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Magnesia-alumina spinel/yttrium aluminum garnet composite fibers were prepared by sol-gel method. The spinnability of
precursor sol remarkably depended on the addition amount of polyvinylpyrrolidone. Long gel fibers, with 80 cm in length,
were obtained by adding 28 wt. % spinning additive. The phases of composite fibers were magnesia-alumina spinel and
vitrium aluminum garnet after heating at 1400°C for 2 h. The Mg iron can hinder the yttrium aluminum garnet grain growth
by solute drag and grain boundary pinning. The grain growth exponent was about 3.7 at 1600°C.

INTRODUCTION

Yttrium aluminum garnet (Al;Y;0,, or YAG) pos-
sesses a cubic structure and constitutes a complex oxide
of Y,0; and Al,O5. YAG, with low creep rate, high elastic
modulus, high tensile strength, thermal shock resistance,
excellent thermal stability, oxidation and reduction atmo-
sphere resistance at high temperatures, has attracted
much attention due to its various applications, including
high temperature structural materials, host materials for
solid-state lasers, transparent armors, window materials
[1,2].

In high temperature ceramic materials, YAG de-
monstrates the best resistance to creep. For example,
single crystal YAG exhibits a creep resistance 10 times
higher than single crystal alumina [3]. In polycrystalline
YAG lattice and boundary diffusion will reduce the
creep resistance of the material, but nevertheless, at
1400°C polycrystalline YAG is three times better than
polycrystalline alumina of the same grain size (3 pum)
[3]. Although the exact mechanism of creep in single
crystal YAG is still uncertain, it is suggested that it is
largely a diffusion-controlled process, as the large size
of the cubic unit cell and large lattice parameters of the
garnet dramatically reduces the number of dislocations,
especially climb dislocations which are a key creep
mechanism [4].

Ceramic matrix composites (CMC) are leading can-
didates for high performance structures such as space
vehicles, land based turbines, commercial and military
aircraft engines, advanced missiles and rockets [5]. YAG
fiber is a suitable candidate material which is used as
reinforcement in the ceramic matrix, particularly in high
temperature applications over 1400°C [4].

The creep resistance and strength of polycrystalline
ceramics can be improved by the addition of hard se-
cond-phase particles and the second-phase particles may
affect ceramic grain growth, microstructure, and creep
rate by solute drag and grain boundary pinning [6, 7].
For example, when alumina fibers were prepared by
adding MgO in the fibers, the MgO reduced the fibers
grain size and increased its tensile strength [8].

MgO was a kind of cheap and common sintering aid
to improvement ceramic density for fabricated. Magne-
sia-alumina spinel (MgAl,O,, MAS) will be obtained
by adding MgO in alumina. MAS has excellent thermo-
mechanical property, high melting point (2135°C), good
thermal shock resistance, excellent corrosion resistance,
low thermal expansion and low dielectric constant [9].

Grain coarsening has a strong negative influence
on the mechanical properties of ceramic fibers [10].
Although YAG is one of the most widely studied cera-
mics, but no comprehensive quantitative research work
has been reported on its grain-growth behavior effect of
second-phase particles.
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Two main processes for the manufacturing of cera-
mic fibers existed, including melt-spinning processes
and sol-gel spinning processes [11]. Many successful
processes have been reported in the preparation of YAG
fibers by the sol-gel method [12, 13]. Conventionally,
sol—gel methods are adopted for the ceramic synthesis
with high-melting point [13-15].

In the present study, MAS/YAG composite fibers
were prepared by the sol-gel method using aluminum
chloride, aluminum powder, yttrium oxide, acetic acid
and magnesia (MgO) as raw materials. The effect of
second-phase particles on YAG grain growth behavior
was analyzed using the grain-size data by sintering fibers
at 1600°C for different time.

EXPERIMENTAL

Preparation of samples

The starting materials used were aluminum chlori-
de hexahydrate (chemical grade, Xi’an reagent factory,
Xi’an, China), aluminum powder (chemical grade,
Shanghai Chemistry Co. Ltd., Shanghai, China), glacial
acetic acid (chemical grade, Tianjin Yaohua Chemistry
Co. Ltd., Tianjin, China), yttria (99.99 wt. %, Wanbao
Rare-Earth Co. Ltd, Ganzhou, China), magnesia (Chemi-
cal grade, Tianjin Kermel Chemistry Co. Ltd., Tianjin,
China) and polyvinylpyrrolidone (PVP, chemical grade,
Sinopharm Chemical Reagent Co. Ltd, Shanghai, China).

