JOURNAL OF MATERIALS SCIENCE 36 (2001) 5593—-5601

Effect of the microstructure on the mechanical
properties of a directionally solidified
Y;Al;04,/Al,03 eutectic fiber
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The strength and fracture behaviors of a directionally solidified Y3Al501,/Al, 03 eutectic
fiber were investigated. The fiber was grown continuously by an edge-defined film-fed
growth (EFG) technique. The microstructure was characterized using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS).
The room temperature tensile strength and Weibull’s modulus of the eutectic fiber before
and after heat treatment at 1460°C were measured. The fracture toughness and crack
propagation behaviors were investigated using an indentation technique. Significant
coarsening of the lamellar microstructure was observed after heat treatment at 1460°C in
air. The degradation of the room temperature tensile strength in the Y3Als04,/Al,03 eutectic
fiber after heat treatment was attributed to the development of surface grooves at the
surface of the fiber. Also, the Y3Al501,/Al,05 eutectic fiber showed a radial (Palmqvist) crack
type and exhibited an anisotropic crack propagation behavior during the indentation tests.

© 2001 Kluwer Academic Publishers

1. Introduction

Oxide-based fibers are the most promising mate-
rials as the reinforcing materials for high temper-
ature structural applications in oxidizing environ-
ments because of their inherent thermal stability.
As a result, several single-crystal oxide fibers (such
as A1203, MgAle4, Y3A15012 and Y203—stabilized
7r0,) [1-4] and oxide-oxide eutectic fibers (such as
Y3A150]2/A1203 and A1203/ZI‘02(Y203)) have been
developed [5-8]. Among the single-crystal oxides
and oxide-oxide eutectics, the directionally solidified
Y3Al501,/A1,03 eutectic system has been demon-
strated as the most promising system due to its chem-
ical, microstructural, mechanical, and thermal stabil-
ity. It has been reported that the tensile strength of
the Y3Al50;,/Al, O3 eutectic fiber decreased with heat
treatment at elevated temperature [9, 10]. However, the
exact mechanisms leading to the decrease of tensile
strength after heat treatment in the Y3AlsO2/Al,03
eutectic fiber have not yet been identified. As the diam-
eter of the fiber become smaller, the change of the sur-
face morphology and/or coarsening of the fine lamellar
structure at high temperatures may affect the mechani-
cal properties of the fiber.

Since Hertz first investigated the cone-shaped frac-
ture at elastic contacts between glass lenses in 1896,
indentation mechanics has become extensively used in
the analysis and characterization of fracture and defor-
mation properties of brittle ceramics [11, 12], as well as
metals and other materials. Traditionally, Hertzian cone
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crack has been most widely studied in flat silicate glass
plate, using sphere indenter of hard steel or tungsten
carbide. Extensive studies to other brittle solids such
as single crystals and hard, fine-grain polycrystalline
ceramics become more prevalent in 1950s—1970s [12].
More recently, indentation tests with sharp indenters
such as Vickers and Knoop indenters were developed
in 1970s due to the geometrical similarity of the resid-
ual impressions; the contact pressure is independent of
indent size, and thus affords a convenient measure of
hardness [13]. Radial-median crack produced by dia-
mond pyramid indenter is now the most widely used
of all fracture testing methodologies in the mechanical
evaluation of brittle materials.

The purpose of this work is to study the effect of mi-
crostructure on the mechanical properties and fracture
behavior of the Y;Al50,,/Al,0O3 eutectic fiber.

