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HVEM in situ study of fracture of Al,04/Nb

sandwich specimens

In situ straining experiments on a-Al,Os/Nb/a-Al,O; sin-
gle crystal sandwiches have been performed in a high-vol-
tage electron microscope in order to observe the dislocation
motion connected with the fracture of these samples. The
tricrystals had two different orientation relationships at the
interfaces, both possessing high fracture energies. The in
situ studies showed that the fracture occurs along the inter-
faces but more frequently inside the Nb sheet. The fracture
is connected with strong plastic deformation. The crack
opening and the dislocation processes are analysed.
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1. Introduction

The mechanical properties of metal/ceramic composites are
critically depending on the fracture behaviour of the inter-
faces. Since both constituents of these composites have
quite different elastic and plastic properties, the fracture
processes along or near the interfaces may considerably dif-
fer from those in homogeneous materials. The fracture
along the interfaces is controlled by the work of adhesion
Wad. However, the total fracture energy J. may be higher
than the work of adhesion by more than three orders of
magnitude. For a review see [1]. This difference results
from the occurrence of plastic deformation both near the
crack which increases the fracture toughness as well as far
from the crack.

If the stress intensity factor at the crack is high
enough, new dislocations can be nucleated at the crack
tip. The Rice-Thomson model for homogeneous sol-
ids [2] has been extended for bi-materials in [3]. Fi-
nally, dislocation nucleation at an interface crack is
described by a Peierls-type model [4]. In addition to
the direct dislocation nucleation, dislocations can also
be generated in the plastic zone of a crack by disloca-
tion multiplication [5-7] as during plastic deforma-
tion of homogeneous materials. Although the role of
plastic deformation for interface fracture is recog-
nized, experimental studies on dislocation creation
and motion during deformation processes are only
rarely reported.

a-Al,O3/Nb bi-crystals can be produced by ultra-
high vacuum diffusion bonding with geometrically
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and chemically well defined interfaces. They have been
thoroughly investigated (e.g., [8~11]) and are therefore
well suited to serve as a model system for interface fracture
studies. In the present paper, in situ deformation inside a
high-voltage electron microscope (HVEM) is performed to
investigate the processes of plastic deformation in connec-
tion with the fracture of a-Al,03/Nb bi-crystals. By this
method, the dislocation motion can directly be observed.

2. Specimen and deformation geometry

The specimens were obtained from several composite
blocks consisting of a Nb single crystal sheet of about
2 mm thickness joined to two a-Al,Oj5 single crystal pieces.
The two different interfaces had the following orientation
relationships (OR)

OR A: (110)n, Il (0001)a1203 , [110]x, Il [0110] Ar203

OR B: (110)x Il (0001)a12053 » [110Tx, It (21101 a0

During the in situ straining experiments, the micro-tensile
specimens were loaded along the interface normal, i.e.
along [110]ny. The samples were cut with two different ori-
entations of the foil normal relative to the Nb:

(1) with [110]xs, foil normal

(2) with [001}y, foil normal.

Thus, in total four different TEM specimens were prepared,
two for each interface. These are named Al...B2 as
shown in Fig. 1.

A1 B1

[0170ls,

A2 B2

Fig. 1. Orientation relationships of the Al,O3/Nb/ALQ; tricrystals including
the foil normals of the microtensile specimens.
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Table 1. Slip systems with non-zero orientation factors in Nb
loaded along [110].

Burgers vector slip plane orientation factor
1/2[111] (011) 0.408
(101) 0.408
(112) 0.471
(121) 0.236
1D 0.236
172[111] 011 0.408
(101) 0.408
(112) 0.471
(121) 0.236
(21D 0.236

The deformation of the Nb crystals is carried by disloca-
tions with 1/2{111) Burgers vectors on {110} and {112}
planes [12]. Two of the four 1/2(111) Burgers vectors are
parallel to the interface plane. Since this plane is perpendic-
ular to the tensile direction, the orientation factors of the
corresponding slip systems are zero. The slip systems with
non-zero orientation factors are listed in Table 1. For speci-
mens with foil normal 1, the Burgers vectors are parallel to
the foil plane and have angles of 35.3° with the tensile axis.
They also mark the directions of the traces of the slip
planes. The different planes are characterized by different
widths of the slip traces. For specimens with foil normal 2,
the traces of the {110} slip planes have angles of 45° with
the tensile direction. The traces of the {112} planes are
either perpendicular to or have angles of 18.4° with the ten-
sile direction. Thus, the planes can be identified by the ori-
entations of the traces only. In some cases, also slip systems
with macroscopically zero orientation factors were ob-
served.

