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Abstract
Aluminum oxynitride ¢-AION) powders were synchronously
synthesized by carbothermal reduction-nitridatiorCR) and

high-temperature solid state reaction (SSR) methd#sn structures

existing in y-AION powders and transparent AION ceramics were

investigated by systematically employing electrorackscattered



diffraction (EBSD) and transmission electron micasy (TEM). It was
found that the twin structures in synthetic powdsrd transparent
ceramics exhibit quite different microstructuralatigres; binary twin
structures were widely observed in powders andnaiesa whereas the
sandwich-like twin structure was produced onlyransparent ceramics.
High-resolution electron backscattered diffractitfREBSD) was used
to determine the residual elastic stress distimgtin AION powders and
ceramics. Discrepancies in the magnitude and bligian of the residual
stress between binary twins and sandwich-like twiase fully clarified.
The formation of two kinds of twins in powders amdramics was
discussed in detail. The Vickers hardness and asresponding
indentation size effect (ISE) were studied in CRNDN and SSR-AION
ceramics. The effects of the twin structure on VWekers hardness and

fracture toughness were investigated simultaneously

Keywords: y-AION, Twin structure, Vickers hardness, Fracture

toughness.

1. Introduction
Aluminum oxynitride ¢-AION) materials are recognized to exist as
a solid solution of AIN and AD;, which have been widely investigated

over the last 20 years [1,2]. Owing to its excdlldgrermal and chemical



stability, extremely high optical transmission frotine ultraviolet to
mid-infrared wavelength region, outstanding strBnghardness and
friction resistance, spinetAlON is considered a promising transparent
window material for armor [3,4]y-AION phased powders have been
synthesized by the carbothermal reduction nitrada{iCRN) method [5],
high-temperature solid-state reaction (SSR) [6,aJuminothermic
reduction method [8] and sol-gel nitridation meth@fl The SSR and
CRN procedures are thought to be the most econbraruh practical
approaches to fabricateAION. Great efforts have been undertaken to
elucidate the microstructural evolution of AION pideys and ceramics
during their synthesis and densification procesgli@gl2].

Twins in AION ceramics have been discovered andoezgd in
recent years by many researchers [13-17]. Palid@l first noted the
presence of a twin structure in AION compresseceurdntrolled planar
confinement by using the HRTEM technique. Claytod ®icCauley [14]
developed a nonlinear thermomechanical mode forNAKDIA predicted
the twinning stress in the {111} plane. An expenrthéy Wang [15,16]
regarding the effects of sintering additives in thn fraction was used
to study and directly observe the existence of tamellas via electron
backscattered diffraction (EBSD). Recently, thetrengthening
mechanism of twin lamellas in AION ceramics was demonstrated [17].

EBSD is an effective microstructural charactermatiechnique that has



been widely used in materials science, engineetamgl geology,
especially involving metals and alloys. The essgéntioncept of the
EBSD technique is the collection of diffraction teahs produced by
backscattered electrons across a polished samdkcsuThe obtained
Kikuchi patterns can be automatically indexed bynowercial software
packages to acquire detailed information such asptiase distribution
and crystal orientation. Given the strong perforoganof EBSD
technology, various EBSD-based techniques have esgfoited and
applied to material characterization. Troost [18istf introduced
high-resolution electron backscatter diffraction REBSD). Then,
Wilkinson, Meaden and Dingley (WMD) [19-23] impra¥@nd provided
a detailed description of this technique based upamlier work.
Cross-correlation-based analysis of EBSD patteras winovatively
proposed, which allowed small shifts in patterntdess to be quantified
and expressed in the displacement gradient tefRsom these values,
variations in the elastic strain and lattice ratatcould be calculated by
comparing the pattern shifts at the sample surnfaleive to a reference
pattern. By employing HREBSD, Abdolvand [24] dentoated the
presence of highly concentrated residual streitfzdaotation and dense
dislocations close to twin tips in zircaloy. Vickdrardness (§) testing is
a widespread means of measuring hardness and r&éatbughness.

