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Rksomk. 50 ans aprds la premidre id6e de base de Peierls, nous faisons une revue des diffi6rents

aspects des forces de friction dans les m6taux et les alliages. Los diverses approches sont

comparkes, et nous montrons que toutes conduisent I des r6sultats semblables, correspondant I

deux comportements diffikrents dans deux domaines de tempkrature. Los rksultats expdrimentaux
dans les mktaux CC, HC et CFC sont en bon accord avec ces dkveloppements thkoriques. Dans

une seconde partie, nous dbveloppons une extension du moddle de Peierls, appelke blocage-
dkblocage, sur la base de rksultats expkrimentaux obtenus dans les plans prismatiques du

bkryllium. Elle s'applique k de nombreuses autres situations, telles que le glissement prismatique

du magnksium et du titane, le glissement cubique et octakdrique des alliages ordonnds

Ll~ k base nickel, et peut-6tre quelques mktaux CC. Nous discutons la relation entre les

mkcanismes de blocage-dkblocage et de Peierls, ainsi que le r61e du blocage-dkblocage dans la

formation des anomalies de limite klastique.

Abstract, 50 years after the first basic idea of Peierls, a review is made on the different aspects

of friction forces in metals and alloys. Different approachs are compared, and it is shown that all

lead to similar results, corresponding to different behaviours in two stress ranges. Experimental
results in BCC, HCP, and FCC metals, are in good agreement with these theoretical

developments. In a second part, an extension of the Peierls model, called locking-unlocking, is

developed on the basis of experimental results in the prismatic planes of beryllium. It applies to

many other situations, such as prismatic glide in magnesium and titanium, cube and octahedral

glide in L12 nickel-based ordered alloys, and possibly some BCC metals. The relation between

locking-unlocking and Peierls mechanisms is discussed, as the role of locking-unlocking in the

formation of strength anomalies.

Introduction.

Motions of dislocations, submitted to friction forces resulting from their non planar

dissociation or spreading, play a very important role in the deformation of materials (see, for

instance, reviews [1-4]). Plastic properties of BCC metals, as Well as the strong temperature
dependence of the flow stress, have been explained by the non-planar core structure of screw

dislocations [1, 5-7]. The Peierls mechanism has been proposed as the controlling mechanism

(*) This article is dedicated to Prof. R. E. Peierls, for the 50th anniversary of «Peierls friction

forces».
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for both prismatic glide and creep at low temperatures of magnesium [8, 9]. The same

mechanism has also been considered as an explanation for several plastic properties of FCC

metals: motion of Lomer-Cotrell barriers, glide in non-compact planes, third stage of

deformation and/or creep at intermediate temperatures (see reviews in [10-12]). In his review

article largely devoted to ordered alloys and superalloys with DOI~, B~, Ll~ or Llo structure,

Veyssidre [4] has shown that the plasticity of these materials is generally dominated by
dislocation core effects. Hence, it appears that only the compact glide of the FCC structure

and the basal glide of some HCP metals have no bearing on friction forces. Moreover, the

more complicated the material structure, the more inevitable and essential is the role of the

interaction between dislocations and the crystal lattice. Thus, the plasticity of intermetallic

materials which are at present extensively studied because of both their fundamental interest

and their excellent properties, cannot be understood without considering friction forces.

In this article, attention will be focussed on experimental and theoretical aspects of friction

forces in metals and alloys. The case of covalent materials (semiconductors, ceramics) is

treated by George, in this conference. Section I will briefly recall and compare the main

models outcoming from the Peierls theory. In section 2, a new friction force mechanism called

locking-unlocking» will be presented. The correlation between Peierls and locking-
unlocking mechanisms and between friction forces and strength anomalies wiU be respectively
discussed in sections 3 and 4.

~

j,
'I

j

Fig, I. Scheme of the Peierls mechanism. Six successive configurations of one dislocation, for one

jump between two adjacent Peierls valleys.

1. Peierls mechanism.

In the case of the original Peierls mechanism [13, 14], dislocations have their minimum energy
in -the so-called «Peierls valleys and their motion can be described as series of jumps

between adjacent valleys. The resulting friction force has the lattice periodicity. In the early
model, it is assumed that dislocations are spread in their glide plane. As the friction force

varies as the inverse of the core width in the glide plane and as the dissociation width is largest
for the most closely packed planes, friction forces are lower in compact planes. TMs model

seemed to explain experimental observations of glide in the compact planes of HCP and FCC

metals. Later, Seeger [15] showed that dislocations could jump between adjacent Peierls

valleys, through the thermally activated nucleation and propagation of kinks pairs. However,
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it appears that when dislocations glide in their dissociati.on plane, the early model of Peierls

and Nabarro can account only for very low friction forces and cannot explain many
mechanical properties.

More recent studies have shown that larger friction forces resulting from the dissociation or

spreading of dislocations out of their glide plane play a more important role in plasticity
(Fig. I). In this case, as in the early model of Peierls and Nabarro, the friction force has the

lattice periodicity. This mechanism was proposed for the first time by Hirsch [16] and

Yoshinaga and Horiuchi [17] for BCC and HCP metals. It has been also called «Pseudo

Peierls», double kink, kinks pair, jogs pair, «Friedel-Escaig» or more simply Peierls

mechanism. In the following, we will use the term Peierls mechanism. In the sixties, the main

theoretical developments were obtained after the study of glide in BCC metals and prismatic
glide of HCP metals such as magnesium. The main features of these glide systems are a strong

decrease of the critical resolved shear stress as the temperature is increased and the

occurrence of a homogeneous density of screw dislocations (see for instance BCC : [6, 7, 18-

20] ; HCP : [21-23]).
When the deformation is. controlled by such friction forces, dislocations must overcome

obstacles resulting from their dissociation. According to Escaig [24], the analysis of this

mechanism requires the determination of the corresponding critical metastable configuration
for the dislocation movement. This allows in principle the evaluation of the activation area

and energy. As shown in figure 2, the dislocation energy U is the sum of the kink pair energy

H~~ and the work of the applied shear stress W= ~rbx. The dislocation energy passes
through a maximum which gives the activation energy AG of the mechanism. The length

J~ is the kink pair separation for the critical metastable configuration. It is proportional to the

activation area A. According to the different models, and as a function of the stress level, the

critical metastable configuration could be either a dislocation loop bowing out in the glide
plane (Fig. lb or c) or a paij of kinks more or less well separated (Fig. ld or e). The

corresponding theoretical model will be different (Tab.1).

