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.·. The theory of diffusion in solids h~s been the subject of a great 

deal of investigation and .satisfactory theoretical models have been cons-

tructed that adequately describe the basic diffusion processes in many 

simple solids. 

The atomic process responsible for the observed effects of diffusion. 

is generally accepted to .be the random motion which each atom perform£? 

as a result of thermal agitation. 1. In particular, in a solid crystal, the 

mean titne of stay of an atom at any one lattice site is assumed to. be fini~~·~, · 

the atom jumping from one site to the neighboring site and then to artotheJ;·, 

thus performing a random walk throughout the crystal. In substitutional 

solid solution; the jumps are most· probabiy made via vacant lattice sites 

(vacancy diffusion) and a particular atom succeeds in making a jul!lp only 

when a vacant site becomes adjacent to it as a result of the movement of 

the other atoms. 

The features of such a random walk which are usually accessible lo -
experiment are statistical quantities like X ( t) the average net displace-

~ 
ment and x- l't)the averag~ square of the net displacement X of an 

atom after a time t, measured along a given direction, the x-axis, the 

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

example, there exists a simple relati...::..:1 between X 2 \. t) artd the dif-

fusion coefficient D, namely: 1 



2. 

D (1) 

where IV\ = number of displacements suffered by the particle per unit 

time. 

Eqn. (1) is valid for random walks which take place in chemicc-.. lly homo-

geneous systems (self-diffusion). 

Next. we present Chandrasekhar 1 s 1 method for obtaining Eqn. (1} . 

. Consider the simple one-dimensional random walk problem where a par

ticle suffers displacements along a straight line in the form of a series of 

steps of equal length, X . each step being taken in the forward or back

ward direction with equal probability. 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: 

W t~>-!-\ ~,v The probability \. J• "' J r- that the particle be found 
r 

between o....-& rx:. + b. ?<- after a time. t. is given by 

(2) 

. ·. 1 . 
Chandrasekhar reduces the problem of random walk for large N to a 

boundary value problem and obtains the following differential equation for 

(3) 



And it can be shown by direct substitution that ~ ('X) t) as given 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 
D 

with D being equal to 'Jz 'Y\ X z 

Phenomenological definition of the diffusion coefficient D: 

(4) 

In the macroscopic theory of diffusion if -w \~)t) denotes the 

concentration of the diffusing atom at x and time t. then the amount eros-

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

(5) 

~~ 
where 0\ 'II\ = a unit vector in the direction of the flux. 

The diffusion equ·ation is a consequence of this relation and the continuity 

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

(6) 

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

describing r
1·andom walks without mutual interaction as a proce::;s of dif- ( 

fusion with the diffusion coefficient D being equal to 

= (7) 
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Self-diffusion (diffusion of radioactive atoms): 

The following development through Eq. (18) inclusive is due to A. D. 

LeClaire, 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 of one species but which is other-

wise homogeneous chemically. We wish to know the net rate of transfer 

Consider an infinitesimal layer d X· at x -·· At t = 0 each atom within 
1 1 

this layer begins its random walk. Let W (x, t) be the relative probability 

that in time t an atom will have migrated a distance X from x . . Since 
1 

the medium is homogeneous chemically, migrations of +X and -X are 

equally probable. So that the average displacement after time t of a 

large number of atoms is zero. 

Similarly, 

,..+ao 
; 

X = i X W (X , t) d X = 0 
J_~ 3 

all odd moments of W(x., t), X , --- etc. are zero. 

(8) 

-2 However, the average squared displacement X is not zero and after 

time t all the radioactive tracer atoms originally within the layer dx_. 
1 

will be spread out and distributed in a Gaussian manner about x ., X = 0, 
1 

see Fig. l. The area under curve I is I C(X .)dx. where C(x) is the tracer 
1 1 

concentration at x. And the area under curve II which represents the dis-

tribution at time t of atoms originally contained within the element of area 

d X-j is I c<x}dxj" The half width of each of the two curves is cx11
/

2
. 

The shaded areaA. represents the number of tracer atoms from x . 
1 . 1 

which are on the right hand side of x 0 after time t , and area 
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FIG. I THE GAUSSIAN DISTRIBUTION OF THE · 
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· area A~ )<lrea A~- · ·\, tr~ereJilasi 1been a net iflQW1 :O~, atoms ~~~ro,s~,.<., , 

and in the direction of dec,re:as,ing concentration .. The1 tpta~,:'l}et 1 f~~~W!_,i_sj 

obtained by summing the differences At- A~ for all pairs :c;>f reg_,ions.. __ _ 

like J ti ~- and ~ ~~ 
The total number of tracer atoms originally on the left hand side· 

of ~ 0 which will be found on the right hand side after time t is, 

00 

J \tJ l?C' t) J.. ,c 
'Xo- tX 

(9) 

-oo 

the total integrand represents an area such as .· Similarly, the 

total number of atoms which have crossed ')(. 0 from right to left, i. e., 

the sum of areas like , is: 

(10) 

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

across 'X. 0 from left to right. If one expands C \?C) into a Taylor 

series about ~ 0 : 

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

Eqns. (9) and (iO) becomes 

.•. 



(12) 

Integrating by part twice and dividing by t one obtains the average net rate 

of flow. the flux, J, : 

-~ 1 
J=t C l -x )-X_ ~1.-x!)+ 'cl.,.C f.x!)-t- .... ..... 

\ 
0 ()~\2.~ ()'Xz\3t 

(13) 

But since for self-diffusion "'<..J X: -c.JS ~ ) ) ~ J etc., are zero. 

this becomes Fick's law: 

(14) 

Eqns. {14) and (6) will lead to the diffusion Eqn. (4) and hence 

D 
S· J... 

. (15) 

If r. is the average jump frequency of an atom, the total number 

of jumps after time t is "' ::::: r t . Let 'X-~ denote the X component of 

the jth jump of an atom then: 



(16) 

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 f:' 
§:._ f"l '" 

be the jump frequency in the ith direction so that p = ~ 1 t , and 

let ')( ~ be the x component of the corresponding jump vector~ then: 

(17) 

' . """-./ 2 
Substituting for .£'- into Eqn. (15) D becomes equal to 

(18) 

For self-diffusion via the vacancy mechanism as is the case for 

nickel, the jump trequency of an atom rAP will be given by the number 

of times it tries to jump~ (---z./0 f'.-the Debye frequency) times the pro

bability of finding a vacant lattice site PI\J'" next to it times the probability 

of success in overcoming the energy barrier of the ,jump or 

(19) 



.. 

where 
b ~~ 
rl\1'" = the concentration of vacancies > IY\ S ; where 

rv\" = number of vacancies _per unit volume and 

fY\~ = number of sites per unit volume and p~ 

has the form P~ . = constant X eJt~ {:- h~f>'j.t'1') where 

D. C·:..,. = free energy of motion of a vacancy . 

, 

If we assume that the p. are all equal for self-diffusion in 

" cubic crystals, the expression for the diffusion coefficient becomes: 

\) (20) 

Because of the important role played by diffusion processes in many 

solid-ste~.te phenomena such as oxidation. the annealing of radiation damage, 

creep, and rupture, and in view of the wide variety of application in which 

materials are under strain, a thorough understanding of the effects of 

strain and strain rate on diffusion is highly 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 coefficient is 

linearly dependent on the number of vacancies Hence. any pos-

sible mechanism for the formation of excess vacancies (over the thermal 

equilibrium number) will lead to the enhancement of D. 

