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Fabrication of zirconia—alumina functionally
gradient material by superplastic diffusion

bonding
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Functionally gradient ZrO,—Al,O; material was fabricated by superplastic diffusion bonding in
the present study. Conditions included a bonding temperature of 1550 °C, a time of 30 min,
and strains of 17, 33 and 50%. Complete bonding was obtained under all of these bonding
conditions. The apparent bending strength of functionally gradient material fabricated by
superplastic diffusion bonding was 1860 MPa at the strain of 50%.

1. Introduction

Recent advances in technology require structural ma-
terials that can be used in severe environments. Com-
posite materials have been developed to overcome the
performance limitations of monolithic materials. Fur-
ther development of materials design has led to the
concept of functionally gradient materials (FGM), in
which the composition and concentration of the dis-
persed phase are elaborately distributed. These FGM
have been fabricated by chemical vapour deposition
(CVD) [1, 2], chemical vapour infiltration (CVI) [3],
physical vapour deposition (PVD) [4], thin sheet
lamination [5], plasma spray coating [6, 7], self
propagating high temperature synthesis [8], and gas-
pressure combustion sintering [9]. The present au-
thors systematically investigated diffusion bonding
between superplastic ceramics with different thermal
expansion coefficients. We demonstrated that com-
plete bonding of ZrO,/Al,0O, composites with various
Al,O; contents could be achieved under appropriate
conditions [10, 11].

This bonding technique will make it possible to
fabricate FGM from stacked, thin sheets of fine-
grained ceramics and/or metals by means of diffusion
bonding, so that the composition of the material
changes either continuously or stepwise. With this
manufacturing method, large and complex-shaped
FGM components can be fabricated at lower than
usual cost, because superplastic forming and diffusion
bonding (SPF/DB) can be performed at the same time.
Accordingly, in the present study, we fabricated
ZrO,~A1,0; FGM by using superplastic diffusion
bonding, and we then investigated the bonding and
mechanical properties of FGM.

2. Experimental procedure
The materials used in the bonding tests were Y,O,
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stabilized tetragonal ZrO, polycrystals (Y-TZP)
(ZYS, Tosoh Co., Tokyo, Japan), ZrO,/Al,O; com-
posites (super-Z, Tosoh Co.) [X ZrO,/(100 — X)
AL O, in wt %, where X = 80, 60, 40, 20], and Al,O,
(A-392, Narumi China Co., Nagoya, Japan). Y-TZP
was sintered at 1550 °C for 1 h in air. The composite
powder of ZrO,/Al,0 was first die pressed, then cold
isostatically pressed at 300 MPa. The compacts were
sintered at 1400-1450°C in air and hot isostatically
pressed at 100 MPa and 1500 °C for 30 min in argon.
The ZrO, contained 3 mol % Y,0Oj; in a solid solution
[12, 13]. Al,O; was commercially available. Some
properties of the materials are summarized in Table 1.
Mechanical properties were experimental values.
Sample density was measured by Archimedes method.
The bending strength was evaluated by the three-
point bending test (lower span = 30 mm). The average
grain size is defined by a linear intercept length as
follows:

d, = L776L 1)

where d,, is average grain size and L is the linear
intercept length. Young’s modulus was measured by
the ultrasonic pulse method. The superplasticity of
Y-TZP [14] and of the ZrO,/Al,0O5 composite [15,
16] was confirmed in tension tests at elevated temper-
atures. The as-obtained ceramic bodies were cut, using
a diamond cutter, and ground with a no. 200 diamond
wheel; the bonding surfaces were finished with a no.
400 diamond wheel. The specimens measured 15 x 40
x 1 mm, with a bonding surface roughness of
R, < 3 um. The bonding method is schematically
illustrated in Fig. 1. Bonding was performed using a
universal testing machine with a furnace at 1550°C in
air. The plastic deformation resistance in materials
increased with Al,O; content [16]. The difference in
deformation resistance among materials decreased
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TABLE I Some properties of materials