_Hkp
/.

'

'"_
'

'

'w=a~x

Fig. 2. " Energy U of a dislocation as a function of the kinks separation x H~~ is the kink pair energy
under zero stress, W the work of the shear stress, AG the activation energy and x~ the critical kink

separation.
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Table I. Critical configurations, theoretical models, activation area and experimental results

for the two stress ranges of the Peierls mechanism.

lligh stress (a > ac ) Low stress (a < ac )

Citical
Configurations

j

CROSS SLIP KINKS PAIR

Friedel Seeger Kink Kink
[251 (1959) [261 (1981) interaction interaction

I/r Log r

Duesbery Duesbery
lfirsch lfirsch

,Theoretical [5] (1967) [5] (1967)
Models Escaig

Escaig Seeger [24] (1968)
[29] (1967) [26] (1981)

SchoEck SchoEck
Piischl Piischl

128] (1988) [28] (1988)

Duesbery
[32] (1983)

~~$~$~# ° ~ L°g (lla) a-iii

Kubin Werner Wemer Kubin
JouHrey Seeger Seeger Jouf&ey

[20] (1973) [30] (1988) [30] (1988) [20] (1973)
Expcflmental

Results Biget Ackemlan Ackcnnm
Saaila Mugrabi Mugrabi

[43] (1989) Seeger Seeger
[31] (1983) [31] (1983)

1.I THEORETICAL MODELS.

I.I.I High stress (~r
>

~r~). If the height of the critical configuration is less than the

distance between two neighbouring Peierls valleys (Fig. lb or c) the deformation mechanism

could be described by the cross slip model proposed by Friedel for the prismatic glide of HCP

metals [25]. The energy is the sum of the energy spent to recombine the dislocation over a

length I and the energy gained by bending the dislocation in the glide plane. By neglecting the
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dissociation energy in the glide plane and the effect of the applied stress on the dissociation

width, the activation energy AG and the activation area A can be expressed as :

~5/2 ~3/2
~

2 ~5/2 ~3/2
~

2

~~ ~~ ~
3 ~rb

~
3 ~r~b~

where U~ is the constriction energy in the Peierls valley,
r

is the line tension,
r =

R/r,
R the energy of dissociation per unit length in the Peierls valley (absolute value), and

~r
is the shear stress in the glide plane. The activation energy varies as the inverse of the

applied stress and the activation area as the inverse of the stress squared.
Another model has been proposed by Seeger [26-27]. It assumes that the critical

configuration is a kink pair even at high stresses. However, since the kink separation is smaU,
it cannot be described in terms of linearized elasticity theory and the kink interaction is

studied in the line-tension approximation. The activation area varies as Log (I /~r) which is

different fr6m that of the Friedel model.

Both models have been compared in table 1.

1.1.2 Low stress ( ~r <
~r~). As first mentioned by Duesbery and Hirsch [5], the dislocation

could reach the next Peierls valley and take again its initial sessile core configuration before

the critical configuration is attained. In this case, the critical configuration is described by the

formation of two kinks separated by a critical distance (Fig. ld or e) (Escaig [24]). Various

treatments which differ in their initial assumptions on the nature of the kinks interaction at

the critical configuration have been proposed (Tab. I). The models can be classified into two

groups depending on this choice. An interaction which varies as the inverse of the kink

separation has been used by Duesbery and Hirsch [5], Seeger [26-27] and Sch6eck and Pfischl

[28]. The corresponding activation area varies as
~r~"~. On the other hand, Escaig [24]

assumes a logarithmic dependence and takes into acpount the interaction between constric-

tions when the kinks separation is small. He obtains a variation as ~r- ' for the activation area.

It must be noted that here again the two variations of the activation area are different.

1.2 DIscussIoN. For the two stress ranges, several detailed models have been developed
especially in the case of BCC and HCP metals. In many cases, experimental results have been

used in order to determine some parameters relating to the core structure of dislocations.

These models and several experimental studies will be discussed here with the help of table I

and figure 3 which shows results obtained for single crystals of Niobium (BCC structure).

1.2.I BCC metals. First, it is worth noting that every theoretical and experimental study
leads to an abrupt change of slope for the variation of thd CRSS with temperature (Fig. 3a)
which is correlated with a discontinuity in the activation area curve (Fig. 3b). This change
corresponds to the change of critical configuration described previously, depending on the

stress level.

In the high stress and low temperature range, Friedel's theory has been fully developed by
Escaig [29] and Duesbery and Hirsch [5] using the non planar core configuration of BCC

metals. These calculations yield to curves which are markedly different (Fig. 3a, at low

temperatures) owing to different issumptions on the stacking fault energy value. Escaig's
value results from the extrapolation of experimental curves. The experimental curve of Kubin

and Jouffrey [20] has also been plotted on the figure. It is close to Escaig's one, but the

corresponding activation areas (Fig. 3b) are markedly different. Unfortunately, no exper-

imental results and no theoretical values of the Seeger's group are available in Niobium in the

high stress range. The comparison of all these models is thus impossible. However, it must be
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Fig. 3.- For Niobium single crystals, comparison between different theoretical and experimental
variations of : a) CRS§

as a function of temperature, b) activation area as a function of stress.

noted that in Tantalum the experimental work of Werner and Seeger [30] fits very well with

the « line tension » model.

