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Laser directed energy deposition (LDED) is attractive for one-step additive manufacturing of melt-grown
alumina-based ceramics for hot-end components. However, significant improvement of mechanical properties
for this material remains a challenge. Here, the macro features, microstructure, and mechanical properties in
response to heat treatment temperature are investigated, especially mullite formation, crack-healing, and
strength recovery. The results showed that the material has good thermal stability with mass loss <0.3% at high

temperatures. The dissolution of alumina into the glass and the formation of mullite near the alumina-glass
interface during heat treatment are responsible for the decrease in alumina grain size. With the increase of
heat treatment temperature, the strength first increased and then decreased, with a maximum increase to 504.38
MPa. The fracture toughness gradually increased to a maximum of 3.54 MPa-m'/2. Defect repair (e.g., crack-
healing) and residual stress relaxation are responsible for significantly increased sample strength.

1. Introduction

In order to improve the thermal efficiency of aero engines, advanced
ceramics are being developed as high-temperature structural materials
to replace superalloy used for hot-end components. Because superalloys
currently used have difficulty meeting the demand for higher tempera-
tures (e.g., > 1700 °C). Early research on advanced ceramics focused on
C or SiC and their composites because of their outstanding heat resis-
tance and high-temperature strength. However, these materials are
susceptible to chemical reactions in aqueous oxygen environments,
leading to degradation of mechanical properties and, in severe cases,
catastrophic damage to the entire component. In addition, complex
processes and long production cycles (e.g., repeated re-infiltration or
pyrolysis) are also issues to consider when preparing C or SiC and their
composites. In contrast, oxide ceramics have received increasing atten-
tion due to their excellent thermal and natural chemical stability. They
have been utilized in hot end components such as combustors, exhaust
nozzles, and blades [1-6].

Melt-grown alumina-based composites are considered potential
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high-temperature structural materials for manufacturing hot-end com-
ponents due to their excellent properties (high melting point and low
density), outstanding oxidation resistance, and good thermochemical
stability [7,8]. Laser directed energy deposition (LDED), one of additive
manufacturing methods [9,10], provides a fast and efficient method for
preparing high-quality melt-grown ceramics [11-13]. However, micro-
cracks and coarse grains limit the mechanical properties of this material
[14,15]. For this reason, researchers have conducted much research
using methods such as the addition of a second phase and external field
assistance [16,17]. Recently, we have enhanced the mechanical strength
of melt-grown alumina ceramics by adding a small amount of silica [18].
The flexural strength, fracture toughness, and microhardness were
310.1 MPa, 3.03 MPa-m'/?, and 18.19 GPa, respectively. However, these
properties need improvement considering the extremely harsh operating
environment of hot-end components.

As a post-treatment method for material fabrication, heat treatment
is widely used to manufacture ceramics. First, heat treatment can be
applied to adjust ceramics properties, including alumina [19], Al,O3/
SiO5 [20], and SiC-based [21,22]. Second, heat treatment removes
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Fig. 1. (a) Schematic diagram of cylindrical samples prepared by LDED; (b) Heat treatment process.
organic binder or crystallizes inorganic binder for additive ceramics with trace glass prepared by LDED technology with about 3 vol

manufacturing ceramics to improve density and property. For example,
Shahzad et al. [23] obtained alumina components with a density of 88%
by suspended permeable indirect selective laser sintering (SLS) after hot
isostatic sintering, with a flexural strength of 148 MPa. Heinrich et al.
[24] used LSD-laser technology, a combination of layered slurry depo-
sition (LSD) and laser sintering technology, to prepare alumina com-
ponents with the compactness of 86%, increased to ~96% after heat
treatment at 1600 °C. Gailevicius et al. [25] fabricated ZrO,/SiO5-rich
ceramic materials with a resolution of about 100 nm using 3D direct
laser writing. After heat treatment above 1200 °C, SiO3 crystallized. The
crystallized ZrO,/SiOy-rich ceramic materials were considered adapt-
able to harsh physical and chemical environments. The influence of heat
treatment on melt-grown ceramics prepared by LDED has been less re-
ported. Balla et al. [14], a pioneer in this field, first reported on heat
treatment to improve properties (e.g., compressive strength and
microhardness) of melt-grown alumina ceramics. However, the influ-
ence of heat treatment on microstructure and properties needs further
investigation. Fan et al. [26] suggested that the color of yttria-stabilized
zirconia (YSZ) ceramics recovered from dark brown to the same state as
the original powder after heat treatment. Liu et al. [8] concluded that
microstructure heterogeneity of melt-grown Aly03/GdAlO3/ZrO,
ternary eutectic ceramics could be eliminated after heat treatment.
Nevertheless, coarsened microstructure led to severe deterioration of
mechanical properties and a lack of strength data [27]. For the goal of
preparing high-performance melt-grown oxide ceramics by LDED,
detailed insight into the relationship between the heat treatment pro-
cess, microstructure, and mechanical properties is essential for the se-
lection of a suitable heat-treatment process.

