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Catastrophic brittle fracture of crystalline materials is
one of the best documented but most poorly understood
fundamental phenomena in materials science.
Embrittlement of copper by bismuth is a classic example
of this phenomenon. Because brittle fracture in any
structural material can involve human tragedy, a better
understanding of the mechanisms behind it is of the
highest interest. In this study, we use a combination of
two state-of-the-art atomic characterization techniques
and ab initio theoretical materials simulations to
investigate the geometric and electronic structure of a
copper grain boundary with and without bismuth.
Only with this unique combination of methods are we able
to observe the actual distribution of bismuth in the
boundary and detect changes in the electronic structure
caused by the bismuth impurity. We find that the copper
atoms that surround the segregated bismuth in the grain
boundary become embrittled by taking on a more zinc-

like electronic structure.
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electronic structure could be responsible for embrittlement in

metals'. The numerous electronic-structure calculations that
followed this seminal work resulted in three proposed mechanisms of
embrittlement. The first model proposed that elements that draw
charge from the neighbouring metal-metal bonds weaken them and
embrittle the materials"?. The second model states that the tendency to
embrittlement is determined by whether the impurity is more likely
to segregate to a grain boundary or a surface®*. The model suggests that
this parameter predicts the relative likelihood of forming a sharp crack
(brittle fracture) over a blunt crack (as in a tough material). Using this
criterion, the segregation data of Miolinari et al.> would predict that Bi
would not embrittle Cu. The third model states that embrittlement
occurs when impurities segregate to the grain boundaries and make
the normally non-directional metallic bonds between grains more
directional (and less flexible)"°. The directional bonds formed between
animpurityand thehostmetal embrittle the material by impeding stress
release. We find that the observed and calculated changes in the
electronic structure in the Cu—Bi system are not consistent with any of
these models of embrittlement.

Bismuth-doped copper is an ideal system for an atomic-scale
investigation of embrittlement. Only two elements are involved, no
Cu-Bi intermetallic compounds exist, and there is no evidence that
hydrogen (which is always present) embrittles copper. The effect of
bismuth segregation on the macroscopic mechanical properties
of copper is well documented. Fracture strain’, fracture stress®® and
fatigue life'® of copper are all adversely affected by the segregation of
bismuth to grain boundaries. Studies of bismuth-induced
embrittlement of [001] tilt boundaries in copper bicrystals (two crystals
tilted around a common [001] axis) have shown that the fracture stress
(and strain) can depend strongly on the tilt angle between the two
grains”''. Fracture stress capacity was seen to drop rapidly with
increased tilt angle, up to ~23°. Between 23° and 67°, the fracture stress
capacity was only about a tenth of that obtained for copper single
crystals, and the corresponding fracture strain capacity dropped to
values near 0%. At any tilt angle in this range, the degree of
embrittlement was almost the same. For tilt angles above 67°, the

I osch first proposed the idea that impurity-induced changes to the
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Figure 1 Atomic resolution Z-contrastimages of the grain-boundary region of a
symmetric 36.8° <001> tilt boundary. a, Pure copper. b, Bismuth-doped copper after
annealing to produce boundary segregation. Both boundaries consist of a periodic array of
anidentical structural unit (indicated inimage). The bismuth segregation site in b is seen to
be distinctly bright.

fracture stress capacity increased again®'!. These observations are
important because it has been predicted that all elemental or random
solid solution face-centered-cubic [001] tilt boundaries, such as those in
copper, are constructed from a single arrangement of atoms (structural
unit)'?. Because the separation of these structural units for tilt angles
between 23° and 67° is always less than 0.9 nm, and our micrographs
show that the Bi segregates to the centre of this structural unit, we can
calculate the minimum amount of Bi that will embrittle copper.
We predict, based on the bicrystal studies>!, that a Bi concentration of
8% of the atoms at the grain boundary plane (1.5 Bi atoms per nm?) is
enough to cause catastrophic brittle fractures.