In the low stress and high temperature range, the models described above have been fully
developed in the case of the BCC structure [5, 24, 26, 27] (Fig. 3a). For the same reason as in

the high stress range, the simplified model of Duesbery and Hirsch yields results which are

quantitatively different from the other contributions. On the other hand, Escaig's treatment

[24] and Seeger's one [26, 27] which, as mentioned above, are based on different assumptions,
lead to very close curves. The experimental results obtained by Kubin and Jouffrey [20] and

by Ackermann, Mugrabi and Seeger [31] also fit very well theoretical curves. Moreover, all

these contributions agree with an increase of the activation area as a function of the stress,

near the critical stress. In this range, experimental results of Kubin and Jouffrey [20] are close

to the theoretical curve of Escaig [24] (Fig. 3b). Near the critical stress (Fig. 3b), Escaig

assumes that the critical configuration is controlled by the constriction interaction, and

describes successfully the transition between the two stress ranges.
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Fig. 4.-Duesbery [32, 34] computed kink pair properties in Potassium a) Different critical

configurations for different applied shear stresses. b) Logarithmic plot of the kink-kink interaction force

as a function of kink separation.

The core structures and the self and interaction energies of kinks on screw dislocations in a

BCC lattice have been computed by Duesbery [32,34], using a model representing both

Potassium and Iron. Figure 4a shows the kinks pair configurations calculated in Potassium for

a variety of kinks separations. Two regimes have been pointed out. If the kinks separation is

less than 20b, or about 1.5 kinks width, the double kink behaves more like a single defect. If

the kink separation is larger, two kinks well separated are obtained. These two regimes
correspond to the two stress ranges described above. The equilibrium relation between the

applied stress and the kinks separation are plotted on figure 4b. Of greater interest is the

observation of the same two ranges of behaviour and that an inverse square law is valid for the

variatiop of the kinks separation as a function of stress in the low stress range, in agreement
with a variation of the kink interaction energy as the inverse of kinks separation, as also

assumed by Duesbery and Hirsch [5], Seeger [26, 27] and Sch6eck and Pfischl [28].
In situ tensile experiments have been performed at different temperatures by Louchet et al.

on Niobium, Molybdenum and a-Iron [35, 36] and by Ikeno and Furubayashi on Niobium and

Fe-3 fbsi [37, 38]. Slow movements of rectilinear screw dislocations and fast movements of

mixed dislocations habe been observed. This behaviour has been interpreted in terms of a

Peierls mechanism.

1.2.2 HCP Metals. For HCP -metals, Sch6eck and Pfischl [28] have calculated the

activation energies for both models (the cross slip model of Friedel and the kinks pair model),
by using the line tension calculated in I previous work [39] (Fig. 5). These calculations

confirm that the high stress range is controlled by the cross slip model and the low stress range

by the kinks pairs model. In the next paragraph, the Sch6eck and Pfischl model will be

compared with experimental results for HCP metals.

In situ experiments have shown that the prismatic glide of Magnesium is controlled by the

smooth and continuous motion of rectilinear screw dislocations submitted to a strong friction

force (Fig. 6) [8, 9]. This study leads to the conclusion that the strain rate is controlled by the

double-kink mechanism (low stress range). Microscopic values of activation area (9 b~ at

300K) and activation enthalpy (0.8eV at 336K) deduced from the analysis of single
dislocations movements are in excellent agreement with those deduced from all detailed

models. Assuming a kink height of h
= c

and not h
=

c/2, calculations of Sch6eck and PUschl
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=

R/pb~).

[28] @eld some values of the activation parameters which agree very well with the

experimental ones.

Naka et al. [40-42] have concluded that the prismatic glide of a-Titanium is govemed by a

Peierls mechanism acting on screw dislocations. This work points out singularities between

300 and 500 K in both CRSS and activation area versus temperature curves (Fig. 7) which are

associated with an extensive of cross slip. They have been recently interpreted in terms of

dynamic strain ageing. However, they also might be connected to the transition between the

low and high stress regimes described above in the case of BCC metals. It must be noted that

an explanation of these discontinuities must point to their very large amplitude and the high
temperature at which they occur. In the low temperature range, Biget and Saada [43] have

->

_'

Fig. 6. Evidence of a Peierls mechanism on screw dislocations in Prismatic planes of Magnesium, at

T
=

300 K.
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Fig. 8. Biget and Saada [43] Prismatic glide of Titanium Variation of the CRSS as a function of

(V/b~)~~'~ (V: activation volume).

found an inverse square law variation of the activation area as a function of the applied stress

(Fig. 8), which agrees with the cross slip mechanism.

1.2.3 FCC Metals. The existence of Peierls friction forces is generally less commonly
accepted in FCC metals than in BCC and HCP metals. This is mainly due to the abundance of

the (110) (111) easy glide systems in the FCC structure, which can in principle accomodate

any applied deformation.

However, experiments if Le Hazif and Poirier [44, 45], in several pure FCC metals strained

along ( loo), have shown that extensive glide in non compact ( I lo ) planes can occur above a
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critical temperature, which is closely related to the stacking fault energy. Further experiments

of Carrard And Martin [46-48], in aluminium strained along (112), confirm that dislocations

multiply and move in the (100) planes of highest Schmid factors, independently of glide in

(ill) compact planes, and that the corresponding CRSS strongly decreases as the

temperature is increased. This behaviour has been clearly explained by a Peierls mechanism,

with screw dislocations extended in one of the two possible (I I I planes, and moving in non

compact planes by nucleating and propagating kinks pairs.
A direct confirmation of the existence of non compact glide at a microscopic scale has been

given after in situ experiments in aluminium (Couret and CaiUard [49]).

1.3 CoNcLusIoNs. The first major conclusion of this review is a very large consistence

between all mentioned theoretical and experimental contributions. Many of them conclude in

favour of a change of behaviour for a critical stress which is correlated to a change of

controlling mechanism.

In the high stress range, the quantitative agreement between the different results is not very

good even if all treatments, except the Seeger one, derive from the Friedel theory.