2. Experimental procedure

The Y3Al502/Al,03 eutectic fibers produced by
Saphikon Inc. (Milford, NH) with a nominal diameter
of 75 yum were used in this study. The fibers were grown
continuously using an EFG technique at a growth rate of
2.03 cm/min. A detailed description of the EFG process
can be found elsewhere [14, 15]. X-ray diffractometer
(Model 42202, Norelco, North American Phillips Com-
pany Inc.) with Cu K,, radiation was used for the iden-
tification of the phases in the fibers. Microstructures
of the fiber at the surface, the interior section along
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fiber axis (the longitudinal section) and the cross sec-
tion areas were examined using a scanning electron
microscope (Stereoscan 250, Cambridge, Scientific In-
struments Ltd., Valencia, CA). Both the longitudinal
section and the cross section areas to the fiber axis were
polished to 0.1 um diamond compounds finish. The
backscattered electron image was used to identify the
eutectic lamellar structure at the surface, the longitu-
dinal section and the cross section areas of the fibers.
The lamellar spacing was measured by a linear intercept
method. Straight scanning lines were placed on SEM
photos, rotated at 15° intervals from 0 to 165° due to
the anisotropy of the lamellar microstructure [16]. Ten-
sile strength at room temperature was measured using
an Instron universal testing machine (Model 5544, In-
stron Corp., Canton, MA) with a crosshead speed of
0.127 mm/min. Fiber ends were mounted on tabs with
epoxy for gripping. A gauge length of 2.54 cm was used.
Prior to heat treatment and tensile test, all the fibers
were ultrasonically cleaned. An indentation technique
was conducted on the polished surface of the fiber to
measure the fracture toughness and to study the crack
growth behavior. Vickers hardness tester (Micromet II
Microhardness Tester, Buhler Ltd., Lake Bluff, Illinois)
was used to make a crack on the polished surface of the
fiber. The cracks were generated under a load of 100 g
and the crack lengths were measured using a SEM.
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The Y3Al50;,/Al,O3 fiber with a nominal diameter of
75 pm could not sustain more than 100 g load.

3. Results

3.1. Microstructural evolution

The backscattered electron images of the as-fabricated
fiber at the surface, the longitudinal section and the
cross section areas are shown in Fig. 1. The three differ-
ent areas (the surface, the longitudinal section and the
cross section areas) are defined as shown in Fig. 1d. The
lamellar eutectic microstructures of the as-fabricated
fibers were clearly observed using the backscattered
electron image due to the effect of the atomic num-
ber contrast between Y3Al;01, (YAG) and Al,O3 (alu-
mina) phases. It is evident that the microstructure
of the as-fabricated fiber consisted of fine lamellar
microstructures with YAG phases (bright phase) dis-
tributed uniformly in alumina phase (dark phase). The
lamellar spacing of the as-fabricated fibers for the sur-
face, the longitudinal section and the cross section areas
were measured to be 0.40 um, 0.52 um and 0.46 um,
respectively.

X-ray diffraction analysis indicated the fiber con-
tained both Y3AlsO;, and Al,Os phases in the as-
fabricated and the post-heat-treated states as shown in
Fig. 2. Some Si0O, peaks appeared after heat treatment

(b)
Surface area

Longitudinal section area

Cross section area

(G

Figure 1 Microstructures of the Y3AlsO12/Al, O3 eutectic fiber in the as-fabricated state (a) the surface area, (b) the longitudinal section area, (c) the
cross section area, and (d) a schematic sketch illustrating the three different areas of the fiber.
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Figure 2 XRD patterns of the Y3Al50;2/Al,03 eutectic fiber before and after heat treatment at 1460°C for 200 hours.
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Figure 3 Impurities on the surface of the Y3Als012/Al, O3 eutectic fiber in the as-fabricated state (a) the contaminated part on the surface of the fiber

and (b) EDS result of the contaminated part on the surface of the fiber.

at 1460°C for 200 hours. The presence of SiO, peaks
might be due to impurity contamination during fiber
growth as shown in Fig. 3. A recent study by Matson
and Hecht also reported that the composition of the im-
purity on the surface of the Y3Al50;2/Al,03 eutectic
fiber was silicon [17].

