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The double kink generation model, a good explanation
for the Bordoni relaxation in high purity fcc metals’)

P. Stadelmann?) and W. Benoit

Laboratoire de génie atomique, Swiss Federal Institute of Technology, 33, av. de Cour, CH-1007
Lausanne, Switzerland

(10. XII. 1979)

Abstract. The behaviour of the Bordoni relaxation in high purity fcc metals after plastic
deformation and during recrystallization is compared with the theoretical predictions of the Double
Kink Generation model. This model is developed here using both simplified analytical calculus (two
well-model) and a complete computation. A very good agreement is found between experiments and
theory. In particular, it is possible, using the DKG model, to follow the recovery of Al samples during
heatings below the recrystallization temperature.

1. Introduction

As a consequence of the periodicity of the crystalline state the free energy of
a dislocation, lying in a close-packed direction of the crystal, must be a periodic
function of its position in the lattice. This variation of the free energy is known as
the Peierls potential. In order to push the dislocation from a minimum of the free
energy to the next it is necessary to apply to the dislocation a stress o, the Peierls
stress.

The jump between minima of the free energy is a thermally activated process.
Consequently, a relaxation peak must be found using internal friction experi-
ments. In fcc metals there is a relaxation peak which was attributed by A. Seeger
[1] to this process. Using the experimental data a rather high Peierls stress is
computed (o, ~107* ) with which many authors disagree. Moreover many
aspects of the Bordoni relaxation have not been clearly explained (for instance
disappearance of the relaxation during the recrystallization, unusual broadening
of the peak).

In this paper a theoretical analysis of the Bordoni relaxation based upon the
Double Kink Generation (DKG) model is developed and the effects of slight
variations of its parameters are discussed and compared with the experimental
results.

The analysis is performed in two ways: the first is a complete computed model
which takes into account nearly all the parameters of the process and the other is
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2) Present address: Institut Interdépartemental de Métallurgie 33, av. de Cour, CH-1007
Lausanne, Switzerland.



638 P. Stadelman and W. Benoit H. P A.

based upon the simplified assumptions of the two-well model. The developed
models confirm all experimental results.

Furthermore, the experimental study of the Bordoni relaxation in fcc metals
of high purity (99.9999%) during recrystallization is able to show, on the one
hand, that the disappearance of this relaxation in less pure fcc metals was
generally due to impurities and, on the other hand, that in recrystallized fcc
metals the effects of the residual stresses (internal stresses) can be clearly
observed.

In the final section, it is shown that the use of the DKG theory allows one to
model the annealing of AlS5 N samples and gives results which are in very good
agreement with those of other methods (X-rays, microcalorimetry).

2. Double kink generation model (DKG)

In 1956, Seeger [1] proposed the following dislocation mechanism in order to
explain the experimental results of Bordoni [2]. The free energy per unit length of
a (110) dislocation, according to Peierls [3] and Nabarro [4] varies periodically as
the dislocation slips in a {111} plane perpendicularly to a (110) direction. This
energy can be written in the sinusoidal approximation as:

b-d
Fpi=Fhto, o (1—cos (2my/d)) (2.1)
o
where
dFp;
o,=b"! *ﬁ) is the Peierls stress

b:Burgers vector of the dislocation

d:spacing between two dense directions

The Peierls stress o, is the stress which must be applied to the dislocation for this
dislocation to make a jump over a Peierls hill at 0 K without internal stresses. This
Peierls stress is a fundamental parameter for the plastic deformation of all
crystalline solids and consequently it must be calculated very accurately.

When the crystal temperature is different from 0 K, the thermal fluctuations
supply an amount of energy proportional to kKT per jump and thus the additional
energy which must be given to the dislocation is reduced. The mechanism for the
jump over the Peierls hill is the nucleation of a double kink.

In Fig. 1 a (110) dislocation jumps over the maximum of Fp; (Peierls hill) by
making a double kink. The position ‘b’ is the unstable position corresponding to
the activated state. When the internal stresses are too weak the kinks cannot
move away from each other, and the dislocation returns to the ‘a’ position. On
the other hand when there are sufficient stresses the position ‘c’ becomes the new
equilibrium position and consequently the dislocation has performed a displace-
ment of a distance d.

