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Abstract: The directionally solidified eutectic MgALO,-
Y5Al50;, crystal was prepared at a pressure of 0.4 MPa of
ambient nitrogen gas by the high frequency induction
heated floating zone furnace. In order to determine the
high temperature characteristics, directionally solidified
MgAl,0,-Y5Al;0,, eutectic phase has been analyzed with
creep test, tensile strength, young modulus and fracture
toughness at the various temperatures and the microstruc-
tural variations have been studied according to the analysis
results. It has been seen that directionally solidified with
zone melting MgAl,0,-YAG eutectic ceramic which has
given the value of 168 MPa below 107%/s strain rate at
1,700 °C temperature has revealed minimum stress.
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Introduction

Directionally solidified eutectic ceramic materials are
used to obtain a material that is protecting its mechanical
properties at high temperatures. These materials obtained
in studies recently are usually composed of the systems
of ALO3/Y;Als0p, ALO3/GdAIO;, ALO,/Er;Al;0;, and
Al,05/EAG/Zr0, [1, 2]. These materials are candidates for
ultra-high temperature materials that will be used in
power generation and aerospace industries in the future.
Especially, these materials have significant advantages
over conventional structural ceramic materials at high
temperatures. Directionally solidified eutectic ceramics
materials do not contain grain boundary or colonies
causing a decrease at mechanical properties at high tem-
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peratures. Increasing thermal efficiency of gas turbine
engine means to working at high temperatures. But car-
bides, nitrides and Ni-based superalloys can not maintain
their stabilities especially at temperatures higher than
1,500 °C [3]. Currently, one of the most common methods
for directionally solidification of oxide ceramics is float
zone method [4-6]. The advantage of eutectic single crys-
tal structures with respect to single phase crystals like
sapphire is to form an interface that is both though and
strength as a result of interaction of both phases. There
are some advantages of this solidification made of melt
between liquid and solid like control of impurities during
growth, decrease of contamination coming from crucible,
less energy, providing a uniform doping with zone refin-
ing and control of surface tension. It has been reported
[7-9] that directionally solidified MgAl,0,-Y5Al;0;, cera-
mics exhibit mechanical behaviors similar to oxide mate-
rials used in previous studies [10-33]. But mechanical
behaviors of directionally solidified MgAl,0,-Y5Al;0;,
ceramics at high temperatures have not been reviewed
in detail. In this study, it has been examined whether
these ceramics meet expected properties at high
temperatures.

Experimental

MgAl,0,-YAG (Y5Al;0,,) samples were prepared by mix-
ing of the ALO; (99.99%, Aldrich), MgO (99.99 %,
Aldrich) and Y,0;5 (99.999%, Alfa) starting powders,
and contained 55/25 mass % Al,O3/MgO [33]. As it has
been shown in Figure 1, directionally solidified eutectic
MgAlL,O, (MAS, magnesium aluminate spinel)-YAG of
10 mm in diameter and 200 mm in length was grown
1 mm/min from the precursor rod by the float zone method.
Compression creep tests were performed in an argon atmo-
sphere at a constant cross head speed, using a servohy-
draulic testing machine. The compression tests were
conducted at 1,500 °C-1,700°C. The rectangular samples
with the dimension of 5 mm (width)x2 mm (height) x 48
(length) mm were cut perpendicular to the direction of
solidification using a diamond saw. Tensile strength were
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Figure 1: Schematic drawing of the float zone type unidirectional
solidification apparatus.

examined at a strain rate of 1x10™* s™* from room tempera-
ture to 1,500 °C. The facilities used in the tests were the
same machine for compression creep test. The dimensions

DE GRUYTER

of the tensile test sample were shown in Figure 2. The
elastic constant of MAS-YAG samples were evaluated at
various temperatures using the Impulse Excitation
Technique by an IMCE machine (RFDA 23, HT 1600). The
elastic modulus measurement has been performed accord-
ing to ASTM E1876-99 [34]. The fracture toughness was
evaluated by a single-edge notched beam (SENB)
method with a span of 16 mm and a cross head speed
0.05 mm/min. The eutectic composite was cut into bar
(3 mmx4 mmx 35 mm) specimens for fracture toughness
testing. The specimen was notched with a diamond cut.
The MAS-YAG crystal was located outside the heating
chamber [35,36]. The microstructure of the eutectic cera-
mics were obtained by scanning electron microscope
(SEM). The elemental analysis was measured by energy
dispersive X-ray spectroscopy (SEM-EDS). Dislocation
structures were observed by transmission electron micro-
scopy (TEM).

