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Twinned Epitaxy of Copper on Copper 
Theodore H. Orem 

A s tudy of t he X -ray diffraction p atterns of copper electrodeposited on copper mon o­
cr ystals having s urfaces pa rallel to the cubic, dodecahedral , and oc ta hedral pl anes shows an 
in teres ting relationship between electrodeposit and base crys tal. At the current density 
used for clcct rocleposition , the electrodeposit on t he s urface parallel to the dodecahedral 
plane was a monocryst alline continuation of the orient ation of t he base cryst al in every re­
spec L. The' el ec trodeposit on t he s urface parallel t o the octahedral pl ane was a highly 
preferentially oriented poly crystalline electrodeposit madc of microcrystals, some of which 
continued the orientation of the base crys tal, whereas others were twinned with respect to 
t he surface plane of the base crys tal. In the case of electrodeposition on t h e s urface parallel 
to t he cubic p lane, the electrodeposit was also a highly preferen t ially oriented polycrystalline 
electrodcposit made up of microcrystals, some of which continued the orientation of the 
base crystal, whereas others bore a twin r ela t ionship to t he close-packed planes of the base 
crys tal. 

1. Introduction 

A considerable number of investigators working 
in the field of electrodeposition have established that 
there exists a propensity for the crystallographic 
orien t.ation of the electrodeposi t to be the same 
as that of the basis metal, if favorable conditions of 
electrodeposition are maintained [1,2,3,4,5).1 A dis­
cussion based 011 these reference is contained in 
Barrett' "Structure of Metals" [6] . This continuity 
of orientation (epitaxy) has been shown to be possible 
even though the substrate and electrodeposit are two 
different metals, provided the atomic radii of the two 
metals do not vary from each other by more than a 
certain criLical percentage [7,8,9] . Takahashi [10] 
found an orientation relationship when a face-cen­
tered cubic metal, copper, was electrodeposited on 
beta brass, which is body-centered cubic. 

In the course of an investigation designed to study 
the fundamen tal manner in which metal corrode, 
several specimens of monocrystalline copper were 
plated with copper in an effort to determine the 
orientation of the facets of etch pits that develop 
during the att.ack by a erLain corrodent, in the hope 
that the plated facets , con tinuing the ori~inal orien­
tation, would be more readily di tinguishable than 
the original. X-ray difl'racLion patterns of the elec­
trodeposited specimens showed slight but distinct 
differences compared to the diffraction patterns of 
similarly oriented unplated copper single crystals . 
The differences were considered significant enough 
to justify further investigation. Some of the results 
are described herein . 

2. Materials and Procedures 

A monocrystalline copper ingot, grown by the 
Bridgman meLhod of slow cooling from the melt, was 
sectioned to produce specimens having smfaces ap­
proximately parallel to the cubic, dodecahedral, and 
octahedral planes. The specimens were mounted in 
Lucite, ground and -polisbed, and then electropolished 
to remove cold work imparLed ciming the mechanical 

1 Figw'es in brackets Indicate the l iterature references at the end of this paper. 

grinding and polishing operation. Laue back-reflec­
tion diffraction pattern were obtained from eaeh 
specimen, using unfiltered radiation from a cobalt 
target, in order to determine the degree in which the 
mface was parallel to the desired crystallogra-phie 

plane. The specimens were then reground and re­
polished, when neccssary, until the surfaces were 
within one-half degree of being parallel to the cubic, 
dodecahedral, or octahedral planes. Electrodeposi­
tion was carried out in an acid sulfate bath at a 
current density of approximately 30 ma/cm2• Elec­
trolytic copper was used as the anode. Periods of 
plating rano-ed trom a few minutes up to 1 hr. Back­
reflection diffraction patterns at normal incidence 
and using the same radiation as above were then 
obtained from the electrode-posited copper specimens. 
After analysis of the various diffraction patterns, the 
electrodepo its were electropobshed, electroetched, 
and examined microscopically. 

3 . Results and Discussion 

Figure 1 is a series of three photomicrographs 
showing the microstructures of the electrodepo its 
on the monoerystalline copper specimens having sur­
faces parallel to the eubic, dodecahedral, and octahe­
dral planes. Two of the photomicrographs in figure 
1 appear to be of polycrys talline metal, but figure 
1,b is definitely monocrys talline in character. 
Figures 1,a and 1,c exhibit strong evidence of twin­
ning in their microstructures, but figme 1,b shows 
no twinning. 

3 .1. Deposition on Surface Parallel to an 
Octahedral Plane 

A photograph of a normal incidence Laue back­
reflection diffraction -pattern obtained from a copper 
monocrystal whose surface is parallel to an octahe­
dral plane is shown in figure 2,a. Figure 2,b is the 
same type of pattern from the same specimen after 
it had received an electrodeposit of copper. It is 
obvious that X-rays were reflected from more planes 
in the electrodeposited copper than were reflected 
from plane in the base crystal. 
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(a) Surface parallel to (0 0 11. (b) surface parallel to (0 1 1). and (c) sm face parallel to (1 1 1). A prillcip'1l direction ill t ile surface of the base crystal is indicated 
on each photomicrograph . X 250. 

