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DISLOCATIONS IN SOLIDS INVESTIGATED BY MEANS OF NUCLEAR
MAGNETIC RESONANCE

J. Th. M. De Hosson

Dept. of Applied Physics, Materials Science Centre, University of
Groningen, Nijenborgh 18, 9747 AG Groningen, The Netherlands.

The intricate details of the mode of dislocation movement in a stress
field and the mobile fraction of the total number of dislocations in a material
are measured by means of combined plastic deformation and NMR experiments. It
turned out that pulsed nuclear magnetic resonance is a complementary new
technique for the study of moving dislocations in metallic and ionic crystals.

1. Introduction

The development of magnetic resonance spectroscopy ranks among one of
the most important advances in chemical and solid state physics during the past
three decades. The great strength of nuclear magnetic resonance is that the
resonance signal is characteristic of the particular nucleus being studied.
Because the nuclei of many elements are characterized by intrinsic magnetic
moments, the resonance frequency W in a magnetic field ﬁo, equals Yy HO, where
the gyromagnetic ratio y is a constant which is different for different nuclei.
For this reason, NMR can be used to measure properties which belong exclusively
to the nuclei whose motions are of interest. Moreover, the surrounding of a
nucleus may affect NMR properties like, linewidth, relaxation time etc. Accord-
ingly, NMR can be used to study the environment of the nuclei providing micro-
scopic information of atomic motions.

The principal aim of our research is to gain some insight in atomic
motions which play a keyrole in phenomenon of slip in crystals and in the

mechanism of the process of plastic deformation. It has been well established
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that the plastic deformation of solid materials is brought about by the move-
ment of dislocations. Because the process of dislocation motion is made up of
atomic movement nuclear magnetic resonance techniques should offer a possi-
bility to determine the way in which dislocations progress through the crystal
as a function of time utilizing spin—-lattice relaxation as a tool. For a com-
prehensive theoretical survey of the dislocation induced relaxation, reference
should be made to our review [1]. We have shown that nuclear magnetic resonance
(NMR) is a useful tool for 'in situ' investigations of dislocation motion in
non-metallic materials as well as in (pure) polycrystalline metals. In the
10—1, has been
instantaneously measured while a sample is being plastically deformed with a

work, the nuclear spin relaxation rate in the rotating frame,T

constant deformation rate €. It turned out that from these pulsed nuclear mag-
netic resonance experiments three microscopic informations of the dislocation
motion can be deduced in principle: (i) the mean free path of moving dislo-
cations; (i1) the mean time of stay between two consecutive jumps of a mobile
dislocation, and (i1i) the mobile dislocation density as a fraction of the
total dislocation density. Moreover, quadrupolar broadening of the nuclear
magnetic resonance lines provided information of: (iv) the total dislocation
density.

While static quadrupolar effects associated with static lattice de-
fects such as dislocations are analyzed in terms of width, line shape and in-
tensity of the NMR signal, dynamical effects, such as dislocation motion dur-
ing plastic deformation, are studied through the related nuclear spin-lattice
relaxation process. Nevertheless, both experimental methods are essentially
based on the interaction between nuclear electric quadrupole moments and elec-
tric quadrupole moments and electric field gradients at the nucleus. Around a
dislocation in a cubic crystal the symmetry is destroyed and interactions be-
tween nuclear electric quadrupole moments and electric field gradients arise.
Whenever a dislocation changes its position in the crystal, the surrounding
atoms have also to move, thus causing time fluctuations both of the quadrupolar
and dipolar spin Hamiltonian for spins with I > %. However, dipolar effects on
the nuclear spin relaxation due to dislocation motion are negligible and quad-
rupolar interactions dominate the observed relaxation behaviour. Furthermore,
for the investigation of rather infrequent defect motions as in the case of

moving dislocations, the spin-lattice relaxation time in the rotating frame,
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Tlp’ has proved to be the most appropriate NMR parameter affected by such mo-

tions.

