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Weak beam observations of dissociation of pure
screw dislocations in NizAl
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The dissociation of superdislocations in NizAl, which have a pure screw character, has been
recorded on weak beam images at the g(5g) imaging condition. All screws were observed
to dissociate on an {001} habit plane bounding APB faults. By computer modelling, the
dissociation distance (d°SF) of the Shockley partial dislocations that bound a complex
stacking fault is shown to be less than 1.5 nm. This is the first reported case of fourfold
dissociation bounding CSF+APB+CSF faults with a non-planar configuration and pure
screw character. The energy values deduced from the measured spacing show quite large
difference from the results obtained from dissociation with a planar system. It is
questionable to use the linear anisotropic elasticity theory for such small splitting and
nonplanar configuration. In addition our simulations demonstrate that a g{ng) condition is
a wise choice for imaging partial separation. © 2000 Kluwer Academic Publishers

1. Introduction and Mills indicated from their simulations that the
The measurement of fault energies for superdislocastrongest pair of image peaks in fourfold-dissociated
tions with the fourfold dissociation have been reportededges cannot be used in partial spacing measurement
for a number of NJAl alloys [1-3]. Their results are because they are independent of the spacing variation.
all based on the planar configuration. So far the weak For a pure screw case, as simulations show in
beam (as extrapolated from observations of edgedyig. 1a(ii), at they(5g) imaging condition, the number
and HREM evidence we have on the sub-splittingof partial image peaks directly agrees with the number
of 1/2(110 partials all suggest that there is no visi- of cores included in the model. Also the image contrast
ble sub-splitting of screw superpartials. The key tech-has a much simpler structure and makes local spac-
nique in their work is the employment of an unusualing measurement much simpler. It should be noted that
2g(5g) diffraction condition for the weak beam imag- both the right-hand and left-hand pairs of partial peaks
ing at a range of electron energy from 150 kv to 300shown in Fig. 1a(ii) can be used in the spacing mea-
kv. In addition they made use of a simulation programsurement needed to deduce the CSF energy (based on
(CUFOUR, Schaublin and Stadelmann [4]) with athe examination of simulations). In Fig. 1c the input
model including many-beam diffraction (Hirseft al.  value fordcsghas been varied from 0.8 to 2 nm and the
[5]) and elastic anisotropy [6] calculations to correct measured separations of each of the pairs for a given
for the effect of image peaks shifting from those of themodel spacing differ only slightly from each other. Fur-
cores. However, the interpretation of observations whether calculations have shown these differences depend
using a 2 reflection will suffer from some difficulties. on the foil normal and beam direction etc.
Here we are trying to give a picture for this problem On the contrary at thegdg condition as shown in
by image simulations. Although these group of simula-Fig. 1a(i) and the same dislocation configuration, it is
tions do not represent a full assessment for the imagingiuch more difficult to measure the partial spacings di-
conditions, they do generally show a possible mistakeectly because of the existence of extra image peaks
which can be made when using thg 2 whose positions and intensities are strongly dependent
As indicated by Hemker and Mills [2] there may be onimaging parameters. Our simulated images were per-
more image peaks than dislocation cores; productiofiormed at quite a high magnification (over 400 k and
of these supplementary peaks, was first addressed lyence each point corresponds to an unphysically nar-
Humphreyset al.[7], and experimentally observed by row column width) without any limitation of resolving
Hemker and Mills [2] in N3Al using a 2 reflection.  power, and practically, there may be overlap among the
These results may cause some difficulties or confusiopeaks due to a lower image resolution. Further evidence
in the interpretation of experimental results. Hemkeris given in Fig. 1d and Fig. 1e showing the profiles of
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Figure 1 Comparison in image effects between ¢¢8g) and 2)(5g) conditions by simulations. a) Computer simulated images and peak profiles for a
fourfold dissociated screw superdislocation inAli (Beam direction= 113, Foil normak= 213, Foil thickness= 70 nm,g = 220). Simulated images

