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ON THE MECHANISM OF LOW TEMPERATURE INTERGRANULAR FRACTURE

R. C. Pond, D. A. Smith and R. H. Wagoner*

INTRODUCTLON

previous attempts to explain low temperature intergranular fracture have
concentrated on cracking at grain boundary precipitates [1], or on a postu-
lated decrease in the work of fracture proportional to the energy, Y,
required to form free surfaces from grain boundaries [2 - 7]. The quantity
v is defined by Y = 2Yg - Yp = (3F/0A) T V5 the subscripts s and b indicate
surface and boundary respectively, F is’the Helmholtz free energy, A the
interfacial area, T the temperature and V the volume. This paper concerns
the cases where no precipitation occurs and the segregant is present at
grain boundaries as the equivalent of less than one monolayer. The grain
boundary capacity for solute under equilibrium segregation conditions has
been observed [8] to be at least several monolayers, whereas concentrations
of the order 100 ppm of solute are necessary to produce an equivalent mono-
layer in a typical polycrystalline metal. Embrittlement is known to occur
at much lower concentrations than this e.g. S ppm can cause prittleness in
Cu-Bi e.g. [9]. The adsorption of solute is therefore dilute in at least
some embrittled alloys so that the Gibbs adsorption isotherm applies.

Under these conditions Y has been shown [10, 11] to be independent of solute
segregation, and at higher levels up to 2/3% monolayers less than a 1%
change in Y 1s found according to B.E.T. [12] and McLean isotherms [13].

it therefore follows that models of boundary embrittlement based on a pre-
sumed relation between Y and the actual energy dissipated in fracture, in
a Charpy test for example, cannot be valid for low concentrations of
impurities.

The purpose of this paper is to describe a new model in which the reduced
energy of tracture and intergranular mode of fracture in low temperature
embrittlement are related to the constraint of plastic tlow at a notch or
crack lying near a grain boundary. It is suggested that the major con-
straint to plastic flow ahead of the flaw is the propagation of slip
across a grain boundary. Propagation mechanisms in pure materials are
considered, an additional impedance introduced by impurity segregation is
discussed subsequently.

PROPAGATION OF SLIP ACROSS GRAIN BOUNDARIES

The yielding of a polycrystal is envisaged as beginning in & favourably
oriented grain. Slip is then propagated into neighbouring grains (a) by
forcing dislocations through grain boundaries or (b) by operating lattice
dislocation sources at grain boundaries or in neiphbouring grains.
Optical microscopy of dilute Fe-Si alloys [14] and transmission electron
microscopy of nickel [15] support these views of the yielding process.
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(¢) No continuous glide planes or common Burgers vector

In general, dislocations which approach a grain boundary can be transmitted
only by a combination of the reorientation and dislocation reaction mech-
anisms discussed above.

In fcc metals, except for the £ = 3 {111} coherent twin, a maximum of one
a/2 <110> slip dislocation may be transmitted across a grain boundary
without the need to generate a residual grain boundary dislocation. In
general therefore the transmission of dislocations through grain boundaries
requires an increase in the elastic energy of the system and/or climb. An
additional, probably small, impediment to the transmission of slip dis-
locations can arise as a consequence of any relative translation of two
neighbouring grains [18]. It is anticipated that the transmission process
becomes more difficult as the density of dislocations or the solute con-
centration in the boundary increases.

FRACTURE

As discussed above, transmission of slip across grain boundaries generally
requires production and motion (glide and/or climb) of grain boundary
dislocations (gbds). Any impediment to gbd motion is thercfore expected

to inhibit plastic flow near grain boundaries. As a result of this re-
straint, we envisage a reduction in the extent of plastic deformation
associated with an advancing intergranular crack, as depicted schematically
in Figure 4, and a corresponding reduction in fracture toughness. By
restricting the strain directly ahead of a crack in this way, less plastic
work is involved in crack propagation and less crack tip blunting occurs.
Since the exact plastic solution for such a case has not yet been obtained,
we restrict our remarks to qualitative effects.

