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Enhanced atomic di6'usion under plastic deformation was observed in aluminum by means of an im-

proved rotating-frame nuclear-spin-relaxation technique. The enhancement is caused by excess vacan-
cies formed by the deformation process. Al NMR experiments were carried out as a function of tem-
perature on polycrystalline, pure aluminum foils during deformation at constant strain rates. Evaluation
of the data yields the actual concentration of the excess vacancies as a function of temperature, strain,
and strain rate. The findings are in accord with a model which describes the formation mechanism of
the vacancies through a fraction of the applied deformation power density (applied stress times strain
rate) and the annihilation process by the diffusion of the vacancies to dislocations acting as vacancy
sinks.

I. INTRODUCTION

There exists a large number of studies on the dynamics
of point defects in metals introduced by plastic deforma-
tion. The experiments, however, were performed on ma-
terials cold-worked at various temperatures. Subsequent
annealing of the specimens permits the measurement of
recovery stages due to the kinetics of the different defects
created by the deformation process. The recovery is
mostly monitored by electrical resistivity a large
variety of other techniques, such as positron trapping, '

perturbed-angular co~relation, ultrasonic attenuation,
Mossbauer spectroscopy, and electron paramagnetic res-
onance are also applied to observe the recovery stages.

In contrast to these "two-step experiments, " however,
where the deformation process is separated from the ob-
servation of the defect kinetics, very few experiments
were performed in the past measuring in situ the dynam-
ics of deformation-induced defects during plastic defor-
mation. Evidence of the formation of point defects by
plastic deformation was provided by the observation of
Gyulai and Hartly that plastic deformation causes an in-
crease in the ionic conductivity of alkali halides. The ex-
periments were repeated in more detail by Ueta and
Kanzig. ' Experimental investigations clearly indicate
that also in metals atomic diffusion is enhanced during
deformation due to the formation of point defects. "'

Generally, as the deformation process is very limited in
time, in particular at high strain rates i, one has to apply
a fast and nondestructive experimental technique in order
to measure in situ in actual state of the sample under de-
formation: Supposing a permissible variation hs ( 1% of
the strain the experiment has to be performed in a time

interval ht (0.01/i. As we have shown earlier' nuclear
magnetic resonance is one of the very few techniques
which is able to observe in situ the dynamic properties of
deformation-generated defects in su%ciently short times.
For that, one has to measure the contribution to the
nuclear-spin-relaxation (NSR) rate in the rotating frame,
I/T, , which is induced by the dynamics of the defects
under investigation. The actual relaxation rate is ob-
tained from the time evolution of the nuclear magnetiza-
tion in the rotating frame. Here, we present an improved
T, pulse sequence described in detail in Sec. III (CUT
sequence) which allows us to measure precisely the com-
plete magnetization decay in a "single-shot" which is of
prime significance in a fast and correct determination of
the relaxation rate of the deforming sample.

The sequence is applied to the study of strain-induced
excess vacancies in pure aluminum. Aluminum is chosen
since the concentration of thermal vacancies is very well
known by results of positron annihilation experiments.
Moreover, Al is a suitable probe nucleus for the NSR
experiments because of the large abundance (100%) and
of a reasonable value of the gyromagnetic ratio. Unfor-
tunately, the signal distortions problems related to the
skin effect in metallic systems limits the study to thin foils
which makes it relatively difticult to perform NMR ex-
periments under deformation.

II. DIFFUSION-INDUCED NUCLEAR-SPIN
RELAXATION

In metals such as aluminum atomic diffusion occurs by
a monovacancy mechanism, i.e., the atomic jump rate I
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Here, I, denotes the jump rate of vacancies which is
determined by a thermally activated process

I', = I Oexp( FS /—kT),
where H is the migration enthalpy and I 0 is the at-
tempt frequency of the process. In crystals with cubic
symmetry the uncorrelated diffusion coeKcient D is relat-
ed to the jump rate I by

2aoD= r
6

with ao being the atomic jurnp distance. The coeKcient
D can be measured by transport experiments (radio
tracer, ionic conductivity, etc.) taking into account the
corresponding correlation factor of the actual diffusion
mechanism. ' In pure metals the vacancies are of intrin-
sic nature, i.e., they are thermally created according to
the relation

c„=exp(Sf /k)exp( Hf /kT)—, (4)

where Sf and Hf denote the entropy and enthalpy, re-
spectively, for monovacancy formation.