3. Experimental

Pure a-Al,O; and Nb single crystals were diffusion bonded
in ultra-high vacuum using the procedure as in [10] with the
orientation relations described above. The bonding was per-
formed at a temperature of 1400 °C and a load of 7 MPa for
3 hours. In addition to the single-crystal samples, prelimi-

Fig. 2. Optical micrograph of the central part of a micro-tensile speci-
men.
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nary experiments were performed using sandwich speci-
mens with a polycrystalline Nb sheet.

Micro-tensile specimens for the in situ straining experi-
ments in the HVEM were prepared in the following way.
From the bonded sandwiches, slices about 8 x 2 x

0.3 mm® in size were cut by a wire saw. The slices were
ground using a suspension of 3 pm diamond powder in oil
on a brass plate and afterwards carefully polished with
1 um diamond paste on a special plastic foil. In order to ob-

Fig. 3. Dislocation structures produced during the bonding procedure.
a) Dislocations near the interface. b) Relatively homogeneous distribu-
tion of dislocations of low density. ¢) Dense dislocation network.
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Fig. 4. Video frame of a crack growing slowly along the interface of
OR A2.

Fig. 5. A crack growing along the interface by void formation and coa-
lescence in a specimen with a polycrystalline Nb sheet.

serve the dislocation motion in the Nb sheet near the inter-
face, the transparent area of the specimens had to be placed
in this region. Unfortunately, the Nb is much less transpar-
ent for electrons than the Al,O5. Therefore, the area of in-
terest was pre-thinned by mechanical dimpling. Dimples
were placed on both interfaces, either three usual spherical
dimples along each interface or one at each interface using
a special dimpler. The latter allowed an additional transla-
tional movement to produce large dimples with a flat bot-
tom as imaged in Fig. 2. A serious problem of the dimpling
was the higher thinning rate of Nb with respect to AL,Os;.
This effect was not observed in preliminary tests with poly-
crystalline Nb sheets of only 0.3 to 0.6 mm thickness where
the dimpling wheels are supported on both Al,O; pieces
neighbouring the Nb sheet. The effect can be reduced by
using hard dimpling wheels. The thickness of the dimple
bottoms in the Al,O5 can be estimated from Newton fringes
which, however, requires polished surfaces. Therefore,
dimpling wheels from wood were used as a compromise.
In addition, the centres of the dimples were first placed
about 10 um away from the interface into the Al,O3 and
only after the occurrence of Newton fringes shifted to the
interface.

The final thinning was performed by Ar* ion milling with
an angle of incidence around 15°. Here, higher thinning
rates of the Nb compared to Al,O; were also observed.
Therefore, the ion beam was focussed on the interface from
the Nb side. This yielded several perforations along the in-
terface and a surface structure with elongated dimples.
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Fig. 6. Two stages of a video recording taken of a specimen of OR B1
showing the transfer of a crack growing along the interface into the Nb
connected with crack blunting and formation of voids in front of the
crack.

After ion milling, band-like structures occurred on the sur-
face of the Nb as demonstrated in Fig. 2, independent of
the thinning rates. These structures correspond to slip bands
originating from plastic deformation during the diffusion
bonding process. According to the shape of excess Nb
standing out of the AL, Oj; plates during bonding, the plastic
strain reached several percent.

The in situ straining experiments were performed in a
quantitative double-tilting tensile stage [13] in an HVEM
operated at 1 MeV. The stage allowed a well defined digital
control and recording of the specimen load and elongation.
The microscope was attached with a video camera which al-
lowed the acquisition of real-time videos during the strain-
ing experiments. The video clips were analysed frame by
frame. At certain stages of the straining experiments, addi-
tionally photographic micrographs were recorded which
have a higher quality compared to the video frames.

4. Results

4.1. Initial dislocation structure in the Nb prior to the
in situ straining

As described above, the Nb component of the sandwich
specimens undergoes plastic deformation during the diffu-
sion bonding process. This results in the generation of a dis-
location structure, which impairs the observation of the
plastic deformation during the in situ straining. Figure 3
shows that the dislocation structures are (a) sometimes re-
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Fig. 7. Photographic micrographs taken at a later stage after the video record-
ing of Fig. 6.

stricted to the vicinity of the interface, (b) sometimes ex-
tend quite far into the bulk of the Nb sheet and (c) may have
a high dislocation density.