Previous investigations [25] identified that thdcoéated hardness was



load-dependent, usually exhibiting a drop in hassnwith increasing
load. Such a phenomenon was believed to be an tettan size effect
(ISE). A proportional specimen resistance (PSR) enads proposed by
Li and Bradt [26] to explain the ISE. The PSR modek divided into
two parts related to the damage resistance andiaggpendent hardness.
Due to the low requirements of sample preparatiod almost no
restrictions on sample size, the Vickers indentativacture (VIF)
technique was employed to resolve the fracture Hoegs (k)
corresponding to the critical stress intensity dacthe VIF model was
developed in amorphous glass and is an indenta@sed technique; thus,
care must be taken when comparing the indentatsed fracture
toughness to the notched beam fracture toughneksvaan comparing
different ceramics.

Although several meaningful research papers aboattiins in
AION have been published, the formation of the tamd its detailed
effects are still not uncovered. In this work, tkens in AION powders
and ceramics were investigated by using a focused beam (FIB)
system, conventional EBSD and TEM techniques. T¢iimancorporation
of the HREBSD technique, the residual elastic stmstribution and
formation of twins were revealed. Based on the rdatetion of the
Vickers hardness and fracture toughness of AIOH gtifiects of twins on

the hardness and fracture toughness were studnedtaneously.



2. Experimental Procedures
2.1y-AlION powder synthesis and ceramic manufacturing

v-AlION powders were synthesized through a high-teatpee
solid-state reaction (SSR) and carbothermal reduatitridation (CRN)
method. For the solid-state reaction, the star8ojd materials were
v-Al,O3 (with an average particle size of ~100 nm, Shandtenghe
Ceramics Co. Ltd. Shanghai, China) and AIN (withaaerage particle
size of ~580 nm, Tokuyama Soda Co. Ltd., Tokuyadapan). The
v-Al,O3 (65 mol%) and AIN (35 mol%) were weighed and mixeda
polytetrafluoroethylene (PTFE) jar with anhydrotisamol and dispersant
(PVP K-30, Aladdin Biochemical Technology Co. Lt&hanghai). The
mixture was ball milled together with sphericalralna balls (~5 mm and
~10 mm) as the milling medium. The ball milling wascomplished on
planetary ball-milling equipment at a rotating spex 250 rpm for 12
hours. The well-dispersed slurry was dried in aeroat 80[1 for 24
hours and then passed through a 200-mesh nyloa wesliminate large
agglomerates. Then, the precursors were loadedluimirza crucible
covered by an alumina lid and heated in a muffleadae to 4007 with a
dwell time of 6 hours to remove the residual solvand PVP. The
alumina crucible with the precursors was then feansd to a
high-temperature sintering furnace equipped witraphite crucible and

graphite heating unit. The precursors were heapetoul 75001 with a



dwell period of 4 hours in a flowing nitrogen atmhbsre, followed by a
cooling rate of 101/min. Almost the same experimental procedures were
applied to the CRN method. Carbon black (5.3 wt%3 wsed instead of
AIN. After calcination at 17501 for 4 hours in the following nitrogen
atmosphere, the alumina crucible with the as-syitled AION powder
was transferred to a muffle furnace. The residaabaen was eliminated
after heating at 600 with a dwelling time of 10 hours.

The AION ceramics were manufactured through pressss
sintering in this work. First, two kinds of as-dyesized AION powders
were separately dispersed in anhydrous ethanol lamdken into
submicron particles in alumina jar by ball millireg 300 r/min for 24
hours. The primary purpose of this step is to inaprthe homogeneity of
particle size and sintering activity. Then, 0.4 wigO and 0.1 wt%
Y,0; were added as sintering additives. After a sedmidmilling step
for 12 hours, the pastes were dried in an overDat 8or 24 hours. A
200-mesh nylon sieve was used to eliminate agglatesr The as-sieved
powders were filled in a metal die with an inneardeter of 20 mm. After
Isostatic pressing at 200 MPa for 10 min, colunp@wder biscuits were
obtained. For densification, specific steps ardedtahere. First, the
as-manufactured powder biscuits were embedded tatiton nitride
powders in a boron nitride crucible. Then, the bondride crucible was

transferred to a high-temperature sintering furn@50-20, Chenghua



Co., Ltd., Shanghai, China). Subsequently, theatenvas pumped down
to ~1E-3 Pa to remove the absorbed gases. Sedowihd nitrogen was
turned on at the beginning of heating. The typibahting rate was
~1 [/min - ~5 [/min. A dwelling period of 24 hours was then set to
achieve densification when the temperature read®€@0 1. Finally, the
furnace was cooled down to 1000with a cooling rate of ~5//min and
then naturally cooled down to room temperatureddie, AION ceramics
have been fabricated in this way by using two kiofd&lON powders.