An additional number of vacancies can be formed by
various effects such as quenching, irradiation, or plastic
deformation. These excess vacancies with concentration
c,'" cause an increase of the atomic jump rate I according
to Eq. (1). Supposing that the jump rate I „ofthe vacan-
cies remains unaltered as in the undeformed case, Eq. (1)
can be extended as follows:

r=(c„+cex)r =ctotalr

The atomic jumps induce fluctuations of nuclear-spin in-
teractions giving rise to a nuclear-spin-lattice relaxation
process. The strength of the relaxation process is de-
scribed by the nuclear-spin-relaxation rate, which is relat-
ed under rotating frame conditions to the atomic jump
rate I as follows

with

1

lp Diff

(cop'&= A (~, ) J(co,tr/r )
2COeff

(6)

~1+~ bloc
A(c0, )=

COeff

(6a)

Here, ( co ) denotes the mean-square spin interaction re-
sponsible for the relaxation process, ml„ is the mean-
square local field consisting of a dipolar and a strain-
dependent quadrupolar contribution, i.e,
co&„=coD+ro&(E), co,tr=(co&+co&„)' is the effective Lar-
mor frequency in the rotating frame with co& =yB& being
the external frequency due to the locking field 8, (y is
the gyromagnetic ratio of the spins), and J(x) is the spec-
tral density of the pair-correlation function G(t) of the

is controlled by the concentration c, of the monovacan-
cies according to

1I=—=cr .
V V

diffusing atoms. ' ' The coefficient A(co, ) varies be-
tween the factor 5 and one depending on the strength of
co&, where 5 is of the order of two. '

In the present investigation we have used the Torrey
approach' for evaluating the experimental data, i.e.,
J(x)=Jro,„e„(x)in Eq. (6). Further, as shown by the ex-
periments (see Sec. IV) deformation-induced contribu-
tions to 1/T

&z ~ D;tr were observed only at the low-
temperature site of the maximum of 1/T, ~D;tr which
occurs for co,ff=I, i.e., the condition I (m, ff is fulfilled
for all the experiments dealing with the properties of the
excess vacancies. Then, Eq. (6) can be written as fol-
lows

= A(co, ) I
~&p Diff 4~eff

or, using Eq. (5)

1 = A(co, )CT .
lp ce

Hence, the total NSR rate 1/T& measured in the experi-
ments has to be written in terms of two contributions:

1 1= A(tot)CT+
Tlp lp Diff

(9)

III. EXPERIMENTAL DETAILS

Ultrapure (5X) polycrystalline aluminum with a grain
size of the order of 100 pm was used in the investigation.
To avoid skin-effect distortion of the NMR signal, the ac-
tual NMR experiment was carried out on a single rec-
tangular foil of size 27 mmX12 mmX25 pm. In the
NMR experiments the sample under investigation is
plastically deformed at a constant strain rate i by a ser-
vohydraulic tensile machine developed for temperature-
variable NMR experiments. During the deformation of
the specimen, Al NSR rates 1/T& are measured in a
fixed time interval ht at raising times t, , correspond to in-
creasing average strains

1 1 1

lp Diff lp Diff lp Diff

= A(ri), )b c„+A(co))b c,'"

with the abbreviation b =(co )/4', trI „. According to
Eq. (7a) the concentration c,'" of the excess vacancies can
easily be obtained from the experimental data by sub-
tracting the contribution 1/T, ~D;tr= 3 (co, )b c„ in
knowledge of b, i.e., of the vacancy jump rate I, . One
has to take into account, however, that besides the
diffusion-induced contribution, 1/T, ~D;tr, a further relax-
ation rate process 1/T, ~„ is significant in metals such as
aluminum which is caused by conduction-electron Auc-
tuations at the sites of the nuclear probes via Fermi-
contact interaction. This contribution varies linearly
with temperature, and can be expressed as' '
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(e;) =e;(t, )+Et/2 e .