After heat treatment at 1460°C for 100 hours and
200 hours in air, the thickness of Y3Al501, and Al,O3
phases at the surface and the longitudinal section ar-
eas increased gradually as a function of heat treatment
time as shown in Fig. 4. The coarsening of the lamel-
lar structures both at the surface and the longitudinal
section areas was clearly observed. The driving force
for coarsening of the eutectic lamellar structures is be-
lieved to be the reduction of the interfacial energy (re-
ductions in the total length of interface line between
Y3Al501; and Al,O3 phases in this study) through dif-
fusion process [18, 19]. The change of lamellar spac-
ing (1) as a function of heat treating time is shown in
Fig. 5. The lamellar spacing gradually increased with

increasing heat treatment time. The lamellar spacing of
the as-fabricated fiber at the longitudinal section area
was measured to be 0.52 um, and it increased to be
1.18 um after heat treatment at 1460°C for 200 hours.
However, the lamellar spacing at the surface area was
increased from 0.40 um to 2.61 wum after heat treat-
ment at 1460°C for 200 hours. The increases of lamel-
lar spacing at the surface and the longitudinal section
areas were found to be 648% and 223%, respectively.
The increase of lamellar spacing at the surface area at
1460°C for 200 hours is about 3 times larger than that at
the longitudinal section area. The detailed mechanisms
and kinetics of coarsening have been discussed by Park
et al. [20].

3.2. Tensile strength

The tensile strengths of the Y3Als0;,/Al,O3 eutectic
fiber before and after heat treatment at 1460°C for
200 hours were measured as shown in Fig. 5. The
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Figure 4 Microstructures of the Y3Al5012/Al,03 eutectic fibers at the surface and the longitudinal section area after heat treatment at 1460°C in air
(a) the surface area for 100 hours, (b) the surface area for 200 hours, (c) the longitudinal section area for 100 hours, and (d) the longitudinal section

area for 200 hours.
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Figure 5 The changes of tensile strength and lamellar spacing as a func-
tion of heat treatment time at the surface area and the longitudinal section
area.

average tensile strength decreased from 1.37 GPa to
0.78 GPa after heat treatment at 1460°C for 200 hours.
The room temperature tensile strengths of single crys-
tal alumina fibers were measured to be 2.4-2.6 GPa
[21,22]. Corman [4] reported the tensile strength val-
ues of 0.90-1.07 GPa for single crystal Y3AlsOy; fiber.
The tensile strength of the Y3Al50;,/Al,O3 fiber in
this study appeared to be in the range between that
of single crystal alumina and single crystal Y3AlsO1,
as shown in Table I. Also, the Y3Al50;2/Al, O3 fiber in
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TABLE I Tensile strengths of single crystal oxide fibers and oxide-
oxide eutectic fibers

Fiber Tensile
diameter strength
Fiber (um) (GPa) Ref. Comments
AlLO3 150 2.6 21  Single crystal c-axis
fiber produced
by Saphikon Inc.
254 2.37-2.62 22  Single crystal c-axis
fiber Produced by
Saphikon Inc.
Y3Al501, 170 0.90 4 Single crystal
YAG fiber
240 1.07 4 Single crystal
YAG fiber
Y3Al5012/A1,03 125 1.93 9  Eutectic fiber
grown by EFG
(Saphikon Inc.)
Al 03/ZrO5(Y,03) 125 1.20 23 Eutectic fiber
grown by EFG

(Saphikon Inc.)

this study exhibited a higher tensile strength to the EFG
processed Al,O3/ZrO,(Y,03) eutectic fiber [23]. The
tensile strength distribution and Weibull’s modulus of
the as-fabricated and the heat-treated eutectic fibers are
shown in Fig. 6. The results show the Weibull’s mod-
ulus decreased from 11.2 for the as-fabricated fibers
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Figure 6 Tensile strength distribution and Weibull’s modulus of the
Y3Al5012/A1,03 fiber before and after heat treatment at 1460°C for
200 hours in air.

to 5.6 for the heat-treated fibers. A recent study by
Farmer et al. also reported that the tensile strength of the
Y3Als01,/Al,03 eutectic fibers grown by EFG tech-
nique decreased approximately 40% after annealing at
1400°C for 2 hours in flowing argon [10].