Results and discussion

Creep behavior

The compressive stress (0)- strain (£) curves of the MAS-
YAG samples are given in Figure 3 as a function of
temperature. The creep data were analyzed using
power-law relationship:

&£=Ac" exp (R_QT> @

Figure 2: Dimensions of the tensile test specimen.
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Figure 3: The compressive strain rate-stress behavior as a function
of temperature for MgAl,0,-Y3Al;04, crystal.

Here, A is a constant, k the Boltzmann’s constant, T the
absolute temperature, o the creep stress, n the stress
exponent, Q the activation energy of an Arrhenius tem-
perature dependence and R the gas constant [37]. The
stress dependence of strain rates at 1,500 °C, 1,600 °C
and 1,700 °C is almost similar for the MgAl,0,-Y5Al;0;,
crystal. The creep rate of MAS-YAG eutectic at 1,700 °C
exceeds that of MAS-YAG eutectics at 1,600 and 1,500 °C.
Under the same stress, the strain rate of MAS-YAG eutec-
tic at 1,700 °C is slightly higher than that of 1,600 °C and
1,500 °C. The results indicate that the creep strength of
MAS/YAG ceramics was increased insignificantly by
2.4%, and 5.2% when the temperatures were increased
from 1,500 °C to 1,600 °C, and from 1,600 °C to 1,700 °C,
respectively. Elevated temperatures cause no significant
change in the creep resistance. For traditional sintered
ceramics, increase of temperature decreases creep resis-
tance. But for directionally solidified MAS/YAG ceramics,
specific structure of interface between two phases pre-
vents crack propagation. Because this region enables
dislocation motion as well as restricts crack growth.

Tensile properties

The tensile strength-temperature curve is shown in Figure 4.
It can be seen that tensile strength decreases gradually with
increasing in temperature. MAS-YAG structure maintains its
ambient temperature strength up to 1,200 °C. The tensile
strength dropped rapidly above 1,200 °C. The strength of
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Figure 4: Temperature-dependent tensile strength of MgAl,0,-
Y3Al50;5,.

directionally solidified MAS-YAG (DSMY) sample is higher
than the ALO5-YAG (=780 MPa) structure [38] for 1,200 °C.
The strength of DSMY at 1,400 °C was significantly lower than
at 1,200 °C. It is obvious that temperature dependent tensile
strength properties are effective on ductility of MAS-YAG
crystal. At 1,200 °C, MAS-YAG crystal having higher tensile
strength than directionally solidified Al,Os-YAG composite
shows that MAS-YAG crystal eliminates the stress exposed
under high temperature but at the same time it preserves its
strength.

Temperature dependence of Young’s
modulus

The Young’s moduli of MAS-YAG sample of 10 mm
(width) x5 mm (height) x 48 mm (length) were measured
by resonant frequency damping analyzer (RFDA). The
Young’s modulus of the MAS-YAG sample calculated as
[39,40].

mf? P

where m is the mass of sample, f; is the resonant fre-
quency, b, d and [ are the width, thickness and length of
the MAS-YAG structure respectively, and T; is a correction
factor. Figure 5 shows the temperature dependence of
elastic modulus directionally solidified MAS-YAG crystal.
The elastic modulus of MAS-YAG decreased as tempera-
ture increased. At 1,200°C the Young’s moduli were
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Figure 5: Young’s modulus at varying temperatures for directionally
solidified eutectic ceramic MgAl,04-Y3Al50;5.

measured to be 328 + 91 GPa for MAS-YAG crystal. Similar
results were obtained using a finite element method
(FEM) for Al,O5-YAG system [40]. The Young’s modulus
of MAS-YAG crystal decreases with temperature and
remains 298 + 62 GPa at 1,400 °C.

Fracture toughness

The fracture toughness of MAS-YAG sample was deter-
mined by means of three point bending test using SENB
method. The effect of temperature on the fracture tough-
ness of the MAS-YAG crystal is shown in Figure 6. It can
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be seen that the fracture toughness of MAS-YAG eutectic
slightly decreases when the temperature changes from 25
to 1,200 °C in vacuum. The toughness of MAS-YAG was
3.92 MPa m"? at room temperature, 3.84 MPa m"? at
1,200 °C. The fracture toughness of MAS-YAG material is
not affected from temperature variation as much as elas-
ticity. Although it has been reported that fracture tough-
ness increases when the temperature of cubic complex
crystals increases, MAS-YAG eutectic structure is not
been affected in this situation [36]. At traditional materi-
als, the increasing of toughness as much as the increas-
ing of temperature and the decreasing of elasticity was
expected. The retention of toughness’s value together
with temperature has been to explain why MAS-YAG
crystal is not deformed at high temperatures. This situa-
tion has been evaluated at the following sections in terms
of microstructure.