The effect of plastic strp.ining 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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bL' ~·.nr;ihib.tcd by :1dsorption on the: g::.·:1in boundaries, adsorption in thL! fonn 

oi atmosphcl~cs about dislocations, co;rnbination with solute atoms, c1ireet 

combin:1tion with clirnbing edge dislocations or additions to screw di::;lo

catioi1s, plus condensation by heterogeneous or homogeneous nucle:1tion 

of voids, 

W!H.m the gcmcration of V:J.C2..ncics is st.ir:1ulatcd by externally inclucctl 

effects such o.s plastic straini11:~·. ~he nt::r::~bcl· of vacancies pl~csent ·tnight 

h<:nc cmcnt i1"! ".:he o:::Yusion cod1icicnt upon :::lastic st1·aining is ::;ol\.~ly c1uc 

to th..:- inc!" case in the numbc1· o:L' v<.-:.c<1~1cics :1:1d sine c substitution:1.l di~·rn::;ion 

·is known to occ:u::- principally as ;:;, :..·es:.;lt of c:.,:c!:ang·cs between vacancic:s 

e ""'ect··s ·~·,1.·::·.··' ·., 11 COU'1t·,.,a1 11 
, •• , c··.r·_,1·1a.t..;,- .. ;· t··~1c· l'·'llnb· ,~.of' \''·.~.-.. , ... 1·(· · --:·1···1· .l.J. .J.J..-.-v••\.o •..1"- ~ \,..;; UJ v~L ... l l..-~·v .... .. 1.. L!- ~.. .. 1.. ._ .. tJ.I. .• ~ l., u.. 

shc.,rt c:i:.:;~uhing· along c::cldii:ion2.l disloc::;.~ior:s or sub-boundaries that ;J.r ... : 

introch.::.ccd in t!1e stl·:..:ctur8 upon plastic clcfo::.:n1ation. 

The fi:.·st n12.jo:.· question to be answered concerns whc.~tl:cl' ot· not the! 

excess v~:.car.cics, p:coduccd under plastic straining, arc suffici<!ilily nunh·1·ou:-; 

to l)l'OV~dc 2. m.casurable increase in the diffusivity. .As shown i!1 Tabl .. · I som(~ 

prclimil"..:ll'Y :.ccsults have already been reported by several authors \Vllit:h, in 

g-cner:.::.l, sugG·est that diffusion is enhanced during plasi.ic st;_~aining. On th<· 

o·.:wr l!~;.nd the serious discrepancy between the data obtained by other inv(·sU.~;~.d.uJ·:; 

::·:1d those of Darby,_ Tomizuka and Balluffi require further si.udy and dud<lalLon."' 

':.':~....: second question to be answe1·ed concerns whether or liOt shod 

ci::cuit:.~:; cc::-~ c.ccount for the observed increase in the diffusion co<:fl'i.d<::1t. 

Sir:cc t:1c c:-::!.sting data, given in Table I, sugg·csts thp.t the most P''onounc<·c! 
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Table I 

Effects of Plastic Straining on the Cocffici(;nt of Self-diffusion 

Ref. DefJrnv~d Diffusing Type of Method of Strain 
No. Matedals 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 

" up to 20 
3 -II II Compression with II 

lubrication at faces 

4 Ni Hydrogen Extension -- II 1.0 

5 Ag Ag-11 0 Compression Autoradiography . 00288 10 

6 Single crystal II " Sectioning 0 to 0. 36 1 
Ag technique 

7 Cu bicrystals II Shear parallel to II 0.3 1 
grain boundary 

8 Single crystal II Torsion II 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 11. 0 to • 36 1 
Fe 

lOa, b Cu-coarse II II Diffusion ab- (} to ·35 up to 20 
grained sorption and 

sectioning tech- 0 to 108 up to 2.0 
nique · 

lla,b Low carbon steel, Fe-59 Extension Sectioning 0 to . 0036 up to 10 -Ni, etc. technique -I 
12 Ni-Mo alloys Co-60 or Compression Diffusion absorp- 0 to . 00036 

I 

up to 10 
.Fe-59 tion 



~Hccts arc obtained for high strain rates and low temperatures, an attempt 

was made to select the experimental procedures so as to obtain a most 

sensitive measure of tbe diffusivity~ Toward this end it was decided to 

use surface counting techniques to ascertain the self-diffusion of Ni(63) 

as electroplated on the surface, into high purity nickel. Ni(03) is a low 

energy, about GO, 000 volt, ~ I emitter having a half life of about 85 

years. Since these ~ rays are highly absorbed, the diffusivity c:::m be 

accurately measured by surface monitoring without taking recourse to the 

less accurate sectioning technique. Since polycrystalline nickel, as do 

ot:1er metals, exhibits intergranular fracturing during hig·b tcmp('raturc 

straining, it was considered necessary to employ sin;le crystals for the 

purpose of studying the effect of creep rate on the diffusion cocflidcnt, in 

order to avoid dangers of ecna<1ced c!iHusion resulti;:.;;· from sud::tcc m igr:.1-

tion along fissures. On the other har;d, single and polycry~-;tals were used when 

studying the effect of cold work (strain) on t~1e diffusion coefficient. 

The results to be reported here reveal that the dit't'usivity is indcc..~J 

en:1<J.ncccl as 8 result of plastic straining. A preliminary discussion and ~ome 

tentativt: conclusions on possible mechanisms for the formation of vac~n-.cies 

are ir:cJudcd in this paper. 

EQUIPMENT AND PREPARATION OF SPECIJ\'IENS 

Sir:gle crystals: 

Nickel single crystals (0. 020% C, 0. 001% S, wit;1 only traces of Co 

a:1d other impurities) were prepared using the Bridgman t~chniquc. ].'.;ickel 

v;c::.s placc:c in high purity alundum boat contained in a mullite tube <J.nd 

l:.eated by a water-cooled moving coil induction furnace. Tiw nickel was 

heated under a high vacuum to the melting point and a favora~lc thermal 
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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 electrolytically to remove any possible effects of 

machining. After polishing, the specimens were plated with radioactive 

Ni (isotope Ni (6 3}. The plated layer of Ni was estimated to be about 

1000 a toms 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 

room temperature. The final average grain diameter was about 0. 1 mm. 

The specimens were then polished and deformed in tension (using the In

stron) t.o various values of strains.· The specimens were then polished 

electrolytically 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 radioactive nickel, then 

given a series of diffusion anneals over the temperature range 6 75(Jo C to 750° C. 

b. Nickel single crystals plated with radioactive nickel were deformed 

over the temperature range 675° C to 750° c. to strains r,anging from 

0. 33 to 0. 06 then given a series of diffusion anneals over the temperature 

range 6 75° C to 750° C. 

The effect of strain rate on self -diffusion: 

Nickel single crysta~s 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 system 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 heatirg 
! 

elements werd placed at each end of the main coil to compensate f~r 

end heat losses. Each of the three elements was controlled separately 

and connected to a constant voltage source. The temperature of the 

furnace was measured by means of four chromel-alumel thermocouP,es 

phced 1/2 inch apart along the mid-section of the furnace. The speci

L.. ·.:n was held :by self-tightening grips. Two calibrated chromel-alumel 

thermocouples placed l/2 inch apart along the mid-section of the speci-

men were used to measure its temperature. The tensile machine head 

moved at a constant rate1 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 

(99o/o He plus lo/o 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. 'Ih e 

areas monitored were 1/4 inch diameter circles with 3/8 inch : · · · 

between centers. Ten samplings of 100. 000 counts each were made 

to determine the activity at each position the counting rates being 

standardized and corrected in each instance for the "dead time 11 

and the "back-ground count". Throughout the diffusion anneals 

fluctuations in the temperature of the specimen were less than + 1. s·.c. 

METHOD OF ANALYSIS 

The effect of strain on self-diffusion: 

A series of static diffusion anneals were carried out on deformed 

single and polycrystalline nickel specimens. Following each ann..~ the_ 
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furnacc was cooled rapidly at about 50° C per minute, and the specimen 

was withdrawn for a surface count. Upon the second anneal the specimen 

w:1s heated rapidly at about 50°C pQr minute to the diffusion anneal tern~ 

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

13 
mined using the following relationship: 

where 

and IQ= initial surface activity at t = o, 

I = surface activity at t = tu + ts, 

·bu.= static diffusion coefficient, 

bs = diifusion coefficient under conditions of plastic straining, 
I 

-cu..= time of static anneal, 

\:. 5 = time of subsequent dynamic anneal, 

f = linear adsorption coefficient, and 

E.,.:x= true strain in the thickness direction, 

b = Li/4 tt.'t> Jt.s 
s t ...:, (>0 .t. 

