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Deformation and fracture mechanisms of
Al,03/Nb/Al,O5 composites under compression

The deformation and fracture behavior of polycrystalline
Al O3 and Al,O3/Nb/Al,O3 composites with perpendicular
and inclined interfaces were investigated at room tempera-
ture by means of compression tests. It was found that poly-
crystalline Al,O3 fractured at higher stresses (>500 MPa)
than Al,O3/Nb/Al,O3 composites, and that its failure al-
ways showed a split fracture mode. For the Al,O3/Nb/
Al,O5 specimens with interfaces perpendicular to the load-
ing direction, cracks normally nucleated near the Nb/
Al,O3 interfaces and then propagated along the loading di-
rection, finally leading to a split fracture in the polycrystal-
line Al,O5 parts. For the Al,O3/Nb/Al,O3 specimens with
interfaces inclined to the loading direction, the split fracture
of the polycrystalline Al,Oj3 parts strongly depends on the
orientation of the Al,O5/Nb interfaces with respect to the
loading direction. For all the Al,O5/Nb/Al,O5 specimens,
intergranular cracking was seldom observed independent
whether the interfaces are perpendicular or inclined to the
loading direction. Based on these results, the fracture mech-
anisms of Al,O3 and Al,O3/Nb/Al,O3 specimens are dis-
cussed.

Keywords: Al,O3/Nb/Al,O3 composites; Compression, In-
terfaces; Split fracture

1. Introduction

Metal/ceramic interfaces are of major importance for many
technological and industrial applications demanding ad-
vanced materials, including electronic packaging systems,
thin-film technology, protective coating and structural
metal/ceramic composites [1—3]. Therefore, the fracture
behavior at metal/ceramic interfaces has received consider-
able attention since it is highly relevant to deformation and
failure processes in elastic components and composite
materials [4—8]. In the past two decades, the mechanical
properties of metal/ceramic interfaces have been widely in-
vestigated by testing different Al/Al,O3 [9-13], Cu/Al,O3
[14-18], Auw/Al,O5 [19-21], and Al,O3/Nb/AL,O5 [22-
31] bicrystals or polycrystalline specimens. The goal of
these studies was to determine the deformation and fracture
mechanisms under various loading modes, for example,
compact tension [11-17, 20, 21], compression [25, 26, 30,
31], bending [9, 19, 23, 28, 29, 31], fatigue [18], and inden-
tation [22]. Normally, the fracture energies of the interfaces
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between alumina and different metals are about several
hundreds of J/m?, being significantly higher than that of alu-
mina [25, 26]. Recently, the fracture energy of Nb/o-Al,O3
interfaces was found to reach around ~ 2000 J/m2, which is
an extremely high value compared to the other systems
mentioned above [28,29]. In particular, Nb and Al,O5 do
not react chemically and have a similar thermal expansion
coefficient [29], which can minimize the effect of residual
thermal stress at the interfaces. Therefore, it is possible to
deform the metal layer to a certain extent while maintaining
the bonding at the Nb/o-Al,O35 interfaces, and thus to pro-
duce advanced metal/ceramic composites.

Early indentation tests in Al,O3/Nb/Al,O3 polycrystals
showed that metal plasticity can be either beneficial due
to plastic blunting of interface cracks, or detrimental be-
cause of residual stresses created around cracks in the
ceramic [22]. Reimanis [23] deformed Nb/Al,O5 constitu-
ents with pre-cracks through in-situ bending tests. He ob-
served the debonding of Nb/Al,Oj; interfaces in-situ and a
variance of the interface fracture energy due to the crystal-
lographic orientation of the constituents. Soyez et al.
[25,26] investigated the mechanical properties of sap-
phire/Nb/sapphire joints with different orientation relation-
ships manufactured by diffusion bonding in ultra-high
vacuum (UHV) by compression tests. They found that
Young’s modulus and yield stress of sapphire/Nb/sapphire
joints were influenced by the thickness of the metal Nb
layer. Recently, systematic tests showed that the interface
fracture energy of Al,O3/Nb/Al,O; joints strongly depends
on the orientation relationship between Al,O3; and Nb and
interfacial impurities [28, 29]. Higher fracture energy is
caused by greater plastic deformation in the Nb layer
through mount of slip lines on the metal fracture surfaces.
For a better understanding of the deformation and fracture
characteristics of the Nb/Al,Oj3 interfaces, a full-field opti-
cal strain measurement (OFM) technique was applied to
record the surface deformation processes during compres-
sion and bending tests in sandwich-bonded joints of poly-
crystalline Al,O3/Nb/Al,O5 composites [30, 31]. However,
all of the aforementioned tests did not show the deforma-
tion and fracture features in detail. In the present paper,
polycrystalline Al,O3/Nb/Al,O5 joints with interfaces per-
pendicular or inclined to the loading direction are em-
ployed to observe their deformation and fracture features
under compression loading, and to determine the influence
of the interface inclination relative to the loading direction
on the fracture behavior.
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Fig. 1. Tllustration of the Al,O3/Nb/Al,O3 specimens with interfaces
perpendicular or inclined to the loading direction, and an Nb thickness
of (a) 1.75 mm and (b) 0.92 mm. The specimens with interfaces in-
clined to the loading direction (c) have a thickness of 0.92 mm for the
interfaces perpendicular to the loading direction and of 1.3 mm for the
inclined interfaces.