2. Theoretical Background

In the following we will focus mainly on plastic deformation experi-
ments with a constant strain rate €. This type of experiment is governed by

Orowan's equation [2]:

E=¢0Db Om

, (1)

- |

w

assuming a thermally activated, jerky motion of mobile dislocations of density
P The motion may be considered to be jerky-like, if the actual jump time Tj
is small compared to the meantime of stay Ry at an obstacle. In Eq. (1), ¢
denotes a geometrical factor, b symbolizes the magnitude of the Burgers vector
and L is the mean jump distance between obstacles which are considered to be
uniform.

While deforming a sample with a constant strain rate € the spin-lat-
tice relaxation rate in a weak rotating field Hl ('locking field'), 1/Tlp’ of
the resonant nuclei in the sample is enhanced due to the motion of dislo-
cations. The resulting total relaxation rate may be decomposed into a back-
ground relaxation rate, (1/Tlp)o and the contribution (1/Tlp) which 1is

D
governed by the mechanism of dislocation motion, i.e. by equation (1)

Lz(_l_) (L) , -
Tlp Tlp o Tlp D
In metals and alloys, (1/T1p)o is due to fluctations in the conduction elec-

tron-nucleus interaction leading to the Korringa relation (T, ) .T = ¢, where

lp70
the magnitude of the constant c depends slightly on the stren;th of the locking
field Hl' In table I the actual values of c are given for samples under inves-
tigation, measured at T = 77 K (see section 3).

At a finite plastic strain rate, dislocations move in the crystal,
i.e. causing time fluctuations both of the quadrupolar and dipolar spin
Hamiltonian for spins with I > %. However, the dipolar effects on the resulting
nuclear spin relaxation due to dislocation motion are negligible and quad-

rupolar interactions dominate the relaxation behaviour. Furthermore, in the

range of deformation rates applied here the atomic movements involved in
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dislocation motion are in the so-called ultra-slow motion region, where the

_ 1

TZ are not remarkably influenced by dislocation motion and where the

rotating-frame relaxation rate T

Zeeman spin-lattice relaxation rate T and the spin-spin relaxation rate

1o is the most appropriate NMR parameter

affected by such motions.

Table I. Values of Korringa constants ¢ and of local fields in the
rotating frame, H , of 27A1 in aluminium samples under investigation,
measured at 77K

System c. [Ks] HLp(G)

5N aluminium 1.85+0.1 3.16+0.6
Al:0.1 at.%Cu 1.85+0.1 3.3 0.6
Al:0.5 at.ZCu 1.95+0.1 3.9 0.8
Al:1 at.7Cu 2.05+0.1 4.4 0.9

The resulting expression for the relaxation rate (1/T, )_ induced by dislo-

1p°D
cation motion is given by [1]
1 ) P
(T ) = = Q T & s . om L) = (3)
1p/D H, + H Q T
bl Lp w
Here
3 eQ)Z 2T + 3
o= —— ] & —— (4a)
Q 320 Q‘h 12(21 - 1)

is a quadrupole coupling constant (Q:nuclear quadrupole moment, I:nuclear spin,
y: gyromagnetic ratio) and <V2> denotes the second moment of the electric field
gradient due to the stress field of a dislocation of unit length.

In continuum approximation, <V2> may be expressed as

2 R, JAm 2
<V'> =7 [ 1 dr dov (r,0), (4b)

r 0]
Cc

where V(r,6) is the electric field gradient at a nuclear site with coordi-
nates (r,8) with respect to a given dislocation, the inmer cut-off radius r

is given by r, = 3b, and the outer cut-off radius R0 is determined by the total
. 3 . ~¥
density of the dislocations, p_: Ro = (ﬁ.pT) 2,

T H 1is the mean local field in

Lp
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the rotating frame determined by the local dipolar field HDp and the local

dr lar field H
qua upola 1le QD

HLp = HDp + HQD' (4c)

061

02

01 A I & 1 1 1 1
3 10 30 100 300 1000 3000

dislocation jump distance N

Fig. 1. Quadrupolar geometry factor g for a mobile dislocation as
a function of the normalized jump distance N (ig units of the Burgers vector).

