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Stacking Faults of Copper,Germanium Alloys
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Tohoku Uni,aersitg, Sendai, Japan

Stacking-fault energies of solid solution Cu-Ge alloys were obtained by means of X-ray
diffraction method and electron microscopy, and also the segregation of solute atoms
into stacking faults (Suzuki effect) was examined experimentally. ,The stacking-fault
energy of a Cu 9.73%Ge alloy was given to be 0.88erg/cm2 by X-ray method, and
10 erg/cmz by electron microscopy. This discrepancy was discussed.

In the present report, stacking-fault energy
of copper solid solution a1loys containing
germanium from 3 to g % was obtainecl by
means of X-ray diffraction method and electron
microscopy. Moreover, the structure of a

cold-workecl alloy with 9 26 germanium was
observed by electron microscopy, ancl also the
segregation of solute atoms into stacking faults
(Suzuki effect was examinecl from the ex-
perimer.tai results.

1. Results Obtained by X-ray Method

The specimens usecl were pure copper and
four copper-germanium a1loys, which contain
germanium of 3.09, 5.32, 6.48 and 9.13 wt.%,
respectively.

When an alloy has many stacking faults,
that is, the stacking-fault probability of the
alloy is high, a peak shift of diffraction lines
occurs accorcling to the theory of Warren e/
al.1) As a result, for example, the clifference
between (111) and (200) cliffraction lines
decreases as the stacking-fault probability
increases. Hor,vever, as the stacking-fault
probability of an alloy in the annealed state
is too small ancl cannot affect the line shift,
the alloy was filed into powder to increase
the probabilitfi by increasing the clensity of
dislocations. This methocl has been applied
by many authors, ancl also appliecl in the
present experiment.

As-filed powder of the alloys and their
annealed ones were examined by a G-E high
angular goniometer equipped with a Geiger
counter. The peak positions of X-ray diffraction
lines were obtained by point counting across
each peak. The measurement of counts in a

constant time was made at every 0.01" by
handling. Therefore, the error did not exceed
above 0.01" for 20, where d is a diffraction
angle of a diffraction line. Thus, the difference

between 2(0zoo-0nt) was obtained for each
alloy, and the stacking-fault probability was
calculated by the same methocl as Warren e/
al. dicl.

The result obtained was shown in Fig. 1.
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Fig. 1. Difference between (200) and (111) dif-
fraction lines and stacking-fault probability of
various al1oys.

In orcler to obtain the stacking-fault energy
from the probability, it is necessary to know
the density of dislocations. However, in the
present experiment, it is assumed that the
density was the same for all specimens,
because the cold working by filing is so severe
that the density may be considered to be a
constant value of 1012/cm2 for all specimens.
Assuming the stacking-fault energy of copper
as 40 erg/cm2, the stacking-fault energies of
the alloys were estimated as shown in Fig. 2.
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As seen from Fig. 2, the stacking-fault
energy of this a1loy system tlecreases rapidly

with approaching to the solubility limit of the

soiicl solution. It is clue to the fact that the

neighbouring phase of the copper solicl solution
in the copper-germanium system is CutGe and

the structure is hexagonal.

STACK]NG FAULT ENERGY (T)

)23456789
GtRIVIANIUIV (wt %)

FiS. 2. Stacking-fault energy obtained by X-ray
method.

2. Result Obtained by Electron Microscopy

A Cl-9.13%Ge a11oy was usecl for electron
microscopy. The al1oy was cold rolled to
0.05 mm thick and annealecl at 800"C'

In the first experiment, specimens taken
from this sheet were deformecl by tension to
the elongation of 2,5, 10, or 20%, and then
thinnecl by electropolishing to observe them
by the transtnission electron microscope.