2.2 Sample preparation for hardness and microsclogsacterization

The as-fabricated AION powders and ceramics weneedhiwith
phenolic hot mounting resin with carbon filler. Thecylindrical blocks
were fabricated by electrohydraulic hot-mountinggsing (CitoPress-5,
Struers, Cleveland, USA) and polished by using égrudiamond
suspension, starting from a grit size ofu®, then 3um, followed by 1
pum at the finish step. For surfaces examined wittsBBa further polish
was applied by using a colloidal silica suspensiatin a grit size of 0.4
um (Buehler, lllinois, USA).

TEM samples were prepared by using a dual-beanséation beam
(FIB) microscope (Nova 600 Nanolab, FEI, USA) epeg with a
backscattered electron (BSE) detector. Detaileuif procedures are
given here. The surface of the samples was coatédancarbon layer

with a thickness of ~20 nm before being placed he IB tool



(Q150T ES Plus, Quorum Technologies Ltd, UK) inesrtb enhance the
electrical conductivity of the sample surface whilet inhibiting the
EBSD signal. The twins existing in the AION powdarsl ceramics were
identified under BSE mode. Subsequently, a platiniayer with a
thickness of ~2um was deposited on the selected location in order t
protect the surface from ion damage and contanoimaftaircase cuts at
a voltage of 30 keV and beam current of 20 nA viken carried out on
either side of the selected region, and then thgkawas further thinned
to a thickness of ~1lum with gradually reduced currents. The
cross-sectional slices were lifted out and placed @opper grid using a
micromanipulator. After thinning at a tilt angle £f.5° with successively
lower currents (1 nAto 100 pA), the slice was ti@d down to ~100 nm
for TEM examination. When HRTEM imaging was reqdiréhe slices
were further thinned with an extremely low currér0 pA). The typical
thickness of the final slices was ~50 nm, whiclsudgficiently electron
transparent for HRTEM.
2.3 Vickers indentation measurement

A Vickers indenter (DuraScan-50, Struers, Cleveldh8A) at loads
of 0.01-10 kgf was employed to execute indents. [Blagling, holding
and unloading times were 10 s, 10 s and 5 s, ragplgc Five different
loads ranging from 0.5 kgf to 10 kgf were seledtedndentation testing.

To ensure the accuracy of the hardness measurenagésst 5 indents



were made at each load. The as-produced inderdaivene imaged by
SEM. The hardness (Bl of the specimen was calculated by using the
following equation:
H= K— (1)
where K is a constant contingent on the indenter shapehwh 1.8544
for the Vickers indenter; P is the indentation la@achewtons; and d is an
average of two diagonal lengths for each indemat®ince the hardness
measurement is performed under a certain rangeadf| the indentation
size effect (ISE) can be determined using Meyens |
P = Ad" (2)
The constant A and Meyer’s n can be acquired fregnassion analysis.
Due to the absence of n=2, a proportional specimsistance (PSR)
model proposed by Li and Bradt [26] was employeding the true
hardness.
P =a,d + a,d? (3)
where constants; and a, generally indicate the possibility of cracking
introduced by indentation and the resistance ofckefeee plastic
deformation, respectively [27-29].
The Vickers indentation fracture (VIF) toughnesswalculated based on
the following equation:
Kic = 0.016()Y2 x —  (4)

where K. is the fracture toughness, E is the Young’s maslutiis the



hardness in GPa and c is the distance from thef tipe crack originating
from the corner of the indentation to the centertioé indentation
Impression.
2.4 Microstructure Characterization

A field emission gun scanning electron microscop&G-SEM,
JMS-7800F, JEOL, Tokyo, Japan) equipped with a $zatkered electron
(BSE) detector (SM84030SRBE, Joel, Tokyo, Japan) aftectron
backscattered diffraction (EBSD) detector was enygiio Conventional
SEM images were acquired under a voltage of 5 k&{/aaprobe current
of 8 nA. BSE images were captured at an accelgratttage of 10 keV
with a probe current of 12 nA, and these parameterg optimized for
identifying interface boundaries. The SEM and BSfages were
processed by using the image analysis softwarediédiH, USA).

