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Abstract

Strain rate- and temperature dependences of
compressive flow stress at ultra high temperatures of
the  ALOyYAG  composite,  fabricated by
unidirectional solidification of eutectic composition,
was analyzed by the finite element method and by
the rule of mixtures based on the isostrain and
isostress models. The spatial distribution of
equivalent stress and strain rate in the steady state
plastic deformation, arising from the heterogeneous
microstructure, was revealed, and the
experimentally measured flow stresses of the
composite at the strain rate 2.8x10° to 107/s in the
temperature range of 1773 to 1973 K were
described by the finite element analysis. The
measured flow stress of the composite was lower
than the value predicted by the isostrain model and
higher than that predicted by the isostress model,
due to the deviation of the regularity of the
microstructure of the practical composite from that
of the isostrain and isostress models.

1 Introduction

The directionally solidified  eutectic
oxide/oxide ceramic composite, such as a
ALO3/YAG (Yttrium-Aluminum Garnet with the
composition of Y3A;s0;3), is one of the promising
candidate materials to improve the thermal
efficiency in jet aircraft engines and high-efficiency
power-generation gas turbines [1-3], due to the
following features. (i) The interface is clean without
glassy phase [4-6]. (ii) The microstructure is very
stable even when exposed at high temperatures in air.

For instance, the microstructure does not vary even
after exposure in air at 1973K for 3.6x10° ks (1000h)
[4]. (iii)) The compressive creep strength at 1873K is
about 13 times higher than that of the sintered
composite with the same composition [5,7]. (iv) The
flexural strength at room temperature, around 300-
400 MPa, can be maintained almost up to the
melting point of 2093K when the displacement
speed is relatively high (=107 m/s) [4,5,8,9].

The study on macroscopic deformation
behavior of the composite as a whole has revealed
the excellence of this composite, as stated above. As
the next step, the following problem shall be solved.
The deformation and fracture behavior of this
composite is sensitive to strain rate at ultra high
temperature region above 1700 K [3,8-12]. As the
composite is composed of AlLO; and YAG with
complicated shape (Fig.1 in which the dark and gray
colors draw Al,O; and YAG, respectively), the
stress and strain rate are different from position to
position. In order to reveal the correlation between
the microstructure-dependent local stress state and
the overall flow stress, the study on the microscopic
spatial distribution of stress and strain rate at ultra
high temperatures is requested.

The aim of the present work was (A) to
describe the experimentally measured overall
compressive flow stress of the composite at the
strain rate 2.8x10° to 10™ /s in the test temperature
range of 1773 - 1973 K from the temperature- and
strain rate-dependence of the constituting phases
(ALL,O5; and YAG), and (B) to reveal the stress and
strain rate distribution in each phase. For the aim (A),
the stress analysis was carried out by the finite
element method (FEM) in which a model taken from
the practical microstructure was used. Also the flow
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stress calculation was carried by the rule of mixtures
(ROM) based on the simple isostrain and isostress
models. The calculation results were discussed in
comparison with the experimental result. For the aim
(B), the difference between the FEM- and ROM-
calculated flow stress values was discussed, from
which the influence of the geometrical deviation of
the practical shape of the constituting phases from
the regularity of the isostrain and isostress models
on the overall flow stress was detected.

2 Experimental and modeling procedure

2.1 Sample and mechanical test se of Templates

The Al,Os/YAG composite with a eutectic
composition was fabricated at Ube Industries Ltd.,
Yamaguchi, Japan, by the unidirectional
solidification technique. Details of the fabrication
method and micro-structural features are shown
elsewhere [2-7]. The morphology is presented in
Fig.1. The constituting phases are slightly elongated
along the solidification direction.

The compression test of the composite
specimens along the solidification direction was
carried out at 1773, 1873 and 1973 K under the
strain rate of 2.8x10°, 10 and 10™ /s in argon flow
with the Instron-type machine (MTS 808) at Japan
Ultra-high Temperature Materials Research Center.
The size of the test specimens was 4x4 mm’ in
cross-section and 6 mm in height.

Direction of solidification

»

Compression

[ ALO; |

[ vag | 100 um

Fig.1 Polished cross-section parallel to
the direction of solidification.