Microstructure analysis

Figure 7 shows the scanning electron microscope (SEM)
image of the cross-section fracture surface for the direc-
tionally solidified eutectic MAS-YAG crystal after creep
test at various temperatures. EDS analysis indicated that
the bright area was Y3Al;0,, and the dark area was
MgAl,O,. MAS-YAG crystals show no grain growth at
three different temperatures. A very limited ductile defor-
mation has been seen at the samples that are exposed to
creep test at 1,600 °C and 1,700 °C.
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Figure 6: The fracture toughness of MgAl,0,-Y3Al;0,, crystal as a function of temperatures.
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Figure 7: Scanning electron micrograph of the MgAl,0,-Y5Al;04, eutectic after creep deformation at various temperatures. For a directionally
solidified MAS-YAG structure: (a) at 1,500 °C, (b) at 1,600 °C, and (c) at 1,700 °C. The bright areas are Y;Al;0,, and the dark areas are

MgAle4.

Figure 8: TEM images showing dislocation structures of MgAl,0,-
Y5Al;0;, phase boundary in the eutectic structure after the tensile
test at 1,500 °C.

Figure 8 shows a TEM image of the microstructure of the
plastically deformed DSMY specimen after the tensile test

at 1,500 °C. Dislocation structures have been seen in both
phases too. Formed plastic deformation is the result of
dislocation motion. A plastic behavior occurring as a
result of grain boundary sliding as it happened at poly-
crystals is out of question. The difference at deformation
behaviors in both phases is due to discrepancies of creep
resistances of both phases [41]. This discrepancy has
obstructed seeing dislocation structure between two-
phase boundary. Figure 9 shows SEM images of the
fracture surface after tensile testing at 1,200°C and
1,500 °C. The cracks shown in Figure 9(b) are to decrease
tensile strength of overall structure when Figure 4 is
considered. In this context, also no formation of cracks
in Figure 9(a) is due to this reason. Despite the increase
in the temperature, preservation of rigid structure
explains why temperature has no impact upon toughness
at directionally solidified eutectic MAS-YAG ceramics. As
it has also been seen in Figure 8, it is possible that
dislocations do not exist in the interface area and it is
assumed that this situation provides that crack propaga-
tion stays in the structure.
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Figure 9: SEM images of the fracture surfaces for MgAl,04-Y3Al;04,
eutectics after the tensile tests (a) at 1,200 °C, and (b) at 1,500 °C.
The bright areas are Y3Al;04, and the dark areas are MgAl,0,.

Conclusions

As well as temperature increase at MAS-YAG samples
does not have too much effect on creep characteristics
and toughness, especially after 1,200 °C, decreases at
tensile strength and young modulus has been moni-
tored. But these decreases are not different from the
expected values for directionally solidified eutectic cera-
mics. Even though elasticity decreases, there does not
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exist much change at toughness value. Because the
interface between MAS and YAG phases at the micro-
structure of MAS-YAG eutectic prevents dislocation
mobility.

Acknowledgements: This research was partly supported
by the Scientific and Technological Research Council of
Turkey (TUBITAK).

References

[1] Y. Waku, N. Nakagawa and T. Wakamoto, Nature, 46 (1997)
454-457.

[2] Y. Waku, H. Ohtsubo, N. Nakagawa and Y. Kohtoku, J. mater.
sci., 31 (1996) 4663-4670.

[3] Y. Waku, N. Nakagawa, T. Wakamoto, H. Ohtsubo, K. Shimizu
and Y. Kohtoku, ). mater. sci., 33 (1998) 1217-1225.

[4] A. Larrea, G.F. De la Fuente, R.l. Merino and V.M. Orera,
J. eur. ceram. soc., 22 (2002) 191-198.

[5] J.I. Pefa, R.l. Merino, G.F. De la Fuente and V.M. Orera, Adv.
mater., 8 (1996) 909-912.

[6] I. de Francisco, R.l. Merino, V.M. Orera, A. Larrea and ). Pefia,
J. eur. ceram. soc., 25 (2005) 1341-1350.

[7] S. Abali, Appl. mech. mater., 446-447 (2013) 224-229.

[8] S. Abali and A. Ekerim, High temp. mater. proc., 32 (2013)
309-315.

[9] S. Abali, ). ceram. process. res., 12 (2011) 21-25.

[10] R.G. Carvalho, F.J. Oliveira, R.F. Silva and F.M. Costa, Mater.
design, 61 (2014) 211-216.

[11] S.C. Farmer and A. Sayir, Eng. fract. mech., 69 (2002)
1015-1024.

[12] J.M. Fernandez, A. Sayir and S.C. Farmer, Acta mater., 51 (2003)
1705-1720.

[13] Y. Harada, T. Suzuki, K. Hirano, N. Nakagawa and Y. Waku,

J. eur. ceram. soc., 25 (2005) 1275-1283.

A. Larrea, V.M. Orera, R.l. Merino and J.I. Pena, J. eur. ceram.

soc., 25 (2005) 1419-1429.