2. Experimental Procedures

Polycrystalline niobium (purity 99.9 at.%) and alumina
were employed for the bonding of Al,03/Nb/Al,O5 compo-
sites. The Nb sheets, with a thickness range of 1-3 mm,
were received from Goodfellow, Germany. They were cut
into a number of rectangular platelets and then ground and
polished with a diamond suspension at both surfaces to a fi-
nal thickness between 0.7 and 2.8 mm. The bonding pro-
cess was performed at 1400 °C under a uniaxial pressure of
10 MPa for 3 hours in vacuum (10~° Pa), followed by fur-
nace cooling [30,31]. Then, the bonded Al,O03/Nb/Al,O3
samples were cut into different compressive specimens with
dimensions of 3 mmx3 mmx6 mm, as shown in Fig. 1.
There are two groups of Al,03/Nb/Al,O5; specimens con-
taining interfaces perpendicular to the loading direction
and Nb layer thicknesses of 1.75 and 0.92 mm, respectively,
as shown in Figs. la and b. The third group of Al,O3/Nb/
Al,O5 specimens has interfaces which are either inclined
to the stress axis with an angle of 6 = 45° or perpendicular
to the loading direction (Fig. 1c). The thickness of the Nb
layer is also 0.92 mm, thus, corresponding to a height of
1.3 mm for the interfaces inclined to the stress axis direc-
tion. For comparison, polycrystalline Al,O5 specimens with
the same dimensions were also machined. Before mechani-
cal tests, all specimens were ground and polished carefully
for surface observations. Some of the specimens were
etched to reveal the Nb grains and then observed by elec-
tron backscatter diffraction (EBSD) technique to determine
their orientation distribution. Compression tests were per-
formed on a servo-mechanical testing machine (Zwick
1474) at room temperature. During testing, both the load
and the displacement of the cross-head were recorded sim-
ultaneously by a linear variable displacement transducer
(LVDT). The employed cross-head speed is 0.1 mm per
minute. After compression, all the specimens were ob-
served by a JSM6300-F scanning electron microscope
(SEM) to reveal the deformation and fracture features.

3. Experimental Results

3.1. Orientations of Nb grains

The orientation distribution of the Nb grains in the Al,O3/
Nb/Al,O5 specimens with interfaces perpendicular to the
loading direction are shown in Figs. 2a—c. Along the load-
ing direction of the specimens, the orientations of the Nb
grains are close to the (111) direction (Fig. 2b); while the
Nb grains along the normal direction of the surface are
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Fig. 2. Orientation distribution of the Nb grains in the specimen with
interfaces perpendicular to the loading direction as measured by elec-
tron backscatter diffraction. (a) gives the stereographic triangle. The
orientation images along the loading direction and the surface and the
surface normal are displayed in (b) and (c).

randomly oriented and most of grain boundaries are large-
angle ones (Fig. 2c). On the adjacent surface of the speci-
mens, similar results were observed. The orientations of
the Nb grains on the two adjacent surfaces of the Al,O3/
Nb/Al,O3 specimens with interfaces inclined to the loading
direction are shown in Fig. 3. There is no obvious texture on
both surfaces containing perpendicular and inclined inter-
faces (see Figs. 3b and d). Besides, from Fig. 3c and e, it is
apparent that most of the Nb grain boundaries are also of
large-angle types. The Nb grain size in the three groups of
specimens ranges from 100 to 200 um, which is smaller
than that (~500 pm) in the specimens investigated by Liu
and Brunner [30] and Lin et al. [31].

