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a b s t r a c t
This study reports a simple method for the preparation of bulk amorphous materials by rapid solidification of their crystalline powders. Bulk amorphous Al2O3-YSZ materials have been successfully prepared
by atmospheric plasma spraying (APS) using Al2O3-YSZ mixed crystalline powders near eutectic composition. Nano-crystalline Al2O3-YSZ materials with homogeneous nanostructure were achieved by heat
treating bulk amorphous Al2O3-YSZ materials at 1050 °C. When annealing temperature was above
1250 °C, the lotus leaf structure was formed because of connection between large numbers of Al2O3
nano-grains due to sintering. Therefore, it can be concluded that annealing temperature of amorphous
Al2O3-YSZ materials need to be controlled between Tc (onset crystallization temperature) and 1250 °C
avoiding large area of sintering to achieve homogeneous nanocrystalline ceramics.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Nanocrystalline ceramics are expected to possess significantly
improved properties such as high toughness, hardness, strength
and abrasion resistance [1]. There are many different techniques
of fabricating nanocrystalline materials from solids, liquids, and
vapors [2]. Most of these techniques produce bulk nanocrystalline
materials by adopting consolidation processes such as hot static
pressing or warm extrusion of nanocrystalline powders. Both
techniques rely on application of high pressure and raised consolidation temperatures. Raising the temperature causes undesirable
grain growth and microstructure coarsening whereas low temperature is often not sufficient to achieve full inter-particle bonding
and thus fully dense samples. Moderate success has been achieved
by so called Transformation Assisted Consolidation (TAC) [3],
which takes advantage of a pressure-induced phase transformation
to suppress the grain growth during consolidation. TAC has been
used to fabricate small compact samples of nano-TiO2 and nanoAl2O3 with densities above 95% and with grain sizes as small as
25 nm and 49 nm, respectively [4,5].
An alternative method to produce bulk nanocrystalline materials is to produce amorphous materials and then introduce

nanocrystalline structure by controlled crystallization [1]. The
key of this process is the fabrication of fully amorphous materials.
A successful case has been achieved based on alumina and rareearth oxides system by consolidation of amorphous powders
which are prepared by rapid solidification in advance [6]. A simpler
method to produce bulk amorphous materials is directly by rapid
solidification of crystalline powders, which removes the synthesis
step of amorphous powders. This method can simplify the preparation process of bulk amorphous materials whereas it is not ideal in
ceramic systems. For instance, bulk Al2O3-ZrO2-SiO2 and Al2O3ZrO2-TiO2 amorphous materials prepared by plasma spraying
using their mixed crystalline powders still contain some crystalline
phases [7,8]. Therefore, fabrication of bulk amorphous materials in
ceramic systems by rapid solidification of crystalline powders still
remains a challenge.
In this study, fully amorphous materials from Al2O3-YSZ (8 mol
% yttria-stabilized zirconia) near eutectic materials were prepared
by APS using crystalline powders. Nanostructure was achieved as a
result of crystallization during post-annealing of the amorphous
materials. Meanwhile, effect of annealing temperature on crystallization behaviors of the amorphous materials was also elaborated.

2. Experimental procedure
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Nanosized Al2O3 (55 wt%) and YSZ (45 wt%) powders were
milled, mixed, spray dried and sintered as raw materials.
Al2O3-YSZ amorphous materials were deposited on stainless steel
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substrate (128 mm  85 mm  2 mm) using an A-2000 APS system
equipped with a F4-MB plasma gun (Sulzer Metco AG, Switzerland)
using optimized parameters, as listed in Table 1. The amorphous
materials with 5 mm thickness were removed from the substrates
by milling to produce freestanding parts. For investigating crystallization behaviors, the freestanding parts were annealed in a tube
furnace. The annealing temperatures were 1050 °C, 1250 °C,
1450 °Cand 1650 °C, and the annealing time was 10 h.
The phase compositions of the samples were identified using
XRD (D8 ADVANCE, Bruker, Germany) using Cu Ka radiation. The
XRD measurements were performed in the 2h range of 10°–80°
at a scanning speed of 4°/min. The microstructure was characterized using SEM (Magellan 400, FEI, USA) equipped with energydispersive X-ray spectroscopy (EDS) and electron backscatter
diffraction (EBSD) attachments (INCA SERIES, Oxford Instrument,
UK) and TEM (JEM-2100F, JEOL, Japan).

