












































FIG. 5. The tearing topography 
surface of the 2::11 bicrystal. 
(723 K in vacuum for 96 hours) 

Fig. 6. The small faceted fracture 
area of the 2:: 11 bicrystal. 
(1123 K, 24 hrs. + 773 K, 24 hrs 
in Bi vapor) 

FIG. 7. The small faceted fractureFIG. 8. The faceted quasi-cleavage 
area of the 2::11 bicrystal. (1123 topography surface of the 2::9 
K 24 hrs + 723 K, 96 hrs in Bi bicrystal. (1123 K 24 hrs + 723 K 
bath) 96 hrs. in Bi vapor) 
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curved boundary fractured in a brittle manner producing the faceted 
quasi-cleavage topography surface (Fig. 9). At higher innealing tem­
perature (773 K) the curved grain boundary was faceted, resulting in 
a faceted intergranular fracture surface (Fig. 10) with the elongated 
facet direction along the un-curved direction and regular steps that 
accommodate the macroscopic curvature. In contrast for a planar 
boundary annealed at higher temperature (773 K), only small scale 
faceting occurred and resulted in a mixed fracture surface with neither 
the large scale faceting nor faceted quasi-cleavage topography surface. 

The E5 grain boundary is brittle in the as-grown condition. 
A thermal contraction crack formed along the interface during so­
lidification and cool-down of the bicrystal. The crack was readily 
propagated under a tensile load, leading to a very low ductility and a 
variety of brittle fracture surfaces, which are composed or-the faceted 
quasi-cleavage topography surface (Fig. 11), the large scale faceted 
intergranular fracture surface and also the relatively flat fine scale 
faceted intergranular fracture surface (Fig. 12). 

The experimental results are consistent with the theoretical pre­
dictions in Fig. 4 that the Ell grain boundary is ductile and it cannot 
be embrittled by segregation regardless of the cracking direction and 
the heat treatment. The E9 bicrystal could not be embrittled by 
segregation but it was severely embrittled by doping with Bi. This is, 
to some extent, consistent with the prediction in Fig. 4 when cracking 
is in the [114] direction, considering that the bulk concentration of 
the bicrystal is lower. 

The model can only deal with the situation that the crack front 
is situated in a potentially active slip plane. This geometry seems to 
provide the most favorable condition for dislocation emission. For any 
other geometries dislocation emission is expected to be more difficult. 
The brittle behaviors of the E5 and the random grain boundaries are 
thus compatible with this framework. On the other hand, propensities 
of Bi segregation in the E5 and the random grain boundaries are 
expected to be large from the consideration of the excess volume of 
the boundary plane (44) or from the newly suggested argument that 
the most important geometrical parameter governing the behavior of 
special interfaces is the interface spacing of the lattice planes parallel 
to the interface plane (45). The reduced decohesion energy of the 
interface combining with the difficulty in dislocation emission leads 
to low ductilities of the E5 and the random boundaries. 
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FIG. 9. The faceted quasi-cleavage FIG. 10. The faceted inter­
topography surface of the random granular fracture surface of the 
boundary. (723 K, 96 hrs. in random boundary. (773 K 24 hrs 
vacuum) in vacuum) 

Fig. 11. The faceted quasi-cleavage 
topography surface of the E5 
bicrystal. (as-grown) 
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FIG. 12. The fine scale faceted 
intergranular fracture surface 
of the E5 bicrystal. (as-grown) 



An important prediction of the model is that the dpctile versus 
brittle response of an interfacial crack depends on the cracking direc­
tion, and in some cases, e.g. for the 2::9 boundary, the dependence 
may be very strong. This prediction was verified indirectly by tests on 
a what was suppossed to be 'pure' eu 2::9 bicrystal. A fatigue strain 
hardened specimen cut from this bicrystal was sectioned to form two 
specimens and notches were cut along the interfaces in opposite di­
rections. One was in the [114] direction, the other in [114]. The two 
notched specimens were fatigue tested again. It turned out that the 
fracture behaviors of the two specimens are completely different. The 
one with the [114]' direction notch fractured at a lower load in fewer 
cycles and the fracture surface appeared to be brittle intergranular. 
The one with the [114] direction notch fractured at a much higher 
load in a large number of cycles and the fracture surface was trans­
granular with well developed fatigue striations. We cannot take this 
test as full evidence for the model prediction because a large number 
of sulphides were found on the fracture surface of the brittle specimen, 
and these particles might be the source of the brittleness. Thus, we 
can not be certain from this test whether the 2::9 boundary in pure 
eu is ductile or brittle when cracking in the [114] direction. But 
the result is compatible with the theoretical prediction in the sense 
that the only difference between the two specimens is the cracking 
direction, and their response is significantly .different. 