3.2. Compressive stress — strain curves

Figure 4 shows the compressive stress—strain curves of
Al,O3 and Al,03/Nb/Al,O5 specimens with perpendicular
interfaces. It can be seen that the polycrystalline Al,O;
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specimens only display elastic deformation and
fail at a stress level of more than 500 MPa. The
stress —strain curves of the Al,03/Nb/Al,O5 speci-
mens nearly overlap under both uniaxial and cyc-
lic compression at low strain levels (below 2 %),
as shown in Figs. 4a and b. However, at higher
strain levels (above 2 %), the cyclic stress is
slightly lower than the uniaxial compression stress
(Fig. 4a). Figures 4c and d show the effect of the
Nb thickness on the stress—strain curves of the
AlL,O3/Nb/Al,O;3 specimens under uniaxial
(Fig. 4c) and cyclic compression (Fig. 4d). The
flow stress of the specimen with the smaller Nb
thickness is always higher than that of the speci-
men with the larger Nb thickness.

The stress—strain curves of the Al,O5;/Nb/
Al O3 specimens with interfaces inclined to the
stress axis are shown in Figs. 5a and b. At a strain
level below 3 %, the stress—strain curves of the
AlL,O3/Nb/Al,O3 specimen under uniaxial and
cyclic compression also nearly overlap (Fig. 5a).
At a strain range over 3 %, the flow stress under
cyclic compression still has a lower value than that
under uniaxial compression, which is consistent
with the Al,O3/Nb/Al,O3 specimen with inter-
faces perpendicular to the loading direction. The
shear stress, 7, resolved on the interface was
calculated by 7 =osinfcos6, and the shear
stress—strain curves are shown in Fig. 5b.

3.3. Observations of the deformation and fracture

Fig. 3. Orientation distribution of the Nb grains in the specimen with interfaces in-

clined to the loading direction, as measured by electron backscatter diffraction. (a) behavior
reveals the stereographic triangle, (b) to (d) the grain orientation of surfaces con-
taining perpendicular and inclined interfaces. 3.3.1. Polycrystalline Al,O5 specimens

The typical fracture behavior of polycrystalline
Al,O3 specimens under compression is shown in
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Figs. 6a and b, wherein the arrows indicate the loading di-
rection. It is obvious that the fracture surfaces of the poly-
crystalline Al,O3 specimens are approximately parallel to
the loading direction, which is typical for a split fracture
mode. We have compressed more than 10 specimens and
did not find any shear fracture. At some local sites of the
fractured Al,O; specimens, the large cracks are also mainly
parallel to the stress axis direction (see Fig. 6¢), indicating a
split mode rather than a shear mode. This split fracture
mode was frequently observed for some brittle materials,
such as metallic glass composites with dendritic phases or
tungsten fibers [32, 33], rocks [34] and polycrystalline ice
[35].

3.3.2. Al,O3/Nb/Al,O5 with interfaces perpendicular to
the loading direction

For the Al,03/Nb/Al,O5 specimens with interfaces perpen-
dicular to the loading direction, cracking and fracture were
observed to occur first in the Al,O5 parts, parallel to the
loading direction. Fig. 7a shows a deformed specimen with
an Nb thickness of 0.92 mm at ¢, = 1.5%. A long crack
has nucleated within one of the Al,O3 parts and is mainly
parallel to the stress axis. From its stress—strain curve
marked in Fig. 4b, the flow stress of the Al,O3/Nb/Al,O;
specimen is about 400 MPa, which is obviously lower than
the fracture strength (> 500 MPa) of Al,03 specimens. This
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Fig. 5. Compressive stress—strain curves of polycrystalline Al,O5 and
Al,03/Nb/Al,O3 specimens with interfaces inclined to the loading di-
rection.

