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ABSTRACT

A theoretically rigorous expression, derived from
the fundamental equation of rate processes was utilized to
describe the yield phenomenoh in crystalline materials. The
constant strain rate and the constant stress rate conditions
vere analyzed and the effects of the various parameters in-
fluencing the stress-str#in characteristics in the yield

region were studied.

The widely differing yield behaviour of materials in

the constant strain rate condition has been rationalized in
terms of the shape and height of the energy barrier. The
investigation was carried out over a wide temperature'range

where the activation volume was varied from 1 b3 to 104 b3

and the activation energy up to 2.5 eV, the highest physically

reasonable values. The yleld stress was observed to be a
sensitive function of the temperature at activation volumes
less than about 102 b3 and the temperature sensitivity was
relatively weak for larger activation volumes. The yield
drop was found to have a maximum in the intermediate tempera-
ture range while it vanished at very low and very high

temperatures.

In constant stress rate tests, the initial density
of mobile dislocations and the work-hardening rate were
observed to have significant effects on the yield region

characteristics. i -
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CHAPTER 1

INTRODUCTION

The conspicuous difference between the stress-
strain characteristics of mild steel and copper has attracted
the interest of engineers and scientists for well over a

hundred years. It is oply in the Ilast twenty years, however,

that some progress has been made in-the understanding of the

physical cause of this difference. In the early sixties a
method was developed by Gilman and Johnston (1,2) for the

analysis of the initial region of stress-strain and creep

curves utilizing the observed microscopic and macroscopic -

behaviour of LiF. This approach was later applied to the

investigation'of the deformational behaviour of metals by

Hahn (3) and Cottrell (4). The earlier studies (1,2) were

based on an empirical knowledge of the deformation parameters.

Later, Gilman and Johnston (5) proposed a semi-empirical

model for the anmalysis of the plastic properties of crystal-

line materials. While this type of analysis lead to important

conclusions they should be replaced by 2 rigorous theory.

it is necessary to emphasize here that the model

representing the plastic behaviour of a certain material has

limited applicability unless it cam be correlated with the’

properties associated with the atomic level. It is the pur-

pose of the present study to base the analysis of the flow
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behaviour on a rigorous theory derived from quantum statis-
.tical mechanics and to obtain information on the mechanism
of plastic deformation. The theory thus describes the de-
formational behaviour in terms of physical quantities,
namely, activation energy and acfivation volume, the
characteristic parameters of a flow process. .

A éeculiarity encountered in the plastic deforma-
tion process of-cryétalline materials is fhe yield phenomenon
observed in stress-strain tests.. This phenomenon is of great
theoretical interest and technological importance. For
instance, in cold forming operations, the plastic deformation
associated with localized yielding results in markings on the
metal surface, commonly known as stretcher strains. While in
the forming of some compomnents these irregularities are of
little concern, in tﬁe manufacturing of others, for example,
motor car bodies, aircraft fuselages, the stretcher strains
make it difficult to aéhieve the high degree of surface finish
required prior to painting. The procedures required in con-
sequence of this effect make the éroduction more complicated
1nvolv1ng heating and prestralnlng as well, 1In certain gther
engineering processes such as overspeeding of rotor disks and
shrink fitting, etc., the body is intentionally stressed be-

yond the yield regioms. It is therefore important that the

widely different yield behaviour exhibited by various materials

and the dependence of yield on the temperature, rate of deforma-

tion and other metal forming variables be rationalized and

understood on a rigorous theoretical basis.

N



1.1 Plastic Stress-Strain Behaviour

Under the effect of external loads, crystalline -

materials exhibit iarge plastic flow preceded by a relatively
small elastic strain. The elastic stress-strain behaviour of
most material; can be described b; simple mathomatical rela-
tions. Plastic oeformation, however, is a complex procesé
because it is controlled by several factors.

The equation of state relatlng the four major
variables of plastic deformation, namely, shear stress'T,

shear strain rate Yy, temperature T, and structure is des-

cribed as (6,7)

y = £(1,T,Str) | (1.1)

The plastic process can therefore be described if this
functional form is known. Eqn. (1.1), in principle, des-

cribes the stress-strain relation for any mode of plastic

deformation. ' R

To establish Egn. (l.l), jt is necessary to under-
stand the process of plastic deformation from a consideration
of the structural changes which take place at the atomic level

during the process. The plastic deformation in crystalllne

materials occurs by one atomic plane gliding over another in

a definite crystallographic direction. The slip does ‘not

occur as a rigid body translation but by the discrete move-

ment of rows of atoms progressing by one lattice distance in

succession. The process is associated with breaking and
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establishing of atomic bonds across the ;lip plane. The
boundary between the slipped and unslipped areas of a slip
plane is called a dislocation.

Plastic deformation is thus the comsequence of
dislocation motion which- essentially is an atomic phenomenon.
A physical undgtstanding of the plastic flow process can,
therefore, be derived only from a study of the laws which
control the behaviour of anm ensemble of atoms.

The atoms in a crygfal structure are always in
random thermal vibration about their equilibrium poéitions
with amplitudes increaging with temperature. The effect of
the applied stress on these thermal fluctuations is to in-
crease the probability of the atoms attaining higher energy
levels. The interatdmic forces are, thus, ovércome under
this joint effort as the dislocation moves across the crystal
bringing about a permanent shape change. -

The disloéa£ion glide in Ehe crystal structure
encounters obstaéles to its motion. These obstacles -may
arise. when the dislocation passes through the strain field
of others, when it approaches solute atoms and vacancies,
the intersection with precipitated secondary phases, and
other effects (8). The lattice is distorted due to the

presence of these obstacles. The size of an obstacle is

defined by the extent of the disturbed jattice region. An

obstacle is thus essentially an atomic configuration

associated with an energy greater thamn the work that can be

performed by the applied stress.



The energy field encountered by a moving disloca-
tion is shown in fig. (1.1). The energy .level AEw Que to
the applied stress is high enough to carry the dielocation,
L, over the periodic energy field of the crystal lattice and
over other small obstacles. It is stopped, however, at a
barrier where the energy leveliis'higher than AE . The dis-
location can overcome the barrler anly when the atomic re-
arrangement aed the. energy correspond to that assoc1ated Vlth
the activated state, . The energy difference (AE* - AEW)
necessary for the process has to be supplied by the thermal
energy of the cryétal.' Depending ufon the amplitude of
thermal fluctuations, the dislocation waits in front'of the
barrier until the combined effect of stress and thermal
energy, through random movements, js sufficient to move the
dislocation across the barrier. The process of dislocation
movement from one side of the emergy barrier to the other
depends on the statistical thermodynamic probabilities. The
dislocation mobility is, in consequence, controlled by the
stress-biased thermally activated process of.overcoming the
energy barriers. Once an obstruction is overcome, the dis-

location moves at a high velocity until it encounters

another obstacle. The time to travel the distance between

the energy barriers is small compared to the time it has to

wait in front of a barrier. The rate of deformation is

therefore described by the rate at which an obstruction to

flow is cleared.
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Distance moved by the dislocation L)