Bismuth is known to induce faceting of copper grain
boundaries'*-"". It has also been shown that the grain-boundary facets
disappear if the Bi is removed from the boundary®. Sigle et al. have
demonstrated"” a correlation between Bi segregation in a copper
bicrystal and boundary faceting. They found only a completely faceted
boundary exhibited extreme brittle behaviour and suggested that this
structural transition is a necessary prerequisite for grain-boundary
embrittlement”. A key result of their study was to show brittle fracture
(actually, boundary faceting) is the result of segregation of a sufficient
amount of Bi to the grain boundary, which creates an easy crack path.
However, these studies do not show how the segregated bismuth
induces embrittlement. In the present study, we have concentrated on
the electronic structure changes that result from Bi impurities in Cu.
These changes are expected to occur even at single Bi atoms in bulk
Cu. But again, brittle fracture will only occur if a sufficient amount of Bi
segregates at a two-dimensional defect to form a crack path.

A number of previous studies have found segregation levels of Bi to
Cugrainboundaries greater than 1 monolayer. Thework of Chang et al.'®
and Sigle et al.'” show that Bi enrichment at the boundaries increases for
heat treatments in the two-phase (Cu-rich solid + Bi-rich liquid) region
of the Cu-Bi phase diagram. It is possible that a different fracture
mechanism exists when the Bi enrichment level becomes such that
bismuth atomsbecome nearest neighbours. However, ithasbeen shown
in studies using special tilt angle bicrystals®'! that very high Bi
enrichment levels and the resulting faceting is not necessary to reduce
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the fracture strain to near zero and the fracture stress to levels nearly a
tenth of that of pure copper. The bicrystals investigated in both of these
studies and in our study were annealed either within the single-phase
region of the Cu-Bi phase diagram or very close to the solidus.
These heat treatments result in segregation of Bito the grain boundaries
but at reduced levels compared with those observed when annealing in
the grain-boundary wetting region or the two-phase (solid + liquid)
region of the Cu—Bi phase diagram of Chang'®.

In this study, we examined symmetric 36.87° [001] tilt grain
boundaries. (Details on the growth of the copper bicrystals and bismuth
doping have been published previously'®.) The bismuth-doped bicrystal
examined in this study washomogenized at 850 °Cfor 168 hoursand had
a bulk bismuth content of 25 at. p.p.m., as determined by atomic
absorption spectroscopy. Subsequently, the bicrystal was annealed at
700 °C for 240 hours to produce grain-boundary segregation'e.
Quantitative energy-dispersive spectroscopy (EDS) showed Bi present
with an areal density of 2.9 Bi atom per nm” in the grain-boundary
region'® (nearly twice as much as what we have predicted to be necessary
to embrittle copper based on the workin refs 9and 11).

The Z-contrast imaging technique was used to determine the
structure of the grain boundary and to directly observe the positions of
the bismuth impurities in the boundary. A Z-contrast image is formed
by scanning a focused electron probe over the specimen and collecting
scattered electrons with a high-angle annular detector. The unique
scanning transmission electron microscope (VG HB 603 U) at the Oak
Ridge National Laboratory produced at the time of these experiments
an electron probe with a diameter of 0.12 nm, much less than the atomic
distances in copper. High-angle electron scattering allows images to be
obtained in which the intensity is proportional to the square of the
atomic number, Z; thus, heavier atoms appear brighter in the images".
The images show stacks of atoms (atomic columns) as bright spots.
These images allow straightforward detection of heavy impurities (such
as Bi) segregated to grain boundaries. Figure 1 compares Z-contrast
images of the non-doped (a) and the Bi-doped (b) boundaries. In this
[001] projection, the atomic columns in the copper grains forma square
grid of bright dots separated by 0.18 nm. The boundary in both samples
consists of a periodic array of a defect structural unit (as indicated in
Fig. 1). The structural unit contains four under-coordinated atoms.
One of the four under-coordinated atomic columns in each structural
unit of the bismuth-doped boundary is seen to be distinctly bright.
The extra intensity is consistent with the presence of an impurity with
an atomic number much greater than copper, in this case Bi.