indicates that cracking of the Al,O; part in Al,03/Nb/Al,O5
specimens can occur at a lower stress level in comparison to
Al,O; specimens. At a higher strain level, the Nb layer in
the Al,O3/Nb/Al,O3 specimen will undergo serious plastic
deformation, as shown in Fig. 7b for an Nb layer thickness
of 1.75 mm and in Fig. 7c for a Nb layer thickness of
0.92 mm. There are two cracks in the Nb layer and one
large crack in the Al,Oj3 part for the specimen with an Nb
thickness of 1.75 mm (Fig. 7b). In addition, the cracking in
the Al,O; part near the interface is relatively wide and be-
comes sharp towards outside, as indicated by the arrow.
For the Al,O3/Nb/Al,O3 specimen with a Nb thickness of
0.92 mm, there are two large cracks in the Al,O5 part (see
Fig. 7c). Both of the two cracks have a large displacement
near the interface and propagate towards the lower end of
the specimen. From these observations, it can be concluded
that the cracking of the Al,O5 part first nucleates near the
Al,O3/Nb interface and then propagates towards the surface
of the specimens. Under large plastic strain, the typical fail-
ure of the Al,03/Nb/Al,O3 specimens often shows a split
fracture in the Al,O5 parts, accompanied with serious plas-
tic deformation and failure within the Nb layer, as shown
in Fig. 7d. The split fracture in the Al,O5 parts for the
Al,O3/Nb/Al,O3 specimens is consistent with the failure
mode of the polycrystalline Al,O5 specimens, and was also
observed in other metal/ceramic joints [5, 26, 31].

Fig. 6. Typical split fracture features of the polycrystalline Al,Os
specimens.

Z. Metallkd. 96 (2005) 1 65
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3.3.3. Al,O3/Nb/Al,O5 with interfaces inclined to the
loading direction

For the Al,03/Nb/Al,O5 joint with a metal layer inclined by
45° to the loading direction, interfaces which are inclined or
perpendicular to the loading direction occur (geometry as
shown in Fig. 1c). It is found that the cracking and fracture
behavior of the Al,Oj3 parts strongly depends on the inter-
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face orientation with respect to the loading direction. As
shown in Fig. 8a, shear deformation of the Nb layer in the
Al O3/Nb/Al,O3 specimens can occur at &y = 1.5 %, but
no crack can be seen on the surface containing inclined in-
terfaces. However, on the adjacent surface containing per-
pendicular interfaces a fine and slender crack appears in
one of the Al,O3 parts, as indicated by the arrow in Fig. 8b.
A small shear step has formed in the center of the Nb layer

Fig. 7. Typical macro-scale deformation and
fracture of Al,O3/Nb/Al,O; specimens with
interfaces perpendicular to the loading direc-
tion. (a) g5 = 1.5%, tnp = 0.92 mm; (b) ¢, =
2.5%, tno=1.75mm; (c) &, =6.5%, tny =
0.92 mm; (d) & = 16 %, tn, = 0.92 mm. Ar-
rows indicate location of cracks.

Fig. 8. Typical macro-scale deformation and
fracture behavior on the surfaces of one
Al,0O3/Nb/Al,O5 specimen with both inclined
and perpendicular interfaces. The strain is &
=1.5% in (a) and (b). For (c) and (d) the strain
is & =6.5%; and for (e) and (f) &, =22 %.
Arrows indicate location of cracks.

Z. Metallkd. 96 (2005) 1
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due to the shear deformation. At &, = 6.5 %, the specimen
with inclined interface displayed strong shear deformation
within the Nb layer (Fig. 8c). The two Al,O5 parts shift a
relatively large distance, but there is still no crack on the
surface containing the inclined interfaces. On the neighbor-
ing surface containing perpendicular interfaces (see
Fig. 8d), the typical fracture mode is the cracking within
the Al,O5 parts mainly parallel to the loading direction. Be-
sides, the shear step of the Nb layer becomes more promi-
nent, which is consistent with the observation on the adja-
cent surface of the inclined interfaces (see Fig. 8c). From
the deformation morphology of the Al,03/Nb/Al,O5 speci-
mens, it is apparent that the cracking in the Al,O3 parts
must originate from the interface first, then propagate to-
wards outside up to the end of the specimen.

