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Abstract

Due to the exceptional creep and oxidation resistance as well as excellent microstructural
stability of alumina-zirconia (Al203-Zr0O2) based eutectic ceramics, there have been a number
of reports on their fabrication using laser additive manufacturing (AM) techniques recently.
Additionally, it has been reported that the change of process parameters, particularly the laser
scanning speed, connected with the aforementioned AM processes, results in the formation of
a variety of intriguing microstructural characteristics (in these materials). The current review
article presents a summary of the current status of research in the field of laser AM AZ-based
eutectic ceramics and emphasises the difficulties and prospects for this line of inquiry.
Additionally, the outlooks section has emphasised the necessity of using correlative
microstructural characterization in these materials.
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1. Introduction

Given a number of advantageous characteristics, most notably low density, high compressive
strength, wear resistance, electrical and thermal insulating capabilities, alumina (Al203)-based
ceramics are widely used in industry [1]. Al203 ceramic is a possible contender for dental and
orthopaedic applications due to its high-purity material's favourable compressive
characteristics and biocompatibility [2]. The layer-by-layer deposition of materials used in laser
additive manufacturing (AM) processes, on the other hand, causes large-scale microstructural
heterogeneity and the development of cracks in the deposited layers as a resultof thermal
stresses [3]-[12]. The material (to be deposited) must, however, have a good fracturetoughness
in order to prevent crack formation during layerwise deposition [3], [13]-[16]. Al203 ceramics'
main drawback is their low fracture toughness, which prevents laser-based AM techniques
from being used on them [1].
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Through crack bridging and deflection mechanisms, zirconia (ZrO2) addition to Al203
ceramics has been shown to be a successful method of increasing fracture toughness (in AM-
based samples). The effects of ZrO2 addition to AM-based Al203 were described by Pappas
et al. [1] utilising the laser direct deposition process. Li and Zhang [17] examined the
microstructure of Al203-ZrO2 (AZ) ceramics produced using the laser direct deposition
process and with ZrO2 concentrations greater than 35 weight percent. According to Wilkes et
al. [18], AZ ceramics can be successfully made without microcracking by preheating each layer
(using a CO2 laser beam). Homeny and Nick [19] have looked into the relationship between
AZ-Y203 eutectic ceramic structure and properties. The stabilisation of ZrO2 lamella in
rapidly formed AZ eutectic ceramic has been studied by Moreno and Yoshimura [20].

Through crack bridging and deflection mechanisms, zirconia (ZrO2) addition to Al203
ceramics has been shown to be a successful method of increasing fracture toughness (in AM-
based samples). The effects of ZrO2 addition to AM-based Al203 were described by Pappas
et al. [1] utilising the laser direct deposition process. Li and Zhang [17] examined the
microstructure of Al203-ZrO2 (AZ) ceramics produced using the laser direct deposition
process and with ZrO2 concentrations greater than 35 wt.%. Wilkes et al. [18] have reported
that preheating of every layer (using a CO> laser beam) may be successfully employed to
eliminate micro-cracking in AZ ceramics. Homeny and Nick [19] have investigated the
structure-property correlation in AZ-Y>03 eutectic ceramic. Moreno and Yoshimura [20] have
investigated the stabilisation of ZrO> lamella in rapidly solidified AZ eutectic ceramic. The
microstructure and physical characteristics of directionally solidified AZ eutectic ceramic have
been studied by Trnovcova et al. [21]. By emphasising three recent investigations in the
particular field, the current article aims to provide an overview of the current state of study in
the area of laser AM AZ-based eutectic ceramics. At the end of the article, a brief future
perspective in this direction has also been highlighted.

2. Relevant topics

2.1 Characterization of colonial boundaries in laser-directed energy deposition-fabricated
AZ-GdAIO3 eutectic ceramic

The microstructure of an AZ-GdAIO3 eutectic ceramic made utilising the laser directed energy
deposition (LDED) technology has been studied by Liu et al. [22]. Periodic banded formations
have been shown to occur in the building direction (BD), and their emergence has been
attributed to the aberrant growth of nanoscale features along the melt pool [22]. A "Chinese-
script™ eutectic structure with an entanglement of bright (GdAIO3) and dark phases (Al203)
was discovered within a eutectic colony [22]. The longitudinal section of colonies was also
found to have a columnar morphology and to be extended perpendicular to the BD [22]. The
heat conduction behaviour in the melt pool, which causes the microstructural growth to occur
against the heat flow, was primarily ascribed for the aforementioned shape of the colonies
(along the longitudinal section).

Additionally, it was noted that the eutectic spacing decreased from ~ 0.63 + 0.11 um at the
sample surface to ~ 0.99 + 0.08 um in the sample centre [22]. This has been explained by a
faster rate of cooling at the surface than inside the sample [22]. Concave bands may be seen



along BD in Fig. 1(a). The colonial boundaries are clearly visible in the Scanning Electron
Microscopy (SEM)-based microstructures in the various levels of the cladding layer shown in
Figs. 1(b) through (d).