This work chose melt-grown alumina ceramics with trace glass pre-
pared by LDED technology for the study. Heat treatment experiments
with different holding temperatures were carried out in an air envi-
ronment. The influence of temperature on macro features, microstruc-
ture, and mechanical properties was systematically investigated,
focusing on phase composition, formation mechanism, and property
recovery and enhancement. Based on the present work, significant
strength enhancement of melt-grown oxide ceramics was achieved. The
results of this work can provide a reference for the acceptance of melt-
grown oxide ceramics prepared by LDED technology as a potential
material for hot-end components.

2. Experiments and methods
2.1. As-received

The initial sample used in this work was melt-grown alumina

% of glass. The detailed preparation procedure referred to the previous
report [18], and Fig. 1(a) shows a schematic diagram of the preparation
of cylindrical samples by LDED technology. The cuboids were not pre-
pared directly to evaluate the flexural strength because shaping accu-
racy is limited, and shaped samples require subsequent processing. The
process parameters used to prepare the cylindrical samples were: laser
power of 300 W, scanning speed of 250 mm/min, layer increment of 0.4
mm, and powder feeding rate of 2.51 g/min.

2.2. Heat treatment process

Cylindrical samples were sequentially ground into cuboids with
400#, 800#, 1500#, 2000#, and 3000# diamond discs. Then sample
surface was polished to a mirror with a 2.5 pm diamond polishing paste.
All subsequent characterization and testing were performed based on
these cuboids. The heat treatment of the cuboid sample was carried out
in a Muffle furnace with an air environment, and detailed heating and
cooling routes are shown in Fig. 1(b). The heating rate was 10 °C/min,
and the samples were cooled with the furnace. The heat treatment
temperatures were 1000 °C, 1200 °C, 1400 °C, and 1600 °C, respec-
tively. The holding time was 4 h. The formulation of the heat treatment
process referred to Schmiicker's research [28].

2.3. Characterization and detection

The oxygen elements in the samples before and after heat treatment
were analyzed using the X-ray photoelectron spectroscopy (XPS) tech-
nique. The binding energy was corrected by C 1 s (284.6 eV). The
thermogravimetry and heat flow changes as temperature increased from
50 °C to 1550 °C at 10 °C/min in an air environment were investigated
using differential scanning calorimetry (DSC, TGA/SDTA851e, Mettler
Company, Switzerland). The aim was to investigate thermal stability
and possible phase transition at high temperatures. Infrared absorption
spectra of samples in the range of 400-4000 cm ™! were measured using
a Fourier transform infrared spectrometer (VERTEX70, Bruker Optics,
Germany). >5 scans were collected for each sample. First, the cuboid
samples were ground to a micron-sized powder using a mortar and
pestle. Then, powder and dried KBr were mixed in a ratio of 1:100 and
ground thoroughly to make the mixture homogeneous. The whole pro-
cess was carried out in a dry environment. Finally, the mixed powder
was pressed into almost transparent slices and then measured by pro-
jection infrared spectroscopy. The phase composition was analyzed by
an x-ray diffractometer (XRD-6000, SHIMADZU, Japan) at an operating
voltage and current of 40 kV and 30 mA, respectively. The microstruc-
ture was observed using a scanning electron microscope (Supra 55,
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Fig. 2. Influence of heat treatment temperature on macro features of samples: (a) samples with and without heat treatment; (b) XPS curves of O 1 s.

