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I_NT RODUCT ION:"

- The theory of dlffusmn in sohds has been the subgect of a great

deal of mvestxgatxon and satlsfactory theoret1ca1 models have been cons-
_ .tructed that adequately descrlbe the basic dlffusxon processes in many
. sunple sohds ' | |

The atomic prooess responsibl'e forrthe observed effects of diffusion
is geoe'rally accepted to'-be the»random motion whieh each atom performs
as a result of thermal agitatioo. ! In'parficular, in a solid Crysvtal,. the
1‘fnean time of Stay of an atom at any one lettice site is assumed. to be finite,,
the atom jumping from one site to the .neighboring site and then to another,
thus performing a random walk throughout the crystal. In substitutional
solid solution, the jumps are most-probably made via vacant lattice sites
"~ (vacancy diffusion) and a particular atom succeeds in rﬁaking a jump only
when a vacant site becomes adjacent"‘co it as a result of fhe movement of
the other atoms. ' - |

The features of such a ra'Ln'.dom walk which are usually ac'cessi;blc to
experiment are statistical quantities like :>-Z (t) the average net displace- -
ment and i;q' (ﬁ)the average square of the net displacement X of an
atom after a time t, measured along a g'ivenA direction, the x-axis, the

averages being taken over a very large number of identical particles. For

example, there exists a simple relatic:: between 2 {-{-) and the dif-

fusion coefficient D, namely: 1
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D= mx" ow

where ™M = number of dlsplacements suffered by the particle per unit

time.
Eqn. (l) is valid for random wall\s whlch take p1ace in chemlcc.vy komo-

oeneous systems (self- dxffusmn)

| Next we present Chandrasel har! sl method for obtammd Eqn. (1).
_Consider the 51mp1e one- dlmensmnal random walk" problem where a par-
ticle suffers dlsplacements along«a stralght line in the form of a s-erles of
steps of equal length, X , each.step being tsken in the forward or back-
ward direction with equal prebability, 1/2.. After taking N such steps at

the rate of N steps per unit time, the particle could be at any of the points:
iy =Nl o aee e, 0, - = = 5, N= Gad N

The probability W (3{ > J\"\ & 9( " that the particle be found
3 . ,

between 9{ @M& ol + b X after a time, t, is given by

) .’ . ‘ | Wrz .
| _ 1 | Eoe ___9{2[<2"n.._.._‘("")A (2)
)\P ,L X )

Chandrasékharlreduces the problem of random walk for large N to a

bouhdary value pr_oblem and obtains the following differential equation for

W&%)t) : | o

W _ M2 oW (3)
DT 2 QXE |

-
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And it can be shown by direct substitution that W('x at) as gi'éen by

Eqn. (2) is the fundamental solution to this differential Eqn. (3). One also

recognizes that Eqn. (3)_is'the standard form of the diffusion equation in

one dimension

1 2W _2'W (4)
D ot 2?

with D being equal to ‘/2 Mn¥

Phenomenological definition of the diffusion coefficient D:

In the macroscopic theory of diffusion if W' k’)(,‘t) denotes the
concentration of the diffusing atom at x and time t, then the amount cros-

sing a unit area per unit time, the flux J, is given by

3=4D(°‘;"'WW) (5)

e
where ¥ = a unit vector in the direction of the flux.
- The diffusion equation is a consequence of this relation and the continuity

equation which also relates W to J in the following maunner:

: N |
oW _ i a' . (6)
2t o

Consequently, we may describe the motion of a large number of particles

describing random walks without mutual interaction as a process of dif-

fusion with the diffusion coefficient D being equal to

D = ‘/2 Mt;{? 1)




Self-diffusion (diffusion of rad.ioactive atoms):

The following development through Eq. (18) inclusive is due to A. D.
LieClaire, Colloque Sur la diffusion a l'etat Solide 1958,

Consider a crystal in which there exists along the x-direction a con-
centration gradient of radioactive atoms éf one speciés but which is other-
wise homogeneous chemically, We wish to know the net rate of transfer
of atoms across s‘ome reference plane x 0 afising from their random
motion,

Consider an infinitesimal layer dxi atx .. At t = 0 each atom within
this layer begins its random walk, Let W(x,t) be the relative probability
that in time t an gtom will have migrated a distance X from X Since |
the medium is homogeneous chemically, mi.grations of +X and -X are
equally probable. So that the average displacement after time t of a

large number of atoms is zero.

~Foo
X ={ XWX, t)dx =0 (8)
7o 3 b
Similarly, all odd moments of W(x,t), X", X", --- etc. are zero.

However, the average squared displacement Xz is not zero énd after
time t all the radioactive tracer atoms originally within the layer d\(i
will be spread out and distributed in a Gaussian manner about y i X =0,
see Fig. 1. The area under curve Iis [ C(x i)d)(i where C(x) is the tracer
concentration at x, And the area under curve II which represents the dis-
tribution af time t of atoms originally contained within the element of area
d X‘j is [ C(xj)d'xj. The half width of each of the two curves is (X%l/z.

The shaded area.Ai represents the number of tracer atoms from y i

which are on the right hand side of x 0 after time t , and area
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DIFFUSING ATOMS.
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f\\‘, the number from X i row on the leftihand side,of %, . Because

. area A;,>ereai\é. . » there has been a net:flow of atoms ,kaero,ssh__h ‘

and in the direction of decreasing concentration. . The total net, flow.is,
obtained by sumiming the differences Ai - Aé for all pairs of regions .
like d X and 0{7[5

The total number of tracer atoms originally on the left hand side ;

of X, which will be found on the right hand side after time t is,

Ko e , I
cw) 4 | Wtydx Ldx @
=3 XK |
the ;cotal integrand represents an area such as P\;_ . S‘imilarly, the

total number of atoms'which have crossed %, from right to left, i.e.,

the sum of areas like

f \X){ w \'X:t) | .. (10)

The difference between Eqns. (9) and (10) gives the net transfer

across Ko from left to rlght If one expands C UC) into a Taylor

series about g :

C(’f) C \7‘ ) + 25 (”(“ )+ | /z (’(" )+--~(11)

and substitute Eqn. (11) in Eqns (9) and (10) then the difference between

Egns. (9) and (i0) becomes



N ) + o0 ' -

C (%) j ({w“"‘)i’()"u J w(xt)dx\d «
b X=X

oL Iz: 'X?((W\Xﬁt Vo J;( [( ( o )ob( de | G2

RETATN
' “’9'-.'. Ko

o/ . ©Q °
~o
l/ (x-olo) WK, t)dx\dx - (x t)o\x
2 37& .
A= xo_x o : '
Integrating by part twice and diViding by ‘t one obtains the average net rate
of flow, the flux, J,: |

s

om——

> 3
= 2C (X
JC XYY - —%(—‘f-fr)-*ﬁ(?r)* e

e

w————

: - 3 s
But since for self-diffusion X , =X ) X , etc., are zero,

this becomes Fick's law:

,3____& 2C -
S e T AR e

Egns. (14) and (6) will lead to the diffuéion Eqn. (4) and hence
2 ' e
=1 )
ot X |

If [‘I is the average jump frequency of an atom, the total number
of jumps after time tis N = P t . Let ?('.) denote the x component of

the jth jump of an atom then:



N z — |
2% n2e X L= EKK s

0 0 ST jony

Since the averages are taken over a large number of atom paths
the last term will be zero (positive and negative products will occur with
equal frequency). Suppose now that when an atom makes a jump it has a

choice of s directions (s = 12 for face-centered cubic metals) and let |
. 1

S
be the jump frequency in the ith direction so that P = Z;._T ﬂ , and
: o

let ’X; be the x component of the corresponding jump vector, then:

=N
:\iv/ﬂz;_n 8
Lz K

- —
Substituting for 2" into Eqn. (15) D becomes equal to

X =

\ amn -

-
Y

D = \/Z‘%'—Tn yE | (18)

For self-diffusion via the vacanncy mechanism as is the case for |
nickel, the jump frequency of an atom FW will be given by the number
of times it tries to jumpkq% (-2, r~the Debye frequency) times the p‘ro-
bability of finding a vacant lattice site P:\r next to it times the probability

of success in overcoming the energy barrier of the jump P& or

P ::"\70 P,\,-Pa (19)



whereA PN-

My

the concentration of vacancies e where

?