In the low stress range, althought the initial assumptions are different, the main

contributions lead to very close results. A discrimination between the two possible kink

interactions cannot be made at present. Since all models yield close values of the activation

enthalpy, the measurement of this parameter does not allow to identify the correct one. On

the contrary, the measurement of the activation area and its variation as a function of stress

might give some precious indications about the controlling mechanism.

2. Locking-unlocking mechanism.

2.I PRISMATIC GLIDE OF BERYLLIUM. The prismatic glide of Beryllium (HCP metal) has

been studied by in situ experiments in a JEOL 200 CX electron microscope [50-52].
Microsamples are cut from single crystals, and oriented so as to inhibit basal glide, which is

the easiest glide system in this material [53, 54]. The basal plane is normal to the thin foil and

the tensile axis is parillel to i1010].

Figure 9 shows that the deformation in prismatic planes of beryllium at room temperature is

controlled by the motion of rectilinear screw dislocations submitted to a strong friction force.

This behaviour is a priori similar to that occuring in Magnesium above room temperature
(Fig. 6). However, it is fundamentally different, in that the movement of sdrew dislocations is

no longer smooth and continuous, but jerky. For instance, one dislocation appears immobile

in successive positions a, c, e, g, h, j and jumps so suddenly in less than,1/50 s (one frame),
that it is visible on one frame in both starting and final position (Fig. 9b, d, f, h, I). The

waiting time between two jumps is always larger than the flight time and varies between 1/50
and 2 s.

the dislocation slip traces exhibit segments parallel to,the trices of prismatic and basal

planes, respectively (Fig. 10). This proves that dislocations glide in prismatic planes during
jumps (Fig. 9). This also indicates that screw dislocations move in basal planes during waiting
times between jumps in prismatic planes. Basal glide does not however appear, on figure 9,

since the basal plane is edge on. It is much slower than jumps in prismatic planes, since it

occurs only under residual or internal stress.

2.2 THE LOCKING-UNLOCKING MECHANISM. The above experimental results show that

screw dislocations take altemately two configurations of different energies, corresponding to

a core spreading (or dissociation) in prismatic and basal planes respectively. The glissile
configuration in the prismatic plane has a very short lifetime and a high energy (metastable
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@

'
~~ T~ 300 K

e

O.1pm

Fig. 9.- Evidence of a
locking-unlocking mechanism on screw dislocations in prismatic planes of

Beryllium. Letters refer to successive positions of the same dislocation. T
=

300 K.

Fig. 10. - Slip traces arallel to the races
of prismatic

(P)



896 JOURNAL DE PHYSIQUE III N 6

configuration), whereas the most usual configuration is glissile in the basal plane, and has a

lower energy (stable configuration). This is in full agreement with calculations of Legrand [55,
56], yielding a higher stacking fault energy in the prismatic plane than in the basal plane.

Under such conditions the locking and the unlocking of screw dislocations are two

fundamental different cross slip processes, as pointed out by Escaig [I]. The whole locking-
unlocking mechanism is described step by step in the next paragraph with reference to

figure I I.

a) Locked dislocation (Fig. lla) The dislocation is spread in the basal plane, I,e. in its

stable configuration of long life time. It can glide in the basal plane under residual or intemal

stresses.

b) Unlocking (Fig. lib & c) The unlocking process, which is a cross slip onto~a plane of

higher stacking fault energy, can be described by the Friedel mechanism presented in 1.1.1.

The dislocation must overcome a threshold energy corresponding to the activation energy of

this mechanism (AG~I
=

AG~R~~~I).

c) Jump by glide in the prismatic plane (Fig. lid) :
The screw dislocation is slightly spread

in the prismatic plane (metastable configuration). During a very short time, it glides freely
and rapidly under a high stress which is equal to the component of the applied stress in the

prismatic plane.

d) Locking (Fig. lie & f) According to Escaig [I], this cross slip process is different from

the preceding one, since it occurs onto a plane of lower stacking fault energy. It is similar to

that occurring between (11 ii planes in FCC metals, where a stress dependent effective

stacking fault energy can be defined as soon as one constriction is produced with the help of

,
,

,(j
,

C

'

Fig. ll. Schematic diagram of the locking-unlocking mechanism.
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thermal activation, the dislocation tends to widen in the cross slip (basal) plane, thus lowering
its core energy. The two constrictions then move rapidly towards dislocations extremities. The

activation energy is of the order of the constriction energy in the prismatic plane
(AGj

=
U~). It is much lower than the unlocking one.

e) Energy diagramm (Fig. 12) : The stable and metastable configurations are separated by

two different threshold energies, thus defining two activation energies which correspond to

unlocking (AG~j) and locking (AGj) processes, respectively. The unlocking energy is larger
than the locking one, in agreement with a waiting time larger than the jump time. Since

locking and unlocking are described by two fundamentally different processes, locking does

not appear as the reverse of unlocking. On figure12, the threshold energy of unlocking, has

been arbitrarily pictured lower than that corresponding to the reverse of unlocking. A similar

energy diagram has been proposed by Hug et al. [57, 58] in order to explain the strength

anomaly of TiAl.

Unlocking
Locking

~Gj
P

metastable

/

B B
stable stable

Fig,12.- Energy diagram representing the different core configurations and the two cross-slip

processes.

