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Percolation and damage behaviour in materials
with liquid grain boundaries
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Polytechnique de Grenoble, ENSPG, BP46, 38402 Saint Martin d’Héres, France

Percolation of the liquid phase and the damage behaviour in an aluminium alloy with liquid
grain boundaries were characterized in experiments performed in tension and compression.
The effects of the local stresses (due to grain-boundary sliding and macroscopic stresses) on
the percolation of the liquid phase and on cavity development are discussed. It was found that
cavities always appear and grow in the intergranular liquid films. It is shown that the presence
of liquid films facilitates cavity formation and specimen rupture, for test conditions inducing
local stresses higher than a critical stress. In contrast, for local stresses below the critical stress
for hole formation, the liquid phase appeared to allow easy accommodation of the deformation

without any damage.

1. Introduction

The mechanical behaviour of materials exhibiting vis-
cous or liquid grain boundaries has received con-
siderable attention in the literature for the last twenty
years [ 1-38]. This interest, due largely to the import-
ance of the high-temperature deformation of technolo-
gically important ceramics [ 1-14], is also noteworthy
in other materials, ie. metallic alloys [15-24], ice
[25-28], metal-matrix ceramics [29-31], alkaline
salts [ 14, 32-35] and frozen soils [14, 36-38]. Liquid
or viscous grain boundaries (GBs) may be observed
when the chemical or structural nature of the phases in
the GB is different to that of the grains.

In these papers, the rheological behaviour of such
materials has been partially studied and it seemed to
be affected by the distribution and quantity of liquid
or viscous GBs. Nevertheless, few investigations have
been involved in mechanism determinations. Pharr et
al. have provided the most complete work in this field
[14-17]. They showed enhanced creep strain rates
when liquid GBs were present and when the GBs were
sufficiently surrounded by liquid [14]. They suggested
the relative importance of mechanisms such as joint
lubrication and diffusion, and cavitation or percola-
tion in the liquid phase as a function of wetting and
solubility of the liquid GBs in the solid grain [14, 16,
33]. The authors also showed the influence of liquid
GBs on the mechanical behaviour of an Al-7000 alloy
[24]. Superplastic-type behaviour was demonstrated
for low strain rates in compression when GB phases
were liquid. For higher strain rates, compressive tests
led to a large amount of damage. In addition, this
damage was shown to be greatly reduced by the
application of compressive hydrostatic pressure of the
same order as the applied stress. In this condition, a
superplastic behaviour also appeared.

The mechanisms leading to the damage observed in
material with liquid or viscous GBs have attracted
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very little attention. Most studies actually deal with
cavity nucleation and growth in viscous (i.e. amorph-
ous) GBs of some ceramics because of the importance
of their premature failure at high temperatures [9-14].
In these cases, cavities are always observed to occur
entirely within the viscous GBs. One may suppose
that the viscous film at two GBs or the pockets at
multiple junctions may become sufficiently stressed by
hydrostatic tension during the mechanical tests (due
to the applied stresses and to the GB sliding [13]) to
give rise to easy cavitation. Thus, Marion et al. [10]
studied the mechanisms of cavity nucleation and
growth depending on the stress level in liquid-phase
sintered ceramics. Growth and coalescence of oblate
holes along two GBs were demonstrated to be re-
sponsible for interface failure at the highest local
stresses. At lower stresses, above a critical value for
cavity nucleation, failure was considered to initiate by
the formation of spherical holes at triple junctions
which are depleted by viscous flow of glass into a
neighbouring two-grain interface. Finally, cavity
evolution was predicted to depend on continuous
viscous flow (at intermediate stresses) or on solution-
reprecipitation processes at lower stresses (see also
[8]). Page et al. [11] also suggested a similar depend-
ence of cavity nucleation and growth on the stress
level in hot-pressed SiC. Furthermore, they showed
the very rapid cavity nucleation in limited nucleation
sites so that the failure essentially involved cavity
growth and coalescence [11].