Wy

number of vacancies per unit volume and
- ™Mg= number of sites per unit volume and P R
-has the form P& = constant X &(E( ﬁG‘ &T) where
bC A= free energy of motion of a vacancy.
If we assume that the [. areall equal for self-diffusion in

: v “
cubic crystals, the expression for the diffusion coefficient becomes:

: < 2" v
M Zz
V% B, NJZZL—T ')l‘,_ | (20)

Because of the important role played by diffusion processes in many
solid-state phenomena such as ox.idation, the annealing of radiation damage,
creep, and rupture, and in view of the wide variety of application in which
materials are under strain, a thdrough understanding of the effects of
strain and strain rate on diffusion is hignly desirable.

It is the purpose of this paper to investigate the effect of strain and

strain rate on the coefficient of self-diffusion in single and polycrystalline

nickel.

A direct observation of Eqn. (20) is that the diffusion coefficiént is
linearly dependent on the number of vaéaﬁcies ", . Hence, any pos-
sible mechanism for the formation of excess vacancies (over the thermal
equilibrium number) will liead to the enhancement of D. |

The effect of plastic straining on self-diffusion:

Excess vacancies can be generated by the thermally activated
motion of jogged screw dislocations, the climb of edge dislocations and
other perhaps less effective mechanisms such as the superposition of

positive and negative edge dislocations on adjacent planes. Vacancies can

-
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“be conihilated bj) ad-01pmn on thc 0..11\1 boundarics, acisorption in the form
ol atm__osphe’res nborit dislocations, combmatlon \uth solutc atoms, chroc*tl x
combinatioo with cllmblnn odoc dlblocauons or addltlons to screw dislo-
catioi{s, pius condcnsatlon by hot_erogcn'eous. or homogeneous _m_xcloation
of voids, | o |

When the generation o‘fv vacancics is.siimulated by externally induccdv
cffocts sucn a.sp?"buc stra’ *nllz o, thdr.-u;z::bor of vaoancvies present might
tom;oorarri'ly excoed the equiliby iuvfo\valxto Jor tho annealed vstatc. If the oen-
hancement in the diffusion coefrlicient upon plastic s.craming is solely duc
to the incrcaso'lin t_‘nc number oi‘r'vacancics and since substitutional diffusion
“i1s known ¢ occur principelly as o resgult of exchanges between vacancics

and atorts, it iz anticinated that edMcess vacancies arising fromy exteranl

hamisy,

cifects mi "counted" by cvaluativz the number of vecuanics that

account icr theobserved enhancement in the diffusion coceiric
Seif-aiffusion may also be enhanced during plastic straiuing by

short circuiting along additional diglocations or sub-boundaries that arc

intreduced in flle structure upon plastic deformation. |

o first major question to be answorcd concernsg whether or not tha

execess vacancies, produced under plasiic siraining, are suifliciently numecerous

to provide a measurable increasce in the diffusivity. As shown in Table T some

preliminary results have already been reported by several authors whh:ﬁ, in

4

general, suggest that diffusion is enhanced during plastic straining. On tho

~

oiher hand the serious discrepancy between the data obtainced by other investigalors
cad those of Darby, Tomizuka and Balluffi require further study and clucidation.-
J

PR sccond question to be answered concerans whether or not short

PR

circuliin~ con account for the observed increase in the diffusion cocefiicient.

o ‘a

Since the eristing data, given in Table I, suggests that the most pronounced



Table I

Effccts of Plastic Straining on the Cocfficieat of Self-diffusion

Type of Strain

Ref. Deformed Diffusing Method of
No. Materials Elements Deformation Measurement  rate/hr - Ds/Du
2 Coarse grained Fe-55 Compression without Diffusion 0 to 0.36 up to 16
iron ' : lubrication at faces absorption . -
3 " " ' Compression with " - up to 20
- ‘ lubrication at faces _
Ni "Hydrogen Extension e " 1.0
5 Ag Ag-110 - Compression Autoradiography .00288 10
6 Single crystal " " Sectioning 0 to 0. 36 1
Ag technique
7 Cu bicrystals " Shear parallel to " 0.3 1
: grain boundary
8 Single crystal " ‘Torsion " 0 to 0.72 up to 100
Ag _ |
9 Fine grained Fe-59 Extension Diffusion 0 to . 0036 1
Ag Absorption - '
9 Fine grained Ag-110 Compression om 0 to .36 1
Fe ‘
10a,b - Cu-coarse " " Diffusion ab- ¢ to 36 up to 20
grained sorption and ‘ ‘
sectioning tech- 0 to 108 up to 20
, nique
11a,b Low carbon steel, Fe-59 Extension Sectioning 0 to . 0036 up to 10 —
Ni, etc. ‘ technique v
12 Ni-Mo alloys Co-60 or Compression Diffusion absorp- 9 4o . 00038 up to 10
' Fe-59 tion . '
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offects are obtained for high strain rates and lo{v temperatures, an attempt
was made to select the experimental procedures so as to obtain a most
scusitive measurélof the diffusivity. Toward this end it was decided to
use surface counting techniques to ascertain the self-diffusion of Ni(63)
as electroplated on tie 'surfaée, into high purity nickel. Ni(§3) is a low
energy, about §0, 000 volt, 6 , emitter having a half life of about &5
y_earé Since these B rays are{highly absorbed, t'né d.i-ffusivity can be
accurately measured by surface monitoring without taking recoursc to the

less accurate sectioning technique. Since polycrystalline nickel, as do

other metals, exhibits intergranular fracturing during high temperature

w

training, it was considered necessary to employ single crystals for the
purpose of studying tne effect of creep rate on the diffusion cocflicient, in
order to avoid dangers of ernnaunced difiusion resulting from surface migra-
tion along fissures. On the otner hand, single and poiycrystals wereuscd when
studying the effe’c.t of cold work (strain) on tne diffusion coclficient.

The results to be reported nere reveal that tne diftusivity is indceod

enhanced as a result of plastic straining. A preliminary discussion and some

<

tentative conclusions on possible mechanisms for the formation of vacancics

are included in this paper.

EQUIPMENT AND PREPARATION OF SPECIMINS

Sirgle crystals:

Nickel single crystals (0. 0.20% C, 0.001% S, with only traccs of Co
and other impurities) were prepared using the Bridzman technique. Nickel
was placed in high purity alundum boat contained in a mullite tube and
heated by 2 water-cooled moving coil induction furrace. Thace nickel was

neaied under a aigh vacuum to the melting point and a favorable thermal

v

{
R
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gradient was established by moving the induction coil along the axis of the
mullite tube at the rate of three inches per hour. Each crystal was ma-
chined into rectangular shaped specimens of 4 x 0.5 x 0.1 inches, polished
mechanically, then electrol;‘ytically to remove any possible effects of
machining. After polishing, the specimens were plated with radioactive
Ni (isotope Ni (63). The p'lated' layer of Ni was estimated to be about
1000 atoms thick. | |

Polycrystals, rectangular shaped:

Polycrystalline nickel specimens (4 x 0.5 x 0.1 inches were anneal-
ed at 1100°C for several hours for homogenization then slowly cooled to
| rdom temperature. The final average grain diameter was about 0.1 mm.‘
The specimens were then polishel'd and deformed in tension (using the In-
stron) to various values of strains. The specimens were then polished
electrolytic‘ally and plated with radioactive Ni using the same technique

as that for the single crystals.

