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Chapter 4

EMBRITTLING SEGREGANTS IN COPPER

4.1 INTRODUCTION

Grain boundary segregation of impurity elements in copper, such as bismuth or
antimony, produces changes in the properties of bulk material. The
embrittlement of Cu by Bi is a classic example of grain boundary embrittlement
and was first demonstrated by Hampe in 1874 [1]. Only much later, Voce and
Hallowes [2] suggested that the embrittlement was due to a film of Bi along the
grain boundaries. McLean [3] suggested that segregation was responsible, but
the experimental confirmation had to wait for the development of Auger
electron spectroscopy. After that, Cu-Bi has been often used as a model system
for segregation studies. The reasons are, besides the historical significance, the
absence of environmental effects such as hydrogen embrittlement and the
relative simplicity of the system [4]. Only two elements are involved, which do
not form any intermetallic phase. Cu-Bi was one of the first systems that was
extensively studied during the advent of Auger electron spectroscopy [5]. In the
course of these studies, large differences in Bi segregation levels between
different grain boundaries were found [6,7].

Antimony and bismuth are in the same column of the periodic table, which
would imply that the chemistry of these elements is about equal. The main
difference between the two elements is then due to the size effects. The metallic
radii of the elements are 1.82 Å for Bi, 1.45 Å for Sb and 1.35 Å for Cu [8]. Both
Bi and Sb are significantly larger than Cu, which leads to low solubilities in
copper and a strong tendency to segregation. The solubility of Bi in Cu is less
than 3 ppm at 600° C [9], whereas the solubility of Sb in Cu ranges from 0.5 to 5
at.% between 150° and 700° C, as was estimated from the Cu-Sb phase diagram
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[10]. The propensity to brittle failure of a grain boundary for a given segregant
apparently cannot be related directly to its size or to the resultant grain
boundary structure and crystal orientation. However, these factors do have in
common that they determine the equilibrium amount of segregant at the grain
boundary [11].

The observation of different segregation levels at different grain boundaries
using Auger electron spectroscopy can suffer from some artifacts. Studies of
grain boundary segregation with AES require intergranular fracture. If the
fracture path follows the grain boundaries, it will most likely follow the most
embrittled grain boundaries, which will be those with the highest amounts of
segregants. Therefore, the distribution of segregation levels may be biased
towards those boundaries with high segregation levels.

Furthermore, the fracture path may have a large influence on the measured
segregation levels. Compared to Cu-Bi, the distribution of the extent of
segregation that was observed in iron-tin and iron-sulfur was much narrower
[12]. In bcc materials such as iron intergranular fracture occurs very precisely
along the grain boundaries, whereas in fcc materials the fracture is usually a
mixture of brittle and ductile intergranular fracture [13]. This spreads the
fracture path somewhat unpredictably and lower segregation levels will be
measured if the fracture path deviates even slightly from the grain boundary
plane. The last effect that needs to be mentioned is the fact that the two created
surfaces can retain different amounts of segregant, as was observed in carefully
controlled experiments on bicrystals [14,15].

Another embrittling segregant in copper is sulfur, which can be present as an
impurity in copper. The sulfur content in commercially pure copper is very low,
but still above the solubility limit of sulfur in copper. The solid solubility of S in
Cu is about 10 ppm at 600° C [10,16]. Application of pure, oxygen-free copper as
a construction material with excellent corrosion resistance is limited due to
intergranular embrittlement at temperatures above 100-150° C [17].
Intergranular cavitation and fracture, preferentially at random grain
boundaries, have been observed with the fracture surface being enriched in
sulfur [18]. Sulfur grain boundary segregation is therefore thought to be the
cause of embrittlement.

From the phase diagram, it is natural to expect the formation of Cu2S at the
grain boundaries in polycrystalline Cu [10,16]. Stoichiometric Cu2S can exist in
three crystal structures: low chalcocite (αCh, monoclinic), high chalcocite (βCh,
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hexagonal) and high digenite (Dg, cubic). The temperatures of the structural
transformations correlate with the embrittlement temperatures of copper [17].
At high temperatures, the solid solution of S is in equilibrium with the high
digenite phase. This phase has the sulfur atoms arranged in an fcc lattice and
the Cu atoms occupy all tetrahedral interstitial sites [17]. Experiments [19,20]
have shown that additional copper vacancies form easily in the off-
stoichiometric digenite Cu2-xS. Because of the formation of this very stable Cu2S
phase the solubility of S in Cu is limited.

Due to the large vacancy content the coordination number of Cu atoms in Cu2S
is reduced compared to that in fcc Cu, which leads to a faster diffusion of Cu in
copper sulfides [21]. The diffusion of S in Cu is very fast as well; of all
substitutional impurities considered in [22] S has the largest bulk diffusion
coefficient. The abovementioned processes are attributed to strong interactions
between vacancies and impurities [17]. For the Cu-S system, strong interaction
between vacancies and sulfur atoms leads to the formation of bound complexes
that have a low dissociation probability and a high mobility in the crystal [17].
Sulfur-vacancy complexes will segregate to grain boundaries, dislocations and
surfaces, thereby increasing the concentration of vacancies in the close vicinity
of these defects. Sulfur-vacancy complexes diffuse along the defects and form
extended arrangements by meeting each other. Upon incorporating Cu,
precipitates of copper-sulfide are formed at defects.

