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In-Situ Nuclear Magnetic Resonance Investigation of Strain,
Temperature, and Strain-Rate Variations of Deformation-
Induced Vacancy Concentration in Aluminum

K. LINGA MURTY, K. DETEMPLE, O. KANERT, and J.Th.M. DEHOSSON

Critical strain to serrated flow in solid solution alloys exhibiting dynamic strain aging (DSA) or
Portevin–LeChatelier effect is due to the strain-induced vacancy production. Nuclear magnetic res-
onance (NMR) techniques can be used to monitor in situ the dynamical behavior of point and line
defects in materials during deformation, and these techniques are nondestructive and noninvasive.
The new CUT-sequence pulse method allowed an accurate evaluation of the strain-enhanced vacancy
diffusion and, thus, the excess vacancy concentration during deformation as a function of strain,
strain rate, and temperature. Due to skin effect problems in metals at high frequencies, thin foils of
Al were used and experimental results correlated with models based on vacancy production through
mechanical work (vs thermal jogs), while in situ annealing of excess vacancies is noted at high
temperatures. These correlations made it feasible to obtain explicit dependencies of the strain-induced
vacancy concentration on test variables such as the strain, strain rate, and temperature. These studies
clearly reveal the power and utility of these NMR techniques in the determination of deformation-
induced vacancies in situ in a noninvasive fashion.

I. INTRODUCTION

IN an earlier article, we reported the results on enhanced
diffusion during deformation of bulk single crystalline al-
kali halides (NaCl and NaF) and demonstrated the appli-
cability of nuclear magnetic resonance (NMR) pulse
techniques in evaluating the concentration of deformation-
induced excess vacancies.[1] In addition, preliminary results
obtained on thin foils of Al were briefly pointed out. Now,
we report here the strain, strain-rate, and temperature var-
iations of the excess vacancy concentration derived from
NMR pulse experiments using the new CUT-sequence
method. These results on the strain-induced vacancy con-
centration have important bearing on the understanding of
the dynamic strain aging (DSA) and the development of
quantitative models characterizing the DSA.[2,3] In particu-
lar, the critical strain (εc) for the onset of serrations is re-
lated to the strain-induced vacancy concentration and
mobile dislocation density:[2,3]

Em1b m « m bz« 5 A« exp (2 ), C } « , and r } « [1]c V c m ckT

Here, is the strain-induced vacancy concentration, rm isεCv

the density of mobile dislocations, and Em is the activation
energy for vacancy migration. The constants m 1 b and
Em are generally evaluated from the strain-rate and temper-
ature dependencies of the critical strain on serrated flow in
tensile tests. The present study enables an evaluation of the
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strain-induced vacancy concentration rather directly. More-
over, the excess vacancies resulting in enhanced diffusion
have strong influence on the creep behavior of metals and
ceramics in that the activation energy for creep decreases
with increased stress or strain rate if the concentration of
these nonequilibrium vacancies is significant.[4–7]

The dynamical behavior of point defects in metals is usu-
ally characterized by investigating annealing kinetics fol-
lowing extensive cold work. The recovery of induced
plastic deformation is monitored using various techniques
such as electrical resistivity,[8] positron lifetimes,[9] per-
turbed-angular correlation,[10] Mossbauer spectroscopy,[11]

ultrasonic attenuation,[12] etc. In contrast to these two-step
experiments, it is desirable to be able to investigate these
kinetics in situ during deformation of materials in a single
step. The plethora of nondestructive experimental tech-
niques notwithstanding, very few of them are useful in the
investigation of the dynamical properties of these defects.
This is particularly true in the investigation of the diffusion
of point defects and motion of dislocations.