Table 1
Comparison of Ols in samples with and without heat treatment.
Samples BE/eV Area/% Origin of bonding
530.64 63.29 AlLLO;
As-prepared 531.73 13.16 Aluminosilicate
532.51 23.54 Vacancy
530.49 69.91 AlLO;
1000 °C 531.72 18.13 Aluminosilicate
532.46 11.96 Vacancy
530.42 73.39 Al,O03
1600 °C 531.71 21.05 Aluminosilicate/mullite
532.45 5.56 Vacancy

Zeiss, Germany). The grain size was counted in terms of the micro-
structure on the sample cross-section, referring to the ASTM E112-13
standard. TEM thin-section were prepared on FEI Helios G4 UX (Thermo
Fischer, USA) using the double-beam focused ion beam-scanning elec-
tron microscope (FIB-SEM). TEM/HRTEM analyses were performed
using a transmission electron microscope (JEM-2100 F, JEOL Ltd.,
Tokyo, Japan). The working voltage was 200 kV. The flexural strength of
samples was evaluated according to ISO 14704: 2000. The span was 30
mm, and the beam movement speed was 0.5 mm/min. The flexural
strength of 7-10 samples was tested for each heat treatment condition,
and the results averaged. Microhardness was measured using the Vickers
indentation method. The load was 4.903 N, and the holding time was 15
s. The average of ten indentation test results was calculated. The elastic
modulus of the samples was evaluated using the rule of mixtures (ROM)
with an elastic modulus of 375 GPa [18]. The fracture toughness was
calculated according to Eq. (1).

(i) (Eis) —oms()

where, Kjc was the fracture toughness, HV was the microhardness, Ec
was the elastic modulus, ® was a constraint factor equal to 3, [ was the
crack length, d was the diagonal size of the indentation. Since (I + d)/
d was < 2.5, the crack length referred to the Palmqvist crack length. The
average of ten indentation calculations was taken.

(€8]

3. Results and discussion
3.1. Macro features, thermal, phase, and bonding structure analysis
Fig. 2 shows the macroscopic morphology of the cuboid sample

before and after heat treatment and O 1 s element detection results. The
sample gradually turns white as the heat treatment temperature
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Fig. 3. TG-TGA curves of melt-grown alumina ceramics with trace glass.
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with and without heat treatment.



D. Zhao et al.

1600°C

1400°C

W 1200°C

WAV N T

1000°C

W N

As-fabricated

Transmittance(%)

500 1000 1500 2000 2500 3000 3500 4000
Wavenumbers (cm™)

Fig. 5. FT-IR analysis of melt-grown alumina ceramics with trace glass with
and without heat treatment.

increases (Fig. 2a). This phenomenon may be attributed to the recovery
of oxygen vacancies caused by the laser [8]. Therefore, the XPS tech-
nology examined the O 1 s on the sample surface, shown in Fig. 2b. The
chemical states of O 1 s on the samples were divided into three types.
The peak around 530.5 eV corresponds to Al;Os, the peak at 531.7 eV
corresponds to aluminosilicate or mullite. The peak around 532.5 eV
represents the adsorbed oxygen of the sample. The area percentage of
each sub-peak is shown in Table 1. As the heat treatment temperature
improved, the concentration of adsorbed oxygen gradually decreased,
resulting in the sample color turning gray to white. In addition, it is
worth mentioning that the geometry size, e.g., in the length direction,
remained essentially unchanged even at temperatures up to 1600 °C
(vernier caliper measurements before and after heat treatment were
consistent).

Fig. 3 shows the TG/TGA curves of melt-grown alumina ceramics
with trace glass fabricated directly by LDED technology heating at
10 °C/min from 50 °C to 1550 °C. On the TG curve, the weight loss was
< 0.31%. Compared to other oxide fibers (<1.4%) [29], melt-grown
alumina ceramics with trace glass have better thermal stability. The
endothermic peak at 120 °C represents water. The slight decrease in the
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sample due to water mass was since the samples were dried at 120 °C for
>4 h before DSC was performed. The endothermic peak around 1203 °C
may be ascribed to the phase change. Furthermore, XRD was used to
detect the phase composition of the melt-grown alumina ceramics with
trace glass after heat treatment at different temperatures, shown in
Fig. 4. Only the alumina phase in the unheated sample is consistent with
the previous report [18]. When the temperature was > 1200 °C, cris-
tobalite and mullite formed. The XRD peaks show good agreement with
the diffraction peaks of cristobalite [25] and mullite [30] in the refer-
ence data. Therefore, the endothermic peak in Fig. 3 at ~1203 °C was
“bulging”, which may be caused by the formation of cristobalite and
mullite.