In real crystals the length of the dislocations is never infinite and an
additional stress due to the increase of the dislocation length must be taken into
account. This additional line tension limits the possible displacement of the
dislocation to a few d (Fig. 2). Under the effect of the internal stresses o; the
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Figure 1

a) Stable equilibrium position. b) Unstable equilibrium position (activated state). c¢) Stable equilibrium
position.

dislocations lie in the stable equilibrium position 1—S. An amount of energy AFy
must be given to it to make a jump over the obstacle due to the Peierls stress and
the line tension effect. AF, is to be written as

AF, = AF,+AF, (2.2)

where AF, is the energy supplied by the thermal fluctuations (when the external
stresses g, are zero), and AF,; is that supplied by the internal stresses. Thus, AF, is
a function of o; (and 4,,) and equals the activation energy. The activation area A,

o

AF)

N\

Gib 2> >
; %\/
// a
Figure 2 | 2

Effect of the line tension on the dislocation free energy.
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is given by
A,=a,—a,=A,(0;) (2.3)

During an activation event the applied stress (when # 0) furnishes an amount of
work AW given by

AW=g¢,"A,'D (2.4)

and consequently the thermal fluctuations have to supply only the following
energy (free enthalpy):

AGy =AF,— AW 2.5)

This free enthalpy is plotted in Fig. 3 as a function of the area swept by the
dislocation during its movement.

The frequency of an activation event is in the present case given by the
Boltzmann relation

where v is the attempt frequency (constant in our formulation) and i(j) defines
the stable position of the dislocation before the jump (unstable position just after
the activation).

In such a formulation the dislocation looks like a particle, with which one can
attribute a probability n; of being found in the ith stable position. This probability

|
S I Sz/\[3 S/\[/
o- -g -
! V 54
a
A _
2Wk
A
-
51
1
4
Figure 3

Schematic picture of the free enthalpy G of the dislocation showing the effect of o, (internal stresses).
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is the solution of the following system of first order differential equations.

dn;

dt

lIjJsing this formulation the macroscopic anelastic deformation e(t) is finally given
¥

= Fi—l,i ‘R~ (Fi,i——l T Fi,i+1)ni + Fi+1,ini+l _ (2.7)

e(t)=Am?Z n, - a, +€(0) (2.8)

where:
a;: area swept by the dislocation in the ith minimum of G
A,.: density of the movable dislocations.

The experimental measurement of €(t) can be performed in two ways. The first is
the direct measurement of the microdeformation of the sample under a static
external torsional stress. This technique is well adapted for the measurement of
the activation area; but it is a rather difficult method and only a rough approxima-
tion of the nucleation energy can be obtained using it.

The second method is an indirect one. It consists of the measurement of the
internal friction associated with the DK nucleation. Like all activated mechanism
investigated through internal friction measurements the DKG is characterized by
a relaxation peak.

This latter method is the oldest [5] and probably the most common. The
internal friction measurement is performed by applying an external periodic stress
to the sample (excitation stress) and by recording the loss of energy due to the DK
nucleation. In this case the I';; are written as

I';; = vs exp{—AG;; £ ba, G, sin (wt)} (2.9

and the internal friction Q™' is obtained using

o

- ) § G, sin (wt) - € dt (2.10)
270,

where p is the associated shear modulus and the intergration is taken over one
period.

Generally neither the microdeformation nor the internal friction can be
computed analytically. Thus various approximations must be taken in order to
give simple formulas. On the other hand a numerical computation can be very
useful to fit the experimental results qualitatively. Such a computation will be
examined in the following chapter. Simple formulas will be given in chapter 4
using a two-well model and compared with experimental datas collected during
the recovery of deformed Al samples. A good agreement will be found.

3. Numerical computation and comparison with experiments

The assumptions of the computation are as follows:

o the dislocations are like elastic string each lying in a single Peierls
minimum when the internal stresses are very weak
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o the length of these dislocations is bounded by point defects from which
thermal break-away cannot occur

e the dislocation line tension is isotropic and the sinusoidal approximation
for the Peierls potential is valid

e finally the dissociation of the dislocations is simulated by a decrease of the
Peierls stress

Consequently the free enthalpy of the dislocation under the effect of a stress o is
given by the expression

G:F%isJ.