Before and after each experimental run, the background
contribution was measured by setting i=0. The actual
temperature was controlled by a thermocouple within an
accuracy of about 1 K.

In order to increase the accuracy of the experiment we
have improved the usual spin-locking technique used for
T, measurements. The traditional T, technique con-
sists of a short m/2 pulse which turns the nuclear magne-
tization into the y direction of the rotating frame perpen-
dicular to the applied magnetic field Bo. The pulse is fol-
lowed by an rf field of strength 8& and period t shifted in
phase by 90' with respect to the m. /2 pulse, i.e, the B,
field (locking field) is aligned with the nuclear magnetiza-
tion. The magnetization relaxes in the locked state with
the relaxation time T& according to

quences were discussed in the past by several investiga-
tors. Ostroff and Waugh ' were the first to have demon-
strated that the nuclear magnetization can be spin locked
by a train of pulses. In their case the pulse train was pre-
ceded by an initial m /2 pulse whose phase was shifted by
90 relative to that of the pulse train. The time constant
of the nuclear magnetization decay was shown to ap-
proach T, in the limit of zero separation between pulses
in the train. Rhim, Burum, and Elleman ' have ana-
lyzed theoretically the Ostroff-Waugh sequence showing
that the spin-temperature assumption can be applied to
explain the long-term (i.e., T& ) behavior of the spin sys-
tem. Others have applied similar approaches to the study
of slow motions of OH in zeolites and of protons in p-
methoxybenzilidene-p-n-butylaniline (MBBA).

%"e found experimentally that the time constant of the
decay agrees exactly with the expected relaxation time
T, in the rotating frame if the duration t of the locking
pulses is given by the condition t~

=n/4yB, .. Hence

M (t)=M (0)exp( t/T&z), —

where

(10)
M, [tt (t, + t ) ]=M, (0)exp

n(t +t )

T]p
(lob)

CO iM (0)=
~i+ toe

(10a)
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FIG. 1. Single-shot measurement of the Al nuclear magneti-
zation decay in the rotating frame Mp(t) in aluminum for two
different temperatures. Inset: CUT sequence used for the mea-
surements with t~ =20 ps, t =8 ps, B& =4.5 G.

The actual value of M (t) is measured by recording the
height of the free induction decay F(t) at t=r; i.e.,
M~(r):F(r). In —order to measure M (t) at different
times one has to repeat the experiment varying the period
~ of the locking field.

As depicted in the inset of Fig. 1, in the present CUT
sequence method the locking field is cut into a large num-
ber n of pulses of duration t separated by short "obser-
vation window" of length t (i.e., t « tz ). Furthermore,
the duration of t has to fulfill the condition t (&spin-
spin relaxation time T2, where T2 includes all inhomo-
geneous line broadening mechanisms. A single-shot ex-
perirnent thus provides n values of the decay function of
M (t). It should be noted at this point that such pulse se-

+off Tlp
M (t)=M (0) 1 — expP P

+ +off Tlp

vi Tj

T]p

where v, =co&/2m and T, denotes the Zeeman spin-lattice
relaxation time.

In order to prove that the CUT sequence leads to the
same results as the traditional T& sequence, we have re-
peated the Al NSR measurements on pure aluminum as
carried out by Fradin and Rowland. The result is

The strength of the applied locking field 8',"' is reduced
by the relative width of the pulses, i.e.,
B,=B&"'t /(t~+t ) for t &&t~. Otherwise the depen-
dence of 8& on the parameters tz and t is more compli-
cated because spectral components other than the Rabi
frequency contribute to the spectral density.