The images make it clear that this grain-boundary configuration is
little affected by the presence of bismuth. No new phases are formed and
no drastic atomic rearrangements occur as the result of bismuth
segregation to this boundary. Bismuth simply substitutes for Cu on a
preferred atomic site in the boundary core. Previous atomistic
simulations of thisboundaryhave indicated that this site is the preferred
segregation point for impurities larger than Cu, such as Sb (ref. 20), Bi
(ref.21) and Ag (ref.22). These larger impurities all prefer the boundary
site with the largest space. Because there is no change in symmetry or
bond length at the grain boundary, the embrittlement cannot be
explained simply as due to changes in the atomic configuration.

The electronic structure of the grain-boundary region was
measured directly with electron energy loss spectroscopy (EELS).
The Z-contrast images and EELS spectra can be collected
simultaneously, thus ensuring the spectra are obtained from the area of
interest. To determine the grain-boundary component of the
absorption spectra, we used the spatial difference technique. In this
technique, a spectrum is taken from a small area containing the
boundary. This area also contains bulk-like copper, so reference spectra
from the adjacent grains are recorded, normalized and subtracted from
the boundary spectrum.

The spatial difference technique can be misleading if the analysed
volume is large relative to the feature of interest. Small changes are
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rendered barely detectable as the fraction of boundary atoms within the
analysed volume is reduced to <10%. We were able to reproduce
published results when using the 3 nm x 4 nm analysis area described in
earlier studies**. Only by using 1.5 nm x 2 nm analysis volumes, made
possible by the single-electron sensitivity of our charge-coupled device
detector, were we able to detect and interpret changes to the near-edge
structure more accurately.

EELS probes the local electronic structure through core-loss
absorption (excitation of a coreshell electron into the conduction
band). Figure2 shows spectra with the Cu-L; absorption edge
(excitation from 2p core—shell to the conduction band) at the non-
doped and doped grain boundary and reference spectra from the
adjacentgrains. The thicknesses of the analysed regions were found tobe
approximately a third of the mean free path for inelastic scattering as
determined from low-loss spectra. Spectra from the Cu-L, edge,
recorded from a region at the non-doped boundary and well away from
theboundary, are shown in Fig. 2a. The spectra in Fig. 2a from the non-
doped boundary and the adjacent crystal are nearly indistinguishable.
This shows that there is very little intrinsic effect on the electronic
structure from the non-doped grain boundary. However, Fig. 2b shows
that the Cu-L, edge is affected by the presence of bismuth in the
boundary. The three small peaks superimposed on the step-like edge
are considerably reduced in the spectrum from the doped boundary.
This observation can be analysed as a change in bonding of the copper
atoms at the doped grain boundary.

In a copper crystal, the 3d states lie close to the top of the valance
band and mix with the 4sstates. The first Cu-L; peak is due to the onset
oftheabsorption edge. The two other peaksin the Cu-L, edgearearesult
of this s—d state mixing (hybridization). More precisely, the second and
third peaks (~4 eV and 7 eV above the Fermi level) are associated with
van Hove singularities in the copper free-electron-like states at the Land
Xpoints*. However, the Cu-L,absorption edge is predominately due to
states with d character; thus, these two peaks that originate from s-bands
areseen due to hybridization with d-states. The most significant changes
inducedby the Biare the suppression of the onset peak and the two peaks
associated with the van Hove singularities. This would suggest a
reduction of the density of d-like states at the Fermi level and reduced
hybridization between dand sstates for the copper atoms that surround
the bismuth. Both of these results also imply reduced covalent
(directional) bonding among Cu 3d electrons in the boundary region.

Unlike bonds in other metals, the bonds in noble metals are
strengthened by directionality, which is induced by s-d hybridization.
This increased bond strength was described through calculation of
noble metal stacking fault energies that decrease with decreased s—d
hybridization?”. Our EELS results suggest that embrittlement of Cuby Bi
occurs with reduced s—d hybridization and, thus, reduced directional
bonding of the copper atoms surrounding the bismuth impurity.
This contradicts the third embrittlement mechanism described in
the introduction of this article in which an impurity embrittles by
increasing bond directionality.

