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CHANGES IN MICROSTRUCTURE, HARDNESS, AND ELECTRIC CONDUCTIVITY
DURING CREEP IN HEAT-RESISTANT GRADES OF STEEL

V. S. Ivanova, I. A. Oding

One of the essential aspects of the problem of heat resistance
is the question of the role of inter and Ilntragranular plasticity in
metallic creep. But there 1s not yet any agréement on the lmpor-
tance of either of these forms of plasticity in any particular phase
of creep. Some assume that lntergranular plasticlty plays the most
essentlial part in the first phase of creep, other relate this role
to the second (sustained) phase. Finally, there are opilnions hold-
ing that the processes ?f inter and intragranular plasticity take
place simultaneously in all phases of creep, even the third, and that
only the quantiltative relations between them may vary wlth the
condltions of the experiment.

At present, the role of inter and intragranular plasticity is
under study, mainly for pure metals; 1t 1ls therefore interesting to
trace to what extent such plasticlity appears in the creep of heat-
resistant grades of steel. For this purpose three grades of austen-
itic steel and, for comparison, Armco iron (of standard chemical
composition) were investigated.

Austenitic steels were investigated 1n the quenched state




(cooled from 1150° in water), and Armco iron in the normal state
(950°) . Figure 1 shows a photomicrograph of EI257 steel after

creep testing for 58 hours at a temperature of 575°, under a stress
of 12 kg/mm2. The total deformation amounted to 0.2%. The micro-
section was®photographed using light from an oblique angle, which
made it possible to make the intergranular character of the de-
formation clearly visible. The black shadows on the graln boundariles
characterize qulte clearly the relative displacement of the grains.
Thls deformation even lends 1tself to quantitatlve measurement, for
which MclLean has developed a method [1].

Using an interference microscope, McLean measured the protrusion
of the grains from the surface and conjectured from this quantity
what part of the plastic deformatlion was due to the relative dis-
placement of the grains themselves. Although thls method 1s not
very precise, it l1ls, for the time belng, the only one existing for
the determination of the quantitative contrlbution of intergranular
plasticity to the overallicreep deformation. It enables us to
establish that intergranular plasticlty starts at the very beginning
of the creep process and continues through the second and third
sectlons of the creep curve.

However, it 1s not only through relative displacement of the
gralns that 1ntergranular plasticity 1s made apparent. Flgure 2
shows a photomicrograph of Armco iron before (a) and after (Db)
creep testing at a temperature of 450°, under a stress of 13 kg/mm2,
and with a test duration of 1,200 hours. In thls case, intergranular
plasticity became apparent through recrystallization. Owing to the
displacement of dislocations at the grain boundaries, there was a

conslderable growth of the gralns; this growth also took place at a

Nooma?




lower temperature (400°), though with less efficiency. These

data show that under pressure the process of grain growth may take
place at lower temperatures than the ordinary recrystallization
temperature. Consequently, intergranular plasticlty 1n the process
of creep may become apparent through a recrystallization process:

EaAe

the displacement of grain boundaries.
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Fig. 1. Microstructure of
EI257 steel after creep
testing (X 200).

If creep testing is carried out under other condition, for

example, under lower stresses, we may observe that, besldes causing

graln enlargement, creep also causes grailn breakdown, while the new
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boundaries in Armco lron appear 1n a very singular way. Figure 3>
shows the microstructure of Armco iron after creep testing at a
temperature of 400°, under a stress of 6 kg/mm®, and with a test
duration of 1,000 hour. The arrows in this photomlicrograph show

the new boundaries which have appeared as polntlike formation that
are corroded concavities at the spots where the dislocations appear
on the surface of the mlcrosection. Later on, these poilntlike
boundaries become contlnuous boundafieé as a result of the appearance

of new dislocations and the reductlion of the distances between them.

Flg. 2. Microstructure of Armco
steel (X 200).

Thus, we may state that in creep two processes take place
in opposite directions: one, connected with the enlargement of the
gralns, 1s a process of recrystallization by the mechanism of

plasticity, while the other, 1nvolving breakdown of the grains,

Lo




1s a polygonization process. Depending on the relative efficiencles
of the two processes, 1t 1s possible to give the metal' a smaller or
larger graln at the end of the test.

According to our observations, the polygonization proéess be-
comes most effectively apparent at lower temperatures and under
lower stresses. It 1is still lmpossible, however, to draw a sharp
line between the conditions for grain growth or breakdown during
creep.

During the testing of EI432 steel, we succeeded in bringing to
light the followilng aspect of 1lntergranular plasticlty as well
(Fig. 4). There were a great number of twins in the initial
structure (a). During the creep process they gradually disappeared
(b), so that after 1,000 hr of testing there were no twins at all
left 1n the structure, but signs of recrystallization did appear (c).
Consequently, plastic deformation in creep may take place not only
through twinnlng, but also through its disappearance. So far, the
details of mechanism plastlcity remain unclear.

Thus, intergranular plasticlty during creep of heat-resistant
grades of steel shows up quite clearly.

It is considerably'more difficult to expose“the intragranular
processes takling place during creep in these steels.

With small creep deformation (0.2 to 0.3% and sometimes more)
it is impossible to observe the shear lines inside the grains by
means of an ordinary optical microscope. The questlon then arises
whether plastic deformation takes place in the grains themselves
during the process, At the present time, there 1s a hypothetical
concept--the so-called "fine slip" (homngene Gleltung) which has been

interpreted as local slip with a low degree of displacement on the
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given slip plane. The nature of this slip has been barely investi-

gated so far, v

The mechanics and nature of shear processes that result in slip
lines visible in an ordinary metallographic microscope have been
comparatlively well studied. It has been established that thls type
of slip 1s accompanled by changes in the microhardness, electric
conductlivity, and other physical characteristics of the metal.

We investigated the changes 1n mlicrohardness and electric
conductlivity after creep testing for a certain time,* for the purpose
of studylng these characteristics during creep and for verifying the
fundamental assumptlons of the dislocation theory of creep, which has
been promulgated by one of the authors [2]. The measurements of
microhardness and electrlc conductivity were carriled out at room
temperature. The basic postulate of the dlslocation theory of creep
was that the rate of creep 1s proportional to the number of the dis-

locations at a given instant of time t:

Vp = Awg (1 + at)m:
where A, a, Wg and m are coefficients that depend on the nature of
the metal and the conditions of the experliment.

Changes 1in the dislocation density (1.e., the number of dis-
locatlons per unit of volume of the metal) must, of course, result

in changes in the microhardness and electric conductivity. If

* The experimental part of the work was carrled out by L. K.

Gordiyenko on a device developed by him.
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Fig. 3. Microstructure of Armoco
iron after creep testing.

the dislocation density increases during the creep process, the

rate of creep must increase; in this case the hardness increases

and the electric conductivity decreases; the reverse is also
possible. However, while investigatling this problem with a metal
that 1s supersaturated solid solution, we must also take other
factors into account, namely: during the first stage of aging, such
a solution will increase its hardness but, at the same time, the
rate of creep must decline; in the second stage, during the coagula-
tlon of the secondary phases, the hardness of the metal must decrease
whereas the rate of creep must increase. Moreover, the first stage
of aging must result in the decline of the electric conductivity,

while coagulation leads to increase 1in electric conductivity.
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Fig. 4. Microstructure of EI432 steel
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Let us conslider to what extent all this corresponds to the
experimental data. Flgure 5 shows the creep curve of EI257 steel
obtained from testing at a temperature of 575° uder a stress of
15 kg/mm®. This curve reflects a slowly vanishing cross section.
The same figure shows curves characterlzing the changes in micro-
hardness of the metal during creep. The mlcrohardness was measured
on twenty grains, and the results of these measurements were ex-
pressed in curves of recurrence, It 1s easy to see that with the
increase of the testing time, a decline in hardness takes place to-
gether with a decline in the rate of creep, which fits in well with
the dislocation theory.

Figure 6 shows the creep curve as a function of its lncrease in
~ rate for EI?%95 steel tested at a temperature of 575° and under a

stress of 25 kg/mmZ2.
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Fig. 6. Curves showing creep (a) and
changes 1n microhardness (b) for EI395 -
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changes in microhardness (b) for EI432 steel.

'According to the above-mentioned theory, the increase in rate of
creep shculd be accompanied by an increase in dislocation density and,
consequently, by an increase in the hardness of the metal. As is
seen from Figure 6, hardness-distribution curves of the metal be-
fore and after testing for 2,500 hr show a very clear increase in
hardness, which again confirms the above-mentioned dlslocation
theory.

Flgure 7 shows the creep curve of EI 432 steel, tested at 600°
under a stress of 25 kg/mm?. In the gilven instance, and lncrease in
the rate of creep is accompanied by a conslderable increase in
microhardness. The distribution curve becomes diffuse and extends
toward the higher hardness values.

Very interesting test results are gilven in Figure 8 for EI395
steel, tested for creep at a temperature of 575° under a stress of
22 kg/mmz. As 1s known, this steel 1s characterilzed by a great

-

-~
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tendency toward aging. In the first sectlon, approximately up

to

4,000 hr, the creep curve tends to vanish, whille hardness increases,

as 1s clear from the curve of recurrence. After the agling has
terminated the dislocation processes, which cause considerable
resoftening, become of marked importance. These processes are
accompanied by fading creep (see Fig. 8, sectilon.from 5,000 to
hr). Thereafter the process of accelerated creep begins; this
sults In a marked increase 1n microhardness. Consequently, the
fundamental assumptions of the above-mentioned theory are also

flected in this very complex case.
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Fig. 8. Curves showing creep (a) and
changes 1n microhardness (b) of EI 395
steel.
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We can obtain an analogous pattern by measurling the electric

conductivity. Figure 9 gives the creep curve of EI432 steel tested

at a temperature of 600° under a stress of 20 kg/mma; 1t also gives

the curve showlng changes in electric conductivity. Up to 500 hr,

creep proceeded at a decreasing (or uniform) rate. The dlslocation

-11-




density declined whlle electric conductivity increased. Creep

then began to appear at a rate increasing with time (the so-called

third stage), which, according to our theory, was caused by the in-
crease in dislocation density. Thils increase was reflected in the

marked decline of the electric-conductivity curves.
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Fig. 9. Changes in electrilc conductivity
of EI432 steel during creep.

The increase in electric conductivity 1n the first section of !
the creep curves can also be seen in Figure 10 whlich shows curves of
electric conductivity and creep for the same steel tested at a
temperature of 600° under a stress of 22 kg/mm2. A higher stress
reduced the section of fading creep and from the beginning of the

portion of accelerated creep, electric conductivity agaln began to

decline.
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Fig. 10. Variations in electric con-
ductivity of EI432 steel during creep.

Conclusions

1. Creep occurs at all stages as a result of intergranular as
well as intragranular plasticlty. Intergranular plastlclty may
become apparent by simple relatlve displacement of the grains with
_their protrusion on the surface of the microsection or by recrystal-
lization and polygonization processes, Or else through a special
mechanism resulting in the dlsappearance of twins. The quantitative
determination of 1ntergraﬁular plasticlty 1s so far possible only in
the case of relative displacement of the grains.

2. The measurement of milcrohardness and electric conductivity of
test pleces subjected to creep showed that the processes of lntra-
granular plasticity play a very effective part durlng creep.

3. The data obtained on the changes in electric conductivity and
microhardness of test pileces during the process of creep agree very

well with the dislocation theory of creep in metals.
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CERTAIN PROBLEMS IN THE THEORY
OF HEAT RESISTANCE

M. V. Pridantsev

Heat resistance, l.e., the resistance of a materlal to small
plastlc deformation, 1s determined by many factors, among which,
in the case of metals, we should mention the following: the energy
level of the interatomilc bond; the strength of this bond 1n the
crystal lattilce, an indication of which is glven by such constants
(for metalé) as the melting point, the heat of sublimatilion, the
characterlstic temperature, the parameters of self-diffusion, the
recrystallization temperature, etc.; structural factors, by which
we mean--1in the case of metals (not alloys)--the sizes of the grailns
and blocks and the state of thelr boundaries, the degrees of im-
perfection of the crystal lattice, the number and density of dis-
locations and Impurities at the gralin boundarles.

The same factors are characteristic of steels and alloys with
relatlively stable solld solutions, 1in addition to the followilng:
the diffusion parameters of the sclute atoms of the alloylng elements
and admixtures, the thermal stability of the carbide phase and the
structural stabllity in relation to the redistribution of the
alloying elements between the solld solution and the carbide phase,

and the growth and distribution of the latter.

-15-




The heat resistance of steels and alloys with unstable solutions
and those which are aging 1s determined by the same factors described ‘;
above as well as by the bond energles in chemlcal compounds( inter-
metalllic compounds, carbldes, nitrides) and the related temperatures
of formation and coagulation of the strengthening phases coexisting
with the solid solution; by the temperature of dissocilatlon of the
phases and their solutions; and also by addltional structural factors
among which are the quantity and distribution of the strengthening
phases, the eventual formation of new phases (for example, a and ©
phases) and other structual changes, i.e., théwdegree of stability
of the structure in time at working temperatures.

At present tlme, we lack sufficlent experimental data on the
bond strengths in the crystal lattice or on the very 1interesting
constants related to them. Hence, 1t is not clear as yet to what
extent they play a determining role in the heat reslistance of steels
and alloys. All known experimental data show that for the majorlty
of the heat-resistant steels and alloys in use (comparing the same
base), the structural factors and the role of the grain boundaries
are declisive, 1l.e., they substantially lncrease the heat-resistant
propertlies. It 1s definitely established that a certaln part and,
when the base 1is chosen, the determining part is played by the bond
strengths in the crystal lattice of the solild solutlon and also in
the strengthening phase.

For metals at temperatures above the recrystallizatlon
temperature, at whilch there is a rapid return of the properties of
a deformed metal (above 0.45 th, we observed close agreement between

the activation energy for creep and such constants as the activation
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energy for self-diffusion and the melting point. We also notliced a

connectlion between the activation energy for creep 1n a metal and
the atomic number.

Research [1] shows the direct relationship between the activa-
tion energy for self-diffusion and the activation energy for.creep
in certain metals: these quantlties proved to be almost equal. It
follows, therefore, that the factors conditioning the rate of self-
diffusion are also the factors controlling the rate of metallié
creep under the gilven temperature conditlons. The relationship
obtained 1n this study, between the activatlon energy for creep and
the actlvation energy for self-diffusion for zinc, lead, alumlnum,

copper, gold, and 1lron, 1s given 1n Figure 1.
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Fig. 1. Relationshlp between
the activation energy for creep
and the activation energy for
diffusion.

In the same work, the authors make the assumptlon that the
activation energy for creep 1in metals at temperatures above 0.45 tm
is a periodlc function of the atomlic number. The authors draw this
conclusion from data on the activation energieg fdr creep and the
activation energies for self-diffusion for a serles of metals with

respect to their atomic numbers. These data show that alkall and
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alkali-earth metals have the lowest activation energles for creep,
where;; elements located 1n the middle of each perlod have the
highest activation energles for creep and self-diffuslon.

However, the influence of the structural factor on the activat-
ion energy for creep is not taken into account in this periodic law.
It also follows from this law that all metals having higher melting
polnts have higher activation energies for creep. It is known that
temperatures below 0.45 tm these laws do not apply to metals since,
during the deformatlon process of creep, particularly 1f there is
an increased rate and considerable deformatlion, structural changes
in the metal take place in time; these changes, 1n turn, change the
values of the constants related to creep. With relatively pure
metals, a structural factor begins to operate at these temperatures.
This factor varies wlth time in its influence on the creep process,
i.e., with increased deformatlon.

With heat-resistant steels and alloys of pearlitlc as well as
austenitic types, we do not observe such conformity with the law
elther at temperatures slightly below 0.45 typs or even at higher
temperatures, since the influence of the structural factor 1s mani-
fested In both cases and 1s most considerable 1in the case of steels
and alloys. The literature contalns ample data on the 1nfluence
of the structure of steel (using the word structure in a broad sense)
on creep, long-time strength, and plasticity under protracted stress,
which confirm these assumptions.

In this connection, the more interesting constants of heat-
resistant materials related to creep processes should be studled
not only for the materials in the original state but also after

various test durations, in order to establish laws for the variations

oy
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of constants of various groups of steels éﬁd alloys and to take
the structural factor into account. It is particularly necessary
to study the constants (for example, bond strengths, parameters of
diffusion, self-diffusion, etc.) at actual working temperatures of
the metals. v

Many researchers represent creep as a complex process consisting
of two alternating processes--the strengthening of the metal as a
result of deformatioh, and resoftening--taking place In time under
prescribed conditions of stress and temperature. Depending on the
temperature at which creep occurs--below or above the recrystalliza-
tion temperature--resoftening 1s consldered the result of recovery
relaxation. This interpretation is quite probable and is admissible
under the test temperature conditions at which these processes can
take place. The role of these processés becomes particularly
obvious in the 1lnvestigation of creep in lead and alloys at tempera-

tures above the recrystalllzation temperatures.

O W 0 Jw wu 50 6w wi am w6 me
Bpemr, vac.

Fig. 2. Creep curves of St 70 wilre, with
a periodic section. 1) Cold-drawing;

2; cold-drawing tempering, 225° 6 hr;

3) cold-drawing and tempering 450° and
10 sec.

-19-




When applied to many steels and alloys, this concept is contrary
to the experimental facts, which show that the phenomenon of creep (
i1s observed not only at temperatures considerably above the recrystal-
lizatlon or recovery temperature but also at normal temperatures at
which these processes practically never take.place. The recrystalliza-
tion temperature and the temperature limits for recovery are not
fixed for a glven metal or alloy; they depend also on the duration
of the temperature influence on the metal.

It 1s often assumed that creep in carbon and alloyed pearlitic
and austenitic steels and alloys begins only at a certaln temperature.
It 1is known however, that the yleld point and proportional limilt,
determined not only at increased temperatlves (considerably lower
than the recrystallizatlion temperature) but also at normal tempera-
tures, depend cn the rate of elastlc deformation, i.e., on the rate
of increase of stress durlng static testling and on the accuracy of
the determination. The processes of creep and relaxation are also
observed at normal temperatures. IFrom experience 1n the use and in-
vestigation of highly resistant wire used for ferroconcrete and for
piano wire, we know of processes of creep and recovery which take
place in time at normal temperatures and under stress below the yleld
point, and where the proportional limlt 1s determined from statlc
experiments. For example, the work of I. A. Yukhvets, carried out at
the TsNIIChM*, has shown that a cold-drawn wire made of steel 7O,
with a periodic section and nominal diameter of 4 mm, exhibilted

marked creep when tested for a period of 1,000 hr, both wlthout

* Central Scientific Research Institute of Ferrous Metallurgy

Q
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subsequent tempering and after tempering (225 and 450°), under a

tension amounting to 70% of the tenslle strength.

The lowest rate

of creep was observed in wire subjected to tempering at 450° and

the highest in a cold-drawn wire (Fig. 2).

B

TABLE 2

G, and gg (kg/mm®) of Wire made of Steel 70 (~ 0.7% C and ~ 0.4% Mo),

Nominal 4 = 4 mm. Before and After Creep Testing at Normal Tempera-

ture and Stress o = 70% of op-

State of wire during test oRB 0g.1 995.01 00.005

Cold-drawn before creep testing 172.0 128.4 80.5 72.3

Same, but after creep testing at

0 = 120 kg/mm2 for 1,000 hr 172.0 [142.0 | 113.0 101.0

Cold-drawn and tempered at 225°

for 6 hr before creep testing 173.8 153.3 128.8 124.0

The same, but after creep testing

at ¢ = 121 kg/mm2 for 1,000 hr 174.0 149.5 124 .5 118.5

Cold-drawn and tempered at 450°

for 10 sec before creep testing 164.0 144 .0 124.5 120.3

The same, but after creep testing

at ¢ = 115 kg/mm2 for 1,000 hr 167.0 |138.5 |120.0 116.5
Table 1 shows the tensile strength and yield point (00 12 00 o1

and 99 005) of a wire made of steel 70 (with a periodic section and

a nominal diameter of 4 mm) in a cold-drawn state with and without

subsequent tempering at the givenAtemperatures, determined before as
well as after creep testing at normal temperature for 1,000 hr., The

data in this table show that after 1,000 hr of testing undér a stress
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o = 704 of OB, the yleld point of cold-drawn wire increases consider-
ably as a result of aging, while this phenomenon 1s not observed with
tempered wire. As can be seen from a comparison of the data given
in Fig. 2 and Table 1, creep takes place 1n tempered wire at stresses
somewhat below the original yileld point of the wire.