Fig. 5 shows the results of the bonding structure of the samples with
and without heat treatment using Fourier-transform infrared spectros-
copy (FT-IR). As shown in Fig. 5, it is difficult to avoid water in the FT-IR
samples, even though prepared in a heated state. For example, the IR
band at 3444 cm™! was the antisymmetric stretching vibration of -OH,
where band intensity was more extensive and more widely distributed,
and 1628 cm ™! was caused by the bending vibration of H,0 [31]. 2361
em ! and 2337 cm™! corresponded to the uptake of CO in the air. The
vibrational spectra of AloO3 exhibited the longitudinal phonon modes at
1470 cm™!. The antisymmetric stretching vibration of around 1163
cm ! may be a newly formed Al-O-Si structure [32], indicating that the
mullitization occurred during the heat treatment. The band of anti-
symmetric stretching vibration for Si—O in [SiO4] tetrahedral appeared
near 1092 cm ™!, which may be caused by SiO; and glass crystallization
[33]. The bending vibration of Si—O occurred around 457-460 cem L
The band around 779 cm ™! corresponded to the symmetric stretching
vibration of [AlO4] tetrahedral [34].

3.2. Microstructure and grain size

Fig. 6 shows the influence of heat treatment temperature on the
microstructure of melt-grown alumina ceramics with trace glass (rep-
resented by the cross-section). As shown in Fig. 6, there is no apparent
change in the morphology of alumina grains on the cross-section, and
the morphology is similar to an equiaxed. The previous study [18]
showed that alumina grains were columnar crystals growing along
deposition direction, and the microstructure of the sample used in this

N

Fig. 6. The influence of heat treatment temperature on the microstructure of melt-grown alumina ceramics with trace glass: (a) 1000 °C; (b) 1200 °C; (c) 1400 °C;

(d) 1600 °C.
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Table 2
Grain size of melt-grown alumina ceramics with trace glass after heat treatment
at different temperatures (in cross-section).

Temperature As- 1000 °C 1200 °C 1400 °C 1600 °C
fabricated
Grain size 31.06 + 29.56 + 28.98 + 26.57 + 25.04 +
(pm) 1.10 0.63 0.37 0.7 0.73

study is composed of alumina phase and glass phase, in which the glass
phase contains elements such as Al Si, O, etc. The absence of significant
changes in grain morphology indicates that the microstructure of melt-
grown alumina ceramics with trace glass is stable under high tempera-
tures. However, as the temperature increased, the alumina grain size
decreased slightly due to the mullitization reaction at the interface of
alumina and glass (Table 2). Fig. 7 shows the high magnification
morphology of mullitization. The Si-containing phase distributed be-
tween adjacent alumina crystal grains has a contrast difference. The EDS
results (Table 3 and Fig. 7) show that point P; is alumina, point Py is
mullite, and point Pg is Si-rich glass. Thus, mullitization reactions
occurred near the alumina-glass interface in the glass. The mullite for-
mation led to a reduction in alumina grain size.

3.3. Phase formation and interface analysis

In order to reveal the formation mechanism of mullite, the samples
were analyzed by TEM and HRTEM (Fig. 8 and Fig. 10). Fig. 8 shows
typical TEM and HRTEM images of the samples after heat treatment at
1200 °C for 4 h. The following points are noted from Fig. 8. First, the
low-magnification morphology shows that the sample consists of
alumina (corundum), mullite, and glass (Fig. 8(a)). The SAED patterns
confirm alumina and mullite in Fig. 8(c) and Fig. 8(f), respectively. The
diffusion of substances in glass melt has the characteristics of short
diffusion distance and high diffusion [35]. Idiomorphous mullite has
formed from aluminosilicate glass (Fig. 8 (b)). This morphology of
mullite is similar to that reported by Wu [36], Adabifiroozjaei [37],
Chen [38], and Robert [39]. Mullite crystals grew along the crystallo-
graphic [001] direction, confirmed by the SAED pattern (Fig. 8(f)) and
high-resolution image (Fig. 8(d)). This growth direction is parallel to
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laser deposition, resulting from one-dimensional heat dissipation [36]
and interface anisotropy of mullite crystals [37]. Adabifiroozjaei sug-
gested that the formation of slow-growing (110) crystal face inhibited
the growth of [100] and [010], believed to grow faster than (001) crystal
face, leading to the nucleated mullite developing into the needles. Fig. 8
(d) and Fig. 8(e) show high-resolution images of the mullite-glass
interface. The presence of a middle layer with a thickness of about 2
nm is evidence of mullite dissolution in glass and ions (A" or Si*h)
diffusion at the interface. The crystalline growth of mullite from melt
indicates that the growth rate is greater than the dissolution rate into the
glass. A similar middle layer existed at the alumina-glass interface,
shown in Fig. 8(g, h).