The precursor solution of MAS/YAG was made as
before [12], yttria powder, aluminum powder, magnesia
and aluminum chloride were dissolved in acetic acid
solution when the mixtures were heated and stirred using
magnetic stirring under reflux at 80°C, which the molar
ratio of AICl;-6H,0 and Al were 3:1, the molar ratio of
Al and Y were 5:3, the molar ratio of acetic acid and
Y were 1.5:1, the molar ratio of H,O and Al were 20:1,
respectively. According to the mass of raw material, a
different amount polyvinylpyrrolidone (PVP) was used
as spinning additive. According to the calculated mass
of YAG, a 5 wt. % magnesia (MgO) was added in the
solution. Then, the precursor solution was concentrated
to obtain spinning sol in water bath (60°C).

The gel fibers were prepared by pulling a thin glass
rod slowly from the sol after immersing. Then the gel
fibers were dried at 60°C for 24 h in an oven. The dried
gel fibers were then sintered at 1600°C for 2,4, 6 and 8 h
with heating rate of 2°C-min’', respectively.

Characterization techniques

The spinnability was estimated from the maximum
length of gel fibers that was drawn from the spinnable
condensed sol.

The viscosity measurement of sol was carried out
at different temperature by using a rotational viscometer
(NDJ-8, Shanghai Fangrui Tech. Co., Ltd., Shanghai,
China) at different shear rate (6, 12, 30 and 60 r-min™").

For the gel fibers, thermal behaviors were measured
by Thermogravimetry-differential scanning calorimetry
(TG/DSC) instruments (SDT Q600, TA Instrument,
American) at a heating rate of 10°C-min™ in flowing N,.
X-ray diffraction analysis was carried out on an X-ray
diffractometer (X’Pert PRO X-ray diffraction, PANaly-
tical, Netherlands) using CuKo radiation with a step of
0.1°/s. The morphologies of fibers were characterized
by scanning electron microscopy (Stereoscan 440, Leica
Cambridge Co., Ltd, U.K.). Grain sizes of the fibers were
obtained by the linear intercept method on the surface of
fibers and along the axis of fibers or on the cross-section
of fibers (at least 50 counts) where the average intercept
length was multiplied by 1.5 to calculate the average
grain size [16].

RESULTS AND DISCUSSION

When aluminum chloride hexahydrate (AlCl;-6H,0)
was added in water, it was firstly hydrolyzed with water
and formed aluminum oxyhydroxides and formed acid
solution, chemical reaction can be simplified in the
following equation, though the actual reaction is more
complex:

AICL,+ 3H,0 — AI(OH), + 3HCI (1)

Hydrolysis reaction occurred because water mole-
cules coordinated to metal ions were more acidic than in
the non-coordinated state due to charge transfer from the
oxygen to the metal atom [17]. In the mixed solution of
aluminum chloride and acetic acid, yttria and aluminum
powder were dissolved during the heating and stirring,
and their main chemical reactions can be simplified in
the following set of equations:

Y,0,+ 6HCI — 2YCl, + 3H,0, ©)

Al + 3HCI — AICI, + 3/2H,1, 3)
3CH,COOH +Al »AI(CH,COO), + 32H,1  (4)
6CH,COOH + Y,0, —»2Y(CH,CO0), +3H,0  (5)

Moreover, yttrium chloride was also hydrolyzed
and formed yttrium oxyhydroxides in the acid solution,
according to the following chemical reaction:

YCl,+ 3H,0 — Y(OH), + 3HCI (©6)

The viscous sol was obtained by condensation be-
cause poly-nuclear species are formed by condensation
reactions (olation and oxolation) and formation of
M—-OH-M and M-O-M with linear or non-linear links
[17].

Spinnability of the sols with different PVP addition
amount is shown in Table 1. The length of gel fiber was
remarkably dependent on the PVP addition amount. The
maximum length of gel fibers was about 80 cm when the
addition amount of PVP was 28 wt. %. Al and Y ions

280

Ceramics — Silikaty 62 (3) 279-284 (2018)



Preparation and grain-growth of magnesia-alumina spinel/yttrium aluminum garnet composite fibers

or particles would coordinate with N or O ions in PVP,
resulting in the formation of the coordinative complex in
aqueous solution. The reactions can be written as (7) and
(8), AI’* as an example [18].