As far as liquid GBs are concerned, the most inter-
esting results on damage development and percolation
were obtained by Pharr et al. on the metallic Cu—-Bi
system [14, 16] and on the alkaline-salt KC1[35]. The
results obtained by these authors showed many simil-
arities with the results given above on materials with
viscous GBs in spite of some evident differences be-
tween the amorphous and liquid phases. Actually,
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-amorphous phases have a higher viscosity and a lower
atomic diffusion than liquids. The easy percolation of
the liquid phases observed by Pharr et al. on materials
with liquid GBs is an illustration of such differences.
In these cases, the liquid was observed to be rapidly
expelied from the more compressed boundaries which
are perpendicular to the applied compressive stress
[16]. Following this rapid redistribution, the situation
becomes rather similar to that described for amorph-
ous GBs phases: the creep strain proceeded primarily
by GB sliding accommodated by cavitation in the
liquid at boundaries. Cavities were observed to
nucleate in the liquid phases mainly at the triple
junctions and to propagate across GB facets parallel
to the applied stress under compression. It was also
suggested that, once nucleated, cavities grow quite
rapidly so that the cavity nucleation is rate limiting
(note that the contrary was observed for amorphous
GB phases [10]).

Consequently, because of the differences noted
above, it appears that the results obtained on damage
development in materials with amorphous GB phases
cannot be directly extrapolated to materials with li-
quid interphases. In particular, the lack of relevant
investigations of the influence of the local stresses on
the damage development and percolation in materials
with liquid GBs and the lack of information about the
growing processes led us to study this behaviour
under tension and compression for a model material.
Finally, gaining an understanding of the rheological
effects of liquid GBs phases is technologically import-
ant for sintering and forming with liquid phases.

2. Experimental procedure

The material studied was an aluminium alloy of the
7000 series prepared by OSPREY. The grains, whose
size was about 30 um, were approximately equiaxed
and surrounded by a quaternary eutectic fusible at
477°C [24]. This temperature is significantly lower
than the melting temperature of the grains (around
630° C) and, consequently, allows mechanical studies
of the effects of the liquid GBs. Fig. 1 shows the initial
microstructure of the alloy. Not all of the eutectic

Figure 1 SEM micrograph of the microstructure of an as-prepared
AL-7000 alloy. The eutectic phases can be seen at the grain boundary
(white phase). A significant fraction is also trapped inside the grains.
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phases end up in the GBs. A significant fraction are
actually trapped inside the grains during elaboration.

Previous studies showed the progressive disappear-
ance of the eutectic phases for long annealing periods
at temperatures higher than the eutectic fusion tem-
perature (Tgg) [24]. For example, only half of the
initial eutectic phases remain after a 1 h anneal at
480 ° C. Thus, the rheological test durations were lim-
ited to reducing such effects at these temperatures. On
the other hand, only a slight evolution of the eutectic
phases was observed at temperatures lower than Tgp,
even for relatively long annealing periods. It is inter-
esting to note that the thermal behaviour of this model
material can be used to vary the thickness and dis-
tribution of the liquid GB by controlled annealings.

Compressive and tensile tests were conducted under
an inert atmosphere with a mechanical testing ma-
chine equipped with a furnace with a quasi-constant
temperature control in the material and during the
tests with a maximum variation of + 2°.

3. Experimental results

3.1. Cavitation during compressive tests
Barrelling was always observed during the compres-
sive tests in spite of the use of boron nitride sprayed on
the contact surfaces to limit the friction. The stress
states in the material are consequently rather complic-
ated and include compressive, shear, radial and hoop
stresses [39].

Cross-sections of Al-7000 alloys, quenched to am-
bient temperature after the compressive tests, were
examined and compared to an undeformed reference
specimen subjected to the same temperature condi-
tions (Fig. 2). More liquid (white phase) is observed in
the centre of the sample, where a combination of
biaxial tension and uniaxial compression exists
(Fig. 2¢). Furthermore, the liquid quantity increases
from the centre to the side of compressed specimens.
In Fig. 2, the statistically higher proportion of liquid
in GBs parallel to the axis of compression can be seen,
these GBs being under perpendicular tensile stresses.
On the contrary, a lower proportion of liquid is
observed in GBs normal to the axis of compression.
Furthermore, liquid phases are almost completely
expelled from areas in triaxial compression (top and
bottom of the sample, Fig. 2b). These results clearly
indicate the existence of a network of channels be-
tween the pockets of liquid which allows the easy flow
of the liquid phase (also called percolation). We have
no experimental evidence about the flow rate of liquid
eutectic phases, but can assume, following the results
of Vaandrager and Pharr, that it is negligible com-
pared to the duration of mechanical tests [16].

