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Mechanical behaviour, percolation and damage
of materials with viscous solid grain boundaries

M. C. DANG, B. BAUDELET
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Polytechnique de Grenoble, ENSPG, BP46, 38402 Saint Martin d'Héeres, France

The mechanical behaviour, percolation and damage mechanism of a aluminium alloy with
viscous solid grain boundaries (GBs) at 465 °C have been characterized in experiments
performed in tension or compression in the strain rate range of 107°-10"2s~". It was found
that grain-boundary sliding (GBS) occurs as strain rates below 10~ %s™". It was shown that
the viscous solid interphase migrates during the process of deformation. In the case of tension,
it was squeezed out of GBs parallel with the tension axis into GBs perpendicular to the axis
and vice versa in the case of compression. This local percolation is discussed in terms of the
viscosity of the interphase, gradient of local stresses and percolation time. The viscosity of the
solid interphase is estimated. It was also found that cavitation depends on the type of stress
(tension or compression) and the strain rate. Cavity nucleation occurs at multiple points when
GBS happens or along GB facets in the absence of GBS. Cavity growth takes place along
GBs at high normal stresses and the cavity coalsescence leads to “"saw-tooth” fracture.

1. Introduction

A viscous grain boundary (GB) may be observed when
the chemical or structural nature of the phases in the
GB is different from that of grains. These GBs can
exist in metallic alloys [1 11], ceramics [12 25], met-
al-matrix composites [26-28], frozen soils [29-31], ice
[32-34] and alkaline salts [35-38].

The mechanical behaviour of materials with viscous
GBs has received considerable attention because an
understanding of the rheological effects of interphases
is technologically important for the industrial applica-
tion of the materials. It was shown that the com-
pressive crecp strain rates were enhanced when the
grains were surrounded by sufficient liquid [2, 3, 25].
It is suggested that the mechanisms of joint lubri-
cation, diffusion, cavitation and percolation may oc-
cur during deformation [2, 3, 18, 25, 36]. In a recent
study, we havc shown that the constitutive law de-
pends strongly on the nature (solid or liquid) of the
viscous intergranular phase and on the strain rate [4].

Percolation or fluid flow was suggested as a mech-
anism of accommodation [39, 40]. The effect of per-
colation on deformation has recently been analysed by
a number of investigators [2, 5, 18, 41]. Tt was found
that the percolation of liquid interphases occurs rap-
idly [2, 5] and is an important accommodation mech-
anism [3, 18].

Most studies to date have been focused on cavity
nucleation and growth in viscous (i.c. amorphous)
GBs of some ceramics because of the importance of
their premature failurc observed at high temperatures
[20 25]. In these ceramics, cavities are¢ always ob-
served to be formed entirely within viscous GBs. It has
also been shown that for materials with viscous inter-
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phases the damage occurs more rapidly in tension
than in compression under similar conditions because
the cavitation is promoted by tensile stresses [ 13, 20].
Similar behaviour has also been observed in metallic
materials with a liquid GB phase [5]. In these mate-
rials tensile loading leads to more rapid failure, where-
as a compressive loading tends to delay the process of
failure. In addition, the damage produces intergranu-
lar fracturc of “ball-like” grain shapes [5].

The evolution of cavities at viscous GBs and cavity
geomctries have been examined by a number of au-
thors [16, 18, 21, 42, 43]. A wide variety of cavity
geometries and sizes was shown. The most commonly
observed cavity shape is a triangular wedge located at
a multiple junction [16, 18, 21]. Another category of
small cavities consists of holes of an oblate morpho-
logy formed along two-grain interfaces [21]. These
oblate holes are only detected at high local stresses.
Conversely, crack-like and full-facet cavities were ob-
served at high stress levels in another study [42].
Additionally, these crack-like cavities extend across a
grain facet, starting from a multiple point and be-
coming stabilized in the form of facet-sized cavities
after extending into the opposite multiple junction.
Consequently, because of the differences noted above,
the cavity nucleation site and cavity geometries have
received considerable attention in our investigations.