at 200 kv and 8(5g)(l) andg(5g)(Il) conditions separately; b) Image peak profiles at conditions of 150 kV, 200 kV and 300 kV separately, showing
the overlapping and contrast features at tg€5g)(1) and g(5g)(Il) conditions separately and other imaging condition same as (a); It must be noted
that intensities corresponding to pairs of the imageg%d) and 2)(5g) conditions are not on the same scale while the intensities at different electron
energies at the same reflection condition are because the intensitigSgtate over 5 times lower than tlgg5g) condition; c) Image peak distances

as a function of the input model at thébg) condition, showing both pairs can equally be useful for spacing measurement; the imaging condistions are
the same with a)(1l) at 200 kV (no projection correction); d) Computer simulated image peak profiles for a fourfold dissociated edge superdislocation
in NizAl (Beam direction= 113, Foil normak= 221, Foil thickness= 70 nm,g = 220) at 300 kV and §(5g); €) Peak profiles for dislocation the same

as d) but imaging at 200 kV arg{5g).
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image peaks for an edge superdislocation with fourpure screw character, whose screw configurations were
fold dissociation using thedgf5g) at 300 KV and the typically extremely straight and uniform on the scale
g(5g) reflection at 200 KV separately. The position of the resolution of the weak-beam images and were
marked “p3” may appear to be two peaks and the poprecisely aligned along [0].
sition for stronger one varies with slightly varying the In order to image any possible further dissociation of
deviation parameter (negative, exact and positive Braggcrews partials into CSF-coupled partial dislocations
conditions) at the @5g) condition while the p3is sta- the beam direction was set to about [113] (midway be-
ble and only one peak g{5g) in simulations. The shift tween the (001) and (111) fault planes). All images
of the stronger “p3” betweeBg(4.95g)and2g(5.0g)  at theg(4g) condition show only twofold dissociation.
conditions is about 0.7 nm which is rather significantHigher deviation (abovg(6g)) resulted in very low in-
for deducing fault energies. Baluc and Schaublin [3]tensity of images. Fourfold dissociations were imaged,
have studied the correlation between the total six peaklsut only in a few cases, at thg{5g) condition at a
and four Shockleys and assessed the relation betweenagnification of 120 K or higher.
the appearance of the extra peak in p3 and partial spac- Fig. 2b shows the fourfold dissociation with very
ings. Also, Baluc and Schaublin [3] made different in- narrow spacing of the Shockley partials which are all
terpretation for the strong pair (p1 and p2) from thealigned perfectly along [I0]. Each pair of Shockley
conclusion by Hemker and Mills [2]. In Fig. 1d the p1l partials consists of a stronger peak alternating with a
appears to be two peaks when there is one peak in p3 ateaker peak. Fig. 2c shows the best image match ob-
theg(5.05)condition, so these demonstrate sufficientlytained by simulation.
the advantage of thg(5g) condition. The distances between image peaks were measured
Here we have no intention to assess the general comusing the image analysis program SEMPER to obtain
ditions when using the weak beam method in imag{peak profiles from digitized TEM negatives. For the
ing very small separation. The purpose of this worktwofold separations as shown in Fig. 2a, it is quite
is that firstly, we wish to examine critically the practi- easyto make precise measurements either by projecting
cality of the application of thg(ng) condition to the along whole dislocation length or by averaging a group
measurement of partial spacings, and secondly, studflocal measurements. For the fourfold dissociation the
ies reported here show the fourfold dissociation withmeasurement of the apparent spacing is more difficult
the cube APB/non-planar configuration, observed abecause of the faint intensity for the two weaker peaks,
theg(5g) weak beam condition. We try to use linear stronger overlapping between Shockley partial image
anisotropic elasticity to deduce the fault energy valuegprofiles and oxide spots on the image caused by elec-
associated with the measured spacings, and commetibn beam damage. Using SEMPER a number of local
on the reliability of our results. measurements have been made as shown in Fig. 2d,
which were performed by projecting along short length
segments. This procedure can effectively reduce noise