EBSD maps were obtained with a working distanc&Gmm under
a voltage and probe current of 20 keV and 15 ngpeetively. Different
step sizes were applied for the conventional EB8D lsgh resolution
EBSD analysis. For HREBSD, the unprocessed Kikpeltiierns without
gain applied were saved at each step point. TheDE8&a were then
processed with OIM Analysi¥ software (EDAX Inc., America), and the
Euler angles of each step point were obtained. uitpgocessed Kikuchi
patterns were processed using CrossCourt 4 (BL@uRtmns Ltd. &

Vantage Software Inc.), which adopts cross-cotiglabased techniques



to measure the relative shifts between EBSD patteaused by small
lattice rotations or elastic strains. Detailed pahares are given here.
First, the EBSD patterns were transferred from taa collection
software OIM Analysi8" and loaded in CrossCourt 4. The material
properties, especially the elastic coefficientsresien inputted into the
software. Here, the elastic coefficients C11, Cad €44 were taken as
377 GPa, 133 GPa and 125 GPa, respectively [30¢e@me material
properties were all inputted, the threshold filtet kernel average
misorientation (KAM) was applied. The data above threshold of X
10° were excluded, eliminating the poor-quality or loenfidence
patterns. Subsequently, patterns with the begriivalue for each grain
were chosen as references, which were selected frem-strain
and highest-quality regions. In fact, it is impadsito identify where a
region of zero strain is. Therefore, we used exgstneasures from the
KAM data as criteria to identify points that wefgetmost promising
reference candidates. In this way, a series ofeptes were selected that
together covered all of the grain. Next, a minimoird regions of interest
(ROIs) were needed to calculate the distortiondenBypically, 40 ROIls
with a size of 12& 128 pixels were used to oversample, and the kest fi
distortion tensor was calculated. The distribuwdrthe 40 ROIs was that
the first ROl was always placed in the center & gattern, with 19

others arranged in a circle around it. The otheRElls were randomly



assigned on the Kikuchi patterns. Following fastifi@r transformation
(FFT), the ROIs were transformed to the Fourier aom Finally,
low-frequency and high-frequency cutoff filters weapplied to remove
the background and noise, which were optimizedaid 28, respectively,
for the obtained Kikuchi patterns. Next, the croeselation processing
based on the work of WMD was performed. Ultimatag, arrangement
of maps such as elastic strain maps (normal & sb#ams), rotation
tensor maps (rigid body rotations), elastic stmesps and quality maps
could be obtained.

The structural features of twins were examinediglidr resolution
with a transmission electron microscope (F20 G2|, Aiecnai). The
characterization was presented in the followingmiats: conventional
TEM images, selected-area electron diffraction (BABpatterns and
high-resolution transmission electron microscopR{iEM) images. The

TEM images were processed by using the DigitalMjcaph software.

3. Result and Discussion
3.1 Twins in synthetic AION powders

As shown in Fig. 1, the single phased AION powdersre
synthesized by CRN and SSR method. The microstextwf the
synthetic AION powders are displayed in Fig. 2.iMis growth terraces

with different growth directions were observed wotkinds of AION



powders. Such terraces were caused by the gasoreatiring the
powder synthesis process, which has already beastigated in detall
[31]. Due to the highly symmetrical face-centeredbic (FCC) crystal
structure of AION, the grains usually grow in prefaial orientations. To
determine the orientations in AION powders, the gers were mixed
with hot mounting resin and then finely polished. eries of
characterizations was carried out on the crossosescodf the powders.
Fig. 3 (@) and (c) shows the cross-sectional BSkEgaes of
as-polished SSR and CRN powder with high-magnibcatimages
inserted. A favorable contrast difference is obsdrin one particle, as
presented in the embedded images. BSE imaging geswhanneling
contrast, which allows the identification of tharnw& and twin boundaries.
To distinguish from the contrast difference causgdagglomeration,
electron backscatter diffraction (EBSD) analysisswiged to obtain the
orientation of each grain in the form of the Euagle. The Euler maps
of the SSR-AION and CRN-AION powders, with averagein sizes of
7.21+0.79um and 5.59+0.84um, respectively, are shown in Fig. 3 (b)
and (d). The misorientations of the red squarengrare listed in Table 1
by processing the Euler angle of each grain. Thaserientations can be
classified into random orientation and special gmefd misorientation
(<111>/60°), which are believed to represent agglamtion and twins,