Figure 1 shows an example of the time evolution of
M (t) of Al in aluminum measured with the CUT se-

quence at two different temperatures under an operating
frequency of 41 MHz corresponding to a field strength of
80=3.7 T for i=0. The parameters of the sequence
were t =20 ps, t„=8 ps, and 8& =4.5 G. As can be
seen from Fig. 1 the new technique makes it feasible to
obtain the entire time evolution of the magnetization M
eliminating uncertainties concerning the initial magneti-
zation M (0) and the exponentiality of the decay of
M (t).

As depicted in Fig. 2 it is possible to demonstrate by
the CUT sequence the strong effect of a small deviation
v ff of the operating frequency v from the Larmor fre-
quency vo( v,s =v —vo) on the decay of the nuclear mag-
netization. Obviously, a very small deviation v,~/vo of
the order of 10 leads to a remarkable error in the deter-
mination of the relaxation rate. Mathematically, the de-
cay function under off-resonance condition is given by
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V. STRAIN-INDUCED VACANCIES
I

Plastic deformation of a crystalline solid is known to
create an additional number of vacancies due to the inter-
section of screw dislocations which annihilate simultane-
ously through migration to sinks. The concentration c,'"
of these vacancies obeys the rate equation

(12)

6-
5L
0.001 2

)

0.001 7 0.0022 0.0027 0.003 2 0,0037

Inverse Temperature 1/T (K ')

FIG. 5. Temperature dependence of the excess vacancy con-
tribution to the Al NSR rate, 1/T, ~o;)t, in aluminum at E=0 55.
s ' for two different strains. Solid lines are fits to the data by
means of model (1). Note that the NSR rates become tempera-
ture independent at elevated temperatures as predicted by the
model.

a=0. 9 s ' and the total background decay (dashed line).
By means of the CUT sequence and the evaluation pro-

cedure discussed above we have measured the diffusion-
induced excess relaxation rate, 1/T, ~D;tr, of Al on de-
forming aluminum as a function of temperature, strain
rate, and average strain. Results of such measurements
are presented in Figs. 5 and 6. In Fig. 5, the temperature
dependence of I/T&z~'D;z is exhibited for two difFerent
strains using a strain rate i=0.55 s . Figure 5 demon-
strates clearly, that I/T& ~D;)r, and therefore the concen-
tration of the excess vacancies depends on strain, and
vanishes for elevated temperatures because of a rising an-
nihilation rate due to an increase of the vacancy diffusion
(see Sec. VI). The solid lines are fits to the data based on
a model presented in the next section. Figure 6 shows a
contour plot of 1/T, ~D;~ illustrating the dependence of
the applied strain and strain rate of the excess NSR rate
for two different temperatures. The contour net in Fig. 6
represents a fit to the data.

where the subscripts f and a indicate the formation and
annihilation, respectively. The formation process is
governed by the nonconservative motion of jogs on screw
dislocations under a strain rate i:

(13)

where p(E) denotes the strain-dependent dislocation den-
sity. Different approaches have been developed in the
literature concerning the coefficient a depending on the
mechanism of the jog production. Mecking and Estrin
assume that the jogs with formation energy E) 0 16b
(G is the shear modulus, b is the Burgers vector) are pro-
duced mechanically by the applied work. Then, a be-
cornes independent of temperature and is proportional to
the applied stress and inversely proportional to the for-
mation energy E . The corresponding vacancy formation
rate is given by

U f
J

(14)

. ex~()) k ~ P& (e) .
CU f 1 E (14a)

where g denotes the fraction of the applied mechanical
power density o.i used for vacancy formation via jog pro-
duction. Using the relation o =k, v'p, Eq. (14) can be
rewritten as

0.0
/%

A similar approach for the coefficient a is suggested by
Lenasson. ' In his model, the jogs are generated by inter-
sections between the moving and the forest dislocations.
Using the Orowan equation in which the strain rate i is
related to the density and velocity of the mobile disloca-
tions, the vacancy formation rate is proportional to the
dislocation density

A c,'"~& '=k2p(E)E .