Figure 3 shows as a functlon of stress, the creep curves of
cold-drawn and tempered wire made of steel 70 with a diameter of
4 mm, and having in the initial state (before testing) tensile
strength g = 173 kg/mma; it 1s clear from these curves that the
low rate of creep is apparent at relatively low stresses (40 to 60%

of cB), and that the lower the stress the lower the rate of creep.

Sdnumenirg naasyvecey, T

9 1 20 2 4 S0 60 N & B W
Bpems, vac

Fig. 3. Influence of stress on
creep at room temperature in a
cold-drawn, tempered wire made

of St; op In% of og : 1) 80
2; 705 3) 60; 4) 50; 5) 40;
6) 30; T7) 20

Figuré 4 shows the creep curves of a 65G wire made of manganese
steel after oil-hardening from 880° and tempering at 450 to 500°
for 10 to 15 sec, and also after cold-drawings. Cold-drawn wire
with d = 4 mm had a tensile strength op = 137 kg/mm? and a yield
point oy o, = 69.2 kg/mm?, and hardened and tempered wire with
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d = 4.2 mm had oy = 144.4 kg/mm2 and o, ;. = 89. 1 kg/mm2 .

L)
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Fig. 4. Creep curve of wire made of

St 65 G. oy in % of gg: 1) 70, cold
drawn, d = 4 mm, hardening plus temper-
ing; 2) 70, 4 = 4.2 mm; 3) 60, & = 5 mm;
4y 60, d = 4.2 mm.

The presence of a relaxation process 1n various metals at
room temperature was shown by T. I. Volkova [2] in tests over a per-
iod of 50,000 hr with copper, Armco iron, and carbon steel (0.2 to
1.0%4 C). These results indicate, convincingly enough, a relaxation
of stress with time at room temperature. The abéolute value of the
drop in stress during the test (40,000 to 50,000 hr) for all the in-
vestigated materials amounted to about 17 to 18% for copper, 2.5 to
%% for annealed low-carbon iron, and from 3.2 to 0.6% for carbon
steels annealed to produce laminated and granular pearlite (at
initial stresses: for Cu.-= 25 to 42%; for Armco iron, 52 to 79%
and for steel, 34 to 92% of 9.2 Analogous data on stress relaxa-
tlon at room temperature were obtalned by I. A. Oding and Ye. N.

Volosatova [3] for a serles of austenitic grades of steel.

The quoted data on creep and stress relaxation at normal tempera-

tures show that in this instance a definite role 1is played by the
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processes of aging, which, under such conditions, may take place

in time in the investigated metals. Moreover, these data show that
the mechanlism of creep 1s not connected with the processes of re-
softening due to recovery and recrystallization.

Under fleld condltions where heat resistant steels undergo pro-
longed service, we are interestedin those stresses which cause a
small over-all plastic deformatlon, and creep rates of the order of
1 + 1075% per hour, l.e., essentially stresses causing a transition
from elastic to plastic deformation.

The decrease in elastic properties with time (not counting the
first stage of creep) i.e., the occurrence of plastic deformation at
a constant low rate or "fading" rate, should be considered from the
polnt of order of what causes the fundamental act of plastic de-
formation with time, and not thought of as cold-hardening and re-
softening as a result of recovery of recrystallization, which are
consequences of plastic deformation and not causes of the latter.

At increased temperatures, the prolonged action of stress re-
sults in greater plastic deformation than at normal temperatures since
the thermal oscillations of the atoms are increased and the diffusion
processes are facllltated.

The movement of dilislocatlions, under stress in the course of
time, and the shear resulting from these dislocatlon movements
enable us to explain the reduced strength of metals and alloys as
used, and, obviously, the mechanism of creep as well.

The movement of dislocation depends both on the magnitude of
the stresses and on time, as well as on temperature; movement of
dislocation is facilitated by increases in these factors. In con-

trast to their ideal counterparts crystals and gralns, contain
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structural imperfections (defects). Such imperfections primarily
include vacant spaces, dislocated and foreign atoms in the'crystal
lattlce, lrregularitles 1n the arrangement of the atoms under the
influence of dislocated foreign atoms, impuritlies and phases, grain
and block boundaries, and phase and dislocatlon boundaries inside
the grains as well as at the graln boundaries.

Dislocations are consldered to be linear imperfections which
can move under the influence of stresses through the crystal lattice
and cause plastic deformation inside the grains or at the grain
boundaries. The stress necessary for the movement of the dislocatilons
1s several orders of magnitude lower than the stress requlred for
shear of one atomlc plane with respect to another in an ideal lattice;
this also explains the low strength of the grains under shearing 1n
real polycrystalline metals and alloys.

Dislocations, like all other imperfections, are surrounded by
t'ields~of elastic stresses whlch, interacting mutually, become un-
stable 1in energy. The stresses causing movement of the dislocations,
(and, consequently, plastic deformation) must be sufficlent to push
the dislocatlon through the opposing flelds of stress of other dis-
locations. Thus, addltional dislocations (as well as other imper-
fections) originating as a result of alloyling, heat treatment, or
cold plastic deformation, strengthen the grain. On the other hand,
in all instances where the dislocation density in the gralns de-
clines, the remaining dislocations move more easlily at lower stresses,
causing a decline 1n strength. '

The stability of the structure with time at high temperatures 1is
of great importance for the correct determination of the extrapolated

values of the limits of strength and creep, and for the normal
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operation of heat-resistant materials. On the other hand, the in-

stability of the structure does not enable us to determine correctly
the values of the limits of long-time strength and creep extrapolated
from data obtalined with shorter test durations.

The structural changes takling place in time at high temperatures
are related to phenomena of great importance 1n theory and practice
such as the inflection of the logarithmic curve of long-time strength,
the decline 1in plasticilty under prolonged rupture, and the loweriling
of the creep limit.

The length of time precedlng fracture, 1T, 1s related to the
actual stress o by the equation T = B * o-n which is expressed by
a straight line in logarithmic coordinates. However, as experiments
have shown, by this means does thls dependence always remaliln linear
throughout the test. For some steels, the straight line has a down-
ward inflection in the logarithmic dlagram. This inflection 1s
usually explained by a variatlon in the character of the fracture of
the metal, and by the transition from intracrystallitic to I1ntercrystal-
litic fracture. The location of the point of inflectlion on the log-
arithmic stralght line 1is different for varlous steels and tempera-
tures, but for each of them the time prior to the inflection de-
creagses as the test temperature increases.

The physical basis for the inflection of the logarithmic curve
of long-time strength of some structurally unstable steels lies in
an unfavorable change in structure resulting from diffusion processes
taking place in time at certaln temperatures for each steel. The
inflection of the curve, or more correctly the change 1in the slope
of the curve of long-time strength, plotted against the logarithmic

cocrdinates stress verses time to fracture is possible when the de-
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crease 1n stress 1 not proportional to the increase in time to
fracture of the test pleces, i.e., when the duration of the test
at a prescribed temperature 1l1ls predominant in influence, compared
wilth the stress, on the process of deformation and fracture of the
steel. This phenomenon 1s possible in a case when, owling to dif-
fusion processes, the followlng changes take place in the steel:

1. Increase of creep rate and faster transition to the third
stage, owlng to a decline in the heat resistance of the solid solu-
tion (grains). The latter occurs as a result of a considerable
decrease 1in concentration of the strengthening elements in the solid
solution during the test because of their redistribution through the
so0lid solutilon and the carbide phase and their absorptilion by the
carbides, or because of the resoftening of the sollid solution as a
result of coagulatlon of the strengthening phases or the formation
of new phases (a and ¢ phasesg). If, at the same time, no consider-
able unfavorable changes 1n the grain boundaries are observed,
viscous intercrystallltic fracture will take place,

The example of pearllitic boller steels, whlch have been used
for a long time as tubes for superheating steam in high-pressure
steam boilers, shows to what degree the concentration of strengthen-
ing components 1in the sqlid solutlion may decrease as a result of
thelr transition in time to the carbide phase., A great reduction in
the molybdenum content in the solid solution 1s observed with 15M
and 12MKh steels when, by additional alloying with vanadium and
nioblum, the decrease in molybdenum content 1n the solid solution is
considerably less. The same can be sald of vanadium as. a strengthen-

ing element.
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Fig. 5. Logarlthmic curves of long-time
strength for varlous austenitlc steels
at 700°. 1? 1Kh18N9T; 2) EI257; 3)
Kh23N13; 4) Kh23N18; 5) EI69; 6)
EI572; T7) EI434.

2. Fracture of steel depending on the relatlonship between the
strength of the gralns and thelr boundaries. At a lower relative
grain strength, plastic deformation under prolonged rupture occurs
predominantly in the grains themselves and the test pleces undergo
conslderable elongatién and viscous rupture. At a greater relative
grain strength, when the deformation takes place chiefly on the
grain boundaries, the fracture of the steel 1s brittle and inter-
crystallitic. In steels and alloys with a greatly strenghtened
solid solutions, fracture ls always lntercrystallitic with slight
residual deformation, i.e., relatively brittle. The considerable
change in the relatlve strengths of grains and their boundaries in
the direction of a decrease of intergranular strength as a result of
the change of state of the boundary zones at the time of precepl-
tations of the phases, the formation of unfavorable stresses on the
grain boundaries at the time of the precipitation of phases with

different volumes or as a result of corrosion on the grain boundariles
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on the surface of the test plece under the influence of an external
medium, these factors, elther separately or Jjolntly, may cause an
acceleration of the creep process, particulary at the tﬁird stage,
and may also cause fracture. Such fracture 1s intergranular in
character and has, in the majority of cases, a low plasticity. The
absolute and relatlve duration of the third stage of creep, which
depends on the susceptibllity of the steel to viscous or brittle
fracture in plastic deformation, and to the formation and develop-
ment of cracks over failrly long period, also influences the shape
of the logarithmic curve. The less the tendency of the steel to-
ward plastic deformation at the third stage and, consequently, the
shorter the third stage of creep, the more likely an inflection

in the logarithmic curve of long-time strength.

We should mention that the duration of the third stage (as well
as the second) depends, moreover, on the structure of the metal and
1ts changes in time. The less stable the structure of the metal
during the prolonged actlion of temperature,‘the greater the probabil-
1ity of varlation in the slope of the logarithmlc curve "stress
verses time to fallure", and the higher the temperature, the shorter
the time before the appearance of the inflection. The duration and
test temperature at which the inflection occurs thus depend on the
composition and initlal structure of the steel. The most probable
and most frequently observed phenomenon of inflection of the log-
arithmlc curve results from structural changes caused by coagulation
and changes of dispositlon of the carbide phase, by the precipltation
of new phases (a and o phases) and by the impoverishment of the solid
solution of strengthening elements through partial transition of

the latter to the carblde phase. With metals of a more stable
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structure, no inflection of the logarithmic curve is observed as a
rule. ‘}

Figure 5 shows the logarithmic curves of long-time strength
for the steels 1Kh18N9T, EI257, EI69, Kh23N13, Kh23N18, EI434, and
EI572 at a temperature of 700°. The chemical composition of these
grades of steel 1ls given in Table 2.

By comparing these curves we see that the inflection of the
logarithmic curves is observed in EI69 steel, differing from EI257
steel only 1n higher carbon content; in Kh23N13 steel, differing
from Kh23N18 steel in the presence of the a phase from which the ¢
phase precipitates; and in EI434 and EI572 steel, which have in-
creased carbon content.

The structural instabillity caused by long heating and the re-
lated variations in the propertles of heat-reslstant materials are
also very important in the choice of a material for long service at
high temperatures. For service under such conditlons, it 1s 1in a
number of instances more advisable to use materials that are struc-
turally more stable: 1n test of short duration, the values for the
l1imit of long-time strength are lower, whilile over long perlods of
testing these materials are better than some heat-resistant aging
alloys which attain greater long-time strength over a short perilod

of testing due to the intermetallic strengthening phase.
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TABLE 2

Chemical Composition of Austeniltic Steel, Logarithmic Curves

for which are Given 1n Figure 5.

Conepianme BIEMERTOB, %
Mapra J
cTang [+] S1 Mp Cr Ni Mo w Nbd Ti
‘ 170 80| _ | _ | _ | mos
IX1BHOT | <0.42) 1,0 |<ct,5 | | N eter s
13.0 | 13,0 [ 0,45 | 2,0 | _ _
HET <0:13)<0,8 | <07 |25 | 15707 | 0,60 | Z.75 .
0,40 13.0 | 13,0 | 0,25 | 2,0
ame9 0,50 |<0:8 |<07 |55 | 750|040 | 25| — -
: 22,0 | 17,0 .
X23H18 <0,20]<1,0 |2,0 =50 | 200 — — — —
22,0 | 12,0 | b _
X23H13 <0,20|<1,0 |<2,0 | 355 | 15%
— 028 03 )0,7 | 1801 80|10 | 1,0 | 02 0,2
0.3 |~ 0,8 1,50 |20,0 70,00 |71,5 | 1.5 |05 0,5
Yo 032 05705 [120| 11,518 | 25 | 1.0 0,06
0.2 | 1,2 |1,z | 140|135 2.4 | 3.5 1.5 0,15
911 Co
0,05—0,1 V

The advantage of alloys that are structurally more stable
for long-term service is clear from a comparison of the austenitic
steel EI7T26 (Kh14N18 with 2.4% W, 1% Nb, and 0.007% B) with an alloy
having a nickel base EI437 (Kh20N80 with 2.5% Ti) whose logarithmic
curves of longOtime strength are given in Figure 6. As 1s clear
from the figure, the long-time strength of the EI437 alloy 1s greater
by 100 to 200 hr than in EI725 steel, although over long period of
testing the limits of long-time strength is conslderably higher in
EI726 steel; the longer the test perlod, the higher the long-time
strenth becomes. The heat resistance of the EI437 alloy for a

long perlod of testing can be greatly increased by strengthening

=351~




1

the solid solution through the addition of molybdenum (the latter

even strengthens the grain boundarie, alloy EI4L45R).
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Fig. 6. Logarithmic curves of long-
time strength for various metals at
700°. 1) EI44BR; 2) EI7T26; 3) EI437;
4) EI695.

In the evaluation and selectlion of a material for long-term
service, we encounter requlrements for lncreases not only 1n the
limits for creep and for long-time strength but also in the yleld
point. Such requirements for heat-resistant steels intended for
running and nozzle blades of turblines and tubes for superheatlng
and.conducting steam in boller installations are unjustified. It
1s well known that the yleld point of steel can only bhe increased
by Increasing 1ts carbon content and the quantity of the strengthen-
ing carbide phase. This method, while Increasing the yleld point,
leads to a decrease in the resistance of the structure and, as it
has been shown above, to a low limit of long-time strength. All
steels possessing a more stable structure have a low yleld point,
which, under operation temperatures, approaches the long-time
strength. However, such steels are undoubtedly superior in the
fundamental heat-reslstant properties. Hence the cholce of a steel

for a long period of service at high temperatures must be made above

)
oo
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all on the basls of its heat-resistant characteristics (limits of
creep and long-time strength) and the degree of resistance of the
structure to the prolonged actlion of temperature and stress. " The
demand for an increased yleld point of heat-resistant steels is
only Jjustifled 1In the case of thelr use as disks and rotors of
turbines, where the temperature of the metal does not exceed 300 to
400° in the sections of these parts under the greatest stress. In
this case however, it would be more correct to determine the limits
of creep and long-time strength at a temperature of 200 to 400° and
to base ones calculations on these characteristics and not on the

yleld polint, which, moreover, 1is usually determlined as ¢ il.e.,

0.2’
with 1nsuffiecient accuracy.
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CERTAIN PROBLEMS OF ALLOYING HEAT-RESISTANT PEARLITIC STEEL

N. T. Gudtsov,* I. F. Zudin, and 0. A. Bannykh

Increasing the heat resistance of pearlitic steel by rational
alloying 1s a problem of great practlical lmportance. We should keep
in mind that the threshold of 550 to 570°, which at the present
time represents the temperature range within which pearlitic steel
can be used in power engineering, may be ilncreased by 30 to 50° in
the very near future.

The development of the principles of alloylng heat resistant
pearlitlc steel should help us to find compositions of steel with
qualitites which fit the requlrements of industry and which, at
the same time do not contaln elther elements, of little effect in
increasing heat resistance or elements that are of limited availa-
bility.

At comparatively low temperatures, when the processes of sphero-
idizatlon and coagulation of carbides take place very slowly, high
creep resistance can be obtained by thermal treatment of the steel
to obtain finely dispersed lamellar carbides. In practice, however,
it 1s difficult to check the processes of coagulation and spheroldiza-

tion of the carbides sufficiently to obtain a steel that will remaln
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stable 1n structure for many thousands of hours at a temperature

above 550°.

As has been shown by Mirkin and Solonouts [1], after service
at 510° for 15,000 hr, the pearlite-ferrite structure of steel with
0.5% Mo undergoes sharp changes-- inplace of the lamina of the car-
blde phase, there appear large carbides of a granular shape, located
malnly on the graln boundariles.

The addltion to the steel of such elements as chromium, moly-
bdenum, Vanadiuﬁ, and tungsten reduces the coagulation rate of the
carbides. Bokshteyn [2] considers that tungsten checks the coaguia-
tion rate of the carbldes to a very great degree. If the Influence

of the elements 1s compared in atomlc percentages.

The sharp change 1n creep resistance 1n the steel during service

may occur as a resgult of spheroldizatlion and coagulation of the car-
bides; for practical use at temperatures above 550° it 1s therefore
necessary to apply heat treatment to the steel to stablllze the
structure. The normal stfucture of steel 1intended for service at
temperatures above 500° consists of gralns of ferrite and carbide
of granular shape. The size of the ferrite grains 1s 3 to 5 on the
standard 8-mark scale, and that of the carbide particles 1s more
than 2 - 1074 mm, i.e., carblde particles are visible under an
ordinary milcroscope. This structure 1s obtailned after annealing or
normalizing with tempering at a temperature approximately 80 to 100°
above the service temperature, i.e., not lower than 650°.

The decilsive part in the change in heat resistance, if a stable
structure is to be obtalned 1s played by the composition of the
a solld solution. The basic principles which must be observed to

ensure the high heat resistance of pearlitic steel for boller con-
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struction were formulated in the works of Pridantsev and Lanska.
They are as follows:

The carbon in the steel must be converted into stable carbides
by powerful carblde-forming elements. Thls is necessary to prevent
redistribution when the steel 1s 1n service of the alloying elements
among the carbide phase and the a solid solution.

An alloylng element must be added to the a solid solution to
increase the heat resistance.

Taking these concepts as fundamental, and combining the results
of éxperiments with the equilibrium diagrams of the "iron--carbon--
alloying elements" system, we can determine the appropriate intervals
for alloylng with a particular element and also complexes of elements
which will ensure high heat reslstance in steel alloys.

Practice has shown that molybdenum, tungsten, vanadium, chromium,
niobium, and titanium have the greatest effect on hlgh-temperature
resistance.

Molybdenum sharply lncreases heat resiétance (at a temperature
above 500°) basically through the a solid solution. The addition
of niobium and titanium makes 1t possible to convert the carbon
into special carbides and to strengthen by driving out other elements
in the steel into it. There are various data for tungsten, vanadlum,
and chromium.

For example, in a relatively early survey, Grun[3] found that
molybdenum and vanadium should increase the heat reslstance of low-
carbon steel most effectively at temperatures of 400 to 500°.

Similar concluslons were also drawn by Holtmann [4]. Tamman [5]
established that tungsten and molybdenum were about equally effec-~

tive in alloying of heat-resistant steel i1f their influence 1s com-
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pared 1n atomic percentages; thls does not accord with Grunt's data.

Smith [6] considered tungsten to be as effective as molybdenum.