respectively. This preferred misorientation, usuadimerging in FCC



metals such as copper, can also be expressed Bs{12>. It is known
that the {111} plane is the close-packed plandnenFCC crystal structure,
which possesses maximum interplanar spacing andmmmn plane
energy. Once there are different growth directiting,grains are likely to
form twins with twin planes {111} [14, 32-33]. Irhis way, the energy
required in the powder synthesis system can bavelalow.

To better understand the microstructure of twindraamsmission
electron microscope was utilized. Fig. 4 (a) shthwesBSE image of the
powder of interest, which was already identifiedcastaining twins by
using EBSD. The twin boundary can be clearly obsgrirhen, a Pt layer
with a thickness of 2 um was deposited on the sartd the region we
selected. The TEM sample was lifted out for furthealysis in the FIB
tool. The lamina obtained by stair-like cuttingdisplayed in Fig. 4 (b).
After thinning down to ~50 nm, TEM analysis was reat out, and
conventional bright field (BF) TEM images were ab&, as shown in
Fig. 4 (c) and (d). Many stress fringes were preserthe TEM foll.
These stress fringes may have been generated weesample was
thinned down for HRTEM. Fig. 4 (e) and (g) shows tHRTEM images
of red and yellow dashed square regions in Figd)4 The clear lattice
stripes of the twin boundary and grain domainsilarstrated. The lattice
Is divided into two completely symmetric parts Ime ttwin boundary in

Fig. 4 (e). SAED patterns of selected regions ardezided in the



HRTEM images. The SAED of the twin boundary wasbhcated with a
pair of mirrored periodic lattices. The calibratkdtices matched the
diffraction pattern of AION with the [011] zone axiThese results
visually display the microstructure of the twin Inolary and reconfirm
that the twin plane is {111}. Subsequently, fastufer transformation
(FFT) processing was applied to the HRTEM imagesngus
DigitalMicrograph software. A pair of symmetricabsks was applied on
the interface 111]. The corresponding inverse fast Fourier transform
(IFFT) images are presented in Fig. 4 (f) and ghpwing the dislocation
defects that were labeled with “T". The dislocatidansity within the
twin boundary region, which was calculated by diwdthe dislocation
quantity by the total area, was approximately 6:028" m. In contrast,
there were nearly no defects in the area away filemtwin boundary.
Such a difference could be attributed to severalofa. First, the
dislocations could effectively contribute to therrfation of a perfect
coherent twin boundary, which has the lowest enenggg most stable
state. Considering that the twin boundary would alssist dislocation
glide, the dislocations will pile up along the tvboundary [34-36].
Combining our experimental results and previous kaorit is

inferred that the formation process of twins in Al(powders is as
follows: The first step is the nucleation of AIONrtsisting of a series of

solid-solid, gas-solid and gas-gas reactions. Sjuessly, inconsistencies



in thegrain growth direction open up the possibility @firt formation
with a twin plane and growth direction of {111} aftil?], respectively.
This mechanism is considered to be the least ermmgsuming method.
In this way, the grain grew and finally stabilized.
3.2 Twins in AION ceramics

Fig. 5 shows the Euler + band contrast maps optitished surface
of CRN-AION and SSR-AION ceramics sintered at 1900with a dwell
time of 24 hours. Fig. 5 (a) and (c) illustrate BBN-AION ceramics
without and with sintering additives added, and goyl (d) present the
SSR-AION ceramics without and with sintering adeis added. The
addition of sintering aids significantly increashee density of ceramics,
greatly enhancing the elimination of pores. In &ddito the binary twin
structure that existed in the AION powders, newetypf sandwich-like
twins (STs) were observed in densified AION ceranas shown in the
yellow dashed squares in Fig. 5. The Euler angldheselected grains
and misorientations are shown in Table 2. As exqukdhe sandwich-like
twins (STs) have the same misorientation valugk@sbinary twins (BTS)
in the powders. It is worth mentioning that thesgust one twin layer in
STs since the twin nucleation energy is higher tih@resistance of twin
growth in AION materials [14, 33]. Namely, the twitend to grow rather
than form new twins.