2. Experimental observations in image peak profiles compared to isolated line

2.1. Specimen preparation scans
The polycrystal of stoichiometric MAI used in the j . -

present study was supplied by Rolls Royce. The al- A computer program with excellent peak-picking
loy was heat treated at 100D for 100 hours foliowed and curve-fitting algorithms which are based on Maxi-
by aroom temperature water quench. No deliberate gdnum Likelihood methods was used for fitting a model

formation was performed and thin foils for TEM were Egggfrfggtoo;a i\s/:tn %;Faegléf ?Li\éaégﬁ]s usiihnap(rar?e’tr?gg
prepared by electropolishing using a solution of 10% ' 9 ) puting

perchloric acid and 90% methanol at 15 V an@0°C. could provide accurate positions of image peaks with

The dislocations were imaged at 200 kVWi,[haJEOI_corresponding confidence limits, of each component
2000 FX TEM, the magnification settings of which had peak.

been calibrated by HREM lattice imaging. The reflec- F.'g' .2d shows an example of image peak profiles b_y
tion vector (= 220) was chosen to be parallel to the projecting along a short length of the core near the foll

overal BUrges vectoby (101 of hescrew - 211 210 1 350 JLaes e e g meen,
perdislocation. In order to set the weak beg(ng) P P '

condition, the crystal was tilted in such a way that thepeak separation at a series of positions along the dislo-

Bragg condition was satisfied just past the nth funda-c"’mon length are given in Fig. 2e. Each point is from a

mental diffracted beam. This diffraction resulted in aline profile obtained by projecting along a length of a

deviation parametes = 0.25 nnt? for the g(5g) con- few nm. The apparent spacings obta!ned by averaging
dition. these points are shown in Table | which also gives in-

It should be noted that using 200 KV rather than 3Ooout models for the calibration of image shift for the ex-

KV is based on the consideration to minimize the Spec_perimental results. The real spacings were obtained by

. . S atching the measured “apparent” separation to those
L?;i?afsamage and to increase the visibility for Weakegenerated by CUFOUR for different sets of core po-

sitions. They are considered to be a valid estimate as-
suming linear elasticity theory is valid. Comparisons of
2.2. Observed dissociations the simulated and the experimental values of spacings
Fig. 2a represents a typical example of the frequenthare given for both twofold and fourfold dissociations in
observed twofold dissociated superdislocation with arable 1.
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TABLE | Inputdata for the simulation (Fig. 1c), measured spacings from simulations and experiments for the two/four-fold dissociation of screw
dislocations in NiAl

Partial spacing (nm)

Simulations WB-observations
Input Output
dApB dAPB
Two-fold dissociation 4.75 4.39 4.400.04
dcsk dars dcsrz dars dcsF1 dcsrz dars dcsF1
Four-fold dissociation 1.4 4.34 1.32 3.83 1.38 1426.20 3.83+0.27 1.38+0.20

40 nm

(b) (©)

Figure 2 a) WB-TEM micrograph for twofold dissociated screw superdislocation showing perfect straight and uniform separation ald_)ﬁg the 1

b) Experimental micrograph at tigé5g) condition (Beam normal =113, Foil normal3 2 14, thickness: 60 nm, HV= 200 kV); c) Simulated image

for matching the experiment as shown in Fig. 2b); d) Example of Peak fitting for accurate determination of image peak positions in Fig. 2b; e) Data
scattering plot from selected segments along the dislocation length from the fourfold dissociated dislocation in Figoatiued
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Figure 2 (Continued.

