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UNIFIED THEORY OF DISLOCATION DAMPING WITH A SPECIAL REFERENCE TO
POINT-DEFECT DRAGGING

T.0. Ogurtani

Max-Planck—Institut fiir Metallforschung, Institut fir Physik, F.R.G.

Abstract.~ The complete mathematical solution of dislocation damping for the
equally spaced multi-dragging-point-defect case is investigated by the Laplace-
transformation method combined with a variational procedure. It is shown that
the dragging leads to an expression which is identical to the exact soclution of
the Koehler-Granato-Licke (XGL) model with a modified damping constant. The
apparent dissimilarity between the point-defect dragging model of Simpson and
Sosin (SS) and the KGL theory is due to the retention of only the first term in
the Fourier expansion by KGL and concomitantly the inertial term by SS.

1. Introduction.- In the present investigation, in order to elucidate the apparent
discrepancy between the KGL theory (1,2,3) and the theory of Simpson and Sosin (4,5),
the mathematical analysis of the equally spaced multi-dragging point defect which
corresponds to the most probable distribution of defects along the dislocation line
is formulated. The solution is found to be identical to the solution of the KGL mo-
del with a modified damping constant which is given by Bo+Bd(N+1)/L, whereABo is the

viscous damping constant in the absence of the point defects, B, is the damping con-

stant for each of the N dragging points, and L is the length ofddislocation loops
between firm anchor points. Using the compact form of the solution, the logarithmic
decrement and the modulus defect are calculated. The expressions for & and 4G/G dif-
fer from those given by KGL due to their retention of only the first term in the
Fourier-series solution of the problem, but they become identical to the results of

88 (4) at the limit where the inertial constant approaches zero.

2. Dislocation Oscillation Under Dragging-Point Defects.- The displacement of the

dislocation under the influence of an applied stress is given by the particular mo-

del chosen. The mathematical model for the equation of motion of a pinned-down dis-
location loop is taken to be that used by Koehler (1) and later modified by Simpson

and Sosin (4) to take into account the viscous drag effect of a discrete set of

point defects (egqually spacedj:
32f t L):‘aﬁ 5_ fwt
Aaﬁ+[B+B G plvy C bose (1)

with the initial and boundary conditions

a&x 0)_

£(0,2)=E(L,#)=0 and &x,0)= =0, (2)

where & is the displacement of an element of the dislocation loop from its equili-

brium position, A is the effective mass per unit length, C is the line tension in a
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bowed-out dislocation, and b is the Burger's vector.

By the Laplace transformation, the following expression is obtained from Egs.

(1) and (2):
— = L %€
Ap2§+p[Bo+B,Z:6<x "177)]5 C g bﬁ%(;, (3)

and similarly from Bg. {2) also the natural boundary conditions can be obtained E(O)=
%: (LY = O. The overbar on any function denotes the Laplace transform of that func-
tion. The above boundary-value problem can be reduced to a proper variational pro-

blem (6), that is,

Llox bo = (4)
L . =
fo (sg p_iw)agdx 0,
where
= Ap? L d?
L=Ap +1)[150+Bd ilb(x—nN_'_l —Cd_:t_?' R (5)
The functions ¢ k(x) = sin(kmx/L), which satisfy the natural boundary condit-
ions, are convenient coordinate functions. Therefore,'g =5 bk sin(kTx/L) can be
used in Eq. (4). Thus, by making use of the orthogonality properties of the harmo-
nics, we obtain the following identity to first order in Bd for k>N, and rigorously
otherwise:
4o,b 1
(1) u
b T(b —i@W (Ap?+Bp +CREnZ/LY) mama s (6)
=B + B + =2M+ = 12,00 = - .
where B=B_ g (N+1) /L, N=2M+1, M=0,1,2, and B Bo+((N+1)/L(1 5k,(2M+1) (N+1))

Hence, the displacement of the dislocation loop can be written in the following

form:

