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SUMMARY

This thesis describes a study of segregation to interfaces in polycrystalline
materials, which may have both beneficial and detrimental effects on the
mechanical performance. The importance of segregation to interfaces is
determined primarily by the inherent inhomogeneity of interfaces, i.e. the fact
that physical and chemical properties may change dramatically at or near the
interface itself. The accumulation of impurity atoms at grain boundaries and
surfaces leads to the formation of a very narrow zone, of the order of a few
lattice spacings, with different chemical composition. As a result of sharp
concentration gradients an isotropic bulk solid may change locally into a highly
anisotropic medium. Very small bulk concentrations of impurity atoms can lead
to significant amounts of those atoms at the grain boundary. This can
drastically change the response of a material on loading and can eventually lead
to brittle failure of an otherwise ductile material.

Although embrittlement by impurity segregation is frequently observed, grain
boundary segregation can also have a ductilizing effect on brittle materials,
depending on both impurity and matrix elements. The processes at the grain
boundary have to be understood in order to tailor materials with a desirable set
of physical and chemical properties for structural applications.

The objective of the research described in this thesis is to correctly correlate
macroscopic changes of materials to the influences of segregating elements. The
influences of impurity segregation on the materials properties are studied in
alloys containing a relatively low number of elements, which minimizes
obscuring effects such as the interaction between segregating impurities. In situ
intergranular fracture in a dedicated UHV scanning electron – scanning Auger
microscope (UHV SEM-SAM) enables the study of grain boundary segregation
and its dependence on heat treatments and bulk composition. A direct
comparison between grain boundary and surface segregation is made, because
embrittling impurities have a higher tendency for surface segregation than for
grain boundary segregation, whereas the behavior of ductilizing impurities is
thought to be opposite.

Furthermore, the UHV SEM-SAM itself can influence the segregation process of
several species. Surface oxidation leads to surface segregation of elements with
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high oxygen affinities and prolonged exposure of a specimen to an electron
beam leads to enhanced surface oxidation. Knowledge of the influence of an
electron beam on the processes at a surface is indispensable when interpreting
the acquired segregation data.

Electron beam enhanced oxidation

Prolonged exposure of a clean fracture surface to an electron beam leads to
enhanced oxidation, compared to the non-exposed areas on which only oxygen
chemisorption takes place. The phenomenon of electron beam enhanced
oxidation is encountered during boron segregation studies in Ni3Al and is
found to obscure the observation of surface segregation as a function of time.
Nevertheless, it enables a study of the kinetics of oxidation at room temperature
in an UHV atmosphere where residual gases cause surface oxidation.

The oxidation kinetics of pure Ni, Ni3Al, Ni3Al-B and Ni(B) under the influence
of an electron beam can be adequately described by a model assuming the
creation of extra oxidation nucleation sites by the electron beam. Different
electron fluxes are used to validate the model. At lower fluxes, surface
oxidation slows down and the chemisorption regime can be distinguished. At
higher fluxes no faster oxidation is observed. Here, the electron flux and
therefore the created number of nucleation sites is relatively so large that the
amount of oxygen present in the vacuum chamber becomes the rate limiting
factor that determines the oxidation kinetics

Upon decreasing the electron flux below a certain level, the kinetics of boron
surface segregation can be studied without too much of a distortion from the
electron beam enhanced oxidation. Therefore, the influences of the electron
beam are of great importance during attempts to monitor processes at a surface.

Embrittling segregants in copper

Grain boundary segregation of impurity elements in copper, such as bismuth or
antimony, leads to embrittlement of the bulk material. Segregation studies are
performed on Cu-Sb systems, containing sulfur as an impurity, which causes
embrittlement as well. The driving force for segregation of antimony is mainly
due to its size effect. The segregation of sulfur occurs through a very fast
diffusion of sulfur-vacancy complexes and Cu2S formation at defects. The
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influence of the presence of sulfur impurities on the segregation behavior of
antimony, to grain boundaries and surfaces, is investigated.

At grain boundaries in Cu-Sb, there is no site competition between Sb and
sulfur. In pits, which are actually internal surfaces formed during processing,
site competition between S and Sb is observed. The pits show facets and step
terrace structures with shapes and symmetry that resemble the fcc structure of
the copper matrix. Sulfur is found to segregate preferentially to high index
surfaces. 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 into a histogram.