The presence of copper sulfide precipitates at grain boundaries is rather
undesirable due to the structural transformations they experience with
changing temperatures. In combination with the mechanical properties of
copper sulfide, crack nucleation and propagation at grain boundaries under
creep conditions are favored.

In this chapter, segregation studies are performed on Cu-Sb systems, containing
S as an impurity. The driving force for segregation of antimony is mainly the
size effect. Therefore, it is plausible that Sb preferentially segregates to higher
index grain boundaries, where it is easier to accommodate the size difference
than at the more densely packed lower index planes. The segregation of sulfur
occurs through another mechanism, described above. Therefore, the influence
of the presence of sulfur impurities on the segregation behavior of antimony, to
grain boundaries and surfaces, may be investigated. On the other hand, the
presence of another element can have an influence on the precipitation of
copper sulfides. In previous studies [17], the presence of silver or phosphorous
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in Cu-S systems was shown to considerably reduce the copper sulfide
precipitation due to site competition of silver or phosphorous with sulfur.
Furthermore, Cu-Bi alloys with Bi contents far above the solubility limit will be
fabricated. In these alloys, precipitation will certainly occur.

Cu-Sb and Cu-Bi are prepared by melting the pure constituents together in a
graphite crucible, in an evacuated quartz tube. The material is heated to 1100° C
for one hour, after which the specimens are slowly cooled. The graphite crucible
is constructed in such a way that after melting, the specimens had the right
dimensions for in situ fracture in the JEOL JAMP 7800F. After the fabrication of
these alloys, sulfur is present as an impurity. The cylindrical specimens are
circularly notched and are in situ fractured at liquid nitrogen temperature, to
promote intergranular fracture.

Prior to the heat treatments for the segregation studies, the specimens are
homogenized at 750° C for 5 hours. Specimens with Sb contents ranging from
0.3 to 2.0 at.% are heated at different temperatures for different times, after
which they are water quenched. In all cases of Auger imaging the Cu LMM (916
eV), Sb MNN (452 eV) and S LVV (146 eV) peaks in the direct spectrum are
used. The ratio (P-B)/B was recorded, with P the intensity at the peak position
and B the intensity at the background at the right end of the peak, to reduce
topography effects. The corresponding escape depths are, assuming a copper
matrix, λCu ~ 1.5 nm, λSb ~ 0.9 nm and λS ~ 0.6 nm [23]. In the Cu-Bi alloys, the
bismuth content was 1 or 2 at.%.

4.2 SULFUR AND ANTIMONY ON FRACTURE SURFACES

4.2.1 Site competition in pits

The in situ fractured Cu-Sb specimens show very irregular fracture surface
morphologies. The height differences of the fracture surface are large, as can be
seen in figure 4.1, where the fracture surface of Cu-1.4 at.% Sb is displayed. The
fracture direction, in this image, is almost vertical, in the direction of the arrow
in figure 4.1. Before intergranular failure, significant deformation must have
occurred, which is expressed through the height differences and the slip lines
on the fracture surfaces, visible at higher magnification. It is necessary to cool
the specimen with liquid nitrogen to induce intergranular failure.
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 Figure 4.1: Fracture surface of Cu-Sb. The lateral size of the image is ~ 1 mm

Upon fracture, the exposed surface, i.e. the previous grain boundaries, reveal
the existence of localized pits with a well-defined structure that is composed of
facets and step-terrace structures, as can be seen in figure 4.2. Also visible are
the slip lines on the exposed surface.

Figure 4.2: Structure of a pit that appeared after fracture. The arrows indicate that the
seemingly hexagonal facets actually have twelve sides.

Every pit contains distinct facets. The arrows in figure 4.2 indicate that the
seemingly hexagonal facets actually have twelve sides. This becomes clearer
with increasing distance from the central ‘hexagonal’ facet. When several pits
are present on the same former grain boundary, the arrangement of the facets

2 µm

100 µm
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with respect to each other is similar, which is shown in figure 4.3(right).
Hexagonal and square facets can be distinguished in the center and top left
corner of the pits, respectively. This leads to the conclusion that the pits are
formed during fabrication and that the formation of the facets is governed by
minimization of surface energy of the sulfur covered copper matrix.

Figure 4.3: Arrangement of facets inside the pits

In a few cases, precipitates were observed on the fracture surface. One of these
precipitates is shown in figure 4.4, while figure 4.5 shows Auger spectra
obtained on the surface of the precipitate and next to it, on the Cu surface.

Figure 4.4: Cu2S precipitate on a former grain boundary

2 µm

1 µm
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The intensity of the spectrum on the Cu surface is shifted upwards in figure 4.5,
to prevent overlap of the two spectra.

Figure 4.5: Auger spectra on the precipitate and the surrounding matrix

The differential spectra of figure 4.5 are used to obtain the concentrations of Cu
and Sb next to the precipitate, using equation (2.19) for the Cu surface with
segregated Sb, assuming monolayer segregation of Sb. The used parameters
and quantification results are shown in table 4.1. The amount of segregated Sb
is ~ 1 monolayer.

Table 4.1: Quantification parameters and results
ISb ICu rSb rCu K ΓSb

129 458 1.0 0.8 3.3 0.9

Energy dispersive X-ray spectroscopy analysis in the Philips XL 30 SEM on a
similar precipitate yields a composition of (32 ± 1) at.% S and (68 ± 1) at.% Cu.
This supports the assumption that Cu2S precipitates are formed during the
processing of the Cu-Sb alloys. The melting temperature of Cu2S is ~1131° C
[10,16], which is an indication of the stability of this phase, because pure Cu
melts at 1085° C. During the fabrication of the alloy, fast diffusion of sulfur-
vacancy complexes is possible, leading to the formation of Cu2S.

