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Abstract

NiAl single crystals were deformed in soft orientations inside a high-voltage electron microscope. At room temperature,
dislocations with (100> Burgers vectors move on {100}, {110} and {210} planes and bow out between jogs. The shape of the
bowing is determined by anisotropic line tension. The local effective stress calculated from the bowing is somewhat smaller than
the resolved shear stress quoted in the literature. Viscous motion between the stable positions hints at the additional action of the
Peierls mechanism. Above about 400°C, the dislocation motion is smooth. It is suggested that it is controlled by diffusion

processes. © 1997 Elsevier Science S.A.
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1. Introduction

NiAl with the B2 structure is a prospective material
with a good oxidation resistance for applications at
intermediate temperatures. The shortest Burgers vector
is of (100> type which does not yield five independent
slip systems. At high temperatures, also dislocations
with (110> and (111> Burgers vectors are observed.
Deformation tests with orientations of the tensile or
compression axis away from ({100), which are called
soft orientations, activate dislocations with (100> Burg-
ers vectors. Inspite of a number of respective studies [1],
the mechanisms controlling the dislocation motion and
the flow stress are not yet clear. The different Peierls
stresses of the different slip systems certainly explain
the preference of the (100> Burgers vectors, as sug-
gested by recent calculations [2], but it is open to
discussion whether, or not, the Peierls mechanism con-
trols also the deformation in the soft orientations, as
originally proposed in [3]. Other mechanisms like the
formation of dislocation loops and debris may be im-
portant, too [4]. In situ straining experiments in a
high-voltage electron microscope have been performed
to help elucidate the deformation processes in NiAl as
they enable the direct observation of dislocations under
load as well as their motion.
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2. Experimental

Micro-tensile specimens were prepared from nomi-
nally stoichiometric NiAl single crystals by a two-step
electrolytic jet polishing procedure described in [5].
They were fixed to the grips of in situ straining devices
for the high-voltage electron microscope for deforma-
tion at room temperature {6] or at high temperatures
[7]. The samples had (110) foil surfaces and approxi-
mately [111] or [221] tensile directions. The microscope
was operated at 1000 kV. The samples were loaded in
small load increments. The dislocation structures were
recorded under load on photographic film or on video
tape. Usually [110], [111] or [002] ¢ vectors were chosen
close to the tensile direction so that all or most of the
dislocations with an appreciable orientation factor
should be in contrast.

3. Results

Fig. 1 shows the characteristic shape of dislocations
with Burgers vectors b = {100> under load at room
temperature. The activated slip planes are identified
from slip traces, from emergence points of dislocations
through the surface and from the path of the emergence
points during motion, recorded on video tape. Accord-
ing to that, the dislocations glide on {100}, {110} and
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{210} planes, with frequent cross slip between these
planes. The dislocation mobility does not differ very
much between the different planes.

Screw dislocations are strongly pinned. The average
distance between the pinning agents measured for
about 900 segments amounts to /= 76 nm correspond-
ing to about 260 b, where b = 0.288 nm. Between the
pinning centres, the bowed-out segments are of angular
shape. The main features of this shape can be explained
in terms of the line tension model in anisotropic elastic-
ity. Fig. 2 shows the equilibrium shape of loops on
{100} and {110} planes, calculated by using elastic
ccustanes ftom £1g §  {{{ As already goduted qut (o
[8], screw dislocations with & = (100} are unstable on
{100} planes. Fig. 2 shows that they are unstable on
{110} planes. too. This instability leads to the sharp
‘knee’ at the screw parts and to a preference of mixed
dislocations as in Fig. 1. The local effective shear stress
cag ve estmated irom e size ¢ ne cdicliared 1oans
fitting the images of bowed-out dislocation segments.
The average value of the minor half axis x, of the
lcops, taken from 3% celatively loug bowed-out seg-
ments, is 95 nm. This value has to be considered a
rongn esbmaie ‘detanse of The anzhar Snape Of Yhe
SETHRNS.

A detailed analysis of the video recordings enabled
the obstacles impeding the motion of screw dislocations
to "pe Yoenrihed as Hogs. Yms s dbemonsiraied W Toe
video sequence of Fig. 3a—i. The dislocation moves on
a {210} plane as indicated by the (vertical) [112] trail on

Frig. [. Dislocations with & = (1(Q} on {{0G{ planes taken during in
situ straining of an NiAl single crystal at room temperature. The
frajection of & is approximately pacatiel o g.
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Fig. 2. Shape of dislocation loops with b= (010> on the {100} and
{101} planes calculated by the line tension model in anisotropic
elasticity vsing the elastic constants for room temperature from Fig.
6 in [1].

