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ABSTRACT

It was widely accepted that the screw dislocation is responsible for the strong tem-
perature dependence of the yield stresses observed in bcc metals. In this paper, we show
the role of edge dislocations in the defonnation of bcc metals and point out that in some
cases, its main contribution to the yield stress cannot be ignored.
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1 Introduction
The deformation of bcc metals has been the subject of intensive study over the last 30 years
[1,2]. The large yield stress and its strong temperature dependence are the features that
most distinguish bcc pure metals and alloys from their fee and hep counterparts. Heslop
and Petch [3] suggested that in iron, the large yield stress and its strong temperature
dependence were a consequence of a large Peierls stress. Atomistic model calculations
reveal the structure of the dislocation cores and show why the Peierls stress is large in bcc
metals compared with fee or hep metals slipping on the basal plane [4]. Edge and mixed
dislocations have planar cores and relatively low Peierls stresses. The screw dislocation,
on the other hand, has its core spread over several intersecting planes and is much harder
to move. Many authors thought that the screw is responsible for the strong temperature
dependence of the yield and flow stresses observed in bcc metals, since the amount of strain
is limited until the most difficult part of a loop is able to glide [1]. Theoretical models have
been proposed in which the Peierls barrier is overcome with the help of thermal fluctuation
rather than the Peierls stress itself being inherently temperature dependent. Although
the rate equation is widely accepted as providing the true functional dependence of strain
rate on stress and temperature, other formulations, say the power-law formulation are
still used from time to time [1] The present author did some work on the crss of Mo single
crystals and predicted with a formulation of temperature dependence of Peierls stresses
[5]. Recently, Pharr and Nix [6] proposed a model of strong dependence of the mobile
dislocation density on effective stress to account for some of the plastic flow behaviour
observed in fee metals. Alden [7] reworked the theory using a different model for the
mobile density and applied it to the deformation of Ti-doped 'interstitial free' iron to
predict some of the mechanical properties of the material.

The problem of mechanical properties of materials are much complicated. One simple
model cannot summarize all cases of many materials. This paper will discuss this problem
again and show the role of edge dislocations in the deformation of bcc metals.

2 The Role of Edge Dislocations
The motion of edge and screw dislocations is not like in the rate processes one after
another. It is not apparently true, that the most difficult part of a loop, the screw, is
responsible for the strong temperature dependence of the yield and flow stresses. The
reason is the following.

In simplified form, the shear strain rate can be written as

e = pbv (1)

where p is the mobile dislocation density and v the average velocity of dislocations. Let
us consider a simple dislocation loop (Fig.la). According to the additivity of strain and
power, i can be written

e = pbv = 2b(ve + v,) + interaction term (2)

The screw-edge interaction term is important at the corner when the size of the loop
is small. At present, we ignore it. Using the velocity-stress relation

v = Vo(ff/a0)
m , and i = const. (3)



Let ae = <r£, aa = <7#£ and a = am for simplifying symbols
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where, m, is the stress-velocity exponent, and <TC and aa the constants of viscous drag
by edge and screw dislocations respectively. These constants are known for some simple
materials by direct experimental measurement. In equation (2), VQ is also a constant
choosing as the unit of v.

da 2bv0 (due d<Tt\
—5- = —r- I —5- + —T Ia2 e \<rt ajj

*1 = __?£_ (*£•)+_£•_( r^i) (7)
<T ae 4" C j \ ae / <Te 4" <r» V ffj /

Apparently, from equation (7), we may see that the easy part, controls the change of a,
if the range of changes of ^r* and —*• can be the same amount. Unlike the configuration
of resistors in series, these processes seem like the configuration of resistors in parallel.
This conclusion seems in contradiction to the widely accepted concept. However, I think,
it is reasonable in the present analysis.

If ^*is larger than ^£ft, the situation is different. Let

then
Aa

a\ae )a 14-
The relative value of a and 0 determines which kind of dislocations contributes more in
—. Again, let v = (3fa.

The parameter 1/, determines which kind of dislocations play the main role.
v > 1, The screw is the main factor;
v = 1, Both of them make the same contribution;
v < 1, The edge is the main factor.
For example, a = 10 for the Fe-Si alloy case,

20 fA<re\
for f = 1

Fig. 2a shows the schematic diagram of the control mechanism for Fe-Si alloy: In the
diagram, in the region E, the edge is the main factor; and in the region S, the screw is
the main factor.

Three methods of empirical interatomic potentials were used to estimate the Peierls
stress of rigid displacement of the relaxed core, simulation of applied strain and for narrow



J3 core [1]. The calculated values of a are shown in Table 1. The respective diagram is
shown in Fig.2(b).