Only in a few cases, precipitates like in figure 4.4 are observed. More often, pits
are observed with a small sulfur-rich part on the outside of the pit. As an
example, figure 4.6 shows a large pit with a clear structure of facets and steps,
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accompanied with an Auger image of sulfur. This shows that the small part on
the right side of the pit is sulfur-rich, presumably Cu2S.

 Figure 4.6: SEM image of a large pit (left) and scanning Auger image of sulfur (right)

On the Cu surface, no sulfur is observed. However, within the pit sulfur is
detected locally, except on the hexagonally shaped facets and the terraces
surrounding these facets. In order to examine the sulfur distribution, scanning
Auger images of sulfur were acquired for several pits. In figure 4.7 it can be
seen that the sulfur intensity in the Auger map varies from facet to facet and is
almost zero on the hexagonal facets. Furthermore, it can be observed that in the
small pits of figure 4.7 and those in figure 4.3 (right), only facets are present and
no step-terrace structures are surrounding the facets. The size of the facets
linearly increases with the pit size [24]. Only inside pits larger than ~ 5 µm,
step-terrace structures are observed and the sizes of the facets no longer
increase with the pit size. From this it can be concluded that in small pits the
minimization of surface energy can be accomplished by the creation of facets
only. In larger and irregularly shaped pits, a transition between the low energy
surfaces in the form of steps and terraces is needed. Presumably, the steps and
terraces between two low energy surfaces are parallel to those surfaces. In
figure 4.6, sulfur is absent on the almost hexagonal facet in the center of the
image. On the steps and terraces that form the transition to the facet above that,
sulfur is alternatively absent or present. In the SEM image (figure 4.6, left), the
terraces where sulfur is absent seem parallel to the middle facet and the steps
may have the same orientation as the upper facet. Figure 4.8 shows a higher
magnification image of a part of another, larger pit, accompanied by a scanning
Auger image of sulfur. Again, sulfur is not present on the hexagonal facets and

10 µm 10 µm
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the terraces surrounding it. On the steps, sulfur is present, but even between
differently oriented steps differences can be observed. The central facet seems
hexagonal, but actually has 12 sides, six large and six small ones. The steps
parallel to the large sides yield a larger sulfur intensity than the steps parallel to
the small ones, which is the almost black part of the Auger image on the left of
the central facet.

Figure 4.7: SEM image of small pits containing only facets (left) and scanning Auger
image of sulfur (right)

Figure 4.8: SEM image of a step-terrace structure in a large pit (left) and scanning
Auger image of sulfur (right). The indices are estimated, based on the geometry of the facets

To clarify this, figure 4.9 shows a scanning electron of a hexagonal facet,
surrounded by step-terrace structures and other facets. The small sides of the

1 µm 1 µm

2 µm 2 µm

{135}

{111}{131},{100}
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‘hexagon’ become larger in the structure surrounding the central facet. A few
more step-terraces are observed between the central hexagonal and the facet
extending to the right. The scanning Auger image of sulfur in figure 4.9 shows
that this facet, which is parallel to the small side of the hexagonal structure, has
lower sulfur intensity.

Figure 4.9: SEM image of a hexagonal facet surrounded by step-terraces and facets,
with estimated indices (left) and scanning Auger image of sulfur (right)

Figure 4.10: Square facet in a pit, surrounded by four hexagonal facets on the edges,
with estimated indices (left) and scanning Auger image of sulfur (right)

Figure 4.10 shows a square facet in the middle of a pit and four hexagonal facets
on the outside of the pit. The scanning Auger image shows that the four
hexagonal facets yield a lower intensity of sulfur than the surrounding facets.

1 µm 1 µm

1 µm 1 µm

{100}

{110}

{111}

{135}
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However, the sulfur intensity is lower on the square facet as well. Furthermore,
the narrow facet between the left and bottom hexagonal facets, which is
comparable to the facet on the right in figure 4.9, yields low sulfur intensity.
Finally, figure 4.11, which is a high magnification image of the top left side of
figure 4.8, shows that the differences in sulfur intensities between the steps and
terraces can be resolved up to very small length scales, in the order of ~ 100
nanometer.

Figure 4.11: High resolution SEM image of steps and terraces (left) and scanning
Auger image of sulfur (right)

It is assumed that the presence of facets is due to minimization of free energy of
the internal surfaces, which leads to the assumption that the observed facets are
low index surfaces. Combining this with symmetrical arguments emanating
from the face centered cubic structure of the copper matrix, we assume that the
hexagonally shaped surfaces and the terraces parallel to them are {111} planes.
From this, it is concluded that the square facet in figure 4.10 is a {100} surface.

