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function of dislocation segments®
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Abstract A function is offered to represent the distribution of reduced length of dislocation segments. The segment dis-

tribution of materials, e.g., MgO and Cu, can be well described by taking appropriate values of parameters m and n.

Based on this function, a model for evaluating the mobile dislocation density is developed. Provided the total dislocation

density and applied stress are known, the mobile dislocation density could be readily assessed by using this model. For pure

copper the mobile dislocation density and strain rates at deferent strains are evaluated. The calculated results are consistent

with the known experimental data.
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1 INTRODUCTION

Mobile dislocation density is an important pa
rameter in the study of plasticity, especially in the
study of dislocation patterning! ™. Many researchers
have done their best to this subject, and developed
models to assess the mobile dislocation density> .
Since both the mobile dislocation density and its ve
locity are dependent on the applied stress and total
dislocation density, it is difficult to determine their
exact magnitudes. In the past years, there have been
some publications concerning the direct measurement
U219 Howev-
er, these studies are only limited to some special ma-

of mobile dislocations and its velocity

terials, e.g., ionic crystals or metals deformed in the
superconducting state (at much low temperature). As
for the common metals deformed at room and high
temperatures, the mobile dislocation density is still
hard to be directly measured, and generally studied
by indirect method. Therefore, this subject is so far
still opening for research! "> '

In this paper, a simple function is offered to de-
scribe the distribution of dislocation segments. Based
on this function, a model for evaluating the mobile
dislocation density is derived. And the theoretical cal-
culation for MgO and pure copper are compared with
the known experimental.

2 MODEL

As described by former researchers, dislocations

in metals can be assumed to be links or segments.
When the effective shear stress acting on a segment
exceeds a critical value, it will become mobile. T hus

l. 20Gb/ T, (1)
where [, is the critical length of dislocation seg-
ments, @ is a coefficient close to unity, G is the shear
modulus, b is the Burgers vector, T.is the effective
stress that is the sum of applied stress T, and the long
internal stress T:

T= T+ T (2)

For simplicity, we only consider the reduced
length of dislocation segments which is defined as

= 17 Logye (3)
where [ is the length of the dislocation segment and
L . is the average length of dislocation segments. We
expect to use a function, @ x ), to describe the dis
tribution of dislocation segments, and @(x ) dx to
express the probability that segments have the re-
duced length between x and x + dx. It is obviously
that @ x ) should satisfy the following conditions:

q0)=0

Q@+ o) =0

J;wq}/x)dx: 1 (4)
0 < &rx) <1

As we know, a complex function can be approxi-
mately expressed by using Taylor expansion. There
fore, O x ) could take the form of the power func
tion. A simple integrable function satisfying the
above conditions is
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Ax)= (m+ 1)(n-x"(1+ x™ )" " (5)
where m and n are positive constants for specific
metals. Function @(x ) has the maximum extreme

value at point x , in (0, + ©9):
—

Xip= 'rfLL+ n-— 1‘ !
3 (m+ 1)(n-—1)
max — ,;:?_1 _1 5
I'n'+ n— 1 1+ | 4 n- 1‘
m m

(6)

According to the definition of @' x ), we have
Fn= f x Qx)dx
[5; = rx x)dx

& M) o
= .ro x Qx)dx
pm: pm/Lavge pi: pl/Lavge p = p/Lavg

and x = [/ L 4. Therefore, the ratio of mobile dis-

where

location density to total dislocation density is

L B

p=1-F (8)
and the average dislocation segment length is
L avg =
(9]
(9)

(m+ 1)(n- 1)J:)°°x'"”(1+ x™ )T " dy

Substituting Eqns. (5) and (7) into Eqn. ( 8)
yields

-Bn J‘O"xm+1(1+ xm+1)—ndx
= 1- p”
p JT) xm+1(1+ xm+1)~ndx

Provided m and n are integers, we can explicit-
ly write the expression of the integral in Eqn. ( 10).

(10)

If n is a rational number, it can be expressed as the
form:
n= ni/nj (11)
where n;and n, are mutually prime numbers.
Thus Eqn. (10) can be expressed as the follow-
ing form:

f g "’fl(tnz_ 1)—pdt
(

e /x )"

= 1-

p J: tn,z-nl-l(tnz_ 1)—pdt
(12)
L
where p= ——_ n+ 2, t=| 1+ 1 ", If pis
m+ 1 x

integer, integral in Eqn. ( 12) can be explicitly ex-
pressed. It is easy to verify that only p takes O or 1
will the following conditions be satisfied:

n+ n/m-1>0

n> 1

m+ n/m- 3< 0

Q< 1

(13)

Hence, Eqn. (12) can be expressed as follows:

0=
- n
- |1+ ;L (p=0)
Jtl 5 )l/nztn,z‘ "’fl(tnz_ 1)—pdt
I = (p=1)
J:) " P (g 1) P ds

(14)

Eqgn. (5) is the basic distribution function and

Eqgn. (10) is the model for predicting the mobile dis-
location density.