0

l
| (ds —dx)+ Jl [AFp;i(y) —AFp(0)] ds — J oy dx (3.1)

where the dislocation is lying along the x direction and ds®= dx>+dy” is the
element length.
The boundary conditions are the following:

y(0)=0

3.2
y'(I/2)=0 (symmetrical dislocation) 32

The extrema of G minima can be found using Euler’s method [6]. This calculation
was first performed by Arsenault [7] and will not be reported here.

The most important results of the numerical calculation of G minimum are
that the free enthalpy AGy is independent of the length of the dislocation; it is
only a function of the stress o. Secondly the nucleation area Ay is a weak
function of the stress o alone. Finally, this computation allows one to plot the
‘theoretical equilibrium shapes’ of the dislocation as a function of the swept area
(Fig. 4).

It is rather surprising that the continuous model gives an unstable shape
(curve 2, Fig. 4) which looks like a double kink.

Using the computed values for AGy, AG4, Ay and A, for all the equilibrium
position, one can compute the internal friction (formula 2.10). This computation
1s performed under the following assumptions:

e the dislocation density as a function of the length is given by the classical
relation (3.3.):

A(l)=Ay-—exp (——l) (3.3)

Figure 4
Equilibrium shapes of the dislocation as given by the continuous model (computed result).
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e the internal stress is between 0 (recrystallized state) and 0.10, (deformed
state)

o the effect of impurities on the dislocation movement is always neglected
(no solid solution hardening).

While it has been nearly impossible to simulate a real crystal with all its
complexity, certain properties of the DKG can be investigated using this compu-
tational method and compared with experiments. Such properties are

o the effect of a variation of the measuring frequency on the internal friction
associated with the Bordoni peak

o the effect of a decrease of the dislocation length

o the effect of the amplitude of the measuring stress without internal stresses
or with important internal stresses (o; =0.1 g,).

Now compare the theoretical predictions with the experimental observations
relating for each of these effects.

In Fig. 5 it is shown that an increase in the frequency of the measuring stress
gives both an increase of the temperature and a broadening of the internal friction
peak. Using the dependency of Tp with the frequency it is possible to calculate
the relaxation energy associated with the peak and to compare it to the free
enthalpy AGy (Fig. 6).

This figure shows the logarithm of the measuring frequency, f,,, as a function
of the inverse peak temperature Tp (Arrhenius plot). The relaxation energies
Eg(o;) which can be computed from the plot are in very good agreement with
their corresponding free enthalpies AGy,.

As a consequence the best evaluation of the nucleation energy is experimen-
tally obtained using the displacement of the peak under the effect of the variation
of the measuring frequency [8, 9, 10].

The effect of a decreasing dislocation length, at constant internal stress, is
reported in Fig. 7.

The Paré condition [11] is just fulfilled by the dislocations with a length of

Lo

.00

: 10'Hz
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0.001

50 ' 100 ' 150

Figure 5
Effect on the peak of an increasing measuring frequency.
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Arrhenius plot for the DKG and activations enthalpies as given by the slope of the curves (Eg) and
the continuous model (AGy).

b o
1.00F

I

-

0.50

0.00L . _
50 100 150

Figure 7
Effect of a decreasing dislocation length on the amplitude of the peak as given by the continuous
model (computed result).
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1400 b (curve 1) and is not fulfilled by shorter dislocations (curves 2-5) (the Paré
condition will be explained in the next section).

From the Fig. 7 it can be seen that a decrease of the length is followed by a
decrease of the peak temperature. This behaviour has been observed experimen-
tally very often, perhaps the best known experiment being due to Thompson [12].
In this experiment Thompson using a sample of Cu, performed measurements of
Q™' as a function of irradiation dose (Fig. 8).

The decrease of the peak temperature with the increasing irradiation dose
was explained by a preexponential factor v5 dependent on the dislocation length
(vg =vp[b/l]). In our case, without introducing such a dependency (vg =
constant), the same behaviour can be very well explained by the broad variation
of AG, with the length [ of the dislocations. The two-well model (next section)
explains this behaviour.

The last important feature which was investigated using the computed DKG
model is the effect of the measuring stress amplitude on the relaxation. In order to
perform the computations it was assumed that a recrystallized sample can be
characterized by zero internal stresses, and by rather long dislocations (about
1500 b measured in Ag 6 N after recrystallization [13]). This means that the
purity of the sample must be high enough to eliminate pinning processes during
and after the recrystallization. All these conditions are well met by very pure fcc
samples (99.9999% [14]).