Further, Fig. 9 shows the TEM-EDS results of Fig. 8(a). Point A was
alumina with only O and Al elements, without Si elements. In addition to
O and Si elements, trace amounts of Al element were detected (point B)
in the glass near the alumina-glass interface. Point C was mullite with
more Al element than point B. EDS results near the interface prove that
alumina dissolved into the glass. This dissolution phenomenon is also
discovered in the thermal etching of grain boundaries in traditional
refractory materials and glass-containing corundum materials [40]. For
example, Guloyan experimentally measured the diffusion of AI** at
10771078 em?/s when corundum refractories dissolved into the glass
melt [41]. The diffusion of AI>* into the glass increased the concentra-
tion of A13+, which agrees with Kleebe's research [35]. The reason is that
AIP" will break the [SiO4] tetrahedral structure, reducing melt viscosity.
The melt viscosity decreased significantly with increasing Al>* con-
centration [42], facilitating ALt diffusion in the glass until the mullite
formation. When the concentration of alumina in the glass reaches a
value (e.g., saturation), mullite is nucleated and crystallized [43]. The
growth of mullite consumed Al in the initial glass, and the Al dissolved in

Table 3
SEM-EDS element point scans of Fig. 7 (at.%).
Position Al o Si Others
Py 39.14 60.86 - -
P, 33.94 61.15 491 -
P3 21.54 61.07 17.09 0.3

BIEIE| Electronic image

Fig. 7. High-magnification microstructure of mullite formation in melt-grown alumina ceramics with trace glass after heat treatment (1400 °C/4 h).
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Fig. 8. TEM and HRTEM analysis of melt-grown alumina ceramics with trace glass after heat treatment at 1200 °C for 4 h: (a) TEM morphology, (b) idiomorphous
mullite, (c) SAED pattern of a-Al,O3, (d) and () HRTEM of the mullite-glass interface, (f) SAED pattern of mullite, (g) and (h) was TEM and HRTEM of the a-Al,O3-

glass interface, (i) SAED pattern of cristobalite.

the glass by corundum, and the final glass phase was Al poor. It can be
speculated that amorphous SiO, crystallized to form cristobalite (Fig. 4)
during the heat treatment. However, no cristobalite was observed from
Fig. 8(a). This may be because cristobalite is easily transformed into
amorphous SiO; due to electron beam sensitivity [44]. The SAED pat-
terns collected directly on a large white phase at low magnification
demonstrated that amorphous SiO; partially crystallized as cristobalite
(Fig. 8(i)). The presence of cristobalite in the Al;03/SiO, material sys-
tem suggests the possibility of mullite formation following the meta-
stable phase diagram. In this work, however, this heat treatment
condition (1200 °C/4 h) failed to observe the phase separation of
alumina-rich and silica-rich glasses found by MacDowell [45]. It may be
related to heat treatment's short holding time (4 h (10h) and the pres-
ence of impurities (e.g., Na*). Therefore, the experimental phenomena
in Fig. 8 and Fig. 9 show that mullitization reaction occurs near the
alumina-glass interface, resulting in a decreasing trend of alumina grain
size in the sample.

The TEM observation results of the sample at heat treatment condi-
tion of 1600 °C/4 h are shown in Fig. 10, and Fig. 10(a) is the FIB-SEM
morphology. In agreement with Fig. 9, the white phase is silica-rich
glass, the light phase is mullite, and the dark phase is alumina. The
TEM bright-field images clearly show this distribution state (Fig. 10(b)),
where Fig. 10(e-1), Fig. 10(f-1), and Fig. 10(f-2) are the SAED patterns of

alumina and mullite, and glass phase, respectively. Fig. 10(c) and Fig. 10
(d) show the TEM-EDS surface distributions of the Al and Si elements.
Under this heat treatment condition, the mullite formed near and far
from the alumina/glass interface grows further, attributed to the in-
crease in the diffusion rate. Fig. 10(e) shows the HRTEM morphology at
the alumina-glass interface. In the upper part of interface 1, the alumina
lattice fringes weaken, which was visual proof of the dissolution of
alumina into the glass. The lattice fringe of alumina showed a crystal
face spacing d(poo3) = 0.438 nm (Fig. 10(e-1)). The crystal structure still
maintained the trigonal crystal structure of the corundum (Fig. 10(e-2)).
Fig. 10(f) shows the HRTEM morphology at the mullite-glass interface
(interface 2). The (101) crystal face of mullite formed near interface 2 is
tightly bound to the remaining glass. However, the alumina-mullite
interface (interface 3) does not appear to be clean, and a middle crys-
talline layer existed between the two phases (Fig. 10(g)). HRTEM and
SAED images show that the middle layer is not composed of single-phase
alumina or mullite (Fig. 10(h)). The mullite near interface 3 was formed
by the interdiffusion of AI** and Si*" through this layer. It is noteworthy
that the lattice fringe of mullite showed the crystal face spacing d(oil) =
0.274 nm. The HRTEM image (Fig. 10(h)) of interface 3 showed that the
three phases of alumina, middle layer, and mullite phases were tightly
bound.