EXPERIMENTAL PROCEDURE

The effect of strain on self-diffusion:

a. Nickel polycrystalline specimens deformed at room temperature for
strains ranging from 0. 31 to 0.04 were plated with radicactive nickel, then
given a series of diffusion anneals over the temperature range 675°C t'o 750°C.
b. Nickel single crystals plated with radioactive nickel were deformed |
over the temperature range 675°C to 750°C, to strains ranging from

0.33 to 0.06 then given a series of diffusion anneals over the temper.'ature
range 675°C to 750°C.

The effect of strain rate on self-diffusion:

Nickel single crystals plated with radioactive nickel were given a
series of diffusion anneals followed by dynamic diffusion anneals where

the specimens were annealed and strained simultaneously.



These anneals were carried out in a éystem consisting of a furnace ~14-
with a ten-inch long U shaped tungsten heating element mounted inside
a vacuum chamber. Two three-inch long cylindrical nichrome heating

! ;
elements were placed at each end of the main coil to compensate for

end heat losses. Each of the three ele;nents was controlled separately .
and cpnnected to a constant voltage source. The temperature of the
furnace was measured by means of four chromel-alumel thermocouges
piaced 1/2 inch apart along the mid-section of the furnace. The speci-
1:en.was held by éelf—tightening grips. Two calibfated chromel-alumel
.tlhermocouples placed 1/2 inch apart along the mid-section of the speci-
men were used to measure its temperature. The tensile machine head
~ moved at a constémt rate, thus providing almost a constant strain
rate. The system was purged several times with argon, and finally.
the test was carried out in an atmosphere of argon., |

The surface activity before and following each diffusion anneal
was measured using a windowless flow counter employing Geiger gas
(99% He plus 1% isobutane). The output of the counter was recorded
on a Tracerlab Super-scalar. The surface radioactivity was measured
at three positions in the center of the specimen after each anneal. The
areas monitored were 1/4 inch diameter circles with 3/8 inch | -~ -:
between centers. Ten samplings of 106, 000 vcounts each were made
to determine the activity at each position the counting rates being
standardized and corrected in each instance for the '"dead time"
and the '"back-ground count''. Throughout the diffusion anneals

fluctuations in the temperature of the specimen were less than + 1. 5 C.

- METHOD OF ANALYSIS'

{
The effect of strain on self-diffusion:

A series of static diffusion anneals were carried out on deformed

single and polycfysta.lline nickel specimens. Following each anneal,. the.
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furnace was cooled rapidly at about 50°C per minute, and the specimen
was withdrawn for a surface count. Upon the second anneal the specimen
was heated rapidly at about 50°C per minute to the diffusion anneal tem-

perature. The diffusivity at the end of each diffusion anneal was deter-
13 '

mined using the following relationship:

I/IOZQQJ‘LK?Z | ' '(21)

~ where

_ . 5 {'S _
¢ = K/\Lé Dotu + DoUTS (22)

I = initial surface activity at. t = o,

I = sufface activity at t = tu + ts,

D = static diffusion coefficient,

D = diffusion coefficient under conditions of plastic straining,
JCu= time of static anneal,

"ZS= time of subsequent dynamic anneal,

/ik = linear adsorption coefficient, and

= true strain in the thickness direction,

ts
Lirs ), DIKs
te>e T,

0 m
t

the steady state diffusion coefficient under counditions of plastic
straining.
The linear adsorption coefficient /Uk- was determined from the change

in surface activity with thickness of the radioactive isotope layer according

tou"
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pf

Is. = j'” € | . <,23)
/Tsz 1__ é"/bL ?<:. : _

where Is;_?the measured surface intensity per unit area for plating
thickness, and |
(\/({, = radioactive isotope layer thickness.
As given by vthe data in Table II a mean value of /-Aw =1.30+£0.1
X 10'4 cm-l was obtained and the strain in the thickness direction
was measured directly after each dynamic diffusion anneal.

For the case of static diffusion anneals 1 s = © and

€Exy = © Eqn. (22) reduces to

(24)

£ = 'P.?'k“bu

~Egn. (24) shows that f increases linearly with ’-hvx , hence a

plot of S’ Vs. ‘{', w  will yield a straight line with a slope equal to
/\AZ ’Du . The experimental values of I/Io were introduced into
Egn. (21) and the correspounding values of f were cakulated. Plots
of f Vs. t were brepared as shown in Figs..2,3,4,5&6 A straighf line
was drawn through each set of points and its slope used to. obtain a value

for . Du . Table III lists the experimental and calculated results.

The effect of strain rate on self-diffusion:

A cyclic series of static and dynamic diffusion anneals were carried
out on a number of nickel single crystals for various temperatures and strain
rates. The surface activity following each anneal was determined. The

coefficient D“ corresponding to the static anneals was determined as was



%

Table II
- Determination of Absorption Coefficient /C(

Szecimen . 1 .2 -3
Counts/sec"cm2 . 1389 1663 1980
Thickness of -~ | -5 —6‘ .;3
Ni(83) cm - 46.9x 10 . 61.2 x 10 78.9 x 10

: 3 , _ 4 -1
I, /1, | . .836 = M=1.39x10"cm
I /1, - . 848 =R M-naix10tem?
I, /1, 709 = M-1.27x10%cm?

Average fL_: 1.29 x 10% em ™!
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TABLE III -a

Experimental Values of Diffusion Coefficient for Ni Polycrystals (Prestrained). -

o (D, Poly-Crystal) (DuSingleCIyst:zD
Specimen Temp. K Strain Anneal tu thr) (Id/I)av. P av. Y em?2/hr cm? /hr
30 1023 +1.5° 0.0 | 5 0. 8154 .. 038 46 x10 12, 1
- 2 " 0. 7531 .075 44.5 x 10 _ 15 x 10
3 Ak 0. 7092 .14 47 x 10-12
31 " 0.047 1 5 0. 80917 L0400  48.x10 2 12
2 " 0. 7550 .0738 40 x 10 12 15 x 10
3 " 0. 7108 - . 01130 47 x 10 -12-
64 . 0.131 1 5 0. 8051 . 0420 50.5 x 10 12 19
‘ 2 : v 0. 7512 . 0771 42 x10-12 15 x 10
3 " 0.7082 . 115 - 57.7x10 "12
33 " 0.251 - 1 5 0.8049  .042 50.5 x 10 12 ‘ 19
| 2 " 0. 7464 . 081 47 x 10 -12 15 x 10
3 " 0. 7051 il 36 x 10 -12
34 " 0,349 1 5 0. 8001 . 0450 54 x 10 12 1
2 " 0. 7430 . 0825 45 x 10 -12 15 x 10
3 " 0. 7035 .1225 48 x 10 -12




TABLYE III-a continued

o _ ) ' ' » : (DuPoly-crystal) : (DySingle-crystal)* ,
Specimen Temp. K Strain Amncal t, (hr) (IO/I)av: P av. " cm /br y em /hr
40 973 + 1.5 0.0 1 8 0. 8464 0.024  1sxl0 72
2 - " 0,7802 0.057 ~ - 25x10712 . g0 T
3 " 0.7465 0.08L = 18x10 12 B
11 S ©0.055 1 8 0. 8356 0.028 - a21x10712 o .12
. 2 " 0. 7852 0.053 - 18.8x10°12 - " i71x10
3 " 0. 7402 0.085 c2axioi2en
22 oo 0.151 1 8 0.8454  0.0249  18.7x10-12 . 12
: 2 " 0.7834 ©0.055 22.5x10-712 7 x10
3 ' 0.7470 0.081  19.5x10712. - :
23 " 1 0.249 1 '8 0. 8410 0,026 . 19.5x10712 .
2 " 0. 17902 0.050 . 18x10712 . 7x10
3 " 0. 7530 0.074-  18x10 “12 - :
24 L 0. 360 1 8§  0.83  0.028  23x10-12 " iy
| 2 : 0.772  0.062 25.5x10 712 - 7xi0°
3 " 0.735 0.090  23x1o0 -2 - -