SUMMARY DISCUSSION 

We have presented thermodynamic and mechanical models of in­
terfacial embrittlement, illustrating results with applications to vari­
ous segregants (H, e, P, Sn, Sb, S) on Fe grain boundaries, and have 
described studies of eu bicrystals with Bi segregation as a model sys­
tem to test theoretical concepts. 

The thermodynamic formulation for interfacial decohesion in 
presence of a segregating species relates the work of separation, 2iint' 
to segregation free energies at the grain boundary (A9b) and pair 
of surfaces (.6.g8 ) created by fracture. Separation in presence of a 
mobile segregant, which can allow approach to idealized limiting con­
ditions of separation at constant equilibrating potential of the segre­
gant, leads to substantial reductions in 2iint, as shown for Hand S 
in Fe. The more typical case at low temperatures, of separation at 
fixed· composition, leads to smaller but still significant reductions of 
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2iint, illustrated for various segregants in Fe. , 
Segregants which decrease 2iint, and thus presumably embrittle 

grain boundaries, have relatively large values of llgb - llgs and sit 
with abundant coverage r at the boundary. Those which increase 
2iint, and are presumably true cohesion enhancers, have negative val­
ues of llgb -llgs as is apparently the case for B in NiaAl. A segregant 
can be beneficial, however, so long as it simply does not have a large 
value of llgb - llg s and acts to displace other more deleterious seg­
regants from the boundary. Such displacement is to be expected if 
-llgb is large, because then the segregant wins out over others by site 
competition. a in'Fe is beneficial partly because it has a high -llgb 
and displaces other deleterious elements from the boundary. It also 
seems to have an additional beneficial effect, but estimates based on 
currently available surface segregation data suggest that it modestly 
decreases, rather than incrases, 2iint. This conclusion may, however, 
change if segregation energy data becomes available for a segregation 
to the general polycrystal surfaces of intergranular fractures, rather 
than just to a (100) crystal surface as at present. 

Updates of the Rice-Thomson formalism were outlined for ad­
dressing the competition between cleavage decohesion and blunting 
by dislocation emission for atomistic ally sharp cracks along interfaces. 
This is to determine if an interface is intrinsically cleavable for a given 
direction of cracking along it. As we discuss, factors relating to the 
presence and mobility of nearby dislocations (and hence to loading 
rate and temperature) will often control whether an interface, judged 
as intrinsically cleavable, will actually fail by cleavage. 

Aspects of the modelling discussed here include more exact esti­
mates by continuum elasticity of the self-energy of dislocation loops 
emerging from a crack tip, the possibility of nucleation in a partial 
dislocation mode, and effects of a mobile solute, notably H, which 
could segregate along an emerging loop. 

The theory for the dislocation emission versus cleavage compe­
tition is applied to a model system of au bicrystals, symmetrically 
tilted about [110], on the boundary of which Bi may segregate. De­
tailed results are given for the Ell/(1I3) and E9/(22l) boundaries, 
and predict that the latter is more readily affected by Bi and is more 
brittle. A dependence of load levels for dislocation nucleation on the 
dire~tion of crack growth is found in the case of the E9[110]/(22l) 
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boundary. This relates to different orientations of potentially relaxing , 
slip systems relative to the crack tip. 

In coordinated experiments, several Cu-Bi bicrystals were grown, 
heat treated for segregation, and tested mechanically. These include 
the two [110] tilt cases just mentioned and also the E5[100]/(031) 
symmetrical tilt boundary and a high angle random grain boundary. 
Results for the two [110] tilt cases have qualitative consistency with 
the theoretical predictions, although the theory is probably inade­
quate to explain all results and could not be checked with much pre­
cision due to factors relating to nearby dislocations and uncontrolled 
impurities. Consist~nt with the theory, the E9[1l0]/(221) bicrystal 
is readily embrittled with Bi whereas the Ell[1l0]/(113) remains 
ductile. Also, the E9 bicrystal showed brittle interfacial fracture for 
one direction of crack growth but a highly ductile failure mode for the 
opposite direction. 

In order of brittleness, the Cu-Bi bicrystals are E5[100]/(031), 
random, E9[1l0]/(221) and ~1l[110]/(113). The fracture surface 
morphologies are highly varied, often from place to place along the 
same boundary. Brittle intergranular fracture surfaces may have large 
planar areas, or be highly faceted. Sometimes the facets reflect inter­
facial facetting, as it thought to be induced by Bi segregation, but in 
other cases they seem to show a new type of interfacial brittle failure 
in which the crack path may not microscopically follow the boundary 
and forms flat cleavage like {UO} facets and also {100} facets which 
sometimes show slip markings. 
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