If, on the other hand, one considers thermally produced
jogs, one has for c,'"~I (Ref. 13)

c„'"~& ) =ac(e)exp (16)

FICr. 6. Al NSR rate contribution 1/T, ~o;s in aluminum as
a function of strain c and strain rate i for two different tempera-
tures. The marked contour net is a best-fit to the data using
model (1).

Though the various models differ with regard to the
deformation-induced generation of vacancies they have in
common that the vacancies disappear via diffusive
motion to dislocations acting as primary vacancy sinks.
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Following Mecking and Estrin we exclude the recom-
bination of the excess vacancies with interstitials. This
assumption is confirmed by Mossbauer experiments on
cold-worked aluminum. The annihilation rate can be
written then as

I „(T). ex~ " ex
u ~a 0 ~2( )

u (17)

where I „=I „oexp( E —/k T) denotes the thermally ac-
tivated jump rate of the vacancies with E being the mi-
gration energy, A, is the mean distance between the sinks,
and Po is a coefficient independent of the test conditions.
For a random distribution of dislocations one has
A, = 1/p(E), while a cell structure of the dislocations with
diameter d yields A, =d approximately independent of
strain c. In the present discussion we have assumed a
random distribution of dislocations. Furthermore, we do
not distinguish explicitly between screw and edge disloca-
tions.

In order to solve Eq. (12) for one of the models one has
to relate the actual strain c, with the corresponding dislo-
cation density p. Here we follow the one-parameter ap-
proach of Kocks:

dp =a&p —c, (E, T)p (18)

saying that the dislocations are formed by the applied
stress cr using o Ix &p and disappear through a kinetic re-
action of first order. The solution of Eq. (7) can be writ-
ten as

2

ly with rising strain, while for large strains the disloca-
tion density approaches the equilibrium value peq.

Mostly, the steady-state condition c,'"=0 is introduced
[Eq. (12)] in order to calculate expressions for the strain-
induced concentration of the excess vacancies. However,
our experimental findings reveal that one has to solve Eq.
(12) under a nonsteady state condition, i.e., c,'"%0 in or-
der to interpret the data correctly.

In the following figures the solutions obtained by nu-
merical calculations are depicted for the three models in-
troduced at the beginning of this section. Furthermore,
approximate relations of the excess vacancy concentra-
tion c„'" are presented which are valid for low and high
temperatures. The calculations are performed for alumi-
num using I,(T)=2X 10' exp( —0.62 eV/kT) s

0 4 eQ~ p 1 86y g 1 e 3 X 10 m 7 peq 3e 4 X 10'
m2

A. Model (1):Eqs. (12), (14a), (17), and (19)

Solutions of the rate Eq. (12) are performed by Eqs.
(14a), (17), and (19) using the conditions p, ))po,
4 « c, E exp(0. 5c, e ) +exp( —0.5c i E ), and are presented
in Fig. 8 for two different strains (E=2% and 20%). The
figure exhibits the dependence of the excess vacancy con-
centration on temperature and strain rate. Obviously,
one can distinguish two different temperature regions:
Above a transition temperature T*, c,'" is thermally ac-
tivated and increases linearly with rising strain rate de-
pending slightly on strain. The high-temperature approx-
imation can be expressed as

&P.,—&Po
P e Peq V'p.,

1
exp ——c c1 (19)

ex g (i) 1
Cu ~ highT h X

Peq

b
1 exp c

2

where p, —=a /c, and po denotes the initial dislocation
density at c.=0. Contrary to the coefficient a, the annihi-
lation coefficient ci depends in general on strain rate and
temperature. As discussed in Sec. IV, however, c1 can be
supposed to be constant for aluminum in the temperature
range between 200 and 600 K. Figure 7 presents a graph
of the solution [Eq. (18)] using po=1X10" m and

p, =3.4X 10' m . For small strains, p increases linear-

Xexp kT (20a)

with 3&' being a constant.
Below T*, c,"becomes independent of strain rate and

temperature, but increases linearly with increasing strain.
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FIG. 7. Strain dependence of the relative dislocation density
p(c. )/p(0) according to Eq. (19).