The quadrupolar geometry factor gQ(L) in equation (3) which depends on the mean
step width L is presented in Fig. 1 where the jump distance L is expressed in
units of the Burgers vector b: N = L/b. Typically, in plastic deformation ex-
periments the jump distance L is of the order of 10_5 2 10_4cm, i.e. N is of
the order of 103. For such large jump distances gQ(L) approaches to one being
not very sensitive to a change in L. Furthermore, in the following we will as-
sume that gQ(L) is not a sensitive material-dependent quantity.

It has to be noted, that equation (3) is valid only in the 'strong-
collision region' where the dislocation motion is slow enough to allow the
spins to establish a common spin temperature between successive dislocation
jumps. In practice, the condition is fulfilled for strain rates € up to about

~1
10s = depending slightly on Hi + Hip.

2 . - ; .
For 7A1 in aluminium, the quadrupole coupling constant GQ (equation
(4a)) has the value (Q = 0,15 ¥arns v = 7.095.10° ¢ = & 73 2.85
-25 2 -
10 "G dyne 1 cm . The value of <V2> may either be determined theoretically by

means of the corresponding theoretical expression of V(r,8) for dislocations as

given by Kanmert and Mehring [3] or derived experimentally from analysis of the
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line shape of the NMR signal of the sample which is quadrupole distorted by a
known number of dislocations. In the first case, starting from

V(r,8) = ub/2m. <f2(e)>l’2.r_l (p: shear modulus, gradient-elastic con-

‘1 Cn
stant, f(8): orientation function) equation (4b) may be rewritten as
1 R
oL (nBCyy ) <£% . ln-2 . (5)

27 r
c

2 ; ; .
Then, for 27Al in aluminium the mean-squared EFG <V > of a dislocation of unit

; ; ., .—8 10 =2 3 -
length is given by (b = 2.86 10 cm, P = 10 cm C11 = 7.107 dyne ?,

| =2 2 s = ; ;
p=2.810 L dyne em <V > = 1.05 1015 dyne cm ~ or, introducing the quad-

B3 A= 2
rupole factor AQ = 6Q.<V2>: AQ|Theory= 3.0 10 + G cm2. On the other hand, AQ
is shown to be given by the relation:
<H2>
A = —+, (6)
QD
T

2 : : :
where <HQ> denotes the mean-squared local quadrupole field due to dislocations
of total density P From experimental NMR and X-ray data in plastically de-

. ; 2
formed aluminium, as published by Kanert and Preusser [4] both <HQ> and p_ can

2 2 10 -2 £
be estimated roughly: <H > = 8.25 G g 2 2.8°10°" cm ~. Therefore,

| ... —-10 2 . ]
Aq|Exp. = 2.95'10 G cm . Comparison of the two values for A determined
independently shows a fair agreement. Finally, combining Orowan's relation (1)

with equation (3) one obtains

1 A 1 4
( ) q gQ( )
- - . . €. (7)
T./D Hi + H2 b.b L

1p Lo

Hence, for a given plastic-strain rate € the dislocation induced spin relax-
ation rate is proportional to the inverse of the mean jump distance L. This

relationship is used in the experiments discussed below to determine L.

3. Experimental details

In the NMR experiment, the sample under investigation is plastically
deformed by a servo-hydraulic tensile machine (ZONIC Technical Lab. Inc.
Cincinnati) of which the exciter head XCI 1105 moves a driving rod with a
constant velocity. While the specimen was deforming, 27A1 nuclear spin measure-

ments were carried out by means of a BRUKER pulse spectrometer SXP 4-100
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operating at 15.7 MHz corresponding to a magnetic field of 1.4 T controlled by
an NMR stabilizer (BRUCKER B-SN 15). The NMR head of the spectrometer and the
frame in which the rod moves formed a unit which was inserted between the pole
pleces of the electromagnet of the spectrometer. A scheme of the experimental
set-up is displayed in Fig. 2. As shown in this block diagram, the spectrometer
was triggered by the electronic control of the tensile machine. The trigger
starts the nuclear spin relaxation experiment at a definite time during the
deformation determined by the delay time of the trigger pulse. Immediately
before and after the plastic deformation the magnitude of the background(con-
duction-electron) relaxation time (T

lp
Tlp—data, the dislocation induced contribution of the relaxation time, (T1 )
¢

