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Crack formation in sapphire/niobium/sapphire

joints under compression
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Compression tests were carried out on UHV diffusion bonded single crystalline
sapphire/Nb/sapphire joints to investigate their mechanical properties, the mechanisms
that lead to the failure of the joints and the dislocation-interface interaction. The tests were
performed for different orientation relationships (OR) at the interface to study the influence
of different bond strength on the mechanical behavior. Additionally, the metal layer
thickness was varied for each OR to alter the influence of the interface. The experimental
results showed, that with decreasing metal layer thickness the stress needed to form a
crack increases drastically, whereas for the Nb/sapphire system the bond strength at the
interface seems to have no significant influence on the mechanical behavior of the joint. A
theoretical model will be presented that explains the experimentally observed relationship
between metal layer thickness and crack stress. C© 2000 Kluwer Academic Publishers

1. Introduction
Metal/ceramic interfaces play an important role in
many technological areas and industrial applications
such as electronic packaging systems, thin film technol-
ogy, protective coatings and structural metal/ceramic
composites. However, the microscopic processes in the
vicinity of metal/ceramic interface during mechanical
loading have been only poorly investigated. The in-
tent of the present work is to study for a metal/ceramic
model system the interaction of the dislocations with
the interface during the plastic deformation of the metal.
Fig. 1 shows some ways how dislocations can interact
with a metal/ceramic interface: (a) dislocations run-
ning into the interface may change their direction and
move parallel to interface which is easily possible for
screw dislocations in bcc metals due to cross-slip mech-
anisms; (b) dislocations are reflected at the interface
due to different elastic constants; (c) dislocations cause
a cleavage crack at the interface due to a pile-up; (d)
a pile-up of dislocations yields to a crack formation in
the ceramic.

For the present investigation the model system
Nb/sapphire has been selected because both materials
possess similar thermal expansion coefficients, so that
residual stresses at the interface after the bonding proce-
dure are minimized. Furthermore, the interface between
Nb and sapphire is well characterized in terms of struc-
ture and mechanical properties. In a previously pub-
lished work, the elastic and yield behavior of the joints
in compression have been reported [1]. The present
study will concentrate on the fracture mechanisms lead-
ing to the failure of the sapphire/Nb/sapphire joints.

2. Experimental details
Sapphire/Nb/sapphire sandwiches were prepared by
diffusion bonding in a machine described elsewhere [2].
The preparation of the single crystals prior to bonding
and the subsequent preparation steps to get compres-
sion samples are described in a previous work [1]. The
bonding of the specimens was carried out by heating
the stack of specimens to the bonding temperature of
1400◦C within 1.5 h, holding this temperature for 3 h
and then cooling to room temperature in another 1.5 h.
After reaching the bonding temperature a pressure of
about 7 MPa was applied to the stack of specimens.
The diffusion bonded samples were cut into several
compression test specimens by means of a diamond
saw. The compression specimens had lengths between
5 and 8 mm and a square cross section with a specimen
width a≈ b of 3.8± 0.3 mm. The edges of the speci-
men were rounded to minimize the influence of edge
effects.

The small specimen size required a special de-
vice (Fig. 2) to carry out the compression test. A
detailed description of the device and the evaluation
of the load-strain data can be found in [1]. The
sapphire/Nb/sapphire tricrystals (TCC: tri-crystal-
combination) were tested with the metal/ceramic
interfaces perpendicular to the loading axis.

Table I shows the investigated ORs between Nb and
sapphire and their interface strengths, characterized by
the fracture energȳGc in 4-point bending [3]. Two
important facts should be pointed out: (i) the single
crystals in the stack were orientated so that the same
OR holds at both Nb/sapphire interfaces; (ii) for TCC1
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Figure 1 Possible interactions of dislocations with a metal/ceramic in-
terface during plastic deformation of the metal: (a) dislocation change
direction and run parallel to the interface; (b) dislocations are reflected;
(c) formation of a cleavage crack at the metal/ceramic interface due to
dislocation pile-up; (d) pile-up of dislocations at the interface initiates
crack in ceramic.