4.2.2 Determination of the orientations by Atomic Force Microscopy

The fact that sulfur is present preferentially at the steps of the step-terrace
structures and that the intensity varies with the precise crystallographic
orientation of the steps (figure 4.8) indicates that the presence of sulfur might be
strongly correlated with some preferential orientations. The Auger images in
figures 4.7 to 4.11 suggest, together with the shapes of the facets where almost
no sulfur is observed, that sulfur is absent on low index planes like {111} and
{100}. Atomic force microscopy (AFM) imaging allows further determination of

1 µm 1 µm
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the orientation of the facets surrounding the hexagonal ones. The inclinations of
the facets with respect to the hexagonal planes can be measured to index the
planes. The inclinations can be computed by taking the derivative of the slope
of the facets [25]. More precisely, Hegeman et al. [25] developed a tool for the
analysis of facets detected by scanning probe microscopy, adapting a method of
radial-histogram transform as proposed by Schleef et al. [26]. The scanning
probe microscopy image, e.g. a height image obtained with AFM, is converted
first into a derivative of height image and then into a histogram, which exhibits
the distribution of the relative amount of image area as a function of its surface
normal. The surface normal is described in spherical coordinates θ (inclination
angle) and φ (azimuth angle). In the original work [26], the first derivative of
height z with respect to x and y around each pixel with (x,y) position (i,j) is
obtained by taking the derivative over a length scale of three pixels,

( )/ )/, , ,z z zi j i j i j+ − −− −1 1 12 2and (zi , j+1 (4.1)

In the presence of noise and particularly in combination with grazing
inclination angles of facets, the ability of this three-pixel filter to detect facets is
rather questionable. Furthermore, since facets are generally characterized by
length scales much larger than three pixels, the filter used for determining the
first derivative can clearly be taken larger than three pixels. An efficient
convolution filter for differentiation of data over variable length scales is a filter
proposed by Savitsky and Golay [27]. Therefore, direct plane fitting to facets
making use of the Savitsky-Golay type filter is an alternative approach.

AFM height images of the inside of the pit shown in figure 4.12 are obtained
using the Nanoscope II. The images are obtained in air. Due to tip size effects,
only a small part of the inside can be imaged, which is depicted in figure 4.12 by
the rectangle. Figure 4.13 shows a contour plot of the histogram obtained from
the AFM height image, for which a seven-point filter is used. The poles in figure
4.13 depict relatively large areas of the image with the same orientation. The
pole situated at φ ~ -100° and θ ~ 11° at the bottom right of figure 4.13
corresponds to the central hexagonal facet in figure 4.12 and the terraces that
have the same orientation. The inclination is only ~ 11° with respect to the
surface surrounding the pit where θ = 0, which is confirmed by the SEM image,
figure 4.12. The central hexagonal facet seems almost parallel to the surface
surrounding the pit. Besides the central hexagonal facet, five other facets and
steps parallel to them are in the region of analysis. These five facets correspond
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to the three other poles and two shoulders in figure 4.13. It is calculated from
the histogram that the angles between these facets and the central facet range
between 26° and 35°.

Figure 4.12: SEM image of the pit used for AFM analysis. The rectangle indicates the
analyzed region inside the pit

Figure 4.13: Contour plot of the histogram obtained from the AFM height image, with
the inclination angle θ versus the azimuth angle φ

{110}

{100}
{131}

{111}

{111}

{111}
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Now, combining shape and symmetry arguments with the AFM results, we can
determine the orientations of all twelve facets surrounding the central facet in
figure 4.12. It is again pointed out that there are six facets parallel to the large
sides of the ‘hexagon’ and six other facets parallel to the small sides. The three
facets between the central {111} facet and the three other hexagonal {111} facets
visible have to be {110} surfaces. The three facets between the central facet and
the three square {100} facets in this pit might be {131}, as depicted in figure 4.12.
These are the six facets parallel to the six small sides. Based on symmetry
arguments, the six remaining unknown facets have to be of the same family of
planes and must have an angle between 26 and 35° with the {111} plane.
Therefore, it is assumed that these facets and the accompanying steps are {135}
planes, which make an angle of ~29° with {111} planes. The poles and shoulders
in figure 4.13 then correspond to, from left to right {135}, {131}, {135}, {110} and
{135} facets and steps. In figure 4.8, the steps parallel to the large sides have to
be {135} surfaces and can accommodate more sulfur than the steps parallel to
the small sides, which are {131} or {100} planes. In figure 4.9, the facet on the
right with a lower sulfur intensity is likely to be a {110} facet in between two
{111} facets, which is the same for the narrow facet in the bottom left corner of
figure 4.10. The surfaces with the highest amount of sulfur are the highest index
planes, where it is easier to accommodate impurities.

In the pits, antimony is present as well. On the surfaces where almost no sulfur
is found, antimony is present. The intensities of antimony inside pits are higher
on surfaces where almost no sulfur is found and lower when sulfur is observed.
This implies that the variations in sulfur intensity are not caused by
topographical effects like shadowing or variations of inclination angle with
respect to the Auger detector, because all element intensities would experience
these effects in a similar manner. Figure 4.14 shows an image of a structure on a
Cu-Sb fracture surface, together with scanning Auger images of sulfur and
antimony. In this figure the competition between sulfur and antimony is clearly
visible. The antimony intensity is never zero, which is different from the sulfur
intensity. Besides smaller variations in the antimony content from surface to
surface, this can also be caused by the larger inelastic mean free path of
antimony, compared to sulfur, causing the antimony signal to originate from
deeper inside the material.