)O was measured. From the experimental

D’
could be determined (eq. 2).

pump comand signals

1

"
Servovalve e, r
Hydraulic
pump — Exciter - Displace - Set point
XCI TE [ Head Zonic ment controlier
-— IXCI TE 105 transducer| -
1101-220 ES~1
dyn program }
driving_ signal
rod
Locild Master >
cell | controller -
t / M0L-MODL  [*
NMR [ mognel
spectromeler|  sample rf coil
XP-£-100
> - temperature Digital =
function %
. generator 2
777,770 ‘ g
rigid frame “g
Tirigger: NMR pulse sequence load

Datalab
DL 9O

Datalab
I DL 905 | |DVM|

Computer
Magtape - unit - "{ 2ch recorder f‘—*

Fig. 2. Block diagram of the experimental set-up.



Vol. 58, 1985 Dislocations in Solids Investigated by Means of NMR 49

In the following the efficiency of the total system is demonstrated
by an in situ experiment carried out under extreme conditions. The experiment
was performed on a single rectangular ultrapure (5N) aluminium foil of size
27 mm x 12 mm x 50 ym in order to study the microscopic details of dislocations
in the specimen. The deformation rate of the sample during the actual exper-
iment was very large, namely 1.6 s_l. Figure 3 shows the acting load P, the
resulting displacement Ax, the rf pulse sequence consisting of a n/2 pulse
followed by a locking field Hy, and the 27Al free induction signal F(t) in the

experiment as a function of time.

a
= Al SN
£ > Mechanical data
— T:-77K
x N t 1.6
<Q 500 4 Sywer )._ S
e =100 Ax |
g w004 | |/
3 .
% 300 "‘ | |
8 2004 ° : | : by
1004 | | [
0 e Tl r l T l L4 T T - tll"l"\E"-
0 10 | 20 30 40 50 ms
* |
|
Tstort : - | Tstop NMR data
'r-—7m5“-|
| |
| |
| 1
pulse |
£
spin locking field Hy
N
\\ /
\\ &
OE{ time t
o 1 20 | 30 O  Soms
TTrugger

Fig. 3. Displacement Ax, load P, rf-pulse sequence (m/2 pulse
followed by a locking field of strength H ), and 27A1 free inducting decay
signal F(t) as a function of time during an in situ NMR tensile experiment
on an aluminium foil (see text).
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The rf sequence which measures the spin-lattice relaxation time in the rotating

frame, T of the 27Al nuclei (see also Fig. 4) is applied after the delay

1p’

time T, . :
Trigger

|
1
s -pulse
F(t) =2
S
\\\\ Flt)
SIS _
M ] Fit e exp T [Tyt £:011
~ e
Lock-:ng tield Hy ~ awfe—ml T, [Ttk 401
> 4 - _
0 %phase shtt L :5ms time t

Fig. 4. Result of an in situ NMR tensile experiment showing the 27Al
free induction decays F(t) in aluminum after a spin-locking sequence with

zero and finite plastic strain ratglé. From the measurement
Tlp(é=0) = 25.0 ms and Tlp(é=3.6 s ) = 7.2 ms is obtained.

The delay is determined by the duration of the pure elastic deformation which
can be obtained by the P(t) curve. The trigger signal is generated by the
digital function generator (see Fig. 2). As depicted in Fig. 3, the Tlp
measurement is carried out in a short time interval of 7 ms, where the dis-
placement Ax is proportional to time t, resulting in a constant deformation

rate of the sample of 1.6 s_l. Furthermore, the acting load P is nearly con-
stant at that time interval, particularly for stage II of the stress-strain
curve of aluminium.Figure 4 shows further details of the single shot Tlpmeasure~
ment during the actual deformation carried out by means of the spin-locking
technique. A n/2 pulse with an rf field large compared to the local fields in
the sample along the x direction rotates the nuclear magnetization from the

direction of the static magnetic field to the y direction. Immediately after

the pulse, the rf field is phase shifted by n/2 and reduced to a value of Hl'
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Now Hl lies parallel to the direction of the nuclear magnetization; the mag-
netization is called "locked" in a frame rotating with the Larmor frequency