~ \.s 

(21) 

(22) 

= the steady state diffusion coefficient under conditions of plastic 

straining. 

The linear adsorption coefficient jA- was determined from the change 

in surface activity with thickness of the radioactive isotope layer according 

to 14 



where Ts~ = the measured surface intensity per unit area for plating 

thickness, and 

rt.;. = radioactive isotope layer thickness. 

As given by the data in Table II a mean value of r~. = 1. 3: + 0. 1 

x 10-4 em - 1 was obtained and the strain in the thickness direction 

was measured directly after each dynamic diffusion anneal. 

For the case of static diffusion anneals t ~ 0 and 

Eqn. (22) reduces to 

f 

Eqn. (24) shows that increases linearly with hence a 

plot of f VS. will yield a straight line with a slope equal to 

{23) 

(24) 

F~ 1>v.. The experimental values of I/I were introduced into . 0 

Eqn. (21) and the corresponding values of f were ca.k::ulated. Plots 

of vs. t were prepared as shown in Figs •. 2,3,4,5, &6. A straight line 

was drawn through each set of points and its slope used to obtain a value 

for D \.i.. 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 Dv.. corresponding to the static anneals was determined as was 



Table II 

Determination of Absorption Coefficient }1. 

Specimen 1 2 3 

Counts I sec -em 2 
1389 1663 1930 

Thickness of r-

-6 -6 -s Ni(63) em 46, 9 X 10 . 61.2x10 78. 9 X 10 

I1 /I2 . 836 => j-J-= 
4 -1 

1.39x10 em 

12 /I3 . 848 ~ ~= 4 -1 
1.21 x 10 em 

I1 /I3 . 709 ~ fv.= 
4 -1 

1. 27 x 10 em 

Average fl-.= 
4 -1 1. 29 x 10 em 



' . 

<l.. 

0.06 
2 f = ll tu Du 

0.05 
SPEC. PRE~ 

NO. STRAir\J 

20 0 0.000 
0.04 41 6.. 0.049 

12 '7 0.14·2 
13 0 0.230 

0.03 14 0 0.306 

0.01~~----------~------------~~----------~--~ 
5 10 . 15 

TIME, HOURS 
20 

FIG. 2 p AS A FUNCTION OF TIME FOR STATIC DIFFUSION 

A r\J N E A L S 0 F P 0 L Y CRYSTAL L I N E N I C I< E L SPEC I M ENS AT 

9 4 8 ± I. 5o K. I 
...... 
00 
I 



0.09 

0.08 

. 0.07 

0.06 

0.05 

0.04 

0.03 

0.02 
5 

'• 

I 
f =P-

2
tuDu 

SPEC. PRE-
NO. STR/.\1 N 

4·0 0 0.000 
l I 6 0.055 

22 '\7 0.151 
23 0 0.249 
24 o· 0.360 

/ 
v 

~ 
10 

<.) 

6 

/Cl 

/ 0 

0 / 
[7 

~/ v6 

/ 
-

15 20 25 
TIME, HOUf1S 

F I G. 3 p AS A FUN C T I 0 N 0 F T I ME F 0 R ST ~. T l C D l F F US I 0 1\J AN t\J EA LS 
0 F P 0 L Y CRY S T I\ L LINE N I C I\ E L S P E C I ME 1\l S AT 9 7 3 ± I. 5 ° 1(. 

I 
..... 
....0 
I 



- 2_0 _., 

0.18 r I 

P =.fl 2 t u Du 

0.16 
SPEC. PRE-

NO. STRAIN 

0.14 

0.1~ 

0.10 

0.08 

0.06 

0.04 

0.02 

_30 0 0.000 
31 A 0.047 

I 64 '\1 0. l 3, l ' 
33 0 0.25 t 

'-- 34 
_.__. g ' ' 

<> 0.349 'I 

) 
; 

v 
If 

~I .lX 

7 
!/ 

0 
0 5 10 15 20 25 

. TIME, HOURS 

FIG. 4 p AS A FUNCTION OF TIME FOR 
STATIC DIFFUSION ANNEALS OF 

POLYCRYSTALLINE NICKEL SPECIMENS 

AT !023 ± I. 5° K. 

--



'· 

PR ESTR/\ II\! 
0.0 2 1--:---

0 0.1325 
"V 0. 3760 
0 0.2433 
6 0.0000 

2 
(Du)I\V. cm/llr 

. 3 . 5 >~ I 0- 12 

3. I X 10- 12 

3.6 x lo-12 

3.0 10-12 

0~----~----~----.~----~----~----~----~----~----~--~ 
0 2 4 6 8 10 12 14 16 18 20 

t 0 , HOURS 

FIG. 6 p AS A FUNCTION OF Tlf!tE FOR STATIC DIFFUSION ANNEALS 

· OF PRESTRAINED SINGLE CRYST/\LS AT 948 °1<. 

I 
N 
...... 
I 



0.02 

SPEC. PRE-
NO. STRf-\IN 

2 0 0.140 
5 6 0.067 
5 0 0.300 

/ 6 \1 0.000 

2 4 6 8 10 12 14 16 
tu, HOURS 

(Du)r~v. cm
2/hr 

11 x 1 o·12 

18 

12 x lo-12 

13 X IQ-12 

IOXI0-12 

20 22 

FIG. 5 p AS A F U N C T I 0 N 0 F T I M E F 0 R ST /\ T I C D I F F US I 0 N /-\ f'J N E t-\ L S 0 F 
PF\E~::·:·~: ··. ::,~:;:) SINGLE CRYST/\LS /\T 1023_0 1<. 

,. 

I 
[' .. 
N 
I 



TABLE III -:-a 

Experimental Values of DifL.tsion Coefficient for NL Polycrystals (P.ccstrainccJ}. 

0 
{D Poly-Crystal} (D Sing 1 eCrycL:D 

r- . Strain Anneal t (hr) (I /I)av. p av. u cm2 /hr u cm2/hr •)J)Cclmen Temp. K 
u 0 

30 1023 + 1. 5° 0.0 1 5 0. 8134 '. 038 
-12 

46 X 10 -12 
15 X 10 -!2 2 II 0.7531 . 075 44. 5 X 10 

3 II 0.7092 .. 114 47x1o-12 

31 II 0.047 1 0.80917 . 0400 
-12 

5 48-x 10 -12 2 II 0.7550 . 0738 40xlo-12 15 X lP 
3 II 0. 7108 . . 01130 47 X 10 -12. 

64 II 0.131 1 5 0. 8051 . 0420 5o. 5 x ro -12 

2 II 0. 7512 . 0771 42 X 10-12 15 X 10 -l2 

3 11 0.7082 .115 57.7x1o-12 

33 II 0. 251 1 5 0.8049 . 042 50.5 X 10-12 

2 " 0.7464 . 081 47 X 10 -12 15 X 10 - 12 

3· II 0. 7051 . 111 36 X 10 -12 

34 II 0. 349 1 5 0. 8001 . 0450 54 X 10 - 12 

2 II 0.7430 . 0825 45 X 10 -12 15 X 10 -}2 

3 II 0.7035 .1225 48 X 10 -12 

,j 

~ 



TABLE III~a continued 

0 
Specimen Temp. K Strain Anneal t (hr} (I /I)av. 

u 0 . 