Nuclear spin resonance methods have been used exten-
sively to investigate the diffusion of point defects in solids
at high temperatures, localized motion of atomic defects at
low temperatures, and motion of line defects (dislocations)
during deformation.[13] Nuclear magnetic resonance has
been recognized as one of the most powerful techniques for
diffusion studies in materials and has been extensively used
to determine various diffusion parameters such as the ac-
tivation energies for diffusion in both nonmetals and met-
als.[14,15] Murty and Ruoff[16] applied the NMR pulse
techniques to determine the activation volumes for motion
and formation of Schottky defect pairs by evaluating the
effects of test temperature superimposed by hydrostatic
pressure. Since NMR probes the rate of atomic jumps rather
directly, one can in principle obtain a better microscopic
picture of the diffusional process. Later advances leading
to the evaluation of the spin-lattice relaxation times in ro-
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tating frame resulted in high sensitivity of this parameter
to atomic jump processes. Rowland and Fradin,[17] Ka-
nert,[13] and others were thus able to evaluate the impurity
diffusion in alloys. These techniques, in addition, made it
possible to investigate the dislocation jump distances in situ
during deformation in a noninvasive fashion.[18,19,20] We
have recently reported an investigation of the superimposed
effects of deformation on spin-lattice relaxation times in the
rotating frame (T1r) in single crystalline pure ('1.5 ppm
impurity) NaCl and NaF at varied temperatures and strain
rates,[1] from which the strain-induced excess vacancy con-
centration was derived. In this study, both the classic T1r
and the new CUT-sequence methods were used, while the
data analyses were based on the vacancy production due to
both the thermal and mechanical jogs.[3] Analyses of the
mechanical-jog based vacancy production were shown to
be in agreement with the experimental results in NaCl and
NaF.[1]

In this article, we describe the strain, strain-rate, and test
temperature variations of strain-induced vacancy concentra-
tion in aluminum derived from the nuclear spin relaxation
(NSR) rates determined using the CUT-sequence technique.
As pointed out earlier,[1,21] skin effect problems preclude
usage of bulk metallic samples, and thus, thin foils of alu-
minum need to be used, which makes it relatively more
difficult to perform NMR-deformation experiments. While
the majority of the data analyses is based on the Estrin–
Mecking model[3] of vacancy generation due to mechani-
cally produced jogs, predictions based on vacancy produc-
tion due to thermal jogs are also briefly outlined. The
choice of Al is based on the fact that it is a suitable nucleus
for magnetic resonance studies. In addition, the thermal va-
cancy concentration is well established in Al, and the dy-
namic strain aging studies of aluminum alloys have been
prevalent.[22] Moreover, the effect of stress on the activation
energy for creep has been widely studied to derive the strain
and strain-rate effects on nonequilibrium vacancy concen-
tration.[23]

II. SPIN RELAXATION RATE AND ATOMIC
DIFFUSION

The nuclear spin relaxation rate in the rotating frame
(1/T1r) is related to the atomic jump rate, G,[13] and in the
Torrey approach, for G , veff, we find[21]

21 ,v .r5 A(v ) G [2]diff 1 2T 4v1r eff

Here, ^ & denotes the-mean-square spin interaction respon-2vr

sible for the relaxation process; veff } is the2 2=v 1 v1 loc

effective Larmor frequency in the rotating frame, with v1

5 g B1 being the external frequency due to locking field
B1, g being the gyromagnetic ratio of the spins.

The atomic jump rate in metals is proportional to the
concentration (Cv) of monovacancies:

G 5 C G [3]v v

where Gv is the jump rate of vacancies. The vacancy jump
rate follows the Arrhenius relation

EmG 5 G exp (2 ) [4]v 0 kT

where Em is the activation energy for vacancy migration
and G0 is the attempt frequency of the process. Vacancies
exist in thermal equilibrium, and thus,

E0 fC 5 exp (2 ) [5]v kT

Here, Ef is the vacancy formation energy. Thus, the higher
the temperature, the larger is the vacancy concentration and
the faster is the atomic jump rate, leading to rapid atomic
transport.

The superscript, o, in Eq. [5] indicates thermal equilib-
rium, and additional vacancies can be formed by various
processes such as quenching, irradiation, plastic deforma-
tion, etc. We are concerned here with the excess nonequi-
librium vacancies due to deformation ( ), and theseεCv

additional vacancies resulted in increased rates of atomic
jumps (Eq. [3]). Assuming that the jump rate of vacancies
remains unaltered, the atomic jump frequency in Eq. [3]
can be rewritten as

0 « totalG 5 (C 1 C ) G 5 C G [6]v v v v v

Thus, the NSR due to diffusion in Eq. [2] has two terms:

1 1 1
5 ) 1 ) [7a]diff diff diff «0T T T1r 1r 1r

and, thus, according to Eq. [2]
21 ,v .r total5 A (v ) G Cdiff 1 2 v vT 4v1r eff [7b]