In general, the influence of tungsten has been lnvestigated
considerably less than that of molybdenum. Powers [7] points out
that because of its high cost relative to molybdenum,tungsten has
not been widely used in heat-resistant steel; as a result, little
research has been devoted to its influence on heat resistance, and
there are hardly any actual data on its effectiveness.

The question of the influence of a particular element becomes
clearer 1f we examlne separately its effect on heat resistance through
the carblde phase and through the a solid solution. This can be
done either by studylng the distribution of the alloylng element
between the carbide phase and the solid solution or by studying the
propertles of carbon-free alloys of lron with alloying elements.

M. M. Steilnberg [8] obtained interesting data on the influence
of alloying elements (W, Nb, Mo, Cr, Ti, Al and Ni in concentrations
not exceeding 2%) on the process of change 1n hardness with time in
tempering cold-hardened iron. Having considered the process'of re-
softening in time at tempering temperatures of 550, 600, and 650°,
the author concludes that tungsten checks the process of resoftening
and recrystallization most effectively. Niobium and molybdenum are
also falrly effective. The higher the temperature tempering, the
higher the relative efficilency of tungsten. In chromium, titanlum,
aluminum, and nickel alloys, the process of resoftening is very
little retarded as compared with pure iron. The author conslders
that the elements which should impart heat resistance to steel are

the very ones which check the process of softening and move the

"threshold" of ferrite crystallization upward on the temperature scale.
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It is interesting to note that according to Steinberg's data tungsten
alters the ferrite lattice more than molybdenum, titanium, vanadium,
aluminum, chromium, and manganese.

While consildering the influence of tungsten and molybdenum as
well as of W + Mo on the heat resistance of steel with 0.1 to 0.2% C,
Powers [7] found that the two elements were equally effective (Fig. 1).
The curves in the figure refer to values of the Larson-Miller para-
meter T (20 + log 7; T 1s temperature in degrees Rénkine, T 1s the
time in hours); 32, 36, and 39 which are respectively, the tensile
strength during testing for a short period and the tensile strength
for 1,000 and 100,000 hr at 593° (1100°F). The use of the empirical
parameter makes 1t more difficult to Jjudge quantitatively the in-
fluence of the elements, however, the tendency toWard change 1n long-
time strength wlth the change in the steel composlition is clear
enough.

We made a comparison of the influence of vanadium, chromium,
molybdenum, and tungsten on the heat resistance of iron alloyed
according to the scheme gilven in Table 1.

The total atomic percentage of the alloylng elements, determining
the degree to whlch the a so0lid solution is alloyed, was the same
for all melts. The melts were carried out with electrolytic iron
and pure metals, each melt weilghing 2.5 kg. After being forged int;~"
a disk of 10 mm diameter, the metal was annealed at a temperature
of 830 + 10°, and 1t assumed a structure consisting of ferrite grains
of equiaxial shape. After annealing, the billets, 10 mm in diameter,
were made into samples of 4 mm, and tested on a Kornilov-Prokhanov,
centrifuge. The test was carried out at a temperature of 600° under

a stress of 9.5 kg/mm® for 115 hr, after which the stress was in-
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creased to 15 kg/mm2 for 2 hr. The results of the tests (average of

two samples) are given in Table 2.

TABLE 1
Conepicanue snementon, %
N naaskx
v Cr Mo w
T-66 —_ — - —
T-67 0,82 —_— — —
T-68 —_ 0,84 —_ e
T-711 0,41 0,42 -_ =
T-72 0,41 -— 0,77 d —_ i
T-73 0,41 —_ — 1,48
T-74 — 0,42 0,77 -—
T-75 —_ 0,42 —_ 1,48
T-76 — — 0,77 1,48
T-77 0,27 0,28 0,51 =
T-18 0,27 0,28 - 0,99
T-79 0,27 —_ 0,51 0,99
T-80 -_— 0,28 0,5 0,99
T-81 0,20 - 0,21 0,38 0,74
TABLE 2
a = 9.5 Krjum® o = 15 Krius®
N nnamkux Anementm
- b wac. 100 wac. 1 2 waca
T-66 Fe 70 Caar -—
T-67 Fe+4V 60 » -
T-68 Fe 4 Cr 70 » —
71 Foe+4Cr4V 60 » —_
T-72 Fe + V 4+ Mo 9 12 38
T-73 Fe4+ V4+W 11 Canar —_
T-74 Fe + Cr + Mo 5 8 30
T-75 Fe4Cr4+ W 2 4 8
T-76 Fo-+-Mo+ W 3 6 20
T-77 Fe 4+ V4 Cr+ Mo 3 6 8
T-78 Fe4+V4Cr+ W 7 Cuar —
T-79 Foe+4+ V4 Mo W 4 7 11
T-80 Fe+4Cr4+Mo+W 5 1 24
T-81 Fe+V-4Cr+4+Mo4 W ] Cunr —
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As we see, the alloying of a iron with chromlium and vanadium
does not ilncrease resistance to a bending load. Comparatibely high
values of the curvature reading, 1indicating lower heat resistance?
were obtalned with the combinations iron-vanadium-tungsten and iron-
chromium-vanadium-tungsten; these high values are possibly connected
with the strong oxlidation of the samples durlng the test. The high-
est degree of heat resistance, characterized by a small curvature
reading, was obtalned with the iron-chromium-tungsten alloy. It
therefore follows that tungsten in eertain combilnations (for example,

with chromium) increase heat resistance at 600° through the a solid

solution at least as much as does molybdenum. The slight effectiveness

of alloying steel wilth tungsten--for example, 2.5% Cr-Mo--is due
mainly to the fact that in order to obtaln a relatively high concen-
tration of tungsten in the a solild solution of the gilven steel, 4.5%
- tungsten must be added. It 1s well known that tungsten has a stronger
tendency to form carbldes than chromium and molybdenum, and in order
to combine only 0.1% C into the carbide WaC about 3.2% W 1s needed.
But 1f we add an element such as niloblum to steel In sufficient
quantity for the carbon to combine completely into niobium carbide

in which the solubility of tungsten is slight [9], the effictiveness
of the addition of tungsten 1s beyond doubt. The influence of tungs-
ten on heat resistance of three steel melt contalning nioblium in
sufficient quantity for complete combination of the carbon into the
speclal carbilde is clearly shown.

Tests wilth a centrifuge at 600° and with a stress of 25 kg/mm?

for 120 hr resulted in the appearance of a curvature reading of 22 mm

for steel containing no tungsten (1), 15 mm for steel containing
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1.5% W (2) and 7 mm for steel with 3% W (3) (Fig. 2).

8 & 20 30 W 50 60 M 80 80 100 M
Gpema, voc

Fig. 2. Dependence of curvature readling
on time, for steel contalning tungsten.
1) 0; 2) 1.5% 3) 3%.
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Fig. 3. Temperature dependence of the
length of the diagonal of indentation for
steel contalning tungsten. 1) 0; 2) 3%.
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The study of the dependence of hot hardness on temperature 1n
a vacuum showed that while steel which did not contain tungsten
(T-25) (1) sharply decreased in hardness at temperatures above
600°, steel with 3% W (T-27) (2) maintalned a fairly high degree
of hardness up to 700° (Fig. 3). After annealing, steel samples of
the same melt were subjected to 20% deformation by upset forging.
This increased hardness by 8 to 9 Rp units. Subsequent tempering
resulted 1n the reestabllshment of the initial hardness 1n the case
of steel from the T-25 melt (wilthout tungsten) for 2 hr at 700° and
60 hr at 650°. Steel from the T-27 melt (3% W) decreased in hardness
down to its initial value after 80 hr at 700°, but thls phenomenon -
was not observed after 320 hr at 650°.

Creep tests on steel with different tungsten contensts show
that the tungsten sharply reduces the rate of creep at 610°. The
addition of vanadium to steel containing tungsten and nioblum
(Nb/C = 10/1) results in an increase in the rate of creep. Obviously,
the vanadlum-tungsten combinatlon is undesirable 1in a solid solutions.
After creep testing for 500 hr at a temperature of 610° and under
a stress of 9 kg/mm2, steel from the T-26 melt (1.5% W) produced an
elongation of 0.259%, and that from the T-27 melt (3.0% W) produced
an elongation of 0.137%. The steel from the T-29 melt (1.5% W plus
0.5% V) underwent an elongation of 0.487% and that from the T-64
melt (1.5% W plus 1.0% V) underwent 1.520% elongation.

If molybdenum and tungsten affect the heat resistance of pearl-
1tic steel through the a solid solutlon, then by using the diagram
of equllibrium we may determine the concentrations of these elements
which cause a sharp change 1n heat resistance. Obviously, the

addition of tungsten or molybdenum in quantitles not resulting in
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the formation of special carbides of these elements will be effective
in altering the heat resistance since the solubility of these
elements in cementite 1s limited.

Let us conslder steel alloyed with molybdenum. We know that
molybdenum 18 the most effectlive element for increasing the heat
reslstance of steel. We also know that the sharpest increase in
'creep resistance is ensured by the addition of molybdenum 1n quanti-
ties of 0.5 to 1%, but that an increase in the molybdenum content to
1.5 to 2% results 1n relatively little 1ncrease in creep resistance.
For practical purposes, the alloylng of pearlitic steel with molyb-
denum in quantitles in excess of g% 1s hardly worth while, and most
research 1s limlted to the study of the Influence of molybdenum with-
in the 1imlts of a concentration of 0.0 to 2.0%.

However, as was shown by Powers [7], an increase in the content
of molybdenum in steel above 4% résults in a very sharp ilncrease of
heat resistance. The author examined four compositions of steel
with a molybdenum contents ranging from 1.9 to 5.2%. The steel was
hardened at 1150° in oil and tempered at 690 to 720° for 1 hr.
According to Bokshteynts data [2] the tempering of steel contalning
molybdenum for 1 ﬁr at a temperature of 700° leads to a nearly
balanced molybdenum content in the carblde phase and in the a solid
solutlion. With composition No. 1 (1.9% Mo), a Larson-Miller
criterion of 39 corresponds to a stress of 4 kg/mmz, which 1s
equivalent to the limit of long-time strength for 100,000 hr at 593°;
with steel composition Nr. 2 (3.4% Mo) it 1s 4.2 kg/mmz; with steel
composition Nr. 3 (3.9% Mo) 1t 1s 4.9 kg/mmz, and with steel composi-~
tion Nr. 4 (5.2% Mo) it is 6.8 kg/mm".

Thus, we may assume that in heat-resistant steel containing
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0.1 to 0.2% carbon, molybdenum 1s effective in altering heat resis-
tance for concentrations up to 1.0%, but 1s not very effective in
the interval 1 to(3.5-4)%; 1t 1is again effective when the content
is more than 4%, at least up to 5.2%.

Iet us examine the iron angle of the equlilibrium diégram of the
iron-molybdenum-carbon system [10] (Fig. 4).

An 1ncrease in the molybdenum content to about 0.7% does not
result in the appearance of carbides other than (Fe, Mo)sC. We
should polint out that a carbilde of type MezsCg may form in steel
contalning 0.49% Mo and 0.22% C at a temperature of 510° after
service for 15,000 hr under a stress of 4.5 kg/mm2 [1].

Molybdenug concentrations of 0.7 to (2.7 - 3.8)% corresponds
to a zone where two carbldes exlist simultaneous: (Fe, Mo) aC and
(Fe, Mo)eC. The solubllity of molybdenum 1s greater in the carbide
(Fe, Mo)sC than in the carbide of the cement type. The authors
give a different formula for this carbilde. I. Ye. Kontoroviech [11]
glves the formula FesMosC, and E. Beyn [10] gives the formula
FesMosCs. According to data from other research, the second carbide
that forms 1n the steel alloyed with molybdenum is not the carbilde
(Fe, Mo)gC but MooC [12].

In all these formulas at least two atoms of molybdenum corres-
pond to one atom of carbon in the carbide, l1.e., the molybdenum
content in the carblde exceeds the carbon content in weight by a
factor of 15. Consequently, in order to comblne all the carbon into
a speclal molybdenum carbide we need about 1.5% Mo with 0.1% C, and
about 3% Mo with 0.2% C (taking the carbide MoxC).

According to the equilibrium dlagram, at 0.1% C, the boundary
dividing the zones a + (Fe, Mo)aC + (Fe, Mo)eC and a + (Fe, Mo)eC 1s
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located at 2.2% Mo.

Considering that at a point on this boundary all the carbon 1s
comblned into a special carbide in which two atoms of molybdenum
correspond to each atom of carbon, we obtaln a molybdenum content

in the a solid solution equal to 2.2 minus 1.5 = 0.7% Mo.
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Fig. 4., Iron angle of the equilibrium dlagram
‘of the iron-molybdenum-c¢arbon system.

1) - a + (FeMo)s + (FesMo)eC}

2)- a + (Fe, Mo)eC;

3)- a + (FeMo)aC + (Fe, Mo)aC;

4)- a + (Fe, Mo)sC

Q

If the steel contains 0.2% C, the boundary of these zones 1is
at 3.8% Mo. Then, knowing that 3.0% Mo 13 needed to form the carbide,
we obtaln in the a solid solution 3.8 minus 3.0 = 0.8% Mo.
V. A, Delle [13] indicates that the solubllity of molybdenum in
cementite does not exceed 2 to 3% atom®, or 5% by welght.
Consequently, 1f we add to steel a quantity of molybdenum that
does not result in the formatlion of a carbide of a speclal type,
where the carbon content does not exceed 0.2% the smaller part of the

molybdenum goes 1nto the carbide, and the greater part remains in
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a solid solution. N. E. Karskily [14] furnished convincing proof of
thls fact.

In steel a molybdenum content resulting in the formation of a
specilal carbide should cause the appearance of an inflection on the
curve of "molybdenum verses creep resistance (long-time strength)."
In concentratlons corresponding to the increase of up to 100% in
quantity of the special carblde, the majority of the molybdenum
atoms go into the carblde phase, and the molybdenum concentration
in the a solid solution does not increase in proportion with the
increase of the molybdenum content in the steel. All the molybde-
numn added in excess of the amount necessary to combine the carbon
into a speclal carblde goes 1into the a solld solution, effectively
influencing the heat resistance of the steel.

In chromium-molybdenum or chromlum-tungsten steels, the heat
resistance must also be connected with'the state of the carbilde
phase and the distributlon of molybdenum or tungsten between the
a solld solution and the carbides.

Let us examine the Influence of chromium on the heat resistance
of steel containing 0.5% Mo. As shown in practice, in steel con-
taining 0.1 to 0.2% C and 0.5% Mo, variation of the chromium content
from O to 15% (i.e., the range within which the transition a— vy
can take. place) cause many changes in the value of the creep resis-
tance (long~time strength). When increasing the chromium content
from O to 1.25 to 2.25%, heat resistance increases markedly.

Above 2.25% Cr there 1s a concentration range within which heat
reslstance declines and reaches a minimum at 3 to 3.5% Cr. Further
increase in chromium content, to approximately 7 to 9% at first,

causes a slow 1ncrease 1n creep reslstance and then a somewhat more
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effective lncrease of heat resistance. A comparison of this
dependence with equilibrium diagram of the lron-chromium-carbon
system [10](Fig. 5) shows that the heat resistance increases in

the zone a + (Fe, Cr)s C, declines in the zone a + (Fe, Cr)aC + (Fe,
Cr)2Cs, and reaches a minimum approximately at the boundary of the
zones a + (Fe, Cr)aC + (Fe, Cr),Cs and a + (Fe, Cr)Ca. In the

zone a + (Fe, Cr)+Cs there is a small increase in heat resistance.
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Fig. 5. 1Iron angle of the equilibrium
dlagram of the iron-chromium-carbon

system.

1) - a + (Cr, Fe)aCsq;

2) - a + (Fe, Cr)7Ca + (Cr, Fe)23C3;
3) - a + (PFe, Cr)-Ca;

4) - a + (FeCr)sC + (Fe, Cr)Ca;

5) - a + (Fe, Cr)aC

We gilve below the results of long-time strength tests for seven
melts of chromium-molybdenum steel, in which the chromium content

was varied from O to 7.33%; the data was taken from a collection
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entitled " The elevated-temperature properties of chromium-molyb-
denum steel" compiled by W. F. Simmons and H. C. Cross[15].

The chemlcal compositions of the melt are given in Table 3.

All the melts, which were oxidlzed by ferrosilicon and aluminum,
were made in an electric-arc furnace and weighed 10 to 30 tons.

The forged metal was annealed at 840° (except melt No. 2 and
No. 7, which were given different heat treatment: No. 2 was heated
to 925° soaked for 1.5 hr, cooled in ailr to 700°, soaked for 1.5 hr
and cooled 1n the furnace; No. 7 was normalized from 950° and tempe-
red at 700°).

After the heat treatment, the microstructure of the steel showed
an equilibrium between the ferrite grains and carbldes of granular
shape.

The slze of the gralns according to the McQuald-Enn method and
the Brinell hardness appear in Table 4.

TABLE 3
Copmepwcanne wjieMeHTOB, %

T4 nadpr [+] Mn St . P S Mo Cr
1 0,13 0,49 | 0,25 0,011 0,010 0,52 —
2 0,13 | 0,47 0,14 - - 0,55 0,40
3 0,90 | 0,36 0,25 0,011 0,014 0,55 0,97
4 0,17 0,42 0,72 0,010 0,017 0,54 1,2
5 0,11 0,45 0,42 0,012 0,015 0,50 2,08
8 0,0 | 0,45 0,18 0,011 0,013 0,55 5,09
7 0,11 0,43 0,92 0,010 0,04 0,59 7,33

TABLE 4

PasMep pepHa no

aaMepn mepHa mno MaK-Tpen- DIy

g Taepxocts . Tsepnocts Hp
Mak-Kpen-28y P Bl N naasex

© N nARKE

o 131
1 6—8 121 5 6—8
2 6—7 118 6 6—8 146
3 6-8 137 7 4—6 174
4 4—5 149
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We see that steel hardness is basically determlned by the si11i-
con content; however, the concentration of chromium also affects
hardness slightly increasing it. The difference in the silicon
content observed 1n the melt examined cannot substantially change
the heat resistance of the steel, although it sharply changes 1its
properties at room temperature. A variation in the sllicon content
from 0.1 to 1.0% in chromium-molybdenum steel slightly lowers the
heat resistance; however, the influence of silicon is conslderably
weaker.than the influence of chromium and molybdenum, particularly
at temperatures above'550° [16]. Annealing at 840° ensures an
almost balanced chromium and molybdenum concentratlon in the carbildes
and the solid solutilon.

The values for the limlt of long-time strength at temperatures
of 538 and 593° are given in Fig. 6, which‘shows a clearly defined
maximum in the magnitude of the 1limit of long-time strength glven a
chromium content of 0.97% (melt No. 3) and 1.24% (melt No. 4). The
maximum appears most accentuated at a test temperature of 538° and
1s weaker at 593°. It 1s impossible to explaln the presence of the
maximum by a variétion in the graln size of steel No. 4, since steel
No. 3, which has a graln that does not differ from that of the
other melts, also has abnormally high wvalues for the limit of long-
time strength, particularly at 538°.

As we know, chromium has little effect on the heat resistance
of steel; it 1s therefore difficult to assume that the sharp change
in heat resistance within the range of chromium concentrations of
1.5 to 3.5% 1s connected with the degree to which chromium is alloyed
in the a solid solution. Obviously, the change 1in heat reslstance

is connected with the variation of the molybdenum content in the a
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solid solution. If chromium, in quantities that do not result 1n
formation of a carblde other than cementite, 1s added to steel that
contailns 0.5% Mo, some of the molybdenum atoms must be displaced
by the chromium from the carbide phase intolthe solid solution,

and the heat reslstance increases as a result of the enrichment of
the o s0lld solution by molybdenum.