3. Results and discussion
3.1. Bulk amorphous Al2O3-YSZ materials
Al2O3-YSZ feedstock powders are fully crystalline containing cZrO2 (cubic ZrO2) and a- Al2O3 (hexagonal Al2O3) determined by
XRD, as shown in Fig. 1(a). The XRD result of as-sprayed bulk material using the crystalline powders is shown in Fig. 1(b). A single
bread peak, representative of a fully amorphous phase, appears
at 2h = 20°–40° in the pattern. Furthermore, the bulk material
was also investigated by TEM, as shown in Fig. 1(g). The diffuse
halo rings in the selected area electron diffraction (SAED) pattern
verify that the material is composed of an amorphous phase, which
is consistent with the XRD result. The bulk Al2O3-YSZ material with
fully amorphous phase can be successfully fabricated due to good
glass formation ability of Al2O3-YSZ system and appropriate prepa-

Table 1
Optimized parameters used for APS bulk Al2O3-YSZ amorphous materials.
APS

Current (A)
700

Ar (L/min)
10

H2 (L/min)
15

Spray distance (mm)
130

Fig. 1. XRD patterns of Al2O3-YSZ feedstock powders (a), as-sprayed bulk materials (b) and annealed samples at different temperature for 10 h (c–f); Bright-field TEM image
of a sample from as-sprayed Al2O3-YSZ bulk materials and the corresponding selected area electron diffraction pattern in the inset (g).

Fig. 2. SEM images of Al2O3-YSZ bulk materials annealed at different temperatures for 10 h: (a, b) 1050 °C; (c, d) 1250 °C; (e, f) 1450 °C; (g, h) 1650 °C.
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Fig. 3. EBSD images of Al2O3-YSZ bulk materials annealed at 1250 °C (a–c), 1450 °C (d–f), 1650 °C (g–i) for 10 h: (a, d, g) band contrast maps; (b, e, h) color orientation maps;
(c, f, i) phase maps (red represents a-Al2O3 (c) and green represents a-Al2O3 in (f,i)).

ration process. Compared with previous literatures [9], the appropriate preparation process in this work means optimized APS process and selected feedstock powders promising powders fully
melted and mixed and then droplets solidifying at high cooling
rate.

3.2. Nanocrystalline Al2O3-YSZ materials
In general, conversion of bulk glasses to nanoscale ceramics can
be achieved by heating above their onset crystallization temperature Tc. Tc of Al2O3-YSZ glasses is about 920 °C [6].Therefore, to
explore crystallization behaviors, the as-sprayed amorphous
Al2O3-YSZ materials were annealed at 1050 °C, 1250 °C, 1450 °Cand 1650°C respectively for 10 h. XRD results of the annealed
samples shown in Fig. 1(c–f) reveal that c-ZrO2 and a-Al2O3 phases
crystallize simultaneously within the amorphous materials.
In order to better understand effect of different temperatures on
crystallization behaviors, microstructures of annealed samples
were characterized by SEM and EBSD. SEM results in Fig. 2 reveal
that grain sizes obviously increase but microstructures have significant differences with increasing annealing temperature. It can be
seen in Fig. 2(a) and (b) that homogeneous nanocrystalline grains
with size of 40 nm precipitated from the amorphous matrix at
1050 °C. Several ‘‘lotus leaf” structures are embedded in the homogeneous nanocrystalline matrix at 1250 °C, as shown in Fig. 2
(c) and (d). EBSD results in Fig. 3(a, b, c) indicate that the ‘‘lotus
leaf” structure is composed of one or a few larger a-Al2O3 grains

inside which smaller c-ZrO2 are embedded. However, the ‘‘lotus
leaf” structures seem to disappear and obvious split-phase phenomenon appears when annealing temperature rises to 1450 °C
and 1650 °C, as shown in Fig. 2(e–h). Fig. 2(f) and (h) show that
ZrO2 grains (white) distribute in Al2O3 matrix (dark grey) at
1450 °C and 1650 °C. Actually, the ‘‘lotus leaf” structures is not disappeared but its quantity increases so that they can be closely
packed when annealing temperature reaches to 1450 °C and
1650 °C, which are confirmed by EBSD results in Fig. 3(d–i). It is
easy to understand that the formation of the larger a-Al2O3 grains
resulted from a large number of Al2O3 nano-grains sintering by
connecting together above 1250 °C. The higher the temperature
is, the stronger the sintering effect is. It is interesting to note that
obvious sintering phenomenon occur to Al2O3 nano-grains but it
could not happen in ZrO2 nano-grains, which might be attributed
to the lower sintering temperature of Al2O3 compared to ZrO2.
Therefore, it can be concluded that annealing temperature of amorphous Al2O3-YSZ materials need be controlled between Tc and
1250 °C avoiding the large area of sintering to achieve homogeneous nanocrystalline ceramics.

4. Conclusion
A simpler method to prepare bulk amorphous Al2O3-YSZ materials is introduced successfully by rapid solidification of their crystalline powders. The formation of bulk amorphous Al2O3-YSZ
materials by APS using their crystalline powders can be attributed

190

X. Song et al. / Materials Letters 196 (2017) 187–190

to good glass formation ability of Al2O3-YSZ system and appropriate preparation process including the optimized APS process and
selected feedstock powders.
Nanocrystalline Al2O3-YSZ materials with homogeneous nanostructure can be achieved by heat treating bulk amorphous Al2O3YSZ materials at a certain temperature. The certain temperature
need be controlled between Tc and 1250 °C to avoid abnormal
Al2O3 grain growth caused by large area of sintering effect.
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