2.2 Finite element analysis

In our preceding work [12], it was attempted to
describe the stress-strain behavior of the composite
from the behavior of the constituting phases (Al,O3
and YAG) by the finite element analysis. The
measured stress-strain curve consisting of elastic and
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plastic deformation regions of the composite at
1873K could be described satisfactorily. In this work,
such a method was extended to describe the strain
rate- and temperature dependence of the flow stress
of the composite at the temperature range of 1773 to
1973K under the strain rate range of 2.8x10° to 10"
%/s. As details of the procedure have been reported in
Ref.[12], the main items are picked up below.

As has been shown in Fig.1, the Al,O; and
YAG in the cross-section parallel to the
solidification direction are elongated. For the finite
element analysis, the two-dimensional model was
taken from the observed microstructure, as shown in
Fig.2. The model size was 0.3 mm in length along
the loading direction (=solidification direction) and
0.15mm in width perpendicular to the loading
direction. The boundary conditions are shown
schematically in Fig.2(a). The analysis was carried
out with the commercial finite element code
MARC/Mentat™. In the calculation, the applied
strain was raised in step of 0.0001. The Von Mises
criterion was used as the criterion for yielding. After
yielding, both ALO; and YAG were treated to
deform plastically without strain hardening since the
flow stress was nearly constant in the experimentally
observed stress-strain curve as will be shown later in
3.1.

2.3 Calculation of flow stress as a function of
strain rate and temperature based on the rule of
mixtures

The rule of mixtures (ROM) of Young’s
modulus and coefficient of thermal expansion of
unidirectional fiber-reinforced composite for the
directions parallel and perpendicular to the fiber axis
has been derived under the condition of the same
axial strain (isostrain model (Fig.3(a)) and stress
(isostress model (Fig.3(b)) for the fiber and matrix.
As the microstructure of the present ALO3/YAG
composite is intermediate between the isostrain and
isostress models, the flow stress of the composite is
expected to fall in the range between the higher and
lower bounds determined by the isostrain- and
isostress models, respectively. If such an expectation
is demonstrated to be valid at 1773-1973K, the
simple rule of the mixtures can be a convenient tool
to predict approximate bounds. The stress ¢ and

strain rate g in the plastic deformation range of
composite, Al,O; and YAG are expressed as 6=

oaVat oyVy and g.=gx=¢y in the isostrain model,
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Fig.2 FEM model for stress analysis under
compressive stress. (a) Boundary condition. (b)-1

observed configuration. (b)-2 Mesh. (Elements:
27312, Nodes: 27643).

and o= o,= oy and &~ €,V a:eyVy In the isostress
model, where V is the volume fraction (=0.5 for both
AlOs;and YAG in the present composite [5, 7]) and
the subscripts ¢, A and Y refer to the composite,
Al,O;5 and YAG, respectively. Substituting the € - T-
o relation of ALL,O; and YAG into these equations,
the correlation of the flow stress of the composite to

the applied strain rate and test temperature was
calculated for both models.

) Isostrain model

(ii) Isostress model

Fig.3 Isostrain and isostress models.

2.4 Input values

For calculation of flow stress of the composite,
the following values were used commonly in the
finite element analysis and the prediction by the rule
of mixtures (isostrain and isostress models). The
temperature (T) - dependences of the Young’s
modulus of AlLO; and YAG were taken to be 423-
0.0474T and 299-0.0180T GPa, respectively from
Ref.[13]. The Poisson’s ratio of Al;0;and YAG was
taken to be 0.23 and 0.25, respectively, from
Ref.[14]. The temperature-dependences of the shear
modulus of AlL,O; and YAG were taken to be 172-
0.0193T and 120-0.0072T GPa, respectively, from
Ref.[13]. It has been demonstrated in Ref.[13] that,
with these property values of ALL,O; and YAG, the
measured temperature dependence of Young’s
modulus of the composite is described.