The addilitlon of chromlium in quantities sufficlient for the for-
matlon of the carbide (Fe, Cr)-Cs results in a change in the ratilo
of the balanced chromium and molybdenum concentrations in the car-
bides. ~A8 has been shown by research [17], in the iron-chromium-
tungsten-carbon system, even small additions of tungsten to chromium
steel with a composition édrresponding to the range of existence
of the carbide (Fe, Cr),Cs cause the appearance of a carbide of the
type MezaCe with a high tungsten content ( ~ 20%). Obviously, a
pattern of this kind must also be observed with molybdenum. There
must therefore be a chromium concentration range within which the
carbildes of types (Fe, Cr),Cs and (Mo, Cr, Fe)23Ce exist simultan-
eously. The more carbide (Fe, Cr)7Cs forming in the iron-chromlum-
carbon system, the more carbide (Mo, Cr, Fe)oaCe with a relatively
high molybdenum content there wlll be 1n the lron-molybdenum-chromlum-
carbon system, and the less molybdenum there will remain in the a
solid solution.

A maximum concentration of molybdenum in the carbide phase will
have obviously been attalned when there 1s 100% (Fe, Cr),Cs in the
iron-chromium-carbon system. A further ‘..crease of the chromium
content in the (Fe, Cr)+Cs zone may lead to an enrichment of the
a so0lid solution with chromium and the displacement of a certaln

quantity of molybdenum from the carbides into the a solld solution.
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The alloylng of steel with molybdenum or tungsten with a
chromium concentration corresponding to the zones a + (Fe, Cr)aC +
+ (Fe, Cr)-Ca and a + (Fe, Cr);Cs obviously prevents a high concen-
tration of these elements in the a solid solutlon since they go into
the MepzsCq typre carbide. This led to the opinion that a 3 to 7% Cr
base 1n chromlium-molybdenum steels was of no long-term value in
research into steel with high creep resistance. However, if ﬁiobium,
titanium, or vanadlum are added to steel 1n quantities sufficlent
for the carbon to combine into speclal carbldes wlth there elements,
1t is possible to Influence effectively the heat resistance of steel
with 3 to 7% Cr by varying the molybdenum or tungsten concentration
in the o solid solutilon.

Conclusions

1. At elevated temperatures, tungsten and molybdenum strengthen
the a solld solution most effectlvely. Comparison of their influence
in-atomic percentages on heat resistance at temperatures of 550 to
600° shows that tungsten increases heat resistance almost as
effectively as does molybdenum.

2. The alloying of steel with tungsten or molybdenum without
the addition of elements combining with the carbon 1nto speclal
carbldes, i1n which tungsten and molybdenum are only slightly soluble,
can only be effective within a range of concentratlion which does
not result in the formation of carbides other than cementite. An
increase i1n the tungsten or molybdenum content in the concentratlon
range corresponding in the equilibrium dlagram to a zone 1n which the
two carbides exist simultaneously—-one of the cementite type .and the

other a special one-~does not substantially change heat resistance.
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An 1ncrease in content of the alloying element above the concentra-
tion necessary for the carbon to combine completely into a specilal
carbide leads to an increase in heat resistance.

3. Chromium and vanadlum are elements that do not effectively
increase the heat resistance of steel through the a solld solution.
4, The variation in heat resistance of chromium-molybdenum
steel, 1n the given variation in the chromlum content, may be re-
lated to variation in the molybdenum concentration in the a solid

solution.
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CONCERNING THE ATOMIC MECHANISM
OF AGING IN COMPLEX ALLOYS

I. L. Mirkin

Research into steels and alloys able to operate under consider-
able stress at high temperatures without suffering any large deforma-
tion (through creep) and without breaking down over a long perilod
of time is an important task in modern sclence and technology.
Progress in this .lirectlion determines to a consideralbe degree the
possibility of progress in bullding. new power 1nstallations and
engines for transportation and improving thelr operation parameters,
efficiency factor, speed, and length of service.

' The research of the last few years has shown that one of the
principal problems in producing new heat-resistant alloys intended
for very long service is that of obtaining the greatest possible
structural stabllity of the alloy and preventing, or decreasing and
retarding as much as posslble, resoftening and embrittlement during
the period of operation. It has been established that the formation
and growth of new-phase crystallites, which are precipitated from
the solid solutioﬁ when the alloy is subjected to high temperature
and stress for a long time, are fundamental to these processes.

The appearance of new crystallites of the excess phase and the varia-

tions in their dispersion and conjugation with the matrix sharply
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influence the strength characteristics not only directly but also
through a substantial impoverishment of the basic solid solution of
the alloying elements. It 1s the latter fact which often plays a
decisiye part in the resoftening of alloys at later stages. Hence,
an analysis of the laws and mechanisms of these processes and the
exposure of the fundamental factors determining thelr kinetics is
extremely important.

It 1s particularly essential here to determine the relative
part played by each factor in this complex process and to determilne
at least approximately the extent to which each component factor
contributes to the resulting rate at which the process proceeds.

A deeper and clearer understanding of these problems and an
accurate evaluation of the role of each will help us 1In our scientific
search for new alloys that have greater resistance to resoftening and
embrittlement and that are therefore most suiltable for very long
service at high temperatures.

Most modern heat-resistant steels and alloys have multiple
components; during thelr service excess-phase crystallites origilnate
and grow In them from the basic supersaturated and supercooled solid
solution.

Even in those cases where the basic stage of this precipitation
has already been completed as a result of previous heat treatment,
structural changes do not cease during service: coagulation of the
phases present in excess takes place, i.e., the dissolution of some
crystallites and the growth of others, sometimes accompanied by a
change in their composition. There is frequently a phase transition
of the precipitated crystallites and the formation of crystallites

*
of a new and more stable phase as well. Thus, nucleation of the

* However, the contemporary theory of crystallization indicates
that the growth of a crystallite is a step-by-step, multistage sedimen-
tation of two-dimensilonal nuclei on the faces of a three-dlmensional
nucleus or crystallite. Consequently, here also the formation of a
nucleus is fundamental to the p{%%gss, z




new phase 18 one of the fundamental and most important of all the
structural changes in the alloy in service,

The rate at whlch the crystallites of the excess phase origlnate
and grow depends on many factors: the degree of supersaturation
and supercoolling of the basic solutlion; the work 1nyo1ved in the
formation of an effective nucleus, determined by its size and sur-
face tenslon; the change in elastlc energy; the diffuslion mobllity of
the atoms 1n the lattlce; etec.

During the formation of a new phase that differs substantially
from the mother liquid in chemlcal compositlion, the most important
part 1s played by fluctuatiéns in concentration, as has been shown
in the research [1, 2]. Nucleation must be preceded by the formation
of a fluctuatlon zone, which, belng enrliched wlth one component and
impoverished of others, must attain (or approach) the composition
of the new phase, and thls change must deflnitely take place 1n a
lattice volume equal to the volume of the equilibrium (effective)
nucleus. The formation of such fluctuatlions depends on the difference
in concentration between the initlal and the new phase and on the
size of the equilibrium nucleus.

With the lncrease 1in difference between the compositions of the
initial and the new phase and with the lncrease in size of the
equllibrium nucleus the number of atoms of a given element; also
Increase these must, in the given instance, either collect 1in the
given zone or leave 1t, and therefore both the probablility that
similar fluctuations wlll occur and the number of such fluctuations
per unit of volume of the alloy decrease sharply.

The rate of formation of fluctuations, l.e., the number of zones

of "a glven magnitude and composition forming in 1 e¢m® of alloy in
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1 sec, also depends on the thermal mobllity of the atoms, as has
been established by research [2], and varies in proportion to the
diffusion coefficient.

By generallizing all the previous calculations concerned with
the fluctuation of carbon concentration in austenilte, which take
into account both the degree to which the glven zone is enriched in
or impoverished of carbon and the dimensions (volume) of the zones
wlth the prescribed varlations in composition, we constructed the
free-space fluctuation dilagram given in Fig. 1, taking as a model the
fluctuations of carbon atoms in a simple carbon steel of eutectoid
composition.

On thls diagram are plotted: the carbon concentration in the
fiuctuation zone (expressed in atomlc percentages) on the x axis;
the size (voluem) of the fluctuation zone, which can be expressed
as a linear dimenslon elther by the number of elementary cells of
the lattice, by the number of iron atoms, or by the normal (non-
deviated) average number of carbon atoms contained 1n that zone bqfore
the formation of a fluctuation, on the y axls; the number of fluctua-
tion zones of a given size and glven degree of enrichment (impoverish-
ment) in unit volﬁme of the alloy (in 1 cm®), expressed a logarithmic-
alloy, on_.the z axis.

The dlagrams constructed in the research [1, 2] are like flat
gsectlons of this generalized space dlagram of fluctuations.

The necessary calculations were made according to the formula

Ll

N,=N0P,'("=No'—,~|—" (1)

in which

Nf 1s the number of fluctuation zones of a given size and given
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degree of deviation from the average composition in unit
volume (1 cm3®) of the alloy;

No 1s the total number of zones of glven size (with any composi-
tion of the alloy per 1 cm®;

P 1s the probability of fluctuation formation consisting in
the deviation of the number of atoms 1in the given zone from

thelr normal {i.e., arithmetical average) number € to a ran-

dom number Jj.

o .
Cocmad yvocmra (Gom %)

Fig. 1. Space dlagram of carbon
fluctuation in austenite (steel 0.8% C),
the number of fluctuation zones Ny depend-
1ng on thelr composition and silze.

A detalled account of the system of calculations developed by
us, its conditions for use, the assumptlions adopted and the factors
left out was published in [I] and is not given here. A detalled
analysis showed that although these calculations are approximate,
their experimental verification for the case in which austenité is
converted Into pearlitie conformed closely enough with the results

of a direct test [2].
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"If we divide the whole volume of austenite in the steel into
zones each containing 12 cells (48 metal atoms), then, calculation
shows, the probabllity of a fluctuafion accretion of carbon in the
cells to a "cewmentite" concentration (16 atoms of carbon instead
of the normal 2) is P;6° = 4.2 * 107%°, and the number of fluctua-
tions 1is Np = 7.5 = 10*t,

Let us consider the conditions of the fluctuation theory of the
behavior of alloyed steel as compared to carbon steel. Let us take a
steel containing 2% chromium. In an annealed or high-tempered state
it contains, as we know [4], an alloyed chromium carbide with a
lattice of the cementite type but contalning 16 to 23[ chromium.
Thus, in thils instance, for the formation of carbide,'a fluctuation
accretion of not only carbon but also chromium must take place, at
the same time, in the same zone of the solid solutlon. However,

according to probability theory, the probabllity of the coincildence

‘'of two events 1s equal to the product of the probabilities of

occurence of each of them (we do not take into account their inter-
relation). Near the point of equilibrium or at sufficiently high
temperatures, a nearly stable carbide 1s formed during the trans-
formation. Consequently, the number of chromium-carbide fluctuation

nuclel may be expressed by the formula

Ny (C + Cr) = NoP ) (Cr) Pi® (C). (2)

It is easy to calculate that the following two facts must coincilde
in time and space in the zone of the initial solld solution of the
same size (48 metal atoms) in order to make the formation of the
carblde (Fe, C)aC possible (see dlagram in Fig. 2):

the accretion of carbon atoms from 2 to 16;
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the accrétion of chromium atoms from 1 to 8.
The probabllity of the first fact was calculated above:
P = 4,2 - 10710,
(c)
The probabllity of the second fact 1s easy to calculate:
P, Cr = 9.1 - 107 °.
(8)

a 5
£ 47gmFe,
ﬂycmellllm 4dmee, I 1amCr,
cpein cocmala 2amC
¥y 18:10%en® 2am@
i cr ¥
Jopodsiut - Japodsrut
FesC 48amFe, 4bamfe, | (Fe,Cr)C
p‘:‘"’(‘)-g. 0" Bam or —— dam(r, By=4- 1 ad
¢ -~ 6amC p(:r):y,/o-l
Begy=36-1077
No(c) 510 Yor® Np(CCr)=T7-10%cm?

Fig. 2. Diagram of formation of cementite
nuclei FeaC in nonalloyed and alloyed steel
containing 0.8% C (a) and 0.8%4 C + 2% Cr (b).

As we see, fluctuations of chromium have small probabillty, and
thils must very sharply reduce the total probability of alloyed cemen-
tite formation and the number fluctuating nuclel of this carbide
compared to simple cementlte. Actually,

N, (G- Cr) = NP (C) P(Cr) = 1,77-16%' % 4,23-16—1°% 9,10-10-8 = 6,9.1C".

As we see, the probability of nucleation in alloyed cementite
and the number of flucéqation nuclel are only about 100,000 that
in nonalloyed cementite. In the case of larger nuclei, this difference
becomes stlll greater; for example, in zones 72 metal atoms in size
it amounts to 7 orders of magnitude. Thls dependence is shown in a
generalized manner in Flg. 2 and 3, which bring out the degreeAto

which the number of fluctuations is lower in alloyed chromlum cemen-

~60~




D

tite compared ﬁo simple carbide iron. Moreover the theory of

fluctuation proves that the simple cementite nuclei of the greatest
silze which may only form once as a result of fluctuation, are much
larger than alloyed ohes (116 metal atoms as against 76). Without
therefore, considering the other factors, we may expect the nuclel

of chromium cementlite to preclpitate under more pronounced conditlons

of supercooling or supersaturation and in considerably smaller numbers.

Obviously, the rate of growth of the precipitating crystallites,
which consists éf a gradual deposlt of two-dimenslonal nuclel on the
faces of three-dimensional nuclel, must also, though for the same
fluctuation causes, sharply decrease in alloyed cementite; this is
well confirmed by tests.

We should point out that in alloying, the thermal mobility of
the atoms also influences the kinetics of precipitation of the new
phase. As was established earlier [2], the rate of fluctuation
formation (r. f. f.)—-i.e.; the number of fluctuatlons forming per
unit volume of the alloy in unit time --is directly proportional to
the coefficilent of diffusion D and for a fluctuation zone of h cm is

expressed by the following formula:

c.0.p = ny = 8<LU)LI\GD- (3)

nh?

Zener [5] established that the rate of crystal growth 1s also
proportional to the coefficilent of diffusion D, and B. Ya. Pines [6]
established this more precisely. However, as shown by experiment
(4], the diffusion coefflcient of carbon Dy decreases when 2% chromium
1s added to the steel; for example, in the case of diffusion in
ferrite at 700° 1t decreases from 6.6 * 10 © to 4.5 : 10 2 cm®/sec,

i.e., by a factor of 4 [7]. This cannot substantially affect our
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conclusions. Considerably more important 1s the fact that for the
formation of alloyed cementite and accumulation of chromium atoms
is necessary in.the glven zone of the sélid solutlion, 1l.e., a
further displacement of metal atoms whose mobllity, as we know, 1s
much lower than that of the carbon atoms. We were not able to find
published data on our type of steel suitable for direct comparison.
Such data can be approximated by taking data obtalined S. D. Gertsriken
[8] on the diffusion coefficient of chromium in an iron alloy contain-
ing 8% chromium--at 1010° Dop = 6.16 * 10 °-- and for the diffusion
of carbon at 1000° from data obtained by M. Ye. Blanter [7] (see
above)-—DC = 2.5 * 1077, i.e., greater by a factor of 20. According
to other data, this difference is stlll greater and may reach a factor
of 40. In the presence of carbon, however, the diffusion of metal
is consliderably accelerated. By analyzling all these data, we may
draw the following conclusion.

The alloylng of steel causes a decrease in the precipitation of
the alloyed carbide as a result of the decrease 1ln the probabllity
of fluctuatlon as well as 1n the mobllity of the atoms, partilicularly
the metal atoms; not only is the fluctuatlon factor not secondary,
it 1s decldedly more important and more strongly affects the re-
tardation of the precilpitation of carbide in alloying than does a
decrease 1n thermal mobilility.

Indeed, as shown above, the decrease in the probablillty of
formation of the necessary fluctuation in alloylng caused a decline
1n the number of nuclel by 5 to 7 orders of magnitude, and a de-
cline in diffusion mobility by only O to 2 orders of magnitude.

These are the results of an analysis of the mechanism of the
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influence of alloylng on the precipitation of the excess phase and,
consequently, on the structural resoftening and aging of alloys in
precipitation of carbides of‘the cementite type. As we seé, the

most important factor in this problem is the sharp decline in the
probability of a fluctuating accumulation until the composition
corresponds to the new phasej;thls 1s a result of the complex composi-
tion of the new phase; and.the necessity for the displacement of
atoms of several elements (C, Cr) at the same moment and in the
microzone of the nucleation lattice of the new phase with a new

composition.

dgemyagd
= e

]
T -

 Beparegemy
=

s

Pagmep yvacmea, wuesn yinad n

Flg. 3. Diagram of fluctuation
during the formation of carbilde
(Fe, Cr)sC (steel 0.8% C + 2% Cr).

This conclusion differs substantially from the prevalling
opinion that the change in the kinetics of structure transformation
in alloying is mainly based on variations in the diffuslon mobility
of the atoms 1n the lattice. A quantitative analysls shows that this
opinion 1s not well founded and that the reduced probability of
fluctuations in concentration is at least as important as the decline
in diffusion mobility of the atoms in the alloylng of steel. We run

the risk that this conclusion as to the importance of the fluctuation
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probabllity is limited and 1s valid only for chromium-cementite for-
mation.

In order to resolve thils problem, let us examlne the process of
precipitation of phases other than cementite. Let us analyze the
case of preclpitatlon from chromlum steel of a trigonal carbide‘of
the type (Cr, Fe)Cs, which 1s known to precipitate at a sufficiently
high temperature or near the point of equilibrium even at relatlve
low chromium comcentrations. -

As we know, this carbide contains over 40% chromlum and about
9% carbon by weight. To make the analysis clearer, let us make the
calculation for steel containing 0.4% carbon and 2% chromium (by
welght) . Let us calculate the probabllity of formation, in a given
zohe, of various degrees of enrichment in carbon and chromium due
to fluctuatlons leading to the composition of a.trigonal carbide
(Fig. 4; Table 1).

The calculation shows that in thils case the concentratlon of
carbon and chromium in the fluctuation zone must increase in nearly
equal and (at the same time) very large amounts--by a factor greater
than 20. It 1s clear that phenomena of thls kind have very low
probability of occurrence, and 1t 1s completely impossible to produce
them in a large volume of 50 or 100 lattilice points. Even the forma-
tion due to fluctuations of a zone of 20 lattice polnts with the
necessary chromium enrichment has a probability of the order of 10_19
and the simultaneous enrichment of the same zone with carbon and
chromium has a probability of 10729, C(Consequently, the number of
such fluctuations per cm® of chromlum steel, NJ(C + Cr) = No (Cr) P (C)=
= ~ 10!, amoﬁnts to only several order of ten, and 1t 1s only the

smaller zones which are found in a great number.
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TABLE 1

Fluctuations for the Formation of Trigonal Carbide
in Chromium Steel (0.4% C + 2% Cr)

PagMep yuacTHa Cocras yucria

(ancNo MeTanan-
9ECHUX ATOMOD-
7 yanon) C Cr Fe

Hexoanuit TBepALIA pacTnOp HOPMASILHO=
ro CPCRHEro COCTABA « . . . .+ . + « o » 100 . 2 2 96

OAYKTYaunonutii y4acTox (cocTas paBeH
cocTasy Tpuromaneuoro xapémaa 99 C,

399 Cr) o o e e e e e e e 100 43 43 57
‘I'Bep;LIA pacTROP HOPMa/1bHOrO COCTaBa 50 1 1 49
O6oramesHuil GayKTyanmoniuiii y4acTox 50 22 22 38

. Tpepanil pacTBOp HOPMAJIBIOrO COCTABA 10 0,2 0,2 9,1
OGoraoieRBLIt AYKTYATHONNIII YHCTOR 10 4,3 4,3 6
Key:

A) Initial solid solution of normal average composition

B) Fluctuation zone (composition equal to the composition of trigonal
carbide 9% C, 39% Cr)

C) Solild solutlon of normal composition

D) Enriched fluctuatlon zone

E) Solid solution of normal composition

F) Enriched fluctuation zone

Thus 1t 1s only under the most favorable conditions and, more-
over, extremely slowly, that the trigonal carbide can precipitate
directly from a solid solution in chromium steel with a low chromium
content. In the majority of cases, a carbide of the cementite type
with a chromium content close to the average composition of the
steel will be precipitated at first, and this wlll be converted intou
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a carbide of the trigonal type gradually and only after a long period
of time, during which the chromlum content is increased; this 1s
confirmed by direct testing.