In this work the mechanical behaviour, percolation
and damage evolution of the same aluminium alloy as
that used previously [5] were studied by tensilc and
compressive lests at a temperature just below the
fusion temperaturc of the GB phase. Furthermore, a
comparison is made between the bchaviour of the
alloy with viscous solid GBs and that with liquid GBs.
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Figure I SEM micrograph of the microstructure of as-prepared Al-
7000 alloy. The eutectic phase (white) is distributed along GBs as
well as dispersed within grains.

2. Experimental procedure

The aluminium alloy used in this study is of the 7000
series prepared by Osprey. The microstructure of the
material is composed of equiaxial grains of about
30 pm and a quaternary eutectic GB phase fusible at
477°C (Tgp) [4]. This temperature is significantly
lower than the melting temperature of the matrix
material (630 °C). The alloy may be taken as a material
with viscous solid GBs at 465 °C.

The microstructure of the material before testing is
shown in Fig,. 1. It is seen that the eutectic phase (white
areas) exists in two forms: a semi-continuous network
along GBs and small granular precipitates dispersed
inside matrix grains. Previous investigations showed
no significant evolution of the eutectic intergranular
phase for relatively long annealing periods at tempera-
tures lower than the eutectic fusion temperature {4].
Nevertheless, the eutectic intragranular phase of pre-
cipitates trapped inside the grains is more sensitive to
thermal conditions because of the smaller sizes of the
precipitates.

Mechanical tests were performed under inert gas at
atmospheric pressure using a testing machine equip-
ped with a furnace which ensures a quasi-constant
temperature with an accuracy of + 2°. Tests were
performed in compression or in tension at 465 °C with
a strain rate ranging from 1075 to 10725~ % At the
end of each test, the specimen was quenched into
water to preserve the high-temperature microstruc-
ture. Nevertheless, some tensile tests reserved for the
observation of pre-polished surfaces were terminated
by cooling in the furnace under argon in order to
preserve clean surfaces.

3. Results

3.1. Grain-boundary sliding

The existence of grain-boundary sliding (GBS) de-
pends on the range of strain rates:

(i) At high strain rates (£ > 10"*s™ ), no visible
GBS is observed. It is worth noting that the absence of
GBS is related to low values of strain-rate sensitivity
coefficient (m ~ 0.3) and grain deformation compar-
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Figure 2 SEM micrograph showing grain-boundary sliding illus-
trated by the shift of scratches at grain boundaries and by surface
relief of grains. The specimen was tested in tension at 465°C, £ =5
x 1073571 for & = 0.25.

able to the macroscopic deformation in compression
[4].

(ii) At low strain rates (& < 107*s™1), extensive
GBS is observed. The GBS was evaluated by the shift
of scratches at the grain boundaries and by the surface
relief of grains (Fig. 2). The GBS is associated with
high m values ( ~ 0.8) and quasi-equiaxial grains [4].
In this case the mechanical behaviour observed is
comparable to that of a superplastic material.

In contrast, GBS is always observed at all strain
rates when the intergranular phase is in the liquid
state [5].

3.2. Percolation of viscous solid intergranular
phase

The percolation of the GB phase is fluid flow of this
phase along the GBs for certain distances. It is inter-
esting to note that the long-distance percolation of
interphase during compression observed in liquid GB
materials [5] is absent in viscous solid GB materials
under similar conditions. Micrographs of specimens
tested in compression show the viscous solid phase
squeezing out of boundaries nearly perpendicular to
the compression axis and flowing into boundaries
roughly parallel to the compression axis (Fig. 3a). This
percolation is limited to distances comparable to the
grain size (local percolation). The local percolation is
also confirmed in tensile tests. In this case the viscous
solid phase is expelled from GBs parallel to the ten-
sion axis and flows into those nearly perpendicular to
the tension axis (Fig. 3b).