3 APPLICATIONS

3.1 Distribution of dislocation segments

Function @ x) expresses the distribution of dis-
location segments. It will not vary with strain and
temperature for a specific metal. Figs. 1 and 2 show
the theoretical curves of @ x) for p= 0 and 1, re-
spectively. It is shown that the larger the magnitude
of m, the further the peak of the curve approaches to
the right-hand side. If m is fixed and the value of n
increases, the peak value of @ x) also increases and
the distribution of x tends to less spread. Figs. 3 and
4 show the comparison of present modeling with the
theoretical distribution in Ref. [ 7]:
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Fig. 1 Theoretical curves of dislocation
segment distributions for p= 0
Ek+ 1 [ k-1 [
Lavg QqL)= L | L expl — kL (15)
. avg avg

and the experimental results for MgO and pure cop~

per[ 1]

, respectively. It is shown that the present
function gives a better description of the distribution
of dislocation segments. The peak reduced length of
dislocation segments corresponding to the maximum
value of @ x) predicted by the model of Ref. [ 7]
seems to be larger than the experimental result for
MgO( Fig. 3). While the curve predicted by present

model is closer to the experimental points.
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Fig. 3 Comparison of present modeling for
MgO with experimental results and

modeling by Ref.[ 7]

1.2
— Present modeling (w=1.3, n=2.2)
10k -~ Predicted by Ref{7] (k=3)
. 2 Experimentat data of Cu™!

08F g
Z o6}
S s

04

02} X

g 1 2 3 4

Fig.4 Comparison of present modeling for
Cu with experimental results and

modeling by Ref.[ 7]

3.2 Mobile dislocation density
By using Eqns. (10) and (14),

tion density could be quantitatively evaluated provided

mobile disloca

an appropriate critical value x . is chosen.
In order to verify the correctness of the model,
we calculated a set of experimental data for pure cop-

per (in Ref. [ 15]). Since the plastic deformation is in
the range of primary strain and the dislocations are
nearly randomly distributed, we can use the follow ing
experimental law to calculate the average dislocation

velocity! 1% 1)
T n
—<
v= v 16
0 T ( )

The mobile dislocatlon density can be calculated
out by using Eqn. (10). The strain rate, .8, can also
be obtained using Taylor-Orowan equation, €=
aGbPuv. The original data used for pure copper are
listed in Table 1. The experimental strain rate is

about 10” % s~ 1.
[

The experimentally determined pa-
rameters''!! and the calculated results are listed in
Table 2. It is obviously that the calculated strain rates
are of the order of 10” *s™ ', which is consistent with

the experiments.

Table 1 Initial data for simulation of pure copper
G/ Pa b/ m vol (mes™ ) Ty n
4.11x10"° 2.5x107 " 1.0 2.7x10° 1

Table 2 Calculated results for pure copper

T,/ Pa O/m 2 pm/m*2 (mf;s/' 1) '8/571
8.9x10° 2.3x10" 2.0x10° 3.1 7.3x10°*
6.2x10° 9.2x10"° 1.1x10° 2.2 2.7x10°*
4.8x10° 3.4x10" 8.0x10° 1.7 1.6x10*
3.8x10° 1.1x10"° 6.6x10° 1.4 1.1x10"*
3.0x10° 5.4x10" 4.5x10° 1.1 58x107°

4 DISCUSSION

A x) could be employed to represent the distri-
bution of dislocation segments. The theoretical curves
are shown in Figs. 1 and 2. Compared to the descrip-
tion of former researchers, this function is simple and
conforms to the experimental points provided appro-
priate values of m and n are known.

It can be seen from Table 2 that the calculated
This might
result from the real experimental velocity being larger

strain is not exactly equal to 10” * s

under lower shear stress but slightly smaller under
larger shear stress than that predicted by the theoreti-
cal model ( Egn. (16)) for pure copper[m]. Thus the
calculated mobile dislocation density might be in the
acceptable range.

It should be noted that the real segments must
have the maximum and minimum length. While in
the present model the maximum value takes infinity
and the minimum 0. The assumption may not greatly
affect the final results of mobile dislocation density.
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Since the area between the curve and the coordinate
axis x in the range (0, xwmin) may be approximately
equivalent to that in (% ma, + ©9). Thus their con
tribution to the assessment of mobile fraction may ap-
proximately be canceled.