Figure 2 Micrograph of the device used for the compression tests. The
sample has dimensions of approximately 8× 4× 4 mm3.

to TCC3 different interface strengths were realized by
bonding differently orientated sapphire crystals to the
{110}Nb-plane. Hence the deformation mode and the
activated slip systems in the Nb should be the same for
these 3 ORs.

3. Experimental results
3.1. Mechanical testing
Typical stress-strain-curves for sapphire/Nb/sapphire
joints of varying metal layer thickness are shown in
Fig. 3. The failure of the sapphire by crack formation is
accompanied by a load drop in the stress-strain-curve,
indicated by an arrow. After crack formation the loading
cycle was interrupted and the specimen was removed
from the device.

TABLE I Crystallographic orientation of the specimens and their frac-
ture energies̄Gc [3]

Orientation Fracture energy
Specimen relationship Ḡc (J/m2)

TCC1 Nb(110)[001]‖α-Al2O3(0001)[11̄20] 1876± 610
TCC2 Nb(110)[001]‖α-Al2O3(0001)[1̄100] 1899± 213
TCC3 Nb(110)[001]‖α-Al2O3(11̄00)[0001] 114± 25
TCC4 Nb(111)[̄11̄2]‖α-Al2O3(0001)[1̄100] 112± 51

The crack stresses for different OR as a function of
the metal layer thicknessh are shown in Fig. 4. For
a layer thickness larger than 2 mm the crack stress is
about 120 MPa whereas for layer thicknesses of 1 mm
the stress has to be increased up to 300 MPa to initiate a
crack in the sapphire. The experimental results show for
all ORs an increasing crack stressσcrackwith decreasing
metal layer thicknessh. A strong influence of the OR
on the crack stress can’t be observed.

3.2. Light microscopy
In Fig. 5 a compression specimen of the OR TCC1
is shown after crack formation in the ceramic. On the
{110}Nb-side face shear bands are visible, whereas the
bending of the{100}Nb-side face can easily be observed
and is due to the plastic deformation of the Nb. These
shear bands on the{110}Nb-side face could be observed
for all investigated ORs. The crack is restricted to the
ceramic and is not continued into the metal.

To examine the crack course in the sapphire, top
view photographs of the compression specimens for
the four OR were taken (Fig. 6). The viewing direction
is through the transparent sapphire onto the Nb bonding
plane. Fig. 6 shows that the crack course is dependent
on the OR at the interface. Thus for better comparison
the Nb- and sapphire-directions in the bonding plane
are specified.

During compression tests single cracks appeared as
well as multiple cracks. For TCC1 and TCC2 the fre-
quency of multiple cracks is equal to that of single
cracks, whereas for TCC3 multiple cracks and for
TCC4 single cracks dominate (see Fig. 7). The cracks
appear also with similar frequency in the top and the
bottom ceramic. Thus an influence of the compression
device on the crack formation can be excluded.

3.3. TEM studies
Conventional TEM studies were carried out to char-
acterize the metal/ceramic interface region before and
after the compression test. Cross-sectional TEM spec-
imens of the interface were prepared following the

Figure 3 Stress-strain-curve for sapphire/Nb/sapphire compression
specimens (OR TCC1) of different metal layer thickness. The failure
of the sapphire is accompanied by a load drop indicated by an arrow.
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Figure 4 Crack stress of specimens TCC1 to TCC4 as a function of the metal layer thickness.

Figure 5 Compression specimen (OR: TCC1,εcrack= 2.3%) after crack
formation in the sapphire. The crack runs perpendicular to the interface.

established procedures [4]. Fig. 8 shows a CTEM bright
field micrograph of the Nb/sapphire interface region
after diffusion bonding. A small-angle grain boundary
can be identified close to the interface in the Nb. The
small-angle grain boundaries exist within a distance of
about 5µm from the interface and have been described
before [5]. They can presumably develop due to the

compressive stress applied during the diffusion bond-
ing process.

