d- aging at 190 for 4 hoiwe (15,0061).



M

Fig. 2. Al-Cu alloy; aged at 1900
for 4 hours (15,000X).

inclusion or an irregular etc?%ing figure was observed in the center.
At the present tim the nature of these "centers" has not been estab-
lished. In most cases with remoteness of loops from the "center" the
distance between loops is somewhat increased. An evaluation from 17
measurements indicated that if the average distance of the first
loop from the center is 0.47 microns, then between the first and
second and the third and fourth loops it is 0.55 and 0.72 microns
respectively, and between loops most remote from the source it reaches
1.75 microns.

Complete confirmation has not been given to the hypothesis of
Wilsdorf and Kuhlminn-Wiladorf 7 to the effect that laminate separations
at dislocations must have only one orientation, namely such that the
line of their intersection with the distribution sxrface 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 segments o.f a loop
separations of two and sometimes even three orientations were observed.
The angle between the axis of dislocation and the line of intersection
of separation particles with the sarface in which the dislocation lies
was 20-300, but deviations to one side or the other were frequently
observed. In replicas obtained from electrically polished samples
the loops formed by the sepi.-.ations were incomplete in most cases.
This can be explained in two ways. First, by the fact that the disloca-
tion loop consists of individual links which appear as marginal and
sniral dislocations, the possible orientation of which is shown by
the arrows in fig. l,c, and respectively designated by the letters K
and B. Second, b the fact that, in accordance with reference S,
separations in Al-Cu alloys are formed only at marginal dislocations
(in our case at mnrgnal link, of a loop). If the links making up
the loop and the distance between eparations are correspondingly small,
then the loop is continuous; if these links have a size of several
tenths of a micron then it will appear to consist of individual
fragm-ents.
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Tie existence of separations'eof prdcmimlfntly one orientatiJ7
along the entire length of the. loop (fig. 1,.) indicates that the
latter actAlly is made up of links. of marginal. ard spiral dislocations
and that all the marginal components. have a Oigle orientation. In
oxder to ascertain the struictuire of the loops a portion of the samples
after electropol4 shing. was. dee-ply etched in aqua regia folloing which
ox~ide replicas of thoem were taken. As is evident from photos of the
marnpliest the loops are far mnore deeply etched than the segments between
a, nd beyond themo (fig. !,a) but almos t always they appear to be in-
aomnplete# Accordingly the dislocation loop apparently consista of J
segments wtich appear to be zkrrginal and spiral dislocations*

According to dislocation theory# +.he minimal dislocation stress,
,necessary for aetivatio., of a Fmh~k-Read source of -length Iof

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

in which G is the module df the displacement,

* The length of the source /can be 'estinated from mewasurements
of the I'oonter',. From. the photographs taken with 26 measurements the
linear size of the "oenter" was equai to 0.4 microns. it is taken
a s 2,.8 Angstroms. &W,. G as 2700 k/~im , then-(' is 1,9 ke/nw, which
approximately corresponds to the yield point of the alloy. Consequently
our .i*asuremsnts, oZ the sources can be considered as accurate.

In addition to those in ftigu~re 1, sometimes (aoutt one case in
ten) avarce of another type are observed which prodctc two ellipsoid&I
loops 6:idending, into opposVIte sides with an interrapted distribut~on
of ;epar&J ioae along them (fig. 2). This apparently is explainad by
,the fact Unut the "center"t can contain two dislocations of opposjta
sign, the ends6 of wbioh are so securoly fiAxed that they cannot be
aqpproximad and muitually annihil-xed &Ithou~i they also wiperience
!.,,tual attraction. Upon appli, ation of external strass both dislacation
.lUnes begin. to gsnerate dsainloops of different sign.

Vie have eatimated the density of dislocation sources in the
:rfcea corresponding to or olose, to planes (112) or (122), (112) apd-

).In the asn of ten measurements, the source densit% SP l140-10M,
,wo eas in sone wccrks it has been reported as from 108 cmr" ?g to 1O9

.0- 7 srvace sample replicas were obtaixwed at dif ferent depthe
frornVie umee(250, 0 w Wmcos.Temtl2eswr

rax,'- Yd fromo tho surfaae by eot lihn Sourcea of dialotatiots
wtsrs seqn in all of these ases, but their densit7 varied, corresponding

~O ~1~ o 10and 2'1 0 to,0 ~ .m T he number of dislocation
loons &bmat ach source was obevdas from 2 to 10, but on the

a&ags (from 75 photographs) it was from 3 to 5.,
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Thus these experiments provide. yet another confirmation to
the dislocation theory of separatki6na.
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STUDY OY SUBMICROSCOPIC DEFbFCTS IN MEwTALS BY THE I&THOD
OF X-RAY BEAM SCATTERING AT LOW ANGLES