4.2. Crack path and shape

In total, there were two experiments performed successfully
on the sandwich specimens with polycrystalline Nb sheets
and six ones on such with Nb single crystals, mostly of OR
B. Only in two of these specimens, the crack runs along
the interface, in two others it proceeded inside the Nb near
the interface but in four specimens the crack grew in the
Nb far from the interface.

Figure 4, taken from a video recording, presents a crack
growing slowly along the interface in a specimen of OR
A2. As described above, the macroscopic tensile stress acts
always perpendicular to the interface in [110]yy direction.
The crack moves with considerable plastic deformation in
the Nb leading to crack blunting. A later stage of this type
of motion is shown in Fig. 5, observed in a specimen with
a polycrystalline Nb sheet. Voids have grown in front of
the main crack and the failure proceeds by the coalescence

Fig. 8. Crack in a specimen of OR B1 with branched tip in the Nb.
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of these voids. In the frames of Fig. 6, taken from a
video sequence, the crack grows first slowly along
the interface accompanied with some blunting. After-
wards, it leaves the interface and proceeds in the Nb.
At this time, extensive plastic deformation starts.
Suddenly, the displacement of the crack faces in-
creases. This is connected with the formation of
strongly thinned areas containing voids. A later stage
is shown at a better resolution in the micrographs in
Fig. 7, which were recorded on photographic film.
The crack is formed mainly in the Nb. However, there
are also several regions of decohesion at the inter-
face. One is demonstrated in the magnified inset,
which shows an enlarged section of the micrograph.
These microcracks along the interface show a step in
the Nb at the backward (right) side and are sharp in
the forward direction of crack motion. One example
of a crack moving completely in the Nb sheet is de-
monstrated in Fig. 8. The crack is connected with
heavy plastic deformation and its tip has branched.

From the shape of the cracks along the interface in
Figs. 4, 5, and 6b, the crack cpening displacement (COD)
J. can be measured. It amounts to about 70 nm for the crack
in Fig. 4 and about 360 nm for the cracks in Figs. 5 and 6b.
In homogeneous materials, the crack opening displacement
allows to determine the energy release rate G.cop [14]
GCCOD = ”ﬁccry (1)
where m is a numerical factor with 1 <m <3 and o, is the
yield stress of the material. In a first approximation, it is as-
sumed that this relation holds also for fracture along or near
the interface. The yield stress of Nb was measured along the
(110) direction characteristic of the present loading condi-
tions on the excess material of a sandwich specimen with
the same thermal history as the present specimens yielding
oy = 84 MPa [15]. With this value and an intermediate value
of m =2, G.cop amounts to about 12 J m~? for the speci-
men in Fig. 4 and 60 J m~? for the specimens in Figs. 5
and 6b. The large opening of the crack inside the Nb in
Fig. 8 cannot be used to calculate G.cop since further crack
growth is controlled by the tips of the small branches in
front of the main crack.

0.5 um

Fig. 9. Contrast fringes in the Al,Os near the interface during in situ
loading of a sandwich specimen with polycrystalline Nb sheet.
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4.3. Plastic deformation processes

As described in Section 4.1., the plastic deformation pro-
cesses connected with the fracture are impaired by the dis-
location structures resulting from the diffusion bonding
process. Nevertheless, the crack-induced dislocation mo-
tion can be identified during the dynamic observation in
the in situ straining experiments in the HVEM.

During the elastic loading of the in situ specimens, before
dislocation motion was observed, contrast fringes appear in
the Al,Oj; crystals near the interface (Fig. 9). The contrasts
consist of small bright dots along the interface with dis-
tances between about 35 and 70 nm. In between these dots
dark contrast fringes occur. The contrast features are still
visible during plastic deformation as demonstrated in
Figs. 14 to 16 below.

Most slip systems described in Section 2 and Table 1 are
observed in the experiment. This can be seen most clearly
in regions of plastic deformation near the interface but far
away from the crack. Figure 10 presents the case of the
[110]np viewing direction (OR B 1) with the two active Bur-

Fig. 10. Dislocation structure generated during in situ deformation of a
specimen of OR B1 with Burgers vectors in the foil plane.