4bo 2= sin[(2m + Dx /L] JEE SN
T2 e L ((p ~iw)(p¥rdp+ wz)> ’

with the substitutions d=B/A,w —(2m+l) (C/A)1/2, where L_1 denotes the inverse La-

£V f)="200 (7

place transformation. One should p01nt out that Eq. (7) gives not only the steady-
state solution of the problem, but also the transient part equally well., The steady-

state part of the solution has the analytical form (7):

4bo sin{(2m+ L)mx/LJeiot-im
Lw,n="00 E (2m + D[ (wZ - °P+ (0d)2 )77 ®)

2
where tamSm:wd/(mm-w Y. The above expression is identical to the one obtained by
Granato and Liicke (2). A closed form is also cbtained which has the following ex-

pression:

cosh{fiw(iw+d)A/C ]/ 2(x = L/2)} (9)
)= A“_zw(zw+d) X<l coshiliw(iw+d)A/C 7L /2] )

3. The Decrement and the Modulus Defect.- To find the decrement and the apparent mo-

dulus change we will follow the general procedures of Nowick (8). The dislocation
strain produced by a loop of length L in a cube of unit dimensions is usually given
by <€> Lb, where <&> is the average displacement of a dislocation of length L. Thus,

if A is the total length (the density of dislocations) of the movable dislocation
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line,
Ab——f E(x,t)dx . (10}

The relationship between the total strain and the applied stress can be written
et = J(w)o, where gt =€, + ed and 0 = Ooexp(iwt}. The elastic strain €, is given
by the elasticity theory, Ee = 0/G. With these definitions of stress and strain,
the appropriate measure of the internal friction is the logarithmic decrement
§ = J2 (m)/Jl(w), where J(w)=J1(w)—i J2(w). Similarly, the modulus defect is
4G/G = GI, (w~1

In the calculation of the average displacement of a dislocation loop of length
L, we will intentionally use the closed form which is given by Eqg. (9). However,
first let us introduce the parameter O as u2 =1 C/w (iw + d) A, which upon substi-

tution in Bg. {(9) yields

bae cosf{x — L/2)/a) (11
yE)=~
L, ) ( cos(L/2a)
With the usage of the above expression in Eg. (10), one finds that
2 ifws 23
E4='-—q‘l‘iﬁb_ck—'[L/ZOl—l:an(L/Zoz)]. (12)

On the other hand it is very useful to introduce the identity which can be obtained
from the definition of the parameter 0 as o = L exp(if)/uM, where M2 2(1+w A /B )1/2
28 = tam_1 (B/AW) , and u2=wBL2/2C. Here, the last parameter l is a dimensionless
universal parameter. If one substitutes newly defined parameters in Eq. (12), the

following results can be obtained (9) after rearranging the terms:

7GbAL? 13
5= ~2—C——{2p. 5in26+ 4[cos36 sinh(ji sing) ~ sin39 sin(f coss)]/[cosh(fi sind) + cos(i cos )]} (13)
and
AG Gb2AL? , . e -
= W{Zu c0s28 - 4[cos38sin(fi cos8)+ sin38 sinh( sin8)]/[cosh(ji sind)+ cos(f cos6)]} (14

where U = WM. If the inertial term & is taken to be equal to zero as done by Simp-
son and Sosin (4), one can immediately deduce M=+2 and 8 = T/4, which upon substitu-

ting into above equations yields

6=7er’AL2( _ sinh(p)+ sin(p)) (15)
2C pt cosh(u)+ cos(u)
and

AG _GHAL? sinh(y) ~sin(u) (16)

G~ 2Cu® cosh(p)+cos(u)”

The above expressions are identical to the results obtained by SS for the uniformly
distributed point defects along a dislocation segment. Egs. (15) and (16) were also
deduced by Oen, Holmes, and Robinson (10) for the KGL model dislocation damping as-
suming that A& = O.