—[—CHz—(liHﬂ— —CH,— CH+
3+ AP (T
o N+ AP — o NAl (7
—[—CHZ—ClH-]— —CH,— CH}+
3+ 8
O\ N + Al —> N /O:Al% (3

The viscosity of the precursor sol at different
temperature is shown in Table 2. The sol has optimal
spinnability with 18.5 wt. % solid content, which solid
content was ratio of calculated YAG in sol and sol mass.
This was followed by a period of shear thinning behavior
(i.e. viscosity decreases as the shear rate increases).

During sol-gel process, intermolecular force bet-
ween polymers strengthened gradually by the hydrogen
bonds or Van der Waals forces. This structure, which can
be broken under shear/temperature, resulted in the shear/

Table 1. Spinnability of the sols with different PVP addition
amount.

PVP addition amount (wt. %) 10 16 22 28
Length of gel fibers (cm) 20 30 50 80

Table 2. Viscosities of the precursor sol at different temperature
(mPa-s).

Shear rate
(r-min™)

25°C 4291
40°C 2452
60°C 1719

2148 858 429
2147 859 428
1579 858 425
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60

Weight percent (%)

T T T T T T T T T T T
0 200 400 600 800 1000
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Figure 1. TG/DSC curves of the precursor gel fibers.

temperature thinning flow behavior at high viscosity
range [10]. At different temperature, the sol had similar
viscosity at high shear rate. The viscosity value of sol at
25, 40, 60°C, were 429, 428, 425 mPa s at 60 r'min’! in
shear rate, respectively, which indicated the influence of
shear rate was bigger than temperature on sol viscosity.

The TG/DSC curves of the precursor gel fibers are
shown in Figure 1 with a heating rate of 10°C-min™". The
DSC curve of the gel fibers exhibit three endothermic
peaks at about 109, 144, and 545°C, and two exothermic
peaks at about 510 and 608°C. The endothermic peaks are
assigned to dehydration of the residual water, structure
water and decomposition of different hydroxides in the
gel fibers, whereas the first exothermic peak is assigned to
decomposition of organic component, whereas the later
exothermic peak is possibly assigned to crystallization
of ALY ,0,, respectively. The TG curve of the gel fibers
shows the weight loss around 58.6 wt. % at 1200°C.

The XRD patterns of the precursor gel fibers sin-
tered at 600, 800, 1000, 1200, 1400 and 1600°C for 2 h
are shown in Figure 2. Amorphous phase was observed
after the fibers were sintered at 600°C. The Al,Y,O, and
Y,0; phases are observed after the fibers were sintered at
800°C. The Al,Y,O, is main phase after the fibers were
sintered at 1000 °C. The YAIO; is main phase after the
fibers were sintered at 1200°C. The main phases were
Y;AlL;0,, and MgAl,O, after the fibers were sintered at
1400 and 1600°C, respectively.

Mg®" ion can substitute Al*"ion in YAG lattice
during sintering process [19, 20]. For a high Mg-dopant
level, Mg ions could be in both a lattice site and an
interstitial position in YAG [21]. And some MgO can
react with AL,O; to form MgAl,O,. The Mg dissolves in
YAG solid solution, further research continues to define
these dependencies.

B YAIO,
* MgAI,O, —
* Al,Y,Oq
A ® Y503
n AA A
— A A A AL A o
- 1 * 1 * | 1600°C
s
P
3 IR N 1400 °C
S ]
= "
n u 1200 °C
A Ly
¢ o ’ o 1000 °C
[
e . ° 800 °C
600 °C
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26 (°)

Figure 2. X-ray diffraction patterns of the precursor gel fibers
sintered at different temperature for 2 h.
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According to reference [12, 13], the YAG crys-
tallizes directly from the amorphous precursor without
the formation of any intermediate phase. In this work,
the intermediate phase was observed possible because
the MgO hindered YAG crystallizes.

MAS/YAG

Intensity (a.u.)

31 32 33 34 35 36 37 38
26 (%)

Figure 3. XRD patterns of YAG and the composite fibers sin-

tered at 1600°C for 2 h.

The XRD patterns of YAG and the composite fibers
sintered at 1600°C for 2 h are shown in Figure 3. The
left-sided diffraction peak of composite fibers was wider
than the peak of YAG. The inter-planar distance of (420)
face became bigger by adding MgO because the atomic
radius of Mg?" (72 pm) is bigger than AI** (53.5 pm),
which indicated some Mg dissolved in the solid solution.

SEM micrographs and EDS images of the precursor
gel fibers sintered at 1600°C for 2 h and 8 h are shown
in Figure 4, respectively. The average grain sizes of
the fibers are 1.3 and 1.9 pm at 1600°C for 2 h and
8 h, respectively. According to the calculation, the fibers
contained 3.6 at. % Mg iron when the addition amount
of MgO was 5 wt. %.