40 973 + 1. 5 0.0 I 8 0.8464 
2 II 0.7802 
3 II 0 .. 7465 

11 II 0.055 1 8 0.8356 
2· II 0. 7852 
3 n 0.7402 

22 II 0.151 1 8 0.8454 
2 II 0.7834 
3 u· 0.7470 

23 II 0.249 1 8 o. 8410 
2 II 0.7902 
3 n 0.7530 

24 II 0.360 1 8 0.836 
2 II 0,772 
3 II 0.735 

:::' Undcformcd 

p av. 

0.024 
0.057 
0. 081 

0.028 
0.053 
0.085 

0. 02.49 
0.055 
0. 081 

0.026 
0.050 
o. 074 .. 

0.028 
0.062 
0.090 

(DuPo1y-crysta1} 
· cm2/hr 

18 X 10 - 12 
25 x 10-12 
18 X 10 - 12 

21 X 10 --12 
18. 8 X 10 -12 
24 x.lO -12 ': 

18. 7 X 10 -12 
22. 5 X 10· -12 
19. 5 X 10 - 12 · 

19, 5 X 10 --12 
18 X 10 -12 · 
18 X 10 -:12 

23 X 10 -12 
25. 5 X 10 -12 
23 X 10 -12 

(DuSinglc -Ct)stal) ':' 
. ·.· cm2/hr · 

. . -12 
7 X 10 . 

.~7xl0 
-12 

7 X 10 - 12 

7. X 10 ~ 12 

·. 7 X 10 ~ 12 

I 
N 
~ 
I 



TABLE III-a. continued 

Specimen 
0 

Temp. K Strain Anneal tu (hr) (1
0 

/I)av. 

20 948 + 1. 5 0.00 1 7 0.8760 
2 II 0.8332 
3 6 0.8050 

41 II 0.049 1 7 . 0. 8832 
2 II 0. 8410 
3 6 0. 816 

12 II 0.142 1 7 0. 877.3 
2 II 0. 8210 
3 6 0.8022 

13 II 0.230 1 7' 0. 8713 
2 II 0.8220 
3 6 o. 792 

14 II 0.306 1 7 0.8683 
2 II 0.8250 
3 6 0.7972 

p av. 

0. 0150 
0. 0291 
0.0422 . 

o. 0130 
0.0266 
0.0396 

0. 0145 
0. 0351 
0.0435 

0. 0166 
0.034 
0.049 

0. 0171 
0.0325 
0.0465 

(DuPoly-crysta1) 
cm2 /hr 

13 X 10 - 12 
12 X 10 -12 
13 X 10 -12 

11 x 10 -12 
11~ 7 X 10 -12 
13 X 10 -12 

12. 4x 10 -12 
17. 7 X 10 -12 
8. 4 X 10 -12 

14. 24 X 10 -12 
15 X 10 -12 
15 X 10 -12 

14. 7 X 10 -12 
13.2 X 10-12 
14 X 10 -12 

(DuSingJ.e-cry.stal) J· 
cm2 /hr · · 

S.5 X 10-12 

3. 5 X 10 -l 2 

. 3. 5 X 10 -12 

3. 5 X 10 -' 2.. 

3. 5 X 10 - 12 

I 
N 
\..n 
I 



TABLE III- b 

;values of Diffusion Coefficient for Prestraincd Nickel Single Crystals from Experimental Data 

.. · 

Temp. K Prestrain Anneal t (hr) (I /I)av. p av. (D em 2 I hr} av. 
u 0 . u 

1023 0.000 1 5 o. 905 .0082 

1023 0.000 2 6 0.865 • 0180 10 X 10-12 

1023 o.ooo 3 4. o .. 843 .0255 

1023 0.067 1 ,5 o. 915 .0065 

1023 0.067 2 .5 0.866 • 0180 .•. 12 X 10-12 · 

102.3 0.067 3 4 0~833 _0295"' 

:1023 0.140 1 8 o .. 904 • 0084 

;1023 0.140 2 -~ 0.854 • 01970 11 X 10-12 
~ ~ ~-

1023 0.140 3 5 0.822 • 0340 

1023 0.300 1 7 0.8840 .01275 

1023 0.300 2 5 0.8421 • 0260' 13 X 10-12 

1023 o. 300 3 4 o •. 820 • 0345 
I 
N 
a-
I 



Ten1p. 

948 

948 

948 

948 

948 

948 

948 

948 

.948 

948 

948 

948 

K Pre strain 

0.000 

0.000 

0~000 

0.1325 

0.1325 

0.1325 

0.243 

0.243 

0.243 

0.3760 

0.3760 

0.3760 

,TABLE III - b ( Continued) 

(I /I) av. Anneal t (hr) 
u 0 

1 6 0.946 

2 6 o. 913 

3 6 0.897 

1 8 o. 931 

2 6 0.907 

3 4 0.893 

1 5 0. 925 

2 5 o. 910 

3 5 0.892 

1 4 0.945 

2 5 0.928 

3 7 0.904 

p av. 

.0025 

• 0070 

. 0100 

• 0043 

. 0080 

. 0105 

. 0050 

. 0075 

• 0110 

.0025 

. 0045 

• 009q 

2 
(D em /hr) av. u 

3.0xlo-12 

3. 5 X 10- 12 

_ 3. 6 X 10 -l2 

3.1 X 10-12 

I 
N 
-J 
I 



1023 + 1. 5 

973 + 1. 5 

848 + 1. 5 

Table IlL .;c 

Summary of Table IIIa 
, -

. "'< 

/

0 7"' /TM 

0. 591 

0.563 

0.548_ 

D/ 
(polycrfstals) 

2 
av 

- - em /hr 

47 X 10- 12 

20.7x10- 12 

13. 2 X 10- 12 

D (single crystals) = 1. 9 Exp (- 66 • SOd 
u RT ) Cm

2 
/sec. 

--2S-

D 
( . 1 u d smg e crystals 

2 v 
em /hr 

15 X 10- 12 

-1? 8 X 10 .... 

3.5xl0-12 

D~ (polycrystals) = 1. 1 x 10-
7 

Exp (- - 3
...,.J.nT.,...

3
-
0
-
0
- ) Cm

2 
/sec. 

>:c T lVI = melting point of nickel,· 1728°K. 



0. 627 ~T/T ~0. 951 
m 

.. 

TABLE III-d 
(!5). 

Diffusion Coefficient in Silver after Hoffman and Turnbull 

Du (singl,c crystal) 
cm6 /scc · 

D = .895 Exp('-45,950/H.T) 
u 

D (finef:rainccl) 
u em /sec 

D (coarsp-grain) 
u em~ /sec 

0. 809 ~T/Tm ~0. 992 Du :: . 895 Exp( -45. 950 /n [) 

T/Tm:VO. 789 

0. 627 ~T /Tm ~0. 789 

::: T =nH~ltin·::r •"Joint of -=-·1·1\'r--l' [,l t:> t u - J 

:;::;: D I D = 2 to 6 
u u 

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

/ -5 ** D = 2. 3 x 10 Exp(-26, 400/RT) 
u 

I 
N 
-.D 
I 



discussed in previous scc::iun. However, 0~ was determined by in

torducing the values of I
0 

/I obtained for the dynamic anneals into 

Eqn. (21) and calculating the corresponding P values. The values of 

P were then introduced into Eqn. (22) and the corresponding values of 

D s were obtained directly. 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: 

Several sources of scatter and error are inherent in the tech:

niques that were employed. ·Back reflection Laue radiograms revealed 

that each specimen was somewhat differently oriented and exhibited 

differences in sub-structure. Perhaps some of the scatter in 

is attributable to these factors. The adoption of a series of anneals 

with the initial heating, cooling and reheating cycles may have resulted 

in introducing some errors. Estimates using the experimentally ob

tained diffusivities, however, 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 jJ... used in this 

investigation. 01;1 the other hand it is difficult to visualize that this 

factor can introduce more than about a uniform l6'7o error _in the calcu

lated diffusivities. · The correlation between DIJ... obtained in this investi

gation and the values previously obtained by other investigators, as 

shown in Fig. ll, is rather good and attest to the nominal validity of 

the procedures employed. 