0 Velocity ofdislocations: Since the two processes act in series, the average velocity of

screw dislocations can be expressed as :

v
=

vp_ ~~_
=

vp~~
=

~

ip+ t~ i~ i~

where Vp is the instantaneous dislocation velocity during the jump in the prismatic plane,

ip the average flight time in the prismatic plane, iB the average locking time in the basal plane

and I the average flight length.
Using

AGI I AG~j

1 "
~'

"
~°' ~~~ W ~~~ i "

~~'
"

~°~' ~~~ W

where P~ and Pi are unlocking and locking probabilities, respectively, the dislocation velocity

can be expressed as :

V
=

Vo exp

~~
' ~

,

with AG
i ui =

AG~j AGj
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Since AG~j » AGj, the activation parameters of the locking-unlocking mechanism are close to

those of unlocking. We thus obtain

AGI
-ul "

AGul AG
"

AGul
"

AGfdedel

and Al
-ui "

A~i Al
"

A~j
=

Afnedei.

g) Laws of probability of locking and unlocking We have measured 145 values of waiting
times in the locking position, for screw dislocations of constant length, subjected to a constant

stress (all measurements were performed in the same area, and during a short time interval).
The results are plotted in figure 13a. For a better understanding, it can be imagined that all

dislocations are locked at tB =
0 and progressively escape. Under such conditions, the number

~8~~~~

total number ai
~~~~~~~

total number of
~ ~~measurements:1~5 measurmen :

al
0.1 c) t2 Aipml

L~gjhflj
Ala

Slope
= Pg~ =

35 £~

l
=

1
=

0.068 pm

~

S'°Pe

x

x

x
~

x

0 o
b) 0,1 0.5 t8(S) d)

0,1

Fig, 13. Laws of probability of locking and unlocking,
*

Waiting time measurements in the locked

configuration a) linear scale, b) semi-logarithnfic scale.
*

Jump length measurements in the unlocked

configuration c) linear scale, d) semi-logarithmic scale.
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AN(t~) of dislocations which are unlocking between t~+At~ decreases exponentially,
according to the simple law

AN (t~)
=

C exp(- P~ t~).
At~

This confirms that each dislocation has a constant probability P~j of unlocking per unit

time, in agreement with the corresponding cross slip model. P~j is easily obtained from the

slope of the logarithmic curve (Fig. 13b)

P~j
=

3.5 s~'

The average waiting time is thus I/P~j
=

0.22 s.

It is not possible to use the same procedure for the dislocation flight time t~, which is too

short to be measured. However, it is possible to measure the corresponding jump length
A

= V~ t~. As the dislocation velocity in the prismatic plane V~ is unknown, but constant at

constant stress, the distribution of A must reproduce the distribution of t~.
The results are plotted in figure 13c. Here again, the jump length and thus the waiting time

t~ for locking obey a simple exponential law, with a mean jump length I of 0.068 ~Lm s~ ' This

result is important, since it proves that locking by cross slip does not occur at regularly spaced
obstacles, which would lead to a Gaussian distribution centred on the mean obstacle distance,
and stress and temperature independent. On the contrary, it can occur at every crystallogra-
phic row, which is confirmed by the influence of stress and temperature on the mean jump
length [50, 52]. Moreover it can be remarked that mean jump lengths are not correlated to the

average dislocation spacing (they are generally much smaller), which excludes possible effects

of long internal stresses on the jerky movement of screw dislocations.

g) Local stress measurements and temperature stress dependknce
: The local stress acting on

individual dislocations has been deduced from classical radii of curvature measurements.

These measurements are in full agreement with macroscopic ones.

Local strain rates and local stresses have been measured after strain rate jumps performed

on microsamples. It was not possible to detect any variation of the local stress within the

uncertainity of our measurements. This only allow us to assert that -the microscopic activation

area is larger than 50 b~, which is not in contradiction with macroscopic measurements of

Rbgnier (400 b? at room temperature) [53, 54].

2.3 OSERVATION oF LOCKING-UNLOCKING IN DIFFERENT MATERIALS. In many other

metals with different structures (BCC, HCP, Ll~) locking-unlocking has been more or less

clearly pointed out (Fig. 14).
In Iron, the deformation is controlled by the jerky movement of rectilinear screw

dislocations (Fig.14, Louchet [59]). This movement could possibly be explained by the

locking-unlocking mechanism.

The prismatic glide of Titanium-is controlled by the motion of rectilinear screw dislocations,
submitted to a strong friction force which has been identified with the Peierls mechanism, as

mentioned above (see Naka for instance [40-42]). However, recent in situ experiments
(Farenc and Couret [60]) have shown that the motion of screw dislocations in prismatic planes
of Titanium is very jerky between 100 K and 473 K (Fig. 14.2) in agreement with a locking-
unlocking mechanism. Since frequent cross slip onto pyramidal planes has also been observed

in the whole temperature range, the stable core configuration corresponding to locking could

be as already proposed by Naka. In that case, the dislocation is simultaneously spread in the
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1) Fe

>

~ ~ ~~
l o-s ~m

$~~ i(~££b
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=
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j.

-~ 3) y' (CMSX2>

O-I ~m
t

4) Ni~Al

O-I ~m

t
=

0.0 see 0.02 0.04

Fig.14.- Evidence of a locking-unlocking mechanism in several materials I> Iron-Louchet [59],
2) Titanium-Farenc and Couret [60], 3) Cube glide in the y' phase of a superalloy (CMSX2), Clkment

and Caillard [61-64], 4) Octahedral glide in Ni~Al, Moldnat and Caillard, private communication.

prismatic plane and the two first-order pyramidal ones. The «~ ~ dependence of the activation

area obtained by Biget and Saada [43] (Fig. 8) confirms that the activation parameters of the

locking-unlocking mechanism are those of the Friedel theory.
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A jerky motion of screw dislocations associated with the locking-unlocking mechanism has

also been observed in both cube and octahedral planes of an ordered alloy with the Ll~
structure. In the case of cube glide in the y' phase of a superalloy (Fig, 14.3), Clbment et al.

[61-64] have shown that the locking dislocation configuration consists of two superpartials
extended in octahedral planes, and separated by an APB in the cube plane. This is in full

agreement with several atomistic calculations [65-67] and high resolution observations [68,