Fig. 3 shows the damage development under com-
pression prior to the fracture observed in the central
part of the sample. One can see that the liquid phase
surrounds the grains incompletely and that some solid
contacts exist between grains. The number of these
contacts decreases from the centre to the side of the
specimen where GBs are nearly totally wetted. The
liquid GBs are also seen to smooth out the angles of
the grains and consequently to change their shape



Figire 2 SEM micrographs illustrating the easy percolation of the liquid phase during compression at 480°C, ¢ = 3x 10"*s™ ' for g = 0.05:
(a) the specimen without deformation under the same temperature conditions, (b) the zone near the specimen end (zone of triaxial
compression), and (¢} the central zone of the specimen (combination of compressive and tensile stresses).

Figure 3 SEM micrographs showing cavities at multiple GBs (black areas) and coalescence along simple GBs after a compressive test at

480°C, £ =3x10"%s"' and € = 0.3.

significantly. Thus, the grain shape depends on the
quantity of the surrounding liquid. All cavities appar-
ently started at multiple junctions where liquid
pockets existed. Some cavities have grown along grain
facets which are roughly oriented parallel to the ap-
plied compressive stresses.

Fig. 4a illustrates the resulting failure after the com-
plete coalescence of cavities that produces ball-like
intergranular fracture surfaces in the side of the
sample where there are higher proportions of liquid.
The importance of the liquid quantity and distribution
is illustrated by the observation of rupture surfaces in
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other areas. The fracture surface actually changes as
the fracture penetrates the specimen in zones where
the grains are less surrounded by liquid and con-
sequently where grains are more angular in shape
(near the central zone). Fig. 4b shows such an area
with some remaining facets, illustrating the solid con-
tacts and the distribution of cavities concentrated at
multiple junctions before rupture.

It is also interesting to note the effects of hydrostatic
pressure on damage development. In a previous study,
the authors actually showed that the application of
hydrostatic compression considerably changed the
mechanical behaviour of Al-7000 alloys with liquid
GBs [24]. Microstructural study illustrates this effect
on the cavity nucleation and growth and shows that
the damage may be greatly reduced when hydrostatic
compression is applied with a stress level of the same

order as the applied compressive stresses (Fig. 5).
Cavity growth is no longer observed when applying
hydrostatic compression. However, some cavities do
nucleate (see the arrows in Fig. 5a). Nevertheless, one
cannot exclude any cavity nucleation associated with
the shrinkage of liquid during cooling. Further statist-
ical analysis will be necessary to eliminate all possible
doubts. These results of hydrostatic-pressure effects
are complementary to the calculation made for Cu—Bi
systems with liquid Bi [16]. In this case, the calculated
nucleation rate of cavities was found to increase when
hydrostatic tension was applied.

3.2. Cavitation during tensile tests

Easy percolation of the liquid phase was also observed
for specimens tested in tension (Fig. 6a). As for com-
pressive tests, the liquid is apparently expelled from

10 pm
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Figure 4 SEM micrographs of the intergranular fracture in: (a) the side of the specimen after compressive tests at 480°C, & = 3x 107#s™! for
& = 0.3; (b) the bridges between cavities in areas where less liquid was present (near the central part of the sample) and consequently where

GBs were not completely wetted by the liquid phases.

Figure 5 Comparison of damage produced under similar compressive test conditions (480°C, & =3 x 107571, & = 0.3) for different
compressive hydrostatic pressures applied during the test: (a) 1 MPa, and (b) 0.1t MPa.
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GBs under compression and attracted in GBs under
tension (roughly perpendicular to the direction of the
applied tension). No massive percolation at distances
comparable to specimen dimensions was detected in
tensile tests, compared to compressive tests. Neverthe-
less, a network of liquid-rich bands having a thickness
of 2-3 grains is observed (see the broken lines in
Fig. 6a). The bands cross each other perpendicularly
and are roughly inclined at 45° with respect to the
tensile axis. They are certainly zones of intensive shear.
Furthermore, they seem to drain the liquid partially
from volumes over a few to a few tens of grains.
Cavities are seen to appear and develop in these bands
inclined at 45° (see the arrow in Fig. 6a). Because of
the apparently high cavity-growth rate (facets are
entirely cavitated), it is impossible to determine
whether they have nucleated at multiple-grain or at
two-grain boundaries. Macroscopically, one may ob-
serve a saw-tooth fracture normal to the tension axis,
that is, constituted of the many inclined coalesced
cavities. SEM observations of the specimen surfaces
(Fig. 6b) confirm the bulk behaviour with some addi-
tional features: the presence of a thin oxide layer at the
sample surfaces actually acts as a tracer and outlines
the surface deformations. They are parallel to the
applied tension and mainly localized in the bands.
Thus, the deformation may proceed initially from
sliding in shear bands, followed by tensile deformation
in the same bands before rupture. Examination of the
fracture surface (Fig. 6¢) shows the ball-shaped grains
observed in compression. This grain shape is probably
caused by the large quantity of liquid accumulated in
the bands where failure occurs.