0 «5 A ' G (C 1 C )v v v

The strain-induced excess vacancy concentration, thus, can
be evaluated from the experimental evaluation of the relax-
ation rate (1/ ) with and without deformation and by sub-diffT 1r

tracting the thermal contribution (i.e., without deformation).
However, additional processes may contribute to the total
relaxation rates, and these need to be taken into account.
In metals, the conduction-electron contribution dominates
at low temperatures and follows the Korringa relation

1
5 A(v ) CT [8]ce 1T 1r

where C is a material constant. Thus, one measures the
relaxation rates before and during deformation and finds the
deformation-induced relaxation rate by subtracting the
background relaxation, which consists of thermal equilib-
rium diffusion and other processes.

III. STRAIN-INDUCED VACANCIES

Plastic deformation results in an increased number of va-
cancies that are produced from climbing jogs on disloca-
tions.[2–6,24] While theoretical analyses[23] clearly point to the
strain-enhanced diffusion due to the excess vacancies pro-
duced during plastic deformation, experimental studies
(tracer diffusion, creep, etc.) failed to yield consistent re-
sults,[25,26,27] and Ruoff[4] and Ruoff and Balluffi[23] cited ex-
perimental data on creep, which exhibited no such presence
of excess vacancies.[6] The present and earlier NMR stud-
ies,[21,24] however, clearly revealed the increased vacancy
concentration during deformation and made it possible to
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establish a quantitative relation between the strain-induced
vacancy concentration and the applied strain rate, strain,
and temperature.

The excess athermal vacancies produced during defor-
mation migrate to sinks such as the jogs on dislocations.
Thus, the strain-induced vacancy concentration follows the
rate equation

z z z1 2« « «C 5 C 1 C [9]v v v 

where the superscript 1 and 2 indicate the production and
annihilation, respectively. The formation process is gov-
erned by the nonconservative motion of jogs on screw dis-
locations, and the rate of production is proportional to the
applied strain rate:[2]

z 1« zC 5 a(T, « ) « [10]v 

where a is a strain- (and also perhaps temperature-) depen-
dent parameter proportional to the concentration of jogs.

Different approaches have been considered in the litera-
ture concerning the coefficient a depending on the mech-
anism of jog production.[21] Mecking and Estrin[3] assume
that the jogs are produced mechanically by the applied
work so that a will be temperature independent and pro-
portional to the applied stress and inversely to the jog en-
ergy:

z s1« z 3C 5 a «, E 5 0.1Gb [11]v 1 j mech Ej

where G is the shear modulus; b is the Burgers vector; a1

is a constant of the order of 0.1, describing the fraction of
the mechanical work used for jog formation; and EJ is the
jog formation energy. With s } , we find=r

=rz 1« zC 5 a «, r 5 r (« ) [12]v 1 mech Ej

where r is the dislocation density, which depends on plastic
strain. Other variations of this equation were suggested by
Lenasson[28] and Murty et al.[2] If, on the other hand, we
consider thermally produced jogs,[24] we find

z E1« jzC 5 a « exp (2 ) [13]v 2 th kT

While the various models differ with regard to the vacancy
production, there is common agreement that these excess
athermal vacancies disappear via diffusion to appropriate
sinks. Thus, the concentration of these excess vacancies de-
creases with increased temperatures. While grain bounda-
ries could act as vacancy sinks, in general, dislocations are
the primary sinks for the annihilation of the vacancies:[2]

z G2« v «C 5 2b C [14]v 0 v 2l

where Gv is the vacancy jump frequency given by Gv 5 Gv0

exp (2 Em/kT), Em being migration energy; b0 is a coeffi-
cient independent of the test conditions; and l is the sink

distance given by the strain-dependent dislocation density

(l2 ' ). The strain dependence of the dislocation density
1

r
is given by[29]

dr z=5 a r 2 c («, T) r [15]
d«

which implies that the dislocations are produced by the ap-
plied stress ( ), while they anneal through first-order=} r
kinetics. The solution to Eq. [15] is found to be

= =r 2 r 2eq 0 c«
r (« ) 5 r {1 2 exp (2 )} [16]eq =r 2eq

where req 5 a2/c2 andr0 is the initial dislocation density (ε
5 0). The annihilation coefficient, c, is dependent on tem-
perature and strain rate. The dislocation density increases
linearly with strain until it reaches a saturation value.