Fig. 1 SEM micrographs (of the longitudinal section) of the AZ-GdAIOz eutectic ceramic: (a)
periodic banded structure, (b) Left side of a deposited layer, (c) Centre of a deposited layer,
and (d) Right side of a deposited layer [22].

2.2 Microstructure obtained during solidification of selective laser melted AZ-GdAIOs
eutectic ceramic

The effect of laser scanning speed on the solidification of AZ-GdAIO3 eutectic ceramic during
selective laser melting (SLM) technology has been studied by Liu et al. [23]. When the laser
scanning speed was increased to 48 mm/min, it was found that the relative density of the
solidified samples decreased from 98.7% to 95.7% [23]. A decrease in both melting width and
depth was seen with an increase in scanning speed, which was further evidence that the
principal heat transmission mechanism linked to the solidification process is thermal
conduction [23].

A fascinating finding was that the eutectic spacing in the top zone of the melt pool increases
with increasing laser scanning speed from 12 mm/min to 48 mm/min after initially decreasing
with increasing laser scanning speed from 6 mm/min to 12 mm/min [23]. The previously noted
relationship between eutectic spacing and scanning speed was explained by a switch in the
factor governing the solidification rate from laser scanning speed to the angle between the
scanning direction and the microstructure's growth direction [16], [23]. For scanning speeds of
less than 12 mm/min, quenching was observed to cause microcracks and increased surface
roughness (because to the bailing effect and the presence of microstructural pores) [23].
Additionally, laser scanning speeds of less than 12 mm/min were reported to decrease
solidification defects [23].

2.3 Nanostructured AZ-YAG fabricated using laser engineered net shaping technique



Using the LENS process, Fan et al. [24] reported fabricating an extremely dense (98%) thin-
walled AI203-YAG-ZrO2 (AYZ) eutectic ceramic. Three phases—namely, -Al203, YAG,
and ZrO2—are interpenetrated in the material's as-synthesized condition and exhibit a cellular
microstructure [24]. For every layer that was deposited, a morphological change from a planar
to a cellular eutectic microstructure (along BD) was also noted [24]. A picture of AYZ ceramic
in its as-fabricated state taken using scanning transmission electron microscopy (STEM) and
high-angle annular dark field (HAADF) is shown in Fig. 2(a) [24]. The matching STEM-
Energy Dispersive Spectroscopy (EDS) maps for Al, Y, Zr, and O are shown in Figs. 2(b-e).
As is clear from Figs. 2(b-e) and Table. 1, the dark, grey, and brilliant phases in the STEM-
HAADF image (Fig. 2(a)) correspond to the -Al203, YAG, and cubic ZrO2 phases,
respectively. Additionally, it can be seen in Figs. 2(c-e) and Table. 1 that 18 mol% of Y203 is
dissolved in ZrO2 in the as-fabricated condition, showing that cubic ZrO2 is stabilised by Y3+
during cooling and solidification (during LENS) [24].

Fig. 2 AYZ: (a) STEM-HAADF image, and corresponding STEM-EDS maps of (b) Al, (¢) Y,
(d) Zr, and (e) O [24]. Points 1, 2 and 3 marked in part (a) represent the regions where point
EDS mapping has been performed. Results of point EDS mapping at points 1, 2 and 3 have
been shown in Table. 1

Table. 1 Composition (in at.%) at points 1, 2 and 3 obtained using point STEM-EDS analysis
[24]

Elements 1 2 3
Al 35 225 1.3
Y 0 8.4 7.9
Zr 0 0.6 17.1
(0] 65 68.5 73.7

Along the boundary region of the manufactured specimens, it was also claimed that a fibrous
eutectic structure interpenetrated irregularly [24]. This was explained by a significantly faster
rate of solidification at the boundary region compared to the interior of the sample [24]. In
addition, the orientation relation between the three phases at the interior of LENSed samples
was obtained as 0001>AI203 // 001>YAG // 001>ZrO2 (with a slight deviation of 3.5°



between 001YAG with 11-20Al203 and 001ZrO2 obtained using Transmission Kikuchi
Diffraction (TKD) technique and verified with High-resolution Transmission Electron
Microscopy (HRTEM) imaging of a triple junction formed between Al203, YAG and ZrO2
phases (Fig. 3) [ The aforementioned difference could be explained by a conflict between
growth kinetics and interfacial energy [24]. For instance, a better parallel nature of 11-20
Al203//001 ZrO2 in comparison to that of 11-20 AI203//001 YAG [16], [24] may be the cause
of the lower interfacial energy of Al203/ZrO2 interface ( 0.74 J/m2) as compared to that for
AlI203/YAG interface with an interfacial energy of 3.23 J/m? [24].

