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Abstract

Pile-ups observed in short-range ordefeghase of nickel-base superalloys have been investigated using both post-mortem and in situ
transmission electron microscopy experiments. The influence of the foil thickness on the pile-up length, on the distances between the
dislocations and on the elastic interaction stresses experienced by them, is analyzed. The results using the approximation of an infinite
medium or accurate calculations taking into account the elastic relaxation of the stress by the free surface are compared. The experimental
positions of the dislocations are shown to be determined by these latter calculations with a good accuracy so that precise information about
short-range order friction forces can be deduced.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The aim of this paper is to analyze the effect of the foil
thickness on the pile-up properties (length, distribution of the

In f.c.c. Ni-Cr concentrated solid solutions, the defor- dislocations) using experimental results and to compare the
mation proceeds by the collective motion of dislocation numerical calculations in a thin foil with those obtained un-
pile-ups. Both post-mortem and in situ transmission electron der the assumption of an infinite medium. Different samples
microscopy show that, in themodel phases of nickel-based of y-phase nickel-base superalloys, with a thickness rang-
superalloys noteg¢ncre andymcru (Whose chemical com-  ing from 138 to 611 nm were analyzed in a JEOL 200CX
positions are givenifiL]), deformed between 25 and 750, electron microscope. A high voltage microscope (1 MV) has
the first two dislocations of the pile-ups move closely to- been used for samples of the highest thickness. The results
gether, which has been interpreted as the result of short-rangere used to determine the friction stress resulting from SRO,
order coupling. In previous publicatiofa-4] the elastic in- and its destruction by the glide of dislocations.
teraction stresses as well as the energies associated with the
SRO have been evaluated by measuring the dislocations po-
sitions within these pile-ups. However, the elastic interac- 2. Pile-upsin thin foils
tions were calculated without taking into account the screen-
ing effect of the elastic stresses of the dislocations by the 2-1. Elastic field in an ideal case
free surfaces of the thin foil. ) ) )

In a recent paper, the distribution of dislocations in a N @ solid solution, the structure of a pile-up of screw
pile-up within a thin foil has been calculated, taking full ac- dlslocqtlon§ elthe_r parallel or perpendlcular to the surface
count of this screening effect, which has allowed the eval- ©f @ thin foil of thicknessh, gliding under the effect of an

uation of the chemical force resulting from SRO in these 2PPlied stress,, can be expressed by analytical equations
alloys to be quantifies]. [5], which show that all the meaningful physical quantities

depend on the dimensionless parameter T h/ub, where

b is the Burgers vector and is the shear modulus. The
* Corresponding author. Tel33-5-62-78-73; fax:33-5-62-25-79. relevant equations have been solved numerically for various
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Fig. 1. Pile-up of nine screw dislocations parallel to the surface of a thin foil of thickne3&e positions X;) of the dislocations are calculated by
taking into account the elastic interactions fowvarying from 10 to 5x 10° nm [5]; the thickness$h when 150 nm< h < 300 nm corresponds to typical
transmission electron microscopy sample.

The main useful conclusions obtained from this calcula- (iii) The interesting fact is that parallel and perpendicular

tion are: screw pile-ups give very similar resulfs]. One may
therefore postulate that the effect of the stress relaxation
(i) The stress on the leading dislocation of a pile-umof at the surface does not depend strongly on the inclina-
dislocations is1 times the applied stress, as in the bulk. tion of the dislocations. As pointed out by Eshelby and
(i) The stress resulting from the elastic interaction between Stroh[6], the situation is very similar for the case of
dislocations (Wthh we denote interaction StrESS) on a an edge dislocation perpendicu|ar to the surface. The
dislocation located at the distantdérom the leading above results may therefore be used carefully to inter-
dislocation decreases roughly as &kpwhich has two pret observations of more general observed pile-ups in
important consequences, illustratedHig. 1 where we thin plates.

have plotted the positions of the dislocations within a
pile-up of nine dislocations calculated for different foil
thicknesses, frorh = 10 nm until it tends to an infinite
value:

2.2. Analysis of the observed pile-ups

An example of a pile-up obtained after a deformation of
(a) The distanced separating the first two disloca- vymcru at 350°C observed in a foil whose thickness is close
tions is affected by the foil thickness. The calcula- to 160 nm is illustrated irFig. 2 TEM results about the
tion made for a pile-up of nine dislocations shows position of each dislocation within a dislocation pile-up are
that for a thicknes® = 100 nm,d = 42 nm, forh gathered irig. 3which confirms the variation of the pile-up