69]. In the octahedral planes of Ni~Al, screw dislocations with their APB in the glide (I I I)
plane move at room temperature through a serie of jumps and locking positions [70]. More

recent in situ experiments also performed under weak beam conditions by Molbnat and

Caillard [7 Ii have revealed that the jump length is often equal to the width of the APB ribbon

(Fig. 14.4).

Remarks Superkinks have been frequently observed using weak beam electron microscopy
in L12 deformed crystals. Sun and Hazzledine [72] assume that the movement of dislocations

in octahedral planes is controlled by the nucleation and the propagation of superkinks pairs.
On the contrary, according to Veyssidre in Ni~si [73] and Bontemps and Veyssidre in

Ni~Al [74], dislocations could glide in octahedral planes through the nucleation and the

propagation of single superkinks.
It must be noted that in the case of the locking-unlocking mechanism, the formation of

superkinks pairs occurs. However, these superkinks are formed only when dislocations cross

slip again at the next locking position, namely after the threshold energy has been overcome.

Thus, the shape of superkinks is not important for the determination of the activation

parameters.

3. Transition between locking-unlocking and Peierls mechanism.

The existence of a metastable glissile configuration is at the origin of the difference between

the Peierls mechanism described in the first part of this article, and the locking-unlocking one.

In both cases, screw dislocations are locked in a stable configuration, and cross slip onto their

glide plane with the help of stress. In the case of locking-unlocking, dislocations can move in

their glissile metastable configuration over long distances (several Peierls valleys), In the case

of the Peierls mechanism, on the contrary, dislocations are not stable at all in their glide plane
and they are locked at each Peierls valley. Then, when a locking-unlocking mechanism is

bbserved at low temperature in a given material, a transition to a Peierls mechanism could

occur at higher temperatures, provided the thermal activation becomes large enough to make

locking athermal. Such a transition has already been observed in magnesium. In the high

temperature range (Tm300K, Fig. 6), screw dislocations glide according to the Peierls

i
' 0.2pm

~
~

a

Fig.15. Evidence of a locking-unlocking mechanism on screw dislocations in Prismatic planes of

Magnesium. Letters refer to successive positions of the same dislocation. T
=

150 K.
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mechanism, as described above. However, at lower temperatures, screw dislocations have a

jerky glide in accordance with a locking-unlocking mechanism (100 K w T w 200 K, Fig. 15).
Consequently, the Peierls mechanism can be considered as a particular case of the locking-
unlocking one, when the temperature is so high that locking becomes athermal. Thus, the

Peierls mechanism is surprisingly a high temperature mechanism with respect to locking-
unlocking.

A transition between low stress and high stress Peierls mechanisms, which appears as the

stress is increased, has been described in thb first part of this article. It is characterized by
discontinuities on the CRSS and activation area curves, which have been pointed out after

theoretical and experimental studies. At the transition, the magnitude of the activation area is

small (w 10 b~).
Another transition occurring between the locking-unlocking mechanism and the Peierls one

is now developed. This transition is fundamentally different from the preceding one, in that it

results from an increase of the thermal activation. It should occur at higher temperature. The

discontinuities on the CRSS and the activation area curves must also be more pronounced,
and the magnitude of the activation area could be very important at this discontinuity.

It seems possible to distinguish between these two transitions only when complete sets of

macroscopic and microscopic in situ studies are available. In BCC metals, it is difficult at

present to choose between the high stress Peierls/low stress Peierls transition and the locking-
unlocking/Peierls one. In Titanium, on the contrary, the observation of a locking-unlocking
mechanism at low temperature [60] associated to the measurement of an inverse square law

for the applied stress dependence of the activation area [43], and the high activation area

value at the transition, indicate that the latter might be associated with the locking-
unlocking/Peierls transition. This question will be studied in more details in the near future

[60]. A few years ago, a strong discontinuity similar to that measured in Titanium has been

pointed out for prismatic glide of Magnesium [8, 9]. The explanation proposed at that time by
the authors is now again under discussion in terms of locking-unlocking/Peierls transition.

4. Friction forces and strength anomalies.

In this part, attention will be focussed on the correlation between the locking-unlocking
mechanism and the strength anomalies observed in several metals and alloys. A general
overview of the problem of strength anomalies (which is outside our subject) can be found in

previous papers [4, 75]. Several contributions in this conference will be taken stock on this

question.

4,I MODEL oF STRENGTH ANOMALY IN BERYLLIUM [50-52]. In situ experiments have

been performed between 80 K and 420 K in single crystals of Beryllium in order to find the

true origin of the strength anomaly measured by Regnier et al. [53, 54].
Surprisingly, a jerky movement associated with the locking-unlocking mechanism has been

clearly identified in the whole temperature range (Figs.16, 17). At each temperature, the

local stress has been deduced from the measurement of radii curvature of non screw

dislocations. Its variation with temperature reproduces very well the shape of the macroscopic

curve, including the stress anomaly (Fig.18). This proves that the behaviour of the bulk

material is well reproduced by in situ experiments and that the physical processes at the origin

of the >tress anomaly are present in thin foils.

Using the method described previously (§2.2.f~, the unlocking probability has been

measured in the range of the stress increase. It results that P~j remains constant

(3.5 s~ ) between 300 K, under a stress of 64 MPa, and 240 K, under a stress of 54 MPa. This

behaviour, which is in contradiction with the laws of thermal activation, is at the origin of the
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T=240K

Fig.16. Evidence of a locking-unlocking mechanism on screw dislocations in Prismatic planes of

Beryllium. Letters refer to successive positions of the same dislocation. T
=

240 K (domain of the stress

anomaly).-