The normals of the refl ectin g planes represented 
by Laue spo ts in fig urf'l 2,a were plotted in a stereo­
graphic trian gle, as shown in figure 3,a . The normals 
of the reflec ting planes represen ted by La ue spots in 
figure 2,b are shown in the stereographie triangle 
hown in fi gure 3,b . The solid circles represent 

normals of r efl ec tin g planes from which spots were 
obtained on bo th th e unpla. tcd and pla ted specimens, 
and the open circles ill figure 3,b are the normals to 
the r eflec tin g planes represented by La ue spo ts 
o btained only from the pla ted specimen. The sizes 
of the circles are roughly proportional to the in ten­
sities of th e pertinent Laue spots. Due to difficul t.\­
in pho tographically reproducing many of the less 
in tense Laue spo ts present on the diffr action patterns 
used to ob tain figure 2, there is a seeming discrepancy 
b etween the number of Laue spots on these photo.­
graphs and the number of corresponding poles 
i ndicated in fi gure 3. T he latter , however , are the 
fact ual represent.a tion of the poles of the planes from 
which reflections were obtained, as determined from 
t he diffraction pattern s. This same apparent dis­
crepancy between spots on pho tographs of diffraction 
patterns and poles shown i n corresponding stereo· 
graphic triangles will be noted in the discussion of 
elec trodeposition on surfaces parallel to the dodeca · 
hedral and cubic planes. In each instance the poles 

r ~ I o · 
=1 
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i 

F I GURE 2. 

b 

Laue back-reflection dl:jJraction patterns. 
(a) Before. a nd (b) af ter electrodeposit;on of copper in a copper monocry~tal. 

T he surface was parallel to an octahedral plane and the X -ray beam normal to 
t he surface. 

shown in the stereographic tri angles represent the 
Laue spots actually observed . The circles contain­
ing a cross will b e explained later in a discussion of 
the means of indexing the various spots shown in 
figure 3. 

The stereographic triangles shown in figure 3 are 
ori ented so that the poles of the pro jection corre­
spond to t he spots in a segment of t he diffraction 
pat terns in figure 2. The segment is ou tlined onl,v 
on the diffraction pattern from the base crystal , 
figure 2,a. The segment for the pattern in fi gure 2,b , 
is in the same relative position as that in figure 2,a 
because the azimuthal orien ta tions of bo th patterns 
are the same. This same manner of presenta tion of 

III 

FIG U RE 3. Unit stereographic triangles showing orientation 
of poles that corres pond to the 1'eflection spots in jiguTe 2. 
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KEY TO SPOTS 

7-7115 13 - 4. 5 1 

8 - 571 14 - J 7 J 

9 - 31. 1 15 - 1 2 1 

10 - 7 9 3 16 - 3 5 J 

11-4 5 2 17 - 2 J 2 

12 - 79 1 18 - 1 1 0 

20 - 4 4 1 

21 - J 3 1 

22 - 7 7 3 

23 - 2 2 1 I 

24. - 5 5 3 

25 - 3 3 2 

19 - 5 5 1 26 - 7 7 5 
FIG URE 4. Stel'eographic triangle identifying spots and zones shown in figur e 3. 

stereographic triangles is followed throughout this the appendix. An interpretation of figure 2,b, from 
paper. which the position of the poles with respect (0 the 

Figure 4 is a stereographie triangle showing the octahedral pole in the stereographic tri angle shown 
spots shown in figure 3,b. In this triangle it is in fjgure 4 were determined, indica,tes that the !will­
necessary to know the location of certain poles, which ning plane in the electrodeposit is parallel onl,\T to the 
co uld not be located from the pertin ent diffraction octahedral plane parallel (0 t he urface of the base 
pattern spots because of size limitations of the crystal. At the current density used for this work, 
camera, in order to index certain zones that con tain twinning occurred only on the sllrface plane. At 
poles corresponding to Laue spots found in the other current densities it is conceivable that twinning 
diffraction pattern . These poles, noL present as might also occur on close-packed planes other than 
Laue spo ts on the difl'raction pattern, have been thr surface plane. 
located by means of circles CO il taining crosses in A careful in vestigation of the spots from t lte lwi n 
order to distinguish them from all other poles in the ori r ntation showed that, as d ectrocieposition pro­
triangle, which were actually located from Laue gressed, they gradually increased in inLcnsity Lo a 
spots present in the C\ifhacLioll pattern . value equal to that of the inLensity of a correspondin g 

