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PIPE DIFFUSION ALONG ISOLATED DISLOCATIONS®

JURGEN MIMKES
nsnn.n.fm Festkirperphysik. Technische Universitar Berlin. 1 Berlin 12 { Germany)
{Received September 27. 1974) |

data ngf Z?ﬁrféplete solution of dislocation pipe diffusion is applied to experimental
to the dislocatr'em metals. For f.c.c. metals the mechanisms of vacancies bound
dislocations aior; gnd of dlﬂ"u51pn in t}}e stz.xckmg fault' ribbon between dissociated
in the alkal hel' éscussed. ‘Catlomc 'dlﬁ’usp.n along Fhslocatxons will be obscured
metallic oxi alides by aliovalent impuritics, but it may be observed in some

¢ oxides. Anionic diffusion along dislocations may be found in all NaCl-

type ionic crystals.

1. INTRODUCTION

he ng;f‘;i)llmz. data will r.evea.l information about the properties of a crystal if
diffusion alu 1on of the dlﬁuglon. problem is applied. In o_rder to 1pvestigate pipe
diffusion wicl)ln[%e 1solat_ed dislocations, the complete S:OlUIlOI"l of dislocation pipe
diffusion tim Tapplled to experimental .data and will be filscussed for different
isms of o efi"ﬁ“he' resqlts of the calculatlion_ enable us to dm:uss several mec_hap-
crystals ?vﬁli 11 usion in f.c.c. metals. Similar behayl.our is expected for 1omiC
owine 1 the same f.c.c. structure; howe\{er, gddl.txonal effects are observed
g to the charges of the crystal and the diffusing 10ns.

2.
APPLICATION OF THE COMPLETE SOLUTION
tated dislocations for an

The complete solution of pipe diffusion along is0
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{=z//D% x =/D%/A=/=tmD"
A= D4D! ¢=ajlA = /rma’

is similar to Suzuoka’s solution? of grain boundary diffusion for an mst_antaneo&ils
source. { is the reduced bulk diffusion parameter with z the d%ffusmn dffpmé
A and ¢ are the pipe diffusion parameters, D¢ and D are the diffusion coeﬁicwnce
in bulk and pipe, respectively, « is the pipe radius and 24 the mean dlgtta -
between the pipes. The parameter x is determined by the @slocatmn qensglyanc-l
Applying eqn. (1) to experimental results yields the activation enthalpies 4 pine
h* of bulk and pipe diffusion, the diffusion constants D4 and D of bulk anc pip

. ] ) . . . islocation
diffusion, as well as the effective radius a of the dislocations if the dislo
density m is known.

21 k=1

: - an
For short diffusion times, /D7t < A (i.e. ./ D't small compared with the mea!

) : Xi-
distance 24 between the dislocations), the complete solution (1) may be appro
mated by

R 3y, {? (2)
Q(0) = W{exp (hZ)WLﬁ exp (-ZZ)}

since the diffusion in the bulk and the pipe are still independent. 3 who

Figure | shows pipe diffusion data obtained by Pawel and Lundy ity
diffused Nb into Ta for a very short time (2 h). If the logarithm of the & ‘two
ts plotted against the square of the penetration depth the data points foﬂz1 e
straight lines. referring to bulk and pipe diffusion. According to €qn- (2) be
slopes will yield the bulk and pipe diffusivities D and D?. The value of & maythe
obtained by extrapolating the straight line representing pipe diffusion to on
ordinate*. The solid line in Fig. 1 has been calculated from the complete solutlm-
(1) and shows excellent agreement with the experimental data points. The COO?
plete solution (1) and the approximation (2) both lead to a value of of 0.U-

TaoNG

T21250°0

t=2h

logcic,

8a

o % 50 10’0;;.2
22

Fig. 1. Logarithm of Np activ

. . i from
oga 'ty m Ta rs. the square of the penetration depth z: data pornts
ref, 3: solid line according to e

qn. (1.
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A dislocation density m = 10> cm™2 has been observed, and thus the effective
pipe radius @ may be calculated from eqn. (1): a=¢ (% m)" 2 =4x107" cm.
This large pipe radius may be due to the very low dislocation density m, which
was determined by etching. If the real dislocation density is higher, the effective
radius will become smaller.