In the previous analyses,[1] we assumed a steady-state
condition, 5 0. However, recent studies revealed thatεCn

one has to consider a nonsteady-state condition ( 5/ 0)εCn

in order to interpret the data correctly. Solutions to the
model equations were found for req .. r0 for both the
mechanical jog formation and thermal jog production cases
for low (2 pct) and high (20 pct) strains. These results are
plotted in Figures 1(a) and (b), respectively, for the me-
chanical and thermal jog models.

We note that both models differentiate the behaviors at
low vs high temperature regions. In both models, above a

transition temperature, T*, is thermally activated and in-
zεCv

creases linearly with strain rate and inverse temperature. At
lower temperatures, the mechanical jog model predicts
strain-rate- and temperature-independent excess vacancy
concentration, which increases with strain. An Arrhenius
type of relation is found for the thermal jog model; again,
the higher the strain, the larger is the strain-induced va-
cancy concentration.

At high temperatures, the following expressions are
found for . For the mechanical jog model,εCv

a b E« 1 mC 5 {1 2 exp (2 « )} exp ( ) [17a]v }high T =b r 2 kT0 eq

and for the thermal jog model,

a« 2C 5 [17b]v }high T b0

In the low-temperature regime, we find the following ex-
pressions. For the mechanical jog model,

a« 1 =C 5 r « [18a]v } eqlow T b0

and for the thermal jog model,

a« 2C 5 [18b]v }low T b0

We note from Figure 1 that in both cases, the transition
temperature, T*, is a function of both the strain and strain
rate.
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(a)

(b)

Fig. 1—(a) Strain-induced vacancy concentration as a function of strain
rate and inverse temperature (mechanical jog model). (b) Strain-induced
vacancy concentration as a function of strain rate and inverse temperature
(thermal jog model).

(a)

(b)

Fig. 2—(a) Sequence of pulses used in the traditional T1r method. (b)
Pulses used in the current CUT-sequence method (Tcr).

IV. EXPERIMENTAL DETAILS

Ultrapure (99.999 pct) polycrystalline 25-mm-thick alu-
minum foil with a grain size of the order of 100 mm is used
to avoid skin-effect problems associated with the NMR sig-
nal at these frequencies. Rectangular samples measuring 27
3 12 mm are deformed at a constant strain rate by a ser-
vohydraulic tensile machine developed for NMR experi-
ments at varied temperatures (low and high).[18] Before and
after each experiment, the background contribution was
measured at the test temperature by setting z« 5 0.

A new CUT-sequence method was developed for accu-
rate determination of NSR by modifying the spin-locking
technique usually adopted for relaxation time measurements
in the rotating frame. The traditional T1r method consists
of a short p/2 pulse, which rotates the magnetization by 90
deg (i.e., into the y direction of the rotating frame perpen-
dicular to the applied magnetic field B0). The pulse is fol-
lowed by an rf (radio-frequency) field of strength B1

(locking pulse) for a period t (Figure 2(a)) shifted in phase
by 90 deg with respect to the p/2 pulse (i.e., the locking
field is aligned with the nuclear magnetization). The mag-
netization relaxes in the locked state with relaxation time
T1r, as follows:

t
M (t) 5 M (o) exp (2 ) [19]r r T1r

where M is the nuclear magnetization. In Eq. [19], Mr0 is
the initial magnetization at the beginning (t 5 0) of the

locking field, which is often taken to be the signal height
(M0) following the p/2 pulse, whereas in reality it may be
quite different from M0. Moreover, in order to measure Mr

(t) at different times, one has to repeat the experiment vary-
ing the period t of the locking pulse (Figure 2).

These problems are eliminated in the new CUT-sequence
method, where the locking field is cut into a large number
of short pulses with a known separation or observation win-
dow (Figure 2(b)). The time window tw is far shorter than
the pulse duration, tp, such that

t ,, T , t [20]w 2 p

where T2 is the spin-spin relaxation time. The relaxation
times thus measured agree exactly with those determined
using the traditional method. A single-shot experiment thus
provides n (the number of pulses) values of the decay func-
tion of Mr (t). Such types of pulse sequences were used in
the past for completely different types of tests.[30,31,32] More
details on the method may be found in Reference 21.