= 500nm,d = 79nm and foth = 5 x 10°nm, d length with the foil thickness. In the investigated foils with a
=102 nm. thickness ranging from 150 to 600 nm, the average distance
(b) In a thin foil, for example when 150nm h < d between the first two dislocations remains constant around

300 nm which corresponds to typical transmission 30 & 5nm in contradiction with the calculation illustrated
electron microscopy samples, the interval between in Fig. 1 This pairing is known to be due to short-range
adjacent dislocations increases very slowly with order[1]. This effect is taken into account in the calculation
the distance to the head of the pile-up. Besides, illustratedFig. 4; in this numerical case with SRO, it appears
for a given number of dislocations, the length of thatd remains practically constartt & 100 nm,d = 19 nm;
the pile-up increases with the thickness of the h =500nm,d =24nm;h =5 x 10°nm, d = 26 nm); the
foil. effect of short-range order is analyzedSection 3.1
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By measuring the positions of the dislocations in pile-ups
imaged by TEM, we have evaluated the elastic interaction
stresses on the dislocations either by using the bulk approx-
imation [7], or by using the calculations for screw dislo-
cations taking into account the stress relaxation due to the
free surface[5], referred to as thin plate approximation.
Fig. Sillustrates a typical example. In this example, the ex-
perimental pile-up has a 1@haracter which is rather close
to that of a screw and allows the comparison to be done.
Three points are worth mentioning:

(i) Calculations taking into account the effect of the sur-
faces indicate almost zero elastic stress on the dislo-
cations located at a distance larger than 500 nm, while
calculations in the bulk approximation give a stress of
about 25 MPa up to the end of the pile-up. This obser-
vation indicates that the calculation captures reasonably
well the relaxation effect of the surface.

(i) Both approximations give very close values of the elas-
tic interaction stress on the first dislocation, which is
in agreement with the conclusions $éction 2.1

(iii) The elastic interaction forces on the first dislocations
are different from zero, up to about the 4th dislocation,
which has been interpreted to be the result of a chemical
force acting on the dislocations (s8ection 3.

3. Analysis of short-range order in Ni-base alloys

3.1. How SRO affects the position of dislocations within
the pile-up?

Fig. 2. A typical pile-up illustrated in a post-mortem TEM image of S_mce all the d'S|Ocat'0nS.0f a pile-up S_hC_’UId be_at equi-
vMcre deformed at 350C. The spacing between the first two dislocations ~ librium, we assume that besides the elastic interaction force,

is 27 nm. The thickness of the foil is 160 nm. there is a friction force opposing the motion of the dislo-
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Fig. 3. Measured positions of the dislocations of observed pile-ups in thin foils of different thickrress@82, 312 and 432nm. The lengths of the
pile-ups are, respectively, 919, 1161 and 2068 nm. No significant foil thickness effect is observed for the distance between the first two dislocations
while the distance between others dislocations increases very slowly with the distance to the head of the pile-up.
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Fig. 4. Pile-up of nine screw dislocations parallel to the surface of a thin foil of thickmegsa short-range ordered alloy. The positiong) (of the
dislocations are calculated by taking into account the elastic interactiorsvarying from 10 to 5x 10° nm and short-range order effec8e(tion 3.
The same scale as &ig. 1 has been chosen for an easier comparison.

cations. This force results from the destruction of SRO by In Table 1 the positions of the dislocations have been nu-
the dislocation glide, i.e. the variation per unit length or merically determined in three different cases and compared
equivalently of the energy per unit area of the planar de- with the experimental ones. In the first case, the effect of
fect formed by the destruction of the order. We assume fur- SRO is not considered, in the 2nd, it is supposed to act only
ther that the first dislocation is stopped by a high friction on the first two dislocations, and in the 3rd, it is supposed
stress. to be effective up to the 7th dislocation. The best fit corre-
sponds obviously to the last case. This comparison confirms
that the positions can be determined using TEM images with
200 7 a good accuracy (sdgg. 63 then, it reveals which disloca-

150 o buk tions experiences SRO. Here, the destruction of SRO needs
. X )

s o thin foil about seven dislocations.