Results 

I. Prest:::-ained Single and Polyc,rystals Results. 

For purposes of discussion the values of the diffusion coefficient, 

in prcstrained 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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TABLE I V-b 

Values of Diffusivity Calculated from Experimental Data· 

t (hr) t (hr) I/I
0 

(av.) "' -1 Specimen Temp. Anneal f Ezz __ E~:oe: Ilhr 
OK u s 

1 1021 + 1. 5 1 5 0 . 952 . 002 0 0 • 01 
II 2 5 0 . 898 . 010 0 0 II 

It 3 5 o- . 865 . 018 0 0 II 

It 4 1/4 5 1/2 . 788 .051. . 0671 :-.0307 " fl 5 1/4 4 1/2 . 729 . 095 . 1185 -.0543 II. 

If 6 1/4 3 1/2 . 707 . 115 .1349 -.0618 11 

2 II 1 4 0 . 913 .007 0 :o . 0085 
II 2 4 0 . 870 . 017 0 0 II 

II 3 6 0 . 827 .032 0 0 It 

II 4 1 4 • 773 .059 .0459 -.035 If 

II 5 1/4 7 . 708 . 115 . 0882 -.072 91 

3 It 1 4 1/2 0 . 923 .005 0 0 .0464 
II 2 5 0 . 861 .019 0 0 II 

II 3 5 0 . 824 .033 0 0 fl 

II 4 l/2 2 1/2 . 725 . 098 . 1157 -.0912 II 

" -5 1/2 1/2 . 713 • 110 . 1324 -.104 " 
continued on next page 

2 * D em /hr s 

.. 97 X 10-!1 
II 

II 

' -11 3.3x 10_ 11 4.9x 10_ 11 4. 7 X 10 

1. 46 X 10-11 

" 
" 

4 X 10"'11 

5.1x H)- 11 

-11 
2.15x~o_ 11 2. 14 X 10 

tt 
-11 

15.3x10_11 16.2 X 10 

I 
UJ 
U1 
PJ 
I 



TABLE IV - b (Continued) 

Values of Diffusi\ity Calculated from Experimental Data 

ihr 
-1 

2 * ~·:;_p c::~· irn en Temp. Anneal t (hr) t (hr) I/I (av.) p E E D em /hr 
K 

u s 0 zz XX s 

··-·-~--~--~---~---·~ 

6 973 1 7 0 0.960 . 00135 0 0 0 6.0x10-12 

II 2 7 0 0. 910 .0073 0 0 0 f1 

" 3 3. 5 . 0 0.898 . 0096 0 0 0 " 
11 4 0 2 0.850 .0227 .07 -.05 .0283 37x 10-12 

" 5 0 2 0.797 • 0460 . 113 -. 09 " 59x 10-12 

" 6 0 2 o. 770 . 0615 .170 -. 12 " 58x 10-12 

7 1,1 . 1 7 0 0.956 . 0017 0 ·. o· 0 6.5 X 10-l2 

tl 2 7 0 o. 906 • 0080 0 0 0 II 

II 3 7 0 0.879 • 0140 0 0 0 " 
II 4 0 4 0.769 • 0635 0.22 -. 16 . 053 115 X 10 ... 12 

tl 5 0 2 0.742 .. 0830 0.305 -.21 tl 108 X 10-12 

* Ds ,.., Du for E =0 zz 

•' 



TABLE IV-l:Continued -
Specimen Tsmp. Anneal t (hr) t

5 
(hr} I/I

0
(av.} f K u 

4 948 + 1. 5 1 5 0 . 960 . 001 , 
2 . 5 0 . 930 .004 

II 3 6 0 . 905 . 008 
II 4 1/4 1/2 \ . 865 .017 ... 5 1/4 3 . 770 . 062 
" 6 1/4 11/4 . 755 . 073 

5 11 1 5 0 . 942 .003 
tl 2 5 0 . 920 .006 
II 3 5 1/2 0 . 890 .009 
11 4 1/4 2.55 . 846 .024 
11 5 1/4 2 . 813 . 039 

" 6 1/4 2 1/4 . 787 .048 

* £)(.=0 D = D for 
6 u 1( . 

tzz. E 1-'i 

0 o· 
0 0 
0 0 

. 816 -.054 

. 264 -. 176 

. 319 -.213 

0 0 ·. 
0 0 
0 0 

. 066 -.062 

. 102 < 095. 

. 163 -. 152 

~1hr 
-1 

. 005 
" 
" 
" fl 

" 
.0266 

II 

II 

II 

II 

II 

. 2 
* D em /hr 

6 

3. 5 X 10 
II 

II 

-12 
.38. 6 X 1Q 12 105x10_ 12 107 X 10 

3.55x1o-12 

" II 

-12 
42.7x10_ 12 50. 1 X 10_ 12 49.3 X 10 

I 
w 
U1 
(l 
f 



'fABLE IV- b 

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

• . -1 . 
D cm2 /hr Specimen Temp, K Anneal t (hr) t (hr) (I /I) av. P av. E hr E 

u s 0 zz 

1 1023 .1 8 
., o . 0.845 0.0245 o. o. Z3 x 10 -l2 

1023 2 7 0 0.795 0.0474 o. o. 23 X l0-12 

1023 3 0 2 0.672 0.1600 0.1035 0.207 568 X 10-12 

1023 4 5 0 0.642 0.200 o. 0.207 28 X 10-12 

1023 5 0 1 o. 618 0.244 0.1035 o. 310 577 X 10-12 

2 1023 1 4 0 0.879 o. 014 o. o. ~12 14 X 10 --

1023 2 5 0 0.842 0.026 . ·o. o . -:1:2 14 x JO- · ·-

1023 3 0 4 0.787 0.053 0.02 0.08 54 X }9~~~ 

1023 4 5 0 0.765 0.065 o. 0.08 
-12 16.2 X 10- ·-· 

1023 5 0 5 0.730 0.094 o. 021 0.193 58 X 10~12 

I 
L.V 
0' 
I 
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strains of 0. 32 to 0. 00, are given .in tables III a and III b correspond

ingly. These data although somewhat scattered, clearly reveal that1 

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/ , 
'' u 

is larger than that of the single crystal, D , at the same temperature 
u 

provided that the ratio T /Tm ~ 0. 60 holds, where T is the anneal-
0 

ing temperature and T the melting point, K . 
m 

Table (IIIc) shows that the apparent self-diffusion coefficient, 

" Du • is larger than Du , by a factor of 2 to 4 and is represented by 

the equation: 

/ 

The ratio DjDu being larger for the lower temperatures. These 

results are in qualitative agreement with those of Hoffman and 

Turnbull15 as shown in t·able III d. 
/ 

(25) 

Whether or not the apparent coefficient, Du , differs from the 

lattice diffusion coefficient, D 1 depends on the ratio of the absolute 
u 

grain-boundary diffusion coefficient, D gb 1 to the lattice diffusion 

coefficient 20 o Turnbull has shown that D will not differ from D 
u u u 

appreciably unless D b /D > N where N is a number larger than unity 
g u 

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 D b/D and hence g u . , 
D /D must increase with decreasing temperature. This observation u u ' 

is inqualitative harmony with the results listed in table III C. 
/ 

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

grain boundary diffusion coefficients. {It is commonly accep".:cd tr,::t·: 

-38.-



-;9-

D gb /Du r;:::!; 10 
7

) And it is not clear whether or not the activation energy, 

32, 300 Cal /mole is that of grain- boundary self diffusion. Fisher21 has 

analyzed the problem of grain boundary 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 gb and the corresponding grain-boundary activation energy. 

II. Dynamically Annealed Single Crystals results and the effect of 

strain rate on the diffusion coefficient. 

