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Fracture of composite alumina/yttria-stabilized zirconia joints
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Abstract

Four-point bend tests have been performed on samples consisting of yttria-stabilized zirconia containing 0–80% alumina joined by plastic
deformation to the same or different composition. The fracture strength of joints between the same composition was equal to the strength of
the monolithic material. Fracture of joints made between different compositions occurred at the position of maximum tensile residual stress,
as determined by finite-element analysis, not at the interface. Measured strengths were in accord with fracture mechanics and the calculated
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. Introduction

Joining by plastic deformation has been applied to various
dvanced ceramics (yttria-stabilized zirconia (YSZ)/alumina
omposites,1–3 mullite,4 SiC and TiC whiskers in a zirconia-
oughened alumina (ZTA) matrix,5 and La0.85Sr0.15MnO3

6).
echniques have been developed to reduce sample prepara-
ion procedures and the temperature at which joining takes
lace, amongst them a spray application technique2 or use
f nanocrystalline powders or dense interlayers2,7 stand out.
se of plastic deformation has many advantages over other

oining techniques, such as brazing or diffusional bonding
for reviews, seeRefs. 8–11), in terms of applicability or
echanical performance, especially at high temperatures at
hich a metallic interlayer, as, for example, one used in braz-

ng, will exhibit diminishment of its mechanical or thermal
roperties.

Although plastic deformation has few, if any, serious de-
ciencies when joining similar materials,1,6 some issues re-
ain to be addressed when dissimilar materials are to be

joined. In this case, the situation is quite different becau
presence of residual stresses generated upon cooling
terials have different thermal-expansion coefficients (C
The thermal residual-stress distributions have been char
ized in YSZ/alumina composites by finite-element anal
(FEA) simulation, and later contrasted with experimenta
servations from Vickers indentation measurements.1

In this work, flexural strengths of joined YSZ/alum
ceramics have been evaluated. Failure mechanisms
joining dissimilar YSZ/alumina ceramics have also b
identified. Experimental observations are compared to
simulations. Fracture mechanics principles, in conjunc
with fractographic analysis, were used to explain stren
of joined ceramics in the presence of residual stresses.

2. Experimental details

Dense YSZ/alumina samples of various composit
(YSZ volume fractions ranging from 20 to 80%) were p
pared by wet mixing commercially available alumina
3 mol% tetragonal zirconia polycrystals (3Y-TZP) powd
∗ Corresponding author. Tel.: +1 630 252 5009; fax: +1 630 252 4798.
E-mail address: dsingh@anl.gov (D. Singh).

Subsequently, the dried powder mixtures were cold pressed
into cylindrical forms and sintered at temperatures ranging
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from 1450 to 1650◦C. Specific details related to sample fab-
rication are described elsewhere.1 The resultant pieces were
cylinders of approximate dimensions 1 cm diameter and 1 cm
height. Joining experiments were carried out on as-sintered
samples (without any further surface treatment) by compress-
ing them together at constant crosshead speed in an Instron
Model 1125 (Canton, MA) equipped with a high-temperature
furnace. This joining technique has been fully described
elsewhere.1–3 Typically, temperatures of 1250–1350◦C and
strain rates of≈10−5 s−1 were used to ensure plastic flow
during the joining process.1

Interfaces of the joined samples were evaluated by scan-
ning electron microscopy (SEM). Samples for metallo-
graphic observations were polished with 3�m diamond paste
and then thermally etched by annealing in air for 0.5 h at
1200◦C, which is lower than the temperatures used during
joining in order to prevent microstructural evolution.

As-prepared and joined samples were cut into bars of
≈2 mm× 2 mm× 15 mm for flexure testing. Samples were
carefully polished to 1�m diamond paste and the edges were
beveled to avoid edge effects during testing. Four-point bend-
ing tests were carried out at constant crosshead speed in an
Instron Model 4505 (Canton, MA), with a stainless steel four-
point bending fixture. The inner load span was 9.5 mm and the
outer load span was 14 mm; the loading rate was 1.3 mm/min.
Strength was calculated from the maximum load at failure. At
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in Fig. 1. The model comprised of 35,721 nodes and 32,000
hexahedral elements. The values of the elastic and thermal
properties of the materials used in the simulation were deter-
mined experimentally and have been reported elsewhere.1

To identify the failure-causing flaws in the ZT60A/ZT40A
joined samples, fractographic analysis was conducted on the
fracture surface of the flexure-tested samples with a Hi-
tachi Model S-4700-II scanning electron microscope (Tokyo,
Japan).

3. Results and discussion

3.1. Microstructure of the joined samples

Fig. 2shows a typical interface for a ZT20A/ZT80A joint.
The joint is well bonded with no residual porosity. Typical
grains sizes for alumina and zirconia were 0.7 and 0.3�m, re-
spectively. As shown in the figure, grains of the two samples
interpenetrate to form the pore-free bond. Similar dense in-
terfaces were obtained for joints made with other YSZ/Al2O3
composites. Thus, it is possible to join both similar and dis-
similar YSZ/Al2O3 composites using the plastic deformation
technique.