The occurrence of percolation depends on the mag-
nitudes of t and o at a given temperature, where ¢ and
o are respectively the percolation time and applied
stress in compression or in tension. In the (¢, o) space
three zones can be recognized: no percolation, low
percolation and high percolation. The zones with and
without percolation can be separated by a straight line
on a log-log plot (Fig. 4). In other words the
time-stress behaviour observed seems to follow a
hyperbolic relation:

to=K (1)



Figure 3 SEM micrographs showing local percolation. Interphase
flowing into (a) GBs parallel to the axis of compression (test
performed at 465°C, £ =6x10"3s~! for £ = 0.3) and (b) GBs
perpendicular to the axis of tension (test performed at 465°C, ¢ =5
x107*s7! for £ = 0.07). Micrograph (b) exhibits less percolation
because of shorter time. Small precipitates are formed in (b) due to
slow cooling in furnace.
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Figure 4 Dependence of the occurrence of percolation at 465 °C on
the magnitudes of percolation time ¢ and applied stress ¢, shown on
logarithmic scales: (H, A, 4)in compression, ([, A <) in tension.
({1, M) High percolation, (A, A) low percolation, (<, €) no
percolation.

where K is constant for a given temperature, approx-
imately equal to 600-1000 MPas at 465 °C.

3.3. Damage

In this material, cavitation appears in the GB phase
and leads to ductile intergranular fracture. The dam-
age behaviour also depends on the strain rate. In order
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Figure 5 The effect of strain rate ¢ on the (c—¢) behaviour in tension
at 465°C.

Figure 6 SEM micrograph of pre-polished specimen surface show-
ing circular cavities nucleated at GB facets oriented roughly perpen-
dicular to the tension axis (arrows) and coalescence along these
GBs, after a test at a high strain rate £ = 5x 107 4s™!, T = 465°C
and &£ = 0.15.

to clarify cavitation mechanisms, a microstructural
observation of specimens tested in tension was per-
formed:

(i) At high strain rates (&8> 10"*s~!, without
GBS) the failure occurs at low strains and the cavita-
tion influences the apparent constitutive law (Fig. 5).
Cavities first nucleate at grain-boundary facets orien-
ted perpendicular to the axis of tension instead of at
multiple junctions. The cavities then grow and co-
alesce along the same GBs. The smallest cavities are
circular holes and the bigger cavities (after growth and
coalescence) have an oblate morphology. The inter-
granular coalescence occurs at inclined GBs lying
between the GBs at which cavities are initiated (Fig.
6). Macroscopically, the resulting failure is of a “saw-
tooth” type. This phenomenon is observed both on the
surface and in the bulk of specimens.

(i) At low strain rates (¢ < 107*s~1, with GBS),
the material may be deformed to a very large strain
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Figure 7 SEM micrograph of pre-polished specimen surface show-
ing cavities nucleated at multiple points and coalescence along GBs
oriented roughly perpendicular to the tension axis, after a test at a
low strain rate ¢ = 1.5x 107357 !, T'=465°C and ¢ = 0.62.

Figure 8 SEM micrograph of an intergranular fracture surface
showing angular grain shapes after a tensile test at 465°C, £ =5
x 107 %571 for ¢ = 0.15.

without fracture (for example upto e = 1, for £ = 1.5
x 1073 s71) (Fig. 5). In this case the damage mech-
anism is different from that observed when strain rates
are high. Equiaxed cavities apparently nucleate at
multiple points and propagate into GB facets perpen-
dicular to the tension axis. After growth and coalesc-
ence the cavities become wedge-shaped (Fig. 7). No
intergranular coalescence is found. This is also ob-
served in microstructural examination of cross-
sections of specimens. The above damage mechanism
has also been observed when the intergranular phase
is liquid, when GBS appears at all strain rates [5].

The damage of material with viscous solid GBs
always produces intergranular fracture of angular
grain shapes (Fig. 8) whereas that of more rounded
grain shapes has been observed under similar condi-
tions when the GBs are liquid [5].