After the compression test had been carried out, TEM
specimens were prepared of the interface region where
the crack occurred. Due to the constraint at the interface,
specimens often debonded at the interface or cracks
in the sapphire developed during one of the prepara-
tion steps. However, some specimens revealed, in re-
gions where the sapphire remained bonded to the Nb,
dislocation configurations as in Fig. 9. For the inter-
face region shown in Fig. 9, a Burgers vector analy-
sis was performed. It revealed 4 different dislocation
systems with Burgers vectors of{111}Nb-type or of
{001}Nb-type [3], the latter probably the product of two
{111}Nb-dislocations reacting to form sessile{001}Nb-
dislocations. Dislocation arrays as in Fig. 9 appeared
only in compression tested samples and hence seem to
form during the plastic deformation of the metal.

4. Theoretical crack-formation model
In this section a model for the measured dependence of
the crack stressσcrack will be developed. Fig. 10 shows
schematically the stresses acting at the metal/ceramic
interface of the joint. The loading direction is parallel to
thez-direction and perpendicular to the metal/ceramic
interface. If only small loads are applied to the joint, the
deformation is still elastic and the different Poisson’s
ratios of Nb andα-Al2O3 lead to shear stressesτ par-
allel to the interface [6]. These shear stresses set the
ceramic under tension and the metal under compres-
sion inx-direction. At the beginning of the deformation
process, the maximum shear stresses occur at the edge
of the sample [7, 8]. After the plastic deformation in
the metal starts, the values forτ are assumed to be con-
stant and thus an approximately constant tension stress
σx parallel to the interface is acting on the ceramic.
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Figure 6 Top view micrograph of the crack direction in the sapphire after failure of the joints for the orientation relationships TCC1 (a); TCC2 (b);
TCC3 (c); and TCC4 (d). The viewing direction is through the transparent sapphire onto the Nb bonding plane. On the left side of the micrographs
the crystallographic directions in the bonding plane are given.

Figure 7 Percentage of multiple cracks in the sapphire after failure of
the sapphire/Nb/sapphire-joints.

The occurrence of stresses perpendicular and parallel
to the interface is used for the extension of a model ini-
tially developed by Cottrell [9] for the cleavage crack
formation in bcc metals to that of metal/ceramic inter-
faces. Cottrell proposed that dislocations, operating on
intersecting slip planes 45◦ to the tensile axis, coalesce

to form a super-dislocation equivalent to a cleavage
crack that is oriented perpendicular to the externally
applied stress. Cottrell calculated a fracture criterion
(Equation 1) which describes the equilibrium between
a stable crack of finite size and a cleavage crack growing
indefinitely.

p · nb = 2γ. (1)

p denotes the applied tension stress,n ·b is the Burgers
vector of the super-dislocation withn as the number of
dislocations that coalesce to form the crack, andγ is
the surface energy of the metal.

Cottrell’s fracture criterion will now be extended to
describe the crack behavior of metal/ceramic interfaces
in compression. During the plastic deformation of the
metal, dislocations are moving into the direction of the
interface. Because of the lack of plasticity of the ce-
ramic under room temperature conditions, they will be
piled up at the interface (see Fig. 11).

The stress at the tip of the pile-up is proportional
to the numbern of piled up dislocations and the shear
stress acting on the dislocations. To estimate the num-
ber of piled up dislocations that can occupy a distance
L along a slip plane, the Eshelby-Frank-Nabarro [10]

1090



Figure 8 CTEM bright field image of the Nb/sapphire interface in the as-diffusion bonded state. In the Nb a small-angle grain boundary can be
observed at a distance of about 1µm from the interface.

expression will be used,

n = π · (1− ν) · L · τeff

G · b . (2)

The numbern is dependent on the shear modulusG,
the Poisson’s ratioν and the effective shear stressτeff.
Using Equation 2, Equation 1 can be expressed in
terms of the pile-up lengthL and the effective shear
stress acting on the dislocations

p · π · (1− ν) · L · τeff

G
= 2γ. (3)

Equation 3 is a fracture criterion based on the surface
energy of the fracturing material, the potential length of
piled up dislocations, the stress acting on the disloca-
tions and the applied tensile stress acting on the crack.