SEM fractographic analysis of the as-fabricated
fibers indicated that fracture initiated at surface flaw.
Microstructural examination also revealed that surface
grooves at the intephase region between the Y3AlsOp,
and the Al,O3 phases were developed after heat treat-
ment at 1460°C for 100 hours as shown in Fig. 7. The
main driving force for the surface grooves induced by
the heat treatment is believed to be the reduction of the
interfacial free energy (reductions in the total surface
areas between Y3Al;0;, and Al,Oj3 interfaces) in the
eutectic microstructures. It is evident that the coarsen-
ing rate of Y3Al;0,, and Al,O3 phases at the surface
of the fiber is much faster than that at the interior re-
gion (the longitudinal section area) of the fiber in Fig. 5.
The different coarsening rate between the surface and
the longitudinal section areas result from the difference

in diffusion mechanisms. The coarsening at the surface
area of the fiber can occur mainly through the surface
diffusion rather than through the interphase boundary
diffusion and volume diffusion. However, the coarsen-
ing at the interior area of the fiber will occur through
the interphase boundary diffusion and the volume dif-
fusion. It is well known that the rate of the surface diffu-
sion is much faster than that of the interphase boundary
diffusion and volume diffusion [24, 25]. The surface
grooves at the surface of Y3AlsO,/Al, O3 eutectic fiber
is the obvious evidence that the coarsening at the sur-
face of the fiber occurred through the surface diffusion
mechanism. The migration of atoms near the interphase
between the Y3Al501, and Al,O3 phases moved to the
convex side of a curved surface and developed the sur-
face groove. The development of the surface grooves at
the surface of a polycrystalline through the surface dif-
fusion wherever a stationary grain boundary emerges to
intersect the surface has been suggested [26, 27]. Tsoga
et al. 28, 29] reported the grain boundary grooving on
the polished surfaces of polycrystalline oxides (such
as yttria-stabilized zirconia, calcia-stabilized zirconia
and alumina) due to surface diffusion. A recent study
by Jin et al. [30] also reported thermal grain boundary
groove on the polished SrTiOj3 bicrystal after annealing
at 1150-1400°C.

The grooves developed at the surface of the
Y;Al501,/Al, O3 eutectic fiber after heat treatment re-
sulted in increase of the surface roughness of the fiber
as shown in Fig. 8. Itis believed that the surface grooves
acted as the stress concentration sites (which will cause
the notch effect in Y3Al;0;,/Al, O3 eutectic fiber) dur-
ing tensile test. Fig. 8b clearly shows the extensive de-
velopment of the surface grooves at the surface of the
fiber in which a fracture initiated.

3.3. Fracture toughness and crack
propagation

The cracks produced by Vickers indenter in the

Y3Al501,/Al,03 eutectic fiber was assessed using step-

wise polishing as shown in Fig. 9. Fig. 9a shows the

Vickers indentation mark produced on the polished

surface of the Y3Als012/Al,03 eutectic fiber. Two

Figure 7 Surface grooves on the surface of the Y3Al5012/Al, 03 eutectic fiber before and after heat treatment (a) the as-fabricated state and (b) after

heat treatment at 1460°C for 100 hours in air.
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Figure 8 Surface grooves on the surface of the Y3Al50;2/Al,03 fiber after tensile test (the fiber was heat-treated at 1460°C for 200 hours in air

before tensile test) (a) low magnification and (b) high magnification.

Fiber axis

(®)

Figure 9 Vickers indentation marks showing Palmqvist crack type in the Y3Al50;2/Al,O3 fiber (a) the original Vickers indentation mark produced
on the polished surface of the fiber, (b) after 12 m was removed from the original polished surface.

cracks (@, ®) in Fig. 9a are never interconnected each
other after 12 um from the original polished surface
was removed. Also, two cracks (®,®) in Fig. 9a are
never interconnected each other. It is evident that the
Y3Al5012/Al,03 fiber exhibits the radial (Palmqvist)
crack type with 100 g load.