-ve-

% Undeformed



TABLE LiFa continued

o ~ : ' "~ (DyPoly-crystal) (DuSith.e—dystAl) ;
Specimen Temp. K Strain Anneal  t, (hr) (IO/I)av. pPav. : ‘cm.z /hr ' cm? /hr '
20 948 + 1.5 0.00 1 T 0.8760 ~  0.0150  13x10 12 LT,
T | 2 " 0.8332 0.0291 12 x10 "2 3.5 x 10
3 6 0.8050 . 0.0422 - 13x10 12 ,
4 " 0.049 1 7 0.8832  0.0130  11x 10 -2 - s
| 2 " 0.8410 ' . 0,0266  11.7x10 12 3.5x10
3 6 0.816 .~ 0.0396 13x10 12
12 " ' 0.142 1 7 0.8773 ~  0.0145 . 12.4x10 ~12 R
2 " 0.8210 . 0.0351-  17.7x 10 "12 3.5 x10 12
3 6 0.8022 0.0435 8.4 x10 12 -
13 " 0.230 1 7 0.8713 - 0.0166 = -14.24 x 10712 o e
- ' 2 " 0. 8220 1 0.034 15 x 10 ~12 - 3.5x10 7
3 6 0. 792 -0.049  15.x10 "12 = |
14 " 0.306 1 7 0. 8683 0.0170 14.7x 10 -12 12
2 " 0. 8250 0.0325 13.2 x 10 -12 3.5x10 "
3 0.7972 - 0.0465 14 x 10 -12

-2~



TABLE III - b

Values of Diffusion Coefficient for Prestrained Nickel Single Crystals from Experimental Data

Temp. K Prestrain Aunneal tu (hr) (Io/I)_alir. P av. (D"1 crn.2 -/ hr) év.
1023 0.000 1 5 0.905  .0082 o
1023 0.000 2 6 0,865 .0180 ~  10x107'2

1023 0.000 3 4 0.843  .0255 -

1023 0,067 1 5 - 0,815  ,0065 . B
1023 . 0,067 2 5  0.866 .0180° - 12x1071%
1023 0,067 3 4 0,833 .0205 -

11023 0.140 o 8 0.904 0084
| | ” 12

1023 0.140° 2 T 0;854: .9197d_ §f S ouxl1o”
1023 o0 3 5 0,822 0340 -

1023 0.300 1 7 0.8840 .01275 o
12

1023 0.300 2 5 0.8421 .0260 . 13x10

1023 0. 300 3 4 0.820 .0345

-9z~



TABLE 111 - b ( Continucd)

(Du cmzlhr) av.

Temp., K Prestrain Anncal  t_ (hr) ' (IO/I) av. P av.

1948 0. 000 ] 6 0.946  .0025 o .
948 0. 000 2 6 0.913  .0070 3.0x102
948 0. 000 3 6 0.897 . - .0100 |
9438 0.1325 1 8 0.931 - .0043 :

948 0.1325 2 6 0.907  .0080 C3.5x1012
948 0.1325 3 4 0.893 0105
948 0.243 | 1 5 0.925 . .0050 |
948 0.243 2 5 0.910  .0075 3.6 x 10712
948 0.243 3 5 0.892 . 0110 |
948 0.3760 1 4 0.945 . 0025 | R
948 0. 3760 2 5 0.928  .0045 3.1x 10732
0. 3760 3 7 0,904 . .0095

948

-)7-
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Table III =¢.

Summary of Table Illa
i ; . ) /

) : . o, - . D - D .
~ . apdaia] s Wy
'l;emvp N T /-TM'. o (polyc.rzystalsgv. } (single crystals)
K - . . cm /har : cm” /ar
1023 + 1.5 o.s91  47x10712 15 x 1072
S e | ' -12 -12
973 +1.5 0.563 20.7x 10 8x10 ™™
48 + 1.5  0.548 13.2 x 10712 5.5x 10712
Du(single crystals) = 1. 9 Exp (- ——E-S-%TEQQ-—— ) szlsec.

/ ' : - : 2
'Du (polycrystals) = 1.1 x 190 7 Exp (— —-3—}—2{713—9-9——— ) Cm”/sec..

* T,, = melting point of nickel, 1728°K.
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TABLE 1II-4 |
- (15).

Diffusion Coefficient in Silver after Hoffman and Turubull _
D (single crystal) _ D (Iine—zgrained) ' Du {coarse—grain)
Y em?/sec ' cm*? [sec - cm?/sec

0.627 :éT/Tm—é(). 951

0.809 LT/T,K0.992

T/T_ 0. 789

0. 627 LT/T_ <0.789

Du = . 895 Exp(-45, 950 /RT)

D, = . 895 Exp(-45, 950 /R 1)

D, = .£95 Exp(-45, 950 /RT)
/ -5 - stk
D, = 2.3 x 1077 Exp(-26, 400/RT)

* T, =melling point of silver, 1233. 57K -

i

# D /D =2to6

-62_



diséussed in previous scction, Howevef, Dé was determined by in-
torducing the v,aiues of IO/I obtained for the dynamic anneals into
Eqn. (21) and calculating the corfesponding P values. The values of
P were then intréduced into Eqn. (22) and the corresponding values of
DS were obtained directlyv. Plots of P vs., t are shown in Figs.. 7,8,9,
and 10. Table IV_lists the experimental and calculated results.

Sources of error:

S'e\./era.l soﬁréés c->f_:.svc'attér a.nvd- e_rfoﬂr' are inherent in the tech-
niques that were employed. 'Babck '.re.ﬂe'ct‘ion Laﬁe radiograms rAevealed
_ that each‘specimen was Jsomewhat differehtly oriented and é#hibitea |
differences in sub-structure. Perhaps sbme of the scatter in
is attributable to these factors. The adoption of a séries of anneals
with the initial»heating, cooling and reheating cycles may have resulted
in introducing some errors. Estimates using the experimentally ob-
tained diffusivities, hoWevér, suggest that practically no error was
introduced from this source. Undoubtedly, the greatest source of
error arises from a possible error in the value of /b\ used in this
investigation. On the other hand it is difficult to visualize that this
factor can introduce more than about a. uniform 16%‘ error in the calcu-
lated diffusivities. " The correlation betweén DU_ obtained in this investi-
gation and the values previously obtained by other investigators, as
shown in Fig. 1ll, is rather good and attest to the nominal validity of

the procedures employed.