As will be shown in 3.1, the steady state plastic
deformation took place in the composite after
yielding. In this region, the stress carrying capacity

of Al,O; and YAG is dependent on the strain rate €

and temperature T. The relation of the strain rate € to
flow stress ¢ in plastic deformation of Al,O; and

YAG was given by € = Ac" exp(-Q/RT) where A is
the constant, n the stress exponent, Q the activation
energy for plastic deformation and R the gas
constant). It has been shown in Ref.[8] that n=6 and
Q=637 kl/mol for Al,Os;, taken from the reported
data of Ref.[15], and n=6, Q=789 kJ/mol for YAG,
taken from the reported data of Ref.[16], can
account for the experimentally observed n and Q
values of the composite. Thus, these values, together
with A=2.7x10? and 1.3x10 (s'MPa™) for alumina
and YAG, estimated from the reported data of
Refs.[15] and [16], respectively, were used for
calculation.

3 Results and discussion

3.1 Measured stress-strain curves, and strain
rate- and temperature dependence of the flow
stress of the composite

Examples of the measured stress-strain curve are
presented in Fig.4. The flow stress in the plastic
region is nearly constant, indicating that the steady
state deformation occurs in the plastic region. In the
present work, the stress at 1.5 % strain in the plastic
region was taken as the flow stress. As the
difference in the flow stress in the strain range of 1
to 3% was within a several percent, the stress taken
at 2% strain was regarded as the common flow stress
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in the plastic range. Figure 5 shows the strain rate —
and temperature dependence of the flow stress.
Evidently, the stress in the plastic region increases
with increasing strain rate and decreasing

temperature.
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Fig.4 Measured stress-strain curves of the composite
(a) at 1773, 1873 and 1973K under a strain rate of
10°/s and (b) at 1973K under the strain rates of
2.8x107, 10” and 10™s.
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In order to reveal the relation of the strain rate-
and temperature dependence of the flow stress of the
composite to that of the constituting phases, the
experimental result shown in Fig.4 was analyzed by
the finite element method and the rule of mixtures
using the isostrain and isostress models, as shown
below.

3.2 Comparison of FEM-calculated stress-strain
curves with measured ones

Figure 6 shows the calculated stress-strain
curves (a) at the temperatures 1773, 1873 and 1973K
under a given strain rate 10°/s and (b) at the strain
rates  2.8x10°, 10° and 107s under a given
temperature 1973K. The measured stress-strain
curves under the same conditions have been
presented in Fig.4(a) and (b), respectively. The
shape of the stress-strain curve and the flow stress
level in the steady state plastic region shown in Fig.4
are fairly well reproduced in Fig.6. This result
suggests that the model (Fig.2) and input values for
calculation (mentioned in 2.4) were close to the
practical ones.

600

Strain rate:10%/s @

500

400 L Temperature: 1773K |
300 L 1873K
200 | =
1973K
100 i
0

0. 05 10 15 20 25 30
Strain, &(%)
350 T T T

Compressive stress, o(MPa)

(b)
300 |

10%s
250 | i
-5
200 7( 10™/s i

150 4 2.8x10°%/s
100 i

50 Temperature : 1973K

0 I I I I I
00 05 10 15 20 25 3.0
Strain, g(%)

Compressive stress, c(MPa)

Fig.6 Calculated stress-strain curves (a) at 1773,
1873 and 1973K under a given strain rate 10~/s and
(b) at 1973K under the strain rates of 2.8x10°, 107
and 10s.
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3.3 Flow stress of composite

It was examined whether the flow stresses
calculated by FEM can describe the experimental
ones in the whole range of strain rate (2.8x10 to 10"
%/s) and temperature (1773 to 1973 K) or not. Also it
was examined whether the rule of mixtures (ROM),
whose calculation method has been shown in 2.3,
can give the approximate prediction of flow stress or
not.

When the relation of the strain rate € to flow
stress o in plastic deformation is given by the form,

e = Ac" exp(-Q/RT), the relation of In(c) to 1/T
(inverse temperature) is linear. Thus it is convenient
to use the In(c) - 1/T relation for comparison of the
temperature-dependence of the flow stress of the
composite with that of the constituents at a given
strain rate. The measured flow stress-values of the
composite and the calculated ones by FEM and
ROM, together with the flow stress-values of the
Al,O; and YAG for reference, were superimposed in
the In(c) - 1/T relation, as shown in Fig.7.