Fig. 11. Video frame of the same specimen as Fig. 10 with disloca-
tions moving on traces perpendicular to the interface, i. e. with Burgers
vectors in the interface plane.
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gers vectors 1/2[111] and 1/2[111] in the foil plane. The
Burgers vectors were determined by contrast extinction ex-
periments using the g-b =0 rule. The dislocations are
elongated along the Burgers vector directions, i. e. they are
mainly screw dislocations. Since the width of the slip traces
is small, the slip planes are most likely the (112) and (112)
planes imaged edge on. These slip systems have maximum
orientation factors mg=0.471. In addition, dislocations
were observed having Burgers vectors in the interface plane
with zero orientation factors. An example is shown in
Fig. 11, which was taken at a similar area of the same speci-
men. Dislocations labelled by arrows move along traces
perpendicular to the interface plane. The corresponding slip
planes do not contain the directions of the Burgers vectors
listed above but those with zero orientation factors.

The dislocation structure of a specimen with OR A2 is
displayed in Fig. 12. The dislocations belong to a slip plane
which has traces parallel to the trace of the interface, i.e.
the (112) or (112) plane with the maximum orientation fac-
tor of 0.471. The Burgers vectors point out of the interface
plane. Other dislocations in this specimen move on the
(011) plane with myg = 0.408. However, again dislocations
are observed moving on planes which do not contain the

Fig. 12. Dislocations moving in a specimen of OR A2 on a plane with
a trace parallel to the interface plane.

Fig. 13. Frame from a video recording with dislocations moving in a
specimen of OR A2 close to (121) planes.
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Fig. 14. Frame from a video recording with dislocations moving away
from the crack (arrow) in a specimen with OR A2.

two Burgers vectors yielding orientation factors different
from zero. An example is presented in Fig. 13 where the
dislocations move on (121) planes.

Thus, in general the stress state near the interface is com-
plex. In addition to dislocations which move with large ori-
entation factors in a macroscopic sense, also dislocations on
slip systems with zero orientation factors occur. Frequently,
the traces are not straight indicating extensive cross slip.
Most dislocations move away from the interface but some
dislocation motion was observed in the opposite direction,
too. The dominating slip planes are of the {112} type.

Plastic deformation is particularly extensive near the
crack tips. Since the dislocation density is high in these re-
gions and since the structures are superimposed with bend-
ing contours, details of the dislocation motion are difficult
to observe. Many dislocations are created near the crack
and move away from it as illustrated in Fig. 14. The disloca-
tions bow out in the forward direction of motion and move
on (112) or (112) planes with the maximum orientation fac-
tor of 0.471. Figure 15 presents an area at a slightly larger
distance from the same crack. In this case, the dislocations
move towards the crack on the same types of planes. Thus,
in the plastic zones of the cracks dislocations of both signs
are observed suggesting that the dislocations are not
emitted from the crack but are generated by dislocation
multiplication. Since the stresses are higher near the crack,
more dislocations move away from the crack than towards
it. Figure 16 shows that the multiplication takes place by
the usual double-cross slip (Koehler—Orowan—Gilman)
multiplication process [5—7]. In Fig. 16a, a dislocation has
formed a small dislocation dipole at a jog. The respective
dislocation is marked by an arrow and drawn schematically
at the upper right corner of the micrograph. On further mo-
tion of the dislocation, the dipole opens (Fig. 16b) and the
dislocation obtains a shape like a . Between Figs. 16b and
¢, the new loop at the right side of the ¢ grows. In Fig. 16f,
the loop is terminated and the original dislocation has
moved away. Finally, two new dislocations move away
(not shown in the figure).

To summarize, extensive plastic deformation occurs near
the crack tip but also quite far away from it. Many disloca-
tions move on planes of {112} type with high macroscopic
orientation factors. Near the interface, dislocations move
also on planes containing the Burgers vectors in the inter-

790

Fig. 15. Frame from a video recording of an area slightly right of that
of Fig. 14 with dislocations moving towards the crack.

face, 1. e. on slip systems with zero macroscopic orientation
factors, indicating a complicated stress state. Most disloca-
tions are created by the double-cross slip multiplication
mechanism.