4. Discussion.~ In Fig. 1, the decrement is plotted with respect to the newly de-

fined normalized frequency QB = w/w ; for various values of the damping constant D



C5-238 JOURNAL DE PHYSIQUE

by using Eq. (14) and the plotter facilities of an HP-9821A minicomputer. Here,

w ; is really the fundamental oscillation frequency of a vibrating dislocation loop
without inertia, and it is given by2wB2= (ﬂ/L)zc/B. Thus, from the definition of
the parameter U, it is clear that W =7 = QB/2. The frequency response has two main
branches depending upon whether the damping is large D> 1/2 or small D<£1/2. However,

o
in this plot it is clearly demonstrated that the maximum loss occurs at W = W or

B
U= ﬂ2/2 for large dampings.

In order to illustrate the general behavior of the decrement which is measured
at any given driving frequency as a function of B or dragging defect concentration,
we decided to introduce a new plotting procedure in Fig. 2, where the logarithmic
decrement obtained from Eg. (15) is shown with respect to the normalized frequency
QB for various values of w/wz where w: is the fundamental resonance  frequency which
is given by ug = (7 /L)(C/A)1/2. This new plot reveals that, with the exception of
the resonance damping, the decrement indicates a Well—defined maximum with respect
to the viscous drag constant B. In addition, with a driving frequency less than
one tenth of the resonance frequency, the maximum in the decrement corresponds to a
value of QB which is about equal to units. Consequently, an increase in the de-

crement due to the addition of point defects can be observed if uo is less than

1/2 . ) :
/ .  In other words, Bo which is theviscous drag con-

W2/2, where Uo = (wBOLz/ZC)
stant for the defects that produce the background damping (pre-irradiation damping)
should be less than 7 2C/L2 for the "peaking effect" to be observed.

The mean decrement resulting from an exponential dislocation loop distribution
is also calculated by the author (9) and plotted in Fig. 3 using an HP-9821A. This
original plot reveals the fact that with the exception of w2m§/2, the mean decre-
ment shows a well-defined maximum with respect to the viscous drag constant B for
an exponential loop distribution. In addition, with a driving frequency less than
one one-hundredth of the mean resonance frequency, the expectation value of the

decrement depends solely upon the current value of 0 B and the maximum in the de-

crement corresponds to a value of ﬁé which is about equal to O.1.

REFERENCES

—

J.S. Koehler, in Imperf. in Nearly Perfect Crystals, p.197, Wiley, 1952

2. A.V. Granato and K. Licke, JAP. 27, p.583, 1956

3. A.V. Granato and K. Licke, JAP. 27, p.789, 1956

4, H.M. Simpson and A. Sosin, Phys. Rev. B5, 1382, 1972

5. H.B. Rosenstock, Phys. Rev. B5, 1402, 1972

6. F.B. Hildebrand, Methods of Appl. Math.,p. 192,Prentice-Hall, 1961

7. G.E. Roberts and H. Kaufman, Table of Laplace Trans.,p.1l89 Saunders, 1966

8. A.S. Nowick, Prog. Metal Phys. 4, 1, 1953

9. T.0. Ogurtani, Phys. Rev. B21, 4373, 1380

10. 0.8. Oen, D. K. Holmes, and M,T. Robinson, U.S. Atomic Energy Commission Report

No. ORNL-3017 (unpublished)



¥1G.1 Decrement plotted as a function of the renor-

malized frequency 8= w/w} for various values of the

damping constant for a delta-function distribution of the

loop length, where w°5 is the fundamental frequency of
the dislocation loop in the absence of the tnertial term
and is given by Cr?/L2B,
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FIG.2 Graphical representation of the decrement as
a function of the renormalized frequency 2, =~wBLY/ 6
for various values of the normalized driving frequency
w/wfﬁ 1, where B is the modified viscous damping con-
stant which is given by B=Bg+B,(N+1)/L. N is the
number of defects added per dislocation loop and By is
the viscous drag constant due to these defects,
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FIG.3 Graphical representation of the decrement as
a function of the renormatized frequency Iy for an ex-
poneantial distribution of loop lengths.