Material ZrO, AL, O, Density Bending Grain Young’s Shear Thermal
strength size modulus modulus expansion
(wt %) (wt %) (gem™3) (MPa) (um) (GPa) (GPa) (1/°C(x 107%)
Y-TZP 99.7 ) 6.05 750 0.59 200 76 12.0
37204 79.9 20.0 5.50 2300 0.77 250 97 11.2
3Y404 59.9 40.0 5.10 2300 0.79 300 119 104
37604 39.9 60.0 4.60 2000 0.80 0335 134 9.94
37804 19.9 80.0 4.30 1200 1.06 370 150 9.48
Al O,y 92.0 3.53 360 4.77 280 113 8.71
SiC rod
AlLO,
SiC plate
tea——- Y-TZP
3Y204 \l/
3Y40A
s———— 3YB604
le——— 3Y804 Zro,
L o A\ /N
Figure 2 Tllustration of bending test of FGM.
SiC plate )
3. Results
SiC rod A photograph of the ZrO,-Al,0; FGM fabricated by
iC ro superplastic diffusion bonding is shown in Fig. 3. A
slight warp was observed in the ZrO,-Al,0, FGM

Figure 1 Tllustration of bonding set.

with increasing temperature. Therefore, we chose a
bonding temperature of 1550 °C so as to minimize the
difference in deformation resistance among materials
and considering the heat resistance of the SiC jig. The
specimens were heated and compressed by a SiC jig at
a crosshead speed of 0.01 mm min~!. After the speci-
mens had been deformed to a fixed strain point
(17, 33, 50 %), the crosshead was stopped and held for
30 min. The specimens were cooled in the furnace. A
diamond cutter was used to slice the bonded materials
into rectangular bars, and the specimens were ground
with no. 200 and no. 400 diamond wheels. The bend
specimens were 3 x 4 x 40 mm. Bending strength was
measured at room temperature by the three-point
bending test (lower span = 30 mm) at a crosshead
speed of 0.5 mmmin~! in two ways; the tensile stress
was applied on either the Y-TZP side or the Al,O,
side. An illustration of the bending test is shown in
Fig. 2.
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fabricated by superplastic diffusion bonding, as illus-
trated in Fig. 4(a). The degree of warp in Fig. 4 is
exaggerated for visual clarity. The deflection at the
centre was 132 pm for a specimen which was com-
pressed to-a strain of 17%. The degree of warp
increased with strain. The FGM was warped by the
residual tensile stress produced at the ZrO,-rich layers
when the FGM, which consisted of several layers with
different thermal expansion coefficients, cooled from
the bonding temperature of 1550 °C to ambient tem-
perature. Apparently, the final residual stress in each
layer of FGM was relaxed by some plastic deforma-
tion. The surfaces of the bending specimens cut from
the bonding body were ground, so that the thickness
of the Y-TZP and Al,O, layers decreased, as shown in
Fig. 4(b).

Scanning electron micrographs of the bonding in-
terface of the ZrO,-Al,O, FGM that were deformed
to a strain of 17% are shown in Fig. 5. All of the
bonding interfaces, except that of the 3Y804-Al, O,
completely bonded with the aid of superplastic de-
formation. At strains of 33% and 50%, all interfaces
except that of the 3¥804-A1,0; completely bonded,



Figure 3 Photograph of ZrO,-Al,0; FGM fabricated by super-
plastic diffusion bonding.
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Figure 4 Schematic figure of FGM. (a) before grinding; (b) after
grinding.

too. Under present experiment conditions, complete
bonding of the 3Y804-A1,0, interface was difficult,
because the Al,O; grain sizes were too large and
plastic deformation resistance was high.

The relationship between the apparent bending
strength of the FGM and the applied strain during the
bonding procedure is shown in Fig. 6. The apparent
bending strength of the FGM in Fig. 6 was calculated
using the following equation, assuming that the
bending stress is applied on a uniform elastic beam:

G = 3P.L/2bd )

where o represents bending strength, P; the applied
load, L the span, b the width of the specimen, and d the
specimen height. The apparent bending strength of
ZrO,-AlL,O; FGM deformed at a strain of 17% was
375 MPa when tensile stress was applied on the Al,O,
side and 1340 MPa when tensile stress was applied on

the Y-TZP side. These apparent bending strengths
were higher than the strengths of the base materials
(360 MPa for Al,O, and 750 MPa for ZrO,).

4. Discussion

The apparent bending strength of ZrO,-Al,O0; FGM
measured by applying tensile stress on the ZrO, side
was 1.79 times as high as the strength of the ZrO, base
material. To analyse this result, we used the finite
element method (FEM) to calculate the stress distribu-
tion of ZrO,-A1,0, FGM that had been deformed up
to 17% during bonding. We then analysed the fabrica-
tion of the FGM, the preparation of the bend speci-
mens, and the bending test itself.