FIG. 8. Excess vacancy concentration c,'" as a function of
strain and inverse temperature for two diQ'erent strains (2%,
20%) as calculated from model (1). Note the two temperature
regions [see Eqs. (20a) and (20b)] separated by the transition
temperature T* [Eq. (21)].
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The corresponding solution is given by C. Model (3):Eqs. (12), (16), (17), and (19)

U ~lowT I ++Peq (20b)

m 1

ln(a, I „os/e)
(21)

The transition temperature T* depends logarithmically
on strain and strain rate

In contrast to models (1) and (2) the formation process
of the excess vacancies in model (3) is supposed to be
thermally activated [see Eq. (16)]. The assumption re-
sults in an Arrhenius-like temperature dependence of the
excess vacancy concentration for both low and high tem-
peratures. The corresponding approximations are

with a, =P&p, . ~ highT ~hexl — {3)
kT

(23a)

B. Model (2): Eqs. (12), (15), (17), and (19) c, ~l T ~1 xP k
exl (3)

kT
(23b)

ex (2)c„ lh;s~T=&h exp (22a)

and a solution for low temperatures where the vacancy
concentration varies linearly with strain

As suggested by the similarity between Eq. (14a) and
Eq. (15) the excess vacancy concentration c„'" resulting
from model (2) is like that of model (1). This is illustrated
by the graphics of the solution of model (2) for two
different strains presented in Fig. 9. Again, one obtains a
high-temperature approximation where the vacancy con-
centration c,'" depends Arrhenius-like on temperature
and is proportional to the strain rate

with Ah
' and 3&' ' being constant coefficients. The com-

plete solutions of model (3) are presented in Fig. 10 for
two different strains. The figure illustrates the tempera-
ture regimes where either the approximation (23a) and or
(23b) is relevant. As in models (1) and (2) the transition
temperature T* separating the two regions depends on
strain and strain rate according to Eq. (21).

In conclusion one should note that the solutions [(20a),
(20b), (22a), (22b), (23a), and (23b)] do answer a long-
standing question as to whether the concentration of
strain-induced vacancies is proportional to strain or to
strain rate. Independent of the model, both answers are
correct depending on the actual experimental conditions
such as strain, strain rate, and temperature.

ex[ g (2)
U ~ low T ~1 Peq~ (22b) VI. EVALUATION AND DISCUSSION

(Ah( ', At( '.. constant coefficients). The main diff'erence

between the two models is the missing strain dependence
of the high-temperature approximation (22a) compared
to the corresponding relation (21a). As in model (1), the
transition between the low-temperature and the high-
temperature behavior occurs at a critical temperature T'
which depends on strain and strain rate according to Eq.
(21).

The concentration c," of the excess vacancies in de-
forming aluminum was determined from the experimen-
tal data displayed in Figs. 5 and 6 by means of the rela-
tion 1/T&q ~'Ds= A(co&)bzc„'" given in Eq. (7a). Trying to
compare the findings with the models presented in Sec. V
we found that model (1) agrees best with the data. The
complete solution of the corresponding rate equation can
be expressed as

0-.

-2-V
C)

C

ai

=2%

FIG. 9 Same as in Fig. 8 calculated from model (2). Solu-
tions look very similar to the solutions shown in Fig. 8 because
of the similarity of the two approximations [see Eqs. (21a) and
(21b)].

FIG. 10. Same as in Fig. 8 calculated from model (3). Con-
trary to models [(1) and (2)] the model (3) leads to a temperature
dependence of c,'" also below the transition temperature T [see
Eqs. (23a) and (23b)].