22, k¥l
_ For longer diffusion times,\/méA, Fisher’s® model may be applied to the
dislocations. yielding Smoluchowski’s solution®:

or,z,t) = co exp {— (220)1"“ (_Tt_l—)%m} (1 +% q&) (3)
_ ( D't o\ Jo(or/a) Yo(o)— Jolo) Yolor/a) do
’ S P ( a’ ) J3(0) + Y2(0) -
0

Figure 2 shows the self-diffusion data obtained by Reuther and Achter” for
Nb over longer diffusion times (168 h). Two samples with different dislocation
densities, which were annealed simultaneously, show the same bulk diffusivity
but different pipe diffusion activities. According to eqn. (3) the logarithm of the
activity ¢ plotted against the penetration depth = will yield a straight.lme. from
which the pipe diffusivity may be calculated. Again the solid line in Fig. 2 refers
to the complete solution (1). which is in good agreement with the experlment_azl
d_ata. The distocation densities m(PC) = 7.5 % 10° cm ™2 and m(SC) = 4 X'IOS ad
yield an effoctioe pipe radius a = 2 x 1075 cm. Again the large effective pipe radlgs
may be due to the fact that etching may not reveal all dislocations taking part in
the diffusion process.

23 k>
For large diffusion times, /D1 4. the bulk diffusion may be cal
according to Hart’s equation®:

culated

0 as  as a7 0 um

1 . . i . 7: solid
Fig. 2. Logarithm of Nb activity in Nb us. the penetration depth = dat2 points from ref

line according to eqn. (1).
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) ted
Figure 3 shows Gupta’s data® for self-diffusion in gold. Gui)ta filas Z?ii?tilslif iy
the bulk diffusivity according to Hart’s equation (eqn. (4))_ and t F It)hze activity is
according to Smoluchowskj’s solution, since the logaritl_lm d(? fusivity and the
linear with the penetration depth z. The results. for the latticf.‘ lareg
product of the pipe diffusivity and the dislocation cross section

Dapp = 0.07 cm? 51 eXp (—1.73 eV/kT)

ma* DS =5y 1016 cm* 571 eXp (= 1.2 eV/kT)

Again the solid lines

X lete
in Fig. 3 have been calculated according to the comp
solution (1),

T(°C)
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Fig 3 Logarithm of Ay UMY in Au 1y, the benctration depth -: data points fro
lines according to €qn. (13,
Fig 4, Logarithm of

the diffusivitieg for
reciprocal temperatyre al various dislocar

I
. : jon data €@
on densities Numbers for the pipe diffusi

respend to pipe ragj; {in 10-*

tmj calculated according to eqn. (1).

Figure 4 shows ¢
solution!?, The bulk dj

The pipe diﬂusivity

D=2 pp-3 €Xp (—1.24 eV/IkT) cm? -1
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éfl_f-'lds an activgtion enthalpy close to Gupta’s value. In addition the effective

: islocation radlug « obtained for a fitted dislocation density m = 3 % 109103 cm 2
= - i . : M - - . -«

5 a=18x10 0.5 om: the minimum for the effective dislocation radius

according to the data is
a<5x1077 ¢m

which is larger by a factor of 10 than the value usually assumed.
3. PIPE DIFFUSION IN F.C.C. METALS

" The results for srqall angle grain boundary diffusion and pipe diffusion are
isted in Table 1, showing the constant D and enthalpy ht of bulk diffusion. the
E;e;qunenﬂgl fac_tor and the enthalpy of pipe diffusion, the Burgers vector b
g e dislocations involved and the impurity content of the specimen. The data
0 not seem to depend on the impurity concentration; the type of dislocation
g]ay have some influence. however. In order to compare the results for grain
[‘0unqary diffusion and pipe diffusion, the pre-exponential factor P of disloca-
ions in the grain boundary has been calculated from the angle 6 and the width

0 of the grain boundary!!- '8

s2d
Pi=n a’Dg = 4(_)1)_0_ (5)
2 sin (0/2)

}htfee S_imple models will be discussed in more detail
Ctivation enthalpies and pre-exponential factors for pipe diffusion.

in order to explain the observed

3.1. Vacancies bound in the stress field of dislocations
th Ballum.ls has discussed the model of vacancies bound in the stress field of
e dislocation. In this model the expected radius of the dislocation should be of