So far, the question whether all pits were filled with precipitates before fracture
remains unanswered. The number of intact precipitates on the fracture surface,
as in figure 4.4, is very small. In most cases, small sulfur rich parts are found on
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the outside of irregularly shaped pits, as in figure 4.5. Two reasons are adduced
to assume that most pits were empty. Firstly, the number of pits is very large
and the sulfur content is probably too low to fill all pits with Cu2S precipitates.
The observation of the number of Bi precipitates in a Cu – 1 at.% Bi alloy yields
a fair comparison, as will be shown below. Secondly, the intact precipitates that
are observed are quite small (~ 2 to 3 µm), whereas pits extending over several
tens of microns are observed (e.g. figure 4.6).

Figure 4.14: SEM image of a structure on the fracture surface (top) and scanning
Auger images of Sb (left) and S (right)

1 µm



CHAPTER 4

70

4.3 PRECIPITATION IN CU-BI ALLOYS

The results from the previous section are compared with the fracturing and
precipitation behavior of Cu-Bi alloys, containing either 1 or 2 at.% Bi. Because
the fabrication procedure is similar to that of the Cu-Sb alloys, the presence of
sulfur as an impurity is expected as well. Figure 4.15 shows SEM images of Bi
precipitates that are observed after fracture of a Cu-2 at.% Bi alloy. The fracture
surfaces of Cu-Bi alloys are similar to those of Cu-Sb, with large height
differences. The surroundings of the precipitates in figure 4.15 indicate that
large deformation has preceded fracture.

Figure 4.15: Precipitation of Bi in Cu-2 at.% Bi alloys

Because of the extremely low solubility of Bi in Cu, almost all present Bi will
form precipitates. Auger electron spectroscopy on the precipitates shows,

1 µm

1 µm2 µm
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despite difficulties in obtaining spectra due to the positions of the often partly
embedded precipitates, that they consist of pure Bi. The sizes of the Bi
precipitates are similar to the sizes of the observed small pits in the Cu-Sb
alloys, i.e. several µm. However, at the Cu-Bi fracture surface almost no empty
pits are observed. The number of precipitates on the fracture surface was of the
same order as the number of pits in Cu-Sb, while there is much more Bi
available (~ 2 at.% Bi, compared to impurity levels of S) to form the precipitates,
which confirms the assumption that most pits in Cu-Sb must have been empty.

The enormous size difference between Cu and Bi atoms is the cause of the
extremely high grain boundary enrichment ratio, i.e. the ratio between grain
boundary and bulk composition. In the dilute limit, the ratio is inversely
proportional to the solid solubility [28]. Since the grain boundary enrichment
ratio for Bi in Cu is larger than 104 and the amount of Bi ~ 1 at.%, the ratio
cannot be determined from the present observations. The amount of Bi is much
larger than the solubility limit, which will lead to strong accumulation of Bi at
grain boundaries where Bi will form its own lattice. Since the melting
temperature of Cu is much higher than that of Bi (Tm, Cu = 1085° C and Tm, Bi =
271° C), Bi will still be in the liquid phase when Cu is solidifying during the
fabrication process and it will wet the grain boundaries. When Bi is present in a
liquid form, it has been observed to proceed rapidly along the grain boundaries
[29]. In the same experiment, it was found that after cooling, Bi appeared not
only in the form of particles, but as a layer of bismuth at grain boundaries as
well, leading to grain boundary embrittlement [29]. Our experiments did not
show a layer of Bi on the fracture surface. However, it is possible that the
intergranular fracture path deviates slightly from the grain boundaries,
obscuring the observation of segregated Bi.

In the fabrication process, during slow cooling of the alloy, Bi can accumulate
and separate from the surrounding Cu matrix due to the shrinkage of Bi during
solidification and weak adhesion between Cu and Bi. This leads to the
formation of voids, which may strongly alter stress fields locally and form weak
spots that promote fracture [30]. This is confirmed by the large amount of
precipitates in voids that is observed at the fracture surface. Around the
precipitates, significant deformation has occurred, as can be seen in the bottom
left corner of figure 4.15, even if the in situ fracture took place at liquid nitrogen
temperature. In comparison with Cu-Sb, it can be inferred from observations of
the fracture surface that the main embrittling effect of Bi is the formation of
precipitates in voids, creating weak spots during fracture. Any effect of sulfur
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was obscured by the precipitation of Bi, because the inside of a void could not
be examined. In Cu-Sb, the fracture path is seen to follow the grain boundaries
more closely, because of the presence of segregated Sb at the boundaries.

4.4 GRAIN BOUNDARY SEGREGATION OF ANTIMONY

In this section the effects of heating temperature and time on the segregation of
antimony to grain boundaries, where there is no competition with sulfur, will
be explored. After specimen fabrication and homogenization, the material was
subjected to different heat treatments before quenching. The heat treatments
consist of heating Cu-1.4 at.% Sb for 1 hour at 250, 400 and 700° C and heating
at 250° C for different times: 1, 2.5, 4 and 10 hours, respectively. Furthermore,
Cu containing between 0.3 and 1 at.% Sb is heated at 400° C for 1 hour.
Afterwards, the specimens are in situ fractured in the JEOL JAMP 7800F, after
which depth profiles of Cu and Sb are obtained.

The driving force for the segregation of Sb is the size effect. Upon segregation of
Sb to a grain boundary, the elastic strain energy that is released, assuming total
relaxation at the boundary, is [31]

w
K r r r

K
Sb Cu Cu Sb Cu

Sb Cu

=
−

+
24

3 4

2π µ
µ
b g

(4.2)

with rCu = 0.135 nm and rSb = 0.145 nm, KSb (=42 GPa) the bulk modulus of Sb
and µCu (=48 GPa) the shear modulus of Cu [31]. This yields w ≈ 8.0 10-21 J and
thus a contribution to the total segregation energy of ‘–w’.