W, With respect to the rotating frame, H, plays the role of a time-inde-

1
pendent field. Consequently, the rotating magnetization relaxes parallel to
1 with a time constant Tlp’ the relaxation time in the

1o’ the nuclear magnetization is allowed to de-

crease in the presence of the locking field H

the locking field H
rotating frame. To measure T
1 for some time t, then Hl is
turned off and the initial height (or the total area) of the nuclear free
induction decaz signal F(t) is measured. According to Fig. 4 one has for
t=TL

F (TL) = F(0) exp (—TL/Tlp). (8)
The figure shows the free induction decays F(t) after the spin-locking sequence
with ¢ = 0 and with ¢ = 3.6 s_l, a finite plastic strain rate. Obviously an
applied strain rate € causes a significant reduction in the relaxation time
T due to the motion of dislocations. An evaluation of the experiment leads to

lp
‘ “ -1 ; :
T p(e =0) = 25.0ms and T p(e =3.6 s ) = 7.2 ms, respectively. According to

1
Eq. (2), from both the dati, a dislocation induced contribution to the relax-
ation of 100 s‘1 is obtained.

It should be noted that a larger number of different investigations
on dislocation dynamics has been carried out in the past by means of the NMR
tensile testing apparatus described here. Detailed information of certain NMR
experiments along these lines on metallic (Al-base alloys) and ionic crystals
can be obtained from ref [5-12]. In the following we will present only some
results of pure Al as a typical example. For a quantitative evaluation of the
spin-lattice relaxation rate (Tlp-l)D as a function of €, numerical values of
the local fields H H. and H 5 are needed (see Eq. 7).

Lo’ "Dp Q
In order to obtain the static local field H and H 5 respectively,

of the samples [see equations (3) and (4c)] the 2715&1 spin echg signal of each
sample was measured. For I = 5/2 (the nuclear spin quantum number of 27Al)
a n/2—r—400 pulse sequence induces a spin echo signal at t = 21 which may be
expressed in a normalized representation as

E(t) = 0.247°D(t) + (0.469°Q(2t) + 0.284°Q(4t)) 'D(t) (9a)

with E(0) = 1. Here D(t) denotes the Fourier cosine transformation of the di-

polar broadening function gD(w) and Q(t) 1s the corresponding transform of the
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quadrupole broadening function gQ(a).

D(t) = [. g, (w) cos(ut) dw; D(0) = 1 (9b)

(a)cos(nat) da; Q(0) = 13 n = 2,4 (9¢)

Qat) = [ g
[see equation 9a)]

Q

where the quadrupole distortion frequency a is given by

3eQ
41(21 - 1)K sz (103

a =
(V__: component of the electric field gradient tensor due to lattice distor-
2z
tions in the direction of the external magnetic field). The dipolar function
D(t) as well as the quadrupolar function Q(t) can be expressed to a fair
approximation by Gaussian functions

D(t) (11a)

i
m
E
o
o
~| P
=
(w3
S R

Q(t) (11b)

]
]
sl
o
-
| B>
|.ON
e
\-_I\J/

D
gD(m) and of the quadrupolar broadening function gq(a), respectively. From the

where Az and Aé are the second moments of the dipolar broadening function

second moments, the local fields in the rotating frame can be obtained by using

the general relation [13]

1
HS =—2a" . (12)

An example of a spin echo signal is given in Fig. 5. The figure shows the spin

. 2 . 2 2
echo signal of 7Al in an Al:1 at.Z Cu alloy. The second moments AD and A were

Q

determined by fitting the measured echoes of the different samples by means of
equation (9a). The analysis leads to a value for the dipolar second moment AD
of about 3.3 G. Contrary to the dipolar second moment Ag,
ond moment Aé depends on the lattice distortion in the sample due to dislo-

the quadrupolar sec-

cations and impurity atoms like copper. Therefore, the total local field in the
rotating frame, HLp’ increases slightly with increasing concentration of copper

in the samples. This is shown in Table I where HLp was determined from the
2

experimental data AD, and A_ by means of HLp = 1/V/3. (AD + Aé) (see Eq. 12).