Resulis

I. Prestrained Single and Polycrystals Results.

FFor purposes of discussion the values of the diffusion coefficicnt,
in prestrained and in undeformed single and polycrystalline nickel

specimens, over the temperature range of 675 C to 750 C and for total
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Values of Diffusivity Calculated from Experimental Data’

TABLEI V-b

continued on next page

. , ] -1 2 %*
Specimen ngxp. Anneal tu(hr) ts(hr) I/Io(av.) P Ezz _’E“ \Q'Hhr Dscm /hr.
1 1021 + 1.5 1 5 0 . 952 .002 0 0 .01 .97 x 10711
e 2 5 0 . 898 .010 0 0 no "o
n 3 5 0 . 865 ..018 0 0 n T
" 4 1/4 51/2 .788 .051. .0671 =-.0307 " 3.3 x 1077,
n 5 1/4 41/2 .129 .005 .1185 -.0543 " 4.9x 1007
u 6 1/4 31/2 .707 .115 .1349 -.0618 " 4,7x 10
2 " 1 4 0 . 913 . 007 0 0 .0085 1.46 x 10711
n 2 4 0 . 870 .017 0 0 " "
" 3 6 0 . 827 .032 0 0 " " 11
" 4 i 4 .773 .059 .0459 -.035 " 4x107"
n 5 1/4 7 .708 .115 ,0882 -.072 n 5.1x 10
3 "o 1 41/2 0 . 923 . 005 0 0 .0464 2.15x 10:3
' n 2 5 0 . 861 .019 0 0 " 2.14x 10"
" 3 5 ) . 824 .033 . 0 0 " AT
" 4 1/2 21/2 .725 .098 .1157 -.0912 " 15.8 x 10_;7
" 5 1/2 1/2 L1713 .110 . 1324 -.104 i 16.2 x 10

-“BGg-



Valucs of Diffusivity Calculated from Experimental Data

TABLE IV - b (Continued)

Specimen Tinp. Anneal tu(hr) ts(hr) I/Io(av;) p Ezz Exx : th ' Dscm2 /hr*

6 973 1 7 0 0. 960 .00135 O 0 R 6.0x10 12
" 2 7 0 0. 910 .0073 0 0 "
" 3 3.5 0 0.898 . 0096 0 o
" 4 0 2 0. 850 .0227 . .07 -.05 .0283 37x 10712
" 5 0 2 0.797  .0460 .113 ~-.09 o 50x 10712
" 6 0 2 0.770  .0615 .170 -.12 " 58x 10712

7 " 1 7 0 0.956 .0017 O 0 0 6.5 x 10712

" 2 1 0 0.906  .0080 O 0 0 ' "

" 3 7 0 0.879 .0140 0 O 0 "
. 4 0 4 0.769 .0635 0.22 -.16  .053 115 x 10712
" 5 0 2 0.742  .0830 0,305 -.21 " 108 x 10717

*D, =D, for E__ =0

2

-qG¢-



‘TABLE IV-HContinued

Specimen Tgmp. Aunncal tu(hr) ts(hr) I/Io(av. ) f Ezz qu XIIhr 1_ Dscmzlhr %
K : '
4 948 + 1.5 1 5 0 . 960 ,001 0 0 005 3.5x 10 12
m 2 "5 0 . 930 . 004 0 0 " "
" 3 6 0 . 905 . 008 o - o " UL
" 4 1/4 1/2 . 865 .017 .816  -.054 " 38.6 x 107,
" 5 1/4 3 .1170 .062 .264 -.176 " 105x 10775
" 6 1/4 11/4 .755 .073  .319 -.213 " 107 x 10
5 n 1 5 0 . 942 .003 0 0 .0266 3.55x 10”12
" 2 5 0 . 920 .006 0 0 " . A
" 3 51/2 0 . 890 .009 0 0 " T
o 4 1/4 2.55 .846 .024 .066 -.062. on 42.7 x 10_75
" 5 1/4 2 .813 .039 .102 -.095 - " 50.1x 105
" 6 1/4 2 1/4 1787 .048 .163 -.152 " 49.3 x 10
* : -
D= D, for €Cax=0

oG¢-



TABLEIV - b

Values of Diffusion Coefficient for Single Crystals given Cyclic Static-Dynamic Diffusion Anneals

Specimen

1

Temp,

1023
1023
1023
1023
1023

1023

1023

1023
1023

1023

K

Anneal

B W N

tu(hr)

ts(hr)

0

O » O O

o

I, /1) av,

0. 845
0.795
0. 672
0.642

0.618

0.879
0,842
0,787
0.765

0,730

P av.

0.0245
0,0474
0.1600
0.200

0.244

0.014
0.026
0.053
0.065

0.094

0.

0.
0.1035
0.

0.1035

0.

0,

0.02

Oo

0.021 -

0.
00
0.08

0,08

- 0.193

D cm2 /hr

23 x 10712

23 x 10712

568 x 1012

28 x 10712

577 x 10712

14 x 10712

=12

54 x 10

16,2 x 10712

58 x 1012

-9{—
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strains of 0. 32 to 0. 00, ére given in tables III a and III b correspond~
ingly. These data although somewhat scattered, clearly réveal that:
the diffusivity in single and polycrystalline specimens is independent |
of their mechanical history (strain, strain rate, etc.) However, it
'is clear that the diffusion coefficient in a fine—grained crystal, D; ,
is larger than that of'the single crystal, Du , at the same temperature
provided that the ratio 'I‘/’]."-m < 0.60 holds, where T is the ameal-
ing temperature and Tm the melting point, °K .

Table (IIlc) shows that the apparent self;diffusion coefficient,
D/u , 1s larger than Du , by a factor of 2 to 4 and is represented by
the equation:

Dy = I.I (IO)"'7 exp (-32,300/RT ) Cml-Sec—t (25)

The ratio D;/Dubeing larger for the lower temperatures. These
results are in qualitative agreement with those of Hoffman and
'I‘urnbull15 as shown in table I'II d.

Whether or not the apparent coefficient, 15u , differs from the
lattice diffusion coefficient, Du , depends on the ratio of the absolut"e
grain-boundary diffusion coefficient, ng , to the lattice diffusion
coefficient ZODU . Turunbull has shown that D/u will not differ from Du
appreciably unless ng/Du > N where N is a number larger than unity
and ‘is a function of the grain size. In view of the widely accepted fact ‘
that the activation energy for grain boundary diffusion is less than that
for volume diffusion, it becomes self-evident that ng/Du and hence
D;/Du mﬁst increase with decreasing temperature. This observation
is inqualitative harmony with the results listed in table III C.

The D,u values presented in table III C are not the absolute

grain boundary diffusion coefficients. (It is commonly accepted tha:
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7 - ' .
) And it is not clear whether or not the activation energy,

D“b/DuN 10
21

o
32, 300 Cal/mole is that of grain-boundary self diffusion. Fisher

has
analyzed the probiefn of grréin bbundary diffusion making use of pene-~
tration curves. Ho'wever," since our data Was obtained by a surface
counting technique, it was not possible to use Fisher's analysis,

~ without the aid of arbitrary assumptions, to calculate the absolute

values of D b and the corresponding grain-boundary activation energy.

1L Ilmémically Aunnealed Single Crystals.resulté and the effect of

strain rate on the diffusion coefficient.

For purposes of discussion, values of Bs /Du t‘hatt were 6btained
in this and earlier (authors master thesis;, University of Califorunia,
1961) investigations are presented in table V as a function of tempera-
ture and strain rate. Also the calculated values of——‘.E—(DS- Du) and
(BS- Du) are plotted as a function of time and strain rate, figures i2a
and 13 respectively.

The results presented in table V, Figs. 12a and 13 are in quali-
tative agreement with the results of several other investigators as -
shown in tableI and Figs. 14 and 15.

The diffusion coefficient of the dynamically annealed crystals
D_ increases with time up to a steady state value Ds (see Fig. 12b)
which is almost linearly dependent on the strain rate at a constant
temperature.

These data can be summarized as follows:

1021 K (26)

Ds =1+ 230 at T
u
973 K (27)

1+392 at T
1+ 510 at T = 948 K (28)

L]



TABLE V.

Steady State Values of Dy/D,

Temp,OK : * Strain Rate hr-l‘
1021 - ©°0.1035

no 0. 0464

" 0.0210

" 0.0100

973 0.0530

" 0.0283

048 0.0550

" 0

0266

22

12

30

14
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DISCUSSION
In view of the present incomplete theoretical understanding of
all pertinent details and in view of the limited data currently available,

a definitive analysis of the enhanced diffusivity that is obtained under

conditions of plastic straining will not be attempted here. Nevertheless,

it may be worthwhile to set down some tentative ideas on this subject.