TABLE |
SELF-DIFFUSION
F-DIFFUSION ALONG DISLOCATIONS IN F.C.C. METALS
E[) 4 - . .
ement  Df(cm®s™1) h'(eV) Pre-exponential factor heVy b Impurities  Ref.
{ppm)

A

Ai 0.23 1.95 oDd =2x107" em’s ! 086 [100] edge 200 ll

Ay 0.395 192 ma?Dd =6x10%em?s™! 130 10 12

Au 0.44 192 5D% = 3x 107 em?s™ 051 [100] edge | 13

e D4 1.92 - 130 [112edge | 13

o 0.091 18]  maDd=5x10"cmts”t 1.20 [110] cdge 10 9
D4 = 0.002 em?s”! 1.24 [110] edge 10 10

Al a=5x10""cm

N; 0.18 131 matpt=Tx 107 cmts™t 085 (110 edge |1 14

\;l 1.9 2.89 D3 = 5x 10"t em?®s™" 1.08 [100] edge 500 13

N L9 2.89 D =20cm?s™! 1.6 {110} edge 10 16

Ni a=2x10""cm

\ L9 2.89 5Di—8x1075cm’s™H 176 [110] edge 300 17

195  [110]screw 300 1’

————
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- ipe diffusion is'®
the order of the Burgers vector, S A. The activation enthalpy of pipe diffusio
W=+ he i

. igration
where Af is the enthalpy of formation in the bulk, B the emhdlgzeogirsrlloiation-
near the dislocation. and h{ the (negative) bmdmg enthalp);i t;) be the same a
If the enthalpy of migration near the dislocatlon. is assume 1qu e oblained.
that in the bulk, very large (and unreasonable) binding fentha/gl b I shows
Lothe!® has suggested a more reasonable value 'of ():5 hn'1 for hg,. L and the
the experimental results for dislocation pipe.dlfquwn in fyc.c;jilg;ocations il
calculated enthalpies. Diffusion along undissociated Z[IOO]dN TR
reveals large binding enthalpies 4y the product Pj=a" 1 g ';10] dislocations
indicates a small pipe radius «. Diffusion along dissociated | be of an electron
shows very reasonable binding enthalpies of the order of a few tent Sthe quivalert
volt. However, the pre-exponential factor P§ is much larger thap b ad i the
values for undissociated dislocations. Thus the model of vacancics f?)  iffusion
stress field of dislocations yields unexpectedly large bmdm_g enth{ﬂpleS o efective
along undissociated dislocations; along dissociated dislocations the

TABLE 1

MOBEL OF A VACANCY BOUND TO A DISLOCATION BY THE STRESS FIELD
d .__ 1.¢ d d
B = BRI+ e

Ref.

Element b (eV)  hl(eV) i =1k (eV) i ev) Pliem*s™H b

1
Ag 0.86 1.10 0.40 ~0.64 52x107Y {1(0){0)% i
Ag 0.51 1.10 0.40 ~099 47x107'® [;00] 5
Ni 1.08 1.9 0.5 ~132  93x10° '8 [110] 1
Al 0.85 0.76 0.3 ~021 7 x107V { 16
Ni Lé 1.9 0.5 —08  56x107'2 [110] ¥
Ni 1.75 19 05 ~0.65  3.Ax107'° (110] 7
Ni 195 19 0.5 —045  66x107'8 o
Ae I3 L1 0.4 —02  >1x107' (Hor g
Ag L300 110 040 —02 - ozt
Au i 0.98 0.41 —0.2 5 x1071'® (110]

i ) : ; imed
radius of the dislocations appears to be higher than that ordinarily assu
for this model,

3.2, Vacaney mechanism halpy of
A constant vacancy mechanism of pipe diffusion requires an ent
migration only:

he = he,

. . - i the
where hg, is expected to be less than or equal to the enthalpy of migration i
bulk & . According to Table 111 thi

: long
001 di s model may be applied for diffusion a
(100] dislocations, where
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W<k
has been found to hold for self-diffusion in silver and nickel.