For purposes of discussion. values of D /D that were obtained 
s u . 

in this and earlier (autnors·master thesis~ University of California, 

1961) investigations are presented in table Vas a function of tempera

ture and strain rate. Also the calculated values of~(D - D ) and t. s u 

(D - D ) are plotted as a function of time and strain rate, figures I2a 
s u 

and 13 respectively. 

The results presented in table V, Figs. 12a and 13 are in quali-

tative agreement wi_th the results of several other investigators as 

shown in table I and Figs. 14 and 15. 

The diffusion coefficient of the dynamically annealed crystals 

Ds increases with time up to a steady state value Ds (see Fig. l2b} 

which is almost linearly dependent on the strairi rate at a constant 

temperature. 

These d;:tta can be summarized as follows: 

D = 1 + 230 at T = 1021 K (26} s 
n-u = 1 + 392 at T = 973 K {27) 

= 1 + 510 at T = 948 K. (28) 
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TABLE v 

Steady State Values of f$/Du 

Metal 0 Temp. K Strain Rate hr -1 Ds/Du 

NL 1021 0. 1035 23 

II II 0 .. 0464 8 
II: II 0. C21 0 4 
II II 0.0100 3 

II. 973 0.0530 22 

II it 0.0283 12 

II 948 0.0550 30 

il !I 0~. 0266 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 interstitial diffusivity, (2) increase in the vacancy diffusivity, 

and (3) short circuiting along ·dislocations. 

I. Interstitial diffusion: 

Excess interstitials may be formed during plastic deformation 

as a result of motion of interstitial forming jogs which would lead to 

22 
an increase in the interstitialcy diffusivity. However, Hirsh has 

stated that interstitial forming jogs can migrate conservatively 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 mechanism 

the diffusion coefficient is given by: 

D =D./Vn u v 0 

where D = the self-diffusion coefficient in unstrained lattice, 
u 

D = the diffusivity of a vacancy 
v 

{29) 



(V = the atomic volume and 

n
0 

= the equilibrium number of v~cancies 

Hence the introduction of excess vacancies upon plastic straining 

leads to an enhanced diffusivity D , . s 

D = D .fV (n + n ) 
S . V 0 X 

(30) 

\Vhere 

n. =the average excess number of vacancies. 
X· 

Two different mechanisms can contribute to the formations of 

vacancies during creep. First, the motion of vacancy producing jogs 

and second, the climb of edge dislocations (see appendix II). Undoubt-

edly, the .deformation and hence the formation of vacancies is control-

led by both the glide of jogged screw dislocations 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: 

(31) 

where 
. 
E. =the c'reep rate due to the motion of vacancy producing jogs, 

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

c 

If we assume that the rate of disappearance of excess vacancies 

(at dislocations) for unit volume be proportional to their cone entration, 

then the steady state net excess number of va·cancies n produced 
X 

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

II for detailed derivation): 

{32) 



When Eqns. ( 30 and 32) are co1nbined, one finally obtains the follow

ing expression for the steady state diffusivity in a crystal undergoing 

plastic straining: 11 

- r~-s-..r/·L 2 h (1-r )'+1T 4-Z NSz_ c s- - cayi_7 . 
Ds = D".. c·, 1', \,'I G " . .\.'. 'T' /:l..:..J.. cc 1; v/P:--) e E 

- .J;,_'\' 

(33) . 

The above equation shows that the enhanced diffusion coefficient. 

Ds, is linearly dependent on the strain rate. Although this. observation 

· is in qualitative agreement with the experimental data presented in 

Fig. 12, we shall attempt next to show that it does not seem possible for 

the motion of jogged screws or climbing edge dislocations to produce 

the number of vacancies that is required to account for the observed 

enhancement in the self -diffusivity. 

A maximum steady state enhancement of about thirty times 

was observed at the temperature 948"K and for a strain rate of 0. 055 

h -1 ( r . Equation 30) which is repeated here may be used to estimate 

the steady state vacancy concentration that would account for this 

( For FCC metals ) 

Where 

v = the vacancy jump frequency 

a = the lattice constant 

ns -. the number of atomic sites per unit volume. 

Assuming that excess vacancies are produced at a uniform rate, 

dn+ _ N 
. dt - t 

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

(30-a) 

(34) 

excess vacancies disappear at a rate proportional to their concentration, 

d 
_ n n v 

n X X ( at= r = w- 35} 

Where 

W = the vacancy life time number of jumps 

-48-



dn+ 
Setting at = 

dn-
at at stecqy state one obtains 

vii = N W 
X t 

-49-

(36) 

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

(37) 

For the conditions of our maximum enhancement { D = 30 D , T = 948 K~ 
s u 

ts = 4. 5 hours, and E = 26"/o ) one obtains the following value for N W. 
29 . 

N W = 2 x 10 vacancy jumps 

At the present no est:imates on the value of W for nickel at high 

temperatures has been reported in be literature. However, annealing 

td . f h d . . 24 . d. su 1es o quenc e -1n vacanc1es near room temperature 1n 1cates 

10 that the life-time number of jumps is 10 or less. Since the dislocations 

density, which acts as vacancy sinks, increases with deformation a value 

of W = 10
9 should he a conservative upper limit at the conditions of our 

experiments. Corresponding to this value of W, N attains the value, 

N = 8 x 10
18 vacancies per cm 3 per 1o/o 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 the motion of 

jogged screws and the climb of edge dislocations 25 
it is highly unlikely 

that moving dislocations can generate and maintain the steady state concen

tration of 8 x 10
18 vacancies per cm 3 per lo/o strain. 

III. Short Circuiting: 

The previous discussion on the effect of vacancies and interstitials 

formation during plastic deformation leads to the conclusion that the 

major factor responsible for the enhancement of the diffusivity upon 

'J)lastic straining appears to arise from short circu~ting 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 al~ng grain boundaries is several 

orders of magnitude higher than the lattice diffusivity and the activa

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 dynamically diffused single crystals, it would 

be reasonable to assume that the enhancement is associated with moving 

-
dislocations. This is indeed to be expected since the concentration of 

vacancies along moving dislocations may temporarily exceed the equili-:-

brium concentration, the vacancies concentration per unit volume remain-

ing almost constant, thus leading to a rapid 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; 

Dff=Df+D (1-f) e p u 

Where 

f = the fraction of diffusion along the moving dislocations 

D = the lattice diffusion co•=::fficient 
u 

D = the diffusion coefficient along moving dislocations. 
p 

(38) 

Table VI gives an estimate of the enhanced diffusivity D I D due to short s u 

circuiting along dislocation pipes using Eqn. 38 and values of f as. calculated 

in appendix III. 



TABLE Vl.. 

Estimates of enhanc.ed diffusion, D 
5 

/Du (based on Eqn. 4 3) qxpected : 

for d~ffcrent dislocation densities, p. 

Nickel 

Temp. C 

750 

700 

675 

Silver 

Temp. C 

1, 000 

soo 

800 

700 

600 

500 

400 

6 
p = 10 

1 

2. 4 

4. 3 

. 6 
p = 10 

5 X 10 -4 

- -3 l. 3;) X 10 

4 X 10 
-3 

l. 6 3 X 10 -2 

9. 9 X 10 
-2 

8 X 10 
-1 

13 

D /D s u 

10 

24 

43 

5 X 10 
-3 

- -2 l. 3o x 10 

4 X 10 
-2 

l. 6 3 X 10 
-1 

9. 9 X 10 
-1 

8 

130 

100 

240 

430 

5 X 10 
-2 

l. 35 X 10 
-1 

4 X 10 
-1 

l. 6 3 

9. 9 

80 

1300 

1, 000 

2, 400 

4, 300 

-l 
5 X 10 J 

l. 35 13. 5 

4 40 

16. 3 16 3 

99 980 

800 
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28 
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 ), 

.(39) 

where 

P = the density of moving dislocations 

K 1 = a constant 

The pipe diffusivity D is linearly dependent on the number of 
. p 

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

vacancies along the moving dislocations slightly exceeds the equili

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

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

velocity itself. Thus one can write for Dp 

where 

D = K b ~ -AH /RT p 2 e p 

--v-= the dislocations velocity em/sec 

AH = the activation energy for pipe diffusion p 

b = the Burgers vector em~ and 

K
2 

= a numerical constant 

(40) . 