To compare this model with the experimental data,
some idealizing assumptions have to be made:

• The maximum pile-up length is reached, if the dis-
location source is located in the middle of the metal
layer. ThusL is chosen to be half of the metal thick-
ness.
• The effective shear stress acting on the disloca-

tions in the slip plane is the result of the applied
stress and the mechanisms hindering the disloca-
tion movement. Such mechanisms are for exam-
ple the interaction of dislocations with phonons,
lattice defects, precipitates and the interaction be-
tween the dislocations themselves. Furthermore,

the movement of the dislocations is hindered by the
so-called Peierls barrier. The Peierls barrier has its
origin in the periodicity of the crystal lattice and
describes the resistance that has to be overcome
before dislocation movement can take place. All
these mechanisms reduce the effective stress act-
ing on a dislocation. As an upper limit for all these
different processes hindering dislocation motion
the uniaxial yield stress will be used. The effective
stress in the slip plane is thus estimated by half of
the difference between the crack stressσcrack and
the uniaxial yield stressσ0.
• The stressp acting inx-direction is equivalent to

the tension stressσx.

These assumptions are summarized in the following
expressions:

L = h

2
; τeff = 1

2
(σcrack− σ0); p = σx (4)

Substituting Equation 4 into Equation 3 yields a for-
mula which gives the variation of the crack stressσcrack
on the metal layer thickness:

σcrack= σ0+ 8 · G · γ
π · (1− ν) · σx

· 1

h
= σ0+Ä · 1

h
(5)

Equation 5 demonstrates that the crack stress is in-
versely proportional to the metal layer thickness. The
quantityσ0 is consistent with the uniaxial yield stress
of the metal, whereas the parameterÄ is dependent on
the elastic constantsG andν of the metal, the surface
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Figure 9 CTEM bright field image of a Nb/sapphire interface region after a compression test was carried out (OR: TCC1;εcrack= 2.3%).

energyγ of the ceramic and the tension stressσx acting
on the ceramic parallel to the interface. The simplify-
ing assumptions which form the basis for the proposed
model suggest that Equation 5 is a lower limit for the
dependence of the crack stress on the metal thickness.

5. Application of the model to experimental
crack stresses

The previously described model will now be used to
explain the dependence of the metal layer thickness
on the measured crack stresses. Since there were no

TABLE I I Results for the linear regression for the different orientation combinations. Shown are the two fit parametersσ0,fit andÄfit (compare
Equation 5) as well as the linear regression coefficientR

Orientation relationship σ0,fit (MPa) Äfit (MPa· mm) R (%)

TCC1: Nb(110)[001]‖α-Al2O3(0001)[11̄20] 66± 22 187± 27 94
TCC2: Nb(110)[001]‖α-Al2O3(0001)[1̄100] 48± 14 176± 22 96
TCC3: Nb(110)[001]‖α-Al2O3(11̄00)[0001] 67± 29 219± 47 96
Mean of TCC1 to TCC3 58± 15 190± 21 91
TCC4: Nb(111)[̄11̄2]‖α-Al2O3(0001)[1̄100] 90± 22 129± 31 95
Mean of TCC1 to TCC4 (⇒ σfit ) 63± 13 180± 19 91

significant differences between the four OR TCC1 to
TCC4 (see Table II), all data are plotted together in
Fig. 12.