After the gel fibers were heated at 1600°C for 2 h,
only a little Mg iron was detected in the fiber surface
possibly because some Mg iron located inside fibers,
which content of Mg iron at A and B spot were 0.27 and
0.15 at. %, respectively.

After the gel fibers were heated at 1600°C for 8 h,
Mg iron was not detected in YAG grain (C spot). During
the heat treatment process, structural defect reduces and
lattice stability of grain increases. As a result, the Mg
iron maybe excluded from the YAG grain.

Figure 4. SEM microstructures and EDS images of precursor gel fibers heated at 1600°C for different time.
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The grain D had different morphology from around
grain, and some Mg and Al iron were detected, but Y
iron was not detected. According to the XRD patterns
and EDS images analysis result, the grain phase may be
magnesia-alumina spinel (MgALO,), which the spinel
had small diameter and hindered the YAG grain growth
by grain boundary pinning.

The average grain size of MAS/YAG composite
fibers by sintering at 1600°C for 2, 4, 6 and 8 h are shown
in Figure 5. The grain size increased quickly before 6 h,
but it increased slowly after 6 h.

2.0

-
(o]
1

-
(]
1

Average grain size (um)

N
N
1

N
N}

2 4 6 8
Holding time (h)

Figure 5. Average grain size of MAS/YAG composite fibers
as a function of holding time at sintering temperatures of
1600°C.

The grain size increased because the surface area
and surface energy of grain decreased during the heat
treatment process. As a result, the lattice stability of the
grain increases, the structural defects and diffusion and
growth are the driving force of the grain reduction and
then the grain size growth rate slowed down.

The isothermal MAS/YAG composite fibers grain growth
follows the empirical law [10, 16]:

D' Dy =kt )

where D, = initial grain size, D = average grain size
at time ¢, n = grain growth exponent and k = reaction
constant. When D, is significantly smaller than D, D"
can be neglected relative to D" [22]. The Equation 9 can
be given as folowing Equation 10:

nInD=Ink+Int¢ (10)

According to Equation 10, by plotting of InD versus
Int, the grain growth exponent can be determined from
the slope. Accounting to Figure 6, the grain growth
exponent of the composite fibers was about 3.7.

The grain growth exponent of mullite fibers is re-
markably low (n = 1/12) by sintering at between 1500
and 1600°C, and it is = 1/3 by sintering at above 1600 °C

0.7

0.3+

T
06 08 10 12 14 16 18 20 22
Int

Figure 6. Grain size of MAS/YAG composite fibers vs. dwell
time in logarithmic presentation.

[10]. The vacancy drag model has been used to explain
the complex grain growth behaviour of mullite [10].

The grain growth exponent of pure YAG samples
and the SiO, doped samples sintered at 1745°C were
3 and 2, respectively [23]. A grain growth exponent of
n = 2 indicates that solid state mass transport is the
dominant mechanism for coarsening [23]. In boundary-
controlled systems, grain growth exponents equal to 3
are explained by solute drag mechanisms in solid-state
systems [24].

On the other hand, MgO can hindered YAG grain
growth [16, 25]. According to reference [26, 27], the
grain growth of the composite fibers maybe attribute to
Mg solute drag and grain boundary pinning in this work.

The grain growth exponent of YAG fibers is about
3 at 1500°C [24]. According to reference [16], the grain
growth exponent of Cr-YAG fibers is 2.88 at 1600°C.
But the grain growth exponent of the composite fibers is
higher than mullite and Cr-YAG fibers, respectively, to
hider the YAG grain grow, further research continues to
define these dependencies.

CONCLUSION

The spinning MAS/YAG precursor sol was obtained
by sol-gel method. The length of gel fiber was remarkably
dependent on the PVP addition amount. The maximum
length of gel fibers was 80 cm when the addition amount
of PVP was 28 wt. %. The sol has optimal spinnability
with 18.5 wt. % solid content, which sol viscosity was
429 mPa's at 60 r'min”' in shear rate. The main phases
were Y;Al;0,, and MgAl,O, after the fibers were sintered
at 1400°C for 2 h. After the gel fibers were heated at
1600°C for 2 h, Mg iron was detected in YAG grain.
After the gel fibers were heated at 1600°C for 8 h, Mg
iron was not detected in YAG grain. The grain growth
exponent of the composited fibers was about 3.7.
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