Based on the above discussion of phase formation and interface
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Point A

Fig. 9. TEM-EDS analysis of melt-grown alumina ceramics with trace glass after heat treatment at 1200 °C for 4 h.

analysis, the mullitization reaction occurred near the alumina-glass
interface in the melt growth alumina with trace glass ceramic under
the condition of high-temperature heat treatment. The dissolution of
alumina into the glass phase consumes the original alumina grains and
reduces the alumina grain size. At low temperature (1200 °C), the
mullitization reaction was incomplete (Fig. 8 and Fig. 9(a)), but the
alumina grain size decreased slightly (Table 2). With the increase of heat
treatment temperature, as shown in Fig. 10, the grain size of mullite
reached >5 pm due to the increase of mullite formation content near the
interface (Fig. 10(b)). Therefore, the content of alumina consumed
increased further and the grain size of alumina decreased further.
Finally, the grain size of alumina decreased with the increase of heat
treatment temperature.

3.4. Mechanical properties

3.4.1. Flexural strength

Fig. 11 shows the impact of heat treatment temperature on flexural
strength. The following points are noted from Fig. 11. First, the flexural
strength increased significantly for different temperatures compared to
the as-fabricated samples. When the temperature was 1600 °C, the
flexural strength reached the highest value of 504.38 + 28.52 MPa,
62.65% higher than the as-fabricated samples. Second, flexural strength
gradually increased with temperature increase, and the increase rate
slowed down. Among them, flexural strength at 1000 °C increased by
24.48%. The flexural strength increased from 441.56 + 24.72 MPa to
482.57 + 24.8 MPa in the range of 1200 °C to 1400 °C, an increase of
9.29%. In the range of 1400 °C to 1600 °C, the flexural strength growth
trend slows down, increasing from 482.57 + 24.8 MPa to 504.38 +

28.52 MPa, an increase of 4.5%.

The results in Fig. 11 can be explained by the relaxation of residual
stress and crack-healing. First, multi-phase composites prepared by
LDED have residual stresses inside, attributed to thermoelastic
mismatch formed by the difference in thermal expansion between
adjacent phases. Since the shrinkage of alumina (dajymina = 8 % 107°
K Yis greater than that of glass (aglass = 0.55 x 1079 K™D, during the
cooling and shrinking of a cylindrical sample, alumina was in tension,
and glass was in compression, shown in Fig. 12(a). In addition, there was
a possibility of introducing surface residual compressive stresses and
microcracks while making cylindrical samples into cuboids using me-
chanical methods (grinding and polishing). The high-temperature heat
treatment of the sample can reduce the stress or even eliminate these
defects. Heat treatment performs significantly in metallic materials as an
effective method to relieve residual stresses. However, this effect is not
always evident for ceramic materials. In this work, no mullite phase
formed when the temperature was low (1000 °C). The residual stresses
within samples were thoroughly relieved, which was beneficial for
strength. After higher temperature (> 1200 °C), mullite with low ther-
mal expansion coefficient (ayypite = 4.5 X 107% K1) formed, which
inhibited the release of residual stresses. The reason is that mullite has
excellent creep resistance at high temperatures due to diffusion, dislo-
cation, and grain boundary slip [46], which prevents further mitigation
of residual stresses, similar to that of SiC nanocomposites reinforced
alumina composites [47]. However, the distribution of interphase stress
is similar to that in the as-fabricated samples, shown in Fig. 12(b). Chou
[48] suggested that the impact of residual stress relaxation only explains
a 10% increase in the strength of the composite ceramics. The significant
increase of strength in Fig. 11 implies other strengthening mechanisms
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Fig. 10. TEM and HRTEM analysis of melt-grown alumina ceramics with trace glass after heat treatment 1600 °C for 4 h: (a) FIB slice, (b) TEM morphology, (c) Al
element, (d) Si element, (e) HRTEM of the a-Al,O3-glass interface, (f) HRTEM of the mullite-glass interface, (g) and (h) were TEM and HRTEM of the a-Al,O3-

glass interface.