The extent of the role of enrichment probablility is apparent
in this case, from the fact that a carblde of the cementite type
without chromium enrichment (see Fig. 4) produces without accretions
107 per cm3 wilth 20 polints and a maximum fluctuation of about
120 adjacent points--not 20, as occurs with a trigonal carbilde.*

Thus, fluctuatlion of concentrations plays an extremely impor-
tant part in the problem of formation of stable and intermediate
phases during the transition. This part becomes much greater stlll
when a sharp change of concentration is necessary for the formation
of the new phase, not only in one but 1ln two components--in carbon
and chromlium at the same tlme, as 1n precipitation of a trigonal
or cublc (Cr»sCs) carbilde 1n chromium steel.

To sum up the results, Table 2 and Flg. 5 show a comparison of
the curves of the number of fluctuatilons Nf per cm3 of steel as a

function of the slze of the fluctuation nucleus n (number of points)

¥ In a less distinct form, but based on the same principle it
is possible, 1n many cases, to explain the primary formatlion of
enriched cementite carbide, since it may contain up to 20 to 25% Cr,
while trigonal carbide showed contaln as much as 40% and often even
70% Cr 1n its compositlion. This also explains why trigonal carbide
forms more easily'in steel that contains a hlgher percentage of

chromium.

-66-




_:{s

for varlous cases of precipitation of carbide from austenite. Curve
1 shows.the precipitation of cementite FeaC in carbon or chromium
steel (but without change in the carbide composition with respect
to chromium) as compared tc the initlal solld solution; 1in £his
case, the maximum size of the sectlon nmax’ in which the concentra-
tion may increase up to the composition of cementiﬁe attains 116
adjacent lattice points, and for a size of n = 16, we obtain N, =
= 1018/cm3. Curve 2 shows the precipitation of chromium cementilte
(Fe, Cr)sC, containing about 16% chromium in a steel (0.4%C) with
2% Cr and gives np,, = 76 péints; at n = 16 polnts, the number of
nuclel is Nf = 10'® ¢m®. Larger nuclei are found in considerably
smaller numbers than nuclel of simple cementite FeaC; for example,
at n = 60,

NyFe,C) = 10% cm; a N, (Fe,Cr);C = 104 cm®;

Curve 4 for the precipitation of trigonal chromium carbide (Cr, Fe)

7Ca-- contalning about 40% Cr--in the same steel--containing 2% Cr--

indicates a sharp decrease in the size of the maximum nucleus up to
Npax = 22 points and lndlcates a still sharper_decrease in the

5
number of nuclel with n = 16, up to Ne = 10 /cms.

L i i M 1 ]
0 w w & N w2
Yucro yanod n, paswep yvacmra

Fig. 4. Diagram of fluctuations in

the formation of carbide (Cr, Fe)zCa
(steel 0.4% C + 2% Cr): 1) Ny (FeaC);

2§ Ne¢ [(Cr, Fe)7Cal]; 3) PCr [Cr, Fe)a3Cal;
4) P{c + Cr) [Cr, Fe),Ca].
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TABLE 2

Number and Size of Fluctuation Nuclel of Varlous Phases

Yueno saporumek| Pasmep sapo- s yanonﬁ M':::,:
# Bunensmomanca ManbHHA pa
(n-.qrpnunu?::::uerﬂn. %) dana Nyowt “"“l'):n:‘er’“‘;“" ally;'c;ngn;acn 1
Kapbmau
- t
0AC . FeyC 1.101 16 116 yanos
040 4 2Cr (Fe, Cr)aC 1.10 16 76
040G+ 6,7Cr (Cr, Fe),Cy 3-1010 16 34
0,4C+ 2Cr (Cr, Fe)iCs 1.10* 16 22
HETepMETANARIAR
15C+8Ni (cKOpOCTS 38PO- ¢ 2.40m 400 1000
wenns) o 1014 cm?/cer 500 yanos
INCr 4 8Ni 4- 3,6Mo ° 1.10¢ 400 500-
(¢KOPOCTL  3APOKIEHBA) o 10° cm®/cex 500 !
0Ni 4 20Cr 42,5 Ti 4 a’ 3.101 500
+0,6Al 16.100 100 120.

Curve 3 shows the precipitaéion of the same trigonal chrgmium
carbide, but from a salt* of high chromium content (6.7% Cr) and

not 2% as in the previous case, In this steel we may obtaln

larger nuclei (nmax = 34 points) and we méy obtain them in greater
quantitie (for example, with n = 16, Ng = 3 - 10'°/cm3) than in

steel with a low chromium content. The results obtalned demonstrate
clearly that the fluctuation theory explains the appearance of
intermediate phases and carblde transformation when the alloyed steel
is kept at a high temperature for extended periods. However, we
should mention that even the isoclated three-dimenslonal nucleus of

8 elementary cells contalns 63 metal atoms when the lattice 1s face-

* Translators note: As in original. This should probably read
steel.
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centered if we also take into account all the atoms forming its
surface. We can hardly assume that the nucleus of the new phase has
a cube edge length of less than two lattice constants. Nevertheless,
as shown by the curves of Figure 5 and by the above-mentioned examples,
in a series of cases--for example in the case of the formation of a
trigonal carbide--even a nucleus of the size (63 metal atoms) will
hardly ever form, and the direct and nonincubated (i.e., without a
very long formation perlod) precipitation of the trigonal carbide
from the solid solution (particularly favorable conditions excepted)
will therefore fall to take place in the majority of cases. An 1in-
direct confirmation of this conclusion is furnished by results from
the research [12], according to which a trigonal carbide was found
in steel containing 2% Cr only after several hours, and in steel
with 6.7% Cr after several seconds of soaklng at 650°. .

The process 1s conslderably facilitated when the new phase is
grown on the face of an already existing crystal without loss of
coherence. A two-dimensional, one-layer nuclel of the same linear
size (2 constants X 2 constants) contains only 13 atoms in the
lattice of a face-centered cube, while 1t contalns 25 atoms when the
size 1s 3 constants X 3 constants. Thils does not exceed the number
of atoms in maximum fluctuation (see Table 2). Consequently,
elementary carbide-crystal growths or their formation on a ready-

Amade base may occur in great numbers not only 1n the case of chromium
cementite but also with trigonal carbide. Moreover, thils possibllity
i1s realized even 1n steel with a low chromlum content.

Let us consider the problem of the precipitation of crystallites
of intermetallic compopnds in alloys. The question of the probability

of the formation of concentration fluctuatlions 1s of paramount
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importance not only in the case of the precipltation of carbides,
but also in intermetallic compounds. We know, for example, that
in austenltic chrome-nickel types of steel o phases may form
causing hardening and embrittlement of the steel in varying degrees,
depending on the conditions of heat treatment aglng, and service
at high temperatures. Research [10] has shown that with a steel
containing 0.06% C, 8 to 14% Ni, 18% Cr, and 3.5% Mo, a o phase
precipitates. This has a composition of 28% Cr, 4% Ni, and 12% Mo.
Calculation accordling to the theory of concentration fluctua-
tions shows the relatlve role of the probability of accumulation
of atoms of certaln elements 1n the production of a concentration
corresponding to the new o phase. In thls case, we should take in-
to account not only the need for accumulation of an lncreased num-
ber of chromium atoms in the zone of the future o phase but also
the departure of some of the nickel atoms from that zone (Fig. 6).
The role played by the components which do not enter into the new
phase but which sometimes exert a strong effect on the probabllity
and rate of its formation and growth must be particularly emphaslzed,
since no importance has previously been attributed to this factor;
nevertheless, in some alloys--for example, those with a high nickel
content--this role 1s very great 1n the formation of an a' phase and
it also explains, to a considerable extent, the increased heat
‘resistance and durabillty of those alloys (containing tungsten,
molybdenum, and niobium) which seldom enter into the composition of
the a' phase. Calculétion according to the theory of fluctuations
shows clearly that 1in a chrome-nickel steel the factor of chromlum
accumulation and the factor of nickel 1mpoverishment have a commen-

surate magnitude during the formatlion of the o phase. For example,
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in a zone 500 atoms 1n size the necessary enrichment with chromium
has a probability Pg, = 6.4 ¢« 10”7, and the nickel impéverishment
Py;y = 5 ¢ 10 °. As a result, the number of fluctuation nuclel of
2 ¢ phase 500 atoms in slze in chrome-nickel steel amounts to:

N3 (Cr + Ni) = NoPC,PN, =1,7-10%.6,4-10-7.5.10~% = 5,4-10%/ca3.

A series of similar calculatlons, generalized 1n the dilagram
(Fig. 7), shows that the maximum size of the ¢ phase nﬁcleus of
normal composition able to orlginate directly from the ‘homogeneous
solid solution_(austenife) in a simple chrome-nickel steel as a
result of concentration fluctuations without forming intermediate
transitory phases 1is about 1,000 atoms. Numerous smaller zones
originate, reaching an order of 10° =zones per.cms of steel, and

attalning 700 atoms in size. Howéver, i1f we further alloy the steel

with molybdenum, the situation changes qulte substantially.*

* We do not examlne here ‘the variations in the diagram of state,
temperature, and concentration corresponding to the equilibrium the
degree of supersaturation, or other thermodynamic factdrs affecting
the steelts tendency toward preclpitation of the ¢ phase when
molybdenum 1s added to it. Because of these factors, the real
quantity of the o phase formed may substantially change with the
additlion of molybdenum to the steel, but this wlll happen for reasons

completely different from the kinetic problem under consilderation.
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Actually, in thils case the formula for the number of fluctua-

tions is:
Njo (Cr 4- Ni + Mo) = NP PriPuos

i.e., an additional multiplier P appears in the equation, indicat-

Mo
1ng the probablility of an increase in the concentration of molybdenum
from 3.5% in the solid solut;on to 12: 1in the o phase. By trans-
formling these numbers into atomic percentages, we calculated that
for a zone of 500 atoms the probablllity for such an accumulation of
molybdenum amounts to Py, = 4.6 ° 10 *°; 1.e., 1t is almost as
difficult to effect this accumulatlion of molybdenum atoms as
simultaneously to accumulate chromlum 1n the given zone and displace
nickel from i1t. On the strength of this, the number of fluctuations
of the o phase declines disastrously when molybdenum 1s lntroduced;
1t decreases by a factor of 10°:

Nyo (Cr + Ni +Mo) = 2,5/cm®.
and the maximum slze of a possible fluctuation nucleus decreases
sharply: 1n steel without molybdenum it amounts to about 1,000 atoms,

and in the presence of molybdenum 1t amounts to not more than 500

(see Fig. 7).
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The analysis we made shows that an additional alloying with
a new element sharply retards the resoftening process, owing to the
fact that the growth of crystals and strengthening phases 1s made
difficult as a result of the extremely sharp decrease in the probabl-
1ity that the prescribed fluctuation variation 1n concentration of
the gliven zone wiil take place 1n respect to many components at the
same time. Thus, the fluctuatlon theory may explain the phenomenon
frequently observed in tests: less resoftening of the ailoy over
a long period f service and an improvement--partially dependent
on this in its heat-resistant propertiles when its composition be-
comes more complex, and 1t 1s, in addition, efficlently alloyed with
new components. The latter fact is so intrinsically apparent that
some researchers even connect the degree of the alloys heat resistance
with the number of components forming it; 1n fact, they consider thils
to be the main criterion. So simplifiled an interpretation is, of
course, incorrect. But analysis on the basis of the fluctuation
theory clears the Way for a sclentific treatment of this question.

Proceeding from the fluctuatlon theory, we should point out
that the precipitation of the o phase from the @ or A solution must
take place much more readily than from the vy solution. Indeed, we
can reckon from the data -obtained from research [10] that the nickel
concentration hardly changes during the a--g¢ transition (1t decreases
by half during the y--0 reaction) , whereas the chromium and particu-
larly the molybdenum concentrations increase to a conslderably lesser
degree than during the y--o transition in the same alloy (see Fig. 5).
We should add that diffusion in the a solution also takes place faster
than in austenite. Therefore, both the probability and rate of for-

mation of the necessary fluctuations increase considerably during
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the a-o reaction.

The result 1s a considerably faster precipitation of the o phase
from the a or A solution than from austenlite. This fact has been
frequently observed in experiments.

The question of variations in the degree of structural conformlty
between the lattices of the s0lid solution and the precipitating
rhase 1in alloylng and transition from the y--o reaction to the a--o
reactlon calls for special 1investigation.

Lett us conslder the questlion of the thermal mobility of the
atoms in the lattice. -As has been established by research [2], the
rate of fluctuation formation, i.e., the number of fluctuatlon zones
nuclel of a prescribed composition and size originating per unit
volume of the alloy in unit time, 1s directly proportional to the
diffusion coefflcient. The rate of crysta; growth has the same
dependence on diffusion., It 1s well known that the diffusion co-

‘efficient varles substantlally in the case of addltlonal alloylng.

Let us try to determlne the role of thermal mobllity of the atoms

in thls problem. At the present stage of our knowledge, an accurate
solution of th}s problem 1s hardly possible since it 1s very difficult
strictly quantita%ively to allow for the variations of mobllity of
the atoms of each element participating in the concentration
varlations of mobilllty of the atoms of each element partilicipating

in the concentration varlations during the formation of the new phase,
and there are no experimental data on record for the diffusion co-
efflclent of each element for alloys having the composition 1n which
we are interested. We therefore restrict ourselves to an approximate
evaluation of the role of the diffusion factor, on the basis of
available data published over the last few years [8, 11, 12]. An

=7 5=




analysis of these data shows that although the coefficients of
diffusion of the atoms of various alloying elements 1n steel and the
coefficient of self-diffusion of 1ron are considerably different,
they are quantitles of the same order. Thus, the diffusion coef-
ficients of chromium and tungsten in iron at 750° are 0.5 * 10 ‘%
and 2 * 10 2, respectively, and the coefficient of self-diffusion

of iron is 2.8 * 10 ‘2 cm®/sec; at 850°, the respective quantities

“12 om?/sec..Consequently, the rates of

are 19, 34, and 47 < 10
diffusion of the separate metallic components of the steel differ

by the factors of 2 to 5. It can also be shown that when the
effective diffusion coefficient 1s determined, each of the components
enters 1lnto the equation with 1ts own statistical weight, which re-
duces the difference between them still more. Thus, 1in calculatilons
with an accuracy of up to half an order, we may safely use the value
of the effective diffuslon coefflcient, or the quantity D, for one

of the metallic components (for example, for iron atoms), thus
characterlizing the thermal mobillty of all the atoms of the given
alloy.

The second assumption which should be adopted for an approxi-
mate calculation, in view of the absence of data for an alloy
corresponding exactly to our compositlon, is that the additional
alloying of two alloys of the same type wlth a glven element pro-
duces in each the same change 1In diffusion. We find this to be
roughly the case for the self-diffusion of lron when it is alloyed
with chromium, if we compare the data for iron + chromium alﬂoys
with iron + nickel + chromium alloys. The diffusilon coeffic%ent

of iron in austenitic nickel steel at 1000° decreases from 0.8 °* 10 !?

if 3.5% Mo is added to the steel (l1.e., by a factor of about 5 [12]).
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This difference increases with the fall in temperatare. Let us use

the dependence of diffusion on temperature that was established

for these alloys [12], and let us calculate the value Dpe at 2B
since we have no data from direct tests at this temperature. We
then find that by the addition of 1.8% Mo the diffusion coefficient
at 723° decreases by a factor of 1 * 102, and with the addition of

4 ,5% Mo, by a factor of 2.5 * 10%®. Thus, in our steel the addition
of 3.5% Mo must reduce the rate of formation of phase nuclei through
retarding diffﬁsion by a factor of less than 10° and through decreas-
ing the fluctuatlon probabllity by a factor of 104 to 109, depending
on the size of the nucleus, as has been shown above.

We tried to determine the rate of precipitation of the o phase,
taking the diffusion rate into account and approximately calculating
ne (the number of fluctuation zones forming in 1 cms of steel 1In 1
second) using the formula (3) quoted above. As we know, the rates
of nucleation and growth of the crystallites of the precilipltating
phase depend on that quantity. It was found that the rate of for-
mation of "o fluctuations" sharply decreases: a) with an increase
in the size of the o phase nucleus; b) with an increase in com-
plexity of its composition; and c) wilth the temperature decrease of
the process.

Thus, for example, in steel containing 18% Cr and 8% Ni (without
molybdenum) and at a temperature of about 700° C, taking the effec-
tive diffusion coefficient D = 10 *° cm?®/sec, the " o fluctuations"
that‘are less than 1,000 adjoining polints in size form at a tremendous
rate; millions of nuclel form in 1 em® per second when the size is
1000 points; thils number becomes small only when the size increased

to 1400. In steel of the same composition but additionally alloyed
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with molybdenum, the rate of precipltation 1s much lower and the
possible zones are considerably smaller. Thus, with 3.5% Mo (assum-

17 em2/sec) about 10 cm®/sec " o fluctuations" 500

ing Dyep = 10
atoms in size, are formed, while thls number amounts to 104 cm®/sec
in steel without molybdehum. Hardly any o phase zones of more than
600 atoms originate in steel containing molybdenum (the rate falls
below 1 nucleus per em® per sec). Thus, the analysls we made shows
that the addltional alloying of a complex alloy wlth a new component
may sharply reduce the.rate of formation of nuclei new-phase as well
as the rate of their growth, both as a result of the decrease 1in the
probability of concentration fluctuatlions and of the decline in the
thermal mobllity of the atoms. The filrst factor, 1s however, con-
siderably more influential and, in some instances (for example, wlth
large nuclei) 1s even dominant. A simllar calculation confirmed
the valldity of this concluslon also for the formation of carbildes
of varlous types.

This concept substantially differs from the wldespread opinion
that additional alloying retards phase transitlon mainly by in-
creasing the bond strengths within the lattice and by reducing the

thermal mobility of the atoms in it. Without denying this hypothesis,

we must point out that the factor of probability of fluctuatlion of
state has a stlll greater influence in thils direction.» At the same
time we should remember that other lmportant factors 1in alloylng--
changes in the difference between the free energles and the work
of nucleus format;on (i.e., between the surface tension and the
size of the equilibrium nucleus) have not been calculable so far

in the case of alloys of a complex composition.

Let us now analyze, on the basis of the fluctuation theory, the
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process of precipitation of the strengthening phases in nonferroys
heat-resistant alloys. Let us take as an example an alloy of the
"nimonik" type, which has a nickel base, 1s strengthened with ti-
tanium and a small quantity of alumlinum, and which, during aging,
precipitates an a' phase of the type Nig(Ti, Al) with a face-cen-
tered cubic lattlce. Data on the chemical composition of this

alloy and its preclpitation phase are given in the work of G. V.
Kurdyumov and N. T. Travina [13]. These data, converted into afomic
percentages, aré glven in Table 3. Disregarding a small quantity of
titanium carbide (less than 0.02% C in the alloy), we shall assume
that after hardening we have a homogeneous solld solution. We see
that for the formation of an a!' phase nucleus, the number of titanium
atoms in the given zone of the solid solution, which contains 100
adJjoinling points, has to lncrease from 3 in the 1nitial solutlon to

16 in the fluctuation nucleus as a result of fluctuations in con-

.centration (i.e., by a factor of more than 5. Furthermore, enrich-

ment in aluminum 18 necessary at the same time (4 atoms instead of 1)
although to a lesser degree. Finally, a simultaneous and, moreover
greater lmpoverishment of chromium is essentilal in the glven zone
there were 23 chromium atoms, in the initial solution but only 2
showed remaln in the nucleus.