5. Discussion

Interfaces with the orientation relationships used in the
present work, have the highest fracture energies of about
1900 T m 2. This was measured on single-ended notched
beam bending specimens in previous studies [10, 11, 16—
18]. Values between 760 and 2300 J m~? were determined
by the present authors on chevron-notched bending bars
[15]. The present in situ study indicates that the cracks run
sometimes along the interface but in most cases inside the
Nb sheet. This is in contrast to observations of the chev-
ron-notch fracture tests, where the cracks run mostly close
to the interface but in the sapphire. According to the linear
elastic fracture theory including small scale yielding [19,
20], the crack path is determined by the second Dundurs'
parameter 3, defined by [21]

g (L= 2m) = (1= 2v)

2
(T v) ol = w1} @

4 and v; are the shear moduli and Poisson’s ratios of the
constituents of the specimens. In the present case of a
strong interface and > 0 (f = 0.214 for OR B [10]), a crack
running in the sapphire should be attracted towards the in-
terface. That the cracks in most cases do not run along the
interface is certainly caused by the particular specimen geo-
metry. The specimen thickness along the electron beam di-
rection is typically less than 500 nm and thus small com-
pared to other specimen dimensions, e. g. the thickness of
the metal layer or the specimen width. Besides, the cross
section of the specimens is not homogeneous. Most prob-
ably, the Nb sheet is thinner than the neighbouring sapphire,
so that the crack follows the path of lowest crack resistance.

In all cases, i. e., when the crack runs along the interface
or inside the Nb, the crack tip is blunted indicating strong
plastic deformation (see Figs. 4 to 6 for the cracks along
the interface). The energy release rates Gecop from
Eq. (1), which correspond to the observed crack opening
displacements, amount to 12 J m~ 2 for the crack in Fig. 4
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with OR A and to 60 J m ™ for that in Fig. 6b with OR B.
These values can be compared with the work of adhesion
W,q and with the macroscopically measured fracture ener-
gies. W,q amounts to only 0.49 Jm~2 for OR A and to
0.95Tm™? for OR B ([22], quoted in [1]). The present
G.cop values scale with W, but are more than an order of

magnitude higher due to the plastic deformation near the
crack tip. Average values of G, determined from the stress
intensity factors in chevron-notch bending tests amount to
313 and 426 J m 2 [15]. Thus, macroscopic specimens are
stronger than it is indicated by the crack opening during
the in situ straining experiments. The average total work of

Fig. 16. Several stages of dislocation multiplication in a specimens with OR A2.

Z. Metallkd. 95 (2004) 9
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fracture J, amounts to 1684 and 1180 J m ™2 for orientation
relations A and B, respectively [15]. Consequently, a large
amount of the plastic work is expended far from the crack
tip and is not directly increasing the critical stress intensity
factor. This plastic deformation leads to the formation of
voids in front of the main crack, so that void formation and
coalescence is an essential mechanism of crack extension
in the sandwich samples (Figs. 5 and 7).

Owing to the complex stress state near the cracks, dislo-
cations move on all slip systems with orientation factors
listed in Table 1 as well as on slip systems with zero macro-
scopic orientation factors comprising the Burgers vectors
contained in the interface plane. The dominating slip planes
are of {112} type. Slip is particularly extensive near the
crack tip. Mostly, the motion of individual dislocations can-
not be resolved there. However, dislocation motion is also
observed far away from the crack leading to the large values
of the total fracture energy.

Interface fracture is frequently treated as semi-brittle
with the emission of dislocations at the crack tip [3, 4]. In
the present experiments, the high density of dislocations in-
troduced by the diffusion bonding process prevented the ob-
servation of dislocation emission. On the other hand, the
present study showed that many dislocations are generated
by dislocation multiplication in the plastic zcne as during
usual plastic deformation. One argument is the observation
of dislocations moving towards the crack as in Fig. 1S5.
These dislocations must have been created far from the
crack. In addition, dislocation multiplication by the Koeh-
ler—Orowan—Gilman mechanism [5—7] was directly im-
aged. Therefore, it may be concluded that most dislocations
carrying the deformation in the plastic zone of the cracks
are generated by usual dislocation multiplication.

6. Conclusions

— For the investigated specimens with interfaces possess-
ing high adhesion energies, cracks run along the inter-
faces but more frequently inside the Nb sheet.

— The cracks are strongly blunted, indicating extensive
plastic deformation in the Nb. Fracture energies calcu-
lated from the crack opening displacement are between
the work of adhesion and the fracture energies deter-
mined by macroscopic fracture tests.

— Dislocations move on slip systems with both high and
zero orientation factors corresponding to the macro-
scopic tensile loading, preferentiaily on {112} planes.

— Most dislocations are created by the double-cross slip
multiplication mechanism.
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