It will be noted that each of Lhe solid circles in spot in the base crystal. This would appear Lo 
illdicate that a constant ra tio between the twinned figure 4 is at the in tersection of two or more zones and untwinll ed orientations was bu ilL up in the 

and that the formulation of the indices of the spots electrodeposit . 
represented by the solid circles is in accordance with The method of packing spheres Lo illustrate the 
the conven tional crystallographic method for index- regular and the twin position of an. atomwith respect 
ing such spots. The open-circle spo ts in figure 3,b, (,0 the uppermost two layers in the octahedral plane 
indexed in figure 4, are the location of poles corre- of the base crystal is shown in figure 5. Figme 5,a 
sponding to the Laue spots from the twin of the shows the atoms as they would be packed in the 
surface plane of the base crystal caused by a 60 0 uppermost two layers of a monocrystalline speci­
clockwise rotation abo ut the octahedral axis parallel men whose surface is parallel to an octahedral plane. 
to the surface normal. An explanation of the Figure 5,b shows an atom (dark sphere) as it would 
method of indexing the open-circle spots is given in be located in the first layer of the electrodeposit if 
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C 
FIG U RE 5. Sketches oj packed spheres depicting the atomic 

arrangements in the octahedral plane oj copper. 
(a) The uppermost two layers in the octahedral plane, (b) the deposition of 

an atom of copper (dark sphere) Ul the first of two positiom iu which it might 
locate. and (c) the deposi tion of an atom of copper (dark sphere) in the second 
of two posi tions in which it might locate. 

the deposition were such as to continue the atomic 
configUTation of t he basis metal, in kind. FigUTe 
5,c shows the atom (dark sphere) located in the posi­
tion that it would occupy if the deposition were such 
that the first layer deposited bore a twin relation·· 
ship to the uppermost two layers of the base crystal. 

FigUTe 6 shows by means of spheres the atomic 
arrangement at the interface of the base metal 
(bottom two layers) and electrodeposit (top layer) 
(a) if the atom were to locate as in figure 5,c, and (b) 
if the atom locates as in figure 5,b. The arrange­
ment of spheres in figUTe 6,a represents the atoms 
positioned in the ABAB arrangement of the hexa­
gonal system, in which case the atoms of each 
alternate close-packed layer are arranged directly 
above one another. In the face-centered cubic 
system (copper) the fourth layer of close-packed 
atoms is directly over the first layer, the fifth layer 
directly over the second layer, the sixth over the 

a b 
FIGUl~E 6. Sketches oj packed spheres dep~ctmg the atomlC 

al-rangements at the interface of base crystal and electro­
deposit. 

(a) If copper atoms were to deposit at location shown in figure 5,c: (h) If copper 
atoms were to deposit at location shown in figure 5,h. 

third, etc., in ABCABC fashion, as shown by the 
packing of spheres in figUTe 6,b. 

Judging from the microstructUTe of the electro­
deposit shown in figUTe l,c, it is apparent that a 
copper atom deposits from solution on the surface 
of the base crystal in either of the two positions 
shown in figures 5,b and 5,c, since the electrodeposit 
is made up of many small crystals, some of which 
have the same orientation as the base crystal , and 
some of which are twinned with respect to it, as 
shown by the diffraction pattern obtained from the 
electrodeposit. 

It is suggested that when the copper atom de­
posits from solution it locates randomly on the origi­
nal surface, either twinned or un twinned with re­
spect to the base crystal. The originally deposited 
atoms are then nucleation points around which sub­
sequently depositing atoms locate. These atoms 
probably deposit in monolayers around the nuclea­
tion atoms, those locating around the originally de­
posited twinned atom forming a twinned area and 
the atoms surrounding the un twinned first-deposited 
atom forming an un twinned monolayer of atoms. 
The two monolayers then grow laterally into each 
other. The juncture of a monolayer of twinned 
atoms and one of un twinned atoms is a line of misfit 
of atoms which constitutes a twin boundary. These 
lines of atom misfit are probably the sides of the 
equilateral triangles seen in figUTe l,c. As subse­
quent monolayers of atoms deposit, the areas in 
which misfitting of atoms occurs eventually become 
large enough to preclude subsequent deposition in 
an orderly fashion and an irregularly formed grain 
boundary, such as may be observed in figUTe l ,c, 
results. As a consequence of this type of growth, 
the deposit is polycrystalline in character but with 
the individual crystals having a very high degree of 
preferred orientation. This structUTe is apparent 
both from the appearance of the microstructUTe, 
figUTe l,c, and from the diffraction pattern of the 
electrodeposited erystal,figUTe 2,b. 

3.2. Deposition on Surface Parallel to Dodecahedral 
Plane 

Figure 7,a is a photograph of a Laue back-reflec-

t\ 

~l 

111--

" 

a b 

FIG URE 7. Laue back-reflection diffraction patterns. 
(a) Before. and (h) after electrodeposition of copper on a copper monocrystal. 

The surface was parallel to a dodecahedral plane and the X·ray beam normal 
to the surface. 
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FIGURE 8. Unit stereo gra phic triangles showing Mientation 
of poles that correspond to the reflection spots in figure 7. 

tion diffraction pattern of a monocrystalline copper 
specimen whose urface is parallel to the dodecahedral 
Iilane, the incident beam having been perpendicular 
to the specimen surface. Figure 7,b is a diffrac­
tion pattern of the same specimen after receiving a 
heavy deposit of copper. 