Several different factors might contribute to the enhancement
of the diffusivity under plastic straining. For example, (1) increase
in the int'erstitial diffusivity, (2) increase in the vacancy diffusivity,
and (3) short circuiting along 'disiocations.

I. Interstitial diffusion:

Excess interstitials may be formed during plastic deformation
aé a result of motion of interstitial forming jogs which would lead to
an increase in the interstitialcy diffusivity. However, Hirsh22 has
stated that interstitial forming jogs can migrate counservatively to
nodal points so that little if any enhanced diffusivity is to be expected
from the interstitialcy mechanism. Furthermore, some evidence
from data on the production of point defects at lower temperatures
indicates that mostly vacancies are introduced rather than intersti-
tials .23 This latter observation is consistent with energy considera-
tions since the energy to form an interstitial is greater than the
energy to form a vacancy.

II. Vacancy diffusion:

For a system undergoing diffusion via the vacancy mechanisrrn1

the diffusion coefficient is given by:
= )
Du Dv\{\/ n, (29)
where Du= the self-diffusion coefficient in unstrained lattice,

Dv= the diffusivity of a vacancy

- [‘_6;
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{V= the atomic volume and

n,* the equilibrium number of vacancies

Hence the introduction of excess vacancies upon plastic straining

leads to an enhanced diffusivity DS,
R D, V'V, +n) (30)

Where

n. = the average excess number of vacancies.

- Two different mechanisms can coﬁtribute to the formations of
vacl:anc.ies during creep. ‘f‘irst , the motion of vacancy producing jogs
and second, the .climb of edge dislocations (see appendix II). Undoubt-
edly, the deformation and hence the formationl 6f vacancies is control-
led by both the glide of jogged screw dislocétions and the climb of
edge ‘dislocations. The resulting creep rate when both mechanisms

are operating simultaneously may be written as the same of two terms:

Etotal = Ej + Ec : (31)

where

= the creep rate due to the motion of vacancy producing jogs,

E.
EC = the creep rate due to the climb of edge dislocations.

. If we assume that the rate of disappearance of excess vacancies
(at dislocations) for unit volume be proportional to their concentration,
then the steady state net excess number of vacancies n produced

during straining is related to the strain rate as follows (see appendix

II for detailed derivation):

ﬁx = ]:,Z/Z,Dv (hA'EC/LI b3 + p 23/13 b2 ) (32)
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When Eqns. ( 30 and 32) are combined, one finally obtains the follow-

ing expression for the steady state diffusivity in a Icrystal undergoing
plastic straining: _ "
WSk (1) T 2 s T 6- /i &
L, Bb6 AT pds (’C 75 /P;T |

S N

m

(33)°

D.=Du+
D, = D

The abov:equation shows that the enhanced diffusion coefficient,
Bs‘ is linearly dependent on the strain rate. Although this observation
“is in qualitative agreement with the experimental data presented in
F1g 12, we shall attempt next to show that it does not seem possible for
the motion of jogged svcrews or ciimbing edgé dislocations to produce
the number of vacancies that is required to account for the observed
enhancement in the self-diffusivity. -

A maximum steady state enhanc.ement of about thirty times
was observed at the temperaturé 948K and for a strain rate of 0.055

hr-l. Equation (30) which is repeated here may be used to estimate

the steady state vacancy concentration that would account for this

enhancement.
| b = Dqﬂ(r%*"/"‘)
_ oF(e M« ) ' (For FCC metals ) (30-a)
= 7 Uk s :
Where
v = the vacancy jump frequency
a = the lattice constant
n = the number of atomic sites per unit volume.
Assur_ning that excess vacancies are produced at a uniform rate,
dn* N | o (39)

@ T F
Where N = the number of vacancies produced in time t. And that

excess vacancies disappear at a rate proportional to their concentration,

dn- - nx = nxv (35)
daa ~t @ W

Where

W = the vacancy life time number of jumps
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Setting I " g & steady state one obtains

- N |
an TW - (36)

Combiriing Eqns. (30a and 36) we obtain the following expression for N W

= 12tn_ _ '
(DS-Du)'—a-‘Ts—NW | (37

For the conditions of our maximum enhancement ( DS- = 30 Du, T = 948 K,
ty = 4.5 hours, and E = 26% ) one obtains the following value for N W.
NW= 2x 1029 vacancy jufnps

At the present no esﬁmats on the value of W for nickel at high
tempe.ratures has been reported in he literature. However, annealing
sutdies. of quenched-in vacancies near room temperatur¢24 indicates
that the life-time number of jumps ié 1010 or less. Since the dislocations
density, which acts as vacancy sinks, increases with deformation a value
of W = 109 should be a conservative upper limit at the conditioﬁs of our
experiments. Corresponding to this value of W, N attains the value,
N = 8x 1018 vacancies per cm3 per 1% strain. This number is about 7.
orders of magnitude higher than the equilibrium number for the same
- temperature. On the basis of current understanding of thé motion of
jogged screws and the climb of edge dislocatioris25 it is highly unlikely
thét moving dislocations can generate and maintain the steady state conc'en—

tration of 8 x 1018 vacancies per cm3 per 1% strain.

III. Short Circuiting: |

The previous discﬁssioﬁ on the effect of vacancies and interstitiais
formation d.uring plastic deformation leads toAthe conclusion that the
major factor responsible for the enhancement of the diffusivity upon
plastic straining appears to arise from short circuiting along dislocations.

The possibility of diffusion short circuiting along grain
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boundaries and dislocations has been the subject of investigation by
several authors (15, 21, 26, 27 ). These investigations lead to the
conclusions that (1) the diffusivity along grain boundaries is several
orders of magnitude higher than the lattice diffusivity and the activav-'
tion energy for.grain boundary diffusion is about 0.45 the activation
energy for lattice diffusion. Second, the edge~-type dislocation-pipe
diffusivity is at least as large as that of grain boundary diffusion and
possibly even larger than the latter.

In view of the fact that no enhanced diffusion was observed in
either of the cold worked single or polycrystals, yet a large enhance-
ment was obtained for the dynamicaily diffgsed single crystals, it would
be reasonable to assume that the enhancement is associated with movin‘g
dislocations. This is indeed to be expected since the concentration of
vacancies along moving dislocations may temporarily exceed the equili-
brium concenfra‘tion, the vacancies concentration per unit volume remain-
| ing almost constant, thus leading to a rap'id short circuiting along the
moving dislocations. Hence the density of moving dislocations has a
great effect on the diffusion coefficient.

The effective diffusion coefficient, Deff' under conditions of plastic
straining will be the sum of the fraction' of diffusion that takes place along

the moving dislocations plus the fraction of diffusion that occurs in the lattice;

D = Dpf + Du (1 - 1) | (38)

eff

Where

f = the fraction of diffusion along the moving dislocations
Du = the lattice diffusion coefficient

D_ = the diffusion coefficient along moving dislocations.
Table VI gives an estimate of the enhanced diffusivity Ds/Du due to short
circuiting along dislocation pipes using Eqn. 38 and values of f as calculated

in appendix III.
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Estimates of enhanced diffusion, Ds/Du (based on Edn. 43} expected. :

for different dislocation densities, p.