S 100 -

@ 3.2. Evaluation of the energy due to SRO (“diffuse

2 50 - antiphase boundary energy”)

[%2]

01 Considering that the glide of a dislocatignin an SRO
50 - solid solution introduces some disorder associated with a

planar defect whose energyjis, the value ofy, associated

-100 : : : : ; . with the glide of each dislocation is determined from the
0 200 400 600 800 1000 1200 knowledge of their experimental position, using the follow-
xj (nm) ing equation5]:
p
Fig. 5. Elastic interaction stresses obtained using experimental positions
of dislocations belonging to a pile-up of 1@haracter. The calculaton ~ YP = (P + Db(teq — 1) — ZRi (1)

has been made for the case of an infinite medium using the expression i=1

by Chou et al.[7], and for the case of the real thickness of 208 nm h is th itical st t te th
using the expression by Eshelby and Stroh for screw dislocatn3he Whereteq IS the criical stress necessary o propagate the

dislocation character has been taken into account in the calculation with Pile-up,zs the friction stress due to the lattice friCtid'T“ji the
the bulk approximation. elastic force exerted by the dislocatipon the dislocation



F. Pettinari-Sturmel et al./Materials Science and Engineering A 387-389 (2004) 109-114

Table 1

113

Experimental and calculated positions (in nm) in a pile-up containing nine dislocatiopgcige alloy in three different cases: (1) no SRO is considered;
(2) SRO is experienced by the 1st and the 2nd dislocations; (3) SRO is experienced by the seven first dislocations

p Experimental case, Calculated case without Calculated case with SRO behind the Calculated case with SRO behind

position (nm) SRO, position (nm) first two dislocations the first seven dislocations
Position (nm) ¥p (MI/nT) Position (nm) yp (MI/n?)

1 0 0 0 27.7 0 27.7

2 31 86.1 27.2 22.4 31 22.4

3 81 197.1 72.3 81 10.9

4 177 317.7 143.8 176.8 6.7

5 294 447.8 329.2 293.8 5.7

6 405 589.8 496.6 404.6 2.3

7 582 748.1 681.5 581.8 1.6

8 770 931.3 893.4 769.4

9 1161 1161.6 1156.7 1160

vp is the energy of the fault behind dislocatipncalculated usindeq. (1) The applied stress is different in the three cases and has been chosen to fit

the total length of the observed pile-up.

i, andR; = ZJ. ; Fji the total elastic force exerted on the
dislocationi by the other dislocationg Fig. 6b shows the
result of the determination gf, obtained from the analysis
of Fig. 6a The following results are obtained:
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Fig. 6. (@) Example of a pile-up found during in situ deformation of
yMmcre at 25°C. The dislocations are located in the (I)lplane. The

positions of the dislocations have been calculated assuming fault energies

plotted in (b). The calculated positions are superimposed (dot lines),

the equilibrium shape corresponds to a dislocation pinned at the surface

submitted to an effective stress of 11 MPa. (b) Energigsf the defects
between dislocatiop andp + 1 resulting from short-range order.

e The energies of the faults are found to decrease down to
zero only after the 6th dislocation. Thus, the passage of
seven dislocations appears necessary to destroy totally the
SRO.

e As a consequence, as the last dislocations are at equilib-
rium, the effective stresgq— 7 acting on the observed
pile-up is very small, of the order or less than 1 MPa.

e The friction forceyg, or equivalently the stresg (=yo/b)
on the 1st dislocation, is obtained frdfig 6b. Observa-
tions show that it decreases with temperature from about
30 mJ/nt (to ~ 120 MPa) at 25C down to 10 mJ/r(zo
~ 39 MPa) at 750C, in agreement with the results ob-
tained by Schwander et al. in Ni-21% (8]. Further-
more, the force due to SRO opposed to the movement of
the dislocations is so high (from 40 to 120 MPa compared
to the applied stress in the order of 10 MPa) that the prop-
agation of dislocations is only possible by the formation
of pile-ups, even at this temperature.

4. Conclusions

Transmission electron microscopy observations of pile-
ups in alloys presenting short-range order have been inter-
preted with the help of calculations taking into account the
stress relaxation at the surface of a thin foil.

Experiments show that the length of the pile-ups and the
general distribution of the dislocations within it are influ-
enced by the foil thickness but that the spacing between
the first two dislocations is not sensitive to the thickness
of the foil. This has been attributed to the existence of
short-range order in the alloys. The evaluation of the friction
force due to SRO, as well as the associated energy values,
were determined by comparison of measured dislocations
positions and numerical calculations taking into account the
thin foil effect. The results attest that the thin foil influ-
ence must be taken into account for a better accuracy of the
results.
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