3.2. Flexure testing of composite constituents and joints
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east four specimens were tested per sample type, with th
eption of the zirconia-toughened 60 vol.% Al2O3 (ZT60A)
oined to zirconia-toughened 40 vol.% Al2O3 (ZT40A) for
hich three samples were tested.
FEA was carried out with use of commercially availa

oftware ABAQUS 6.4 (Providence, RI). Residual stre
n the joined products were simulated by considering a
tress-free interface that is formed at high temperature
uring subsequent cooling (taken as 1200◦C to room temper
ture) stresses developed as a result of the mismatch in
alues. One-quarter of flexure beam was modeled as sho
ig. 1. Symmetry was used along 2–3 and 1–3 sides, as s

ig. 1. Schematic of the joined beam sample showing the one-quarter s
sed in finite-element modeling.
f similar materials

It was observed in previous work that when plastic
ormation was applied to join similar materials, the interf
as optically and electrically indistinguishable from the h
eramics.6 However, the mechanical response of the jo
arts remains to be assessed. Flexural testing is probab

deal technique to use since strength is sensitive to the
nce of defects or stress concentration in the sample, a
pecimens are too small for reliable tensile testing. Res
orosity due to incomplete joining should be revealed by

ig. 2. SEM photomicrograph of YSZ/20 vol.% Al2O3 (ZT20A)–
SZ/80 vol.% Al2O3 (ZT80A) joint; Al2O3 is the dark phase.



F. Gutierrez-Mora et al. / Journal of the European Ceramic Society 26 (2006) 961–965 963

Table 1
Flexure test data

Material Joint Flexural
strength
(MPa)

Fracture–interface
distance (�m)

Al2O3 sintered13 300 –
ZT80A 560± 70 –
ZT60A 580± 80 –
ZT50A 650± 100 –
ZT20A 1020± 150 –
YSZ sintered14 1030 –

ZT50A/ZT50A 620± 100 1949± 1544

turing along the interface, accompanied by a lower value of
strength in the joined part when compared to the monolithic
strength value.

Table 1shows the measured strengths of monolithic alu-
mina, YSZ, and their composites. Strength for monolithic
samples versus alumina content follows a well-established
trend.12 The strengths varied from 300 MPa for alumina
to 1030 MPa for fully sintered YSZ.13,14 As expected, the
strength of zirconia-toughened alumina decreases monoton-
ically with alumina additions.

Four-point bending tests were also carried out in joined
zirconia-toughened alumina (50% volume fraction of each,
ZT50A) samples. Joined and monolithic samples did not ex-
hibit a significant difference in strength. The strength of the
joined sample was 620± 100 MPa, within the experimental
scatter for the monolithic material (Table 1), whose strength
was 650± 100 MPa. Moreover, as indicated inTable 1, the
failure locations for these joined ZT50A samples occurred
on the average of 1949± 1544�m away from the interface.
This is further evidence of the efficacy of this technique for
joining similar materials. The fact that the strength of the
joined bodies and the monolithic samples was the same pro-
vides definitive evidence that the joining by the plastic flow
technique is viable and bodes well for using the deformation
joining technique for real-world applications.

3

dual
s ls on
t tion
o the
j wn
i -
l wer
t cor-
r tion
( effi-
c Z.
A o the
i in
t tance
a f the
s aralle

Fig. 3. Distribution of residual normal stresses per FEA simulation for a
ZT20A/ZT60A joint.

to the interface are compressive in the material with lower
CTE (ZT60A) and tensile for the material with higher CTE
(ZT20A). This high tensile residual stress perpendicular to
the interface has an important effect on mechanical perfor-
mance of the joined dissimilar materials during flexure tests.
Similar simulations were also conducted for ZT60A/ZT40A
and ZT60A/ZT0A joined samples.

In addition to the normal stresses, shear stresses are also
generated and their variation for ZT60A/ZT0A joined sam-
ples determined by FEA is shown inFig. 4. Shear stresses are
developed close to the interface; they fall off rapidly within
short distance from the interface. The magnitude of shear

F lation
f

.3. Finite-element analysis

FEA was conducted to understand the role of resi
tresses generated during joining of dissimilar materia
he mechanical behaviour of joined samples. The distribu
f normal residual stresses generated when cooling from

oining temperature for ZT60A joined to ZT20A is sho
n Fig. 3.1,15 A high tensile stress (∼250 MPa), perpendicu
ar to the joint interface, develops in the material with lo
hermal-expansion coefficient. In our case, this material
esponds to the composite with lower YSZ volume frac
ZT60A), due to the fact that the thermal-expansion co
ient of the alumina is considerably lower than that of YS1

lso, the location of peak residual tensile stress normal t
nterface is 150–200�m away from the physical interface
he ZT60A composite. The peak stresses are a finite dis
way from the interface because of the discontinuity o
tresses at the interface. Moreover, normal stresses p
 l

ig. 4. Distribution of residual surface shear stresses per FEA simu
or a ZT20A/ZT60A joint.
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Table 2
Flexure test data for dissimilar joined materials

Joint Flexural strength (MPa) Fracture–interface
distance (�m)

ZT60A/ZT40A 364± 134 335± 148
ZT60A/ZT20A 500± 50 692± 108
ZT60A/ZT0A 440± 80 381± 98

stresses is small compared to the normal tensile stresses.
Thus, it is expected that failure will be controlled by the nor-
mal tensile stresses of these joined samples.

