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Copper electrodeposits with the [111] orientation were obtained from a copper sulfate bath
consisting of 280 g/l CuSO,5H,0 and 80 g/l H,SO, at 30°C. The cathode current density was
900 to 1300 A/m?. Dislocations in the electrodeposits were characterized using transmission
electron microscopy. Dislocations in each of the (111) grains could be classified into two
groups. One group belonged to high density dislocation bundles radiating from one small
area, and another group was located between the bundles. The dislocations in the first
group were directed along the (112) directions parallel to the (111) plane and of the edge
type. About 42 pct of the dislocations in the second group were also parallel to the (111)
plane and of the mixed type. In summary, the majority of dislocations in the (111) grains
was of edge type lying on the (111) plane. © 2000 Kluwer Academic Publishers

1. Introduction dislocations whose Burgers vector are approximately
The electrodeposits contain defects such as dislocgarallel to the thickness direction, because dislocations
tions, twins, grain boundaries and others. The stored erwhose Burgers vector is close to the thickness direc-
ergy due to these defects may provide the driving forcdion would glide out from the deposit by the image
for recrystallization of the deposits when annealed. Thdorce during its growth. Therefore, the Burgers vector
recrystallization textures may differ from the depositiondirections at right angles or near right angles to the
textures. One of the present author [1] advanced a modéhickness direction of the original deposit would deter-
for the evolution of the recrystallization texture of de- mine the absolute maximum internal stress direction of
formed metals. In the model, the absolute maximundeposits.
internal stress direction in the deformed or fabricated This concept could explain the recrystallization tex-
metals becomes parallel to the direction of the mini-tures of copper [6, 8], chromium [9] and silver [10]
mum elastic modulus of recrystallized grains, wherebyelectrodeposits. However, the presumption on disloca-
the release of the strain energy due to dislocations gerions has never been experimentally proved. The ob-
erated during fabrication can be maximized. The straifjective of this study is to investigate characteristics of
energy release maximization model could explain thedislocations in copper electrodeposits.
recrystallization textures of deformed metals [1-5] and
even copper electrodeposits [6].

It is well known that the electrodeposits have high2. Experimental
dislocation densities similar to plastically deformed Copper electrodeposition was carried out in a copper
metals. These dislocations provide a driving forcesulfate bath consisting of 280 g/l CugH,O and
for recrystallization of materials when annealed. The80 g/l H,SO, at 30°C with four different cathode current
Burgers vector directions of dislocations in an elec-densities of 700, 900, 1100, and 1300 A/rBtainless
trodeposit cannot be random and may be determinesteel and lead sheets were used as cathode and anode,
from its texture. The absolute maximum internal stresgespectively. The thickness of copper electrodeposits
direction is the same as the Burgers vector directiorwas ranged from 40 to 6bm.
in case of an array of parallel edge dislocations [1, Specimens for transmission electron microscopy
7]. Therefore, the absolute maximum internal stres§TEM) were cut into 3 mm diameter discs from the
direction can be determined from the deposition tex-deposit and thinned in a solution of 33 Vol.% nitric
ture. There can be many Burgers vector directions iracid and 67 Vol.% methanol at 6. Transmission
a crystals, for example, there are six Burgers vectoelectron microcopy was carried out in Philips CM20
directions, the(110 directions, in fcc metals. How- instruments operating at 200 kV. In addition to the con-
ever, Lee [8] presumed that the density of disloca-ventional bright field method, a weak beam dark field
tions whose Burgers vectors are directed away from{WWBDF) technique was used to obtain a high resolution
the thickness direction would be higher than that ofof dislocation images.
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Figure 1 (@) TEM micrograph showing (111) grains in copper electrodeposit obtained at 1308 Alectron beam is parallel t¢111).
(b) SAD pattern from Grain A in (a).

Figure 2 Weak Beam Dark Field TEM micrograph showing dislocation
bundle in (111) grain. Electron beam is approximately parallélid).

In order to define the preferred orientation of the
growth direction of copper deposits, X-ray diffraction
(XRD) was applied at 50 kV and 100 mA using Cu
target. The orientation of the deposits was expressed
by the texture fraction, which is defined by

| (hkl)/lo(hkl)
— Y [1(hkl)/1o(hki)]
wherel (hKl) is the integrated intensity of (hkl) reflec-
tion measured for experimental specimens and lo(hkl)
is that for a standard powder sample.