At low solute concentrations, most isotherms predict that Tg = C, where

g and C are the interfacial and overall solute concentrations respectively.
If we assume that impurity segregation to boundaries causes local solid
solution hardening (i.e. impeding gbd motion) similarly to that in the
grain interior, we expect the flow stress in the boundary region, Jg, to

be related to I'y by o, « I'P, where p takes values near 1/2 (for grain
interior solid Solutidn ha¥dening 1/2 < p < 1). Since grain boundary
distribution coefficients are very large ggherally, almost all of the

solute in a dilute solution will reside on grain boundaries, and I' will
depend not only on C but on the grain diameter, d, Yg © ¢ d, The boundary
flow stress will then be given by Og = TgUZ « (C d)u2,

If we assume that the plastic work done during fracture, Ep, is inversely
related to Og we obtain, Ep = (C d) Y2 Phis is in qualitative agreement

with experimental results which show fracture toughness to he approximately
proportional to d~ [19 - 21]. In addition, o, is expected to depend on
the elastic misfit of impurity atoms analogously to lattice solid solution
hardening. We therefore anticipate large reductions of Ep when atoms of
large misfit are segregated to grain boundaries, in agreement with the
discussion of Seah [11].

According to our model, Ef will decrease as the temperature falls for two
reasons: 1) I'y increases, and 2) the diffusion rate of both solute and
solvent atoms is decreased, thereby further slowing the gbd climb neces-
sary for transmission of slip.
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‘he occurrence of brittle intergranular fracture may accordingly be re-
lated to the capacity of the grain boundary region to relax stress concen-
trations. Large reductions in fracture toughness in equilibrium segregated
alloys are expected to occur only in cases where sufficient impediment to
sbd motion occurs so as to dictate an intergranular fracture path or to
miake criack nucleation at grain boundaries much more likely. Some of the
parameters expected to be important in this model are as follows:

1} the degree of equilibrium segregation to grain boundaries which depends
on distribution coefficients, impurity content, temperature and grain
size,

2) the degree of elastic misfit of solute at the grain boundary and,
therefore, the degree of elastic dislocation - solute interaction,

i)  impediment to grain boundary dislocation climb, related to the diffu-
sion rate of solutes and solvent in the grain boundary,

1) details of grain boundary crystallography which determine the dis-
location reactions required for propagation of slip.

A model of low temperature embrittlement based on a position-dependent Kiq
has been introduced. Sharp cracks are envisaged to nucleate and grow
near grain boundaries with a high solute concentration at external stresses

lower than those required for nucleation and growth of cracks within grains.
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Figure 1 (a) Schematic Representation of Dislocation Transmission Through
a Grain Boundary by 'Cross Slip' from a Glide Plane in Une
Crystal, GP (1), to a Glide Plane in the Other, 6P (Z2). In
this Case the Misorientation Axis is Contained in the Boundary
Plane (BP) and has the Form <100> in f.c.c. Material
(b) As for (a) but when the Misorientation Axis Does Not [Lie in

the Boundary Plane
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I"igure 2 (a) Electron Micrograph of Slip Traces of Dislocations which
have Penetrated a Coherent Twin Boundary, (111), in Pure | (t))
Aluminum. The Electron Beam Direction was [101] so that
the (111) Boundary and (1T1) Glide Plane Appear Edge On

(b) Transmission of Slip Through a Coherent Twin Boundary in

7] : 5 ic Diagrse > i ly Deformed Region (Shown
Cu 6% Al. (Courtesy JEOL and T. Yamomoto) Figure 4 (a) Schematic Diagram of Plastical y Deformed Reg (

Hatched) Developed During Propagation of a Blunted Crack
R —y ; e - (b) Plastically Deformed Region Developed Quringwkropagation
‘c} Yooog : of a Crack with Limited Strain at the Crack Tip

Figure 3 Electron Micrograph of a Pile-Up of Lattice Dislocations
Entering a Boundary in Aluminum. The Two Grains are Misoriented
About a [111] Axis
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