[15] J.L. Lorca, ).Y. Pastor, A. Salazar, J.l. Pena, I. de Francisco and
P. Oliete, Proceedings of the 5th International Conference on
High Temperature Ceramic Matrix Composites (HTCMC 5),
September 12-16, Westerville, American Ceramic Society,
USA (2004), pp. 531.

[16] L.E. Matson and N. Hecht, ). eur. ceram. soc., 25 (2005) 1225-1239.

[17] L. Mazerolles, D. Michel and M.J. Hytch, ). eur. ceram. soc.,

25 (2005) 1389-1395.

M.C. Mesa, P.B. Oliete, V.M. Orera, J.Y. Pastor, A. Martin and

J. Llorca, J. eur. ceram. soc., 31 (2010) 1241-1250.

M.C. Mesa, P.B. Oliete, ).Y. Pastor, A. Martin and ). Llorca,

J. eur. ceram. soc., 34 (2014) 2081-2087.

N. Nakagawa, H. Ohtsubo, A. Mitani, K. Shimizu and Y. Waku,

J. eur. ceram. soc., 25 (2005) 1251-1257.

[21] T.A. Parthasarathy, T. Mah and L.E. Matson, J. ceram. process.

res., 5 (2004) 380-390.

J.Y. Pastor, P. Poza, ). Llorca, ).I. Pena, R.I. Merino and

V.M. Orera, Mat. sci. eng. A-struct., 308 (2001) 241-249.

[14]

[18]

[19]

[20]

[22]



DE GRUYTER

(23]

[24]

[25]
[26]
[27]
[28]
[29]

[30]

J. Ramirez-Rico, A.R. Pinto-Gomez, J. Martinez-Fernandez,

A.R. de Arellano-Lopez, P.B. Oliete, J.l. Pena and V.M. Orera,
Acta mater., 54 (2006) 3107-3116.

J. Ramirez-Rico, A.R. Pinto-Gomez, J. Martinez-Fernandez,

A.R. de Arellano-Lopez, V.M. Orera, R.l. Merino and J.I. Pena,
Chapter 10 in Mechanical Properties and Performance of
Engineering Ceramics and Composites Il edited by, R. Tandon,
A. Wereszczak and E. Lara-Curzio, John Wiley & Sons, Inc.,
Hoboken (2007), pp. 101-112.

A. Sayir and S.C. Farmer, Acta mater., 48 (2000) 4691-4697.
H. Su, J. Zhang, L. Liu and H. Fu, Mater. lett., 91 (2013) 92-95.
S. Torii, T. Kamiyama, K. Oikawa, Y. Waku and T. Fukunaga,

J. eur. ceram. soc., 25 (2005) 1307-1311.

Y. Waku, S. Sakata, A. Mitani and K. Shimizu, Ceram. trans.,
118 (2000) 303-312.

Y. Waku, S. Sakata, A. Mitani, K. Shimizu and M. Hasebe,

J. mater. sci., 37 (2002) 2975-2982.

J. Yi, A.S. Argon and A. Sayir, ). eur. ceram. soc., 25 (2005)
1201-1214.

[31]
[32]
[33]
[34]

[35]
[36]

[37]

(38]

[39]

[40]

(41]

S. Abali: High Temperature Mechanical Behavior —— 761

S. Abali, Appl. mech. mater., 752-753 (2015) 189-193.

S. Abali, Appl. mech. mater., 752-753 (2015) 263-267.

S. Abali, ). cryst. growth, 391 (2014) 18-24.

ASTM E 1876-99, American Society for Testing and Materials
(1999).

G.A. Gogotsi, Ceram. int., 29 (2003) 777-784.

J.D. French, H.M. Chan, M.P. Harmer and G.A. Miller,

J. am. ceram. soc., 79 (1996) 58-64.

E.W. Andrews, L.J. Gibson and M.F. Ashby, Acta mater.,

47 (1999) 2853-2863.

J.H. Lee, A. Yoshikawa, T. Fukuda and Y. Waku, J. cryst.
growth, 231 (2001) 115-120.

S. Ochiai, T. Ueda, K. Sato, M. Hojo, Y. Waku, S. Saka

ta, A. Mitani, T. Takahashi and N. Nakagawa, Mater. sci. res.
int., Special Technical Publication-2 (2001) 282-285.

G. Roebben, B. Bollen, A. Brebels, ). Van Humbeeck and

0. Van der Biest, Rev. sci. instrum., 68 (1997) 4511-4515.

Y. Harada, T. Suzuki, K. Hirano and Y. Waku, J. eur. ceram. soc.,
24 (2004) 2215-2222.