Figures 8,a and 8,b are stereographic triangles 
representing the poles of reflecting planes from which 
Laue spots were obtained on the unplated and plated 
monocrystalline copper crystals shown in figure 7. 
The solid and crossed circles represent poles, as 
previosuly described for figure 3. It will be noted 
that there are no open circles in figure 8,b, as there 
were in figure 3,b, because reflections from planes 
other than those which caused reflections in the un­
plated specimen were not present on the diffraction 
pattern obtained from the electrodeposited speci­
men. Figure 9 is a stereographic triangle identifying 
the spots and zones shown in figure 8. 

The appearance of the microstructure of the elec­
trodeposited specimen whose surface is parallel to the 
dodecahedral plane, figure 1,b, would appeal' to incli­
cate that the atomic arrangement in the electro­
deposit is little, if any, different from that in the base 
metaL There is no indication in the diffraction 
patterns of the base metal and the electrodeposited 
specimen of any difference in their orientations. 

Figure 10 illustrates (a) the configuration of the 
uppermost two layers of atoms in a mono crystalline 
copper specimen whose surface is parallel to the 

dodecahedral plane, and (b) the positions the first 
layer of deposited atoms takes with respect to the 
layers on which it deposits. An atom depositing 
from solution on the surface shown in 10 ,a may locate 
in any position on the surface and still preserve the 
atomic configuration of the ubstrate in so doing. 
Subsequently depositing atoms IiI ewise do not alter 
the atomic configuration at the base crystal interface 
no matter where they deposit. Succeeding layers of 
atoms are deposited similarly, all in a very orderly 
fashion with respect to the underlying layers . Thus, 
when deposition is upon a surface parallel to a 
dodecahedral plane, the orientation of the atoms 
in the electrodeposit is exactly the same as that of 
the atoms in the base crystaL It is emphasized that 
such an electrodeposit was obtained at a specific 
current density. At other current densities it is 
conceivable that twinning might occur on this surface 
also. 

3.3. Deposition on Surface Parallel to a Cubic Plane 

Figure 1I ,a is a photograph of a Laue back-reflec­
tion diffraction pattern obtained at normal incidence 
on a mono crystalline copper specimen whose surface 
is parallel to a cubic plane. Figure 11,b is the same 
kind of pattern obtained after the specimen has 
received an electrodeposit of copper . The difference 
in the number of Laue spots on the two photographs 
is obvious. 

Figures 12,a and 12,b are stereographic triangles 
whose poles correspond to the Laue spots shown in 
figure 11. The solid circles represent reflections 
obtained from both the unplated and plated speci­
mens, and the open circles in figure 12,b, represent 
additional spots found only in the diffraction pattern 
from the electrodeposited specimen. Figure 13 is a 
stereo graphic triangle identifying the spots and zones 
shown in figure 12 . 

Comparing figures 12,a and 12,b , it is readily ap­
parent that there are many more reflecting planes in 
the electrodeposit than there are in the base metal. 
Using figure 13 to identify the open-circle spots in 
figure 12,b it is obvious that the indices of reflections 
that were present only in the pattern from the elec­
trodeposited copper were of a conspicuously higher 
order than the indices of reflections that were present 
in the pattern obtained from the base crystal. 

Since the wavelengths, in accordance ""ith Bragg's 
law, that correspond to the very high indices are 
smaller than the minimum wavelength used in mak­
ing the patterns, it is obvious that the r eflections are 
not from crystals having the same orientation as the 
base crystaL It is postulated that the apparently spu­
rious reflections are from crystals that were formed 
by twinning on the octahedral planes of crystals 
that were deposited with an orientation correspond­
ing to that of the base crystaL If this is true, then 
the twinning should result in the creation of certain 
low-index crystallographic planes in portions of the 
electrodeposit that are parallel to the high-index 
planes from which reflections have apparently been 
obtained. The high-index planes whose normals 
are shown in figure 13 were reindexed in accordance 
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KEY TO ZONE S 

[ 1] - [0 2 3J [1OJ - [12" IJ [ 18J [2 3 ~ 
[2] - [0 3 5] [11] - [3 I: 1] [19] [3 3 4] 

100 [3] - [01 2] [12J - [23 IJ [20] [2 2 3J 
[4J - [013J [13 J - [5 5 2J [2lJ [1: 1 2J 
[5 J - [0 1 5J [14J - [3 3 2J [22J [1: 1 3J 
[6J - [1 I: 3J [15 J - [5 5 4J [23 J [1: 14J 
[7 J - [132J [16J - [113J [24J [1: 1 6J 
[8 J - [3 7 4J [17J - [1 1 1J [25J [1 18J 
[9J - [1 2 1J 

FIGURE 9. Stereographic triangle identifying spots and zones shown in figure 8. 