besides stress relaxation. The critical flaw size inside the sample was
evaluated according to classical strength theory (inset of Fig. 11). The
critical flaw size gradually decreased as temperature increased, indi-
cating defect healing occurred during heat treatment. An experiment on
the impact of heat treatment on pre-cracks was conducted to verify this
judgment. Cracks were induced by the Vickers indentation method,
where the load was 1 kgf and the holding time was 30 s. The pre-cracked
samples were annealed at different temperatures in an air environment.
Fig. 13 shows the crack propagation for unheated and heat treatment at
1400 °C. The alumina surface changed from clean and clear to blurred

after heat treatment. The crack fracture surface was significantly
blunted, and the adjacent fracture surface had a healing morphology
(Fig. 13(b)). The crack surface propagated through alumina grains and
deflected or bridged when it met the interface. One should note that no
obvious pre-fabricated cracks were observed when the temperature was
1600 °C, which could mean that indentation cracks had healed entirely.

The enhancement of mechanical properties (especially strength) of
ceramic materials by crack-healing has been demonstrated by many
researchers [22,49-54]. In the present work, at a temperature of
1000 °C, mullite had not yet formed; only alumina and glass existed in
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the sample. Under high-temperature conditions, it is reasonable to as-
sume that liquid glass will undergo viscous flow under the drive of
capillary force. As a result, elongated pores or cracks between alumina
grains (the small white globules in Fig. 14(a)) healed. This crack-healing
mechanism has also been found in alumina/SiC [55]. The reason is that
blunting crack tip reduces the stress intensity factor. The EDS results
indicated that small white globules were Al-rich glassy with 67.3 wt%
aluminas. It is consistent with the TEM analysis of Fig. 8 and Fig. 10. The
TEM analysis of Fig. 8 and Fig. 10 illustrates that the white phase is Si-
rich, too. When the temperature raised to 1200 °C and the above, glassy
liquid phase was squeezed to interface or outside interface due to the
mullite formation, developing small white globules (Fig. 14(a) and
Fig. 14(c)) or continuous white elongated strips (Fig. 14(c)). It is worth
noting that since heat treatment was carried out in an air environment,
the water existing at grain surface and crack surface may react with the
Si—O bond broken at high temperatures to generate silanol groups,
which reduce the viscosity and accelerate the viscous [51]. The bulging
morphology of droplets is easily associated with an evaporation-
condensation mechanism for crack-healing, and this work did not
easily exclude SiO; evaporation, which may have a lower boiling point.

(b) With heat treatment

—_— A <0 ——
—_— A, <) ———
—_— A <0 ———

Alumina  Mullite Middle layer

Fig. 12. Schematic diagram of phase structure for melt-grown alumina ceramics with trace glass in the presence of residual stress with arrows. (The size of each

phase has been adjusted for ease of presentation).

Fig. 13. Low magnification morphology of crack-healing after heat treatment for melt-grown alumina ceramics with trace glass: (a) as-fabricated, (b) 1400 °C/4 h.
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Fig. 14. High magnification morphology and elemental analysis of crack-healing after heat treatment: (a) and (b) 1000 °C; (c) 1200 °C; (d), (e) and (f) for 1400 °C.

Fig. 15. Bending fracture morphology of melt-grown alumina ceramics with trace glass with and without heat treatment.

Crack-healing inside the alumina grains (Fig. 14(d) and Fig. 14(f)) is
caused by diffusion mechanisms and the relaxation of residual inden-
tation stress. The crack-healing rate caused by the diffusion mechanism
is expressed as [56]:

da C

- 0
a*?””(‘k—r)

where, da/ot is the crack-healing rate, T is the temperature, Q is the
diffusion activation energy, and k is the Boltzmann's constant.

(2)

ﬂDOyQ
_ 3
R2kin(Ly/R) 3
where, Dy is the diffusion coefficient, y is the surface free energy, Q is the
atomic volume, R is the curvature radius of the crack tip, and Ly is the
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distance from crack edge to external body surface. Obviously, the rate of
crack-healing increases with the increase of temperature, so heat treat-
ment is beneficial to the crack-healing of materials. The flattening of
strength increases at a temperature of 1600 °C may be due to the in-
crease in mullite content impedes the crack-healing driven by the
viscous flow of glass. Therefore, based on the above analysis, it is
believed that there are many possible mechanisms leading to crack-
healing, and the role proportion of various mechanisms needs to be
further characterized and analyzed.