~~~b

II
~b

c

d

Fig.17. Evidence of a locking-unlocking mechanism on screw dislocations in Prismatic planes of

Beryllium. Letters refer to successive positions of the same dislocation. T
=

80 K.
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R=052pm T=200K R=040pm T=240K R=o.29pm T=300K

R=0.32pm T=100K
,

,' R=0.40Pm T=363K
',

,',, ,'
'~'

,

200 300 4OO SOD

R=029pm T=BOX R=O.66pm T=423K

Fig, 18. Local stress measurements and comparison with macroscopic results. On this picture R is the

radius~of curvature of non screw segments of some moving dislocations at different temperatures.

stress anomaly. It could be explained by a continuous evolution of the dislocation core

structure. This evolution leads to an increase in the energy necessary to recombine a screw

dislocation spread in the basal plane as the temperature is increased. In the elastic

approximation, the origin of the strength anomaly is an increase of the dissociation width in

the basal plane, correlated to a decrease of the corresponding stacking fault energy which

renders cross slip progressively more difficult in spite of the increased thermal activation.

This can be described by a negative entropy term AS according to Couret and Caillard [50,
52]

(~»oWAs«~~~~~«o

with : AS
=

~ ~~~ ~~

qhere AS is the entropy term, corresponding to the variation of the reduced energy r
for

recombining the screw in the basal plane.

4.2 FRICTION FORCES AND STRENGTH ANOMALIES. When the deformation is controlled

by the same mechanism as in Beryllium in the whole temperature range, the strength anomaly
is explained by a strong, negative entropy term, corresponding to an evolution of the
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dislocation core structure. This entropy term has been calculated for both the Peierls