Fig. 1.1 The energy field encountered by a moving dis-
location
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Considering now that the dislocation velocity is
controlled by thermal activations and affected by the applied

stress, the functional dependence is expressed as
v = v(T,T,5tr) (1.2)

The.movement of dislocations is related to plastic

shear strain rate, ?p’ by Orowan's equation (9) as

Yo =qb Py v(t,T,Str) (1.3)

where b is the Burgers vector, P ijs the demsity of mobile

dislocations and o is a geometrical factor.
Eqn. (1.3) describes fully the time dependent flow

in crystalline materials. A stress-strain curve is obtained

from this equation by describing the dislocation density and

the velocity functions. Eqn. (1.3) was used by Gilman and

Johnston (1,2) and other investigators (3,4,10) for the

theoretical analysis of the yield phenomenon observed in

constant strain rate tests. These studies utilized an

empirical relation between the dislocation velocity, V, and

the effective shear .stress, Te{f, expressed as

’,

v = vo(reff/r’o)n (1.4)

where v , T; and n’ are experimental parameters. Eqn. (1.4)

leads to valuable information on the stress dependence of

the yield behaviour}




" Another empirical equation

’
v=c feffn exp(-cle) (1.5)

and a semi-empirical equation
v =ocy e*p{-c4lteff) exp(-cslT) (1.6)
was also proposed (5) to represent the temperature dependence

of the dislocation velocity. In equatioms (1.5) and (1.6) the

effect of temperature is gxpressed only partly in an explicit -

PR
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manner because the parameters c, to Cg and n’ are empirical

values and depend on the temperature (11,12). In fact, a

series of constants obtained by data fitting are meaningless

in terms of the atomic processes associated with plastic de-

formation. For a good understanding of the thermally activated

flow, its analysis should be based on thermodynamic prob-
abilities and the laws of quantum statistical mechanics.

The present investigation utilizes a rigorous ' 5

expression for dislocation velocity and replaces the empirical

equations (1.4), (1.5) and (1.6).

1.2 Analytical Approach to Derive the Dislocation

)
i
|
|
1

Velocity Expression

From the phenomenological description of section (1.1)

it is established that the dislocation movement is a thermally

activated process. Furthermore, the dislocation as well as

the obstacles are essentially atomic configurations by which




the lattice is distorted in these regioms. The energy of
_these atomic configurations depends on the amount of the
lattice distortion. Tﬁis means that in order to.overcome

the obstacle, the complex of atoms delineating the dislocation

must first acquire an energy AE* (Fig. 1.1) necessary for the

process. The phenomenon can be conceived by visualizing that
a dislocation held in front of a yarrier.passes from the
reactant state 1 (Fig.-l.Zj to the product state 2 by goiﬁg
through an activated state ¥, Because this passage is
associated with the breaking and establishing of atomic bonds,
the process of plastic flow is jdentical to a chemical re-
action (13). The analytical approach to derive an expression
for the dislocétion velocity is therefore based essentially on

the rate theory of chemical kinetics.

The Rate Theory Model (14,15)

The rate at which the complexes of atoms in state 1

(Fig. 1.2) cross over the barrier is described as

Te F (1.7)

average velocity of the complexes over the

where v =
c
barrier.
§ = length associated with the activated state.
p* = pumber of complexes within the distance 6.

The probability, P, of having local energy fluctuations equal

to a magnitude AE 1is given by the Maxwell-Boltzmann distri-

bution (15) as

B Rt L 1]

N
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State 1 State 2

-
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Reaction coordinate

Fig. 1.2 Potential energy curve for the reaction

AE @
|

I

it

i

i

Ground = ?
level ¥
Reaction coordinate ;

Fig. 1.3 Diagram shows the energy associated with i
. j::

each state
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P(AE*) = const. exp(-AE*/kT)
For one degree of freedom along the reaction path

AE* = L o v2
2 c

where o' is the mass of the complex and v, is the velocity
with which it crosses the barrier. The probability of having
velocity in an infini:esiﬁal.range v, and v+ dvc is, there-

fore,

. ’ 2 *
_ o .
P(vc) = const. exp( mvc/2kT) dv

The average velocity in-the forward direction is (14)

-] 4
n v,
[ V. exp (- —Eif) dvc
- __o
Ve & m’vi
J exp (- xp) 4.
-00
_ kT2
- (Zﬂmb

From Eqn. (1.7) the rate of reaction becomgs

RN

~ \nm §

= 1.8
=P k (1.8)

where p_ is the number of complexes in state 1 taking part

in the process and k is the rate constant. If pi = 1, then

R = k. This k is defined as the rate of a single, elementary,

procass. From Egn. (1.8)

-
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R = -E
. pr
+
. (KkI,1/2 1 p_
(ZHd 5 Py (1.9)

It has been assumed by Eyring (14) that the com-
plexes in state 1 are in equilibrium with those in the
activated state. For such a system the number of complexes

are proportional to the total partition function (p.f) of

the state
PM
pr' Ql’

where Q* = ﬁ.f of the activated complexes referred to the
ground level of the jnitial state (Fig. 1.3). ?

and Qr = p.f. of -the reactants. .

If 8 is the degree of degeneracy of the ith energy level,

then from Fig. (1.3) , .
St
. exp(- =7
o Lt P H
T AE,
Q

' i
. g gy exp (> p)

5

1

exp ("' kT) AE]’_

g 8; exP("—ET)

[
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. . ?

4 0 £t |

or E; = E% exp (- Af? (1.11) !

s .
where Qc is the complete partition function of the activated
complexes. Because the activated complexes behave in the
same manner as the normal ones, except along the reaction-

coordinate, the p.f for the activated state is

* ~ x
Q. = Q Q. Q Q,
+ % . . ! A ‘
= Q Qt . . E\
where Q, = translational p.f. -
Qr = rotational p.f.
Qe = electronic p.f.
Q: = translational p.f. for the vibrational degreé

of freedom along the ‘reaction coordinate.

* - 5

Q = vibrational p.f. without the degree of freedom
in the direction of the reaction coordinate.

and Q+ = the p.f. of the activated complexes obtained
% +
by omitting Qt from Qc'

The degree of freedom associated with the partition

* . .
function Qt is the rigorous equivalent of what hitherto has

been called the reaction coordinate. The translational energy

corresponding to the motiomn of the complexés in this direction

is
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where n is the quantum number and h is Planck's comstant.