The theoretical predictions are shown in Fig. 9 for the case of a recrystallized
specimen (o; =0). One can see from this figure a fast decrease of the internal
friction, and a peak temperature almost independent of the value of o,. Obvi-
ously, for small enough o, no relaxation will appear.

In Fig. 10 experimental curves are plotted. The sample contains less than
10 ppm Pt and presents a strong annealing at about 150 °C. This annealing is

12 . Initeal
s After 1st 100°C annasal
o 10 e After ~5x10" nvt
n‘; +  After ~4nx IOM nvt
T et e After ~6x10" nvt
After ~6 x10'® nvt
6r
4 3
~ea,
2r -
-] .“-‘,
o % oo g B it vl S R ek i bt A g
o'-.‘ r«:‘f"“omﬁ Nan‘"“l::ﬂuolmto%e‘o ?f:-‘v ’-:.'° °'°"; "”' ‘4, ..
! 1 1 1 1 1 1 1 1 "
0 20 40 60 80 100 120 140 i60 180 200 220 240 260 280
T/°K —
Figure 8

Thompson experiment with Cu sample of 99.999% purity.
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characterized by the large effect of the measuring stress on the relaxation
amplitude. This effect is not observed on the peak temperature.

The effect of the measuring stress was first observed by Jalanti [15]. It has
now been reported for almost all the fcc metals [16, 17, 18] with purity higher or
equal to 6 N.

In the case of heavily deformed samples (o; =0.1 o) the theoretical internal
friction does not vary with the amplitude of the measuring stress. This theoretical
prediction is in good agreement with the experimental results.

Finally the most important limitation of the procedure comes from the great
complexity of real samples. It is impossible to simulate real materials, even with
the most time consuming computations. Only a good qualitative agreement can be
found between theoretical and experimental results. With this limitation it is only

the activation energy that can be measured and unambigously compared with the
calculations.

4. Simplified analytical models

There are many simplified models for the DKG process [19, 20, 21]. Perhaps
the most important one is due to Schlipf [21] which takes into account the
principal behaviour of the DKG and that due to Chambers [22], the two-well
model, which leads to very simple calculations and which will be developed here.

In the model due to Schlipf some very severe approximations about the DKG
are made. Nevertheless, the analytical result gives a [*>-like dependence for the
relaxation amplitude. This behaviour can not be extracted from the two-well
model, and is certainly the principal limitation of the latter.

4.1. Two-well model. Paré condition

This model is schematized in Fig. 11. The transition rates P (backward) and
P, (forward) are given by the expressions:

P, = vs exp (—AGL/kT)
ﬁt = Vg €Xp ("_ AGN/kT)

where AG, and AG, have the usual meaning. o
Without stress applied to the dislocation the lateral movement of the kink is
performed without energy expense. Thus in this case:

On the other hand the nucleation of a double kink forces the crystal to spend an
amount of energy given by the expression:

AFy=AGN(6,=0,=0)#0 (4.2)

AGy is due to an increase of the dislocation length and to the displacement of
part of the dislocation to a region in the lattice of larger free energy.

In the case 0,=6,=0, P, <P, and the dislocation cannot move over the
obstacle. In order to perform a jump P, and P, have to be approximatively equal.
Thus:

AG, = AGy =AF, (4.3)

4.1)
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|
1 , T T

Figure 11
2 well-model of Chambers (1964).

86AG

This is the Paré condition. It can be expressed using the usual parameters in the
formula '

AGy=d-bl-a (4.4)

where the approximation Ay =0 and A, = b-1 have been used.
We now introduce the probability n, for the dislocation to be in the second
well. The time derivative is thus given

fl2=—13t'n2+13,'n1 (4'5)

where n, is the probability that the dislocation lies in the first well.
Using the notation u =(n,—3)-d, which means that the Paré condition is met
at t=0, it is possible to rewrite (4.5) as:

u=—(P,+P) u+iP,-P)-d (4.6)
Or:

Bu+Ku=4, b} (4.7)
where

B =(26,b/d)(P,—P) " inverse of the dislocation mobility

K = (26,b/d)(P,+ P,): restoring force

It can be shown that the displacement of the dislocation under an oscillating
applied stress o, = J, exp {imt} gives rise to a relaxation process. The relaxation
time 7 and the intensity A of the process are given by:

v= B/K

(4.8)
A=a-A,b*u'/K
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where a is an orientation coefficient and ' is the shear modulus (unrelaxed
state).