In order to estimate the time and temperature necessary to obtain equilibrium,
McLean’s approach is used to describe the kinetics of Sb segregation in Cu [32],
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Calculations were performed using the Sb GB-enrichment ratio β ~ 4.3/ 0
BX  [33]

with 0
BX  the solubility of Sb in Cu, D (= D0 exp(-Q/RT) with D0=3.4 10-5 m2 s-1

and Q = 176 kJ/mol [34,35]) the diffusivity of Sb in Cu and f (~ rCu3 / rSb2 ) the
thickness of the grain boundary. XGB(∞) is the boundary atom fraction of
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segregant at equilibrium and XGB(t) is the boundary content at the annealing
time t. XGB(0) is the grain boundary content after the homogenization process.
In the temperature range 150-700° C the solubility of Sb is in the range 0.5 at.% ≤

0
BX  ≤ 5 at.% as was estimated from the phase diagram of Cu-Sb [10,16]. It is

concluded that for 1 hour annealing at ≥ 400° C the system is in an equilibrium
state. However, other mechanisms such as pipe diffusion along edge
dislocations might accelerate solute equilibration (especially for low solute
concentrations, as recent studies in Cu-Bi alloys have shown [36]).

Figure 4.16 shows an image of the fracture surface of Cu-1.4 at.% Sb, heated to
400° C for 1 hour and the corresponding scanning Auger images of Sb and Cu.
The Auger images display the ratio of intensities (P–B)/B to reduce
topographical effects on the intensity. Of the four planes visible in figure 4.16,
the two on the right yield a higher Sb intensity, whereas the two planes on the
left yield a higher Cu intensity. Of all factors that can influence the measured
amounts of segregants at grain boundaries, i.e. overestimation of segregation
levels since only the weakest boundaries are probed, deviation of the fracture
path from the grain boundary and effects of the crystallographic structure of the
grain boundary, the latter seems to have the largest influence. However,
obtaining many Auger images for planes with a geometry similar to figure 4.16
shows that the planes with similar inclination as the planes on the right in
figure 4.16 always yield higher Sb intensities.

Figure 4.16: SEM image of four planes on a Cu-Sb fracture surface (left) and scanning
Auger images of Cu and Sb (middle and right)

The geometry of the planes and its influence on the detected Auger intensities
in the case of non-homogeneous materials have to be considered. As described
in chapter 2, the intensity for both elements present varies as

2 mµ 2 mµ 2 mµCu Sb
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I X z z dzA A
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∝ −L
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O
QP
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cosλ φ0

(4.4)

where XA(z) is the concentration of element A as a function of depth z and φ is
the angle between detector and surface normal. If the material is homogeneous,
the Auger intensities that stem from planes with different inclinations will vary
with cos(φ) only. In that case, it is sufficient to calculate and plot the Auger
intensity ratio (P–B)/B, since both peak and background intensities have the
same variation. This would enable a direct comparison between surfaces with
different inclinations. However, when segregation has occurred the material is
strongly inhomogeneous in the surface region, from where the Auger electrons
originate. The assumption, to be confirmed later by depth profiling, is made
that Sb enrichment is present in a few atomic layers at the surface. The Sb
concentration profile is assumed to follow an exponential behavior

 X z X eSb Sb
z( ) ( ) /= −0 Λ (4.5)

where Λ is the depth over which the concentration of Sb decreases by a factor
1/e and XSb(0) is the concentration of Sb at the surface. From here onwards we
shall refer to Λ as the effective segregation depth. Substituting this in
equation (4.4) and calculating that integral for different values of φ, one may
conclude that the ratio of Sb intensities for different surface orientations is not
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as would be the case for a homogeneous Sb distribution, Λ >> λ, but
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This shows that correcting intensities by taking a ratio of peak and background
intensities, which is correct when the sample is homogeneous, leads to errors
when the sample is inhomogeneous in the surface region. In figure 4.16, the
Auger detector is located on the right side of the image. The left planes in figure
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4.16 are almost perpendicular to the detector, whereas the planes on the right
are almost parallel to it. This leads to an overestimation of the amount of Sb on
the boundaries on the right side. Physically, this can be explained by the smaller
cos(φ) of these boundaries. This causes the amount of Auger electrons
originating close to the surface, where the Sb concentration is higher, to be
relatively high, leading to an overestimation of the actual Sb concentration. An
example, similar to the situation in figure 4.16 shows that the results from
equations (4.5) and (4.6) can differ a factor two. Surface normal angles φ = 20°
and 70° for left and right planes are assumed together with an effective
segregation depth of 0.3 nm and an escape depth of Sb Auger electrons in Cu, λ,
of ~ 0.9 nm.

Because the exact angles of the different planes with respect to the detector are
unknown, it is difficult to determine the variation in Sb concentration with
crystallographic orientation of the grain boundaries. It is however most likely
that differences in the absolute amounts of Sb do occur. In the remainder of this
section, depth profiles are obtained on similarly inclined surfaces, almost
perpendicular to the Auger detector. This enables, to some extent, a comparison
of segregation levels and depths in different specimens.