The corresponding partition function is, therefore,

2,2

b n"h
Q, = ) exp(- )
t 852 o’ kT

Because the translational energy levels are closely spaced,
their distribution can be regarded as continuous. Replacing

the summation by integration and integrating from 0 to ®, ome

gets
3 , 1
Qt - (Zw msz)llz 5
h
Thus 4
Qt - Q* (Zﬂ :sz)llz 5 (1.12)

which gives the complete partition function for the activated

state. Substituting for Qt in Eqn. (1.11) and combining with

(1.10), one gets

of of 2 k1 1/2 AET
=5 &3 ) § exp(- 57
P q h
Eqn. (1.9) can, therefore, be rewritten as
* *
kT 00 o A
k= b Qr exp ( kT) , (1.13)

which describes the rate constant for a thermally activated

process controlled by a single characteristic energy barrier.

1f % is the average distance travelled by the dis-

lécation after each activation, the velocity of the process is

7

A
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* *
kT E
v-= & ' %; exp (- AEE (;.14)

A correction must, however, be applied to this
expression due to the probability that (i) not every complex

reaching the top of the barrier ié converted into products;
(ii) a reactant may form products without actually passing

over_the barrier - ;he_sd called quantum mechanical tunnel-

ling phenomenon (14).
Eqn. (1.14), in effect, is then modified as

¥ .
; kT°Q _ 4E_
v=gk & i exp ( T (1.15)

wvhere k, the correction factor, is called the transmission

coefficient, and is usually assumed to be unity for crystal-

line materials.

Under the actiom of the applied stress the height

of the energy barrier is reduced. If AE, is the contribution

due to the stress acting on the dislocation, the apparent

height will be (Fig. 1.4)

¥ _.
= AET - AEy

Experimental studies (13,16) show that AEw can be

assumed to be a linear function of stress expressed as

BB, =V Tegg

where V is the activation volume and Teff is the effective

shear stress acting on the dislocation. From Eqn. (1.15)

one gets

TS

L
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Apparent
barrier o

Ag \ J _
Actual +
barrier ; AEf

V.T
/ eff

Fig. 1.4 Actual and the apparent shapes of an
energy barrier
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"stress and the temperature, the ex
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* :

¥ AE - =V 1T
- kT Q_ _ ef £
v K £ h Qf exp ( T )

which describes the velocity of the dislocations moving in
the direction of the applied stress. A finite probability
must, however, be allowed for the backward movement of the
dislocations (13). 1f subscripts f and b denote the quanti- ;

ties associated with the forward and the backward movements

respectively, the following expression is obtained for the

dislocation velocity ) ' i

$ +
= K, & -k_T_,Q_f_ex (- AEf -vf Teff)
V=K be [ ¢ OFP KT

Q¢
% $
Q AET + V. T

kT b . b b Teff

- Ky 2b 1 exp (- T —) (1.16)

Q

where as illustrated by Fig. (1.4), the effect of stress is

to increase the apparent height of the barrier- in the back-

. s + r
ward direction. In addition, the quantities Kf, lf, Qf, Qf,

AE? and Vf may or may not be equal to those for the reverse

movement. Also these parameters being independent of the

pression describes the

dislocation velocity in terms of well defined physical quanti-

ties and as an explicit function of the temperature.

Referring back to the empirical expression for

/
dislocation velocity (Eqn. 1.4), the stress exponent n can

be shown to be 2 sensitive function of the stress and .the
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temperature (11). Fig. (1.5) illustrates its strong de-
_pendence on température as calculatéd frpﬁ Eqn. (1.15), when
n’ is taken as the minimum slope in the practical‘region of
log v vs. log Tegs plot. The experimental measurements (12)

ghown in Fig. (1.6) depict a behaviour comsilient to that

predicted by the Rate Theory.

In a series of. investigations, Krausz (11,13) has
shown that tﬁé fwo.terﬁ rate éxfression‘(Eqn. 1L16) describes
fully the stress and the temperafure dépgndence of the dis-
location velocity for a number of crystals, for example, NaCl,
Ge, Si, LiF, Al, etc. 'Rolide and Pitt (16) concluded that this
theory represents exactly their experimental data for disloca-
tion velocities in Ni single crystals. 1In a study on thermally
activated flow in Ge, Van Bueren (17) obtained an identical
expression. It was also found to e%plain.well the phenomena
of stress and strain relaxation (18,19) in singléuis well as
A similar approach was used by

in polycrystalline materials.

Hahn, Ree and Eyring (20), Krausz and Eyring (21), and many

other investigators (22,23) to represent the macroscopic

deformation behaviour of metals, minerals and polymers.

Equation (1.16) can, therefore, be used with con-

fidence for the present study to analyze the yield region

characteristics of various crystalline materials.
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CHAPTER 2

THE ANALYSIS OF YIELD BEHAVIOUR

1f P dislocations with Burgers vector b are
moving with an average velocity v, then their contribution

to the plastic shear strain rate can be expressed as (9f

Jp=ebo, v R (2.1)

where o 15 a geometrical factor. The mobile dislocation
density Pp? present in the crystal, increases as the material
deforms plastically. Measurements with many crystalline
materiais, for.example, LiF (1,2), Fe (3) and Ge (24), etc.,
have shown that at small plastic strains (Yp < 0.1) the

variation is linear, and can be expressed approximately as

°p=B Y,
where B is the dislocation multiplication factor. Values of
the parameter B calculated from recent density measurements

(25) are summarized in Table 2.1. 1In order to extend the

description of P to the smallest strains, the extrapolation

stated as

= (2.2)
p, =P, T B,

is assumed to be valid (3) for all test conditioms. 1In the

above equation, p is the mobile dislocation density initially
o .

present in the crystal.

df

e ARVMEUL: 2NN, 2




- 22 -

Table 2.1 Dislocatiocn Hultiplication

. Factor, B (25)

Material 3(109/cm2)

Ag oo 230
Al . : 80
Cu (monocfys;al) 100
Cu (polycrystal) - 50
Fe (coarse grain, 100H) 80
Fe (fine grain, 158) - . . 200
Fe (3% si) ' 200
Ge 1

0.7
InShH 1
LiF 1
Ni 8
Mo 80

90
Ta 1,000

400

500

Combining equations (1.16), (2.1) and (2.2) we get

+ "
kr 3 AEg = Vi Tesf
—ab (o +8 V) [K: e n ~ exp (- T
£

)

e

+ +
KT Eh (- AEL + vy Teff)] 2.3)
n r °XP kT

Q
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Eqn. (2.3) describes the plastic behaviour of

crystalline materials in general for any deformation process.

» -

An experimental curve that a testing machine should give can
be described by this equation by solving it under the deforma-
tion conditions impo;ed on the test specimen. The yield
phenomena observed in stress-strain tests may be understood
from this expréssion as follows. Consider the straining of

a crystal at a co;stant rate coniaining only a single dis-
location. The dislocation must move at a fixed velocity to
allow the crystal to deform at a specific rate. Because of
the relation between stress and velocity, the stress is

specified by thé required velocity of the dislocation. If the

pumber of dislocations increases to P, their velocity should

decrease in the inverse proportion of the density. A smaller

stress is required to move the dislocations at this lower

velocity. The stress therefore drops exhibiting an upper

yield point. As the material elongates at a lower stress, the

density of dislocations increases, causing 2 hindrance to the

motion of ome anmother. This phenomenon is called work-hardening.

the

To maintain the motion of dislocations at a given velocity,

applied stress in turn should rise again. The point at which

the stress-strain curve begins to ascend is the lower yield
stress.