Q

According to eq. (7), in the strong collission region, a plot of the dislo-

cation-induced contribution to Tlp vs square of the locking field will yield a
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ZIAl Spin echo in Al : 1at% Cu

v
| o E(tl:C%-D(!loCSDH)-O‘H]
I Cq-D(t)-Q*(1)
p . C—%-DH]
2 :
Er ;'.' S, 0 time tv
< < b
o o s
£ 1 r T,
8 ¥ =
:.-‘.-" R
p;_'\" B e L Wi w g Bl
R i
T T T T T i3 T —
-50 0 50 100 150 ps

—e time t

Figy S 27Al spin echo in Al:1 at.Z% Cu at 77K. For 1=5/2 C_,=0.247
and C Q (£)=0.469 Q(2t)+0.284 Q(4t), see equation 9a.

n:\

straight line which can be extrapolated té find the abscissa-intercept at

Hl = _Hip' Figure 6 shows such a plot of (Tlp)D of ultrapure 27A1 at a con-
stant €. The local field HLp thus obtained 1is HLp=3'16G in line with the data
obtained from the line shape analysis of the spin echo signals (see Table 1)
in the Al-Cu alloys.

In Fig. 7 the dislocation-induced contribution to the relaxation
rate, (I/Tlp)D, measured with a constant locking field H1 of 10G is plotted as
a function of plastic strain rate ¢ for two different temperatures (77 K and
298 K). The slope of the curve up to € = 105_1 is found to be proportional to
the strain rate € as predicted by equation (7). As discussed in section 2,
from the magnitude of the ratio (1/T10)D/é the mean jump distance L can be
determined if the other parameters in equation (7) are known. Based on such
experiments systematic measurements of the jump distance L in the different

aluminium samples were investigated in relation to transmission electron

microscopic investigations.
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(T“')D ;
T l T = 77K %

50

Fig. 6. Plot of the dislocation-induced contribution to the
relaxation time T1Q vs the locking field H1 of 27A1 at a constant strain rate
€ at 77 K.
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] , /
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Fig. 7. Dislocation-induced part of the 27Al and Slv relaxation

rates (T —1) in aluminium and vanadium as a function of ¢ for different
temperatu%es (e> 77).
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4. Results and Discussion

As discussed above, from the magnitude of the slope of the curve

=] . ; . " .
(TLp)D vs € the mean jump distance L can be obtained provided the other par-

ameters in equation (7) are known. Taking the Schmid factor ¢ for polycrys-
tallline f.c.c. material equal to 0.33 and the data as given in section 3, the

mean jump distance calculated from Fig. 7 is about 0.1 um for € > 7%. The

: : ; 1 i
strain dependence of L has been obtained from measuring T1p as function of

strain €. The results are depicted in Fig. 8.

035+

Wm 1

o==o==a SN Al

€ = const.

T=77K

0 P oo b o b e b by s g b
0 5 10 15 20 25%

£E — =

Fig. 8. The mean jump distance measured by NMR as a function of
stirain € in Al.
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The mean jump distance L measured by NMR in Al has to be interpret:ed
with care in terms of mean slip distance and statistical slip length (As ). As
commonly found in annealed f.c.c. metals, a cell structure is formed in Al
after deformation at room temperature and at 77K. Cell structure formation i.n-
volves easy cross slip of large numbers of screw dislocations, i.e. either
cross slip of screw dislocations from pile-ups behind Cottrell-Lomer barrier-s
or cross slip from the original slip planed to form relatively strain free cell
walls. Two electron micrographs illustrating the cell structure of deformed Al
at 157 and at 257 strain are shown in Figs. 9 and 10, respectively. The cell.s
are relatively free from dislocations but are separated by walls of high disi—
location density. The dislocation aggregation in the cell walls are tangles,,
jogged, twisted and mixed together in an irregular way. The cell diameter is;
for both degrees of deformation ranging from 1 to 2 um. The speed of the mobiile
dislocation is reduced in the cell wall compared with that outside the cell
wall. As a result, the mean slip distance of dislocations is mainly determinied
by the cell size when the cell structure is well developed. The statistical
slip length Ast will be of the same order of magnitude as the cell size

(= 1-2 ym) i.e. much larger than the mean jump distance measured by NMR

(= 0.1 ym for € 2 77%).