Fig. 3. Electron micrograph of Cu-9.L3/oGe alloy
after 2% deformation'

In the annealecl state of this alloy, any long

extenclecl clislocation coulcl not be seen in the

electron micrographs, but in colcl workecl state.

both long extenclecl and not extenclecl ciisloca-

tions were observed together (Fig. 3). When
the clegree of working was small, the ar-

rangement of clislocations was rather simple,

and sometirnes pilec1-up dislocations were
observecl at grain boundaries. As the cle-

formation proceeclecl, the dislocations became

to tangle each others (Fig. a) ancl, in some

cases, form a cell structure (Fig. 5), or tangle
to grain bounclaries or twin bounclaries. More-

Fig. 4. Electron n-ricrograph of the same alloy
alter Sfu deformation.
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over, hexagonal dislocation networks on a
slip plane, which were formecl by crossing of
<lislocations on two slip planes, were also
observecl. (Fig. 6) In this case, as Whelan2)
describecl, the extension of clislocation nodes
was observed. Furthermore, striations that
were clue to small twins, were observed in
some cases (Fig. 7).

The stacking-fault energy can be obtainecl
by tu,o n-rethods from the results of the electron
microscopy. The first methocl is to measure
the curvature of clislocation nodes of the
hexagonal netir',orks ancl to obtain the energy
by a calculation using the formula given by
Whelan'z). The seconcl is to obtain the energy
from the width of an extenclecl clislocation
which is in an equilibrium state of forces,
that is, in a state that a repulsive force acting
between two half clislocations is in equilibrium

Fig. 7. Electron micrograph and selected area diffraction pattern of the same alloy after 5fu
deformation.

with a contractive force clue to the stacking
fault. In the present case, it is hardly con-
siclerecl that the very long extenclecl clislocations
were in equilibrium, because they are too
wicle, sometimes having a wiclth of several
microns, and at the same time very narrow
ancl unclissociatecl clislocations were also
observecl with them. However, if there are
some criteria to ascertain their equilibrium,
this method might be appliecl.

Then, the stacking-fault energy was obtained
by the first methocl ancl given as about
10+0.8erg/cmz for a Cu-9.13'liGe alloy. The
mean value of the curvature of clislocation
nocles was about 1,200 A.

In the seconcl experiment, the observation
of the change in the strLtcture of clislocations

ancl the lneasurement of stacking-fault energy
when annealing a specimen cleforme(l 5 % bV
elongation, were carriecl out.

When annealing any remarkable change in
the arrangement of dislocations coulcl not be
seen before recrystallization, but some ex-
tension of clislocation nodes coulrl be observed
as shown in Fig. 8. Table I shows the stack-
ing-fault energy obtainecl by the same method
as mentionecl above. In this table, the
bracketecl figures show rather inaccurate
value, because the nun-tber of measurements
was a few.

Consiclering from these results, it can be
concluclecl that clecrease of stacking-fault
energy occurred by low temperature annealing.
This change of stacking-fault energy may be

Fig. 6. The same conditions as for Fig. 4.
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, This fact can be thought as an evidence of
,/ Suzuki effect.
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Fig. 8. Electron micrograph of the same alloy
after Sfu deformation and annealing for 1,000 min
at 350"C.

'due to the segregation of solute atoms into
stacking faults by 1ow temperature annealing.

3. Discussion

There may be two questions. The one is
the nature of long extenclecl clislocations ob-
servecl in electron micrographs of cold worked
specimens, ancl the other is the discrepancy
between values of stacking-fault energy
obtainecl by X-ray ancl electron microscopy.

It is an unsolvecl question at the moment
why such long extenclecl clislocations appear.
However, these long extenclecl clislocations
coulcl not be consiclerecl to be in equilibrium.
The reason is as follows. The wiclth of the
stacking fault of these clislocations is as wide
as several microns, so the stacking-fault energy
becomes to be an orcler 1/100 erg/cm2, if these
extenclecl clislocations are in equilibrium. If
this value is true, the co-existence of unex-
tenclecl clislocations cannot be explained. On
the other hancl, the value obtainecl from the
curvature of clislocation nocles is too large to
explain the extension of some clislocations.