/1 1001) YAG // [001] ZrO,

Fig. 3 AYZ shows the following images: (a) SEM image of the electron transparent lamella of
the transverse section of the LENSed specimen created using the Focused lon Beam (FIB)-
based liftout technique; (b) SEM image of the region of interest for TKD mapping inside the
cellular eutectic; (c), (d), and (e) TKD-based inverse pole figure (IPF) maps of Al203, A closer
look at the area that was highlighted using a red-dotted rectangle in part (a) has been shown in
part (b).

A longitudinal segment of an LENSed AYZ specimen that was subjected to TKD analysis
along BD is shown in Fig. 4 by means of a SEM picture [24]. The cellular eutectics' growth
direction, which is 0001>AI203 // 001>YAG // 001>ZrO2 [24], is the same as that for the
transverse section of AYZ samples. The longitudinal section, in contrast to the transverse
section, also reveals YAG crystals with modest growth direction as 111> [24]. This may be
explained by the fact that these crystals (which are primarily seen around cellular borders as
shown in Fig. 4) deviated from their habit planes and then headed in that direction rather than
continuing parallel to the direction of cell expansion. Sayir and Farmer [25] and Milenkovic
[26] both reported a similar observation for the cellular eutectic Al203-ZrO2 and Ni-Al-V

alloys, respectively.
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Fig. 4 AYZ shows (a) a SEM picture of the electron transparent lamella of the longitudinal
slice of the LENSed specimen created utilising the TKD-based Focused lon Beam (FIB)-based
liftout approach, and (b) the pole figures of -Al203, -YAG, and -ZrO2 [24]. In part (a), a block-
dotted rectangular box encloses the intercellular region from which the pole figures in part (b)
were derived. BD abbreviates for building direction in section (a).

3. Future directions

The current state of research in the area of laser AM-based AZ ceramics has been briefly
highlighted in the current article. The current goal (in this direction) is to tailor the
microstructure (based on optimising a number of process parameters related to AM-based
manufacturing techniques) to make these ceramics mechanically superior to those made using
conventional methods. Characterization of the various interfaces, principally the eutectic
boundaries in the current context, has not yet been addressed in the context of eutectic ceramics
(particularly AZ ceramics). For instance, the case study discussed in section 4 is the only work
(to date) that has been successfully able to use FIB-based liftout technique for obtaining
electron transparent lamella from both transverse and longitudinal sections in AYZ ceramic in
order to determine the orientation relationship between the individual phases (-Al203, YAG,
and ZrO2) using TKD technique. This is true for both laser AM-based AZ ceramics and other
laser-based materials.

Grain boundary engineering (GBE) of both metallic and ceramic materials has developed over
the past forty years as a technique to optimise the various properties of these materials based
on the substitution of high-energy random high-angle GBs (HAGBs) with low-energy GBs
[27], [28]. GBE has been described as a mechanism to substitute regular HAGBs with special
HAGBs (with low energy), also known as Coincidence Site Lattice (CSL) boundaries [29]—
[32], which are more common in metallic materials with cubic crystal structures. The entire
GBE methodology is built on lowering the total GB energy within a microstructure in order to
make the 2D interfaces (GBs and IBs) resistant to corrosive, oxidising, irregular grain
development, and intergranular fracture. Additionally, thermo-mechanical processing (TMP)
is the most popular technique for producing GBE microstructures in most metallic materials
[33]. Because the CSL theory does not work in the setting of ceramics with more intricate
crystal structures, it is difficult to imagine the presence of low-energy CSL barriers [34]-[36].
Furthermore, due to their low deformability at both room and increased temperatures, ceramics
preclude the employment of the procedures (particularly TMP) utilised to generate GBE
microstructures in metallic materials. Consequently, creating GBE microstructures in AZ
ceramics is quite difficult.

4. Summary and conclusion

Correlative Microscopy [37], [38] is one of the most recently developed approaches for linking
the structure of GBs and interphase barriers (IBs) with their local atomic-scale composition (in
polycrystalline materials). This methodology has beenextensively used, especially in the
context of metallic materials, to explore the structure and composition of GBs as well as the
five macroscopic and three microscopic degrees of freedom(DOFs) (of GBs and IBs). There
hasn't been much research into correlating microstructures inthe context of AZ ceramics,
though. The intricacy of crystal structures and sample preparationmay be the reason for this.



Furthermore, layer-by-layer material deposition is the foundation of laser AM-based processes,
as indicated in section 1. By causing large-scale microstructural heterogeneities (with high
defect concentration) [39] and non-equilibrium microstructures, this increases the complexity
(in terms of creating GBE microstructures). As a result, the ability to generate GBE
microstructures in AM-based AZ ceramics opens up a vast amount of possibilities for
subsequent AZ ceramics research.
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