The linear relationship between crack stress and re-
ciprocal metal thickness of the developed model is con-
firmed by the experimental data. In Fig. 12, the straight
line namedσfit was obtained by a linear regression over
all data points (TCC1 to TCC4) and is plotted together
with the upper and lower limit of the simulation.

The parameterÄ can be calculated if the terms in
Equation 5 are known. The elastic constants can be
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Figure 10 Schematic presentation of the (a) stresses parallel to the
metal/ceramic interface for different stages of the compression test; (b)
elastic compression of the bicrystal inz-direction; (c) plastic deforma-
tion of the metal and the resulting tensile stressσx ; (d) in the ceramic
parallel to the interface.

Figure 11 Model for the crack initiation after plastic deformation of the
metal by a dislocation pile-up at the metal/ceramic interface.σ∞ denotes
the externally applied stress andσx the stress acting on the ceramic due
to the plastic deformation of the metal.

TABLE I I I Calculated values for the parameterÄ using data from the literature and comparison with the experimental values

Specimen Fracture energyγb (J/m2) GNb (GPa) νNb σx (MPa)|σx | ≈ |τ | Ätheor. (MPa· mm) Äfit (MPa· mm)

{110}〈111〉 τcrss k
TCC1 to TCC3 ∼7 41.8 0.47 10. . . . .27 140. . .52 190± 21

{110}〈uvw〉 τcrss k
TCC4 ∼7 41.8 0.42 10. . . . .22 128. . .58 129± 31

Figure 12 Crack stressσcrack in dependence of the reciprocal metal
layer thickness. The straight lines obtained by linear regression (σfit (h) :
σ0,fit = 63 MPa,Äfit = 180 MPa·mm) and by using literature data to cal-
culateÄ (Ätheor.(h) : σ0= 25 MPa,Ätheor.= 140 MPa· mm) are added
to the plot.

obtained for the required directions by using a method
described by Turley and Sines [11]. Instead of the the-
oretical surface energies of sapphire in the order of
1.4 J/m2 to 2.6 J/m2 [12] experimentally measured frac-
ture energiesγb for sapphire were used. These values
are much higher than the theoretical calculated surface
energies due to dissipative processes during cracking
[13]. The fracture energies in sapphire for the suitable
cleavage planes vary between 6 J/m2 and 9 J/m2 [14–
16]. As a mean value for the fracture energyγb was
chosen to be 7 J/m2 (compare Table V). The stressσx

was estimated by the absolute value of the shear stress
τ . For this shear stress either the literature values of the
critical resolved shear stress can be used or the values
for the shear stressk parallel to the interface, which
were obtained with the model describing the plastic
behavior of the joints [1]. In Table III, the calculated
values forÄtheor. and the values received by linear re-
gression are listed. Using the values forσ0 andÄtheor.
(see Table III) leads to the straight line namedÄtheor. in
Fig. 12.

Table III shows that by estimatingÄusing the critical
resolved shear stressτcrss the calculated values agree
quite well with the measured ones, whereas inserting
the shear stressesk obtained with the model describing
the yield behavior [1] leads to values forÄtheor. which
are too low. This implies that the crack stress is only
determined by the metal layer thickness and the fracture
energy of the sapphire. Table II and the estimation for
Ä (see Table III) prove that different bond strengths
have no influence on the crack stress in the Nb/sapphire
system. The values obtained for the parameterσ0,fit are
about twice the uniaxial yield stress of Nb [1].
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6. Discussion
6.1. Crack formation model
The results in the previous section show, that the exper-
imentally observed crack stressσcrack of the joints can
be explained by the theoretical crack-formation model.
The assumptions for the derivation of Equation 5 lead
to a lower limit for the crack stress in dependence of
the metal layer thickness. Applying the model to the
measured data leads to a yield stressσ0 which is twice
as high as the yield stress of bulk Nb. However, in the
model the yield stressσ0 is used to describe all effects
that can hinder the movement of the dislocations in the
metal. So far, an impediment of the dislocation move-
ment at the near interface region due to interstitially
dissolved oxygen in the Nb was not considered. This
oxygen uptake of the niobium during the bonding pro-
cess was estimated by Korn [17] through hardness mea-
surements and a chemical analysis of the bulk niobium
before and after bonding to be 0.1 at.%. This oxygen
uptake leads, by using the strengthening rates of Elssner
[18] and Leadbetter [19] of 350 MPa per at.% oxygen,
to an increase of the yield stress1σ of 35 MPa. The val-
uesσ0,fit calculated with the presented model are about
60 MPa and are of the order of the yield stressσ0 plus
the increase in the yield stress1σ in the near interface
region due to the oxygen uptake