with the method describ ed in the appendix in an than the experimental minimum. Furthermore, the 
effort to determine whether the extra Laue spots new indices are included in the families of indices 
seen in figure 11 ,b could be reflections from micro- obtained for the reflections in patterns of t he base 
crystals in the electrodeposit bearing a twin relation- crys tal. These facts justify the postulate that the 
ship to the base crystal. Table 1 lists the reindexed electrodeposited copper consisted of crystals having 
planes as "true reflecting planes" opposite the planes orientations of the base crystal and its four twins. 
as indexed in accordance with the orientation of the Figure 14 illustrates by means of the packing-of­
base crystal, which planes have been designated spheres method the atomic arrangements presen t in 
"apparent reflecting plan es." The former are the the preferentially oriented microcrystals making up 
low-index planes in the twinned portion of electro- the electrodeposit whose microstructure is shown in 
deposit that are parallel to high-index planes in the figure 1,a. 
base crystal and the un twinned portion of the electro- Figure 14,a shows the atomic arrangement in the 
deposit. The apparently spurious reflections all now uppermost two layers when the surface is parallel 
have indices with "d" spacings that, in accordance to a cubic plane. Figure 14,b shows the position a 
with Bragg's law, correspond to wavelengths greater depositing atom (dark sphere) will take with re-
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a b 

FIGURE 10. Sketches of packed sphe1'es depicting the atomic 
a1Tangement in the dodecahedral 7Jlane of copper, 

(a) The two top layers of atoms, and (b) th e deposition of atoms of copper (dark 
spheres) in locations which perpetuate the orientation of the base metal, in kind . 

a 

+1 
~ i 

I 

b 

FIGURE 11. Laue back-reflection diffraction pattern s. 
(a) Before, and (b) after electrodeposition of copper on a copper monocrystal' 

The surface was parallel to a cubic plane and the X·ray beam normal to the 
surface. 

speet to the uppermost two layers in order for the 
orientation of the base crystal to be continued in the 
elect-rodeposit. There is no position in the cubic 
surface, as such, in which an atom can locate that 
would not continue the orien tation of the base 
crystal. The microstructure of the electrodeposit, 
figure 1,a, and the diffraction pattern, figure ll,b, 
(with interpretation of extra spots as described here­
in), however, indicate that at some period during 
electrodeposition, situations are created whereby 
atoms are able to locate in a choice of positions, in 
one case where the atomic configuration of the base 
metal will be continued, in kind, and, in a second 
case, where the atomic arrangement is L\·\rinned with 
respect Lo the ba e metal. 

It is postulated that the atoms at first all locate 
as shown in figw'e 14,b, building up as monolayers of 
atoms in accordance with the orientation of the base 
crystal as the atoms deposit laterally around the 
the atoms first depositing at random sites on the 
surface. In time, however, some of the layers of 
depositing atoms grow thicker than others as they 
grow laterally about nucleating atoms depositing at 
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FIG U RE 12. Um:t stereographic triangles showing orientation 
of poles that correspond to the reflection spots in jigw'e 11. 

scattered points over the entire surface of the electro­
deposit. This gives rise to the formation of octa­
hedral planes as shown in figure 14,b, on which planes 
subsequently depositing atoms can locate in a choice 
of position, as in the sketches shown in figure 5. 
Atoms locating in twin positions on such surfaces, 
when viewed in a direction normal to the cubic plane, 
are depicted by the dark spheres in figure 14,c. 

It is suggested that the atoms depositing from 
solution at low-current density have a great tendency 
to deposit such as to form mono layers whose orienta­
tion is the same as that of the base crystal. With 
increasing deposition time, twinning occurs on the 
octahedral , planes, with a consequent formation of 
areas in which the atoms arc in a state of misfit, 
these areas at first constituting twin boundaries. 
, Vith additional deposition time the areas of misfit 
are aggravated and eventually become so large as to 
destroy the ability of depositing atoms to fit into the 
electrodeposit with any semblance of regularity, at 
which time a grain boundary is formed. Although 
there is considerable grain-boundary area in figure 
1,a, the diffraction pattern, figure ll,b, indicates that 
the microcrystals in the electrodeposit which have 
grown in accordance with the orientation of the base 
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KE Y TO SPOTS 

0 1 - 1 11 25 
02 - 1 11 29 
0 3 -1 8 13 
0 4 - 1 8 14 
. 5 -1711 
0 6 - 1 7 25 
0 7 - 1 7 29 
0 8 - 1 5 8 
. 9 - 1 5 9 

010 - 1 5 10 
. 11 - 1 5 11 
.12-1 5 13 
013 - 1 5 17 
0 14 - 1 5 19 
015 - 1 4 8 
016 - 1 4 10 
. 17 - 1 3 5 
. 18 -1 36 
.19 - 1 3 7 
. 20 - 1 3 9 
. 21 - 1 3 11 
. 22 - 1 3 13 
0 23 - 5 13 25 
0 24 - 5 13 29 
0 25 - 2 5 13 
026 - 2 5 14 
0 27 - 5 11 23 
0 28 - 5 11 31 
. 29 - 1 2 4 
. 30 - 1 2 5 
. )1 - 1 2 6 
0 32 - 2 4 13 
. 33 - 1 2 7 
0 34 - 1 2 11 
0 35 - 7 13 23 
0 36 - 7 13 31 
0 37 - 4 7 13 
0 )8 - 4 7 14 
. 39 - 3 5 9 
. 40 - 3 5 11 
. 41 - 3 5 13 
. 42 - 2 3 6 
01,3 - 5 7 13 
0 44 - 5 7 14 
0 45 - 5 7 23 
0 46 - 5 7 31 
0 47 - 4 5 11 
048 - 7 717 
049 - 44 11 