A different mode of testing, i.e., constant stress

rate test, where the material is subjected to a continuously
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increasing stress, a drop in the velocity of dislocations is

not possible. At the beginning of yielding, the dislocatioms

are forced to move at a faster rate under the imposed stress

conditions. The material, therefore, undergoes rapid -elonga-
tion as it continues to yield until the effects of work-
hardening dominate the flow behaviour And thus resulting in a
decreased deformation rate.

The yield bhenomehon in ;rystalline méterials is,
therefore, the result of an increase in' the number of mobile
dislocations at the start of plastic flow. It is also necessary
that there should be at least a small number of mobile dis-
locations present initially so that multiplication can occur.
The condition of the initial mobile dislocation density is
zero will not be considered in the present analysis. Further-
more, the anaiysis excludes any other yield mechanism such
as, twinning, geometric softening and work-softening (4).

Equation (2.3) is valid for both the comnstant
strain rate and constant stress rate conditions. While the
atomic processes associated with deformation under either of
these test conditions are identical, their experimental be-

haviours show different apparent characteristics. It is,

therefore, logical to discuss the methods used in analyzing

these experimental results separately.
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2;1 The Analysis of Constant Strain Rate Tests

AR FNT Y E SRR IS

Experidentally, the constant strain rate condition
is usually approximated by conducting the tests at a constant S
crosshead speed, S. If y is the crosshead displacement at

time t

dy/dt = § = constant

eemT T UL,

The total crosshead movement is the sum of the

elastic deformation of the machine and the specimen Ve and

-~
gt s _GaeTT

the plastic deformation of the specimen yp, thus

y=5.t

F/K + yp (2.4)

[ ]
«
+
«
DL AMYMEAIN . MTINYAG E

where F is the applied force and K is the combined spring

constant of the séecimen and the machine elements, defined

as

1 L B
= x + AE (2.5) i

o

This relation may be understood by referring to Fig. (2.1) y

where K' is a spring counstant representing the elastic res-

ponse of the deforming fixture, and E, L and A are, respectively,

the elastic modulus, length and cross-section of the specimen.
Following Halsey, White and Eyriné (26) and o .

Johnston (2) the relation between the plastic shear strain o

and the applied shear stress T, js described by the following

equation




Load épripg

Specimen

.
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Spring constant
of the machine

E = Young's modulus
of the specimen

|

lF

Fig. 2.1 Schematic representation of the elastic
elements of a deforming system
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24
Yp = (y - X Ta)/L

In this expression the shear force is assumed to be one half f#
of the applied force. : E%
i

The plastic strain rate is, therefore,

dt ’
. .S (-2 _2
T =1 Q1 X dy) (2.6)

S o el

STt e i,

R
ST T

The combination of equations (2.3) and (2.6) des-

cribes the dependence of the applied stress on the crosshead

displacement as - T
s
s z
dt o Lp . BME; -V T =
a Po | £~ f "eff
iy - C - p[c(y + 5 ) 1,104, T exp ( T ) 5
$ | 3
S L e 1;.
- A T exp (- — %1 )1 . . ¥
where c = K/2A f
D=obB/S Qf
i}
£ . il
A =K. % k Si
£ £ 7fh N
£ ¢
$
k %
A, =k L T -
b b bh Qr
b u,
- - 3
and Teff = Ta Tl %
§
= Ta - H‘Yp jg{
i
e
:
:
#
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where the internal stress T {s assumed to be a limear

function of strain and H is the work-hardening coefficient.

Eqn. (2.7) is a reformulation of the strain rate

Eqn. (2.3) {ncorporating the comstant strain rate condition

inposed on the ‘specimen. The dependence of the yield be~

haviour on the -parameters fp » K, 8 and H was analyzed by

Gilman and Johnston utilizing the empirical model (1,2).

The calculated ;esults were in good agreement with their

measurements on 1iF. The effect of temperature, however,

has never been analyzed before. It is now expressed in a

fully explicit manner by the above differential equation.

“This relation contains, in addition, the activation energies

AEt, AEt and the activation volumes Vf, Vb as structural

parameters, and hence .the effect on the yield behaviour due

to each of these can be analyzed. Solutions can be obtained

for the various jevels of these activation parameters,

characterizing'the size and shape of the energy barrier en-

countered by 2 dislocation during its motilom.

e Dependence of Ehe Yield Behaviour

2.2 ‘Temperatur

To analyze the effect of temperature on the upper
we use the cpndition

yield stress and the lower yield stress,

ed stress has a local maximum

that at these points the appli

and minimum SO that

ar /ay = 0 (2.82)
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or from Eqn. (2.6) .

(é.Sb)-

vy = S/L
Y /

i.e., the applied strain rate equals the plastic strain rate.

Eqn. (2.7) combined with conditions (2.8a,b) describes the

temperature dependence of the yield stress, Ty, expressed'as

N +
' AE. - ¥, (t_ - HY )
S
I° a.b(eo + B Yp)[Af T exp(-. £ fkT J BY )
AEt + Vb(T ; BHvy..)
-.A, T exp(- )] (2.9)

b

where Ypy is the plastic strain at the yield point.

Because Eqmn. (2.9) cannot be solved in elosed form,

the differential Eqn. (2.7) was integrated numetically to

determine the temperature dependence of the yield-point

characteristics. A typical set of stress-strain curves com=
puted from this equation over 2 temperature range is repre-
sented in Fig. (2.2). The numer1ca1 values a551gned to the

various parameters are given in Table (2.2) . The behaviour
predicted by the present analysis was found to.be in good
agreement with the experimental results shown in Fig. (2.3).

Figures (2. 2) and (2. 3) 111ustrate a sensitive

aviour on the temperature. Though

dependence of the yield beh

some of the curves in these figures appear to exhibit a sharp

g for the

jed, these same value
jations that

*%
Unless otherwise specif
sed in all the calcu

various parameters are u
follow.
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‘Table 2.2 Numerical Values Assigned to

Various Parameters in Present Calculations

3

] 2.0

b - 2.9 x10°° en

B ’ 10° disl cn”

S . X 2.12 x 10-3 cm sec.1
L . 14.02 mn

A - © . 12,50 mn®’

Py | 102 disl en”2

H : 10 gm an ™2 1% Y -1
t 50.0 gm mm-2 sec'g

K =E 7.40 x 10° gn mn >
Ke = Ky ' 1.0

lf = lb 10.0 b

o/a = o/ 1.0

upper yield point, the calculations show that the change of

slope does not result abruptly, but occurs smoothly under

the condition of continuously increasing mobile dislocations

dehsity. A rounded yield point can be shown for all these

curves if replotted on an appropriate scale. The extent of

rounding seems to depend also on the amount of stress drop

between the upper and the lower yield points. These details

are not explicit in these figures but will be apparent 1in
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some of the later curves that assume different shapes of
the energy barriers (see Fig. 2.8a, b, for instance).