Two techniques were applied to carry out quantitative
analysis of dislocations. The Burgers vectors of dislo-
cations were determined by the invisibility criterion, Figure 3 (a) TEM micrograph showing other grains in copper electrode-
in which dislocation images are invisible whgib =0 posit obtained at 1300 A/fn(b) SAED pattern from area with fine grains.
with g andb being a reflection and the Burgers vec-
tor, respectively. To experimentally determine types ofscribed in the following: (i) Take photographs of a dis-
dislocations, the dislocation line directioras well as  location with different beam directions. (ii) Overlap the
the Burgers vector should be identified. The directiondiffraction patterns on each micrograph and mark traces
u can be determined by the trace analysis method desf a suitable reflecting plane. (iii) Measure the angle
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Figure 4 TEM micrographs showing (111) grain recorded parallel to (a) [111], (c) [121], and (e) [011]. Corresponding SAED patterns are shown in
(b), (d) and (f), respectively.
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between the plane chosen and the normal to the prgresent work, the study has been focussed on the speci-
jected line direction of the dislocation for all cases. (iv) men obtained at 1300 AAnbecause of its high texture
Plot these normals on the stereographic projection udraction of (111).

ing the exact beam direction for the micrographs and the

angles. (v) Construct a great circle including the nor-3 5 Microstructure

mals. T_he poI(_e of this great circle is the line directionTypical microstructures of the deposits obtained at
of the dislocation. 1300 A/nt consisted of two distinct areas as shown
in Figs 1-3. The microstructure in Fig. 1 contains rela-
3. Results tively coarse grains, which have radial type fragments
3.1. Macrotexture ~ diverging three directions separated by about &s
The data in Table | indicate that the texture fraction Ofinteresting to note that the (111) grains are divided into
(111) plane increased with increasing current density; to 6 sectors. The electron microdiffraction pattern in
from 700 to 1300 A/M, whereas the texture fraction Fig. 1b taken from the central part of the grain A in (a)
of (110) showed the opposite trend. The orientationgs Cu [111] zone axis. The image of the same specimen
of grains in the sample obtained at 1300 A/mere  with higher magnification, Fig. 2, shows that the bound-
predominantly [111], with minor fraction of [100] and aries spreading in the radial direction are the ‘bundles’
[110]. Leeet al.(recent review [11]) suggested that the of a high density of straight dislocations. An analysis
development of (111) texture at high current densitiesf the image and the corresponding diffraction pattern
was due to a decrease in the copper ion concentratio§howed that the projected dislocation bundles were par-
adjacent to the cathode, because the depletion rate gfle| to (112 directions. Different contrast from indi-
copper ion due to reduction at cathode was higher thagidual fragment seperated by the dislocation bundles
the diffusion rate of copper ion to the cathode. In thejndicates that the fragments in the same grain have
misorientation with each other. The observation of the

TABLE | Texture fractions in copper electrodeposits Kikuchi patterns from each fragment revealed that the
misorientation angle between the fragments was about
Current Density " 5°, which indicates that the dislocation bundles may be
(AIm?) (111) (100) (1100 made of low angle boundaries. In contrast, areas located
between the dislocation bundles have much less dislo-
900 0.679 0.125 0.196  cation density.
1100 0.785 0.077 0.138

In addition to coarse (111) grains, fine grain clusters

1300 0.877 0.032 0.091 . . AR
in fractions were also observed as shown in Fig. 3. The
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Figure 5 Stereographic projection showing pole of the great circle including three normals in Fig. 4.
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Figure 6 TEM micrographs showing (111) grain recorded parallel to (a) [112], (c) [211], and (e) [121]. Corresponding SAED patterns are shown in
(b), (d) and (f), respectively.
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Figure 7 Weak Beam Dark Field TEM micrographs showing straight dislocation bundle in Fig. 6 recorded with ditjeveators. (a) IEZO),
(b) (2@) and (c) (@2).