Similar experiments were performed with Bi, which is even larger than Sb, in
Cu. The addition of 1 at.% Bi to Cu leads to precipitation of Bi. At fracture
surfaces of Cu-1 at.% Bi, the amount of Bi precipitates that is observed is higher
than the amount of pits in Cu-Sb, but of the same order of magnitude. From
this, it is concluded that precipitation of Bi in voids leads to the formation of
weak spots, promoting fracture and that not all pits in the Cu-Sb specimens are
filled with Cu2S precipitates along the fracture path.

Finally, the quantification of the amount of Sb in grain boundary segregation
studies is hampered by the inhomogeneity of the region of analysis. However,
segregation studies on similarly inclined planes show that the amount of Sb at
the grain boundary increases with increasing bulk content and with decreasing
heating temperature. Heating at 250° C leads to both broadening of the profile
and a decrease in ISb(0) with increasing heating time.

Boron segregation in Ni3Al

The strongly ordered aluminide Ni3Al has attractive properties for structural
applications. The flow stress of single crystalline material increases with
increasing temperature and at high temperatures an oxide layer is formed that
protects against corrosion. However, polycrystalline Ni3Al is extremely brittle
at room temperature. The addition of boron, which segregates to the grain
boundaries, circumvents this problem. The detailed mechanism of the
segregation induced ductilization remains still unknown. Auger electron
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spectroscopy observations of segregated boron are combined with orientation
imaging microscopy to study processes at the grain boundaries.

After in situ intergranular fracture of Ni3Al-B, boron is present at the surfaces.
The boron intensity increases within 24 hours after fracture due to surface
segregation at room temperature, under the influence of the present
chemisorbed oxygen and Ni-enrichment at the surface. Sulfur segregates at
high temperatures to internal surfaces such as pores. The presence of sulfur at a
surface hampers surface oxidation and thereby boron surface segregation.

All notched specimens fracture easily, due to an increase in strain and strain
rate in its vicinity and, as a consequence, an increase in brittle-to-ductile
transition temperature. The fracture stress is smaller than the yield stress and
failure is crack nucleation controlled at lower temperatures. The amount of
boron is shown to have a marked influence on the fracture behavior of material
without a notch because of several reasons. First, its influence is attributed to an
increase of the frictional stress and yield stress because the ordering energy
increases with increasing boron concentration. Therefore, the coupling strength
increases between the partials of the superlattice dislocations in the interior of
the grains and consequently the yield stress increases. Secondly, boron
segregates to the grain boundaries and increases the fracture stress locally. With
increasing boron concentration the failure process becomes propagation
controlled rather than crack nucleation controlled. Thirdly, ductilization is not
due to the formation of Ni-B bonds because directional bonds will result in less
work to break by stretching than by shearing, i.e. Ni-B will promote brittle
fracture rather than ductile failure. The effect of boron on the failure mechanism
works indirectly by increasing the Ni concentration along grain boundaries and
not directly on the bond strength affecting the cohesive strength.  Through the
presence of boron at the grain boundaries slip transmission becomes feasible
because the mean boundary planes become Ni-enriched. Also the energy
associated with the formation of a crack tip ledge left by an emerging
dislocation into the next grain will be decreased because of the Ni-enrichment
and this will serve to ease the dislocation nucleation threshold. Beyond a certain
bulk concentration, the amount of boron at the boundaries no longer increases
and consequently the slip transmission at the grain boundaries does not
increase. An increase in yield stress due to boron addition then leads to a higher
propensity towards intergranular fracture.
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The Σ3 grain boundaries have a high resistance toward intergranular fracture,
as becomes clear from the orientation imaging microscopy (OIM) results on
cold rolled and annealed material. The OIM results show that the
misorientation increases close to the grain boundaries and especially near the
triple junctions, because these are the regions where the constraints imposed by
the surrounding grains are maximal. This does mean that there is some
interaction at the grain boundaries to accommodate to the applied deformation.
In undoped material, however, there is no interaction at all at the grain
boundaries, because it immediately fractures along the grain boundaries upon
the slightest deformation. Both the results obtained by OIM and the influence of
the grain size point in the direction of an increase in slip activity at the grain
boundaries by the addition of boron.

In conclusion, besides lattice mismatch, bulk concentration and thermal
treatments, several other factors can influence interface segregation.
Competition with other elements (S and Sb in Cu), the presence of oxygen at a
surface (Mg in Al3Mg2, B in Ni3Al) and electronic effects (B to Ni-rich interfaces)
are investigated and observed to markedly affect segregation. Furthermore, the
instrument that is used to study segregation may induce, reduce, or obscure the
observation of segregation, which impels special caution during segregation
studies.
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