Two types of twin densities (number of twins peitilarea) were



calculated and are listed in Table 3. It is advgetbas that the addition of
sintering aids reduced the ST density obviously laadl almost no effect
on the BT density. A comparison of the upper amvdeloparts of Fig. 5
indicates that the thickness of the twin lamellardased simultaneously.
The reasons for the formation and variation of thens in AION
ceramics were studied in the following discussion.

The formation of twins is not only related to thesential properties
of the material but is also affected by internakrternal factors, such as
tensile stress. In this work, it is easy to undardtthat binary twins
originate from the twins in the powders. The fonmatof sandwich-like
twins is generally believed to be caused by exeedsical stress, which
must be higher than the twining stress of matesalsh as FCC metals
and alloys. Twinning can efficiently release thedesirable excessive
stress. Because pressureless sintering was usatkedleo consider only
the influence of the internal stress generatedhduiie sintering process.
From the perspective of the twin density, two mafifecting factors are
the grain size and local stress [33,37-40]. Therame grain sizes
processed by OIM Analysi¥ are also shown in Table Bonsidering that
dimensional changes are not particularly noticeatble results indicate
that grain size effects are not the dominant faictayur experiments. In
other words, the decrease in the twin density kelyi caused by the

decline of the internal stress. Moreover, the r@ship between twin



lamella thickness and stress has been shown todigvply correlated
[33]. The variation of the lamella thickness in our waskin good
agreement with this relationship.

To elucidate the relationship between internal sstrand twin
formation, high-resolution EBSD (HR-EBSD) was uséde HR-EBSD
maps of binary twins in powders, binary twins inraseics and
sandwich-like twins in ceramics are presented g1 6j Fig. 7 and Fig. 8,
respectively. The layout of Figs. 6-8 is the same detailed as follows:
(1) the top row gives an inverse pole figure (IPFjha twins of interest
in the AION powder and ceramics, kernel averagernmsatation (KAM)
in radians, and image quality maps with referencmtp marked with
black spots are presented;)(the bottom row shows the maps of the
elastic stress as calculated using infinitesimalirsttheory, consisting of
the normal stressH{;, d,,, 833) on the diagonal, the shear stress, 0z,
d,3) on the off diagonal positions and the von Midesss distributions in
the bottom left. The&s; term is set to zero in calculating the hydrostatic
strain. Tension is shown as red as a default, angbeession is shown in
blue. The values are all in GPa; here, the samyés 4, 2 and 3 are
defined by default as horizontal (to the right)rtv@l (up the map) and
normal (out of the surface), respectively. For eplenthe 623 shear
stress describes a shear stress from the 2 amighaet3 axis as positive

(red) and the opposite as negative (blue). The saxas apply to the



other stress maps displayed in this work.

From Fig. 6 (d) and (f), the higher relative stresacentrates at the
edge of the powder from Fig. 3 (b), possibly caubgdincomplete
polishing when the powder morphology changes at d@tige of the
powder. At the same time, the holes in the grasulted in higher
relative concentrations. However, there is no obwiaw about twins and
relative stresses. Then, relative stress mapseobithary twin, which are
generally considered to be inherited from powder8ION ceramics, are
illustrated in Fig. 7 (d). In view of the normalesdses, the residual stress
is evenly distributed in the grain. Regarding theas stress, the higher
stress concentration is located at the grain baynalad junctions of the
grain boundary. Such residual stress as an intetreds around the grain
boundary may be ascribed to distortion of the atcaniangement and the
piled up defects, such as dislocations at graimfates. However, there
Is no difference in stress, regardless of normrakstor shear stress, near
the domains of the twin boundary. The equivalergsst of the binary
twin is shown as the Von Mises stress map in Fi@)7The Von Mises
stress as the equivalent stress can only expresm#gnitude of stress
irrespective of a positive or negative sign. Obsiguthe distribution of
residual stress in this binary twin system was lgatoncentrated at the
region of grain boundary, especially in the regadrboundary junction.

Hence, there is still no clear evidence to explely the residual stress is



related to the twin structure.