3. Energy deduction

model [6] in which only the radial force need be con-

As described by Vanderschaeve [8] for a planar configusidered. By computer atomistic simulation Yamaguchi

ration of fourfold dissociation there are two equilibrium
equations:

f12 f11 f12
= 24 + 1
vesk dcsk dape +dcse dapg + 2dcse @)
f21 f21 f2o
e+ vang = — 2
VeSF T Yaps dcsk dape  dape + dcsr @

where fjj is the energy factor ang is the fault en-

et al. [9] show that if the superdislocation splitting in-
volves APB on a single 111 plane the cores of the corre-
sponding superpartials are likely to be planar, confined
to this 111 plane and may be described as dissociated
into corresponding Shockley partials and therefore this
dislocation is expected to be glissile with low Peierls
stress, analogous to the twofold dissociated dislocation
in f.c.c metals. In using Equations 1 and 2 for case
of NizAl, we obtained 1.67 as the value for the ratio of

ergy. The energy factors can be calculated from Stroh’separation of the edge and the screw superpartials lying
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on (111) bounding an APB fault (twofold dissociation)  Using partial separation in Table | and Equations 1—
which is the same as Yoo's work [10]. In our calcu- 4 the energy values deduced for twofold dissociation
lations the ratio of the splitting of partials separatedis yaps,,, = 146+ 2 erg/cn? while for the fourfold dis-

by a CSF fault between pure edge and pure screw isociationyapg,,, = 122+ 9 erg/cnt andycsp= 11248
2.27 while the similar ratio for partials separated by anerg/cnf.

APB is 1.67 the same as the twofold dissociation case.

Theseresults are also obtained by Hemkerand Mills[2]. .

It should be noted that all our elastic calculations ared- Discussion _

performed by a computer subroutine: ANCALC devel- Data in Table | shows both the simulated and exper-
oped by Heat al.[11] which includes the algorithm imental Shockley partial spacingsicsra, desr2) are

for Stroh’s model [6]. slightly asymmetrical. Considering the data scattering
For the non-planar or Kear-Wilsdorf configuration asfeature by the weak beam method the asymmetry in
shown in Fig. 3 we have: the experimental work is thought an image shift effect

rather than existence of a physical difference between

_ 1 _ 1 1 _ 1 the two pair partials. This conclusion obeys the assump-
[110] — 6[121] + 5[2 11]+ é[l 21]+ 5[211] tion by Vanderschaeve [8].

We have obtain a good match in image contrast be-
tween the TEM micrograph (Fig. 2b) and the simu-
lation (Fig. 2c), which means that only the simula-
Yions based on the CSHAPB+CSF dissociation mode

———
CSF(111) APB(001) CSF(111)

The relation between dislocation widths and the faul

energies is. and parameters in Table | can agree with the observed
¢ ; , fourfold image. This is also based on the fact that the
vose = —2 + L cosgry — ap) -1t possible dissociations observed by different workers
desr T2 2 in this alloy system are the twofold APB fault (ei-
) f1o ther planar 111 or non-planar 001 types), the fourfold
x sinfeo — a2) + N Cosfro — 1) CSF+ APB+ CSF fault configuration and super in-
N ! trisic fault that can be determined by the routine Burgers
M2 _ analysis. In addition, the relative peak strength among
+ r sinfeo — 1) @) the partial peak intensities for fourfold dissociation
f1o fo t, is not varied with varying the imaging conditions re-
—YcsF+ YapB = ——/—— + —— COSup + sinag  vealed by previous studies [2] and [3], and the image
dese  daps dars simulations by us, for example, the image simulations
foo 2 show that four partials always have the peak inten-
+ o Cosez + 7" Sine; (4) ity configuration as strong weak- strong+ weak as