TABLE Il1

VACANCY MODEL FOR UNDISSOCIATED DISLOCATIONS AND MODEL OF PIPE DIFFUSION
FAULT RIBBON OF DISSOCIATED DISLOCATIONS

IN THE STACKING

Element  h* (eV) Wt (eV) P em*s™ Y d(A) b Ref.
Ag 0.86 0.81 52x10°Y - [100] 1
Ag 0.51 0.81 47x10718 - {100] 13
Ni 1.08 1.0 93x107!8 - [100] 15
Al 0.85 0.6 7 x107Y 7.5 [110] 14
Ni 1.6 1.0 (a=20A) 11 {110] 16
Ni L.75 1.0 3Ix 10713 11 [110] 17
N 1.95 1.0 6.6x 1075 1 [110] 17
Ag 1.3 0.81 I x10713 34 [110] 12
Ag 13 0.81 - 34 [112] 13
A 1.2 0.83 (¢ =50A) 34 [110] 9.10

_ The small pre-exponential factor P for [100] dislocations indicates a small
Pipe radius of one or two Burgers vectors. Lothe!® has shown that only a few
strings of atomic jump positions are needed to obtaina sufficiently large correla-
tion factor. Thus a vacancy mechanism is in good agreement with the diffusion

data for [100] dislocations.

3.3. Dissociated dislocations : i
In contrast to dislocations with [100] Burgers vectors the (110] dislocations

may dissociate into partials: thus a different diffusion mechanism is to be cgpected.
Indeed. a vacancy mechanism cannot be applied to [110] dislocations since the
ObseFVEd activation enthalpy of pipe diffusion A° is larger than the enthalpy of
migration in the bulk /Y, in all samples listed in Table I11. In addition, the calcu-
lated pre-exponential factors P, as well as the calculated pipe radii ¢. grow in
Proportion to the spacing d between the partials, as shown in the third and fogrth
columns of Table 111, The area of the dislocation pipes s of the order of the ?wdth
of the stacking fault ribbon, indicating a mechanism of enhanced diffusion in the
stacking fault ribbon. The stacking fault is represented by an arca with h.c.p.
structure enclosed in the f.c.c. metal. Thus the spring constant of the second
nearest neighbours in the ribbon differs from that in the bulk, giving rise 10 & neW

attack frequency in the ribbon:

V= vp exp (—h/kT)
Whel‘? v, is a vibrational mode of the stacking fault ribbon and A, is the enthal.py
O.f Migration in the ribbon. This may explain the large area c_alculated for pipe
diffusion along [110] dislocations, since the vibrational mode will not be confined

to the dislocation cores of the partials but will apply to the complete stackinog
fault ribbon. The activation enthalpy observed for pipe diffusion along [110]
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dislocations is also in the range to be expected: it should be less ‘than tl:lat in the
bulk and larger than that in the highly perturbed area of [100] dislocations. _

Love?® and Wever er al.2! have discussed different models, but more experi
mental data, including the accurate determination of the dislocation density.

will be needed to confirm and explain the large effective pipe radii for diffusion
along dissociated distocations.

4. PIPE DIFFUSION IN IONIC CRYSTALS

e ) L i . . ion is siven b
The diffusion coefficient of mtrinsic cation and anion diffusion is given by

. 6)
D™ =352y fexp (=90 _ (
with » the geometrical factor, ; the jumping width, vy, the Debye frequencyff toj;
correlation factor. ge the free enthalpy of formation and g, the free enthalpy
motion. For extrinsic diffusion the diffusion coeflicient is

. 7)
Dexlr =~ ~2 , _ gm (
2" vp f n, exp ( 1kT)

: i . ) . " Insic
where n, is the concentration of vacancies dye to aliovalent impurities. Extr
diffusion will ogeyy for temperatures below T, where 1; is given by
8)
n, = n; = exp i (
kT,

the extrinsic cation dj

2+
L. - . A 1 a ’
if ffusion in NaCl is due to a concentration #; of C

The temperatyre T, dep

. 2+,
ends only on the concentration n; of Ca?™:

(9)

“ationic i e : L insic

Cationic pipe diffusion may occyr In both the intrinsic and the eXt'rmthe
_tem.pefature ranges. In order to obserye enhanced cationic pipe diffusion in
'NUINSIC range. the lower boundary of the (normalized) intrinsic range

=L TeTTsr T

n =

: 9
. \ ble IV shows 7, calculated according to €qn. (CT
tor a doping leve] of I ppm. for severy] ionic crystals. The free enthalpy of vacancy

tormation and the melting temperatyre are also indicated in the table. For alkali
halides T, is aboyt 70% of th