As shown in Figs. 3 and 4, the distribution of
segments may not be the same for different metals.
We can get a required distribution by choosing proper
m and n. It is expected m and n to be determined
by some natural parameters of materials, which is still
under investigation.

The model for the prediction of mobile disloca-
tion density is only dependent on the total dislocation
density and applied shear stress for a given distribu-
tion function. This means that the mobile dislocation
density is not relevant to the deformation history in
the present model. This does not contradict to the
general thought. For any plastic deformation, we can
introduce the mechanisms, e.g., dynamic recovery
to the
model. The total dislocation density will vary with

and dynamic recrystallization, deformation
strain and the mobile dislocation density could be e
valuated.

This model is established on the basis of random-
ly distributed dislocations. In many plastic deforma-
tion of metals, dislocations tend to form cells that are
characterized by the alternately appearing of low dis-
location density zone ( cell interiors) and high density
zone ( cell walls). In the cell interiors dislocations can
be viewed as randomly distributed, thus this model
will be assumed to be suitable. While in cell walls,
the mobility of dislocation is very small. If the dislo-
cations in cell walls are all immobile, then the strain
in these regions will be zero. Therefore, we think
that mobile dislocations could also appear in cell
walls. Although the dislocation density is very high in
cell walls, the mobile density is still in small fraction
because of much lower effective stress. This seems to
be the real cases.

S CONCLUSIONS

1) Function ¥ x)= (m+ 1)(n- 1)x"(1+

m+ 1= 1) can be employed to describe the distribution

%
of dislocation segments by choosing appropriate mag-
nitude of parameters m and n.

2) Eqns. (10) and ( 14) can be employed to e

valuate the mobile dislocation density provided the to-
tal dislocation density and applied shear stress are

known.

[ 15]

[16]

REFERENCES

LUO Yingshe, GUO Xiao-gang, MEI Yafu, et al
Dislocation evolution with rheological forming of metal
[J]. Trans Nonferrous Met Soc China, 1999, 9(3):
623 ~ 628.

Mescheryakov Y I, Prockuratova E I. Kinetic theory of
continuously distributed dislocations [ J]. Int J Solids
Structures, 1995, 32(12): 1711~ 1726.

Pantleon W, Hansen N. Dislocation boundaries — the
distribution function of disorientation angles[ J]. Acta
Mater, 2001, 49: 1479 ~ 1493.

Piccolo B L, Sp~tig P, Kruml T, et al. Characterizing
thermally activated dislocation mechanisms[ J]. M aterials
Science and Engineering, 2001, A309 ~310: 251 ~255.
Bilde S 9 renSen J B. Dislocation link length distribution
in creep deformed magnesium oxide[ J]. Acta Metall,
1973, 21: 1495~ 1501.

Gasca Neri R, Nix W D. A model for the mobile disloca-
tion density[ J]. Acta Metall, 1974, 22: 257 ~264.
Phan G M, Nbe W D. Application of the methods of dis-
location dynamics to describe plastic flow in both B. C. C.
and F. C. C. metals[ J]. Acta Metall, 1979, 27: 433 ~
444.

Jagannadham K, Conred H. A two parameter represen-
tation of dynamic dislocation distributions[ J]. M aterials
Sci Eng A, 1989, A113: 197 ~206.

Alden T H. Theory of mobile dislocation density: appli-
cation to deformation of 304 stainless steel[ J]. Metall
Trans A, 1987, 18A(1): 51~ 62.

Alden T H. A theoretical study of the rate sensitivity of
deformation in iron and other materials[ J]. Acta Met-
all, 1989, 37(6): 1683 ~1691.

Lagneborg R, Forsen B H. A model based on dislocation
distributions for work-hardening and the density of mo-
bile and immobile dislocation during plastic flow[]J]. Ac
ta Metall, 1973, 21(6): 781 ~790.

Kataoka T, LiJ C M. Mobile dislocation density during
the deformation of KCI single crystals[ J]. Phil Mag,
1985, 51(1): 1~ 14.

Kung J F, Bao H Y, Galligan ] M. Yielding, mobile
dislocations and chaos[ J]. Scripta Mater, 1996, 34
(3): 479 ~ 482.

Kim C S, Galligan J M. Dislocation velocities at low
temperatures| J]. Acta Mater, 1996, 44(2): 775 ~
779.

Altintas S, Morris J W Jr. Computer simulation of dis-
location glide — 1. comparison with statistical theories
[J]. Acta Metall, 1986, 34(5): 801 ~ 807.

Greenman W F, Vreeland T Jr, et al. Dislocation mo-
bility in copper[J]. J Appl Phys, 1967, 38: 3595 ~
3603.

( Edited by YANG Bing)