σ0,fit ≈ σ0+1σ.
A further indication of an impediment of the disloca-
tions in the vicinity of the interface are given by the
observed slip traces on the Niobium, as shown in an
earlier publication [1]. On the polished{110}Nb-side
faces slip traces were visible near the interface. These
traces discharged into the bright band running parallel
to interface. In the region between the Nb/sapphire in-
terface and this bright band no slip traces were found
which means that the movement of dislocations is hin-
dered, for example through to a higher oxygen content
in this region. Together with stresses caused by differ-
ent Poisson’s ratios these are processes increasing the
necessary stress to induce dislocation movement. The
observed dislocations with Burgers vectors parallel to
the [100]Nb-direction may result from the dislocation
reaction of two〈111〉Nb-dislocations and thus form the
nucleation site for the microcrack that initiates the frac-
ture of the sapphire.

The calculated values forÄtheor. using literature data
are in good agreement with the values obtained with the
developed model. The use of fracture energies instead
of the theoretical surface energies is reasonable since
in the experiments the experimental fracture energies
are decisive for the crack initiation in the sapphire. The

TABLE IV Comparison between experimentally observed crack directions and the traces of the cleavage planes of sapphire

Specimen Observed angle with [1̄10]Nb Frequency (%) Cleavage planes in sapphire Angle with [1̄10]Nb

TCC1 ±5◦ 43 {112̄0}, {12̄13} 0◦
24◦–34◦ 30 {11̄00}, {101̄2} 30◦

TCC2 ±5◦ 83 {11̄00}, {101̄2} 0◦
TCC3 ±5◦ 38 {101̄2} 0◦

40◦–45◦ 38 {12̄13} 42.3◦
TCC4 60◦ 80 {11̄00}, {101̄2} 60◦, 0◦

30◦ {112̄0}, {12̄13} 30◦

main uncertainty lies in estimation ofσx. This stress is
given by the integration over the shear stressτ acting
along the interface. Strictly speaking,σx is not constant
and has a maximum in the middle of the sample. The
exact functional relationship betweenσx andτ is not
known. The estimation ofτ by means of the critical
resolved shear stress in Niobium is only a rough ap-
proximation. Furthermore, it is necessary to take into
account that during the crack formation in the sapphire
the stress normal to the crack direction is decisive. For
this reason, cracks with cleavage planes not perpendic-
ular to the metal/ceramic interface experience a reduced
effective stress acting on them.

As observed for the yield behavior of the joints [1], an
influence of the bond strength at the metal/ceramic in-
terface on the crack behavior could not be detected. For
the investigated Nb/sapphire joints the bond strength at
the interface, characterized by the fracture energyḠc,
is even for the weaker OR in the order of 100 J/m2, and
thus very high. This might be the reason why increasing
the bond strength further does not have any measurable
effect on the crack stress.

6.2. Crack path in the ceramic
The crack formation in the ceramic during the com-
pression test raises the question as to how the crack is
initiated. One possibility is, that according to the model
described in this study the crack formation is caused by
a dislocation pile-up. Another possibility is the nucle-
ation of the crack through the stressσx parallel to the
interface acting on microcracks and flaws in the ce-
ramic. The answer to this question is hard to obtain by
CTEM, since the compression test can’t be stopped at
the moment of crack formation but will be continued
for some tenths of a second. Because the edges of the
cracks are pushed into the metal, new dislocations will
form. An investigation of the dislocation arrangement
in the crack region after crack formation by CTEM thus
makes it impossible to decide whether the dislocations
initiated the crack or whether they were formed after
the crack in the sapphire appeared.