a (Ll plane. The major naositians are sutaumarized
Fig. 3j. In (a), a dislocation 1s anchored by two jogs, J;
and J,. Because of the great length of the central
segment, the jogs are subjected to an outward tangen-
tial torce, which leads to a letf-shiif ot"J] bBetween (a)
and (b). In (c¢) the central segment bows out extraordi-
narily wide, most probably leading to the creation of
debris D in (d). In this frame, two positions of the left
part of the dislocation apgear in weak contrast due to
a guick motion without the jog. Thereby. the disloca-
tion acquired a new jog J; by cross slip. It is clearly
visible in (f), and is shifted along the dislocation in
Burgers. vector direction hetween () and (g). The dislo-
cation produces a further debris D at J,, which causes
J, to be eliminated and the right part of the dislocation
to quickly move between (g) and (h) with a larger width
of the slip trail, indicated by thin lines in (j). Finally,
between (h) and (i) the right segment moves out of the
foil by further cross slip. The most prominent feature of
this kind of motion is the formation of long segments
by the sideward spreading of the limiting jogs leading
to very large bow-outs as in Fig. 3¢ and labelled by
arrows in Fig. 1. These large bow-outs cannot be
explained by the action of localized obstacles like pre-
cipitates, which is the usual interpretation of curly
dislocation shapes. In a precipitation hardening mecha-
nism, after surmounting one obstacle the moving dislo-
cation segment has a large probability to contact a new
obstacle after sweeping an area of the order of /2 (the
small black rectangle at the lower edge of Fig. 1), which
usually does not yield a large bow-out. Thus, the
formation of many large bow-outs and the sideward
spreading of the pinning agents suggest that jogs cause
the pinning of screw dislocations in NiAl, in accordance
with the cross slip frequently observed. Between the
stable positions the dislocations mostly move in a vis-
cous way at a velocity that can be resolved by video
recording. This suggests that a lattice friction mecha-
nism.is alsa active.,in_agreement_with_the_ fact that the.
segments bowed-out under load do not remarkably
relax when the specimen is unloaded.
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Fig. 3. Sections of a video sequence of the motion of a screw dislocation on a {210} plane at room temperature. Foil plane (110), vertical slip

trace [112).

High-temperature in situ straining experiments were
carried out at about 380, 475 and 565°C. Fig. 4 shows
sections of a video recording of the experiment at
475°C. The main features are typical also of the other
high-temperature experiments, including a much lower
density of jogs compared to room temperature and a
viscous motion of the dislocations. The shape of the
dislocations predetermined by the anisotropic line ten-
sion is still preserved. The average size of the fitting
theoretical loops amounts to about x,=560 nm. At
475°C slip appears preferentially still on {100} and
{110} slip planes with frequent cross slip between these
planes. The dislocation marked by arrows changes from
a {100} plane in Fig. 4a to a {110} plane in Fig. 4b. At
higher temperatures, the slip trails become non-crystal-
lographic so that probably climb, too, contributes to
the dislocation motion.

4. Discussion

The present experiments clearly prove that slip of
dislocations with (100> Burgers vectors in NiAl ap-
pears on {100}, {110} and {210} planes with about
equal mobilities, as already discussed in [10] for the
{100} and {110} planes. Although {210} slip planes
had been found in [9], these planes have not further

been discussed in other papers. Frequent cross slip
beween the different planes results in the formation of
high jogs at room temperature. Between them, the
dislocations bow out. According to the line tension
theory in anisotropic elasticity, the size of the theoreti-
cal loops fitting the bow-outs, represented by their
minor half axis x,, is a measure of the local effective
stress t* according to

* = Ey/(bxo) In(7/[5b1), 0

where E, (=5.8 x 107 '* N for room temperature) is
the prelogarithmic energy factor of an edge dislocation.
With the experimental data above, * becomes about
90 MPa for room temperature, and 20 MPa for 475°C.
The stress at room temperature is slightly smaller than
the macroscopic yield stress (approximately 200 MPa
[3,10]) resolved to the respective glide planes. Thus, the
jog mechanism may explain a great part of the macro-
scopic flow stress. The observed jog distance of /= 260
b should then correspond to the activation volumes
measured in macroscopic tests. The data in [11] corre-
spond to very large activation volumes, whereas small
values in the order of 10b® are reported in [3]. The
latter data are not in accordance with the present
obstacle distance but, in connection with the strong
increase of the flow stress below room temperature,
they suggest the action of the Peierls mechanism. The
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Fig. 4. Video recording of dislocation motion on a {100} plane and
cross slip to a {110} plane at about 475°C.

present experiments also hint at a contribution of the
Peierls stress, in addition to the jog mechanism, by the
viscous motion of the dislocations between the stable
positions at jogs and by the fact that the dislocation
configurations do not relax after unloading. These
present results only partly confirm the theoretical calcu-
lations of the Peierls stress in NiAl [2]. As a conclusion,
the room temperature flow stress of NiAl is certainly
controlled by a jog mechanism together with the Peierls
stress, which strongly increases with decreasing temper-
ature.

At the elevated temperature of 475°C, the effective
stress t* = 20 MPa measured from the dislocation bow-
ing is only about 20% of the macroscopic flow stress.
Viscous motion of dislocations at these temperatures
had already been observed in TiAl [12]. This is a
remarkable phenomenon, which cannot be explained by
the Peierls mechanism with the data of the low-temper-
ature increase of the flow stress. According to standard

theory, thermally activated processes controlling the
dislocation mobility at low temperatures should not be
active above specific temperatures. Apparently, a new
thermally activated process very effectively limits the
dislocation mobility at elevated temperatures, which
should be associated with lattice diffusion. At high
temperatures, climb is indicated by non-crystallo-
graphic slip trails. Because of the low mobility of
vacancies, characterized by a migration enthalpy of 2.1
eV [13], diffusion processes may become evident only in
the temperature range of the viscous dislocation motion
and control it. For FeAl [14], a close connection has
been observed between the kinetics of vacancy migra-
tion, internal friction and the time dependence of the
yield stress anomaly so that these diffusion-controlled
processes might be considered a more general phe-
nomenon of dislocation motion in intermetallics at
elevated temperatures.
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