At g5 =22 %, the deformation and fracture features can
be seen in Figs. 8e and f. For the inclined interfaces, the re-
lative shear displacement of the two Al,O3 parts reaches
about 1.25 mm (Fig. 8¢) which is nearly the same as the
Nb thickness. However, the specimen did not separate along
the interfaces after the large shear deformation. This indi-
cates that the Al,O3/Nb/Al,O3 specimens can accommo-
date very large shear deformation and that the bonding of
the Al,Os/Nb interfaces is strong. As shown in Fig. 8e, sev-
eral local cracks appear within the Nb layer, leading to se-
vere shear damage at this strain level. Besides this, the two
Al,Oj3 parts still have no crack on the surface containing
the inclined interfaces even at ¢y = 22 % (Fig. 8¢). On the
surfaces containing the perpendicular interfaces, the split
fracture of the two Al,Oj3 parts becomes obvious, and many
large cracks go through the whole Al,O5 parts (Fig. 8f).
From the observations above, it can be concluded that for
inclined interfaces cracking and split fracture of the Al,O;
parts are the main failure modes under compression, which
is consistent with the polycrystalline Al,O5; specimens and
the Al,O3/Nb/Al,O5 specimens with interfaces perpendicu-
lar to the loading direction. Another important feature is
that at the surfaces containing inclined interfaces no crack
nucleates even at very high strain levels (see Fig. 8e). On
the contrary, on the surfaces containing only perpendicular
interfaces cracks always form, even at a small strain (see
Fig. 8b). This indicates that the cracking and split fracture
of the Al,O3 parts in Al,O3/Nb/Al,O3 specimens strongly
depend on the interface orientation relative to the loading
direction. This will be analysed and discussed in the follow-
ing Sections.
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Fig. 9. (a) Illustration of the compressive stress distribution of the
Al,05 specimen on a Mohr circle along with the critical tensile fracture
stress, ag, critical compressive fracture stress, 0’% and shear fracture
stress 7¢; (b) displays the split fracture and local lateral tensile stress
ok of polycrystalline Al,O3 specimen under compression.
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Fig. 10. (a) Illustration of a typical deformation mode of an Al,03/Nb/
Al,O5 specimen with interfaces perpendicular to the loading direction
and shear stresses along the interfaces; (b) illustration of the tensile
forces along x and y directions caused by the interface shear stresses
for a specimen with dimension of a x b; (c) and (d) illustration of the
shear stress distribution along x and y directions.
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4. Discussion

4.1. Fracture mechanism of polycrystalline Al,O3

Shear fracture has been frequently observed in many brittle
materials, such as metallic glasses [33, 36, 37], polycrystal-
line ice [35], and nano-materials [38], and is often discussed
using the Tresca criterion. As shown in Fig. 9a, if the maxi-
mum shear stress on any shear plane reaches a critical value
Tc, the materials fails in a shear mode, i.e.,

Tmax = amax/z > 1c (1)

However, the polycrystalline Al,O3 specimens often fail in
a split mode under compression, just as in some other brittle
materials, such as metallic glassy composites containing
steel fibers and dendritic phase [32, 33], rock [34] and poly-
crystalline ice [35]. It has been demonstrated that brittle
glassy grain boundary phases often occur in commercial
Al,Oj3 due to the sintering agents that are added to the mate-
rial to facilitate densification during processing [39]. Thus,
the brittle glassy grain boundary phases may fracture lo-
cally under shear resulting from compression. For a brittle
material subjected to a compressive stress, gc, Goodier
[40] proposed that the lateral tensile stress, o%, is related to
oc by:
3(1+5v

oy = ﬁac = Koc (2)
Here, v is the Possion ratio of the material and is equal to
0.20-0.25 for Al,O3; K can be regarded as a material con-
stant and is equal to 0.50—0.60 for Al,O5 [40]. It has been
clarified that the remote compressive stress oc can cause,
by virtue of microstructural inhomogeneities, localized re-
gions of tension, which, in turn, leads to crack initiation
[40]. The microstructural inhomogeneities that can nucleate
cracks are mainly voids, grain boundaries, glassy grain
boundary phases, and second-phase particles, around which
tensile stresses are generated by compression [39]. There-
fore, the existence of the lateral tensile stress ok is asso-
ciated with the anisotropy of the brittle material and de-
pends on the compressive stress ac. When o is larger than
the critical tensile fracture strength, a%, i.e.,

ot > o (3)
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Fig. 11. (a) Illustration of the nucleation of cracks within the Al,O3
part in an Al,O3/Nb/Al,O3 specimen with interfaces perpendicular to
the loading direction and shear stress along the interfaces; (b) illustra-
tion of stress—strain curves of a polycrystalline Al,O3 and an Al,O3/
Nb/Al,O5 specimen; (c) illustration of the compressive stress distribu-
tion on Mohr circles under the stresses oc and ogjc and the critical ten-
sile and shear fracture stresses.