More illuminating is the investigation of the traces of
the forming cleavage planes of the sapphire and com-
paring them with the primary slip systems in niobium.
In Fig. 13 the traces of the crack planes of sapphire
and the traces of the primary slip systems in Nb in the
interface are shown. Fig. 13 shows schematically the
experimentally observed cracks of Fig. 6. At an an-
gular range of±5◦ there is an existing primary slip
system in the Nb that can explain the observed crack in
the sapphire by a pile-up of dislocations. These results
are summarized in Table IV. The fracture energies for
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Figure 13 Traces of the observed cracks in the sapphire and the primary slip systems in Nb in the bonding plane for the OR TCC1 to TCC4. The
angles given are in respect to the [1̄10]Nb-direction. The bold lines in the Nb plane mark the slip systems that are most likely to cause the observed
cracks in the sapphire.

TABLE V Experimentally observed fracture energies for different
cleavage planes in sapphire by Wiederhorn [14] and Becher [16]

Energyγb (J/m2)

Cleavage plane Wiederhorn [14] Becher [16]

{11̄00} 7.3 8.8
{112̄0} 6.7
{101̄2} 6.0
{12̄13} 6.8
(0001) >40 >30

different cleavage planes measured by Wiederhorn [14]
and Becher [16] are listed in Table V. Because of their
similarity all cleavage planes should show up with equal
frequencies. The only exception is the densest packed
basal plane with a very high cleavage energy, but the
cleavage on{0001}-planes could not be observed, com-
pare Table V.

Crack formation due to dislocation pile-up in the Nb
at the interface is also confirmed by a more detailed
analysis of the observed crack paths for OR TCC1 and
TCC2. For these ORs the potential cleavage planes have
a 60◦-rotational symmetry, but no cracks perpendicular
or with an angle of 60◦ to the [̄110]Nb-direction were
observed.

To ensure that the crack formation during the com-
pression test is not initiated at the anvil/sapphire in-
terface, test were performed on bulk sapphire samples
which were polished and prepared the same way as
the ones used for diffusion bonding. The samples were
loaded up to maximum applicable stress of the load
cell which was about 600 MPa. Although these tests
were carried out with and without lubrication between
sample and anvil, no cracks could be initiated in the
sapphire. This leads to the conclusion that the cracks

Figure 14 Micrograph of a compression specimen of OR TCC3 after
crack formation (εcrack= 1.8%). The cracks are initiated at the interface
and run to the side faces due to the activated cleavage planes.

are initiated by local stress concentrations caused by
a pile-up of dislocations at the interface, which is also
supported by the observed crack path for OR TCC3. For
this OR, the sapphire has no potential cleavage planes
perpendicular to the interface Fig. 14 shows that the
cracks start at the interface.
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7. Conclusions
The present studies of the mechanical behavior of sin-
gle crystalline sapphire/Nb/sapphire joints were car-
ried out to examine the interaction between disloca-
tions and the interface during plastic deformation of
the metal. The experimentally observed crack stress of
the ceramic is inversely proportional to the metal layer
thickness, whereas the bond strength at the interface
has no significant influence on the mechanical proper-
ties for the Nb/sapphire model system. The extension of
Cottrell’s model for the crack formation in bcc metals to
metal/ceramic interfaces describes the observed crack
formation and the accompanying crack stress reason-
ably well. The present results indicate, that the crack
formation in the sapphire is caused by a dislocation
pile-up at the metal/ceramic interface. This assumption
is supported by the correlation between the slip systems
in the Nb and the traces of the occurring cracks in the
sapphire.
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