The simulation began with ZrO,-Al,O; FGM that
had just bonded by deformation at elevated temper-
ature before the start of cooling. We determined the
dimensions of the FEM model by calculating the
thickness of each layer at elevated temperature (before
thermal contraction) from the measured thickness of
each layer of as-fabricated FGM. The width of the
FEM model was set at 4 mm: actually, the as-fabric-
ated FGM had a width of 15 mm, and the bonded
body was cut into 4 mm wide rectangular bend speci-
mens. Preliminary calculations had indicated that spe-
cimen width did not affect the residual stress induced
by thermal contraction, so we adopted 4 mm instead
of 15 mm for the width of the FEM model. Because
the specimen was symmetrical, only one-fourth of it
was modelled, as shown in Fig. 7. Translation perpen-
dicular to the symmetry plane was constrained in the
3-dimensional finite-element mesh model. The size of
the element mesh varied, with smaller elements near
the bonding interfaces, the load points of three-point
bending and the roller, where the largest stress gra-
dient was expected. The surface of as-fabricated FGM
which maintained its residual stress after thermal
contraction was ground to prepare bend specimens. In
the present model, the thickness of the mesh in the
Al,O; or Y-TZP surface layer was determined so that
the grinding could be simulated by removing the
corresponding elements. The following conditions
were set as a premise for calculation. During cooling
to 20 °C from the bonding temperature of 1550 °C, the
plastic deformation and the temperature dependence
of physical properties in the materials were not con-
sidered. When the bend specimen was prepared by
grinding, the residual stress of centre was estimated
accurately by removing from the surface elements
corresponding to the thickness of the grinding margin
at the centre. The influence of curvature on the sur-
face, however, was not considered in the present case.
Furthermore, we calculated the stress distribution of
the ZrO,-Al,0; FGM under an average fracture load
(P; in Equation 2) in a three-point bending test. The
degree of freedom in the loading direction at the
contact points of the lower span was thus constrained.

Deflection of the ZrO,~Al,0; FGM induced by
thermal contraction during fabrication is shown in
Fig. 8. The calculated deflection curve was similar to
the measured deflection curve, but the calculated
value was approximately 20% higher than the meas-
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ured value. The discrepancy between the deflections
may be attributable to the fact that the bonding
interface is fixed in the FEM model, so that micro-
scopic sliding deformation at the bonding interface
during the actual bonding process is not considered in
that model. '
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Figure 5 SEM micrographs of bonding interfaces of FGM (a strain
of 17%), (a) Y-TZP-3Y204; (b) 3Y204-3Y404; (c) 3Y404-
3Y604; (d) 3Y604-3Y804; (c) 3Y804-Al,O;. Interface is shown
with arrow.

High shear stress was generated by thermal contrac-
tion at the bonding interfaces of the FGM. As a result,
high tensile stress and high compressive stress were left
as residual stress in each layer. The FGM bent, and
the residual compressive stress and residual tensile
stress appear in the Y-TZP and Al,O; layers, respect-
ively. The distribution of residual stress in each layer
of the bend specimen is shown in Fig. 9. The surface
stresses after grinding are shown as the stress at the
grinding margin in the centre of the specimen ().
Surface stress values in the Al,O, layer before and
after grinding were 157 MPa and 18.8 MPa, respect-
ively. The difference in stress value was large because
the grinding margin was thick in the Al,O; layer. In
the Y-TZP layer, however, the grinding margin was
thin, and the difference in stress was small. In the
present analysis, residual stress after grinding, at the
centre of the specimen, was calculated by removing the
elements corresponding to the grinding margin. The
slight error in the calculated residual stress may have
occurred because we ignored the redistribution of
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Figure 6 Relationship between apparent bending strength and
strain in bonding.
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Figure 7 FEM model for bend specimen of FGM.

residual stress caused by the shift of the neutral plane
in the Y-TZP and Al,0, layers, the effect of external
force during grinding, and the effects of plastic de-
formation during cooling.