Figure 3 depicts the time evolution of Mr (t) of Al in
aluminum measured with the single-shot CUT-sequence
method at two temperatures at 41 MHz frequency with B0

5 3.7 T (no deformation). Other parameters of the pulse
sequence are tr 5 20 ms, tw 5 8 ms, and B1 5 4.5 G. As
is clear from Figure 2, the single-shot method makes it
feasible to obtain the entire time evolution of the magnet-
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Fig. 3—Nuclear magnetization decay of Al using the single-shot CUT-
sequence method at 290 and 460 K (no deformation).

Fig. 4—Temperature variation of T2, T1, and T1r.

Fig. 5—Nuclear magnetization decay before and during deformation at
300 K.

ization Mr and thus eliminates uncertainties about the initial
magnetization, M0, and the exponential decay of the mag-
netization.

V. RESULTS AND DISCUSSION

A. Temperature Variation of NSR (ε 5 0)

The NSRs were first measured without deformation as a
function of test temperature. Spin-spin (T2), spin-lattice
(T1), and spin-lattice relaxation times in rotating frame us-
ing the CUT-sequence method (T1r) were determined. Fig-
ure 4 depicts the temperature dependence of these
relaxation rates. Below about 550 K, the spin-lattice relax-
ation rates are caused by conduction electrons (Korringa
relaxation process: 1/T1 } T), while 1/T2 is given by the
rigid line width. However, at higher temperatures, 1/T2 de-
creased due to the motional narrowing of the line width,
and 1/T1r exhibited a dramatic increase with the character-
istic peak (diffusion-induced relaxation processes[1,2]). The
time T1 failed to demonstrate this relaxation contribution
and is controlled by a conduction-electron mechanism in
the entire temperature regime. The effect of locking field
(B1) is clearly delineated in the T1r data.

The solid lines in Figure 4 are best-fit lines with NMR
derived constants,[21] and the atomic jump rate is given by

S E 1 Ef m fG 5 G exp ( ) exp (2 ) [21]0 kT kT

or

1.27 eV
14G 5 4.65 3 10 exp (2 ) [21a]

kT

The activation energy for diffusion, 1.27 eV, is in excellent
agreement with that obtained earlier using the traditional
T1r method, as well as those reported by Fradin and Row-
land.[33] This value is also identical to that for diffusion in
aluminum determined by other techniques including high-
temperature creep.[34]

B. NMR-Deformation Experiments

The NSR measurements were made at various tempera-
tures and strain rates, and mechanical deformation led to
increased rates of decay of magnetization or relaxation. An
example is shown in Figure 5 for Al before and during
deformation (0.9 s21) at 300 K. We note here two distinct
features of the magnetic induction decay during deforma-
tion. Deformation created an offset DMr(0) of the magnet-
ization. Second, the increase in strain with time led to a
slight increase in the slope of the background magnetization
decay. The contribution of the strain-enhanced diffusion to
the relaxation rate is then obtained by subtracting the total
background decay (dashed line in Figure 5) from the slopes
of the decay measured during deformation.

Thus, the diffusion-induced excess relaxation time,
of Al is measured during deformation as a functiondiffT ) ,1r ε

of the test temperature, strain rate, and strain. Temperature
variation of this excess relaxation rate is shown in Figure
6 for a constant strain rate of 0.55 s21 at two strains, 0.6
and 3 pct. It is clear that the relaxation rate increases with
strain and falls rapidly at high temperatures, implying that
the strain-induced vacancy concentration increases with
strain while it decreases rapidly as temperature increases.
The decrease at high temperatures is due to the annihilation
of these excess vacancies because of the increased migra-
tion rates. The composite effects of the strain rate and strain
of the excess relaxation rate are illustrated in Figure 7 for
290 and 385 K. The contour net in this figure represents a
best fit to the data using the model based on mechanical
jog formation.
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Fig. 6—Temperature variation of excess NSR rate due to deformation in
Al at 0.55 s21 for 0.6 and 3 pct strains.

Fig. 7—NSR rate due to deformation in Al as a function of strain rate
and strain at 290 and 385 K (contours are fit to the model).