Let us determine the probabllity for each of these conditlons.
We will make an approximate calculation uslng the Polsson equation,
which 1n essence, does not take 1Into account the interactions of the
different atoms and the statistical correlation of displacements.
However, as has been shown in the investigations made by B. N.
Finkelt'shteyn and B. Ya. Lyubov, taking this correlation into

account only introduces a small correction in the result; this
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correction usually does not exceed 10 to 20%, as compared to the

method proposed by us [2] and makes the calculation much more ‘)
complicated.
TABLE 3
lements
Cr T1 Al Ni
Composition of alloy, wt. % 20.15 2.48 0.6 base
Composition of alloy, atom % 23.2 2.85 1.23 base

Composition of precipitating
phase during aging (700° - 16
hours), wt. % 2.0 14.0 2.0 base

Atom % 2.14 16.25 4.2 base

As we see, two fluctuation processes have the lowest probability:
the enrichment in titanium and the impoverilishment of chromium. The
latter was not normally taken into account, although it proved to be
extremely essential and no less important in its role than the enrich-
ment in titanium. In thils connectlon, we must mentlion another im-
portant conclusion, which is signiflcant in principle. In the
study of these alloys we are primarily concerned with the role of
the component which 1s fundamental 1in the formatlon of the new
phase (titanium, for example). Calculation shows, that however,those
components not directly contalned in the new phase may play and im-
portant part and strongly influence the klnetics of precipitatilions
and growth of crystals of the new phase, since the probability of
thelr leaving the given zone 1s scmetimes of the same order of
magnitude as that of the fundamental new-phase components entering

this zone. It 1is clearly this fact, not taken 1nto account in the ‘}’
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theory, that partially explains the great influence of tungsten,
molybdenum and other alloying additions that do not accumulate in
the new phase (at) but greatly affect the kinetics of its precipi-
tation and growth. The increase 1in heat-resistant properties of
such complex alloys can also be partially explained by this calcula-
tions. The probabllity of nucleation of the new phase-decreases
particularly sharply since, as has been shown above, it 1s necessary
for this purpose to have a simultaneocus change in concentration of
many components 1n the same zone of the solid solutlon.

Thus, the formation of a nucleus of the a' phase in a zone w;th
100 adjoining points has an effective probability P ( o!) equal to:

P(x') =P(Cr)P(Ti)P(Al) = 2,27-10-2.1,65-10~8.1,53.10-2? = 6,84-10-1, -

Application. According to the data obtained by R. B. Golubtsova
and L. A. Mashkovich (DAN USSR, 106, 1956)* if this alloy ages for a
long period at 800°, the at phase contains more chromium (2.5 to 8%
by welght), considerably more aluminum (3.6 to 14.6%) and as much
titanium (11 to 14%). Therefore, P (Cr) will be greater, and P (Al)
conslderably less tban the values calculated by us. However, the
overall total quantities P (at) and Ng¢ (a') do not change as sharply
since they are a product of P (Cr) P (A1) P (T1).

We may then calculate how large a number of fluctuation nucleil
of the a' phase of varlous sizes Np (a') can exist in a unit volume
of the alloy . 7

Ny (') = NoP (&) (Cr + Ti + Al).

No 1s the total number of zones of a glven size of any composi-

* [Proceedings of the Academy of Sciences of the USSR].
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tion and it can be determined since we know the lattlce constant of

the alloy in a hardened state from research [13], do = 3.562 A.

Consequently, the number of elementary lattice cells 1n 1 cm® of

alloy Nie17 is N 1

= @ge 1o
= 2,214-10% cum?,
Taking into account that there are 4 atoms per cell in a face-

centered cublc lattice, we find that the total number of zones

100 atoms 1in size 1in 1 em® of alloy amounts to

N_. 4 N 2,214.10%
No(100) = 8- — —m = =T

Let us now calculate N, (at)~--the number of fluctuation nuclei

= 8,86-10%/cm>.

of the a! phase, 100 atoms in size:
V(@) = Ny (100) P («) = 8,86+10%.6,84.10-18 — 606-10%/cm.

Thus, the analysils shews that the fluctuation zones which in
composition approximate the a! phase in a "nimonik" type of alloy
are small in size. If we make similar calculations for zones of a
different size, the results obtained can be expressed'in'the form
of the diagram (Fig. 8). As this dlagram shows, the maximum size
of a phase nucleus able to originate spontaneously as a resuit of
concentration fluctuation in an alloy of the "nimonik" type 1s very
small, viz.: 120 atoms. But such zones do occur, even 1f they
are very rare. Only smaller fluctuations are present in larger
quantities. Thus, for example, there are 10® zones of 75 adjoining
lattice points per cm® of alloys. Thls predetermines the necesslty
for higher supersaturation and supercooling of the solld solution for
the precipitation of a crystal of the new phase, or the possibililty
of 1t forming only on a ready-made base or under some other favorable
conditions.

The independent existence of a three-dimensional nucleus of a
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very small size is hardly possible. In practise, one would therefére
expect zones to form that do not attaln the composition Nia (Al, T1)
but are nearer to that of the initial solid solution and grow under
conditions of a coherent bond with the fundamental lattice. 1In this
case, the input of work for the formation of a separation boundary
(surface energy) decreases considerably and even approaches zero, while
the nucleus assumes a two-dimensilonal character.

Experimental data from an x-ray structural analysis confirmé
the theoretical conclusions given above. In partlcular, the forma-
tlon of a cublc at' phase of the NisAl type, as an intérmediate phasé
even when there is a small quantity of aluminum in the a119y and the
absence of direct precipiltation of a hexagonal phase of the N1sT1
type during the early stages of aglng are sufficlently covered by
theory.
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CONCERNING THE RELATIONSHIP BETWEEN THERMODYNAMIC MAGNITUDES i
AND THE STRENGTH OF ALLOYS AT HIGH TEMPERATURES

M. P. Matveyeva, L. I. Ivanov, and L. N. Bystrov

Study of the behavior of alloys under stress at elevated tempera-
tures had led to the necessity for studylng the relatlonship between
the strength of alloys and the strength of theilr interatomic bond.

.As we know, the energy of the interatomlc bond is characterized by
such physical factors as heat of sublimation, melting polnt, activa-
tion energy in diffusion and self-diffusion, etc. Furthermore, the

values 1ndicating the nature of the interaction between homogeneous

and heterogeneous atoms in an alloy play a great part in the study
of alloys.
In our bpinion, the strength of the interatomlc bond 1s character-
" 1zed, first of all, by the heat of evaporation, although 1t should
also be borne 1n mind that the heat of sublimation 1s a value which
1s structurally almost 1mperceptible and is averaged out for a cer-
tain volume éf the materilial; as for the nature of thg 1ntepacﬁion of
like'and unlike atoms, the thermodynamic activity of the combonent
l1s a very perceptible factor. '
It should be mentlioned that until now no sufficlently reliable
methods have exlisted for measuring the‘partial values of thermodynamic

factors for alloy components at elevated temperatures, particularly
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in the s0lid state. The use of radloactive 1sotopes as indicators
has not only made it possible to lmprove the old methods, but also
to develop a series of methods which are new in princlple and based
on the study of isotopic exchange. As a consequence, thermodynamic
data for a number of solld solutions of blnary alloys have recently
been published.

The aim of the present work was to obtaln data characterizing
the variation in the heat of sublimation of one of the components
of a ternary alloy and to relate these data to the strength of alloys
at high temperatures,

In our investigations we used the method of so-called unllateral
i1sotoplc exchange developed at the Instltute of Metallurgy of the
Academy of Sclences of the USSR, using the devlice shown in Fig. 1.

In the working area of the device (a high-temperature vacuum furnace
are simultaneously placed 10 pairs of samples (of like or unlike
composltions) enclosed in small corundum (‘torundiz") cups (7). Two
test samples of the same chemlcal composition are placed in each cup:
one is small and radioactive (9), and the other large and nonradio-
active, serving as the target (8). The corundum cups, ground for
close filtting, are set up 1n a column, placed in a special contalner
made of sheet molybdenum, and put 1lnto a molybdenum heater. The
heater and the electrodes supplying current are covered with a copper
hood which has a small réceptacle on one slde for activated carbon.

A sufficlently high vacuum (1 * 10 ° mm hg) is created in the system
by pumps (types RVN-20 and TsVL-100) a trap cooled by liquild nitrogen

and the activated carbon.
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Fig. 1. Diagram of the device for isotopilc
exchange: 1) copper hood; 2) receptacle

for activated carbon; 3) molybdenum heater;

4) shields; 5) electrodes; 6) rubber seal;

7) ceramlc cup; 8) target; 9) sample contain-
i1ng radiocactive 1sotope.

Next, the samples are heated to the prescribed temperature at
which the soaking appropriate for_the conditlons of the test is to
be carried out. .The temperature is controlled by means of three
platinum énd platinumrhodium thermocouples with the ald of a PPTN-1
potentiometer. The accuracy of the temperature measurement is 1.1-50'
By successive annealing at the same temperature and by measuring each
time the radloactivity of the sample that was not radioactive at the
beginning of the test, we obtain data for calculating the rate of
evaporation and vapor tension.

The samples are in the shape of disks 1 mm thick and 16 and 4 mm
in diameter. The surface of the larger sample 1s made highly cor-

rugated so that 1ts area willl be increased. The samples are made by
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fusing alloys of the same chemical composition, the radioactive 1is-
otc_>pe being. added to the smaller sample elther directly during the ()
melting or by irradilation with thermal neutrons.

For the investigation we selected alloys of the ternary system
chromium—molybdenquiron, which were in the plane of two cross-sec-
tions and had constant chromium contents of 55 and 65% (Fig. 2).

At a temperature of 1150°, the selected alloys are in the zone
of the homogeneous solid solution a and in the two-phase zone a + O.
We should point out that at higher test temperatures the alloy
containing 10% Mo and 55% Cr is on the very boundary of the zone
a + g.

Electrolytic chromium, electrolytic iron approximately'99.9%
pure, and 99% pure molybdenum were used as starting materials. The
alloys were made 1in high-frequency induction furnace in a hellum
atmosphere.

The radloactive 1isotope Cr51 was obtalned from the stable 1so-
tope Crso by direct irradiation of the samples with thermal neutrons
in an atbmic reactor. At the same time 1t 1s possible to obtain

simultaneously the radioactive 1sotopes Fe55 and Fe59

and geveral
short-11ived molybdenum isotopes, among which 1s Mo®®, which has a
short half-l1ife of 67 hours, along with the radioactive i1sotope crot,
The radloactive isotope Fe55 has only K-capture, which results in the
emlssion of x-rays that do not register 1f glass or metal counter
tubes (STS-6) are used.

Thirty or forty days after irradiation there i1s practlically no
radloactive molybdenum left in the alloys.

When the alloy iron content is high, the formatilion of the radio-
active isotope Fe®® will be very small, in view of the fact that
O
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the effective cross section for neutron capture by the stable iso-
tope CrS° 1s 30.5 times as large as the effective cross section

s8
for Fe capture, while the percentage of cr°°

in natural chromium
is 13 times that of Fe”%. .

The test were carried out at a temperature of 1150-1250°. Fig.
5 shows the variatlion in the heat of sublimation as a function of
the molybdenum content in alloys contailning 65% (1) and 55% (2)
chromium. As is clear from Fig. 3, in alloys contalning 65% chromium
the heat of sublimation rises wilth the increase in molybdenum content.
Alloys containing 55% chromium have a maximum heat sublimation when
the molybdenum content is about 20%.

If 1t 1s assumed that the lonization energy of the chromlum
atoms depends only slightly on the iron and molybdenum concentration,

then the lncrease in the heat of sublimation indicates that these

alloys may have a tendency toward the formation of a stronger bond

‘between the heterogeneous atoms of which they are composed.

Consequently, proceeding from the thermodynamlc data, we may

assume that alloys contalning 65% Cr will be stronger if the molyb-

‘denum content is over 15%. Apparently there 1s a higher value in

these alloys for the bond energy between the atoms of chromium, = _
molybdenum and iron. Among the alloys contalning 55%'Cr, those

lying in the formation zone of the o phase will be the strongest.

Since these are two-phase alloys, however, the views expressed earliler

regarding blnary solid solutions may not apply to them.
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Fig. 2. Isothermal cross section
of the system chromium-molybdenum-
iron at 1100°.
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Fig. 3. Variation in heat of sub-

limation A H, depending on the iron
and molybdenum content.

In order to verify this assumption, we determined the mechanical
strength of the alloys at a temperature of 1150° by following two
methods: With 65% Cr by the centrifugal-bending method.

With 55% Cr by a method of torsion in a vacuum at high tempera-
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ture with the use of a specilal device.

The tests by the first method were carried out under a load of
0.5 kg/mm® for 20 hours. The results of these tests confirm the
above assumption.

The higher heat-of-sublimation values correspond to the alloys
with a lower bending deflection, and, as shown by analysis of the
values of thermodynamic activity, thls increase tends to be exponen-
tial.

As we have already stated, a speclal device (Flg. 4) was used
for the mechanical testing of the alloy containing 55% Cr; the
operating principle of this device involves twisting the sample
under a torque that increases linearly wlith time.

The sample, which 1s cylindrical 1n shape and has a dlameter of

4 mm and a length of 15mm with square tips, 1s inserted in molybdenum .

clamps and placed in a microfurnace made of sheet tantalum. One of
the clamps (9) is fixed to the tip (4) which 1s free to move forward
along guiding.rails; the second clamp 1s connected to the tip (8),
which has a free torsional movement. The sample 1s charged on the
"hourglass" principle by means of fine lead powder pouring out
througg an orifice in the load bin (1) into the charge container (3),
which 1s jolned to a large pulley (14%) by a flexible cable passing
over a small pulley (13).

The torque-arm in the given case 1s 4 cm long, which ensures a
maximum torque of M = 7 kg/cm, the welght of the powder being 1.7.
The rate of charging Po = 100g/min. The device permits a maximum
torque angle of a = 225°. The maximum tangential stress is
Tmax = 1094 kg/cmz, and the maximum relative torque angle ap,, =
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= 150 deg/cm.

The microfurnace is connected by means of the current feeders
(12) to the water-cooled copper electrodes, which are insulated
and fixed to a steel plate. Power 1s suppllied from the secondary
winding of a 3kw, 220 v. step-down transformer. The heating 1s
reguléted by an auto-transformer, TNN-45 and the temperature is
controlled by a platinum and platinum-rhodium alloy thermocouple
fixed to the surface of the microfurnace heater. To reduce heat
lossed due to radiation and to reduce heating of the glass hood,
the microfurnace 1s protected by special shilelds.

Fig. 5 .shows the relationship between the time required to
attain a 10° angle of twist and the molybdenum and lron content
in alloys contalning 55% Cr. The results obtained confirm the
assumption that alloys in which a ¢ phase forms have greater strength.

Thus the heat of sublimatlion and the thermodynamic activity of
chromium have been experimentally determined in a number of alloys
of an iron-chromium molybdenum system. The hypothesis has been put
forward that the alloys most resistant at high temperature are those
in which the heat of sublimation of chromium has a higher value
whlle the value of thermodynamic actlvity 1s at a minimum, indlcat-
Ing a tendency toward the formation of preferential bonds between

heterogeneous atoms.
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Flg. 4. Dilagram of device for torsion
testing of samples at high temperature in
vacuum. 1) charge bin; 2) charge vent;
3) load contailner; 4) tip which is free
to move forward; 5) shields; 6) sample;
T7) dial; 8) tip with torsional freedom;
9) clamps; 10) heater; 11) electrodes;
12; current feeders; 13) small pulley;

14) large pulley.
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Fig. 5. Plotting of the time required to
attaln a torque angle of 10°.

=93~




DETERMINATION OF THE THERMODYNAMIC PARAMETERS
OF CHROMIUM AND COBALT BY MEASUREMENT
OF THE SATURATED VAPOR PRESSURE OF CHROMIUM

Ya. I. Gerasimov, A. M. Yevseyev, and G. V. Pozharskaya

Measurement of saturated vapor pressures 1s wldely used to
determine the thermodynamic functioné of melts of liquid metals.
For the study of the thermodynamics of alloys in the solld state
thls method, as well as the electromotive force method, 1s less
frequently employed.

Nevertheless, the method of measuring saturated vapor pressure

ls convenlent and may give rellable results with most metals if the

evaporation 1s of single and not of associated atoms. When measuring

the saturated vapor pressure over solid alloys, we must take into
account the loss of volatile components from the surface layer of
the alloy during the evaporatlion process. In order to reduce the
influence of the phenomenon, which 1s apt to distort the results,
we must use alloys with a well-developed surface; this excludes
use of the Langmulr method, which is applicable in the case of
liquid alloys [1].

The most accurate and convenient methods in dealing with low
pressure vapors, whilch are a characteristic of most metals in solid

form, are those of Langmuir and Knudsen. We chose Knudsen's method.
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In the Knudsen method, the rate of evaporation depends on the
saturated vapor pressure and the area of the effusion orifice.
In order to create the saturated vapor in thé Knudsen chanlber, the
surface of the evgporating substance has to be many times greater
than the area of the effuslon orifice. For this purpose the alloy
we used in the Knudsen chamber was in the form of fine shavings.

Measurement of the saturated vapor pressure of chromium ;n
chromlum~cobalt alloys was effected with the device shown in Fig.
1. The effusion chamber (1) is a metallic cylinder into which a cup
and an effusion dlaphragm with an orifilce are placed. It 1s fixed
to a quartz tube in the center of the device. A platinum and platlinum-
rhodium alloy thermocouple (2), the junction of which i1s fixed to
the bottom of the cup in the chamber, passes along thg inside of the
tube. A quartz cap (3) 1s placed over the chamber, and the chromium,
after evaporation effected b& the inductor code (4), precipiltates .
onto the cap. When the evaporation l1s complete, the cap 1s welghed
and the chromium removed with hot, concentrated acid. The quantity
of chromium 1s determined from the difference in welght  of the cap
with and without the deposit, as well as by colorimetric analysis
of the chromium solution. In the case of a cobalt-chromium system,
the effusion chamber 1s made of tantalum.

The effusion chamber i1s heated by a high-frequency electro-
magnetic fleld. As a source of hilgh-frequency energy for out
tests, we used an MVP-1 apparatus made by the "Platinopribor"
factory. The heating of the chamber was controlled by means of a
photorelay; as a measuring device we used a platinum and platinum-
rhodium thermocouple, the electromotlve force of which was measured

simultaneously by a PPTN-1 low-resistance potentiometer. During the
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entire text, the temperature was kept constant to within 2°.
Occasional deviations caused by voltage fluctuation in the cilrcuit
did not exceed 4°.

After determinatlion of the quantity of chromium evaporating
over a certain.period of time, we calculated the saturated vapor
pressure of chromlum according to the equation

P-sxV 5 $&
Where P 1s the saturated vapor pressure;
AG 1s the quantity of evaporated substance in grams;
T 1s the time of exposure in hours;
S is the area of the effusion orifice, in mm;
K 13 the Clausing*coefficient; and
M 1s the molecular welght.

The area of the effusion aperture variled within the 1limits of
y - 10—3 to1 - 10 ° cm2, and the time of exposure T from 2 to 6
hours; the thickness of the effusion dlaphragm was 0.08mm. The
measurements of the chromlum vapor pressure in the cobalt-chromlum
system were made within the temperature range 1,227 to 1,297°.

Six alloys were tested altogether., With alloys of the same composi-
tion, from 3 to 5 values for the chromium vapor were measured at
various temperatures.

Electrolytic chromium with a purlty of 99.7% by weight and

* Translator'!s note: The transliterated form of thls name

is "Klyauzing".
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cobalt with a purity of 99.0% by weight were used in making the
alloys.

The experimental results were processed according to the equa-
tion |

lgP=—4+B. (2)

0000

Fig. 1. Dlagram of device for
the measurement of the saturated
vapor pressure of chromium in
cobalt-chromlium alloys.

The experimental data colnclde closely with the lines log P~ -é
within the temperature range 1,227 to 1,297°. Discrepancles be-
tweeﬁ the calculated and the experimental values of P dild not exceed
5%. The cobalt vapor pressure within the given temperature range in

alloys enriched with chromium is lnsignificant, 1.e., of an order of

s AORES
1 10 mm Hg and the pressure of pure cobalt 1s of the order of

~97-




s s s

1+ 10 * mm Hg.

The cobalt-chromlium system (2) contains a compound CoxCra,
based on which 1s a so0lid solution with a small range of homogeneity.
At a temperature near 1297° thils compound decomposes. We therefore
restricted ourselves 1in calculating the thermodynamlic functions to
data for the range 1227 to 1277° in order to maintain uniformity
in the results.