Jollowing is a translation of an article by S. N.
Zhurkov and A. I. SlUtsker in the Russian-language
book .sel.dovaniva .P ZharogrochMa SkLoam (Research
on Heat-ResLstant Alloys), Vol 4, Publishing house of
the Academny of Scienees USSR, Moscow, 1959, paes
197-24._J

As we study the actual structure of metals rore and more
heterogeneity is encountered in their structure. The image of the
ideal crystal lattice and its fundarnental properties which has been
such a great achievement of the physics of solids is because of
research being constantly 8upp...mented with new departures from the
ideal structure. Now it has been firmly established that the ideal
crystal structure is disrupted by thermal escillations of atoms,
vacancies, atoms, intrusions into interstices. impurities, block
striucture, dislocations and the like.

Of the nmny types of defects encountered in the crystal
iattice of metals, our work will concern itself with heterogeneities
characterized by variation in -lectron desity, which is frequently
equivalent to ordirAry density irregularities. Such irregularities
.,-ry be empty spaces (fissures, pores), precipitated phase regions in
alloys during dispersion hardening, amorphous intercalations at grain
boundaries, strongly stressed blocks, dislocation disruptiont, etc.

Heterogeneities af this type can be of great interest, for
example, the presence of submicroscopic fissures causes a significant
difference in theoretical and practical yield strength, temperature-
endurance effects on strength, creep, and the like. On the other
hand' dispersion precipitated phases !arkedly alter the properties of
a metal, increasing its mechanical characteristics in comparison to
the solid solution.

One means of studying irregularities in electron density is a
method based on x-ray be'm scattering at small angles, the physical
basii for A.iich is as follows.
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If a thin pencil of :*-rays iie passed through a layvr of a
oubstance hav~ing electron density irreggarities with dim~ensions
of =n order of 10 to 1000 Waeengths of a given x-ray smurce then a
halo Al appear close to the pria ry beama -- a scatter *owlhat falls

ofrapidly with increase in the angle (fig. 1).

Disporsion theory m~akes it possible to use the angular function
at a scattered b eam and its intensity to calculate the dime~nsions of
heterogeneities, their concentratAon., and in the most favorable cases -

their shape and orientation. In the simplest case of non*-densely
packed, monodisperse, dpherical irregularities,, diffuse scattering
close to a thin prlimary beam is quite accurately determined by the
formxua: W R&

I N= N n,)2 e~'(

In wh-icb I is the intensity of a baa with wavelength ~,scattered
at angle V , "pres~aed An units of single electron scatter; R~ and N
are the radius and nudrker of spherical irre g3arities taking part in
the scatter, and n and No are the rzuber of electron* in the region
of44 heterogeneity and in an squal3 volume of its surroundings,

Fig. 1, X-ray scaltter close
to tlkw primay bemut.

Note that sirce form.i (1) 4 nVolve a the square of the difference
of the electron densities at the regiQn of heterogeneity and its
envr:Lrsn, scatter will occur at a positive w negative 4AL of this
diaenoe, inoluding particles in an einpty space as well as pores
in a conrtinuous mae-Uum. In this wiay meastrements of the angualar
apreaci of x-ray scatter intensity at s sell angles3 permits us to obtain.
dotv tled irformation on defects in metals and alloyan of interest to us.

Unfnrztely,, in spite of its great potential, this method
han not attained widespyread use, evidexqtly due to ignorance or it as
well as certain diffic Uties in experimontation with it and in the
inte4rpretat ion of th results obtained. In experimiental study of the
si~ll angle scatter of x-rays by submicroscopic heterogeneities two
bkasiLc difficulties ariee:
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1. in the mjerity of cases the scatter comprises a very7
sivall share of the inqilderit beam (I/I0 '-ijor to io-7).

2, Appr~ciabl~i scatter lies in a region of very small angles
wibh respet to the wrIs of the primry bskm, sharply falling off with
an increase of the angle (1), At lwavelen.gths of the order of 1 Angstrom
unit the region of appreciable scatter for particles with linear di-
Meftsions ft lies up to

30 when R 1 10 AO
20' wrhen R 0- 100 A0

2' when R~ 1000 A,

The requirement of measuring a weak. scattered raIy at auch
small angles close to the pcverful prifr7 beam is quite a diff ioult
experijmntal Iask.

The problem with most of the instrumentation described in the
literature is their small light intensity and the considerable backgroune,
which inereases rapidk with decrease in the angle. Superttoed on a
weak acatter emission this backc~ound makes the Instrument uwnuited
for the studiy of? defects in pure metals and in many cases even in
alloys,

Belo is described a varVIa-Ion of the slit method which greatly
eliminates these problems., Th~e apparatus which is outlined in figure 2
las been developed to measure scatter at ultraamall angles and has
bten quite effective in the study of the submicroscopic struacture of
substances producing wseak scatter*

Fig* 2. An apparatus for measuring
scatter at ultrasmall &flgre8.