Fig. 8 (d) presents the elastic stress maps ofvdahdike twins as
described above. First presented are the resutisrofial stress shown in
the diagonal of Fig. 8 (d). In addition to the higlness concentrations
near the grain boundaries mentioned above, thanogeneous stress is
distributed inside the twin, which is completelyfeiient from the case of
binary twins in powders and ceramics. Specificalhe grain is divided
into three parts by twin lamella, which are nameatrm 1 (M1), twin
and matrix 2 (M2) from left to right. An extremelitigh stress
concentration compared with the values in Fig. & Biy. 7 exists at the
top of M1 and gradually increases from the top lie bottom. The
opposite distribution appears in M2. Namely, thess with an almost
equivalent concentration in M1 is presented atlb#om of M2 and
gradually decreases from the bottom to top. In Way, the distribution
of stress inevitably produces shear stress in tlezttbn parallel to the
normal stress axis, which is vertical to the sanguidace. As shown in
the shear stress maps, a similar distribution eaoldserved in the image
of 8,3. On both sides of the twin boundary, the concéntreof 6,, and
d311s relatively high even if it is much lower tharetmaximum normal
stress. From the equivalent stress of the systewrsim the Von Mises
stress map, there is a large amount of residusgstremaining in the ST

system. This kind of residual stress exists inftin of shear stress.



By comparing Fig. 6, Fig. 7 and Fig. 8, the resldstaesses of
binary twins in ceramics are found to be consistétit those in powders,
whether in the distribution or magnitude. Obviobga stress, which is
much larger than that in binary twins, remainshia $andwich-like twins,
which exist only in ceramics. Thus far, combining\pous research and
this work, we conclude that the formation of STswlaven by excessive
stress produced during sintering. Although the mivig of AION grains
releases excessive stress that is greater thatwtheing stress of the
AION material and formed sandwich-like twins, thesidual stress
inevitably affects the performance of AION ceramiespecially in
mechanical properties. In addition, the thicknesshe twin layer is
associated with the local internal stress as Wélkrefore, the addition of
sintering additives has a significant effect in ueidg internal stress.
Although a large number of studies have used wytiriaxide and
magnesium oxide as sintering aids, the specifichameism is yet to be
fully understood. Here, we propose a hypothesis tha addition of
sintering aids, especially magnesium oxide, pravide partial liquid
environment during AION ceramic sintering. It isngeally known that
the internal stress in the sintering system withgaid phase is much
lower than that without it. Of course, the roles safitering aids are
definitely not restricted to reducing internal sgeand need to be studied

in further detalil.



3.3 Vickers hardness and VIF toughness of AION m&a

Due to the porosity and poor compactness of thiered ceramics
without sintering additives, as shown in Fig. 5 &agd (b), the hardness
test was carried out on the ceramics with MgO ap@s¥added. Fig. 9
graphically depicts the Vickers hardness for CRIMDMIand SSR-AION
with a relative density exceeding 99.5%, as deteedhiby Eqg. (1) under
varying loads. Here, each plotted data point inndwelness-load curves is
the average value of 5 indentation measurements tlear that the
CRN-AION exhibited a markedly higher hardness thiae SSR-AION.
The hardness decreased with increasing load in @aatves, showing a
similar nonlinear trend. The synchronous reductiohardness explicitly
indicates the presence of an indentation size tefl&E). The factors
defined in Eq. (2) and (3) were quantified by ergplg Mayer’'s law and
the PSR model and are expressed in Table 4. Thenerfs n in Meyer’s
law for the CRN-AION and SSR-AION ceramics wereSF.&nd 1.844,
respectively. Therefore, both AION ceramics exhdnt ISE effect, and
SSR-AION has an enhanced ISE due to the lower megalin the PSR
model, there are divergences in @and a between CRN-AION and
SSR-AION. A previous theory reported by Quinn [P8stulated that,a
represents the influence of the cracks underneatth @ound the
indentation impression in the ISE. The largewalues correspond to a

