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Résumé. — S0 ans aprés la premiére idée de base de Peierls, nous faisons une revue des différents
aspects des forces de friction dans les métaux et les alliages. Les diverses approches sont
comparées, et nous montrons que toutes conduisent a des résultats semblables, correspondant a
deux comportements différents dans deux domaines de température. Les résultats expérimentaux
dans les métaux CC, HC et CFC sont en bon accord avec ces développements théoriques. Dans
une seconde partie, nous développons une extension du modéle de Peierls, appelée blocage-
déblocage, sur la base de résultats expérimentaux obtenus dans les plans prismatiques du
béryllium. Elle s’applique 4 de nombreuses autres situations, telles que le glissement prismatique
du magnésium et du titane, le glissement cubique et octaédrique des alliages ordonnés
L1, 4 base nickel, et peut-étre quelques métaux CC. Nous discutons la relation entre les
mécanismes de blocage-déblocage et de Peierls, ainsi que le role du blocage-déblocage dans la
formation des anomalies de limite élastique.

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 L1, 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 DO,o, B,, L1, or L1, structure,
Veyssiére [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 1 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 will be respectively
discussed in sections 3 and 4.
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Fig. 1. — 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. This 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 dissociation 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. 1). 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 = — obx. The dislocation energy passes
through a maximum which gives the activation energy AG of the mechanism. The length
X, 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. 1b or c) or a pair of kinks more or less well separated (Fig. 1d or e). The
corresponding theoretical model will be different (Tab. I).

AG

\W:be

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 1. — Critical configurations, theoretical models, activation area and experimental results
Sfor the two stress ranges of the Peierls mechanism.
High stress (0 > 0, ) Low stress (6 <o.)
, |
| J
Critical |
Configurations {1 O
| i
! * |
CROSS SLIP LINE TENSION KINKS PAIR
Friedel Seeger Kink Kink
[25) (1959) [26] (1981) interaction ' interaction
- 1r Log r
Duesbery Duesbery
Hirsch Hirsch
,Theoretical [5] (1967) (5] (1967)
Models Escaig -
Escaig Seeger [24] (1968)
[29] (1967) [26] (1981)
Schoéck Schoéck
Piischl Piischl
[28] (1988) [28] (1988)
Duesbery
[32] (1983)
Activation Area o2 Log (1/c) c-1/2 c-1
dependences -
Kubin Werner Werner Kubin
Jouffrey Seeger Seeger Jouffrey
[20] (1973) [30] (1988) | [30](1988) [20] (1973)
Experimental .
Results Biget Ackerman Ackerman
Saada Mugrabi Mugrabi
[43] (1989) Seeger Seeger
[31] (1983) [31] (1983) i
A 1

1.1 THEORETICAL MODELS.

1.1.1 High stress (o > o). — If the height of the critical configuration is less than the
distance between two neighbouring Peierls valleys (Fig. 1b or ¢) 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 ¢ 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 4 can be expressed as:
AG=U.+ 952 432 .2 _ 2512 312 12

3ob 3 02b?
where U, is the constriction energy in the Peierls valley, = is the line tension, r = R/7,
R the energy of dissociation per unit length in the Peierls valley (absolute value), and
o 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 small,
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 (1/o') which is
different from that of the Friedel model.

Both models have been compared in table 1.

1.1.2 Low stress (o < o.). — 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. 1d or ¢) (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 Schéeck and Piischl
[28]. The corresponding activation area varies as o~ "2 On the other hand, Escaig [24]
assumes a logarithmic dependence and takes into account the interaction between constric-
tions when the kinks separation is small. He obtains a variation as o~ ' 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).

1.2.1 BCC metals. — First, it is worth noting that every theoretical and experimental study
leads to an abrupt change of slope for the variation of the 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 assumptions 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) CRSS 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
variation 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 Schéeck and Piischl [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 %Si [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, Schéeck and Piischl [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 a 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 Schéeck and Piischl 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
300 K) and activation enthalpy (0.8 eV at 336 K) deduced from the analysis of single
dislocations movements are in excellent agreement with those deduced from all detailed
models. Assuming a kink height of 2 = ¢ and not & = ¢/2, calculations of Schoeck and Piischl
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Fig. 5. — Schéeck and Piischl [28] : Activation enthalpies for cross slip (dotted lines) and kinks pair
formation (full lines) in Magnesium as a function of 7/u (a = R/ub?).

[28] yield 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 governed 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 =300K.
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Fig. 7. — Naka [40-42] : Prismatic glide of Titanium: a) Variation of the CRSS as a function of
temperature, b) Variation of the activation area as a function of temperature.
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Fig. 8. — Biget and Saada [43] : Prismatic glide of Titaniume: Variation of the CRSS as a function of
(V/6*)~ 2 (¥ : 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 of Le Hazif and Poirier [44, 45], in several pure FCC metals strained
along (100), have shown that extensive glide in non compact {110} 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
{111} 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 {111} 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 Caillard [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.

2.1 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 [S50-52].
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 parallel to [10T0].

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 sérew dislocations is
no longer smooth and continuous, but jerky. For instance, one dislocation appears immobile
in successive positions a, ¢, 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 2s.