Table 1. Peierls stresses for edge and screw dislocations [1]

\ planes

dislocations \
screw
edge
a

{noM
0.029/1
0.002/i
14.5

{110} J2

0.027p
0.0015/1
1.8

{110}J3

0.027/1
0.009/1
3

Stein and Low measured the velocity of edge dislocations in Fe-Si single crystals
through etch-pit techniques. They found that though edge dislocations move somewhat
faster than screw ones, at most 10 times faster, but changes in the temperature of the test
shift the v(a) curves along the a axis without altering their form appreciably. They also
found that the temperature dependence of the applied stress on edge dislocations is nearly
as strong as of the crss [8]. This means that the ^r* could be very large; then, /? could
not be large enough to over the a. value; otherwise ^ r would have stronger temperature
dependence than the edge if 0 were larger than a.

In Fig.2a, The region E is large when the value of a is large. Then, more opportunities
for the edge control mechanism will happen, when the screw is more difficult to move.

a = oo is the limiting case. In spite of the big value of <TS, there will be still some
opportunities for the screw control process to happen when /? is larger than 1.

Further calculations on the behaviour of anisotropic dislocation loops will be done
in the future. In the present analysis, the temperature dependence of p has not been
considered. Anyhow, here, we are discussing on the relationship of the role of the edge
dislocation with that of the screw.

3 Discussions on Thermal Fluctuation Mechanism
and Dislocation Dynamics

The computer models of the dislocation core have all been concerned only to the properties
of dislocation at OK. It is important to consider the properties of dislocations at a finite
temperature.

Basinski and Christian [10], working with iron, found a strong dependence of the
flow stress on temperature and a correlating effect of strain rate, they concluded that
the Peierls barrier was overcome with the help of thermal fluctuations rather than Peierls
stress itself being inherently temperature dependent.This model has been widely accepted
and applied to bcc metals. It has been sucessful in calculating the flow stress of many
bcc metals at different temperatures.

The shear-strain rate, i, is given by

e = e0 exp (10)



Schoeck [11] pointed out that the essential assumptions of the theory are questionable
when on the one hand, thermal equilibrium is assumed and on the other hand the de-
scription of the system by harmonic oscillations in normal modes between which energy
transfer is impossible.

At the low temperatures, the mechanism of deformation may change, the G*(a) might
be different. Some authours thought that, for low temperatures, the rate-controlling
step will be the kink creation rather than the migration. There should be a crossover
in temperature range from kink creation mechanism to migration. The problem is very
complicated. This has not sufficiently developed and data are too few, one hardly can
evaluate it. Furthermore, many sets of experiments on high-purity bcc transition metals
and alloys suggest that for Fe, Mo and Nb at least there is an inflection, or "knee", in
the a(T) dependence. However, in other cases, such as Ta and akali metals no inflection
is observed.

An alternative way of looking at the motion of dislocation in bcc metals is through
a power-law formulation. It arose initially as a result of work on LiF by Johnston and
Gilman [12] in which the velocity of dislocations was measured as a power-law function
of stress (Eq.2).

It is not unreasonable to assume that the strong temperature dependence of flow stress
may be of Peierls stress itself. In Refs.[2] and [5], the author and collaborators suggested
an experimental expression for the temperature dependence of crss of Mo single crystals.

= <r(O)exp(~BT) (11)

Using Eqs.(l) and (3), can be written as

<7(0,0)exp(-BT) (12)

Eq.(12) can be shown bearing a good relation with the temperature dependence of the
fracture toughness of materials [13, 14].

It has been shown that, in some solid-state system, electrons with energies close to the
Fermi level behave quasi-atomically. Those ideas are illustrated for Ad —*• Af transition of
Ba in high-Tc superconductors, and other transition phenomena in solids [15]. It is not
unreasonable to assume that, in some solid-state system, electrons with energies in certain
energy range, behave quasi-molecularly. The temperature dependence of <r(T) perhaps
is due to the change of the pair interatomic potentials at the core of dislocations itself.
Further works are needed.

Summary

It is not always true that the screw is responsible for the strong temperature dependence
of the yield and flow stresses observed in bcc metals. The role of edge dislocations in
some cases can not be ignored. Fig.2 shows that the more difficult the screw move, the
more opportunities the edge controll mechanism will have to happen.
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Figure Captions
Figure 1. Schematic figure of a simplified dislocation loop.

Figure 2. Phase diagram for the control mechanism:

(a) For the Fe-Si alloys. E: The region in which the edge controls the deformation.
S: The region in which the screw controls the deformation.

(b) The diagram as (a) for a = 1; 1.8; 3; 14.5 and oo.
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