132 DETEMPLE, KANERT, DE HOSSON, AND MURTY 52

c„'"=c„'", 1 —exp —Pop, I,— (1—c2 }

Temperature (K)
800 600 500 400 300

where

C)—c exp — c2 2
(24)

10-'-

10
(Q ) 3o 10
+
o 10
II

k)yex

&g +Peq~o~u
(24a)

0
o
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r( r

r r
r

r

1
Cp=

1 —(c, /2P(p, I, )E
(24b)

10-'
0.001 0 0.001 5 0.0020 0.0025 0.0030 0.0035

Inverse TemperatUre 1/T (K )

A best fit to the data by means of Eq. (24) is illustrated by
the solid lines in Fig. 5 and in particular by the contour
net in Fig. 6 using the following set of parameters:—g2/c2 3 4X 10i6 m

—2 P —g. 3 X 10 20 m2
eq

k& =0.33Gb, G =2.8X10" MPa, b =0.286 nm,
k,y/EJ =5.4X 10 . Inserting the parameters yields the
following relation for the vacancy concentration:

FIG. 11. Temperature variation of the total vacancy concen-
tration c„"'"=c,+c,'" in pure aluminum under deformation.
The intrinsic vacancies c, are significant above 550 and 400 K,
respectively [a=2.7%, s=0.55 s ' (solid line), E=10 ~ s

(dashed line)], while below these temperatures the excess vacan-
cies become dominant [see Eq. (20a)].

c„'"=3.6X 10 1 —exp —0.003I,— (1—cz }
U

—c2exp( —43m, } (25)

with c2 = 1/(1 —15 301'/I', ) and

I,=2 X 10' exp( —0.62eV/kT)s

It should be noted that the approximation presented here
diverges at the critical temperature T*, i.e., cz ~ ~ if the
actual strain E reaches the value 2/c, .

As expected the high-temperature approximation of
Eq. (25) which is determined by the condition
0.0031,s/E ))1 is in agreement with Eq. (20a):

c„'"~h; i,T=3.6X10 /I „[1—czexp( —43E)] . (25a)

(25b)

It is interesting to remark that the related NSR rate con-
tribution 1/Ti ~D;s does not depend on temperature as
confirmed by the data (see Fig. 5}. The reason in an elim-
ination of the jump rate I „ in the expression for
1/T iz ~'D;s. Inserting Eq. (25a) into Eq. (7a) yields
1/Ti ~D;s~c„'"/I, ~constI „/I „=const.

The corresponding approximation of Eq. (25) at low
temperatures (0.003I „E/E « 1) can be expressed as

ed by Eq. (25) the temperature variation of the total va-

cancy concentration c„""'=c„+c,'" in aluminum is plot-
ted in Fig. 11 using c, =23exp( —0.66 eV/kT) as obtained
by Seeger, Wolf, and Mehrer and the deformation pa-
rameters 8=2.7% and a=0.55 s ' and 10 s ', respec-
tively, used in the actual experiment. The data points ob-
tained by the experiments are depicted, too. The 6gure
shows that, for i=0.55 s ', above about 550 K the
thermally created vacancies are dominant whereas below
550 K the strain-induced vacancy contribution becomes
significant as it rises exponentially with decreasing tem-
perature according to Eq. (25a). Below the transition
temperature T =240 K, however, the vacancy concen-
tration levels o6; i.e., the transition from the high-
temperature approximation (25a) to the low-temperature
approxiination (25b) occurs. Here, the excess vacancy
concentration is controlled only by the actual strain c..

In summary the present investigation shows that an in
situ observation of excess vacancies under plastic defor-
mation can be performed in metals. The actual concen-
tration of the excess vacancies was obtained by an im-
proved NMR technique (CUT sequence) in order to carry
out a fast registration of the decay of the nuclear magne-
tization in the rotating frame. The experimental results
were found to agree best with model (1) where a fraction
of about 1% of the applied mechanical work is spent for
the vacancy production, and the vacancies annihilate via
migration to dislocations acting as sinks.
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