- : an
30° ¢ melting temperature T,,. whereas T, is less th
DO o Of Tm fOr Mgo

In order to obtain an intrinsic te

mperature range
12TT >05

Lnee alkali halides a4 well, the maximum impurity concentration n; of Ca’” has
N caleulated from €qn. (8) and is given in the sixth column of Table IV.
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TABLE IV

KNEE TRPERATURE Ty FOR AN ALIOVALENT IMPURITY CONCENTRATION OF 1 ppm AND THE MAXIMUM
ALLOWED CONCENTRATION 71, OF ALIOVALENT IMPURITIES FOR THE OBSFRVATION OF CATIONIC PIFY
DIFFUSION IN THE INTRINSIC RANGE OF IONIC CRYSTALS

MXx selk he (eV) 7, (K) T, (= 1ppm) 1 (0.575) (ppm) Ref.
K Br 5.0 118 1003 0.73 T, 23x10°* k3
K Cl 3.8 1.16 1049 0.73 T, 3.6x107% 2
NaCl 31 1.06 1073 0.68 T, 241073 22
Na Cl 6.1 1.07 1073 0.66 T, 4x107? 23
Mg O 0.9 1.9 3073 0.49 T, 1.4 24

The calculated concentrations in Table IV reveal that it will be difficult to
observe enhanced diffusion of cations along dislocations in the intrinsic range
fqr the alkali halides because it will most probably be obscured by extrinsic
diffusion. Owing to the high melting temperature, however, it may be possible
to observe cationic diffusion along dislocations in MgO and other metal oxides
In the intrinsic range. Table V shows experimental results for cationic and anionic
diffusion in ionic crystals. No enhanced diffusion s observed for cationic diffusion

TABLE v

C: q : .
ATIONIC AND ANIONIC DIFFUSION ALONG DISLOCATIONS IN JONIC CRYSTALS

H (eV) Ref.

MXx . E Df{cm?s™ ) ht(ev) Pre-exponential factor
NaCl @ Na- 1 x]10°¢ 0.8 _ 0.8 25
Mz O Co?~ 581073 2.05 _ 205 26
o NitT 12%x10°° 21 _ 21 26
. Niz— 6 x ]0*6 1.8 _ 1.8 27
MO - Bl 007 3.38 et DS = 6x 10 Fem?s™ 185 28
T'h O, : Th?- 0.35 6.48 5 D8 =8x [0°"*em®s 1 bR 29
NaCl @ Na* 6 x10-* 123 - 0.4 30)
K,Br © Br- 3 x10* 2.61 51)3:7x10*‘3cm3s"’ .49 3
Nadlo 5 =107 2.27 6D3:8.5x10'5cm3s" 1.36 a2

in NaCl or Co?* and Ni?™ diffusion in MgO: the activation enthalpies for bulk

and pipe diffusion are identical and the activation enthalpy as well as the diffusion
constant D, of bulk diffusion indicate an extrinsic mechanism. Only for Ba’
1dlf’fuswn in MgO and for Th?™ in ThO, has diffusion enhancement along dis-
ocations been observed: the coefficients of bulk d
mechanism.

In order to observe enhanced cationic pipe diffusio

iow lemperature in the extrinsic range of highly pure 1 : 1O
n this temperature range associates are formed, yielding a higher activation

enthalpy of diffusion than in the impurity-controlled range. and pipe diffusiog
may be observable. Recent results for NaCl and KBr indicate that enhance

iffusion point to an intrinsic

n in alkali halides. a very
rystals has to be chosen.
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cationic diffusion along dislocations may indeed be found at very low temfoﬂat“fes
in the extrinsic range of alkali halides of ultrahigh punty (m<1 ppm) d: ffusion
Since anionic diffusion is not affected in the same way as calon® 11 Lo
by aliovalent cation impurities, enhanced diﬁ"usiqn oﬁ anions glqngh I\Sv :’1 b the
may be observed in both metal oxides and alkali halldgs. Tbls is sho ) ixism
results for NaCl and KBr in Table V. At present no pipe diffusion mechd

. . her con-
is offered for ionic crystals, since more data will be needed to draw furt
clusions.
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