A thin plate ot t le test sample (1) is eiposed to a wide
divergent x-ray beam uith a sharp bbrder created by a lead gate0 (2)
whose edge aa been wall polished. Sharpness of the border inl this

use is determinad by the width of the entry slit (3) and the geometry
of tihe device.' Rays acattered by the edge of the gate (2) are collected
by a lead foil (4) which is set by control aerews at the very border,.
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Of thJ-e primar- oec&an, The angailar diapersion of the beava scattered I
by t wrtleh \1 i s riaspred! by the rlit (5) which tgte iha

end-ype eige~hxe I rnonter or a photonultiplytng scintiLLA4tion
counter (6) is rotated in. the plana of the figure around &n axis
passing through the sample. The x-ray sourca',is the ZJRB-55 with 133VL
type tubes, Instability- of the x-ray tube w&s corrected by a second
counter (7), and. the rsece-nsaary monoon,-romntiity of the scatter recorded,
wa.s achieved by optimal oprt nof -the tube, esuitable filtors (8)
and (8'). optinal thiokees 'if the test sapl3e arr! the selectivrity of
th gas count*er or by the c.Iiscrlmttrdrnlcni~ tion reordirig.
In order to exclude scatter in the air of the alit, the gates and the
sample were enclosed in a vacuum reservoir (9).

Thm use of' a wide beam considerably increaea.d the ligh-t in-
tensity of the device and the use of a gate with a foil in laeot'
a slit nharply reduced backgroual and made it pos.ible to comes up to
the edge off the prinry ba's- at ultramall arAgltss meaouaing fractons
of a minute. In. addition, the vze of io~nization recordting inlstead
of photogralhy, due to a varked increase in sensttivity, makes it
possible in the differential method ofl meaaurement to exolude r ' sidua1
bitckgnnartd anrd to obtain the desired valuees for the amount of' scatterw
at asaill and uiltrasnsall angles.,-

The operattonj an~d raiting at lte device waere testted on stadad
os jecta - dilute aqueous solut-ions of11 globular proteins of irnown
moi c u}ar s Yzieatsuremetnt s demcanstx-ated a satisfactory oorrespondenc(
or the dimensions and concentrationt of' protein mleculesi obtaInod. by
the methodx of sllangle scattear ith results of other tests3.

The appariatus provides for thg; i1ntroducltion into the viacwum
c~hambcr of equiwpment to study nwtals in. the procts* of' do~orn'nation at
va~rious3 t emoerat-ure a1-4 testing condttions

Pigure ") showa data on the -wasurem ent of en-ll1 ar*'tte scatter
(masreensperfor-med ait, a -wavelonst of 1.54 1 ~a0 ,Wkgro-u rd has been.

subtracted in all the graphs), in thnfoils of sheet meta.ls (A 3 Zn,
Nil. Ag, Pt). The presence of & uniform discrete angul1ar dkepend~ence
of scatter Jitencsity in the region of smfall angles demonstrates tk-he
exis ne in, te mietals, GL' defects 200 t o 50)A, i y

-1k.o t jrja 00 Xw Qin Szre,
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P-- The irregularities in structure do not disapoear even after
prolonged high-temperature anealing in a vacuum. Upon anneali ng
aluminum sheet up to a temperature of 6400 there occurs a decrease in
the number and an increase in the size of the defects, which follows
from the increase in the slope of the curves in figure 4. It is inter-
esting to see that submicroscopic defects also occur in monocrystalline
aluminum obtained by annealing recrystallization (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
scatter changes occur at very small angles. If scatter determinations
were limited to angles of a degree and more then it is possible to
arrive at a false conclusion of the absence of defects in the initial
state of the material as well as to arrive at reduced values for their
size.

The density cl'rage (1-/p 5 0"), calculated from our measure-
ments on the assumption that these defects are empty spaces, corresponds
well with direct measurements of the density reduction of the deformed
aluminum.

This result as well as the high stability of the irregularities
during intensive annealing mak. it quite likely that these defects are
empty spaces or fissures in the metal.

These investigations IAve also established that the greatest
c ange in submicroporosity occurs at an early stae of netal 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 orientation in their
position. The defects must o bviously be considered as disc-shaped with
their plane perpendicular to the tension axis. Further, small angle
scatter indicates that the vacancies arising from deformtion are
unequally distributed in the volume of the sample. The removal by
electropolisKing of a superficial layer several microns thick reduces
scatter intensity out of proportion to the thickness of the layer
removed (rig. 6), which indicates an increased (by 2 to 3 times) con-
centration of fissures in the surface layer.

The method of snall angle x-ray scatter can be applied to the
sttady of dispersion deposits at early stages in alloys and also nakes
it possible to detect submicroscopic defects and to investigate their
behavior.
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