[1]-[4 3 ~ 
[2J - [14 ~ 
[3] - [2 3 1J 
[4] - ~ 2 ~ 
[5] - ~ 5 2J 
[6]-[1 4 ~ 

[7J - [0 3 ~ 
[8J - [12 ~ 
[9] - [2 1 ~ 

[IOJ - [2 3 "2J 

[11J - [2 53J 
[12J - [0 II 5J 
[13J - [02 1J 

[14J - [1 3 "2J 

KEY TO ZONE S 

[15J - [3 "4 1J 
[16] - [2 3 1) 
[17] - ~ 5 2J 

[18] - [1 2" 1J 
[19J - [5 7: oj 
[20] - [7"5 oj 
[aJ - [6"5 1J 
[22J - [5 :3 OJ 
[23J - [7 4 0] 
[24] - [21 0] 
[25J - [11 5 oj 
[26J - [5 2 oj 
[27J - [13 5 oj 

[28J - [9 2 1] 
[29J - [ 3 1 oJ 

[30] - [3 2 1 J 
[nJ - [4 I ci J 
[32] - [5 0 1J 
[33J - [5 1 oJ 

[34J - [71 2 J 
[35J - [7 I oJ 

[36J - [8 1 oJ 

[37] - [11 1 0] 

[38J - [3 1 IJ 
lJ9J - [4 1 IJ 
[40] - [1 (; 1 J 

FIGURE 13. S tereographic triangle identifying spots and zones shown in figure 12. 

crystal still predominate the structure. It is sug­
gested that additional deposi tion would result in 
more and more areas becoming twinned and conse­
quently the development of more areas of misfit as 
the preferentially oriented microcrystals grow into 
each other. Eventually, the areas of misfit evolve 
from twin boundaries to grain bo undaries as the 
degree of misfit is further aggravated. The subse­
quent increase in the number of grain boundaries 
eventually diminishes the surfaces on which the 
atoms can preferentially locate and the entire surface 
then becomes a mass of microcrystals randomly 
oriented. 
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4. Conclusions 

As a result of an analysis of Laue back-reflection 
diffraction patterns obtained from copper electrode 
deposits on mono crystalline copper base crystals 
of varying surface orientation at a current density of 
approximately 30 ma/cm2, using an acid-sulfate 
electrolyte, the following conclusions can be drawn: 

l. A copper electrodeposit on a surface parallel to 
the dodecahedral plane is mono crystalline in charac­
ter and duplicates the orientation of the base crystal. 

2. Copper electrodeposited on a surface parallel to 
the octahedral plane has a very preferentially ori-



T ABLE 1. A pparent reflecting plan es shown in figure 13 and 
calculated true reflecting planes present in the twinned portions 
of the electrodeposit . 

Apparent 'l'ruo Apparen t rrrue 
Spot re flecting reflecting Spot reflecting reHecting 

plane plane p lano plane 
---

I 1 11 25 5 :J7 27 5 11 23 5 1 7 
2 1 11 29 I 95 28 5 11 31 '1 7 5 
3 1 8 13 :J 14 32 2 4 13 1 4 2 
4 1 8 J4 o 5 2 34 1 2 Il 1 3 2 
6 1 7 25 5 I 7 35 7 13 23 I) 7 3 

7 1 7 29 "i 5 5 36 7 13 3l 7 1 9 
8 1 5 8 o 3 1 37 4 7 13 3 1 4 

10 1 510 21 3 38 4 7 14 :J 4 2 
13 1 5 17 I 5 3 43 5 7 13 1 5 1 
14 1 5 19 33 5 44 5 7 14 :2 I 5 

15 1 4 8 2 2 1 45 5 7 23 33 7 
16 1 410 2 0 3 46 5 7 3l 3 9 5 
23 5 13 25 I 93 47 4 5 II 1 4 1 
24 5 13 29 :; 3 9 48 7 7 17 3 5 3 
25 2 5 13 3 3 2 49 4 4 II 2 32 

26 2 514 3 0 4 

ented polycrystalline character , some of the individ­
ual crystals having the same orientation as the base 
crystal and some being twinned with respect to it. 

3. The copper electrodeposit on a surface parallel 
to a cubic plane is polycrystalline in character, the 
individual crystals being very preferentially oriented 
with r espect to the base crys tal, some continuing the 
base-cr ystal orientation and others being twinned 
with respect to it . 

a b 

C 

F lG a R E 14. Sketches of packed spheres depicting the atomic 
anangements in the cubic plan e of copp er. 