The final stage of damage evolution (no cavitation,
nucleation and growth along GBs, coalescence and
failure} depends on the type of stress (tension or
compression), the state of interphases (solid or liquid)
and the range of strain rates (Table I). It is interesting
to compare the results obtained from tensile and
compressive tests under similar conditions. In com-
pression, the evolution of damage is slower than that
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TABLE I Final stages of damage observed in tensile and com-
pressive tests for materials with solid or liquid GBs

Final stage of damage

Type of stress ~ Strain rate  Solid GBs Liquid GBs

Tension High 1. Failure 5. Failure
Low 2. Growth® . 6. Failure

Compression  High 3.-Growth® 7. Failure
Low 4. No cavitation® 8. Growth®

*Tensile tests up to 100% deformation.
*Compressive tests up to 60% deformation.

in tension: intergranular rupture takes place at 15%
deformation in tension (Fig. 5), whereas a specimen
can be deformed up to 60% without coalescence and
failure in compression in the same range of strain rates
[4]. We note also that the damage process occurs
more rapidly when the GB phase is liquid (Table I).

4. Discussion
4.1. Grain-boundary sliding and local tensile
stress at the grain boundaries

When a remote stress is applied, GBS occurs on
inclined boundaries across which large shear stresses
exist as shown in Fig. 2. The GBS happens with a
relatively short relaxation time and can generate stress
concentrations on adjacent boundaries; the physics
describing it has been well analysed [2, 12, 14, 21, 22,
24, 44, 45]. For usual materials, the stress levels
induced by GBS are considerably higher than the
applied stresses, especially at multiple points [44, 45].
In the case when a viscous solid phase is present along
GBs, the stresses induced by GBS at multiple junc-
tions are probably relaxed. When the GB phase is
liquid these stresses will be relaxed and become negli-
gible in comparison with the applied stress. As a result
the distributions of local tensile stresses, Ggp, on GBs
paraliel and perpendicular to the stress axis are as
presented in Fig. 9. The ogg level equals approxi-
mately the applied stresses, o for tension or — o for
compression, at GBs perpendicular to the correspond-
ing axis of the applied stress.

By the same arguments we may estimate the magni-
tude of the gradients of the local stresses, Ao, between
two boundaries parallel and perpendicular to the
stress axis. At a given temperature, this gradient of the
local stresses is approximately equal to the applied
stress.

4.2. Percolation driven by gradient of stress
between two boundaries
A gradient of stress includes the percolation of viscous
solid interphase and confirms the experimental results
observed above (Figs 3 and 4). The kinetics of flow of
the viscous phase out of those GBs experiencing com-
pressive forces can be considered according to a
simple model for the flow of a Newtonian liquid of
viscosity m and original thickness h, from between
two flat plates of radius r pressed together at constant
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Figure 9 Schematic diagram and formulation of local stress dis-
tribution, cgp, along GBs (a-b, c—d) parallel and perpendicular to
the stress axis. In tension o = o5, c& =0 and Ao =op; in
compression o3 = 0, 68 = — o, and Ao = o, where Ac is the
gradient of local stresses between two GBs a—b and c—d.

stress ¢ [2]:

31T (h\?
=] () 1=K 2
to=g3vw hé[(%) @

Here h, is the thickness of liquid film which decreases
with time t. Equation 2 describes a hyperbolic relation
between ¢ and o, which agrees with the experimental
results shown in Fig. 4. This relation can be used to
determine the viscosity value of the interphase at
465 °C. At this temperature, the parameters appearing
in Equation 2 are 2r = 30 pm (grain size), by = 1 um
(initial thickness of interphase), ho/h(, = 10-50 (as de-
termined from the micrographs as shown in Fig. 3)
and K is as estimated above in section 3.2. The
viscosity of the viscous solid phase, n,, is calculated
according to Equation 2 to be 10°-10* Nsm ™2 These
values lie between those for liquid metals,
N, ~ 1073 Nsm™? [46], and for the glass at GBs in
ceramics, N = 10° Nsm~2 [41]. The fact that ng/n
= 10°-107 and t oc 1} (Equation 2) allows us to under-
stand why the percolation of liquid phase occurs very
rapidly and over long distances in compression [2, 51,
while the percolation of viscous solid phase is limited
to distances comparable to the grain size (for the
limited time of the mechanical tests), as observed in
this study.