3.4. Flexure testing of dissimilar joined samples

In order to study the influence on strength of joined parts
with the stress distribution arising from CTE mismatch, a
second series of joining experiments was performed. These
experiments consisted in bonding parts with various alu-
mina fractions (ranging from 0 to 40 vol.%) to another part
of a fixed composition (60 vol.% alumina). Joined samples
of ZT60A/ZT40A, ZT60A/ZT20A, and ZT60A/ZT0A were
flexure tested and the results are presented inTable 2, along
with the failure locations relative to the joint interface. Sev-
eral key inferences can be made from the results of dissimilar
joined samples. First, all samples failed in the ZT60A portion,
the lower-strength material, and with tensile stresses normal
to the interface. Second, strength for joined samples reduced
as the difference in composition between the parts joined or
as the CTE mismatch increased for ZT60A joined to ZT20A
and ZT0A. For the experiment in which there was the largest
difference in composition (YSZ joined to ZT60A), flexure
strength decreased by 25% when compared to the strength of
monolithic ZT60A. However, strengths for ZT60A/ZT40A
joined samples showed lower mean strength and large scat-
t ed
s hird,
f ay
f e

F am-
p face
(

strong interface and efficacy of the joining process for mate-
rials with dissimilar compositions and coefficient of thermal
expansions.

The decreased strength of ZT60A when joined to compo-
sitions with lower volume fraction of alumina as compared
to the strength of ZT60A can be attributed to the presence of
tensile residual stresses, location, and the size of failure caus-
ing flaw. It is expected that the reduction in strength of the
joined sample will depend on the region of near-maximum
tensile residual stresses. In this regard, the distance from the
interface at which fracture occurred is especially revealing.
For ZT60A/ZT20A joint sample, the average failure location
is about 700�m away from the interface (Table 2) in the
ZT60A section. This is corresponds to about 100 MPa ten-
sile residual stress as per FEA simulations as shown inFig. 3.
By simple superposition of the residual stress intensities on
the applied stress intensity during flexure tests, the failure
strength for ZT60A should be reduced by 100 MPa. This is
in agreement with the reduction of approximately 80 MPa
in flexural strength of ZT60A when joined to ZT20A. Simi-

Fig. 6. SEM photomicrographs showing large flaws on the tensile surface
of ZT60A section from two low-strength fractured ZT60A/ZT40A joined
samples: (A) strength = 360 MPa; (B) strength = 201 MPa.
er as compared to ZT60A/ZT20A and ZT60A/ZT0A join
amples. Reasons for this will be discussed further. T
or all the dissimilar joints, failure was found to be aw
rom the interface (as shown inFig. 5), again confirming th

ig. 5. Fractured ZT40A/ZT60A joint in a four-point bending test. The s
le is broken in the portion with higher alumina content, while the inter
seen as the dark line in the upper part) retained its integrity.
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lar correlations between residual tensile stresses and flexural
strength for ZT60A/ZT0A have been made.

Strengths of ZT60A/ZT40A were somewhat lower and
were 201, 360 and 530 MPa for the three joined samples
tested. Close inspections of the fracture sites were made
for all samples. The lower strengths of 360 and 201 MPa
observed for the two samples are believed to be due to the
presence of larger flaws. To confirm this, fractography was
conducted on the two low-strength samples. SEM photomi-
crographs (Fig. 6) reveals surface damage on the tensile
surfaces in the two low-strength samples. It is speculated that
this damage was introduced during the sample preparation
steps or handling. Typical lengths of this damage were
70–90�m. Using a nominal crack length of 80�m, apparent
toughness of 3.6 MPa m1/2 for ZT60A, and fundamental
fracture mechanics,1,16 the fracture strength was calculated
to be approximately 350 MPa. This calculated fracture
strength is consistent with the measured strength for the low
strength ZT60A/ZT40A sample. Thus, in addition to the
residual stresses, size and distribution of failure causing flaws
in the ceramic materials will control the strength of the joint.
This also explains why failure location in the joined samples
does not necessarily coincide with the peak tensile residual
stresses.
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1. Gutíerrez-Mora, F., Goretta, K. C., Majumdar, S., Routbort, J. L.,
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