Nickel
: DS/Du
Temp. p = 106 lO'7 _ 108 109
750 ] 10 100 1,000
700 2.4 24 240 2. 400
675 4.3 43 430 4, 300
Silver
Q C
Termo p =10° 107 10° 109 1040
1,000 5 x 107 5%107°  3x10% sx107t s
- - =1 .
500 1.35x10°°  1.35x10°2 1.35x10°% 1.35 13,5
200 4x10°° 4%107% 4x10t 4 40
760 1.63x107%  1.63x10° 1. 63 16. 3 163
-9 : -
600 9.9 x 1072 9.9 x 10 9.9 99 990
500 8 x 10+ 8 80 800
400 13 1300

130
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Hart, estimated that f is equal to the fraction of atoms that

are in dislocations, Thus, f is linearly dependent on the density of
moving dislocations ( see appendix III ), |

f=K P 4 (39)
where | -

" P = the density of moving dislocations

K1= a constant
The pipe diffusivity Dp is linearly dependent on the number of

vacancies in the pipe. And we shall assume that the number of

vacancies along the moving dislocations slightly exceeds the equili-

~-51"

brium number that exists in the bulk of the material and is proportional

N

to the velocity of jogs on the dislocations and hence to the dislocations

velocity itself. Thus one can write for Dp

. 2y.-OH_/RT
Dp =K, bVe p (40)
‘where
~\U" = the dislocations velocity cm/sec
AHp = the activation energy for pipe diffusion

b = the Burgers vector cm, and

K a numerical constant

_ 2
Combining Eqns. (38, 39 and 40) and taking (1 - f}), one obtains the

following expression for Deff

_ -AH /| RT
D s~ K, KIPb’V'e p “+ D, (41)

For high temperature creep, one can write for the creep rate

E = Pbror | (42)



...52«

Where
P,  b andVare as before.

Combining Eqns; (41) and (42) we obtain the final expression for Deff

Dy - D = Ke "T- € ‘
Where -

| | K.=K1 K2-”‘
A plot of (D g0 - Du ) }_ Vs. 'I.‘e'mperature. is sho‘wh i.n:F_‘“ig. 16.

Eqn. (43) s’hoWs ;Eha.t‘”for a constant températur’e thevobserved |
diffusion coefficient under cond_itio'n.s of plastic straining iﬁcréases
linearly with the strain rate, a fact that is in excellent agreemeﬁt with
our experimental data and those of Lee and Maddin, Girifalco and
Grimes, etc. |

-Eqn. (43) when used in conjunction with the data presénted in

Figs. ( 13. 14 ) gives the following values for AHp,
28, 000 Cal /nole

Nickel (this investigation) - AHp =
= 0.42 AHSd
Silver (Lee and Maddin)® AH, = 20,000 Cal/nole
= 0.405 AHSd
Where
A Hsd = the activation energy for self diffusion

These values are in excellent agreement (within the experimental

error of our experiment) with those oblained by other investigators

by different techniques, e. g.,

Ag (Hoffman and Turnbull)ls AHp = 00,4084 Hs d
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Fe ( Bokstein et al ) Alp = 0.470 Mg
Tﬁe-transxgntcﬁature of the curves shown in Figs. ¢ 12;,12u)
is; in harm osy with the fact that upon the onset of deformation substruc—
ture is formed and the den51ty and velocity of moving dislocauions
cha nbes contlnuously until the equilibrlum substructure is reachea
whereupon the dislocation density becomes constsnt and the diffusion
coeflicient reaches its steady state value.. If>is.to bs noted fhat the
stesdy sfate substructure and hence the steady state number of wmoving
dislocations and their velsciﬁies is s function of;temperature and stress
and hence a function:of strain rate.2?
Remarks
The model for shert cifcuiﬁiﬁg along moVing dislocations
cescribed in this section which lead tQ Eqn. (43), explains satisfactorily
<he dependence of the observed diffusion coefficient in our experiments
on temperature and straln race.
"For the enhancement obteined in our experiments this model
requires that the‘vacancies concentration in the irmediate neighborhood
ol the dislocations n, be less or equal one and a halfl times the

ecuilivriun concentration -



 SUMMARY AND CONCLUSIONS -

) _ It'has:_been found that the-coefficievnt‘of s.elzf—diffusi.orvx'in nickel
' sing‘ie éfj'sfals' sﬁbjeétéd to ;tenSile str\aiﬁing increases with time up
,to_. aqﬁ_symptotic éteadystate valﬁe wlhvi'ch is proportional to the strain
rate bat é_conétant temperature. At the lower témperature the diffusion
coefficient incr‘eas‘es greatly wi»th_s-tr'ain rate. i |

It has also beeh found that the coefficient of self-diffusion in
prestrained single a.nd polycrystals was independént of tbe degrec of
prestrain, and equal to that of the annealed single and polycrystals
correspondingly. _ |

It has been found that the coefficients of self-diffusion in
fine-grained ( d< 0.1m m) nickel crystals over the temperature
range 675 C to 750 C was a factor 2 to 4 larger than the corresponding

coefficients for single crystals.

‘55..,
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APPENDIX II

o When the cfeep rate and the generation of Qacancies is con-
irolled by both the glide of jogged écrew dislocations and the climb of
;edg‘.e dislocations, and when both mechénisfns are opcrating .svimul- |
' tan'eously, one may Wr_ite for the creep rate:

1Lnet J+ c , , ()

where B = A
net total. creep rate,
Ej = the creep rate due to the motion of vacancy producing jogs,
I‘Ec = the creep rate due to the climb of edge dislocations.

The rate of formation of vacancies during the glide of jogged screw
dislocations:
The creep rate Ej is given by

E = pg ljb*3/ 15 )

where Ps = density of screw dislocatiouns,

1

Pg /lj= number of jogs per unit volume,

the distance between jogs,

b = thie Burgers vector
i b= area swept out per activation of a jog,

_2;[) = the frequency of a thermal activation, ' the net

frequency. for the forward motion of a jog'.

If the. jogs are superjogs having an average length of P, ‘atoms the

rate of production of excess vacancies per unit volume -r;j' is given

by

+
. = L (3)
ny =R PR
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Combining Eqn. (2) and (3) one obtains for the: rate oﬁzpryezd.u‘ction of .
vacancies:: .

I /N b2 , (4)
| . By =Ry 57 A
where nj = the rate of production of vacancies per unit volume by
- jogged s¢rew dislocations,
P; = the average height of a jog on a screw dislocation.
Next we shall derive an éxpression for the rate of production of

vacancies during the climb of edge dislocations.. Let us consider the

dislocations configuration shown in Fig.17, where two dislocations

sources spaced a ) b L, Jo T

i i-1 i-2 i-3

T

[SV]
joy

| U I

i-3 i-2 j-1 J

L L1 >l
distahce, 2 L,. apart operate on iwo parallel planes a distance 2 h apart.

The two sources will continue to operate until such time when the back
stress at each source becomes equal to the stress acting oun the source.
. . . . .th . ' . .
The dislocations in the | i", array will exert a stress on the dislocations
. .th . . , N
in the,j , array and vice versa. For a given stress the cquilibrium
coanfiguration shown in Fig. 1 will be attained. However, if the i and j
dislocations were each to climb a height h in time t and annihilate cach

~

other then the equilibrium will be upset and the sources will emit a |

dislocation per each climbing dislocation, and each dislocation in the
two arrays will move forward to the next position. If the dislocations

are of length, L_, then the total arca swept out per cvent of climb is

2)
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equal to (21_,'1 Lz).; And if the number of such arrays per unit volume
is equal to pF  where p is the density of edge dislocations and T
- ¢onstant less than unity, then the strain rate due to the climb of

_edge dislocations will be given by

B, = 2 LiL,b p F/t 5 o (5)
or
I":)C = frequency with which the leading dislocation climb X
the volume swept out per activation, 2 I_,1 Lzb p F
Hence

Ec=Y2 L{Lgb p F (6)
Now the number of vacancies emitted per single event of climb

per unit volume is equal to (L,/ b) (2h/B)(p F)

and the rate of production of vacancies during climb ric per unit

voiume is equal to

o = Ly/b) (2h /b) (pF) (7)

Combining Equs. (6 and 7) one obtains for nZ

.t
n

3, - |
= (8
¢ = /L b) E, | | )

, ' . ; .+ o .
Now we can combine the terms an and g Egns. (4 and 8)

3 . I3 » R .
to obtain the total rate of production of vacancies n per unit volume.