Table I. Parameters Derived from NSR Data

Parameter Value

req 3.4 3 1016 m22

b0 8.3 3 10220 m2

a1 0.33 Gb
G 2.8 3 104 MPa
b 0.286 nm

a /Ej 5.4 3 1028

Fig. 8—Arrhenius plot of total vacancy concentration: experimental results
compared with predictions based on the mechanical jog (Estrin–Mecking)
model (solid line at 0.55 s21 and dashed line at 1024 s21)

C. Strain-Induced Vacancy Concentration in Al

Correlations of the experimental results with the model
predictions based on mechanical and thermal jogs revealed
good agreement with the mechanical jog model. The ex-
perimental results, as shown in Figures 6 and 7, are fit to
the model from which the complete solution to the strain-
induced vacancy concentration is obtained:

«« «C 5 C {1 2 (1 2 c ) exp (2b r G )v v eq 2 0 eq v [22]
c

2 c exp (2 «)}2 2

where

a« 1C 5 [22a]v eq
=E r Gj eq v

1
c 51 [22b]z1 2 (c /2 b r G ) «0 eq v

and

0.62 eV
14 21G 5 2 3 10 exp (2 ), s [22c]v kT

The solid lines in Figures 6 and 7 are obtained from the best
fit to the data of Eq. [22]. The parameters obtained from
these data analyses are summarized in Table I. The high-
and low-temperature approximations are evaluated using the
various constants in the table in Eq. [22]. We find for the
vacancy concentration in the high-temperature region,

33.6 3 10«C 5 [1 2 c exp (2 43 « )] [23a]V } 2high T Gv

This is in agreement with the mechanical jog model pre-
diction, as noted in Eq. [17a]. It should be pointed out that
the NSR rate due to deformation does not depend on the
temperature, since Gv cancels out (Eqs. [7b] and [2a]).

In the low-temperature regime, where 0.003 Gvε ,, zε,
we find

«C 5 9.7 « [23b]V }low T

in agreement with Eq. [17b], as derived from the model
based on mechanical jog formation.

The analysis of the data yields a value of 1.3 3 10227

m3 for a1 in the model equation (Eq. [12]), recollecting the
fact that this factor represents the efficiency of the me-
chanical work in jog formation and vacancy creation. With
a value of 1.6 3 10225 m3 for typical volume ( ), we23/2'req

find that the efficiency is about 1 pct.
Finally, in order to illustrate the temperature regimes

where thermal vacancies and strain-induced vacancies dom-
inate, we depict the temperature variation of the total va-
cancy concentration ( ) in Figure 8 as an Arrhenius plot.totalCv
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Here, we used the following expression for the equilibrium
vacancy concentration:[35]

0.66 eV
eqC 5 23 exp (2 ) [24]v kT

The strain-induced vacancies are considered at 2.7 pct
strain and 0.55 s21 strain rate, as used in the experiment.
Experimental results are also shown along with the predic-
tions based on the mechanical jog model. Thus, at a strain-
rate of 0.55 s21, thermal vacancies dominate at temperatures
above about 550 K while the strain-induced vacancies be-
come dominant at lower temperatures. The deformation-
induced vacancy concentration increases exponentially as
lower temperatures are approached, attaining a relatively
temperature-independent value at temperatures below about
300 K, this is the transition temperature, T*, noted earlier.
In this low-temperature region, the deformation-induced va-
cancy concentration is controlled by plastic strain.

VI. SUMMARY

The NMR relaxation rates determined in Al during de-
formation using the CUT-sequence pulse technique enabled
a direct evaluation of the strain-induced vacancy concen-
tration. The temperature, strain, and strain-rate effects on
NSR rates clearly delineated the temperature regimes,
where strain-induced vacancy concentration dominates the
thermal equilibrium vacancy concentration. Two distinct
temperature regimes are found, where strain-induced va-
cancies become dominant. At low temperatures, the excess
vacancies are temperature independent and increase linearly
with plastic strain. At high temperatures above a critical
value, the strain-induced vacancy concentration decreases
with increasing temperature due to in situ annealing. The
present study clearly reveals the power and applicability of
NMR pulse techniques in characterizing in situ the dynam-
ical behavior of point defects in a noninvasive fashion.
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