The upper and the lower yield stresses obtained
from the above theoretical results are represented in
Fig. (2.4). The behaviour is comparable to the experimental
observations-of many investigators (27-31) as‘indicated in
Fig., (2.5).

In a study on the effect of temperature ou the

yield stress, Orowan (32) derived the following relation

T = A - BY/T
y

where A and B are constants. An examination of the experi-

mental data, however, indicates that the &ependence can be

better described by the transcendental form of function

represented by Eqn. (2.9).

In the low temperature range, Fig.

tress on

~

an approximately limnear dependence of the yield s

the temperature. This behaviour can be understood easily in

terns of Eqn. (2.9) as explained in the following section.

" Low Temperature Analysis

At low temperatures the available thermal energy

is obviously low and therefore the applied stress has to be

high. The backward movement of dislocations under high for-

ward stresses is assumed to be negligible. Egqn. (2.9), in

effect, describes the yield stress as

(2.4) indicates
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e - KT In (g b —
£ . .
TyxTi + vf (2.10)

wvhich shows that the temperature dependence of the yield
stress is governed by the term T 1n T. Except close to 0°K,
the function.T is more sensitive thanbln T, which will c;n-
sequently result in an approximately linear variation of the
yield stress with temperéture as has been shown in Fig. (2.4).
Eqn. (2.10) can be used also to predict the.yield
behaviour at absolute zero. From the'quantum mechanical

system considered in the present study it is known that (15)

1‘-1=%v " @.11)

h o

where Vo is the frequency with which the atoms in the dis-

location structure vibrate at 0°k. Combining Eqms. (2.10)

-

and (2.11), the resulting expression with T = 0 gives

_ ¥
T, =T +AEf/Vf

which would be the yield stress at the absolute zero tempera-

ture. The curves in Fig. (2.4) will, therefore, meet the

stress axis at the finite value To? marked in the figure.

Using the results obtained for the upper y;eld

stress, T 0’ and the lower yield stress, Tyl’ the percent
y .

yield drop defined as

(ryu - 'ry1)/'ry1 x 100

25l

e e SR

i s B3

EL3N

TASLsanntiaate v ndK A
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was calculated and the resulté are shown in Fig. (2.6). The
Afigure illustrates that the yield drop has a maximum in the
intermediate temper%iure range and vanishes both at very low
and very high temperatures. The experimental results obtained
by Worthington (28) on mild steel (Fig. 2.7a) and by Hahn (3)
on molybdenum (Fig. 2.;b) show a similar behaviour. The yield
drop decreases'in.the low temperature range and vanishes on -

high temperature side, in agreement with the predictions of

the present analysis.

2.3 Effect of the Activation Parameters

A. The Effect of Backward Activation Energy

The symmetry of the energy barrier seems to have

the greatest effect on the yield behaviour of materials. The

calculated stress-strain curves for various forms of emnergy

barriers are shown in Fig. (2.8a,b) in which all the para-

meters exceptAEt were kept constant. TFig. (2.9) represents

the variation of the percent yield drop as a function of

temperature,,calculated for a range of backward activation

*
1t is seen that for values ofAEZ =AEf, these

£
yield drops and forAEz <<AEf the

energy values.

curves exhibit pronmounced

drop is negligible. An examination of the activation para-

meters obtained from direct dislocation mobility studies

(Tablé 2.3) indicates that the stress-strain measurements by

Patel (33) on silicomn (Fig. 2.10) and by Lucke and Lange (34)
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- drop calculated using the results of
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cause of the low applied stress, it makes only a negligible

ﬁ

on aluminium (Fig. 2.11) are in good agreement with the E
_predicted behaviour. é
Table 2.3 Typical Activation Parameters E

for Si and Al (11) )

¥ ¥ 03 o3 :

AEf eV AEb~eV .Vf A Vb A :

s . P

' : y

Si 2.235 2.215 71 31.5 "

Al 0.585 0.0216 1400 - © 28 I

o

¢

¥

z

=

While the effect of the backward activation energy -

z

on the yield stress is noticeable at high temperatures, be- %

difference at low temperatures (Fig: 2.12).

B. The Effect of Forward Activation Energy

The stress required to move & dislocation depends

on the energy level of the obstacle. More stress is required

to overcome higher emnergy barriers and consequently the yield

points will rise. The calculated upper and lower yield

stresses are shown in Fig. (2.13) over 2 wide temperature ;
range in which the value of the forward activation energy is

varied up to 2.5 eV - the highest physically reasonable value.

All other parameters were kept constant for the various curves.
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The effect of inclusions is known to harden the
paterials by creating barriers due to the stressed regions
around them. Experiments show that the resistance to flow
increases with the concentration of impurifies. Fig. (2.14)
contains one such set of results (35). Assuming as a first
approximation that the activation energy is proportional .to
the impurity concentration, the present analysis predicts
a similar type of behaviour (Fig. 2.15).

The high energy barriers are inherent in certain
materials due to the high Peierls-Nabarro energies (inter-
atomic binding energy, Appendix Section 1). In these
materials the yield stress is high and bfittle fracture takes
plaée at low temperatures. This behaviour is typical for
materials with diamond cubic structures, such as, Ge, Si, C,
InSb, etc., all of which deform plastically only at high

temperatures.

The yield drop, as mentioned earlier, depend§

sensitively on the symmetry of the energy b

with high activation energy generally shows small yield drop

at low temperatures. The yield drop becomes noticeable only

at intermediate temperatures and drops again at high tempera=

tures. This can be fully understood from the computed be-

haviour as illustrated in Fig. (2.16).

arrier. A material
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C. -The Effect of Forward Activation Volume

Thermally activated flow is very sensitive to the

work contributed by the applied stress to the overcoming of

the energy barrier. This work depends on the amount of

atomic rearrangement required for the dislocation to reach

the top of the barrier, which in turn is governed by the

size of the atbmig configuration forming the obstacle. The

effects of small and large obstacles may, in consequence, be

differentiated as follows. .