Mechanisms of cavity nucleation and growth con-
sequently appear to be dependent on the quantity and
distribution of the liquid phases. The most interesting
results may be summarized as follows. (i) For tensile
and compressive tests, cavities nucleate and grow in
liquid GBs. (ii) Cavities grow at GBs roughly parallel
to the applied stress in compression. The situation is
rather different for tensile tests. Microscopically, the
fracture actually follows the liquid-rich bands inclined
at 45°. Macroscopically, the resulting failure is of a
“saw-tooth” type and is perpendicular to the applied
tension. (iii) Fractures are always intergranular, but
grain shapes in the material and at the fracture surface
appear to be strongly dependent on the quantity of
liquid present at the GB before rupture (from ball-like
grains in liquid-rich areas to more angular grain
shapes in liquid-poor areas).

4. Discussion

4.1. Stresses in the test specimens

Three different scales of stress variation influence the
percolation in this material. They are as follows.

1. The macroscopic variation of stresses. This varia-
tion does not exist in tensile specimens, where the
macroscopic tension is homogeneously distributed be-
fore the occurrence of instabilities. On the contrary,
due to the specimen end constraints in compressed
specimens which cause barrelling, the macroscopic

Figure 6 SEM micrographs of a specimen tested in tension at
480°C, £¢=15x 10757 for £¢=02 showing: (a) a section
parallel to the sample surface, (b) the specimen surface, and (c) the
intergranular fracture under the same test conditions.

stress pattern developed in a compression test piece is
highly complex [39]. Essentially, while the stresses
generated in the specimen end zones are nearly en-
tirely compressive in nature, tensile hoop and radial
stresses are produced in the body with the highest
tensile stresses on the side of the sample.

2. The variation of stresses between adjacent GBs,
due to GB orientations as compared to the applied
stress. Maximum relative tensile stresses are actually
expected in GBs perpendicular to the axis of tension
or parallel to the applied compression. The maximum
resulting stress gradients between adjacent GBs are
consequently of the same order as the applied stress
for both tensile and compressive tests.
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3. The variation of stresses inside GBs. These stress
distributions are induced by GB sliding. Since no
significant grain deformation is observed after tensile
and compressive tests, the deformation is concluded to
proceed mainly by GB sliding. As proposed by Pharr
et al., the liquid at GBs may, furthermore, enhance GB
sliding by lubrication [14, 16, 33]. The basic principle
of GB sliding (GBS) and the resulting local stresses are
schematically represented in Fig. 7 for tensile and
compressive tests [10, 40, 417. The grains themselves
do not deform and slide rigidly over each other.
Furthermore, the stress levels induced by GBS are
higher than the applied stresses [39, 40].

4.2. Percolation and distribution of
liquid at GBs

The percolation of the liquid phase is driven by the
gradient of stresses in materials during deformation.
The liquid actually tends to move from areas in
compression to areas in tension. From the experi-
mental results and stress studies (Section 4.1), the
following three scales of liquid percolation may be
deduced.