The fracture morphology of three-point bending further illustrates
the influence of heat treatment temperature on strength, shown in
Fig. 15. After heat treatment, fracture morphology gradually evolved
from clean and clear cleavage planes to a fuzzy shape, consistent with
the results illustrated in Fig. 13. This feature indicates that crack-healing
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Fig. 16. Influence of heat treatment on microhardness (a) and fracture toughness (b) of melt-grown alumina ceramics with trace glass.

occurred during the heat treatment. At low temperature (1000 °C), the
sample maintained a mixed fracture mechanism with an intergranular
and transgranular fracture on alumina grains, which is similar to the
sample without heat treatment (Fig. 15(a)). At a medium temperature
(e.g., 1200 °C), bending fracture is influenced by the tightly bound
interface (alumina-middle layer-mullite, shown in Fig. 15(a)) and crack-
healing. In addition to transgranular fracture within alumina grains,
small-scale cleavages representing transgranular fracture were formed
between alumina grains near the interface (Fig. 15(c)). The small-scale
cleavages were visible in the bending fractures at higher temperatures
(1400 °C and 1600 °C), shown in Fig. 15(d) and Fig. 15(e). Therefore,
the formation of small-scale cleavages at the interface further explained
the influence of heat treatment temperature on strength.

3.4.2. Microhardness and fracture toughness

The temperature as a function of surface microhardness and fracture
toughness of the samples is shown in Fig. 16. The microhardness at the
temperature of 1000 °C was comparable to that of as-fabricated samples.
The microhardness slowly increased with temperature (Fig. 16(a)). The
maximum value reached 18.64 GPa at 1600 °C, increasing 2.47%
compared to as-fabricated samples. The slight increase in microhardness
is attributed to the reduction in alumina grain size. The fracture
toughness showed a similar pattern, that is, increased with increasing
temperature, with a maximum value of 3.54 MPa-m'/?, an increase of
16.83% compared to the as-fabricated. The increase in fracture tough-
ness was attributed to heat treatment [14]. Specifically, under the
condition of high-temperature heat treatment, the occurrence of crack-
healing will lead to the passivation of crack tip inside material and
reduce local stress at the tip [57,58], which is a possible reason for
improving the fracture toughness of the material. In addition, the for-
mation of mullite strongly combined with alumina leads to the forma-
tion of small-scale cleavages when the material breaks, as shown in
Fig. 15, which shows that the energy required for crack tip growth is
increased, easy to form crack bridging and other toughening mecha-
nisms [18], and increases the ability to resist crack growth.

4. Conclusion

This work investigated a heat treatment method that significantly
improved the performance (especially strength) of the melt-grown
alumina ceramics with trace glass prepared by LDED. The results pro-
vide an effective route for preparing high-performance melt-grown
alumina-based ceramics by LDED, which has significant applications in
the rapid fabrication of high-performance advanced ceramics for hot-
end components. The main conclusions are:
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1) The decrease in adsorbed oxygen concentration with increasing
temperature is responsible for the gradual whitening of the sample.
The melt-grown alumina ceramics with trace glass fabricated by
LDED technology are thermally stable in the range of 50-1550 °C,
and the sample weight decreased by 0.31%. The sample undergoes a
phase change during the heat treatment. Without heat treatment, the
samples have only corundum and glass phases. When the tempera-
ture is 1200 °C and above, mullite formed from the glass melt, and
the glass partially crystallized into cristobalite.

2) After heat treatment, the grain morphology of alumina remained
essentially unchanged, indicating that mullite formation did not
significantly affect the morphology of alumina. However, the
alumina grain size was slightly reduced to a small extent, attributed
to the dissolution of alumina into the glass and the formation of
mullite near the alumina-glass interface. When the temperature
was> 1200 °C, a middle layer formed between alumina and glass,
and AI** and Si** diffused through the middle layer under high
temperature to increase mullite content. The mullite formation po-
sition is in the glass near the alumina-glass interface and the glass
away from the interface. After high-temperature heat treatment (e.g.,
1600 °C), the interface bond between alumina, the newly formed
middle layer, and mullite were tight.

3) The mechanical properties of melt-grown alumina ceramics with
trace glass had been significantly improved after heat treatment.
Specifically, flexural strength first increased and then decreased,
with a maximum increase of 62.65%. Crack-healing occurred in
melt-grown alumina ceramics with trace glass during heat treatment.
The strength increase was attributed to residual stress relief and
crack-healing. Possible crack-healing mechanisms are the viscous
flow of glass, evaporation-condensation, and diffusion. Fracture
toughness gradually increased, with a maximum increase of 16.83%.
Crack-healing leading to passivation of defects (such as cracks) in the
samples explained the increased fracture toughness.
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