the specimen will fail along the plane parallel to the loading
direction, just as the tensile failure along the lateral direc-
tion, as shown in Fig. 9b. Therefore, a brittle material can
fail either in a shear mode or in a split mode. For the poly-
crystalline Al,O3 specimens, split fracture is its intrinsic
failure mode under compression.

4.2. Fracture mechanisms of Al,O3/Nb/Al,O3 specimens
with interfaces perpendicular to the loading direction

From Fig. 4, it is apparent that a smaller Nb thickness leads
to a higher flow stress, which is consistent with the results
in AlLLO3/Nb/AL,O; tricrystals [25, 26] and polycrystals
[30]. Since the orientation and grain size of the Nb layer
are nearly the same for the two groups of specimens investi-
gated in the present work, the difference in the flow stress
can be mainly attributed to the effect of the Nb thickness,
as discussed by Soyez et al. [25]. The split fracture of the
Al,O3/Nb/Al,O53 specimens can occur at 200-400 MPa,
which is lower than the fracture strength (> 500 MPa) of
the Al,O3 specimens. The occurrence of split fracture in
the Al,Oj3 parts below the strength of the Al,O3 specimens
reflects a strong effect of the Al,O3/Nb interfaces and will
be discussed in more detail below.

If a compression load is applied to an Al,O3/Nb/Al,O3
specimen with interfaces perpendicular to the loading di-
rection, the Nb layer will deform plastically, while the
Al,O5 deforms elastically. At high strain levels, serious ex-
trusions of the Nb layer can be seen at the specimen sur-
faces, as sketched in Fig. 10a. Consequently, the shear
stress, 7, along the Nb/Al,O; interfaces must be significant
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during plastic deformation of the joint. The direction of
the shear stress 7 applied to the Al,O3 parts points towards
outside; accordingly, the shear stress applied to the Nb layer
points inside. For a rectangular Al,O5 specimen with di-
mensions of a x b (see Fig. 10b), there will be two shear
stresses applied to the Al,O; parts along x and y directions,
i.e., 7, and 7, respectively, following a function as shown
qualitatively in Figs. 10c and d. Therefore, one can get ad-
ditional tensile loads, P, and P,, along x and y direction, re-
spectively, given as:

a2
P, = / b7, dx (4a)
0

b)2
P, = / a-t,dy (4b)
0

The two additional tensile loads P, and P, are produced by
the interface shear stresses 7, and 7, during the strong plas-
tic flow within the soft Nb layer. Furthermore, the distribu-
tions of the additional tensile stresses, o, and o, applied to
the Al,Oj3 parts can be illustrated as shown in Fig. 11a for
ox. Obviously, the maximum stress of g, (or of g,) only ap-
pears near the interface.

On the other hand, it is known that the compression frac-
ture strength, 62, of the Al,O3 specimens is always higher
than 500 MPa, which corresponds to a split fracture. How-
ever, the split fracture of the Al,O3 parts in the Al,O3/Nb/
Al,O5 specimens often occurs at a relatively low stress val-
ue. From their compressive stress—strain curves, it is appar-
ent that the flow stress of the Al,O3/Nb/Al,O5 specimens is
in the range of 200—500 MPa. The two stress—strain curves
for the polycrystalline Al,O5 and the Al,O3/Nb/Al,O5 spec-
imens are illustrated in Fig. 11b. From this, it can be de-
duced that the required flow stress, ojc, for the split fracture
of the Al,O5 parts in an Al,03/Nb/Al,O5 specimen is ob-
viously lower than the compressive strength O'OC of the poly-
crystalline Al,O5; specimens. The analysis given in Sec-
tion 4.1 showed that the split fracture of the polycrystalline
AlL,O5 specimens can be attributed to the lateral tensile
stress ok during compression. Therefore, this split fracture
mechanism can be further applied to the Al,O3/Nb/Al,O5
specimens with perpendicular interfaces. The compressive
stresses g, of polycrystalline Al,O3 and Al,O3/Nb/Al,O;
specimens in Fig. 11b can be deduced from the Mohr cir-
cles shown in Fig. 11c. The yellow Mohr circle represents
the split fracture strength o of the Al,O3 specimen and
can be expressed as:

oc > o (5a)
or
o5 = Kog > oy (5b)