From Eq. (2) we calculated the saturated vapor pressure of
chromium for alloys of various chromium concentrations at 1500,
1525 and 1550° K. The activity of chromlum 1s determlned by the

ratio : -

where Pp 1s the chromium vapor pressure 1n a pure state at a given
temperature;

P 1s the chromium vapor pressure over the alloy at the same
temperature.

Table 1 glves the experimental results of determining the
activity of chromium and the rounded-off values of this activity.
We have also calculated the values for the partilal free energy of
combilnation for chromium in cobalt-chromium alloys at T = 1525° K
(Fig. 3), according to the formula

AHCr=RT1na=RTln;—. (3)
[]

Flg. 2 gives experimental data which basically corresponds to
the structural diagram of a cobalt-chromlum system. The result of
calculatlon of the partial molar heat of comblnation of chromium
obtalned from the equation

O

-98-




BHec, = —4,5156 T,T, B =88,

(%)

are glven in Fig. 3. Here, the partial molar entropies of comblna-

tion are calculated from the equation

A(Ay) A Tylgay—Thlga,
———A—T—ASCr = —4.5756—-‘—7.’71\1—-

(5)

To calculate the integral quantitles we used the Duhem-Margules

equation:
Ncr — NCI‘
AHo=No, | AHcd Ng.
Ne

r
AZy = Nco S Apced

%

NCr
Neo ©

TABLE 1

P
Crnamenniio onwTabe MANHLIC RIA AKTHBNOCTE Xpoma @ = 5~
L)

- T pasra (*K) ) T pabna (*°K)

N N,
Ch 1500* 1525¢ 1550 c 1500° 1625

1550°

-0,1000 0,1125 | 0,1060 | 0,0990 0,6000 0,3725 | 0,3800
-0,2000 0,2263 | 0,2135 | 0,2019 0,6052 0,3784 | 0,3885
0,274 0,3030 | 0,2907 | 0,279 0,7000 0,4050 | 0,4150
0,3000 0,3160 | 0,3075 | 0,2980 0,8000 0,4175 | 0,4325
0,3541 0,3360 | 0,3216 | 0,3188 0,8835 0,4590 | 0,4810
0,4000 0,3300 | 0,3250 | 0,3200 0,9000 0,7188 | 0,7379
-0,5000 0,3300 | 0,3250 | 0,3200 1,0000 1,0000 | 1,0000
-0,5610 0,3201 | 0,3260 | 0,3232

0,3875
0,3987
0,4350
0,4500
0,5037

0,7563 °

1,0000

By graphic lntegration we found the 1lntegral heat values and

integral free energles of formation of cobalt-chromium alloys at a

temperature of 1525°K. The results of these calculations are glven

in Fig. 4.
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Fig. 3. Partial thermodynamic functions
of chromium in a cobalt-chromium system.
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The cobalt-chromium system in a solid state in the chromium-
rich zone produces large negative deviations of activity from the
Raoult Law, and small positive deviations in the cobalt-rich zone.
In the zone of the solid solution based on CoxCra (0.56 - 0.62 mole
fractions of chromlum) a sharp decline in activity takes place, and
the partial heat of diffusion of chromium changes 1ts sign from
negative to positive. It 1s clear from the data on the integral
heats of formation of cobalt-chromium alloys that the formation of
CozCrs 1s accompanied by heat absorption. The heat effect of the
formation of the compound C§ZCr3 1s equal to + 3,100 large cal.

The maximum loss of energy during the formation of cobalt-
chromium alloys 1s sustained by alloys containing 0.85 to 0.95 mole
fractions of chromium,l.e., by the zone of the solid solution of
cobalt in chromium. This phase is marked by greater interatomic
bond strength for Co-Cr, as can be concluded from the curves for

the heat of formation of the alloys (see Fig. 4).
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Fig. 4. Free energy and heat of alloy
formation 1n a cobalt-chromium system.
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CONCERNING THE VALUES OF ACTIVATION ENERGY
OF CERTAIN PROCESSES IN METALS

K. A.. Osipov

Research [1] shows that the values for the activation energy
of self-diffusion in solid metals obtained from experimental
measurement of the coefficients of self-diffusion conform to the

relation

AIl =ngq, (1)

where n is the number of atoms in the activated group;
q is the activation energy for one atom in a group of n atoms
in gram-atoms.

The magnitude g was obtalned from the Gibbs free-energy values
which the metal possesses at various temperatures, on the assumption
that in an activated state a certain group of atoms may be compared
to thelr state at the moment before melting or at the temperature
of fusion, when the crystal lattice loses 1ts thermodynamlc stability
and can pass into a liquild étate. Calculated 1in gram-atoms, the

magnitude g has the value

Hrg — H
qr:—Ts[ﬁ‘g‘g—s(ﬁy'?—InTS)—S”s]' (2)
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Where TS is the éemperature of fusion, °K;
Hpg 1s the heat content (ber gram-atom) of the solid metal at
the melting point;

H 1s the heat content (per gram-atom) at the standard
tZ;:erature of 298.16°K; and

S298 is the entropy (per gram-atom) at standard temperature.
The analysls of some experimental data, glven below, prompts

the author to make the assumption that activatlon-energy values for

the most dilverse phenomena lnvolving the displacement of atoms and

vacancies in solid metals (diffusion, recovery and recrystallizatilon,

‘'plastic deformation and failure, shear planes, and displacement of

dislocations), may be expressed by Eq. (1) . The activated state of

each of these phenomena 1s essentially the same; 1t corresponds to
the state where the crystal lattice loses its thermodynamic stability
and 1s able to pass into a liquid state in local structures; the
magnlitude changes little in the same metal and represents a kind of
connecting link as it were between the most diverse phenomena, show-
ing that the activation in them 1s essentially the same. The wide
range of activation energy values obtained from experimental measure-

ments of the rates of various phenomena 1s caused mainly by a

difference in the values of the quantity n, i.e., a difference in

the slze of the activated groups of atoms, and the quantity n may

vary from 1 to considerably higher values, depending on the

prhenomenon under investigation and the conditions under which 1t
occurs. In Eq. (1), the quantity nh 1s the most sensitive to changes
1n external conditilons.

Given thils approach to the varied phenomena occurring in metals,
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there 18 no need to conslder whether the question there has any-
thing in common in the mechanism of these phenomena, for example ‘

in self-diffusion and high-temperature creep, or self-diffusion and

. displacement of dislocations, etc. Instead, our efforts should be
directed toward clarification of the condltions leading to a change
in the relation (1), more specifically to a change in the number n
since the specific features of a particular phenomenon depend on 1t.

To substantiate our assumption, let us examine some theoretical
aspects and the experimental data.

According to calculation, the quantity g 1s a constituent part
of the difference AG?S in the Glbbs free-energy factor, for pressure
at a constant temperature, l.e., the quantity (gé;)T , calculated
per gram-atom, is equal to the volume of the latter and consequently
is a rather small quantity in typlcal metals, we may disregard the
variation of the Gibbs free energy factor and hence that of the
quantity g with the variation within rather large limits of the
pressure.

It is dAifficult to solve the problem of the dependence of g
on the magnitude of unlaxlal tensile or compressive stresses applied
to the specimen or on the degree of its plastic deformatlon, since
we do not know of any theoretical investigations into the varlability
of the Gibbs free-energy factor with thé above-mentioned factors.

It may be considered, however, that the quanﬁity q wlll not be sub-
ject to substantial changes in these cases elther since the structures
of the local break-up of the crystal lattice caused by the applled
stresses and varilous degrees of plastic deformation will be surrounded
by an elastic medium, interaction with which will subject them to

hydrostatic pressure.
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For fhe time being, therefore, until a more thorough analysis
is made, we will consider the quantity g as approximate to the
boundary values of the activatlon energy of diverse processes
connected with the displacement Qf atoms and vacant sites; we assume
that 1t should not vary substantially in the case of wlde varilation
in the state of the crystal lattice 1n 1ts local structures.

The proximity of the quantity g to the boundary value of the
activation energy and its low sensitlvity to changes in the state
of the lattice are confirmed by a seriles of experimental data. In
particular, it can be stated that even in a liquid state near the
melting point the activation energy of self-diffuslon has a value
which is very close to the quantity g. For example, in the case of
sodium the quantity g calculated according to Eq. (2) amounts to
2,545 cal/g-atom, while the activation energy of self-diffusion in
ligquid sodium near the melting point 1s equal to 2,580 cal/g-atom
(2). On the basis of experimental measurement of the viscosity in the
liquid state (3) the value of the activation heat of the self-
diffusion of liquid aluminum can be estimated at approximately
6,100 cal/g-atom; this value 1s near the value of q = 7186 cal/g-
atom, calculated for aluminum according to Eq. (2).

Let us also mention the very interesting fact that the values
of g calculated from Eq. (2) agree closely wilth those of the activa-
tion energy of fhe process of low-temperature recovery of electrical
conductivity, which was stuydlied in a number of pure metals when
subjected to various actions, such as irradiation wlth deuterons,
mechanical cold-hardening at low temperatures, and rapid cooling
from high to low temperatures. Thus in copper (~ 99.99%) , after

irradiation at a temperature of 180° with deuterons having an energy
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of 12 mev (4), after mechanical cold hardening at the temperﬁyure

of 1iqﬁid helium (5), and also after hardening from high to low
temperatures (6) and (7), the process of return of electrical con-

. ductivity at temperatures of 30° and higher takes place with an
activation.energy of approximately 15,688 cal/g-atom. A similar
value for the actlvation energy of return was obtained for silver
irradiated with deuterons (8). This value colncldes for all
practlcal purposes with the value q = 15.415 cal/g-atom for copper
and g = 15.9%3 cal/g-atom for silver, obtained by us from Eq. (2).
In aluminum (99.995%), rapidly cooled from a temperature of 504°, the
process of return of electrical conductivity (9) takes place with an
activation energy equal to 6921 cal/g-atom, which 1s near the value
q = 7186 cal/g-atom.

The theory of dislocation claims that a displacement of sub-
stance 18 necessary for the movement of the dislocation in a plane
perpendicular to the slip plane. It 1s assumed that this 1s effected
by a diffusion of vacancies or dislocated atoms near the nucleus
of the dilslocation. Tﬁe publication [10] contains a calculation
of the actlvatlon energy necessary for this displacement of dis-
locations, and in the case of aluminum, values of 7,844 to 9228
cal/g-atom were obtalned for varilous directions in the lattice,
which are close to the value q = 7186 cal/g-atom obtained by us.

Shepard and Dorn [11] studied experimentally the process of
generation and expansion of the slip bands in aluminum containing
1.89% 1n its solution magnesium. Creep testing under stress below
the yleld point was carriled out at temperatures of 78 and 114°K.

The authors came to the conclusion that the generation and expansion

of slip bands are related to the de-blocking of the dlslocations
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retained by the salute atoms. They considered that the basis of
this process of deblocking of the dilslocations as well as the process
of origination and expansion of the slip bands, is, some kind of

heat process with an experimentally determined actlvation energy
equal to 6000 to 6800 cal/g-atom. This value also differs little
from that of g calculated for aluminum. It is possible that the
agreement also would be close even if magnesium were absent in the
aluminum solution.

The above-mentioned data re 1n accord with our aésumption that
the quantity g may be considered to be approximate to the boundary
value of the activation energy of varlous phenomena.

By taking the quantity g for the minimum initial value of
actlvation energy corresponding to one activated atom, and using the
relation (1), 1t becomes possible'to obtaiﬂ wide variety of values
for actlvatlion energy in the experimental study of the most diverse
phenomena. .

In the case of self-diffusion in metals wlth a face-centered

cublc lattice, we have the relation AH = 3q. From thls relation,

we derive for aluminum AH = 3- 7186 = 21,558 cal/g—atom. This

theoretical value of the activatlon energy of self-diffusion in
aluminum agrees closely with the value (21,000 + 2000 cal/g-atom)
which was obtained from measurements at temperatures of 15 to 440°
by means of the magnetic resonance method (12). We do not beleilve
that this agreement 1s accidental; it rather convinces us rather
that the activation energy of self-diffusion in solid aluminum is
in effect near the value of 21,588 cal/g-atom calculated by us, as
apposed to the value 33 to 36 kcal/g-atom, generally accepted for

aluminum.
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In the case of creep, the activation energy depends on the
magnitude of the stresses applled to the sample, as becomes apparent
when the stresses are varied within wide limits. In thils connectlon,
the form of the dependence and the 1lnitial and final values of the
activation energy are of interest to the theory. The available
experimental data and the theoretical investigatlons so far carrled
out‘d; nogienable us to formulate definlte answers to all these
questions.

As regards to the initlal values of the activatlon energy of
creep, which are generally accepted as zero values of the applled
stresses and are obtained by extrapolation, most of the researchers
claim that for pure metals these values are near the values of the
activation energy of self-diffusion or even colnclde with them.

This gave rise to the belief in the similarity or even ildentity of
the mechanisms of creep and self-diffusion. 8. N. Zhurkov and
others [13%], however have obtained for a series of metals (Zn, Al,
Ni, Pt) initial values for the activation energy of creep which are
considerably higher and closer to the values of the heat of sub-
limation. ‘

In spite of the contradictary nature of these experimental data,
they can be reconciled by our own idea of the applicabllity of the
relation (1) to the most dilverse phenomena. With pure aluminum,
for example, various authors have obtalned the following initial
values for the activation energy of creep: 14.1 [14]; 27.6 [15];
32.2 [16]; 36.0 kecal/g-atom [17]. S. N. Zhurkov obtained a value
of 53.0 kcal/g—atom. The discrepancy in these results may be caused
by the fact that the degrze of purlty of the aluminum and the experil-
mental conditions differred with various researchers. In spite of
this, they can all be expressed by the relation (1) with differing
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values for n, but with close values to that of q.

As regards to the form of the functionalvdependence of the
activation energy of high-temperature creep on the tenslle stresses
applied to the test plece, 1t has been impossible so far to come
to any definite conclusion on the basls of available experlimental data.
Many experiments carried out with a number of pure metals have shown
that the activation energy of creep decreases with an Iincrease 1in
the applied stresses. But for molybdenum the dependence was found
to be completely the inverse [18]. Thus, for molybdenum (99.95% pure)
melted in the electric arc, the values of the activation energy of
creep studied at temperatures of 870 to 1095° and at constant effective
stresses varying between 10.5 and 21 kg/mm®, increase in direct
proportion to the applied stress. The 1nitial value of the actlvation
energy of creep, obtained by extrapolation with respect to the zero
stress applied, amounts to 73 kcal/g-atom and 1s conslderably lower
than the actlivation energy of self-diffusion of molybdenum (104-

120 kcal/g-atom; under a stress of 10.5 and 21 kg/mm®, the activation
energy of creep obtailned 1s equal to 78 and 89 kcal/g-atom, respect-
ively..

It is difficult at present to explain this peculiarity in the
functional dependence on stress of the activatlion energy of creep
in the case of molybdenum. Possibly this 1s a case of aging as a
result of precipitation under stress of small quantities of ad-
mixtures dissolved in the molybdenum. It 1s not out of the question,
however, that a simlilar law wlll also be established for other high-
melting metals as.well, or that it has baslc significance; the cause
may be the influence of strain-hardening in metals with high elastic

constants. We may then conclude that as an effect of the stresses
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applied the quantity n in Eq. (1) can both increase and decrease,
depending entirely on the state of the materi&l and the conditions
under which it deforms. An lncrease in the number n will indicate
that with an increase 1n stress and consequently in the deformation
rate ever larger units are drawn into the process of simultaneous
activation and that the primary activation extends to ever larger
elementary structures.

S. N. Zhukov et al. obtalned for a number of metals (Zn, A1,
Ni, Pt) and alloys the followlng empirical dependence of the activa-
tion energy of creep (and of fallure) AH on the applled stresses o:

O AH = AHy—vya
Where AHg is the initlal value of the activation energy; and
v 1s a constant coefficient [13].

It results from.this function that the activation energy of
creep (and of failure) decreases 1n direct proportion to the applied
stress and at higher stress values may equal zero.

Let us point out, however, that the dependence of the activation
energy of creep on the applied stresses, as indicated by S. N.
Zhurkov et al. was not observed in the experiments carried out by
Carreker [19], although he made a very careful investigation of
creep ln platinum under a wide variety of conditions. Carreker
made tests with annealed platinum wire (diameter 0.38 mm; purity
99.98%) in the temperature range 78 to 1550°K. Elongation was
effected under a constant tension of 0.63 to 28 kg/mm2 and a de-
formation rate of 10 ! to 107® min~!; the degree of deformation
amounted to from 0.001-0.1. At temperatures of 300 to 1200 °K
the elongation was done in an atmosphere of purified dry nitrogen
and above 1200°K, in ailr.
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Fig. 1 shows Carrekert!s data for the dependence of the activa-
tion energy of creep in platinum on the degree of deformation
(0.005 to 0.03) and on the magnltude of the stresses applied
(0.7 to 7.0 kg/mm?) at temperatures of 450 to 1550°K. It is seen
from this graph that the initial value of the activation energy
of creep may be taken as equal to 68 - 78 kcal/g-atom, which 1is
consliderably lower than that of the sublimation energy of platinum
(~ 127 kcal/g—atom); there 1s no linear dependence on stresses.
With an increase in the stress the dependence of the activation
energy on the deformation and stress decreases and tends to become
a boundary value. With a deformation of 0.1 to 0.03, at which we
were able to determine the activatlion energy with the greatest
accuracy, and under a stress of 7 kg/mmz, the value of the activa-
tion energy amounts to 25.9 to 28.6 kcal/g-atom and 1s apparently

already very close to the boundary value. Let us point out that

with platinum the quantity q which we calculated from Eq. (2) amoun-

ted to 34 kcal/g-atom, which 1s but little different from the value
- of, the activation energy of creep (25.9 to 28.6 kcal/g-atom. This
small discrepancy may indlcate that the quantity g is a slightly
decreasling function of the elongatlon stresses.

The investigation of creep in pure aluminum (99.996%) in
experiments made by Sherby, Lytton, and Dorn [20] with cyclic
variations in temperature during the process, 1s of great interest.
Studying creep in aluminum in the temperature range 77 to 880°K and
at constant tensile stress values (0.3 to 15.33 kg/mma), the re-
searchers established the followlng very important facts:

The dependence on time of creep deformation remains the same

at very low temperatures (77°K) as well as at high temperatures;
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The activation energy of creep is a complex functlon of tempera-

ture.
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Fig. 1. Activation energy for plastic
flow of platinum (99.98%) as a function
of stress at varlous degress of de-
formation: 1) 0.005; 2) 0.010; 3) 0.020
k) 0.030.

Fig. 2 shows diegramatically the dependence of the actilvation
energy of creep in aluminum on the test temperature according to

data obtalned by the authors in [20].
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Flg. 2. Activation energy of creep in pure
aluminum (99.996%) as a function of the
absolute temperature.

The graph given in Fig. 1 shows two regions corresponding to
temperature ranges of 880 - 500°K and 357 - 250°K with constant
activation energy values wqual to 35,500 and 27,500 cal/g-atom

respectively; at other temperatures, the activation energy has
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varying values.

In accordance with the established temperature-dependence of
the activation energy of creep in aluminum, the authors of [20]
came to the conclusion that in the varlous temperature ranges creep
may be due to different mechanisms, each having its own activation
energy value.

According to the idea we are elaborating, the experimental
data shown in Fig. 2 may be interpreted in a different way than
that in [20].

The fact that dependence on time of creep deformation does not

.vary qualitatively with the temperature suggests that the process

of activation of the elementary act of creep 1s in essence qualilta-
tively the same at all temperatures. Its essence, as pointed outA
above, 1is loss of thermodynamic stability by the lattice in local
structures. Accordingly, the entire graph 1n Fig. 2 may be
described by the same relation [1], in which the gquantity n is a
decreasing function of the temperature, and the quantity g a
slightly varying quantity near the limlt value of activation energy.
Let us note that when applied to the data shown in Fig. 2 the
relation (1) gives us the following values for the quantity AH: for

the plateau of the graph in the temperature range 880 - 500°K, n =
= 22500 ~ 5; and for that in the temperature range 375 - 250°K,

n =q 27 500 ~ 4. These values which proximate whole numbers for
the valug n may indicate that the same mechanism of creep operates
in the given temperature ranges, but with different number of the
actlivated units. In other temperature ranges, the values of n are

not whole numbers but fractions, which may be due to the microscopic

inhomogenelty, of the process of creep.
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We believe that 1f it were possible to establish the activa-
tion energy of creep in small local structures with a homogeneous ‘)
energy state n in the relation (1) would always be a whole number.