The work performed by the applied stress is given

by the expression V Tegs® The obstacles associated with small

regions of lattice disturbance have low activation volumes

and those with large regions of disturbance will have high

activation volumes (Appendixj. Experimental'measurements by

36) show that the smaller the obstacle

Byrne, Fine and Kelly (

size, the greater is the dependence of the flow stress on the

temperature (Fig. 2.17). It follows from the present analysis
(Fig. 2.18) that the yield points are very sensitive to

‘temperature for low activation volumes -.Of the order of

1 -‘100 b3, while the sensitivity is relatively weak at
Vf > 103 b3. The calculated behaviour vindicates Conrad's
1d stress

conclusions (37) as well, that the steep rise in yie

is associated with the Peierls-Nabarro mechanism (Refer

Appendix, Table 1).
While it has been found in some studies (11,13)
that mechanisms with low activation volumes have high-

SRNTR IS (o atile BT apr e N |

o &ANAGEL AT

if
b
1
i
b
!
!




- 54 -

Curve II
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Fig. 2.17 The temperature dependence of the flow
stress for a single crystal of an Al+3.85 Z
Cu alloy. The size of strained zome due to
Cu precipitates for the Curve I is 3-4 A" and
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activation energies, the possibility of low activation volume
to be associated with low activation energies cannot be ruled
out entirely. For instance, 3 jog in the dislocation is an
obstacle of the size ef a few atoms (often the size is equal
to 1 b3). As suggested by Mott (38), the jog can move, under
definite conditions, along the dislocation conservativelj
without creating vacancies. The process requires an energy
less than that needed to form a vacancy. The yield stresses
will, therefore, be lower for the conmservative motion -of jogs
than when they move non-conservativelys

A caiculdtion of the yield drop over & wide tempera-
ture range shows that it rises steeply and drops rapidly as

well for low activation volumes (Fig. 2.19).

D. The Effect of Backward Activation Volume

As stated earlier, the effect of the backward

activation parameters become noticeable only at high tempera-

tures due to the low applied stresses. Fig. (2.20) jllustrates

that for low activatiom volume the yield stress ijs high. Com-

putations show that .the yield drop decreases with decreasing

Vb (Fig. 2.21).
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Fig. 2.20 The temperature dependence of the yield
stresses for the jndicated range of the
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) 2.4 The Analvsis of Constant Stress Rate Test..

Although the_stress-strain relations are usually

" .

determined at constant strain rate, or more precisely, at
constant crosshead velocity, the measurements can also be
carried out undef constant stress rate conditions. This

mode of testing has received little attention SO far and it
is interestinglto examine it because of the fact that loading
at constant rates corresponds to'some practical engineering
situations. An example is the filling of a storage tank :

vhere the loading rate is constant. In addition, it has some

definite advantages over the constant strain rate condition in

materials testing as described. below.

The first major advantage is its independence from

the hardness characteristics of the machine.’ This may be

jllustrated by referring to Fig. (2.1). When the specimen is

deformed at a constant strain rate, 2 load drop occurs at the

yield. The extent of this drop was shown (2) to be dependent

on the stiffness K' of the spring, representing the elastic

response of the machine elements. With a flexible spring,

the load on the specimen 1s unaffected and with a stiff spring,

even small sudden elongation of the specimen would result 1m

a large drop in the load (2). A study of the material be-

haviour in constant strain rate test will therefore require
in constant

stiff machines and rapid load recording devices.

stress rate conditions, O the other hand, even when the
e load on the -

specimen yields or elongates abruptly th

)
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elongating spring will be undisturbed. The experimental set-
up required for this mode of testing would be simple and
economical.

Secondly, the differential equation representing
the constant stress rate behaviour leads to descriptions in
the form of definite algebraic‘functigns whereas only numerical
solutions can be obtained for the.corresponding equation of

constant stress'rate test. This will be derived in the

following.

The Constant Stress Rate Equation

In constant stress rate tests, the condition to.
be imposed is

d Ta/dt =1

= constant (2.12) -

where T, is the stress applied at time t. Eqn. (2.3) when

combined with condition (2.11) leads te the following dif-

ferential equation.

* * s "H
dy KT Qg AE; - Vf(Tt Y,
v = —2 = L, T —— X (’ )
Yo = T% aB(p, + BYP)[Kf £ R Q; P XT
¥ ¥
. MET 4+ V. (Tt - By
et k2 exp(- —2 b 2y (2.13)
" bpbh T kT .
Q .

which describes the time dependence of the plastic component

of the strain. A stress-strain curve can be obtained from
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by numerical integratiom.

It is to be empha-

SN SRR VIR et~ ]

ot

sized however that algebraic solutions should be preferred,
when feasible with reasonable approximations. Solutionms of this
form, bgsides making the calculation procedures easy, would
facilitate the physical understanding of the process as well.
The present jnvestigation therefore aims to solve algebraically
the above differential equation.

Two alternate conditions have been analyzed in the
study. In the first, jt is assumed for the time being that
there is no work-hardening. .The effect of work-hardening 1is

introduced later.

Eqn. (2.13), in cdnsequence, simplifies to,

dy P Tt v tt
__E - | e —— - 1 - e—'

Q# AE*
where A! =x_. 2 k£ exp (- __i)
f f "fh T kT
Q
KT Q#b AEt
and Aé = Ky 2b T r exp (- if—)
%
Rearranging the'terms and integrating, omne gets
Y St v, it Tt
—wr 1

P .
I_;‘lp__ L[ e exp () - &) exe (-
P, + BY, -

(o) (o)

[SLNS 34

e s smag_p L middale W ES
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In (1 + £ Y.) = EE[EE A! {e (vf ‘e |
o, Tel T3 Vg £ SUPUAT ) -1}
vV, T
kT b a
+ v, Ay {exp(- =77) - 1} (2.14)

vhich expresses the plastic strain as

= -{__éub kT 4 ' vf Ta
Yp = Ypo ®XP (; [y~ A lexp(77) - 1}
AR
kT b _a }
+ == A - - -

v, Ay {exp(- =g7) - 1} - 7, (2.15)
h =
vhere Yoo p,/B

The total strain, y, is the sum of the plastic

strain, Yp’ and the elastic strain, Ye’ therefore

Y=Y H Y,
or = zi (2.16)
Y= E+YP

A calculated stress-strain curve in thg absence of

work-hardening is shown dotted in Fig. (2.22). The behaviour

is similar with the one that will be expected from section (2).

The curve departs from the elastic slope at 2 stress much be-

low the yield stress, turns over smoothly and then continues

to rise slowly with increasing strain.

The dotted curve cam NOW be modified to take into

account the effect of work-hardening. Its linear dependence

g @ A e o a oy o s v e s
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expressed as, T Hyp, when added algebraically, leads to
the s&lid curve of Fig. (2.22). The behaviour so obtained -
is typical of the yield region characteristics under constant
stress rate conditions and can be compared with the experi-

mental observations.