The load dependence of indentation diagonal is often
described by the so-called Meyer law [31],

P=C-D" (1)

where P is the indentation load, D is the correspond-
ing indentation diagonal, C is the load to make an unit
size indentation, and n is a measure for the load de-
pendence of the hardness and thus of the size effect.
A typical Meyer’s plot of the Y3Al50,,/Al,O3 eutectic
fibers is shown in Fig. 10. The measured n was 1.632
from the Meyer’s plot and this value is typical in ce-
ramics [31]. Hardness of the Y3Al;0;,/Al,O3 eutectic
fiber was measured to be 20.43 GPa (1 N load). This
value is very similar to the hardness of Al,O3 (about
20 GPa at 1 N load) [32] and Y3Al50;, (20.2 GPa at
1 N load) [31].
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Figure 10 The changes of the indentation diagonal as a function of in-
dentation load (Meyer plot).

The changes of Palmqvist crack length, a, as a func-
tion of indentation load in the Y3Al;0;,/Al,O3 eutec-
tic fiber are shown in Fig. 11. The Palmqvist crack
length linearly changed with the indentation load, P,
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Figure 11 Load dependence of Palmqvist crack length in direction par-
allel to the fiber axis.

according to the following equation [33];

y— (P — Py) 2)
4w

where a is a Palmqvist crack length, Py is a threshold
indentation load for crack initiation and W is a con-
stant which is termed Palmqvist crack resistance [34].
Similar linear change in Palmqvist crack length versus
the indentation load was also reported in glass-ceramic
(Pyroceram 9606) [33].

The Y;3Al50;,/Al,O3 eutectic fiber exhibited an
anisotropic crack propagation as shown in Fig. 12. The
crack length in direction along the fiber axis is rela-
tively longer compared to that in direction perpendic-
ular to fiber axis in Fig. 12a. The crack cut through
the lamellar structure without being deflected along
the Y3Als01,/Al,0O3 interfaces. This suggests that the
bonding between Y3Al;01; and Al, O3 phases is strong.
In order to investigate the anisotropy of crack propa-
gation in different directions with respect to the fiber
axis, the diamond Vickers indenter was rotated 45°
with respect to the fiber axis as shown in Fig. 12d.
In this case, the crack lengths are nearly identical in
both directions. It is obvious that the Y3Al50,,/Al,03
eutectic fiber show the anisotropic crack propaga-
tion only in direction normal to the fiber axis. This
suggests that the fracture resistance for crack propa-
gating in direction perpendicular to the fiber axis is
clearly better than that in direction parallel to the fiber

axis. A study by Echigoya et al. also reported the
anisotropic nature of the fracture toughness in a direc-
tionally solidified Al,03/ZrO,(Y,03) eutectics grown
by a xenon lamp infrared heating furnace [35]. The
Y;Al5012/Al, O3 eutectic fiber after heat treatment at
1460°C for 200 hours showed similar crack propaga-
tion behavior compared to the as-fabricated fiber as
shown in Fig 12c. Apparently, coarsening of lamel-
lar microstructure did not affect the crack propagation
behavior.

The fracture toughness (Kic) of Y3AlsO12/Al,03
eutectic fiber were measured by the indentation tech-
nique as shown in Table II. The fracture toughness
(K 1c) was calculated using the following two equations
[33, 36, 37];

Kic=p-(HW)'/? 3)

Kie @ H NP ooss(D)
oo \ge) TG @

where f is anon-dimensional constant dependent on the
indenter geometry, H is the hardness, W is Palmqvist
crack resistance, ¢ is the constraint factor (£3), a
is the half-diagonal of the Vickers indent, E is the
Young’s modulus and / is Palmqvist crack length. Be-
cause the Y3Al501,/Al,03 eutectic fiber showed the
anisotropic behavior in fracture toughness (Kic), a
different Young’s modulus should be used in Equa-
tion 4. Unfortunately the Young’s modulus for the
Y;Al501,/Al, 03 eutectic fiber is not available. In or-
der to determine the Young’s modulus for the directions
parallel to the fiber axis (E) and perpendicular to the
fiber axis (£ ), Young’s modulus for the two different
directions to the fiber axis, £ and E |, were calculated
by the approximate formula [38]