Figure 4.17 shows depth profiles of Cu-1.4 at.% Sb specimens heated to 400 and
700° C for 1 hour. The ratio of Sb and Cu intensities is displayed as a function of
etching time. The etching rate of 1 keV Ar+ ions is determined using a SiO2

overlayer on Si and is ~ 4 nm/min. The etching rate on Cu-Sb will change,
because of the elements present and an unknown surface inclination. By
probing similarly inclined planes on all fracture surfaces, at least a comparison
between sputter times on different specimens is valid.

Figure 4.17: Depth profiles on Cu-1.4 at.% Sb, heated at 400° (left) and 700° C (right)
for 1 hour
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The two profiles in figure 4.17 show a similar decay of ISb / ICu with etching time,
becoming constant after 20 seconds of Ar+ etching. The intensity ratios at t = 0
are similar as well and are therefore unaffected by the heating temperature. An
unaffected Sb content at the grain boundary is not in agreement with classical
segregation theory that predicts a decrease of the amount of segregant with
increasing temperature, due to a higher solid solubility and therefore a lower
grain boundary enrichment ratio. However, it has to be pointed out that the
content of Sb is rather high, which means that the amount of Sb at the boundary
is not limited by the bulk amount, but by other factors such as the kinetics and
the number of available segregation sites. Although the absolute segregation
depth cannot be determined, it is clear that Sb enrichment exists over several
atomic layers, justifying the assumption made in equation (4.5).

Figure 4.18 shows depth profiles of Cu-0.3 at.% Sb and Cu-0.8 at.% Sb, heated
for 1 hour at 400° C.

 Figure 4.18: Depth profiles of Cu containing 0.3 and 0.8 at.% Sb, heated at 400° C for
1 hour

Figure 4.18 shows that both profiles decay similarly, the only difference being
the higher amount of Sb at the surface with increasing bulk amount of Sb. Since
equilibrium should be attained for the depth profiles of figures 4.17 and 4.18,
monotonic exponentially decaying depth profiles are expected [37]. Depth
profiles deviating from simple exponential have also been reported in the
literature including Gaussian as well as more complicated forms [38,39]. On
differently inclined surfaces, like the planes on the right in figure 4.16, the
etching time necessary to obtain a constant Sb/Cu intensity ratio is more than

0 20 40 60 80 100 120
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

 400°C, 0.3% Sb
 400°C, 0.8% Sb

 

I Sb
/

I C
u

Etching time (s)



EMBRITTLING SEGREGANTS IN COPPER

77

twice as high as that depicted in figures 4.17 and 4.18. This is caused by the
grazing incidence of these surfaces with respect to the ion-gun.

With decreasing Sb concentration, the amount of transgranular fracture
increases, as was concluded from observations of the fracture surfaces. This
indicates the significant effect of the presence of Sb on the fracture mode of Cu,
even at low temperatures.

Finally, figure 4.19 shows depth profiles after heating to 250° C for 1 and 10
hours. A broadening of the profile after longer heating times can be observed,
together with a lower amount of Sb at t = 0 after heating for 10 hours. After
heating for 1 hour, the Sb intensity at t = 0 is higher than after heating to 400
and 700° C, as expected.

 Figure 4.19: Depth profiles on Cu-1.4 at.% Sb after heating at 250° C for 1 and 10
hours

After 1 hour annealing at 250° C, the boundary composition is probably not
much different from that achieved by the slow cooling process after
homogenization at 750° C.

4.5 CONCLUSIONS

In conclusion, it can be stated that segregation of Bi and Sb to grain boundaries
in Cu leads to embrittlement. At grain boundaries in Cu-Sb, there is no site
competition between the solute, Sb, and sulfur that was present as an impurity
in this material. In pits that are exposed by in situ fracture, site competition
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between S and Sb is observed. The pits show facets and step terrace structures
surrounding the facets, with shapes and symmetry that resemble the fcc
structure of the copper matrix. In small pits, only facets are observed, whereas
in larger pits step-terrace structures are necessary to accommodate to the larger
pit size and still minimize the surface energy. The pit size therefore forms a
lower boundary for the presence of step-terrace structures. S is found to
segregate preferentially to high index surfaces. The sulfur intensity is higher on
{135} planes than on {111} planes. The crystallographic orientations of the
surfaces within the pits are determined by a combination of scanning Auger
microscopy, atomic force microscopy and crystallographic arguments based on
shape and symmetry of the surfaces. AFM height images can be used to obtain
the angles between facets by converting the height derivatives in a histogram.
Because sulfur-vacancy complexes have a very high mobility in copper and
sulfur has a strong tendency to segregate to free surfaces, it is believed that
sulfur segregates faster than antimony and occupies the high index planes first.

The addition of 1 at.% Bi to Cu leads to precipitation of Bi. At fracture surfaces
of Cu-1 at.% Bi, the density of Bi precipitates that is observed is higher than the
density of pits on a Cu-Sb surface, but of the same order of magnitude. This
leads to two conclusions. Firstly, precipitation of Bi in voids leads to the
formation of weak spots, promoting fracture. Secondly, not all pits in the Cu-Sb
specimens could have been filled with Cu2S precipitates before fracture,
because the sulfur content is at an impurity level, whereas 1 at.% Bi is available
to form precipitates.