Debye rings in selected area diffraction pattern (SADP)110], [531] and B11], respectively. The great circle
recorded from the cluster is an evidence for the poly-including the reflections was constructed on the stereo-
crystalline structure. The investigation into electrongraphic projection as shown in Fig. 5. Since the normal
microdiffraction patterns from individual grains con- of the great circle is the line vector of the dislocations in
firmed that the clusters have grains with different depothe bundle, it is concluded that the dislocation line vec-
sition growth directions, such as [110], [100] and [112].tor u is parallel to the [12] direction. Using the same

method, line vectors of other two dislocation bundles

were identified as{11] and [R1]. Another example is
3.3. Quantitative analysis of dislocations shown in Fig. 6, in which a dislocation bundle of inter-
A guantitative analysis of dislocations was carried outest was taken at zone axes parallel to [112], [211] and
at two distinct regions, dislocation bundles and regiong121]. The examination of images and corresponding
between the bundles. Since dislocationimages recordetiffraction patterns in Fig. 6b, d, and f revealed that the
in TEM are two-dimensional projected ones, the dislo-reflections, [58], [315], and [2@], were parallel to
cation line directionsi should be determined to identify the normal directions of the projected image (arrow) of
their types. Straightness of dislocations in the bundleshe dislocation bundle at different zone axes. A great
allows us to determine the type of dislocations usingcircle including the normal directions was constructed
the trace analysis method which is described in the Exen the stereographic projection in Fig. 5. Since the nor-
perimental. Fig. 4a, ¢, and e show the images of an inmal of the great circle is the line vector of dislocations
dividual dislocation bundle taken at zone axes paralleln the bundle, it is concluded that the dislocation line
to [111], [121], and [011], respectively. The examina-vectoru is parallel to the [21] direction. With the same
tion ofimages and corresponding diffraction patterns inmethod, line vectors of other two dislocation bundles
Fig. 4b, d, and f revealed that the normal directions ofwere identified as [P1] and [112]. The examination
the projected image (arrowed) of the dislocation bundleof other (111) grains also indicated that dislocation
at the different zone axes are parallel to the reflectionbundles are parallel t¢112 direction. It is therefore
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Figure 8 TEM micrographs showing dislocation bundle in copper electrodeposit obtained at 98pradorded with differeng vectors. (a) fZO),
(b) (2@) and (c) (@2).

concluded that dislocations consisting of the bundless, the Burgers vectors are normal to the dislocation
are on the (111) plane. lines, indicating that the bundles consist of edge dis-
The Burgers vectob of dislocations in the bun- locations. The above results were also observed in the
dles was very difficult to identify because their close-sample deposited at 900 A7aThe typical microstruc-
packing produced a poor image contrast. A bundle withture of the sample obtained at 900 A/was identi-
a low dislocation density was selected to deternfine cal to that at 1300 A/f) as shown in Fig. 8a. The
of dislocations. WBDF electron micrographs in Fig. 7 grain in Fig. 8a also contained the dislocation bun-
were recorded from an individual (111) grain with dles expanding from the central part with radial direc-
three different two-beam conditions, in which reflec- tions separated by 120whereas the density of dislo-
tions were parallel to (aP@0), (b) (2@), and (c) (@2), cations was remarkably low compared to that of the
respectively. It is noted that the straight dislocations arsample deposited at 1300 A7nit has been determined
rowed are visible with all the thregabove. In the face that the line direction of the dislocation bundles in
centred cubic system, when dislocations are of the typthe 900 A/nt sample was approximately parallel to
b=1/2[110], 1/2[1A] or 1/2[011] which lie down on [211], [112] or [121], as observed in the 1300 A?m
the (111) plane, dislocation images are visible at thesample.
(220), (2@) and (@2) reflections. This result confirms  In a case of the region with the lower density of dis-
that the direction of the dislocations in the bundles islocations, it was difficult to identify their type because
perpendicular to the normal of the (111) planes. they mainly existed as a mixed type. The examination of
In summary, the directions of dislocations in the bun-the Burgers vectors of approximately 300 dislocations
dles are parallel toZ11], [112] and [121], and the existing between the dislocation bundles using the in-
Burgers vectors are 1/210], 1/2[1A] and 1/2[A1].  visibility criterion showed that approximately 42% of
Thereforep=1/2[110], 1/2[1A]and 1/2[A 1] are per- thedislocations hald=1/2[110], 1/2[1A] or 1/2[011]
pendicular to [12], [121] and R11], respectively, that which lie on the (111) plane.
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In addition, the possibility that the dislocations bun- dislocations are of edge type with their Burgers vector
dles may consist of partial dislocations should be conlying on the (111) plane.
sidered. For the (111) foil, partial dislocations are on
the (111) plane, with a Burgers vector of 26l], Acknowledgement
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