Fig. 9. Cell structure of Al deformed 157 at 77K. Dark field/weak
beam image. [100] orientation, g=[002]; JEM 200 CX.
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Fig. 10. Cell structure of Al deformed 257 at 77K. Dark field/weak
beam image, [100] orientation, g=[002]; JEM 200 CX.

A plausible explanation for this difference is that all moving dis-
locations, present both in the cell boundary and in the interior region of the
cell, affect the spin lattice relaxation rate. The mean jump distance of dis-
locations measured by NMR is possibly related to the spacing of the dislo-
cation tangles near the cell boundary ranging from 0.01 to 0.1 ym. We assume the
following model: a mobile dislocation crosses a cell by one step, i.e. the

corresponding jump distance L, is of the order of the cell diameter (%As ).

1 t

Subsequently, many short jumps occur with a distance L2 =~ spacing of the

tangles 0.01-0.1 ym). Assuming two different sets of corresponding mobile dis-
location densities: Py in the interior of the cell and 0, inside the cell wall
the total spin lattice relaxation rate can be written as

EROARCE

1p D 1p D <1p D
where
Ly (1) g (L))o 1y (2) g, (L)e
(_) o Q7L (_) N Q272 (14)
Tlp D Llp Tlp D LZO
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and p = p, + p The dislocation density in the cell wall is about 5-6 times

1 2’
higher than in the interior region of the cell. Further, since L,>>L, and
gQ(Ll) ~ 1 and gQ(LZ) = 0.6 (Fig. 1) the total spin lattice relaxation rate

measured by NMR is largely determined by the jump distance inside the cell

()6,

Tlp D 1p D

wall

Another explanation for the difference between the jump distance L
measured by NMR and the mean slip distance Ast can be based on a dislocation
mechanism in which the dislocation free path Ast depends on the mobile dislo-
cation density and the number of dislocation intersections, NC. If the dislo-

cations are delayed at each of these intersections during a period of time

T, # 10 ~ s, spin-lattice relaxation takes place in the strong collision ap-

. . . . ) 1
proximation, As a result the spin-lattice relaxation rate T1p

the waiting time T, at each intersection. The dislocation mean jump distance L

is determined by

thus obtained is much smaller than the actual mean slip distance Ast' When Nc
is about 10 the mean jump distance L measured by NMR would be one order of
magnitude smaller than Ast as observed. An argument that makes the former model
somewhat favourable is that at small strains, i.e. before cells are being es-
tablished, the mean jump distance is found to be much larger compared to L at
large strains when distinct cells have been formed. In the former model one
could expect that L decreases with increasing strains up to = 7% which is
indeed the case (Fig. 8). At strains larger than 7%, the dislocation cells
shrink in size through the subdivision of the largest cells. Such subdivision
ceases the cells have become so small that no new cell walls are being nu-
cleated because chance encounters of glide dislocations have become negli-
gibly small. Therefore, the shrinking process of the cell pattern cannot go
indefinitely and the cell diameter approaches an asymptotic value of 1-2 um.
It means that for strains larger than = 77 the statistical slip distance AS

and the mean jump distance L measured by NMR are almost not strain dependent.
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5. Conclusion

It turned out that pulsed nuclear magnetic resonance is a complemen-
tary new technique for the study of moving dislocations in metallic and ionic
criystals. Spin-lattice relaxation measurements indicate that moving dislo-
cattions cause fluctuations in the quadrupolar field. NMR experiments provide

infformation of the microscopic mechanism of plastic deformation of solids.
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