The experimental results in the whole range of
strain rate (2.8x10° to 10™ /s) and temperature (1773
to 1973 K) are described fairly well by the FEM
analysis. It is noted that the experimental flow stress
values of composite are in the range between the
lower bound given by ROM for isostress model and
the upper one given by ROM for isostrain model.
The reason for this is attributed to the deviation of
the microstructure of the practical composite (Fig.1)
from the regularity assumed in the isostrain and
isostress models (Fig.3). Namely, due to the
coexistence of the isostrain and isostress type
morphologies within the composite, the flow stress
is, to some extent, lower than the prediction of the
isostrain model and higher than that of the isostress
model. This suggests that, when the composite is
stressed along the direction perpendicular to the
solidification, the flow stress is lower than the
present case due to the less amount of isostrain type
morphology in the stress direction but never falls to
the value predicted by the isostress model. Such a
phenomenon has actually been observed [7,8,12].

It is noted that, while the isostrain and isostress
models cannot describe the flow stress of the
composite due to the coexistence of isostrain and
isostress type morphologies, they can be a useful
tool to predict the upper and lower bounds to a first
approximation, since the difference between the
lower and upper bounds given by these models is
smaller than that of the flow stress values of the
constituents (Al,O; and YAG).
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Fig.7 Comparison of the stress (In(c))-inverse
temperature(1/T) relation among (O) measured flow
stress of the composite, (@ )FEM-calculated flow
stress of the composite, ( ¥ ) isostrain model-
calculated flow stress of the composite, ( A )
isostress model-calculated flow stress of the
composite, (X) flow stress of the monolithic YAG
and (+) flow stress of the monolithic Al,O3 under the
strain rate of (a) 2.8x10®, (b) 107 and (c) 10™/s.
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3.4 Stress and strain rate distribution in the
plastic region

As shown above, the flow stress of the present
composite is very sensitive to strain rate. If the
structure is regular as in the isostrain and isostress
models (Fig.3), the strain rate (stress) distribution
shall be uniform to a first approximation. However,
it is not the present case since Al,O; and YAG form
complex geometry in the present composite (Fig.1).
Figures 8 and 9 show the calculated spatial
distribution of equivalent stress and equivalent strain
rate under the condition of applied strain 1.5%,
strain rate 10”/s and temperature at 1773 and 1993
K, respectively. Evidently, the strain rate and the
stress are distributed spatially even after overall
yielding of the composite due to the micro structural
deviation from regularity. Three features are read
from the results in Figs.8 and 9. (i) The strain rate
(stress) is concentrated in thick parts of Al,O; and
thin parts of YAG especially near the geometrical
irregularities at any temperature. (ii) The strain rate
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Fig.8 (a) Equivalent stress distribution in composite,
and equivalent plastic strain rate distribution in (b)
ALOs and (c) YAG phases at a strain rate of 10™/s at
1773 K.
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distribution in Al,O; is wider than that in YAG..
This result is accounted for by the softer nature of
AL Os; the softer Al,O; needs larger change in strain
rate more than the harder YAG for the stress balance.
(iii) The stress level at 1973K is quite different from
that at 1773K. On the other hand, the strain rate
distribution in ALLO; and YAG at 1973K is similar
to that at 1773K. Namely, the microstructural
irregularity -induced stress is accommodated by the
similar spatial distribution of strain rate within the
temperature range investigated.

1973K
Stress
MPa)
800
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Fig.9 (a) Equivalent stress distribution in composite,
and equivalent plastic strain rate distribution in (b)
ALOj; and (c) YAG phases at a strain rate of 107/s at
1973 K.

4. Conclusions

(1) The measured stress-strain curve and flow stress
of the directionally solidified Al,Os/YAG
composite, deformed perpendicularly to the
solidification direction at 1773 to 1973K under
the strain rate range of 2.8x10° to 10™/s, were
accounted for by the present finite element
analysis, in which the temperature- and strain



ANALYSIS OF TEMPERATURE- AND STRAIN RATE DEPENDENCE OF
COMPRESSIVE FLOW STRESS OF AL,0;/'YAG COMPOSITE AT 1773 TO 1973K

rate dependence of the behavior of the Al,O3 and
YAG.

(2) The rule of mixtures derived from the isostrain

and isostress models could give the upper and
lower bounds for the flow stress of the
composite, respectively, which could be used for
rough prediction of flow stress of this composite
at ultra high temperatures.
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