Here, 69 can be regarded as the tensile fracture strength of
the AlL,O3; specimen. For an Al,O3/Nb/Al,O3 specimen,
the blue Mohr circle in Fig. 11c represents the critical stress
oic for the split fracture in the Al,O; parts. Similar to
Eq. (5b), the lateral tensile stress at an interface I, o%(l), ap-
plied to the Al,O3 parts will be given as:

3(1+5v)

O'%(I) = mmc = KO'IC (6)

Z. Metallkd. 96 (2005) 1



Z.-F. Zhang et al.: Deformation and fracture mechanisms of composites

As shown in Fig. 4 and Fig. 11c, under a compressive stress
oic, it is known that

oic < o (7a)
or
or(l) < oy (7b)

Consequently, the split fracture in the Al,O5 parts cannot
occur if there is no effect of the Al,O3/Nb interfaces. How-
ever, as shown in Fig. 11a, there is an additional tensile
stress, gy, applied to the Al,O5 parts due to the shear stress
along the Al,O3/Nb interface. It is apparent that the addi-
tional tensile stress g, will promote the split fracture in the
AL, O; parts. If

O—%(I) +oy 2> 0-% (8>

split fracture can also occur in the Al,O; parts even at a
lower compressive stress level of oyc. From Egs. (5b), (6),
and (8) it follows that if the split fracture begins to occur
in the Al,Oj; part, the following relationship is obtained:

Koic 4+ 0, = KO’% (9)

This explains why the split fracture stress gjc of the Al,O3
parts in an Al,O3/Nb/Al,O5 specimen is always lower than
the split fracture strength o2 of the polycrystalline Al,O3
specimen. Furthermore, the difference between ag and oyc
can be expressed as:

(62 —o1c) =0, /K >0 (10)

We have noted that the split fracture in the Al,O5 parts
often originated from the Nb/Al,O5 interfaces, and then
propagated towards the end of the Al,O3/Nb/Al,O5 speci-
men. This indicates that the maximum value of the addi-
tional tensile stress g, occurs near the Nb/Al,O5 inter-
faces, as illustrated in Fig. 11a. From the analysis above,
it can be concluded that the split fracture of the Al,O3
parts in Al,O5/Nb/Al,O5 specimens is affected by both
the lateral tensile stress o (1), caused by oic, and the ad-
ditional tensile stress o, (or g,), induced by the interface
shear stress 7, (or 7y).

4.3. Fracture mechanisms of Al,O3/Nb/Al,Oj3 joints with
interfaces inclined to the loading direction

From the observations provided in Fig. 8, it is apparent that
the cracking and split fracture of the Al,Oj parts strongly
depends on the Al,O3/Nb interface orientation with respect
to the loading direction, an effect which has not been ob-
served before. As illustrated in Fig. 12a, when a compres-
sive load, Py, is applied to the specimen, a shear stress 7
acts on the Nb/Al,O5 interface with

70 = (Po/Agp) - sin@ - cos 0 (11)

As discussed in Section 4.2, there is also plastic flow and,
therefore, extrusions of the Nb layer from the specimen sur-
face occur (see Fig. 12a). Consequently, an additional inter-
face shear stress, 7, will also act on both the Nb layer and
Al,O5 parts during plastic deformation of the Nb layer, as
sketched in Fig. 12a. For the Al,O5 parts, the distribution
of the shear stress, 7, on the surfaces containing perpendi-
cular interfaces should be symmetrical with respect to the
X axis, as illustrated in Fig. 12b. In contrast, the shear stress,
7y, on the surfaces containing inclined interfaces will give a
shear-stress distribution due to the applied shear stress, 7,
along the interface, as shown in Fig. 12¢, which qualita-
tively is comparable with 7, but is shifted by 7o in the 7, di-
rection. Similar to the discussion in Section 4.2, there
should also exist additional tensile forces, P, on the differ-
ent surfaces. Along the x direction, the values of the addi-
tional tensile forces, P, and P, ,, are equal to each other
and can be expressed as:

a2
Pl =Pl = [0 (12)
0
Here, a and b* are the width and the length of the cross-sec-
tion, respectively. However, the values of the additional ten-
sile forces Py, and P, along the y direction are not in bal-
ance and can be expressed as:

b2
|P1,y| = / a-(ty+19) dy (13a)
0

Fig. 12. (a) Illustration of a typical deforma-
tion mode of the Al,O3/Nb/Al,O5 specimen

with interfaces inclined to the loading direc-

(e)
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tion, shear stress 7o, and additional shear stres-
ses along the interfaces; (b) and (c) show the
shear stress distribution, respectively, along x
and y directions on the interface plane; (d) dis-
plays the additional tensile forces P, P,
Pjy and P, along x and y directions on the in-
terface plane caused by the interface shear
stress; (e) illustration of the additional tensile
stresses 01, and o2, on the surfaces containing
perpendicular interfaces; (f) and (g) displays
the additional tensile stresses o, and 65, on
the surfaces containing inclined interfaces.
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—b*/2
Pl = [ a0 (13b)
The additional tensile forces P;, P>y, Piy and P,, are
illustrated as in Fig. 12d. Furthermore, the additional ten-
sile stresses gy x, 02, 01,y and g7, on the two surfaces can
be illustrated as in Figs. 12e—g.

On the surfaces containing perpendicular interfaces, the
additional tensile stresses oy, and g5, distribute symmetri-
cally and the maximum tensile stress also occurs near the
Nb/Al,O;5 interfaces, as shown in Fig. 12e. Therefore, the
split fracture mechanism on this surface will be similar to
the one discussed in Section 4.2. However, the distribution
of the additional tensile stresses g, and 0, , on the surfaces
containing inclined interfaces will display two cases, as
shown in Figs. 12f and g, depending on the relative value
between 7y and 7,. If 79<7,, as shown in Fig. 12f, the direc-
tion of oy, and o>, should be opposite near the Nb/Al,O3
interface. In this case, the smaller additional tensile stress
o1, plays a negligible role in the split fracture of the Al,O3
part on the surface containing inclined interfaces. If 79>y,
the distribution of oy, and og,, can be illustrated as in
Fig. 12g. This means that ¢}, and 0, act along the same
direction and do not affect the split fracture of the Al,O3
part on the surface containing inclined interfaces. Since
the Nb/Al,O5 interfaces have an angle of 45° with respect
to the loading direction, the applied shear stress 7 reaches
the maximum value along the interface. This might result
in a distribution of 1, and o, , being more close to the case
in Fig. 12¢g leading to the Al,O; cracking on different sur-
faces, as observed in Fig. 8. The split fracture of the Al,O3
parts, thus, strongly depends on the interface orientation
with respect to the loading direction.

5. Conclusions

From the experimental results above, the following conclu-

sions can be made:

1. Polycrystalline Al,O3 specimens often fail in a split
mode under compression, rather than in a shear mode.
Its split fracture mode can be attributed to the lateral ten-
sile stress o'; due to the anisotropy in its microstructure.

2. For the Al,03/Nb/Al,O3 specimens with perpendicular
interfaces, split fracture was also observed in the Al,O;
parts. The crack first originated at the Nb/Al,Oj3 inter-
faces and then propagated towards the outside of the
Al,O5 parts. The stress for split fracture of Al,O3 parts
in Al,O3/Nb/Al,O5 specimens is lower than the split
fracture strength of the polycrystalline Al,O3 speci-
mens. The decrease in the split fracture stress can be at-
tributed to the strong plastic flow of the Nb layer during
compression, which produces an additional shear stress
along the interfaces.

3. For the Al,03/Nb/Al,05 specimens with inclined inter-
faces, the split fracture in the Al,O3 parts shows a strong
effect of the interface orientation relative to the loading
direction. The split fracture always occurs on the two
surfaces containing perpendicular interfaces, but does
not take place on the neighboring surfaces containing
inclined interfaces. The obvious difference in the split
fracture feature on the two surfaces containing perpen-
dicular and inclined interfaces can be attributed to the
different stress distributions.
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