The dislocation slip traces exhibit segments parallel to the traces 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 alternately 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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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 parallel to the traces of prismatic (P) and basal (B) planes, after the movement of
screw dislocations and the emergence of superkinks. Beryllium, 7 = 300 K.
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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 [1]. The whole locking-
unlocking mechanism is described step by step in the next paragraph with reference to
figure 11.

a) Locked dislocation (Fig. 11a) : 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 internal
stresses.

b) Unlocking (Fig. 11b & ¢) : 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 = AG Frieqel )-

¢) Jump by glide in the prismatic plane (Fig. 11d) : 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. 11e & f) : According to Escaig [1], 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 {111} 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

T
—

!
A IRR AR
|
! ”"JlﬂLWie*'

Fig. 11. — 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
(AG| =~ Ug,). 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,) and locking (AG,) 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 figure 12, 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

A Jaa

P
metastable

9
B B
stable stable

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

f) Velocity of dislocations : Since the two processes act in series, the average velocity of
screw dislocations can be expressed as:

N
o]
|
| >1

~
o
+
~
=]
bl |
w
1
=

where Vp is the instantaneous dislocation velocity during the jump in the prismatic plane,
tp the average flight time in the prismatic plane, 7 5 the average locking time in the basal plane
and A the average flight length.

Using :
AG,

1
=P1=POICXP—T€7; and —_—-=Pu[=P0uleXp—
Iy

AG
kT

,._.

=

P

where P and P, are unlocking and locking probabilities, respectively, the dislocation velocity
can be expressed as:

AGl—ul

T N with AGl—ul=AGul'—AGl-

V =Vyexp —
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Since AG ; > AG, the activation parameters of the locking-unlocking mechanism are close to
those of unlocking. We thus obtain :

AG | _y = AGy — AG | = AG | = AG rieqel
and Al-—ul=Au]_Aleul=AFrledel.

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 t5 = 0 and progressively escape. Under such conditions, the number

AN (g4 ON(um)
A Bl

total number of total number of
SOOJ measurements: 145 t measurements: 129

200 )

300* 2000 4

a) 0 0 05 ] talS] c) o0 01 02 Afpm)

75

25, 254

0 Z 0 .
by 0 05 1 tg(s) d "o 01 02 Alpm)

Fig. 13. — Laws of probability of locking and unlocking, + Waiting time measurements in the locked
configuration : a) linear scale, b) semi-logarithmic scale. * Jump length measurements in the unlocked
configuration : c) linear scale, d) semi-logarithmic scale.
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AN (tg) of dislocations which are unlocking between tz + Afy decreases exponentially,
according to the simple law :

AN (3)

=C —Potg).
A exp(— Py 1)

This confirms that each dislocation has a constant probability P, of unlocking per unit
time, in agreement with the corresponding cross slip model. P, is easily obtained from the
slope of the logarithmic curve (Fig. 13b):

Pu1=3.55_‘

The average waiting time is thus 1/P,; = 0.22s.

It is not possible to use the same procedure for the dislocation flight time ¢,, which is too
short to be measured. However, it is possible to measure the corresponding jump length
A = V1, As the dislocation velocity in the prismatic plane ¥, is unknown, but constant at
constant stress, the distribution of A must reproduce the distribution of tp

The results are plotted in figure 13c. Here again, the jump length and thus the waiting time

1, for locking obey a simple exponential law, with a mean jump length A of 0.068 pms~' 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 dependence : 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 b2 which is not in contradiction with macroscopic measurements of
Régnier (400 42 at room temperature) [53, 54].

2.3 OSERVATION OF LOCKING-UNLOCKING IN DIFFERENT MATERIALS. — In many other
metals with different structures (BCC, HCP, L1,) 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



900 JOURNAL DE PHYSIQUE III

1) - Fe
> .
> < < _05pm
r;é.a;;é,. u.:*.tmi‘gﬁ'
t = 0.0 sec .02

4) - NiAl

t = 0. sec

0.02 | 0.04

Fig. 14. — Evidence of a locking-unlocking mechanism in several materials: 1) Iron-Louchet [59],
2) Titanium-Farenc and Couret [60], 3) Cube glide in the ¥’ phase of a superalloy (CMSX2), Clément
and Caillard [61-64], 4) Octahedral glide in Ni,Al, Molénat and Caillard, private communication.

prismatic plane and the two first-order pyramidal ones. The o ~ 2 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 L1,
structure. In the case of cube glide in the v’ phase of a superalloy (Fig. 14.3), Clément ez 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 (111)
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 Molénat and
Caillard [71] 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 L1, 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 Veyssiére in Ni,Si [73] and Bontemps and Veyssiére in
NizAl [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
observed 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 (7 = 300 K, Fig. 6), screw dislocations glide according to the Peierls

) N
P> g

[}

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. 7 = 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 < 7 < 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 the 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 (= 10 5?).

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.

4.1 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. [S53, 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 stress 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, remains constant
(3.5s~ 1) 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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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)..

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. 7" = 80 K.
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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]:

dO’ '—AGul
o -34Gy gr
with: S =———37T

where 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 :

. —1dr
Peierls : —
eierls ASp o 3 dF
. . -3 dr
Locking-unlocking : hY — .
ocking-unlocking AS| g > AT

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.

5. 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.
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