E| = EyacVyac + Ealumina Valumina )

EJ_ — EYAG ‘ Ealumina (6)
Eatumina - Vyac + Evac - Valumina

With [31, 39] reported Young’s modulus of 290 GPa for
Y;Al501, and 400 GPa for Al,O3. The volume frac-
tions of Y3Al50;; and Al,O3 phases in the Y3Al501,/
Al,O3 eutectic fiber were measured to be 0.460 and
0.540, respectively, using the point count method [15].
Fracture toughness values of the Y3Al50,/Al,03 eu-
tectic fiber in direction along the fiber axis and in direc-
tion 45° with respect to the fiber axis were calculated to
be 2.93 4+ 0.83 MPa- m'/? and 2.88 + 0.34 MPa - m!/2,
respectively, using the Equation 3 suggested by Shetty
et al. [33]. The fracture toughness values for MgO-
doped (250 ppm) Y3Al50, and SiO,-doped (500 ppm)

TABLE II Measurements of fracture toughness (Kc) of Y3Al5012/Al,03 eutectic fiber

Kic (MPa-m!/?)

Eq. suggested by Shetty et al. [33]

Eq. suggested by Niihara et al. [37]

|| to fiber axis 45° rotated to fiber axis
2.934+0.83 2.884+0.34
2.88+0.49 -

As-fabricated
1460°C/200 hr

1 to fiber axis
5.78£1.74
5.34+£1.79

L to fiber axis
9.17+2.78
9.69 +£4.06

|| to fiber axis 45° rotated to fiber axis
4.83+1.36 4.75+0.57
4.79+0.85 -
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Figure 12 Cracking patterns of the Y3AlsO12/Al, O3 eutectic fiber under the indentation load of 0.1 kg (a) the as-fabricated state, (b) the as-fabricated
state, indenter rotated 45-degree with respect to fiber axis, (c) the heat-treated state at 1460°C for 200 hours, and (d) indenter setups with respect to

the fiber axis.

Y3Als01, ceramics were measured to be 1.87
MPa-m'/? and 1.84 MPa-m!/?, respectively, using
the three point bend test [31]. With [39] reported the
fracture toughness value of 3.71 MPa - m!/2 for MgO-
doped (5 ppm) Al,O3, using the three point bend test.
Also, several investigations using different test meth-
ods have been reported that the fracture toughness val-
ues for Al,O3 were measured to be somewhere around
4 MPa-m'/? [39]. Fracture toughness values in this
study appeared to be in the range between the values
for Y3Al50, and Al,O3. However the fracture tough-
ness values of the Y3Al;50,2/Al,03 eutectic fiber in
direction perpendicular to the fiber axis were calcu-
lated 5.78 4+ 1.74 MPa-m'/?. The fracture resistance
for crack propagation in direction perpendicular to the
fiber axis is clearly better than that in direction parallel
to the fiber axis for both the as-fabricated and heat-
treated fiber.

4. Summary

The microstructure of the directionally solidified
Y3Al5012/Al,03 eutectic fiber grown by EFG tech-
nique consists of fine, well-aligned lamellar mi-
crostructures along the fiber axis: Y3AlsO;, phases
are distributed uniformly in Al,O3 phases. Significant
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coarsening of the fine lamellar structure of the
Y3Als01,/Al, 03 eutectic fiber occurred after exposure
at elevated temperature. The room temperature ten-
sile strength after heat treatment decreased significantly
due to the development of grooves on the surface.

It was found that the Y3Al501,/Al,O3 eutectic
fiber showed the radial (Palmqvist) crack type un-
der 100 g load. Also, the Y3AlsO;,2/Al,O3 eutec-
tic fiber exhibited an anisotropic crack propagation
behavior. The coarsening of lamellar microstructure
in the Y3Al50,/Al,05 eutectic fiber did not affect
the fracture toughness (Kc) values. This is because
the Y3Al501,/Al, 05 eutectic fiber still maintained the
aligned lamellar microstructures after heat treatment.
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