The choice of a small period tilt boundary makes it possible to
combine high-resolution imaging with first principles calculations.
We believe this benefit outweighs the fact that it is a special boundary
type, but we certainly admit the observed and tested structures do not
cover all possible boundary arrangements. The calculations were
performed using density functional theory with local density
approximation. The Z-contrast images provided a well-defined
starting model for the materials simulations. These calculations yield
the lowest-energy atomic configuration of the grain-boundary
region, its associated electron distribution (charge density) and site-
and momentum-resolved density of states. The calculated structure
is shown in Fig. 3a. Very few differences are seen in the calculated
atomic configuration of the grain boundary with and without
bismuth. The most significant change is a very slight expansion of the
boundary width, defined as the change in separation of twin-related
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Figure 2 Experimental Cu-L; near-edge structure from the grain boundary

and the adjacent grains. a, The non-doped bicrystal. b,The bismuth-doped bicrystal.
The EELS spectra in a from the clean boundary (gb) and copper crystal (bulk) show no
significant differences, indicating very little change in s—dhybridization at this bismuth-
free boundary. The spectra from the boundary containing bismuth (b) show a
suppression of the two peaks in the Cu-L, edge, at 4 eV and 7 eV above the onset peak.

copper atoms on either side of the boundary (differences range from
7pmto 10 pm).

An impurity of a larger size is expected to segregate to sites where
bonds are already strained. It has been proposed that embrittlement is
due to additional straining of these weakened bonds. Although this
misfit is important for the segregation of bismuth, there is no evidence
that strain alone can embrittle copper grain boundaries, because we
found no dramatic changes in bond length with or without bismuth.
As mentioned, antimony, bismuth and silver segregate to copper grain
boundaries and are similarly sized but silver does not embrittle copper,
suggesting the effect is not simply mechanical.

The relaxed structures of the supercells were used to calculate the
site and momentum projected density of states (DOS) and from that
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Figure 3 Calculated Cu-L; near-edge structure from the boundary region. a, Non-doped boundary supercell. b, Bismuth-doped boundary supercell. The ELNES spectra in a show
thatthere is only one site (site 1, the impurity segregation site) that is significantly different from bulk copper. The calculated spectra in b are from the nine sites that surround the bismuth
impurity in the boundary (solid line) and from undistorted Cu sites between the boundaries (dashed line).

the energy-loss near-edge structure (ELNES) of the Cu-L, edge.
To reproduce the experimental ELNES in bulk Cu, a 64 atom unit cell
was found to be necessary with a k-point sampling of 8 x 8 x 8.
Approximately the same k-point density and number of atoms as in
bulk calculation cells was used in the supercells with grain boundaries.
The Z+1 approximation, used successfully in semiconductor and
ceramic materials, was also tested and found to produce poor agreement
with experiment. This had been seen in previously published
calculations and is to be expected from a metal due to more effective
screening of the core hole?”.

The three features seen in the experimental L, edges are
reproduced in the ELNES simulations shown in Fig. 3. The site and
angular momentum projected DOS are convoluted with a gaussion of
0.8 eV to represent the experimental resolution. Then 95% of d- and
5% of s-projected DOS were summed. (These transition probabilities
were calculated with an all-electron augmented plane-wave
calculation of bulk copper, using WIEN 97). Our ELNES simulations
show that at the pure Cu grain boundary there is only one atomic site
(the site to which Bi segregates in the middle of the pentagonal
arrangement on the boundary) with a significantly different ELNES.
As seen in Fig. 3a, even the other site on the boundary plane has a
calculated ELNES very similar to that from a bulk Cusite. This finding
explains why we do not detect experimentally any change of the
ELNES at the pure Cu grain boundary. The mechanical effect of
strained bonds caused by segregation of a large impurity was also
examined by replacing the Bi atoms in the relaxed supercell with Cu
(without further relaxation). The ELNES simulations of this supercell
structure (not shown) yield only a slight difference from the pure Cu
grain boundary. This indicates that it is not strain alone that is
responsible for the observed changes in the electronic structure.
Bismuth segregation results in clear changes in the calculated
electronic structure and a more extensive boundary-affected region.
Figure 3b shows that the calculated ELNES from atomic (Cu) sites up
to 0.5 nm from the grain boundary (9 atomic sites in this boundary)
are significantly different from those of bulk copper. We see that
the Cu-L, edge at the Bi-doped grain boundary shows a reduction of
all three maxima, compared with the calculated Cu bulk ELNES as
was seen experimentally. This further strengthens the interpretation
of our experimental results that there are a reduced number of
unoccupied d holes at or above the Fermi level and reduced
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hybridization between d and s states for the copper atoms that
surround the Bi impurities. The calculated and experimental spectra
are in good agreement.