(a) T he two top layers of atoms, (b) tbe deposition of an a tom of copper (dark 
spbere) to locat ion whi ch w ill perpetuate orientation of base metal in electro­
deposit, ill kind , and (c) t be deposition of atoms of copper (dark spberes) in 
locations correspondtog to tbe twin positions on tbe octahedral planes of the 
base metal. 
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6. Appendix. Interpretation of 
Diffraction Patterns 

The procedures for indexing the open -circle spots 
shown in figures 3,a and 12, bare outlined in the 
following sections. 

6 .1. Electrodeposit on Surface Parallel to 
Octahedral Plane 

Figure 15 is a pole figure showing the rela tionship 
between principal poles in a stereographic proj ec tion 
when the octahedral pole is a t th e center of the pole 
figure. The darkly outlined triangle, 1 1 1, 1 1 0, 
1 0 0, is the s tereographic triangle shown in figure 4. 
It is one of six stereographic triangles bounded by the 
three cubic zones shown in the pole figure. The six 
st el'eogl'aphic triangles bounded by the short dashed 
lines are the above-mentioned six triangles rotated 
60 0 clockwise about t he normal to (1 1 1) . The 
poles shown as open cireles and identified with itali­
cized indices in the rotated triangles are thus in twin 
positions with respect to the basic orientation. Only 
that part of the basic proj ec tion bounded by the 
cubic zones is shown in the rotated position in order 
to minimize confusion . Also shown in the basic 
projection are several principal zones, [1 0 1] , 
[1 1 0], [0 1 1], [2 1 1], [1 2 1], [3 2 1] and [1 '3 2]. 
The latter two zones contain 5 7 1 and 4 2 1, 
respectively, which are shown as solid circles as it is 
known that reflections from the planes normal to 
these two poles were present in the diffrac tion pattern 
from the electrodeposit on the surface parallel to the 
octahedral plane. 

After ro tating the basic proj ecLion 60° clockwise 
about the normal to (1 1 1), zones [1 0 1] a nd 
[1 1 0] in the rotated proj ection will coincide with 
zones [1 1 0] and [0 1 1], respectively , in the ba ic 
projection. The indices of the rotated zones are 
shown in italics . By rotating one zone so tha t it 
coincides with another , all poles on the two zones 
will lie on one zone. Poles on differen t zones, 
which before rota tion have equivalent dis tances from 
the axis of ro ta tion, will, of cow-se, coincide when 
the pertinent zones coincide after rotation. Thus, 
in figure 15 and in figw-e 4, all poles shown as solid 
circles in zone [1 1 0] will lie on zone [0 1 1], 
where they are shown as open circles, after 60° 
clockwise rotation about the normal to (1 1 1) . 
There is no open-circle spot corresponding to 7 7 1 
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1 1 "2 

_ .~~. OTI 1 0 1 

• 
112 

FIG U RE 15. SteTeogTaphic projection showing ol'ientation of base crystal and the 1 1 1 twin oTientation. 
Indices of planes and zones of the twin orientation are in italics and portions of the twin cubic zonal circles are dashed. 

on zone [0 I 1] in this case because 7 7 1 and 
3 1 1 both make equivalent angles, in their respec­
tive zones, with the axis of rotation , and, therefore, 
7 7 1 is superimposed on 3 1 1 after rotation.:... 

Similarly, in figure 15, all poles on zone [1 0 1] 
will fall on zone [I 1 0] after rotation. This is 
shown in figure 4. Here again, we have the case 
of a pole on one zone superimposing on a po~ in a 
second zone after rotation. 1 3 1 in zone [1 0 1] 
(not shown in figure 15) coincides, after rotation, 
with 7 7 1 in zone [I 1 0] (shown in figure 4) and is 
not, therefore, shown as an open-circle spot in 
figure 4. 

In rotating the basic projection 60° clockwise 
about the normal to (1 1 1), zone [2 1 1] will 
coincide with zone [1 2 1] and, therefore, all poles 
in zone [2 1 1] will superimpose on the poles in 
zone [1 2 1]. It will be noted that all poles on zone 
[1 2 1] in figure 4 are shown as closed circle spots. 
All zones of the type [2 1 1] and, consequently, all 

poles on those zones are common both to the basic 
projection and to the basic proj ection rotated 60° 
clockwise about the normal to (1 1 1) . 

The indexing of all of the open-circle spots shown 
within the stereographic triangle, figure 4, is accom­
plished in the same manner described above for index­
ing the open circle spots on the sides of the triangle, 
by the superimposition of zones of rotated triangles 
on zones of the basic projection. In figure 15 the 
normal to (5 7 1) in the basic projection is shown 
within triangle 1 1 1, 1 1 0,0 1 0, in zonc [3 2 1]. 
'Vhen this particular triangle is rotated 60° clockwise 
abou t the normal to (1 1 1), it is reoriented with 
respect to the basic projection as shown by the 
shaded triangle. In the rotated position, zone 
[3 2 1] now coincides with zone [1 3 2] of the 
basic projection and the normal to (5 7 1), which 
lies on [3 2 1] of the basic projection , can be seen 
in rela tion to the normal to (4 2 1) of the basic 
projection. Compare with same spots in figure 4. 
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F IGURE 16. S tereo graphic projection showing method of reindexing reflections on basis of a twin orientation of the base crystal. 
Indices of the i i I twin orientation are shown in italics and parts of zonal circles are dashed. 