7 and A following (4.1) and (4.2) are now given by:

t(0;) =2vg exp {AFy (o)} kTp

(4.9)
Ay =3aA, {u'b*kTp}-b-1

Thus when the Paré condition is met the relaxation intensity A does not depend
on the applied stress ¢,but depends linearly on the length of the dislocations. The
first feature of A (that A#A(d,)) is generally well verified in the case of the
deformed sample for a large range of sample purities. On the other hand a [*-like
dependence is generally observed, but in certain cases the exponent can be
slightly less than 2 [23].

Nevertheless the two-well model can be very helpful when the Paré condition
- is not completely fulfilled. This is generally the case when either the lengths of the
dislocations are too short or the internal stresses are too weak. In both cases let us
assume that the Paré condition is fulfilled by the dislocations with a length [,.
Thus for a shorter dislocation (I <1;) we can assume that n,(0) is much less than 3
and put n,(0)=0. Thus using (4.6) u(t)=n,-d.

With these assumptions 7 and A can be computed and the following results are
obtained:

() =2vG - B-exp {AF/kTp}

A1) = A(ly) - B - (kTp/2AF,) (410
where

B=1-(1- l/lo)(AFO/ZkTP)V (4.11)
and

[=1, gives 1-1I/ly«(kTp/AF,)

~ As a consequence, T apparently decreases when [ decreases, the relaxation energy
being constant. The relaxation temperature which is generally given by the
condition

wr=1 (4.12)
can now be written as
Te'=(—k/AF){In (wT,) +1n B} (4.13)

Thus T, also decreases when the length of the dislocations decreases. On the
other hand A(l) also decreases with [ but much faster than the temperature (which
decreases like 1n (B)).

This result can be used to explain why, even if v is constant, the tempera-
ture of the peak can decrease during the pinning of the dislocations. Thus without
assuming that v is a function of the length of the dislocation the experimental
results are well fitted by the DKG model.
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4.2. Applicability of the two-well model to the annealing of Al 5 N samples at
liquid natrium and room temperature

Samples of A1l 5 N plastically deformed by rolling, show a very strong
annealing stage when they are heated at temperatures near the recrystallization
temperature. This annealing is performed in two stages and is observable using
many methods. In particular X-ray diffraction, micro-hardness measurements,
microphotography and microcalorimetry are the usually employed methods. But
the most sensitive one is certainly the internal friction (associated with the
modulus defect) measurement. Using X-ray diffraction and related other methods
the following characteristics are found for these annealing stages:

e the first step presents the formation of cell walls inside the deformed
grains. There are large energy releases, which are generally attributed to a
decrease of the total dislocation density A, [24, 25].

e the second step cannot be observed by either optical microscopy or
electron microscopy. There is only a very weak energy release, and X-ray
diffraction is also unable to detect it.

Using all these results it can be assumed that the first step is followed by a strong
decrease of the internal stresses, which are related to the total dislocation
density by:

o,=n- p-b-AY? (Nabarro, [26]) (4.14)

with 0.1=7=0.5.

Introducing this formula into relation (3.3) and using the condition (4.12)
lead us to:

Tpp(A) = Teg(0)-(1-2n - -A?/a,) (4.15)

which gives the Bordoni peak temperature as a function of the total dislocation
density A,.

From formula (4.15) it can be deduced that a slight increase of the tempera-
ture of the peak may be observed during the first step of the annealing.

In order to compute this increase some evaluation of the change in disloca-
tion densities is needed. The variation of the amplitude of the Bordoni relaxation
can be used for these evaluations under the assumption that the Paré condition is
fulfilled during the step. The latter assumption has been seen to be verified in
recording the amplitude of the Bordoni relaxation as a function of the measuring
stress [27]. It follows that relation (4.16) gives the peak amplitude as a function of
the total dislocation density.