1. A massive percolation at distances comparable to
specimen dimensions, due to the macroscopic stress
distribution or deformation instabilities. This massive
percolation is clearly observed in specimens tested in
compression (Fig. 2). It induces areas which are richer
in liquid, mainly in the side and, to a lesser extent, in
the central parts of compressed samples. Massive
percolation over smaller distances is also observed in
tensile specimens when instabilities occur. Actually,
the observed inclined bands indicate the tendency of
the deformation to concentrate in shear zones. Such a

Sliding
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Figure 7 Schematic of the stress distribution along a two-grain
junction (a-b), due to GBS, with and without relaxation at the
multiple point. The maximum tensile stresses, schematically re-
presented, are expected in GBs parallel to the axis of compression,
o or perpendicular to the axis of tension, 6. o*-values depend on
the orientation of the GBs and on the test types. For the a—b GB, ¢*
is equal to 0 and to o, for compressive and tensile tests, respect-
ively.
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phenomenon produces locally higher GBS and con-
sequently higher associated tensile stresses (Fig. 7). As
observed experimentally, the liquid content in these
bands becomes consequently more important and the
grains become completely surrounded by the liquid
phase.

2. A local percolation at distances comparable to the
grain size, due to the redistribution of the liquid phase
from GB under compression to adjacent GB under
tension or lower compression. This local percolation is
expected to be similar for the specimens tested in
tension and compression, due to similar stress gra-
dients (see above).

3. A GB percolation due to the stress distribution
along GBs (Fig. 7). As observed experimentally, it
induces a larger quantity of liquid at multiple GBs
where the tensile stresses are maximum. The incoming
liquid reieases the stresses in these areas. This GB
percolation is observed for tensile .and compressive
specimens.

Finally, the resulting flow of liquid during tension
and compression is a combination of the three modes
of percolation described above.

‘Furthermore, the liquid percolation was demon-
strated to be very rapid, for times which were negli-
gible compared to the test duration [ 16]. Thus, it may
casily be assumed that once the liquid has moved in
large amounts from zones in compression to zones in
tension (whenever possible), no liquid remains avail-
able for further macroscopic accommodation of the
deformation by percolation. What happens locally is
more complicated because one cannot exclude any
percolation evolution due to geometrical changes
(grain sliding and rotation) which may change the
local stresses and open or close possible channels for
the liquid flow.

When percolation occurs, it is also clear that the
liquid disappears from some GBs and enters others
where solid contacts apparently existed. The mech-
anism of penetration is not yet understood (it could be
diffusion, dissolution—reprecipitation etc.). However,
two driving forces may explain the opening of grain
boundaries to allow the penetration of the liquid: (i)
the local stress state acting on the GBs, as confirmed
by the higher quantity of liquid in GBs perpendicular
to local tensile stresses; and (ii) the good wetting of the
liquid phase seen experimentally after annealings at
temperatures higher than the fusion temperature of
the eutectic phases (Figs 2—-6).

The good wetting and chemical interactions of the
liquid phases with the solid grains also lead to major
modifications in grain shapes. This phenomenon,
driven by the decrease of the liquid/solid surface
energy, leads to ball-like grains in liquid-rich areas as
observed in the sides of samples in compression
(Fig. 4) and in the inclined bands in tensile specimens
(Fig. 6). On the contrary, liquid-poor zones lead to
more angular grain shapes.

4.3. Cavity evolution as a function of the
stress state and liquid quantity
For materials with liquid GBs Marion et al. [10] also



observed the important role of GBS in materials with
amorphous GBs. In addition, they stated that cavit-
ation in liquid or viscous GB phases is induced by the
depression (tensile stresses) at multiple GBs caused by
the GBS. Consequently, they defined a critical tensile
stress for hole formation, o&,y. The same results were
also obtained by Thouless and Evans [4] and confirm-
ed by Pharr and Vaandrager on liquid GBs [14, 16].
In view of these results, it was interesting to obtain
more qualitative information about the maximum
local stress state at GB depending on the test condi-
tions.

The following discussion considers qualitatively, the
stress state in the liquid phase at GBS assuming that
liquid percolation is no longer possible (that is, there is
no more liquid available or the channels are closed).
As schematically presented in Fig. 7, the sliding of
planar boundaries induces a tensile-stress distribution
near the grain edges. The combination of the local
tensile stress due to GBS with the macroscopic com-
pressive or tensile stress (o and o) leads, for the most
stressed GBs in tension, to higher resulting local
tensile stresses (Ggg) during tensile tests (compared to
compressive tests). Thus, as illustrated by the value of
o* in Fig. 7:

Ogg (tensile test) > ogp (compressive test)

When hydrostatic compression is additionally applied
to the system during compressive tests, it decreases the
maximum tensile stress on a GB by a value equal to
the applied hydrostatic pressure. Finally, one can also
write:

Ogp (compressive test) > ogp (compressive test
+ hydrostatic pressure)

As seen before, the critical tensile stress (c&,y ) for
hole formation within the liquid phase at multiple-
grain or two-grain junctions may provide the basis for
interpreting the cavity nucleation and growth. For
local tensile stresses at GBs below the critical stress for
cavity nucleation (ogp < 6¢,y) the material should
deform continuously without failure. Experimentally,
this situation was observed during compressive tests
at low strain rates (below or equal to 1074 s~ 1), Under
these conditions, the tensile stresses induced by GBS
may be released by accommodation mechanisms (per-
colation of the liquid, diffusion in the liquid phase,
etc.). At higher strain rates ( > 3 x 10~*s™"), failure
always occurred [24]. This consequently places the
level of the critical tensile stress for hole formation,
o6&y, in the range of the stresses induced by GBS
alone (most of the tensile stresses in compression are
due to GBS). Decreasing the maximum tension on
GBs during compressive tests by applying hydrostatic
compression may consequently avoid cavity nucle-
ation and/or growth. This effect was actually observed
experimentally for hydrostatic pressures higher than
0.5 MPa [24]. In contrast, as predicted above, cavit-
ation was always observed during tensile tests, even
for the lower strain rates used (1.5 x 1073 s71). The
presence and the quantity of cavities consequently
appear to be determined by the local tensile stresses in
the liquid GB phase. In particular, the experimental

results are consistent with the existence of a critical
tensile stress for hole formation in the liquid, as
defined by Marion et al. [10].

The role of the liquid quantity is evident when
looking at the grain shape and fracture surfaces
(Fig. 4). However, we have not, at the moment, any
satisfactory explanation for its effects on cavity nucle-
ation and growth. The damage under compression, for
example, is more important in specimens with the
lowest quantity of liquid GB phases [24]. That tends
to prove that cavity formation is easier, due to the
lower accommodation by percolation in the liquid-
poor samples. More liquid actually implies a better
accommodation of grain sliding and consequently
lower tensile stresses in the liquid phase. At the same
strain rates, increasing the liquid quantity leads to a
superplastic-type behaviour without any damage
[24]. On the other hand, when the quantities of liquid
are too large all the solid bridges between the grains
dissolve and the cohesion of the material is no longer
maintained. Under such conditions, cavitation ap-
pears at low stresses, as observed on the sides of
compressive specimens. The same results were also
observed by the authors in aluminium alloys with
5 wt % Mg (grain size 30 um) whose GBs were totally
wetted by liquid gallium. This material was instantan-
eously broken, even under very low tensile stresses,
without any plastic deformation. Thus, an optimum
quantity of the liquid phase seems to be necessary to
allow the easy deformation of the material without
any damage formation.

5. Conclusion

We studied the damage behaviour of an Al-7000 alloy
with liquid GBs. For this material, cavities were al-
ways seen to develop in the liquid films between
grains. Since a GB facet was found to be either entirely
cavitated or not cavitated at all, in the great majority
of our observations, it has not been possible to con-
clude definitively on the cavity-nucleation site. Never-
theless, this phenomenon suggests that cavities grow
quite rapidly once nucleated, and that cavity nucle-
ation, rather than cavity growth, is rate limiting in our
test conditions without hydrostatic compression.

Cavity development was observed to be strongly
dependent on the local tensile stresses acting on GBs,
due to GBS and macroscopic stresses. It was shown
that the presence of liquid films facilitates cavity
formation and specimen rupture for test conditions
inducing local tensile stresses higher than a critical
stress. In contrast, for local stresses below the critical
stress for hole formation, the liquid phase appeared to
allow easy accommodation of the deformation with-
out any damage.

The stress distribution also induced very different
percolations and consequently very different propor-
tions of the liquid phase in'the material, depending on
the zones and the test conditions. The influence of the
proportion of liquid on the damage development has
not yet been clarified. However, the role of the liquid
quantity was clearly seen when examining the grain
shapes. The liquid actually changed their forms from
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ball-like grains in liquid-rich areas, to more angular
grains in areas with grains poorly surrounded by the
liquid phase. As cavities and failures always develop in
the liquid-richer areas, the fracture surface reproduces
this ball-like geometry.
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