Combining Eqns. (38~ 39 and 40) and taking ( 1 - f) D one obtains the 

following expression for D eff · 

-Lili/ RT 
neff= K2 K1 Pb\r e p '"+D u 

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

t: .. p b(l.J 

(41) 

(42) 



-52-

Where 

P, b a.nd1/'are as before. 

Combining Eqns. (41) and (4 2) we obtain the final expression for D eff 

. -AH 
.. _...£ • . (43) 

D - D' = K e 'RT- c 
Where 

eff . u c. 

A plot of ( Deff. - Du) 2. Vs. Temperature is shown in Fig. 16. 
£ 

Eqn. (43) shows that for a constant temperature the observed 

diffusion coefficient under conditions of plastic straining increases 

linearly with the strain rate, a fact that is in excellent agreement with 

our experimental data and those of Lee and Maddin, Girifalco and 

Grimes, etc. 

Eqn. (43) when· used in conjunction with the data presented in 

Figs. ( 13. 14 ) gives the following values for .6Hp, 

Nickel (this investigation) AH = 28, 000 Cal /nole p 

Silver (Lee and Maddin) 8 

Where 

= 0. 42 AH
5

d 

AH = 20, 000 Cal/nole p 

= 0. 405 AHsd 

A H
5

d = the activation energy for self diffusion 

These values are in excellent agreement (within the experimental 

error of our experiment) with th.ose obtained by other investigators 

by different techniques, e. g .• 

15 Ag (Hoffman and Turnbull) AH = 0. 408 A H d p s. . 
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Fe ( Bokstein et al ) Mp = 0.470 Msd 

The ti:a,n.pie...n.~n~ture of the curves shown inFigs. ( 12, l2o.) 

is~ ir).. harn:ony with the fact that upon the onset of deformation substru~~. 

t.u:re is formed and. the density and velocity· of moving dislocations 

ch~~ges continuously until the equilibrium substructure is reached 

whereupon the dislocation density beco~es constant and the diffusion 

coefficie!"lt reaches its steady state value. It is to be noted that the 

steady state substructure and hence the steady state number of movL~g 

d~slocations and their velocities is a function of temperature and stress 

~~d hence a function of strain rate.29 

Re:nc...rks 

The model for short circuiting along moving dislocations 

described L~ this section which lead to Eqn. (43), explains satisfactorily 

t::e C.eper:.dence of the observed diffusion coeffic-ient in our experiments 

on te~perature and strain rate. 

·For the enhancement obt~ined in our experinents this model 

req~ires that the vacancies concentration in the ~~ediate neighborhood 

o~ the d:slocations n, be less or equal one and a half times the 

e~~ilibri~ concentration n
0

• 



SUMMARY AND CONCLUSIONS 

It has been found that the coefficient of self-diffusion in nicke.~. 

single crystals subjected to tensile straining increases with time up 

to an asymptotic steady state value which is proportional to the strain 

rate at a constant temperature. At the lower temperature the diffusion 

coefficient increases greatly with strain rate. 

It has also been found tnat the coefficient of self-diffusion in 

prestrained single and polycrystals was independent of the degree 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 ( c( ~ 0. 1 m 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. 
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.~PPENDIX I 

ELcctl'O!Jolishir:.:;; me::t~J.ods described in tnc literature ,;;ove: poor._ 

l·csults. It W3.S ncce.s.:;ary :o develop 3. new m2L1od for clcctropolis:--1ii1;:· 

:~c specimens. T:1c followin~· metl1od, developed by R. B~nson, i;;:J.Vc .s::-.t-

i.sfJ.cto1·y resdts: 

Ei.cctropolis:~ing· solution: 

-435 ccH.-,0 
~ 

5 gm ?-tolu.:mesulfor:ic acid 
') 

Current d~nsity: J. ~1 amp/em~ 

Time: 4-5 minutes 

After e:;ch .spcci:--:~ ._ . ..-as ~.)cli.:;:J.cd, t::-.e ro.dioactive :1ick.::l isotop.:: 

was cieposi:ed or. its surface: :·ro:-.;. :.::. lo/v radioactive nickel solution. It ''-'O.. 

fou :-:d nee e.:;.:;:.::.~ \ ~o ;a.c ti v;;;. ::..: ~- :e .:;u;<'3.c c p~· ior :o plat in:::,· in ordc1· to a voi J 

c.·,;;;·._;, :.--.. L:e -2n2rgy levels of L;::: rransition electrons (c orbitals). T:1c 

~} T tle specimen w::.s electropolis ~1ed . 

.2) It v;as rinsed witi1 rur:;1in;; water. 

3) T;1e s~ecirr.c:;. \'/8..3 mc..de t:-:.c cathode in a basic solution to :1cti-

V3.te the SUl"~J.Ce U-l.) l.3 evolved): 



Solution: 

85 g NaOH I gal. 

54 ii Na ... CO.;. I &al. 
.:, o.) 

C d 't ,., , 2 urrent enst y: .;; amps 1 em 

Time: 2-3 minutes. 

4) Rinsed with runningwater for two minutes. 

5) Plated. 

Solution: 

115 g NiC12 . 6H20 g /liter 

22 g NH40H/liter 

2 Current density: . 05 amp I r:n 

Time: t. minutes 



APPENDIX II 

When thC' creep rate and the generation of vacancies is con-

trolled by both the glide of jogged screw dislocations and the climb of 

.edge dislocations, and when both mechanisms are operating simul-

taneously, one may wr,ite for the creep rate: 

. . .. 
E ==E.+ E 

net J c 
(1) 

where E = total creep rate .• 
net 

• 
E. =the creep rate due to the motion of vacancy producing jogs. 

J 
• 
Ec = the creep rate due to the climb of edge dislocations. 

The rate of formation of vacancies during the glide of jogged screw 

dislocations: 

where 

. 
The creep rate E. is given by 

J 

E=( Ps lj b 2 ""S/ lj ) 

Ps = density of screw dislocations, 

lj = the distance between jogs, 

Ps /1/ number of jogs per unit volume, 

b = the Burgers vector 

lj b = area swept out per activation of a jog, 

(2) 

-vj = 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 

rate of production of excess vacancies per unit volume 

by 

.+ 
n. = p p -:J.! 1. 

J s s ~ J 

p atoms the 
s 

.~ .. 
is given 

(3) 



Combining Eqn. (2) and (3) one obtains for :t~:G:: rat\e of pr,e.duction of. 

vacancies;:: 

(4) 

·+ 
where nj = the rate of production of vacancies per unit volume by 

jogged s<;:rew dislocations, 

Ps = the average height of a jog on a screw dislocation. 

Next we shall derive an expression for the rate of production of 

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

dislocations configuration shown in Fig.l 7, where two dislocations 

sources spaced a '~ Ll r. i-1 i-2 l 
~ 

•' 

i- 3 
I , __ -, -, ' 

I ~ j:. 

I 
T I 

2 lh 
j 

L _L I JJ j_ L Fig. 17 

j-3 j-2 j-1 .I 

L-- L1 J 
I" "J 

cistahc e, 2 L,, apart operate on two parallel planes ~ disLmc e 2 h ap~rt. 

The two sources will continue to operate until such tirnc when the back 

stress at each source becomes equal to the stress acting on the so'Lu•cc. 