,'l

l l;o'-

Table I. Change of stacking-fault energy of Cs 9.13%Ge alloy by annealing. (erg/cmz)

Cold worked state

Annealed state

10.0 + 0.8

1,000 min 3,000 min 15,000 min

130'C

200"c

250"c

300'c
350"c

400'c
450"C

500"c

7.3-r-1.0
6.2+0.8

7.8 t-O.4

6.7 .t_0.3

(5.2',)

(8.7)

(7 .0)

7.0 + 1.1

6.2+0.3
(6.7)

6.4+ 1.1

8.7 +-0.8

7.01 0.1

recrystallized

Table II. Stacking-fault energy obtainecl by other authors on Cu-Ge alloys.

Ge wt.fu stacki ng-fauIt
probability

stacking-fault energy
(erg/cn-rz) reference

0 (Cu)

3.0
6.0
8.6

0 (Cu)

t.76
6.00

7 .94

3.3x10 3

5.0x10 s

14.5x 10 3

31.7-37x10 3

40 (assumed)r'

27

9.1

4.2 3.6

(16s) t02
97 tt7
45-58
,o

(5)

(6)

Calculated by the present authors, assuming the energy of pure copper as 40 erg/cmz.

b

300 min
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Another suggestion macle by S. Weissmann3)
and also P. R. Swanna) is that these long
extendecl clislocations are an early stage oI
twin formation. This iclea is very attractive,
but its proof is clifficult at present.

The stacking-fault probability ancl the energy
of Cu-Ge alloys were obtainecl by two authors') ''r)

as shown in Table IL In these values,
Haasen ancl King's result6' is harclly plausible,

because their work is mainly concernecl with
the stress-strain curves of Cu-Ge alloys ancl

the estimation of stacking-fault energy from
these curves *'ere not their irnportant object.
On the other hancl, Smallman ancl Westmacott5)
tried to obtain the stacking-fault probability
by X-ray cliffraction rnethocl. Their result is
almost consistent with the present result
obtainecl by X-ray method. Then it seems

that the value of stacking-Iault energy clepencls

upon the technique usecl. At present, the
authors cannot conclucle which is the most
reliable technique to get stacking-fault energy.
Therefore, some only tentative consicierations
will be macle.

In the X-ray n'rethocl, the authors assumecl

the stacking-fault energy of copper as 40

erg/cm2. If this value was taken to be 120

erg/cm'z, as Seeger') clescriberl, the calculatecl
values become three times larger. But such
a large value for copper is not plausible,

because some ambiguities are present in his
method. However, the X-ray methocl itself
also has following ambiguities. The first is
concernecl with the existence of long extended
dislocations ancl the seconcl is the existence
of cleformation twins. These two may affect
the peak shift of cliffraction lines ancl some

errors wili be introducecl to the calculation of
stacking-fault probability. Even if the existence
of twins cloes not affect the peak shift, as

.Wagnern) provecl theoretically, and also the
authors coulcl not observe an asymmetry of
the profile of ciiffraction lines clue to twins.
preclictecl from his theory, the existence of
non-equilibrium extencled dislocations in cold
workecl state may affect the stacking-fault
probability to become larger. Then the result
obtainecl by X-ray methocl can be considered
to give a lower lirnit of the stacking-fault
energy of the alloy.

On the other hancl, the cleduction of the'
energy frorn the curvature of clislocation nodes.

is very simple, ancl the formula used is very
clear. However, there is a following question.
As the networks observecl are very small and
the clistance between nocles is also generally
very sma1l, so stresses from the neighbouring
clislocation lines might give an effect to nodes.
It may constrict the expansion of nodes.
Therefore, the value of stacking-fault energy
obtainecl by this methocl might have a tendency
to become too large, and will be consiclered
to show an upper lirnit.

In conclusion, the true value is supposed to,

be between two values obtained by two
methocls.
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