Stress-strain curves at temperatures ranging from
77°K to 1100°K for Mg0 single crystals were obtained by Pask
and Copley (35) ﬁnd'the'results are shown in Figl (2.23). .
The crystals were tested in compréssion.ax a stress rate of
15 gm nun-2 sec-l until fracture occurred. Within the yield
region, these curves show a good qu#litative agreement with
those calculated from Eqn. (2.16), as jllustrated by Fig. (2.24).
The yield stress, defined as 0.2% offset, is plotted as a

function of temperature in Fig. (2.25) for two different

values of the activation volume. The behaviour js identical

to the one obtained previously for constant strain rate con=

ditions (Fig. 2.4). This js rather expected since the

physical phenomenon of overcoming the energy barriers is the

same for any plastic flow process. The rate of the process

is determined principally by the mechanism controlling the

deformational behaviour and consequently it can be predicted

that the influence of the activation parameters on the yield

stress would be the same 2S found in constant strain rate

analysis, viz.,

i) the yield stress increases with an increase }n the

forward activation energy.
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Fig. 2.22 Calculated stress-strain curve both with
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1i) the effect of temperature on the yield stress is
significant for low forward activation volumes.
and iii) the yield stress jpcreases with a decrease in the

backward activation parameters,Aﬁ; and Vb'

The Eqn. (2.15), expressing strain as-a function of
stress is, however, not adequate to calculate the dotted
part of the curve beyond the yield point.. It can be noticed
from Fig. (2.22) that iﬁ this range, even a small change of

stress would result {n an appreciable change in the cor-

responding strain, and hence the above equation becomes less

useful for the purpose of computations. This mathematical

difficulty is overcome in the second approach where it is

assumed that the backward movement of the dislocations is

Eqn. (2.13), in effect, reduces to

negligible.
dy v (%t - By )
s _ —P . ' P (2.17)
YP = at = Q b BYP Af exP( kT )
is not

in which the jnitial mobile dislocation density, P,»

accounted for, the effect of which will be jntroduced as

follows. ' .

Becéuse the dislocation density is related to the
strain by equatiom, P, = BYP, when the conditiom P, = p, is
imposed, it becomes Y = pO/B. Hence the condition~that the

mobile dislocations are -initially present in the specimen 1S

equivalent to specifying that the nmaterial of the specimen

has been subjected to 2 pre-strain, of the magnitude Y,

e v———
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Eqn. (2.17) can, therefore, be integrated as

t ) Y vV, H
v, tt P, oex £
J ab B Al exp( £ )dt = p¢ kT YRZ
£ kT Y dy
(o] Y P P
po
Thus
o b B Al kT T |
R S f a
: v lexp (7 ) - 1]
. . f
- V.EY - Y. V. E ., Y-y
= 1n () + p___po . (£ )2 Yo ~ Yoo,
Yo kT 1.1! kT 2.2! .

Y V.E_ Y oY
:ln(—l—),',Z(lf(T)mp ‘po

po n ' |
\

vhich expresses stress as the following function of the strain i

m m

_ kT T Ve V.E_¥Y.-Y
T 1 £ _R_ £ e =2 DO
[l + 5B kI AL {ln () #+ Z (7 —22}] (2.18)

a V
£ £ po

This equation, due to the foregoing assumption, over-

estimates the d151ocation velocity at high temperatures and
i
!

low stresses. In the early stage of a tensile test, where the

stress is small, the deformation behav10ur is dominated by

the elastic compoment of strain,-and hence the error intro-

duced in this ramnge would be ﬁegligible. In the high stress

and low temperature range’ the backward movement of dislocations

is small, therefore, this equation will be reasonably accurate.

Eqn. (2.18) can be utilized to study the effect on

the yield behaviour by the following parameters

Qe e .
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i) the initial density of mobile dislocations, p .
0

ii) the applied stress rate, 1.

iii) the dislocation multiplication fate, B.

and iv) the work-hardening rate, H.

2.5 Parametric Dependence of the Yield Behaviour

A. The Effect of Initial Mobile Dislocation Densi;z

The number. of dlslocations initially present in
the specimen was found (2,3) to have the greatest effect on
the yield behaviour in comstant strain t;te tests. In con-
stant stress rate conditions, the stress-strain curves

obtained from Eqn. (2.18) exhibit an equally strong dependence

on D , as shown in Fig. (2.26). The ijnitial density has been

7 -2
varied in these calculations from 10 to 10’ disl ecm ~, amnd

the curves aré shown displaced by the corresponding magni;ude

of the initial strain, Ypo The figure illustrates that be-

yond the yield point, the various curves tend to merge with

the one that corresponds to a minimum value of the initial

mobile dislocation demsity.

B. The Effect of Stress Rate

Stress-strain curves were computed for 2 number of

stress rates keeping all other parameters constant, and the

results are shown in Fig. (2.27). The flgure shows that the.

yield stress increases with the increasing rates of applled

stress.
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“The calculated behaviour for the linear as well as
the quadratic dependences is shown in Fig. (2.30) where all

other parameters were kept constant. The results show that

is higher when the dependence is quadratic than when it is

linear.

D. The Effect of Work-Hardening Rate

The rate of deformation after yielding, indicated
by the slope of a stress-strain curve in this region, depends
on the work-hardening coefficient, H, as can be seen from
Fig. (2.22). High work-hardening rates cause 3 considerable
decrease in the deformation rate and the strgss-strain curves

ascend steeply as jllustrated in Fig. (2.31). In the calcu-

2 ..
lation of these curves, it is assumed that there are 10° disl

Cm-2 initially present in the specimen, and hence even at 2

high rate of work-hardening, there is 2 noticeable bend in

the curve at the yield point. However, when P, is also high,

it is probable that such a bend will not result due to the

slow rates cof deformation.

the two curves have the same proportions, but the yield stress

o inedW
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CONCLUSIONS

The present investigatioenm, utilizing a rigorous rate ex-

pression for the stress and the temperature dependence of dislocation

velocity, provides a good understanding of the widely differing yield

behaviour exhibited by various materials under the constant strain rate

and the constant stress rate conditions. The following conclusions are

drawn as a result of the foregoing analytical study.

A. Constant Strain Rate Analysis

1.

3.

The yield stress increases with increasing forward activation

energy.
The yield stress is a sensitive function of the temperature

when the forward activation volume is small and the temperature

sensitivity is relatively weak at activation volumes greater

than about 10° b .

The yield stress increases with a decrease in the backward

+
activation parameters, AEb and Vb.

The yield stress approaches a 1imiting value at absolute zero
temperature.

The extent of rounding at the upper yield point is controlled by

the amount of the yield drop.

The yield drop {s maximum in the intermediate temperature range

and vanishes both at very low and very high temperatures.

The symmetry of the energy barrier has a stronger. effect on the

eters. The yield drop is

yield drop than any of the other param

fully masked for 2 highly asymmetric barrier and becomes Pro”

nounced when it is symmetric.
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B. Constant Stress Rate Analvsis

1. The number of dislocations present initially in the specimen and
the work-hardening rate, influence the shape of the stress-strain
curves. Little difference is noticed when the applied stress
rate and the dislocation multiﬁlication rate are changed, or
when tﬁe dependence of dislocation density on étrain is
assumed'to be quadratic rather than linear.