mechanism and the locking-unlocking one

~~~~~~ ~~~ ~

~ ~

Locking-unlocking : ASj
~j «

~ ~~

2 dT

It can be noted that 1/2 and 3/2 are the exponents of the reduced energy r
for recombining

the dislocation in the expressions of the corresponding activation energies. The larger this

exponent, the stronger the corresponding entropy for a given variation of r as function of T,
and the easier the formation of a strength anomaly. A strength anomaly is thus more probable
when the deformation is controlled by the locking-unlocking mechanism than by the Peierls

mechanism. In the same way, even if the correlation is not direct, the transition from the

locking-unlocking mechanism to the Peierls mechanism described above facilitates the

decrease of the CRSS.

S. Conclusion,

50 years after its first formulation, the Peierls friction force model appears still applicable to

metals and alloys. It has been continuously improved, and appears now as one of the best

understood dislocation mechanisms. One important step was to introduce non planar
configurations on moving dislocations which have been confirmed later by core structure

computations and electron microscopy. Another improvement is the extension of the Peierls

mechanism to the locking-unlocking mechanism, on the basis of in situ observation of

dislocation movements in several metals and alloys. The Peierls mechanism thus appears as a

limit of the locking-unlocking one, in the case of an athermal locking process at high

temperatures. Locking-unlocking also makes easier the formation of strength anomalies,

when the recombining energy of dislocations increases with increasing temperature. All these

processes certainly play an important role in the mechanical properties of many metals,

alloys, and ordered alloys.

Acknowledgments

The authors are grateful to F.Louchet, N.Clhment, S.Farenc and G.Molknat for

stimulating discussions.

References

[1] EscAiG B., J. Phys. Colloq. 35 (1974) C7-lsl.

[2] VITEK V., Dislocations and Properties of Real Materials, Ed. Physical Society (Arrowsmith,
Bristol) 1985, p. 30.

[3] DUESBERY M. S., Dislocations in Solids, Ed. F. R. N. Nabarro (1989).

[4] VEYSStERE P., Mechanisms and mechanics of plasticity, Ed. J. Castaing, J.L. Strudel and A.

Zaoui, Editions de Physique, Revue Phys. Appl. 4 (1988) p. 431.

[51DUESBERY M.S. et HiRscH P.B., Dislocation dynamics, Ed. A.R.Rosenfield, G.T. Hahn,

A. L. Bement, R. I. Jaffee (McGraw-Hill book Company) 1967, p. 571

[6] KUBIN L. P., Reviews on the Deformation Behaviour of Materials, Ed. P. Feltham 1 (1976) p. 244.

[71 KUBIN L. P., Review>.< on the Deformation Behaviour of Materials, Ed. P. Feltham 4 (1982) p 181.

[8] COURET A. and CAILLARD D., Acta. Met. 33 (1985) 1447.

[9] COURET A. and CAii ARD n.. At ifi ~f<>1 33 II Q85) 1455,



906 JOURNAL DE PHYSIQUE III M 6

[lo] CAILLARD D, and MARTIN J. L., Revue Phys. Appt. 22 (1987> 169.

[I ii BONNEVILLE J., CAILLARD D., CARRARD M. and MARTIN J. L., Mechanisms and mechanics of
plasticity, Ed. J. Castaing, J. L. Strudel and A.Zaoui, Editions de Physique, Revue Phys.
Appt. 23 (1988> p. 461.

[12] CAILLARD D. and MARTIN J. L., J. Phys. So (1989> 2455.

[13] PEIERLS R. E., Proc. Phys. Soc. 52 (1940> 23.

[14] NABARRO F. R. N., Proc. Phys. Soc. 59 (1947) 256.

[15] SEEGER A., Philos. Mag. 1 (1956> 651.

[16] HIRSCH P. B., sth Int. Cong. on Crystallography, Cambridge (1960) p.139.
[17] YOSHINAGA H. and HORIUCHI R., Trans. Jap. Inst. met. 5 (1963) 14.

[18] KOSSOWSKY R. and BROWN N., Acta. Met. 14 (1966> 31.

[19] BEARDMORE P. and HULL D., J. Less. Com. Met. 93 (1965> 168.

[20] KUBIN L. P. and JOUFFREY B., Philos. Mag. 27 (1973> 1369.

[21] WARDFLYNN P., MOTE J, et DORN J. E., Trans. AIME 221 (1961> 1148.

[22] STOHR J. F., Thdse d'Etat, Universitk d'orsay (1972).
[23] STOHR J. F., RtGNIER P. and DUPOUY J. M., Mbmoires Scientifiques, Rev. Metallurg., LXVIII1

(1971> 49.

[24] ESCAIG B., Phys. Stat. Sol. 28 (1968> 463.

[25] FRIEDEL J., Inst. Stresses and Fatigue in Metals, Ed. G. M. Rassweiler and W. L. Grube (Elsevier,
Amsterdam> 1959, p. 220.

[26] SEEGER A., Z. Metallk. 72 (1981> 369.

[27] SEEGER A., Dislocations 1984, Ed. P. Veyssiere, L. P. Kubin and J. Castaing, Editions du CNRS

(1984) p.141.
[28] SCHOECK G. and PuscHL W., Proceedings of the 8th International Conference of the Strength of

Metals and Alloys, Ed. P. O. Kettunen, T. L. Lepist6, M. E. Lehtonen ~Pergarnon Press) 1

(1988) p. 239.

[291 ESCAIG B., J. Phys. 28 (1967) 171.

[30] WERNER M. and SEEGER A., Proceedings of the 8th International Conference of the Strength of
Metals and Alloys, Ed. P. O. Kettunen, T. K. Lepist6, M. E. Lehtonen (Pergamon Press> 1

(1988> p, 173.

[31] ACKERMANN F., MUGRABI H, and SEEGER A., Acta. Met. 31 (1983> 1353.

[32] DUESBERY M. S., Proceeding- of the Symposium on the Structure and Properties of Crystal Defects,
Ed. y. Paidar and L. Lejcek, Elsevier (1983) p. 148.

[33] DUESBERY M. S., Acta. Met. 31 (1983) 1747.

[34] DUESBERY M. S., Acta. Met. 31 (1983) 1759.

[35] LOUCHET F., Thdse d'Etat, Universitd de Toulouse (1976>.

[36] LOUCHET F., KUBIN L. P. and VESELY D., Philos. Mag. A 39 (1979> 433.

[37] IKENO S. and FURUBAYASHI E., Phys. Stat. Sol. 12 (1973> 611.

[38] FURUBAYASHI E., J. Phys. Sac. Japan 27 (1969) 130.

[39] PuicHL W., SCHOECK G. and KIRCHNER H. O. K., Philos. Mag. A56 (1987) 553.

[40] NAKA S., Thdse d'Etat, Universitk de Paris Sud (1983).
[41] NAKA S. and LASALMONIE A., J. Mat. Sci. is (1983> 2613.

[42] NAKA S. and LASALMONIE A., COSTA P. and KUBIN L. P., Philos. Mag. A57 (1988> 717.

[43] BIGET M. P. and SAADA G., Philos. Mag. A59 (1989) 747.

[44] LE HAzIF R., DORIzzI P. and POIRIER J. P., Acta. Met. 21 (1973) 903.

[45] LE HAzIF R. and POIRIER J. P., Acta. Met. 23 (1975> 865.

[46] CARRARD M., Thdse de Doctorat, Lausanne (1985>.

[47J CARRARD M. and MARTIN J. L., Philos. Mag. A 56 (1987) 391.

[48] CARRARD M. -and MARTIN J. L., Philos. Mag. Ass (1988> 491.

[49] COURET A. and CAILLARD D., Acta. Met. 36 (1988> 2515.

j50] COURET A., Thdse de Doctorat (1985).

[51] COURET A. and CAILLARD D., Philos. Mag. A59 (1989> 783.

j52] COURET A. and CAILLARD D., Philos. Mag. A59 (1989> 801.

j53] REGNIER P., Thdse d'Etat, Uiliversitk d'orsay (1969).



M 6 DISSOCIATIONS AND FRICTION FORCES IN METALS AND ALLOYS 907

[54] REGNIER P. and DUPOUY J. M., Phys. Stat. Sol. 39 (1970> 79.

[55] LEGRAND B., Thdse d'Etat, Universitk Paris VI (1984>.
[56] LEGRAND B., Philos. Mag. 849 (1984) 171.

[57J HUG G., Thdse de Doctorat, Paris Sud (1988>.
[58] HUG G., LOISEAU A. and VEYSSIERE P., Philos. Mag. A 57 (1988> 499.

[59] LOUCHET F., Private communication (1990>.
[60] FARENC S. and COURET A., unpublished results (1990>.
[61] CLEMENT N., CAILLARD D., LOURS P, and Couiou A., Proceedings of the 8th International

Conference of the Strength of Metals and Alloys, Ed. P. O. Kettunen, T.K.Lepist6, M.

E. Lethonen, Pergamon Press, 1 (1988) p. 205.

[62] CAILLARD D., CLEMENT N. and COURET A., Microscopy in Plasticity and Fracture Research of
Materials. Edited by U.Messerschrnidt, F.Appel, J.Heydenreich et V. Schmidt (Akad.

Verlag Berlin) 1990, p. 13.

[63] CLEMENT N., COURET A. and CAILLARD D., to appear in Philos. Mag.
[64] CLEMENT N., MOLENAT G, and CAILLARD D., to appear in Philos. Mag.
[65] YAMAGUSHI M., PAIDAR V., POPE D. and VITEK V., Philos. Mag., A 45 (1982) 867.

[66] KAR'KINA L. Ye., GRINBERG B. A. and YAKOVENKA L. I., Phys. Met. Metall. 61 (1986> 63.

[67] YOO M.H., DAW M.). and BASKES M.I., A.S.M. Proceedings on Atomistic Modelling in

Materials, Beyond Pair-Potential, Chicago ~Plenum Press) 1989.

[68] BALUC N., STOIBER J., BONNEVILLE J. and MARTIN J. L., Proceedings of 4th Israeli Material

Engineering, Beersheva 24 (1988> 269.

[69] CRIMP M. A. and HAzzLEDINE P. M., High Temperature Ordered Intermetallic Alloys III, Ed.

C. C. Koch, C. T. Liu, N. S. Stoloff, A. I. Taub, Materials Research Society Proceedings,
Pittsburg P. A. 133 (1989> 131.

[70] CAILLARD D., CLEMENT N., COURET A., LOURS P. and COUJOU A., Philos. Mag. Lett. 58 (1988)
263.

[71] MOLENAT G. and CAILLARD D., to appear in Philis. Mag. (1991).
[72] SUN Y. Q. and HAzzLEDINE P. M., Philos. Mag. A 58 (1988> 603.

[73] VEYSSIERE P., Proceedings Mat. Res. Soc. Symp, 133 (1989> 175.

[74] BONTEMPS C. and VEYSSIERE P., Philos. Mag. Lett. 61(1990>.
[75] POPE D. P. and Ezz S. S., Int. Metals Rev. 29 (1984) 136~