4.3. Damage caused by local tensile stresses
at grain boundaries

The damage may appear at GBs with the highest
normal tensile stress (a—b in Fig. 9). The cavity forma-
tion at these boundaries depends-on the ogy levels as
discussed below.

At high strain rates (without GBS), the uniform high
value of 65 along a—b in tension provokes the nuclea-

tion of cavities at GB facets (Fig. 6) and consequently
the failure at small strains (Fig. 5, labelled 1 in Table I).
In compression, the corresponding value of 655 along
a-bis nuil and tends not to provoke cavity nucleation.
However, the heterogeneous deformation associated
with compressive tests may produce a certain Ggg [3,
47]. In this case ogp depends on the applied stress
o and may promote a weak cavitation, which is in
good agreement with the present results (labelled 3
in Table I).

At low strain rates (with GBS) there are at least two
hypotheses that may interpret the preferential nuclea-
tion of cavities at multiple points: one is associated
with the high stresses induced by GBS at multiple
junctions as discussed above (section 4.1); the other is
related to the difficulty in maintaining the cohesion of
material at solid contacts between grains when GBS
occurs. Although the former has been suggested by a
number of investigators [21, 43, 45] and the present
authors [ 5], we tend to use the latter as an alternative
concept. When the viscosity of the solid interphase is
low at temperatures just below 75 (section 4.2) the first
hypothesis becomes less reasonable, with the extreme
case of being untenable when the interphase is liquid.
The second hypothesis is associated with a number of
theoretical problems, in particular solution—
precipitation processes [19]. These processes appear
to be necessary in order for solid contacts between
grains to be sustained during deformation. Details of
this problem are currently being investi-
gated. Once nucleated, cavities grow along GBs with
the highest normal tensile stress. As shown in Figs 7
and 9, these GBs are oriented roughly perpendicular
to the axis of tension. Because of the small o values at
low strain rates, the o5 produced is not large enough
to cause failure (Fig. 5, labelled 2 in Table I). For
compressive tests, the value of o4, along a-b in Fig. 9
is nearly null and as a result no cavitation is generated
(labelled 4 in Table I). In this case, the local tensile
stresses induced by heterogeneous deformation (re-
lated to compressive tests) are assumed to be too small
to provoke cavity nucleation.

5. Conclusions

1. The mechanical behaviour, percolation and
damage evolution in an aluminium alloy with viscous
solid intergranular phase have been shown.

2. The local percolation, or the flow of viscous solid
interphase into GBs perpendicular to the tension axis
or parallel to the compression axis, depends on time ¢
and applied stress o according to the hyperbolic
relation ot = K, where K is constant at a given tem-
perature.

3. The viscosity of the GB phase in the alloy at
465°C has been evaluated to be 103%-10* Nsm ™2,
which is significantly higher than that of liquid metals
(about 1073 N'sm™~?2). As a consequence, the percola-
tion of viscous solid interphase is limited to distances
comparable to the grain size.

4. The percolation process is driven by the gradient
of local stresses, Ao, due to the applied stresses.

2319



5. The cavitation is induced by tensile local stresses,
Ogp, acting on GBs and it occurs at GBs perpendicu-
lar to the tension axis or parallel to the compression
axis.

6. The cavitation mechanism depends on the strain
rate. At high strain rates (without GBS) cavities nu-
cleate and grow at GB facets. On the other hand, they
occur at multiple junctions at low strain rates (with
GBS).

7. The damage produces intergranular fractures of
angular grain shapes.
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