The stress distribution of FGM in the three-point
bending test was calculated by the FEM, incorpor-
ating the residual stress. The stress distribution when a
tensile stress is applied to the Y-TZP layer is shown in
Fig. 10 and that when tensile stress is applied to the
Al,O; layer is shown in Fig. 11. These stress distribu-
tions were calculated by assuming that the fracture
load (P; in Equation 2) had been applied to the bend
specimens. Table II summarizes the apparent bending
strength (o iy °™) calculated using Equation 2, from
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Figure 8 Deflection of FGM by thermal contraction.
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Figure 9 Residual stress in each layer of FGM (O after grinding;
o tensile stress; — compressive stress).
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Figure 10 Stress distribution when Y-TZP is the tension side.

the fracture load (Py) in the three-point bending test of
FGM, and the surface stress (oi&iac?), calculated from
the FEM analysis. The subscript (Al,0;, Y-TZP)
indicates the layer at the tension side of the FGM.
Table III summarizes the ratio of apparent bending
strength of the FGM to the bending strength of the
base material (Gy_yzp OF G4,0,) and the ratio of the
apparent bending strength of the FGM (c2gparenty o
the calculated surface stress (o3eac®). Here, the sub-
scripts Al,O5 and Y-TZP are the bending strengths of
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Figure 11 Stress distribution when Al,Q; is the tension side.

TABLE II Apparent bending strength and surface stress in three-
point bending test

G?’%)l\adr(?‘\rlllzoa) 6?‘(?1&?21203)
Tension side 375 420
AlLL,O,

oY -zp) 0‘;‘5&2?\?421’)
Tension side 1341 1018
Y-TZP

TABLE III Ratio of apparent bending strength to base materiél
strength, and ratio of apparent bending strength to surface stress

G apparen

t apparent surface
FaM(A1205/O(a1:05 /o

OFGM(AI203)/ © (A1203)
1.04 0.89
apparent a t rface
MG 120/ O (v-12P) O FdMcy-Tzpy/O (y-1ZP)
1.79 1.32

the base materials (Al,O; and Y-TZP). First, when
tensile stress was applied to the Y-TZP side, the
apparent bending strength of the FGM increased
remarkably, to 1.79 times higher than the strength of
Y-TZP. Results of FEM analysis, however, showed
that the strength of the Y-TZP surface layer of the
FGM increased to only 1.32 times the strength of
Y-TZP. This FGM was fabricated by applying a large
compressive deformation. As is well known from the
results of hot pressing [12, 13] and sinter forging [17,
18], the strength of a material with fine grains in-
creases when compressive stress is applied at elevated
temperature [11, 19]. The increase in strength is at-
tributed to shrinkage and elimination of large pores of
defects during compressive superplastic deformation.
Therefore, when tensile stress is applied to the Y-TZP
side of the bend specimen, the strengthening of FGM
with increasing strain in Fig. 6 was caused by the
strengthening of the Y-TZP layer by, superplastic
deformation. On the other hand, when tensile stress
was applied to the Al,Oj5 side of the bend specimen,
the FEM analysis showed that the strength of the
Al,O, layer in the FGM decreased to 0.9 times the
strength of Al,O5. The strength of the FGM did not
increase with increasing strain, as shown in Fig. 6.
Because large-grained Al,O; deformed very little,
even though the FGM could be deformed as a whole,
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overall strengthening was not achieved. If, therefore,
FGM is fabricated using fine-grained Al,O; and has
superior plastic deformation characteristics at elev-
ated temperatures, the strength of the Al,O; layer
should be improved and the strength of the FGM
increase further. The bending strength of the FGM
increased with increasing strain when the Y-TZP side
was the tension side in Fig. 6. The phenomenon was
caused by increasing residual compressive stress in the
Y-TZP surface with increasing warp of the FGM and
increasing strength of the base material with increas-
ing strain in compressive deformation. ’

5. Conclusion

Zr0O,-Al,0, FGM was fabricated by superplastic
diffusion bonding at a bonding temperature of
1550°C and at strains of 17, 33 and 50%. Residual
stress and stress distribution in the bend specimen
were evaluated by FEM. The results of the present
study are summarized as follows.

1. The interface bonded completely by superplastic
deformation, and ZrO,-Al,0; FGM was fabricated
successfully.

2. The apparent bending strength of the ZrO,-Al, O,
FGM was significantly different according to the dir-
ection of applied stress. When the tension side was the
Y-TZP, the apparent bending strength of the speci-
men (strain of 50%) was 1860 MPa; when the tension
side was Al,Oj;, the apparent bending strength (strain
of 50%) was 330 MPa.

3. The stress analysis by FEM qualitatively agreed
with the results for the ZrO,-Al,0; FGM from the
bending test.
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