These conclusions can be tested by analysing the partial density of
states of the valence-band. Figure 4 shows that the filled dbands of Cuin
the boundary region are narrowed and sharpened relative to the bulk
DOS. This is consistent with a more closed d shell. The sp-DOS has less
structure in the region of these d bands, which indicates reduced
hybridization. At the Fermi level, we see that the number of d valence
states is reduced at the Bi-doped grain boundary. The valence band
DOS, therefore, yields the same interpretation as the DOS of the
conduction band, which was probed experimentally with EELS.

The calculated electron charge density reveals another dramatic
effect (Fig. 5). Figure 5b is a slice of the charge-density difference,
obtained by subtracting the charge density of a reference system (a
supercell with the same atomic positions but with Cuinstead of Bi) from
the charge density for the lowest-energy Bi-doped structure. This {001}
slice is taken from the plane between Bi impurities that contains a Bi
impurity’s nearest Cu neighbours. The segregation of Bi results in an
electron cloud (the coloured areas in Fig. 5b) that extends out beyond
the surrounding copper sites. Even the second and third nearest
neighbours are affected by this enhanced electron density, originating
from the metallic bonding of Bi to Cu. The calculated charge-density
difference also reveals that Bi induces a slight reduction in the
directionality of bonding between Cu atoms. See the Supplementary
Information for further discussion and an additional figure.
The reduced bond directionality contradicts the third embrittlement
mechanism described in the introduction of this article.

The enhanced electron density at the copper sites that surround the
Bi impurity means that electrons further fill the usually half-filled s
bands of copper. This s-band filling can be described as a population of
antibonding states, which reduces the bond strength between the
copper atoms. To further explore the origin of this effect and to validate
our calculations, we replaced the Biwith silver atomsin our calculations.
Figure 5c shows that the charge-density difference plot is strikingly
different from the bismuth plot. The electron density of the silver
remains localized at the impurity location, only slightly affecting the
immediate Cu neighbours.

We have demonstrated that the Cu—Bi system exhibits a class
of behaviour not predicted by current embrittlement models.
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Figure 4 Comparison of the DOS between the Bi-doped Cu grain boundary
(7 nearest neighbours of Bi) and bulk Cu. Shown are the calculated s+pand dpartial
density of states of the valence and conduction band. The Fermilevel is at zero eV.

Essentially, Cu in the boundary becomes embrittled by taking on a
zinc-like electronic structure. The copper atoms surrounding the
segregated Bi exhibita closed 3dshell, reduced s—d hybridization and
mostimportantly an sband that is more than half full. None of these
effects are a good thing for fracture toughness. This effect is expected
to be independent of the atomic arrangement at the grain boundary
and thus it is applicable to any Bi-doped grain boundary in Cu.

It is certainly possible that a different fracture mechanism exists
when the Bi impurity level is such that Bi atoms become nearest
neighbours. The electronicstructure changes we describe maynolonger
dominate the fracture mechanism when there are multiple layers of
segregated impurities. We have not yet investigated that possibility.
The electronic structure of these boundaries could and should be
evaluated once their geometric structure has been determined.

METHODS

The calculations were done using a supercell with 60 atoms and two boundaries in which the atoms are
represented by ultra-soft pseudopotentials, and a plane-wave basis set. Density functional theory with the
local density approximation as incorporated in the Vienna Ab-initio Simulation Package (VASP) was

used to relax this supercell and obtain the equilibrium charge densities™.
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