In our opinion, the low-temperature sectlons of the graph in
Fig. 2 can be brought up to the plateu with a constant value for

the activation energy of creep, close to the quantity g for aluminum,
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A STUDY OF DIFFUSION IN AN IRON-ALUMINUM SYSTEM
WITHIN A WIDE RANGE OF CONCENTRATIONS

S. D. Gertsriken, I. Ya. Dekhtyar, N. P. Plotnikov,

L. F. Slastnikova, and T. K. Yatsenko

A study of the processes of diffusion in alloys based on
elements of the iron group is of scientific and practical interest.
As a result of the complex interactlon of the d and S electron in
the formation of alloys based on these elements the nature of the
atomic interaction changes substantially. The sum total of the
characteristics of alloys obtalned by various methods enables us to
visualize more specifically the nature of atomlic Interaction and
its variation over a wide range of concentrations.

The alm of this work is to define the connection between the
diffusion parameters and the magnitudes characterizing the inter-

atomic bonds.

Preparation of Alloys and Specimens

Alloys of concentrations varying from 3.47 to 52.2 atom % Al
were prepared for the study of diffusion in an lron-aluminum system.
All the alloys were melted in a high-frequency vacuum furnace with an
Armco iron base contalning 0.07% C (by welght) and pure Al. The

composition of the alloys according to the data furnished by chemical
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analysis 1s given in Table 1.

TABLE 1
M cnnama
1 2 3 4 5 6 1 8 9
ATRaTAYT . R 3,47 17,95 13,51 20,6 | 23,6 | 35,5 | 42,0 | 47,3 82,2
Al gocde . - =0T 1,75 | 4,1 7,2]11,213,2 | 21,0 | 26,0 | 30,0 34.5.

Within the range between room temperature and 1200° are a one-
phase solid solution with an a lattice. The alloys were homogenized
in quartz ampules for 50 hours at 1150-1200°. Alloys with a lower
aluminum content {(up to 20.atom percent) were forged into rods and
cut into specimens. The alloys with high aluminum content did not
forge well because they were found to be brittle. Therefore the

specimens were cut directly from the 1lngots.

Method Used in the Experiment

€0 59

The radloactlve isotopes Co and Fe were used to determine
the diffusion coefflclents of cobalt and iron. The values of the
diffusion coefficlents were found by the method of removing layers
and measuring the integral activity [1], and were calculated from

the equation

T hdatga (1)

As 1s known, an essentall requirement for the applicability of this
method 1s the plating of the specimen, with a thin, radloactive

-117-




layer of the metal whose diffusion is belng studied. The thickness
of the plating must be considerably less than the depth of penetra-
tion of the diffusing element. In the given instance, all these
requlrements were met; the thickness of the plating was 0.5 - 1
micron, and the depth of diffusion 200 - 700 microns.

A radioactive layer of cobalt was applied electrolytically to

one of the flat surfaces of the specimen (approximately 1 cmz); the

plating was effected in a tank containing a solution of cobalt chloride

in water, with a current density of ~ 0.6 amp/cmZ.

Diffusion annealing of the specimens was done in an atomsphere
of argon. The test pleces were powdered with alumlnum oxide to
prevent sintering and were placed in a porcelain boat to avoid any
possible effect of differences 1n temperature wlthin the furnace.
During the annealing of the boat the test pleces used for the study
of the diffusion coefficlient of cobalt, were made into a compact
pile and wrapped in nickel foll. The temperature was measured by
a platinum and platinumrhodium thermocouple and controlled and reg-
istered by an EPD-17 recording instrument to within + 2%

After diffusion annealing for a certain time at a glven tempera-
ture, the distribution of activity in depth was measured with a B-2
unit, using a y counter. The layers were removed with abrasive
paper and the thickness of each layer was found by welghing 1t on
micro-analytical scales (Ah = 22— AP). The coefficients were usually

o]
found by averaging two values, Errors in calculating the diffusion

coefficlent sometimes reached 50%.
The x-ray method was also used for the study of mutual diffusion
in the under reference. A layer of nonradloactive 1ron with about

5 microns thick was applied electrolytically to the surface of the
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plane-parallel test plece. The iron plating, subsequent diffusion
annealing, and removal of the layers were effected in the same manner
as in the study of diffusion, using radioactive isotopes. The
distribution of concentration in the diffusion layer was determined
from varlation in the lattice parameter of the alloy. According

to data published in sclentific literature [2], and on the basis

of our own measurements, a linear dependenée of the lattlce para-
meters on the concentration of aluminum is 6n1y observed 1s solu-
tioﬁs rangling upwards of 20 gtom pércent of the latter.

The exposure was made with chromium radiation in RKD-17 chambers,
using a variation of the assumetrical method for preclsion measure-
ment of the lattlce parameter. Here, the flat test plece 1s fastened
by the Preston method, and the exposure is made asymmetrically,
which makes 1t possible to determine the effective radius of the

chamber from the picture. Calculation was made from the line (211).

Results of the EXperiments

Study of the Diffusion of Iron in Iron-Aluminum Allocys. The

diffusion of iron was investigated in alloys containing 1.7, 4, 7,
13, and 34.5% Al by welght. The results of the measurements of the
diffusion coefficlients are glven 1n Table 2. It follows from these
results that the diffusion coefficients of 1ron in an 1ron-alumlnum
system, lncrease gradually with the concentration of aluminum.

Fig. 1 shows the temperature dependence of the diffusion co-
efficients.

In many instances, the low-temperature point (900°) does not
come on the stralght line connecting the high-temperature polnts.
Possibly the influence of the grain boundaries begins to show at
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this temperature.
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Fig. 1. Temperature-dependence of
the diffusion coefficient of iron 1n
an iron-aluminum alloy.

From the data on temperature dependence given above we obtain
the followlng results for the activation energy and the pre-exponen-
tial multipliers Do in the diffusion of iron in an iron-aluminum
alloy (see Table 3).

Investigation of the Diffuslon of Cobalt in

Iron-Aluminum

Alloys. The diffusion coefficients of cobalt in
were calculated for Al content by weight of 1.7;
26; %0; 34.5%. The resulting figures are quoted

apparent dependence of the diffusion coefficient

iron-aluminum alloys
e LNl
in Table 4. No

on concentration was

found.

Fig. 2 shows the temperature dependence of the diffusion co-
efficients of cobalt. The data obtained on the activation energy
and the pre-exponential terms are given 1n Table 5.

The figures quoted in Table 5 indicate that the activation energy
of diffusion of cobalt rises with an increase in the aluminum

concentration, particularly in the zone of high concentrations.
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Value of Q and Dg for Iron Diffusion

Al, a1.% Al, Bec.% Q. KKan|r-aroM D, cM’/cen
3,47 - 1,75 59,0 3,2
7,95 4,1 60,0 4,5
13,2 7,2 52,0 0,4
20,6 ’ 11,2 63,0 32,0
23,6 13,2 62,5 27,0
52,2 34,5 66,0 60,0

TABLE 3

.

TABLE %

Value of Diffusion Coefficients of Cobalt

at Various Temperatures (in cm®/sec)

£ 3 Temnepartypa, *C

£l &

e e 1150 1100 1050 1000 975 900

| <

173,47 6,7-10-10 | 3,7.10-% | 1,7.10-10 == 5,5-10-1 -
4,2|7,95| 6,4-10-° | 2,8.10-* = = 2,7.10-1 | 1,3.10-10
7.2013,5| 6,7-10-v | 4,0.10~ = 4,0-10-10 | 4,6.10-10 x
11,2/20,6 = 8.6.10- | 4,6.10~ | 1,7.10-* | 8,5.10-0 { 1,7.10-%0
13.2|23.6| 1,8-10© | 9,5.10-* | 4,10-10-* | 1,6.10-° 2 3.7.10-10
21.0/35.5| 1,1-10-* | 5,6-10~ | 1,8.10-* | 6,8.10-1° = 1,9.10-10
26,0/ 42,0| 7,7-10- o 1,1.49- | 3,5.10710 | 2,5.10-% | 1,4.10-10
30,1/47,3| 7,4-10 |-2,4.10~* e o 1,5-10-0 | {,8.10-n
34.552.2( 1,1-10-% | 3,2.10 | 1,2.10-% | 6,0.10-10 = 4,8-10-11

Do increases continuously with an increase 1n the percentage

content of aluminum and is considerably greater than one.

Investigation of Mutual Diffusion in Iron-aluminum Alloys.

To determine the distribution 1n depth of the alumlnum concentratlon
in the specimen, a callbrating curve of the dependence of the lattice

parameter on the aluminum concentration was first obtained (Table 6

Fig. 3).
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Flg. 2. Temperature dependence of the
diffusion coefficient of cobalt.

TABLE 5

The Value of Q and Do for the Diffusion of Cobalt

in an Iron-Aluminum Alloy

Al nee.™y Al at.% Q, 1Kamr-aToM D, cmlcent

1,7 3,47 53,0 0,1

4,2 7,95 56,0 1,9 3

T2 13,5 58,5 6,8 4
11,2 20,6 60,0 22 ',
13,2 23,6 60,0 27 1
21,0 33,5 67,0° 210 3
26,0 42,0 71,0 580 l
30,1 47,3 I 79,0 6300 i
345 2.2 67,0 148

The parameter was calculated from the line (211); the correspond-
ing ¢ angle 78° for iron and 74°54t for the alloy containing 20% Al.
The 1attice'parameter 1s determined to the fourth decimal.
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TABLE 6

Variation in the lLattice Parameter

According to Aluminum Concentration

Nv ciassa ar. %, Al IapameTp pemersat, A
0 e1030 APMKO 2,8612
1 3,47 2,8689
2 7,95 2,8779
3 13,49 2,8890
4 20,6 2,9008

TABLE 7

Value of the Coefficient of Mutual Diffusion

in Iron-Aluminum Alloys

(in cm®/sec)

Temuepatypa, *C

M ciaaBa N
1200 1150 1080 980 200

2 1,9-10-¢ e 4,17-10-¢ 1,9.10-° 3,8.10-°
3 . 2,38-10-¢ - 5,7:1078 3,28.107° 4,37-10-°
4 — 1,47.107 6,07.10-8" 3,38.10-° —

A variation in the aluminum content by 1% corresponds to a
variation in the lattice parameter by 0.0018 R, from which it was
posslble to determine the variation 1n the alumlinum concentration as
0.3 atom percent. Mutual diffusion was 1nvestigated in alloys Nos.
2, 3 and 4, in which there was a linear dependence of the lattice
parameter on composition (Fig. 2). The diffusion annealing was

carried out at temperatures of 900, 980, 1080, 1150, and 1200°.
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‘( ~ 5 mlcrons) the dependence of 1n c on'X2 at distances of 20

The diffusion coefficdients D at various temperatures were calculated
by plotting the dependence of the logarithm of 1ron concentration in
the layer on the square of its depth from the equation

.l 1
e

Where £ is the time of annealing; and
a l1s the angle of slope of the curve.
The depth of the layer was reckoned from the surface coated

with iron. Due to the consliderable thickness of the lron coating

microns differed greatly from the linear dependence and was only
approximately llnear at greater depths. The diffusion coefficients
D established by us are therefore of the nature of an estimate., All
diffusion coefficients calculated are given in Table 7.

The relatively elevated values of the diffusion coefficlents
at 900° shogld perhaps be attributed to the.presence of boundary
diffusion at that temperature. It is noteworthy that there is a
tendency towards an lncrease in the diffusion coefficient with an
increase in the percentage content of aluminum. This prevented us
from estimating the activation energy from the temperature rate of
the diffusion coefficient with a sufflcient degree of accuracy. The
activation energy was evaluated by the following means. Fig. 4
shows the concentration distribution in depth of the components in
the alloy at two different temperatures: T; and Tp. For a known

concentration C; we may write:

2
Z1

b~ R T=T:
=

InC,=4— 3 npn T=T'-

InC,=A—
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from which

z Dat
:c; = D:‘i ' . (2)
2
substituting
E ~-E
D1=Doe RT, . D2=D°€ RTa ’
results in
E (1 1
D, (=2 ..
Dr=e" " ) (3)

From the Egs. (2) and (3) we obtaln

Q
e

e (%)

-~ | e
)

»Hw

Equality (4) 1s used to compute the activation energy of
diffusion Q at a glven concentration C;. Hence, 1t also possible
in this way to find the concentration-dependence of the actlvation
energy.of diffusion. We evaluated Q in this way for an alloy
containing 7.95% Al (Table 8). The corresponding conéentration
curves are given in Fig. 4. We could not make a simllar evaluation

in other instances. ok
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Fig. 4. Distribution of the concentration
of components in depth at two different
temperatures in an lron-aluminum alloy.

1) Ty = 1000°, t, — 484° ¢; 2) Tz = 1100°,
ta 48uoc.

TABLE 8

Value of Q 1n Iron-Aluminum Alloys

Al, ar. % Q. KRraxjr-ar

~3 O
-~
o

A comparison of the results obtained in the study of mutual
diffusion in lron-aluminum alloys with the phenomenon of self-
diffusion of irbn in the said alloys enables us to conclude that 1n
the first 1nstance both the diffusion coefficients and the activa-
tion energy have somewhat higher values.

The dependence of the actlvation energy of diffusion on the
alumlinum concentration can be understood if we proceed from the

ldea that thls energy 1s connected with the interaction of the atoms
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and that this interaction may be characterized by the "f111" factor
of the electronic d-states [4]:
725 (5)
Where dq is the number of d-vacancies pef atom of alloy in the gas-
eous state;

m = dsol the number of d-vacancles per atom of alloy in the solid
state.

The latter number may be obtalned by measuring the magnetic
moment per atom of alloy [5], and do is known from spectroscopilc

data and is equal to 4 for iron. Table 9 gives the "f111l" factors

calculated 1n this way.

TABLE 9
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It is clear from Table 9 that in a zone ranging up to about
25 atom'%, the magnitude g varies little but rises sharply with a
further increase in 1ts content. Fig. 5 exhibits a similar pattern
for the dependence of the activation energy of cobalt diffusion in

the alloys under consideration on the aluminum concentration. Up

to 25 atom % Al we observe a slight increase in the activation energy
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but it increases appreciably in higher concentrations. As regards
to the diffusion of iron, the activation energy was found to vary
little in the zone of aluminum concentrations up to 25 atom % Just
as in the case of cobalt diffusion.

It 1s important to note that for an aluminum concentration
near the limit of solubllity in the a phase the activation energy

of cobalt diffusion decreases sharply. If we conslder an alloy

containing 52.2 atom % (with up to 0.07% carbon 1n the charge iron)
as the saturation limlt, then the decline in the activation energy
of the diffusion of cobalt with respect to the quantity Q, obtailned
by extrapolatlon of the curve of the dependence Q@ = £ up to AQ ~ 90~
- 67 = 23 kcal/mole. This considerable decrease in the activation
energy could be explained by the presence of a higher concentration
of vacanciles, appaﬁéntly structural in origin, in the alloy contain-
ing 52 atom %. If this assumption is right, then the diffusion |
coefficient in the saild alloy, Jjust as in the case of the correspond-
ing cobalt-aluminum alloys [7], 1s determined in effect merely by
the diffusion rate of the vacancies. This assumption 1s to a certaln
extent 1s borne out by the fact that the coefficlient for the alloy
contalning 52 atom % 1s almost double that of the alloy containing
48 atom % Al.

However, further study, possibly by other methods wlll be
required to verify this assumption.

A comparlson of the data on the diffusion of cobalt and iron in
the alloys under investigation (see Tables 2 and 4) leads us to
conclude that the diffusion parameters of iron and cobalt are proxi-

mates.
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DETERMINATION OF THE PARAMETERS OF DIFFUSION

AND DEFORMATION IN NICKEL-CHROMIUM ALLOYS

I. Ya. Dekhtyar and V. S. Mikhalenkov

The mobiiity of atoms in a crysfal lattice is a determining
factor in the heat resistance of metals. Thils 1s explained by the
fact that atomic mobility 1s Involved in the mechanism of creep
and causes the metal to change or retain its structure.

The mobllity of atoms 1n a crystal lattice depends directly
on the character and magnitude of the forces of the interatomlc
bond, which are described by the sum total of the followlng physical
quantities:

Sublimation energy;

Melting polnt;

Activation energy of self-diffusion and diffusilon;

Characterlstic temperature;

Modulus of elasticlty, its temperature coefficient, etc.

Although 1t is impossible, in view of the structural sensitivity
of the strength characterlstics, to establlish a clearly defined
relationship between reslistance to plastic deformation, failure,
and the magnitudes describing the forces of the interatomié bonds,
we may nevertheless speak of a certain tendency toward lncreased

strength as the blnding forces in the crystal increase.

.




There are indications that the mobility of the atoms in the
lattice and over the boundaries 1s related to the problem of plastic
deformation at elevated temperatures. It 1s therefore worthwhile
to investigate the diffusion parameters of atomlc mobllity in a
crystal lattice and to find the link (if any) between the diffusion
parameters and plastic deformation, in order to clarify the connec-
tion between the mechanilsm of plastic deformation at high tempera-
tures and displacements of the atoms by diffusion and the part

played in this by defects of various kinds in the crystal structure.

Material and Methods

The alloys under investigatlon were made in a vacuum lnductlon
furnace from nickel and chromium of high purity produced electrolyti-
cally. The composition of the alloys 1s given in Table 1.

For the purpose of homogenization, were subjected to forglng
and annealing at a temperature of 1200° for 75 hours in order to

obtain a uniform structure.

TABLE 1
N conasa Cr, Bec. % l Cr, at. % || N canasa Cr, pec. % | " Cr, aT. %
1 3,83 4,51 4 14,23 15,79
2 7,88 8,79 5 20,25 22,03
3 3 6 24,99 25,11

12,02 13,3

The diffusion parameters of the alloys were investigated by
means of radiocactive isotopes. Isotope Co®° was used as a radio-

active indicator. Selection of this 1sotope was conditioned by the
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aim of the 1nvestigation, which was to determine the diffusion
parameters of the basic component of the alloy; so far, our country
has not produced any radloactive nickel isotope suiltable for the

investigation; an article [1] however, appeared recently in the

forelgn press, dealing with the study of the self-diffusion of nickel
by meéns of the radioactive isotope Ni%2,
| The data on the diffuslion of cobalt in a nickel-chromium alloy

are probably different from the true diffusion rates of the basic
components; they however, are quite sultable for describing the |
atomic interactions, particularly the concentration-dependence,
especilally since cobalt and nickel are closely related 1n thelr
physical and chemlcal properties as elements of the same perilodic
group and are absolutely soluble 1n each other.

Radlocactlve cobalt has been used many times for the investiga-~
tion of atomic mobility in nickel alloys. The diffusion coefficients
of cobalt in nickel-aluminum alloys were determined in research [2],
and the results showed that for the study of the laws of dlffusion
in these alloys 1t is advisable to use the radioactive isotope Co®°,
which 1s most suitable for thls purpose instead of the nilckel isotope.

In investlgating the diffusion parameters we used the absorptlion
method, by which the correlation of B activities of the side of the
test piece covered with the radloactive isotope 1s determined by
the equation

neDt

Tos = —
e [1— eruV'Di, (1)

0,

~

=3

Where Io & and Io.t are the B activities of the surface of the test

plece before and after annealing for time t;
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D is the diffusion coefficient of the glven component in the
alloy; (’)
i is the absorption coefficlent of the given radiation in the
alloy.
lThe use of this formula presupposes an infinitely thln layer
of radiocactive isotope on the surface of the test plece. In our
case the radioactive indicator was applied to the test plece
electrolytically and the thickness of the layer amounted to about
1 micron. A part from B rays with an energy of 0.31 Mev, the isotope
Co®° radiates v rays components with an energy of 1.17 and 1.33 mev.
The vy radiation was elimlnated by means of an aluminum<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>