QppaA, - I? (4.16)

In order to use relationship (4.16) as a measure of the variation of the dislocation
density the mean length ! of the dislocations has to be a constant during the step.
This was also verified [28].

The results of our analysis are that the variation of the ratio of the initial to
final dislocation density, A;/A;, during the first step is about 2.4 for a specimen
deformed at 77 K and 1.8 for a specimen deformed at 300 K. For comparison
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purposes an analysis based upon the works by Fornerod [29] and Isoré [30] gives:
Ai/A;=3.1 deformed at 77 K
Ai/A;=1.9 deformed at 300 K

with no variation of the dislocation length during the first step of the annealing.

Thus there is a rather good agreement between the various methods. The
DKG is also verified by the first annealing step in Al 5 N.

During the second step a large decrease of the Bordoni relaxation tempera-
ture is observed in both Figs. 12 and 13. These decreases are taken into account
by the DKG model, but with two possibilities. The first one is to attribute the
decrease to a very large increase in the dislocation density (relation 4.15), but this
is meaningless. The second possibility is a change of the dislocation length and/or
internal stresses, which as a consequence no longer fulfil the Paré condition. A
large density decrease always leads to a large amount of released energy. Such a
large amount is not observed by microcalorimetry. We did not observe a large
change in the X-rays diffraction patterns, and furthermore we did not measure a
strong dependence of the amplitude of the Bordoni relaxation with the measuring
stress amplitude.

Consequently we can assume that the decrease of the relaxation amplitude
and temperature is due to pronounced shortening of the dislocation length.

These assumptions allow us to compare the theoretical predictions of the
DKG model with our experimental results.

Thus, using relations (4.10) and (4.11) we are able to compute the relative
variation, 1—1[/l,, of the dislocation length. The first relation (4.10) uses the
variation of the peak temperature and gives:

AF, 1 I | :

1= Ul =2k Ty(l AF{1— { 0[ _ ]}} 417
/. 0 P( O)/ Q CXP & Tp(l()) TP(l) ( )
a’. 10’

3.0

2.4

1.8

1.2+

0.6+

ool T, T~ 3 — . TCQ

-200 =140 -80 -20 40 100 160

Figure 12

Al 5 N deformed 7% by rolling at 77 K.
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a3 T J

14

1.0F
06F
02F
- . : . ] T(C)
-170 -10 -50 10 .70 130
Figure 13

Al 5 N deformed 7% by rolling at 300 K.

The second one uses the variation of the peak amplitude and gives
1=1U/ly=2-k - Tp(ly)/AF{1— A(D)/A(ly)} (4.18)

The relative variation I/l is reported in Fig. 14, assuming that [, is the length of
the dislocations just before the second step, at which time the Paré condition is
equally just fulfilled.

There are good agreements between the results obtained using the Tp
variation (14a) with those obtained using the A variation (14b). These agreements
do not signify that the internal stresses are constant during the step, but they show
clearly that the assumptions of the computation (on the Paré condition) were
valid. However, the mechanism of the shortening of the dislocations cannot be
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Figure 14

Part .a) lfl, using the variation of the peak temperature. Part b) /I, using the variation of the peak
amplitude. 1 deformed 7% by rolling at 77 K. 2 deformed 7% by rolling at 300 K.
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fully understood by studying only the change of the Bordoni relaxation. Neverthe-
less, these experiments show that the DKG model is verified and can explain all
the observed behaviour of the Bordoni relaxation.

Naturally only by correlating various methods will one be able to clarify the
physical origin of annealings. We cannot conclude that there is a dislocation
pinning during the second step, but we can conclude that this mechanism looks
like a pinning where seen through the DKG model.

5. Conclusion

The major results of this work are that the DKG model is able to explain
almost all the behaviour of the Bordoni relaxation in fcc metals. The complete
computed calculus, which is very useful in order to have a deep understanding of
the DKG process, may be simplified in a two-well one without losing its main
characteristics. The effects of impurities on the Bordoni relaxation can now also
be understood and explained. Nevertheless it may be very instructive to perform
new experiments using ultrasonic attenuation since the stress state inside the
specimen is then much more finely resolved than in the case of vibrating samples.
Perhaps using such a technique new behaviour will be obtained, which can
confirm more closely the assumptions of the DKG model [31].
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