Finally, the quantification of the amount of Sb in grain boundary segregation
studies is hampered by the inhomogeneity of the region of analysis. A
correction factor is introduced, for which the Sb segregation depth and
inclinations of the measured surfaces have to be known. Estimations of the
correction factor indicate significant errors in the (P–B)/B Auger images.
Segregation studies on similarly inclined planes, to minimize these errors, show
that the amount of Sb at the grain boundary increases with increasing bulk
content and with decreasing heating temperature. Comparing 700 and 400° C,
the Sb amount at the grain boundary does not change. At 250° C, the profile
broadens and ISb(0) decreases with increasing heating time.



EMBRITTLING SEGREGANTS IN COPPER

79

REFERENCES

1.   W. Hampe, Z. Berg-, Hütten- u. Salinen-Wesen 22 (1874) 93
2.   E. Voce, A.P.C. Hallowes, J. Inst. Metals 73 (1947) 323
3.   D. McLean, J. Inst. Metals 73 (1947) 791
4.   V.J. Keast, D.B. Williams, Acta Mater. 47 (1999) 3999
5.   A. Joshi, D.F. Stein, J. Inst. Metals 99 (1971) 178
6.   B.D. Powell, H. Mykura, Acta Metall. 21 (1973) 1151
7.   B.D. Powell, D.P. Woodruff, Phil. Mag. 34 (1976) 169
8.   H.L. Meyerheim, H. Zajonz, W. Moritz, I.K. Robinson, Surf. Sci. 381 (1997) L551
9.   D.J. Chakraborti, R.E. Laughlin, Bull. Alloy Phase Diag. 5 (1984) 148
10. M. Hansen, Constitution of Binary Alloys, McGraw-Hill (1958)
11. J. Bruley, V.J. Keast, D.B. Williams, Acta Mater. 47 (1999) 4009
12. M.P. Seah, E.D. Hondros, Proc. Roy. Soc. A335 (1973) 191
13. R.W. Balluffi in Interfacial Segregation (Eds. W.C. Johnson, J.M. Blakely),

American Society for Metals, Metals Park, OH (1979)
14. M. Menyhard, C.J. McMahon Jr, Scripta Metall. 25 (1991) 935
15. M. Menyhard, C.J. McMahon Jr, P. Lejcek, V. Paidar, Acta Metall. 39 (1991) 1289
16. D.J. Chakrabarti, D.E. Laughlin in Binary Alloy Phase Diagrams, 2nd edn, ed. T.B.

Massalski, ASM International (1990) p.1467
17. P.A. Korzhavyi, I.A. Abrikosov, B. Johansson, Acta Mater. 47 (1999) 1417
18. M.P. Butron-Guillen, J.G. Cabanas-Moreno, J.R. Weertman, Scripta Metall. 24

(1990) 991
19. D. van Dyck, C. Conde-Amiano, S. Amelinckx, Physica Status Solidi A58, (1980)

451
20. J.N. Gray, R. Clarke, Phys. Rev. B 33 (1986) 2056
21. R. Berger, R.V. Bucur, Solid St. Ionics, 89 (1996) 269
22. O. Madelung (ed.), Diffusion in Solid Metals and Alloys, Springer-Verlag, Berlin

(1991)
23. S. Tanuma, C.J. Powell, D.R. Penn, Surf. Interface Anal. 11 (1988) 577
24. D.T.L. van Agterveld, G. Palasantzas, J.Th.M. De Hosson, Acta Mater. 48 (2000)

1995
25. J.B.J.W. Hegeman, B.J. Kooi, H.B. Groen, J.Th.M. De Hosson, J. Appl. Phys. 86

(1999) 3661
26. D. Schleef, D.M. Schaefer, R.P. Andres, R. Reifenberger, Phys. Rev. B 55 (1997)

2535
27. A. Savitsky, M.J.E. Golay, Anal. Chem. 36 (1964) 1627
28. M.P. Seah, J. Vac. Sci. Technol. 17 (1980) 16
29. B. Joseph, F. Barbier, G. Dagoury, M. Aucouturier, Scripta Mater. 39 (1998) 775



CHAPTER 4

80

30. D.E. Mouzakis, F. Stricker, R. Mulhaupt, J. Karger-Kossis, J. Mater. Sci. 33 (1998)
2551

31. A.P. Sutton, R.W. Balluffi in Interfaces in Crystalline Materials, Oxford University
Press, New York (1995)

32. D. McLean, Grain Boundaries in Metals, Oxford University Press, London (1957)
33. M.P. Seah in Practical Surface Analysis, Vol. 1 (Eds. D. Briggs, M.P. Seah), John

Wiley & Sons Ltd., Chichester, UK (1983)
34. H. Giordano, O. Alem, B. Aufray, Scripta Mater. 28 (1993) 257
35. V.A. Gorbatchev, S.M. Klotsman, YA.A. Rabovskev, V.K. Talinskiy, A.N.

Timofeyev, Phys. Met. Metall. 35 (1973)
36. L.-S. Chang, E. Rabkin, S. Hofmann, W. Gust, Acta Mater. 47 (1999) 2951
37. S. Ouannasser, L.T. Wille, H. Dreysse, Phys. Rev. B 55 (1997) 14245
38. J.L. Morán–López, F. Mejía–Lira, K.H. Bennemann, Phys. Rev. Lett. 54 (1985) 1936
39. V. Drchal, J. Kudmovský, A. Pasturel, I. Turek, P. Weinberger, Phys. Rev. B 54

(1996) 8202