The dislocations in the, it~ array will exert a stress on the dislocations 

. .th d m the, J , array an vice versa. For a given stress the equilibrium 

configuration shown in Fig. l will be attained. However, if the i and j 

dislocations were each to. climb a height h in time t and annihilate each 

other then the equilibrium will be upset and the sources will emit .:1 \ 

dislocation per each climbing dislocation, and each dislocation in the 

two arrays will move forward to the next position. If the disloc.:1.tions 

are of 'length, L
2

, then the total area swept out per event of climb is 
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equal to (2L1 L 2>. And if the number of such arrays pc1· unit volume 

is equal to pF where p is the density of edge dislocations and F 

·a constant less than unity, then the strain rate due to the climb of 

edge dislocations will be given by 

(5) 

or 

E = frequency with which the leading dislocation climb x 
c 

the volume swept out per activation, 2 L
1 
~b p F 

Hence 
(G) 

Now the number of vacancies emitted per single event of cl:mb 

per unit volume is equal to {~I b) (2h/b)( p F ) 

and th2 rate of production of vacancies during climb nc per unit 

volume is equal to 

+ 
~ =~( L 2 /b) ( 2h /b ) (p F) 

c 

Coh1bining Eqns. (6 and 7) one obtains for 

I 
3 

= (h L
1 

b ) E c 

Now we can combine the terms n.+ and 
J 

to obtain the total rate of production of vacancies 

(7) 

(8) 

n + Eqns. (4 and 8) 
c 
.+ 

n pe1· unit volume. 

.+ .+ .+ . 2 . '3 
n = nc + n j = ( ps :Ej I lj b ) + ( h Ec I L 1 b ) (9) 

Excess vacancies migrate to sinks which are probably .:tlso 

dislocations. If the dislocations sinks arc a distance, L, fl~om the: 

sources, then the mean life time T of an excess vacancy is appl~oxi-

matcly equal to (10) 



where D = the diffusivity of a vacancy 
v 

-62-

Let the rate of disappearance of excess vacancies per unit volume 

be proportional to their cone entration, then 

n- = (n - no ) 4: D I L 2 
. v 

·where n
0 

= the equilil:::-iu.m number of vacancies. 

Combining Eqns. (9} and (11) one obtains for the net rate of production 

of vacancies 
. 
n • 

inte!Iratinrr Eqn. (12) and observit~c· tha.t n=n :1t t=O one obt:1ins 
~ ~ "b 0 

. L2 r h . 
n = n0 + -·-D- j( ~ E + 

4 v L Ll b"' c 
Since the self-diffusivity, D, is 

D=n-!\,D 
v 

-) . 
-!-.) E · ) (1 - e 
L ;)~ J 

J 

equal to 

where n = the number of vacancies and 

V'v = the atomic volume 

therefore 

D =~ + 

where 

-4Dvt/L2 (l :~) 

(14) 

(15) 

In order to obtain a direct comparison with the cxpcrimcnt::ll 

data given in Fig. l2a, we note that 

((: 
JoD dt :;; D 

t u + 

• 2 r · E L ,.('v !, h Ec P s 
1(-- ~-+--

4 l L 1 b3 E lj t2 

. 
E· 

_;:::1) (1 + 
E 

(lG) 
..... 

I. 2 - ~' D ,. I y 2 \ 
---- 0 • VL ._... )\ 

4Dv t J 

.• 
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01' 

{: . (1 7) 

. i /"E ( r D dt It . Du ) = ' 

_;;,L2 /4 {< h/L1bsHEciE l 

Replotting the data in terms of 

, . . 2 • ·\ ~ . L2 c -4Dvt!L21 

+ <Pslljt t.> <Ej /EJl + 4Dvt j 
1 I E { ( D dt /t 

J._ 

.. as a function of t as shown in Fig. l2a reveals that the diffusivity 

increases with straining and finally reaches a steady state value that· 

is determined by the temperature. • For steady state conditions 

Ddt = Us t 

and Eqn. (17) reduces to 

(13) 

or 

. .r \ 
9 

r • • 
9 

•• ,. 

=\'\'L"'/4th/Llb3)(Ec/E) +(ps/ljb"')(E/E)J E (lSo.) 

.:~ .. plot of( Ds - DJas 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(! /E) COs - Du ) is given by 

r . ~ 

Slope = vvL2 /4 l(h/L1 b3)(Ec /E) +(ps /lj b 2)(E/E)J 
(19) 

and is plotted in Fig. 16 as a function of temperature. 

Since the present data (Fig 16) does not allow one to establish 

the exact dependence of the term given by Eqn. (19) on tempcr::tturc we 

shall resort to a theoretical analysis of this term. 

Of the various quantities that appear in the expression fol"' the 

slope (Eqn. (19) only. the following may be temperature dcpcacle:nt: 
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P 
8 
is the average height of a jog on a screw eli sloe ation. If. 

the jogs are formed mechanically for example dudng intersection, etc., 

Ps will be independent of temperature. However, if the jogs arc 

thermal jogs Ps will depend on the temperature. But sine e the energy 

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

to be equal to unity from enel~gy consideration. 

l. is the average distance between jogs; agnin, if the jogs arc 
J 

mechanical jogs, l. will be independent of temperature, however, if 
J 

the jogs are thermal, one may write for l. 
J 

where 

E. 
_x 

1. = b e gj /k T 
J 

gj = the free energy to form a jog. 

E. is the creep rate arising from the glide of jogged scrC\\'. 
J 

(:21) 

25 
dislocations. According to J. E. Do1·n E. has the following fon'1 

J 

\ 
I' 

I 
(2 2) -e 

j 

where. T = the applied stress, 

rr = the activation energy for sdf-difiusion, 
""d. s. 

= the De bye frequency, 

Ps 0 s b same as a"Jovc. 
I ' I • 

.. 
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. 
Be .is ·the creep rate arising from the climb of edge disloc::ctions 

. .. • . 25 
and may be written as follows: 

1 
., 

0. , ..J- C\ ·) -I {)<;,.<..! • (;' 

· z 2 rr:-,?..· \. ":r'" E, = \G n. { \ -;.:~) -._; 2 1v \. ~; e -~-~ · 

( ·)" ) -,) 

fo:.:- stresses up to the order of 10 
9 dy::c.s /em 2 

the argument of tho sink 

term is small compared to unity and the sink can be replaced by its 

argument. rfhus. the expression for 

E -· -c 

E D('Comcs 
c fc·. , . c." \· 
- : Q <:: •• •• -.- J .). 

( --- ) 
\ 

I),-,-, 
,Q -,-..,I 

'-
( ') ·'. \ -"l:, 

(2 5) . 

the bracket in Eqns. (25) is small compared to the first term ::n:cl ·::.:>1n. 

(25) reduces to: 

/•" ... ·, 
\...:G) 
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Eon. (:2G) shows the V:J.l'Lltion of D - D with strain r:1tc :1ncl . s u 

tc:::npcr:J.ture which i::; in qu:J.lit:J.tivc 3.grec:r:1cnt with the cxpcl·imcnbl 

d:lt3. presented in Figs .. 12:1 :J.ncl l2l). 
'!" 

.. 
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1\ PPEI\DIX: III 

•) r• 

Hendrickson and l\:Jachlin~ 0 
gave tho following estimate for the: 

dicctive diameter, d, of ::1 clisloc.::nion, 

-7 
d = 10 em 

F'o1· a disloc ::1 tion cl ens it v, n, -:.h c: f1·o.c tion oi 3. toms, 
v • ~ 

in disloc3.tions per unit voll:mc is given by 

•) ') 

f = cl- ;J I 4. ::1 .J n 
s 

a = tho interatomic cist::mce 

n = tho number c:f si.t.:::s per unit volume (using the ::t'oovc:: v::Ll~:c 
s 

:ior d one obt::1ins the follo'.·:ing valc:e for f in nickel) 

..... 

Cn--:./C-::;.1.) 
p 

f 

'7 

lO' 

-9 -3 - 7 -G 
5xl0 5xl0 5:-.:lO ' 5xl0 

10~ 0 
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