2. The yield“stresé remains almost unaffected by the initial dis-

location density and the work-hardening rate, but it increases

when

i) the applied stress rate is increased.

ii) the dislocation multiplication rate is decreased.

11i) the dependence of dislocation denmsity on strain is

quadratic rather thar linear.

3. The constant stress rate test has definite advantages over other

modes of testing, since

i) it is indepeﬁdent of the machine characteristics.

ii) the experimental set-up 1s simple.
iii) its analysis leads to descfiptions in the form of

algebraic functions which greatly facilifates the

computations.

e
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APPENDIX

 THERMALLY ACTIVATED DISLOCATION MECHANISMS

1. Peierls-Nabarro Mechanism (41)

In the peribd;c energy field of the crystal lattice,
a dislocation line lies in the potential valleys between
closed packed rows of atoms (Fig. 1). When the temperature is
low or the interatomic binding emergy is high, the motion of
the dislocation is difficuif even without other obstacles.
Unless a straight dislocation in the energy valleys can move
as a whole, which is energetically unfavourable, small dis-

location segments have to be nucleated along the dislocation

line. This is quite similar to the case of slip, in which a

portion of a plane of atoms has to slip first, since a whole

plane of atoms cannot slip all at once. A boundary is thus

created between the slipped and unslipped areas, and as we

now know, such a boundary is 3 dislocation. Continuation of

slip then takes place by the motion of dislocations. Simi-

larly, since a whole straight dislocation is not likely to

move all at once, & portion of it has to move first, so that

a junction is created between the moved and the unmoved

segments. Such 2 junction is called a kink. Continuation of

dislocation movement then takes place by the sideways motlon

of kihks. The nucleation of kink is the rate controlling

step. Once the first kink is nucleated, the remainder of the
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dislocation moves over the energy barriers as the kinks

'separate, under the influence of the applied stress and the
line temnsion of the dislocation. The activation.volume for
the process would be about xbd where X ijs the distance bde-

tveen the equilibrium configurations and d is the separation

of the two kinks (Fig. 1).

2. Cross Slip (42) -
A dislocation in crystalline gaterials =oves in

specific directions and definite crys:allographic planes;

ysually it 1is difficult for dislocation to leave the slip

plane. Under certain conditions, however, a2 dislocation ma¥y

find it easy to leave the original plane and move on another

slip plane having 3 common slip direction. ZoT exazmple, i

Tig. (2.3) coasider two slip planes.(lll) zn

1ine of intersection parallel to the slip directio=

A dislocation in omne of these planes, if, hes @

slipping further jt may surmount obstacles bd¥ gliding o210

the second slip plane 2S shown in Fig. (2.b,c). Iz metals

where there are =aay slip plamnes and slip directicas, the

phenozmenon of cross slip occurs readily. The freguency O=

[e])

cross slip decreases as the temperature is lowerec 22

therefore is 2 therzally activated process at normal tempeTa-

ne is presumably z2bout

ture conditions. The activation volu

dbz where d is the jength of the dislocation anchored betweez

two obstacles where the cross sli? occurs (Fig. 2.¢).

PTLITV n‘mn:m
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3. Intersection of Dislocations (43,35,44)

-

Barriers to a dislocation may arise when it en-
counters other dislocations intersecting the active slip
plane. The dislocations threading through the active slip

plane are often called forest dislocatioms. Fig. (3.a)

i{llustrates the process of intersection of two dislocatiohs.

The intersection produces a jog, OT an offset, in one of the

dislocation lines. The phenomenon requires energy because

the formation 6f a jog increases the length of 2 dislocation.

The intersection of forest dislocations by glide

dislocations has been shown to be the rate controlling process

in the low temperature deformation of several fcc metals (43,

44). The activation volume for the process is approximately

given by xdb where X is the distance covered by'the glide

dislocation to overcome the barrier and 4 is the separation

of forest dislocatioms (Fig. 3.b).

4. Climb (45)

1f each of the atoms of a.dislocation diffuses aJay

or changes position with a vacancy, S shown in Fig. (4.2),

the dislocation moves up by one atomic layer. The mechanism

involved is called climb and is essentially 2 high temperature
phenomenon. Movement of a dislocatioﬁ in the downward

direction can also occur if atoms are added to the dislocation,

e ‘ps { to
which creates vacancies, or, if jnterstitial atoms diffuse

. L] s L
the dislocation. A dislocation mady thus 'upclimb’ oF

et -
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)

-~ S Forest
N Dislocations

Glide
Dislocation

(v)

Fig. 3 Mechanisn of intersection,of forest dis-
jocations by the glide dislocation
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tdownclimb' depending on the concentration of vacancies and
jnterstitials in the crystal lattice. In either case the
process involves mass transport by diffusion, and‘this motion
of dislocation is.referred to as a nonconservative motion.
Similarly to the motion of dislocation by forming a
kink, if a dislocation cannot ciiﬁb all at once, a small
portion has to c}imb,fi?st. In consequence, 3 Jog is created
between the climbed and unclimb;d segments of a ﬁislocatioﬁ

(Fig. 4.b). Continuation of dislocation -climb then takes

place by the motion of jogs.

5. Non-conservative Motion of Jogs (42)

Jogs in dislocations may be produced by the inter-

section of dislocations, CrOSS slip and climb. The difference

between a kink and 2 jog is that 2 kink and its connecting.

segments lie in the same plane whereas the jog and its con-

necting segments lie in two or more slip planes. Under

certain conditions, a jog and its two connecting segments can’

servatively, but under

slip in their respective slip planes con

other conditions the jog cannot slip with 1ts segments. When

tion is nonconservative. To move

the jog has to climb, the mo

a unit jog (one atom iength) nonconservatively requires the

energy needed to form and to move 2 vacancy. Point defects

are thus created when jogs are forced to move along with the
N0 . A .
dislocaEioh (Fig- 5). The applied stress causes the dis

the jogs then move

location line tO bow out betweel the jogs;

forward under the action of the line temsiom of the dislocation

e Vel badad faifite 7 skl

;
¥
i
i

SRR PR £ o S O
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/Jog

Dislocation

Jacancies

Fig. 5 Non-conservative motion of jogs
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and create a point defect for every interatomic spacing
moved. The activation volume will be about d b2 where d is
the distance between the jogs. The density.of jogs would
be expected to increase as a function of strain because of

dislocation intersection.
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TABLE 1 (46)

. Typical Activation Volumes, Vf, for Various Mechanisms

Mechanism

Activation Volume, Vf

Overcoming of Peierls-Nabarro
barrier

Intersection of.diélodations
Non-conservative motiom of jogs
Cross slip

Climb

10 - 10 b

10° - 10 b

100 - 10" b

1b
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