. . .+ V . . .
n+=n:+nj=<psl~rj /1,0 + (hES/ Ly b7 (9)

Excess vacancies migrate to sinks which are probably also
dislocations. If the dislocations sinks are a distance, L, from the
sources, then the mean life time T of an excess vacancy is approxi-

mately equal to T =L2/ 4D - (10)
v
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i

where D = the diffusivity of a vacancy
Let the rate of disappearance of excess vacancies per unit volume

be proportional to their concentration, then

ay

ho=tm-ng)ép/L?

‘where =
e ng

the equilibrium number of wvacancies.
Combining Equs. (9) and (11) one obtains for the net rate of producticn

of vacancies n
2)

. o o '.) ) . . . 1
i o= (s Ej /1,07 + (1 EL/L, b - (4 DY - ng) /L) G

integrating Eqn. (12) and observing that n=n, at  t=0 onc obtains

- ' m /T2
L?‘ g h . ~ . - VL/L } (i.))
n o= n, + —- i e—— + —~S5 E )1 - ¢ ;
o Dy ( 1o Fe I 25y S !
Since the self-diffusivity, D, is equal to
. (14)
D=nw" DV
whnere n = the number of vacancies and
YV = the atomic volume
therefore
(13)

. 2 C ' ) 4 2
p=n, + XY (B g 4 _Ps_gya- . #DvE/LE
g ] 3
1 J
where

Du = N4 \f\/_-DV

In order to obtain a direct comparison with the experimental

data given in Fig. 12a, we note that

<

/(OD at _ ' |
t Dy , ' (16
. 2 !— . p . 5 ""‘
E LV h B B, 2 _ip #/12
AY : C_+ S . ]>(1 + I o ‘DV /A—J i}

(
4 \_leB E Lp2 E 4Dy ¢t
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or . ' '
R [’5 S o , (1)
v-,l/E(Dd‘/t - b,y =" | |
o 2, f N N +~4Dy t/L'\* “
L2 /4 \’( 11/L1b°)(I:, IE) + (ps/lb (n JEP + e Vo J
| ¢ L Y

‘chlot‘ting the data in terms of - ,
o ‘ 1/ 2E{iDdt/t - - D_. )
Lo u

. as a function of t as shown in Fig. l2a reveals that the diffusivity
. increases with straining and finally reaches a s'teady state value that’
1s determined by the temperature.” For steady state counditions

D dt =_D‘st

and Eqn. (17) reduces to

Y N
1/E (Dg - Dy) =YVL?/4 %n/le% B +ipg /), b2y (i JE (18)
or ' .)
| . | \ |
Dy - Dy =\viL2/4{ (h/Lyb3)(E, /E) +(ps/1jb2>(1§j/:é>} I (182)
' J

A plotof(Dg - Dyas a function of strain rate, E, is presented
in Fig. 13, where it appears that the slope is an increasing function
of temperature. The slope(1/EXDg -~ D, ) is given by

( AT .0 (19)
Slope =vWL2 /4 J (h/Lyb3)(Ee /E) +(p, /1, b%mj/m} ‘

(.

and is plotted in Fig. 16 as a function of temperatur~
Since the preseunt data (Fig 16) docs not allow one to CSLablloh
the exact dependence of the term given by Eqn. (19) on temp,oraturc we
shall resort to a theoretical analysis of this term. - \i
1

Of the various quantities that appear in the expression {or the

‘slope (Eqn. (19) only. the following may be temperature dcpcndcn‘t:
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P
7 Psis the average height of a jog on a screw dislocation. If
“the jogs are formed»mechann:ally for example during interscction, e‘tc'. ',.'
Ps will be independent of temperature. However, if the jogs arc o
thermal jogs P, will depeud on the tenilaefature. But since the cnergy

to form a jog increases with the height of the jog wewe shall take Ps

to be equal to unity from cunergy cousideration.

1, is the average distance between jogs; again, if the jogs arc
mechanical jogs, lj will be independent of temperature, however, if

the jogs are thermal, one may write for 13.

) =beb8/xT 21

where

¢. = the free energy to form a jog.
J 5

E. is the creep rate arising from the glide of jogged scrow

.

. . ' . 25 I, . -
dislocations. According to J. E. Dorn Lj has the following form

—— 2 : 7. 1< ;»_)
-9 ( ThLL/p "Eﬁf/—is_\
= o2 o5 [T j CTERT o AR ; (22)
. . ‘

J

: T 0 LE "
=, =2RV D NURA <—~%~E—)€

. (22a)

-

where. T = the applied stress,

€4.5. the activation encrgy for seli-diiffusion,

= the Dcbye frequency,

Ps, Ps, b same as above.
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-Ec 1s the creep rate arlsmo‘ from the climb of edge dislocations
- and may be wvhten as follows: 25

'/Q‘ ‘.l..c-\”.
-l vl TG
. 2 G, = /c\?o \-':T‘:(“\
E =167 (=) wZNV(E; &E ST s
< / . i AN N
. oo —— S - LT A2 ) .
g-. QF_’C\“H-f ¥ STTNY - el T v
: e 23
\e C /ﬁm . "‘e & \‘9~./"?-'-r-£—\ - J ( 3)'
or o / " - AR
: S ISTN AT LTS N aid'ad!
€ = 22w (pS o2 (T e [T U £ TP
c G-—‘ 2 D A /
[y ) o / C

o] ) s
for stresses up to the order of 107 dynes fem” the argument of the sink
term is small compared to unity and

d the sink can be replaced by its

argument. Thus, the expression for E Dbecomes
€ re et
AN i Y
e [\ Y (add T s -4
£ .28 =Y T oz e £ o N\ =T
~c " P R s _ ~
“ \:r b .//" H oo
(24)
Sutstituting Eqs. {22a) and (24) into Tan. (18a) cuc obizins
~ v
-— ~ ot O -,
— N — Vo . b
‘L:_" Yy — Y 'ﬂ' * \:’.:1._-..” — O‘: /\?__M
i.L. > '£ . QU" i -
LT L - . P R
- K 1 I | X
— e VS R St Tl AR ",.f\/ Vvl - :
e S =7 - (25)
—_ *.;.:"_; - B AR IR AN PR ___C‘l_'- £ 0 e $ ..
TED T jee et TE L Sl L O
L TR T e e LB AT © )
- ~ ? ORI ‘_‘Z\J.N«\.A\é""“b s o/
For siresses i

n the ranoe of 10

the bracket in Equs. (25) is small compared to the first

t term and itom
(2Z) reduces to:

. o -
4 a2 L " - o 0
H e 2y R 4} R b2 S Syl i

= ~ PRSI LA N P ErS

Y Ve = , 2 Y
TR, T e -\ DR Y G, S ) N~ i
- (o v G S 0 en . on = e F DN :
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Lan. (208) shows the variation of D~ D with strain rate and
: u
temperature which is in qualitative agrecment with the experimental

data presented in Figs, 122 and 12b,
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APPENDIX III

Hendrickson and Machlin

<

cffective diameter, d, of a dislocation,

2

IPor a'dislocation density
in dislocations per unit volume is given by
- 3
f=dp /42" n_
. >
where

Ve

a = the interatomic ¢

»o
Y
[
ol
O
]

n_ = the number cf sites per unit volume (usi

o

jor d onc obtains the following value for { in nickel)

| =
N =13
i=5x10 D

p, the fraction of atoms, 1,

el
Ll

; o runctiion of the disiocation d
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gave the following estimate for the
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or usefulness of the information contained in this
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may not infringe privately owned rights; or
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mission, or employee of sue¢h contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
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