All other open-circle spots within the stereographic 
triangle shown in figure 4 can be indexed in a similar 
manner . 

The difference between the diffraction pattern in 
figure 2,a and that in figure 2,b is the result of simple 
rotation about th e surface normal, the rotational 
angle being 60°. This indicates that some of the 
microcrystals making up the electrodeposit on the 
urface parallel to the octah edral plane are twinned 

with respect to the base crys Lal. 

6 .2 . Electrodeposit on Surface Parallel to Cubic 
Plane 

The determination of the indices of the open­
circle spots shown in figure 12,b, which , when 
indexed with respect to the ba ic orientation, have 
the high indices shown in figure 13, can be accom­
plished by the following method : 

Figure 16 is a pole figure showing the relationship 
between principal poles in a stereographic projection 
when the cubic pole is a t the cen ter of th e pole 
figure. The darkly outlined triangle 1 1 I , 0 1 1, 
o 0 1, in the vicinity of the center of th e pole 
figure is the s ter eographic triangle shown in figure 13. 

An example of this method is illustra ted by means 
of figure 16. In figure 13, spot number 38 is indexed 
4 7 14. It is the spo t (pole) common t o zones 
[0 2' 1] and [7 4 0] (see fig. 13) of the base crys tal, 
the basic orientation of figure 10. The dashed lines 
in figure 16 show the orientation of the octant I 0 0, 
o 1 0, 0 0 1 after a clockwise ro tation of 60° about 
the normal to the (I I 1). The rotated orientation 
of the I 1 I , I 1 0, 0 1 0 unit triangle is shown by 
shading. All poles and zones in the rotated orienta­
tions are shown in itali cs to differentiate them from 
the corresponding poles and zones shown in the basic 
orientation. The two zones [0 2' 1] and [7 4 0], re-
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indexed with respect to the system of indices of the 
rotated orientation should then define the indices of 
a spot that coincides with spot number 38, 4 7 14. 
The zone in the rotated orientation parallel to zone 
[7 "4 0] in the basic orientation, projected to intersect 
a zone in the former containing 0 1 0 and I 1 0 in­
tersects this zone at a point 26°34' from] 1 O. This 
is the angle between I 3 0 and I 1 o. The zone 
corresponding to [7 "4 0] also intersects a zone con­
taining I 1 0 and 7. 1 1 in the rotated orientation 
at a distance 29°30' from I 1 o. This is the angle 
between "5 5 4 and I 1 o. The normals to (T 3 0) 
and (5 5 4) then lie in a zone in the rotated O1·ien­
tation, which is parallel to zone [7 "4 0] in t he basic 
orientation. This zone is thus indexed [6 2 5]. The 
second zone in the rotated orientation, which is 
parallel to zone [0 "2 1] of the basic orientation, in­
tersects a zone containing 0 1 0 and 7. 1 1 in the 
rotated orientation at a point 19°28' from 7. 1 1. 
This is the angle between I 2 1 and I 1 1. The 
zone corresponding to [0 "2 1] also intersects a zone 
containing] 1 1 and 7. 1 0 in the rotated orienta­
tion at a point 15°48' from 7. 1 1. This is the angle 
between "2 2 1 and I 1 1. The normals to (1 2 1) 
and (2" 2 1) then lie in a zone of the rotated O1·ien­
tation, which is parallel to zone [0 "2 1] of the basic 
orientation. This zone is thus indexed [0 1 2]. 
Zones [6 2 5] and [0 1 2] in the rotated orientation 
are then parallel to zones [7 "4 0] and [0 2" 1], re-

spectively, of the basic orientation. The former two 
zones intersect to locate the normal to (3 4 2), which 
plane is thus parallel to high-index plane (4 7 14). 

The above example was selected to illustrate the 
case where a clockwise rotation of 60° about one of 
the four [1 1 1] axes resulted in low indices for the 
too high indices of the "apparent reflecting planes ." 
A similar reindexing on the basis of rotations about 
the other three [1 1 1] axes resulted in high indice , 
too high to be accountable by the limitation imposed 
by the minimum wave length used in obtaining the 
diffraction patterns. B y following the procedure 
used in the foregoing illustration, all of the apparent 
reflecting planes were reindexed and are listed in 
table 1 under the heading "True reflecting planes." 

The author expresses his appreciation to G . A. 
Ellinger and H. C. Vacher for critical review of the 
manuscript and for suggestions regarding presenta­
tion of data; to Mr. Vacher for furnishing the copper 
monocrystal used in the investigation, and to R . J. 
Fallon, a summer staff member currently doing grad­
uate work at Catholic University, for his industrious 
experimentation which, in addition to corroborating 
the results obtained by the author, furnished infor­
mation t hat added materially to the author's con­
cept of the growth of the electrodeposits, as de­
scribed herein. 

WASHINGTON, January 15, 1958. 
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