demonstrated in Fig. 1bll a(ng) conditions, never

where f. represents the component corresponding t&merging in a form of strongstrong+-weakt-weak or
tangential force and the full derivation was given by Strongt-weak+-weaks-strong or other kind of config-
Stroh [6] and provided in using the elasticity theory urations.
valid. These equations appear more complicated than The comparison in Fig. 2b and Fig. 2c demonstrates
the planar case because the tangential component of t@at, as predicted by the simulations, the image peaks
force has also to be considered. Using ANCALC we carhave a much simpler structure than those seen previ-
easily obtain the parameters needed for the non-plan&usly using the g(5g) condition. Although the im-
configuration (Fig. 3). Expression (4) is given under theage resolution for our experiments is poorer than those
assumption that the two inner partials can move along!sing the B(5g) condition, the apparent spacing we
{111} plane rather thaf001}. achieved is less 1.5 nm which is the level obtained by
Hemker and Mills [2], and Baluc and Schaublin [3].
We are not surprised that both of the two groups ob-
001 tained over 40% image shift for two tenary addition
alloys. Hemker and Mills [2] gave 16% image shift for
the Ni76Al alloy and we have about 10%. This is be-
cause the image shift effect is different for faults on
cube and octehedral planes. The Fig. 4 shows that rela-
tion between model and measurement from our image
simulations for a screw superdislocation lying on (001).
Obviously, the shift fora cube APB is rather small when
the model spacing is larger than 4 nm and may be ignor-
able when spacings are larger than 5 nm. For cases of
faults on (111) the shift effect is relatively much larger
which can be seen from the results obtained by Stobbs
and Sworn [12] in Cu, Hemker and Mills [2] in Bl
It must be noted that the correction we used is different
Figure 3 Diagram of non-planar configuration of a fourfold dissociation from the classic Cockayne correction [13] in which the
in NizAl (dislocation line sense is perpendicular to the paper). image shift is independent on the fault habit planes.

111
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Figure 4 Correlation between the measured separation from simulated images of a twofold screw APB on (001) and the input models; beam
direction= 116 atg(4g), 200 kV, non-beam convergence (no projection correction for the inclined fault).

Schaubliret al.[14] and Menget al.[15] indicated  deviate from the true CSF energy. The discussion for
that deviation and the beam convergence are most inthis problem have been given by Stobbs and Sworn[12].
portant parameters in controlling the measurement of It is very hard to make accurate comparison with
partial spacings. If the deviation is sufficiently large theother measurements because of differences in the imag-
effects of the beam convergence can also be ignoredhg condition, correction method and alloy chemistry.
For NizAl at 200 kV and a 220 type of reflectiog(bg)) However, the ratio between the CSF and APB energies
Menget al.[15] by simulations show that the beam con- should be larger than one, which is thought a general
vergence effectis small. In practise, the image visibilityproperty forL, alloys. The results from Hemker and
for weakest partials is much more important factor tharMills [2], and Baluc and Schaublin [3] all have a “pos-
others. The quality of a high resolution weak beam im-itive” ratio between the CSF and APB energies. From
age will be determined by a combination of variousthis point, our deduced CSF fault energy is so different
imaging parameters, which is difficult to give a generaland it is very likely the non-planar configuration play
guide by simulations. We do not suggest never to us@ major role for elastic model breaking down for the
the Z(5g) reflection but it does need to take great carefourfold dissociation.
to the peak positions in interpretation of results when
using it.

The most surprised in our results is the CSF energy,. Conclusion
being lower than the APB fault energy which is thought 1 computer simulations show that tag) reflection
fluence our interpretation and measurement: condition (no supplementary (ghost) peaks). Our ex-

periment demonstrates thg{hg) condition can be used

e Assuggested by Yamaguddtial.(1981,1982) [9], even for very narrow separations;

the non-planar configuration of stacking fault can 2. The appropriateness of using linear elasticity is
not be treated as a case of fcc structure; doubtful for narrow splittings in a non-planar configu-

o Shockleys were broader introduced by segregatiorvation;

3. A value ofyapg,,, =146+ 2 erg/cn? is obtained
For the last point, we must indicate that the orderingfrom the twofold dissociated superdislocations.
phase of the specimen s very stable up to over 16Q0 K
so the studied alloy is quite homogeneous in chemistry.

Another question is about the validity of the elastic Acknowledgement
model when derived from narrowly separated ShockxM acknowledge the C. C. Wu foundation of Hong
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