greater possibility of crack formation and propagatvhen the indenter



Is pressed down. As presented in the rightmost abld 4, the
load-independent hardnessp@g of CRN-AION was higher than that of
SSR-AION. Such a difference is well-aligned withe tlexperimental
hardness value. As noted by Rice [41], such vanatbetween two
ceramics may be caused by the grain size. Consgleéhe negligible
grain size difference in our work, the effects bé tgrain size in the
Vickers hardness may be marginal. As indicated Bpld 3, the twin
density in CRN-AION ceramics is over 50% higher rnthéhat in
SSR-AION ceramics. Reasonably, we can attributd sudifference in
hardness to the twin density. The twin boundary play a similar role
as the grain boundary, efficiently reducing theimgiize and enhancing
the hardness in what is known as the Hall-Petdcitiogiship [42-43]. In
our previous work [44], we found that the fractsteength of the twin
boundary is higher than that of the grain boundaMe reach the
favorable conclusion that the presence of twingeiases the hardness
without damage to other strengths of materials.

The lengths of radial cracks produced under eadd lovere
measured. The Vickers indentation fracture (VIR)gloness was then
calculated by using Eq. (4) at each load. Fig.Hds the calculated VIF
toughness as a function of the crack length for ORQN and
SSR-AION. Comparing two VIF toughness curves, wel fa noticeable

divergence in the crack length when the same fafa® loaded on both



ceramics. The greater the force, the more obvibedifference is. Such
a difference indicates that the resistance of cracpagation in
CRN-AION is greater than that in SSR-AION. Moreqvbeoth curves
suffer a drop initially and then increase when ¢ha&ck length increases
from 100um to approximately 14Qm. Namely, the inhibitory effect of
crack propagation was sharply enhanced when tlok gvas greater than
100um, which was similar to the case of the averagagiae. To reveal
the resistance mechanism, the morphology of ramledks was captured
and is shown in Fig. 11. Fig. 11 demonstratesépeasentative behaviors
of crack propagation, deflection and resistancAl&N grain and twin
boundaries. More specifically, radial cracks praggad from the
indentation impression and were then constrainetl deflected at the
grain and twin boundaries, as indicated by yellomd aed arrows,
respectively. The reason for the deflection, whe#te¢he grain boundary
or twin boundary, was generally ascribed to thenmteh of the slip
system. The cracks were constrained and propag#ted the twin, and
the grain boundary was influential as the crackppgated along the
lower toughness resistance paths. Therefore, tflectden and restraint
effects at the grain and twin boundaries domindtexl resistance for
crack propagation. Based on this result, the maason for the greater
resistance in CRN-AION was the presence of the drigtvin density.

When the crack length is greater than the averega gize, not only will



the twin boundary inhibit its further expansion kalso will the grain
boundary have the same effect. In summary, twinntlates play a
similar role again with grain boundaries in prewegtthe generation of

long cracks and enhancing toughness.

4. Conclusion

v-AlON powders were synthesized through carbothemadliction
nitridation (CRN) and high temperature solid-std&SR) methods.
Transparent AION ceramics were fabricated by usymhetic CRN and
SSR powders. The twin structure in synthetic AIONwgders was
innovatively investigated by applying EBSD to th@ighed cross section
of powders. The preferred misorientation of twinaswidentified by
high-resolution TEM and EBSD as <111>/60°. Residcrlastic stresses
around the twin domain in powders and ceramics vietermined by
employing high-resolution EBSD. From the differemeeahe distribution
of the residual stress, BTs in AION ceramics wermestdered to originate
from the twins in the powders. The formation of $9gelated to local
excessive shear stress. Moreover, the additiomtd#rsig additives could
reduce the ST density but had nearly no effecthenBT density in the
two kinds of AION ceramics. The CRN-AION and SSRaA ceramics
both suffer an indentation size effect in Vickerardness. The twin

boundaries both act as pseudo grain boundaridseiiVickers hardness



test and VIF toughness analysis. Such pseudo draimdaries may

effectively decrease the grain size and enhancetighness.
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Fig. 1 The XRD patterns of the synthetic AION povale

Fig. 2 SEM images of as-synthesized AION powdersufh the (a,b)
SSR and (c,d) CRN methods.

Fig. 3 (@) and (b) BSE images and EBSD map of thedished
cross-sectional surfaces of CRN-AION powder; ang ged (d) BSE
images and EBSD map of the as-polished cross-settsurfaces of
SSR-AION powder.

Fig. 4 (a) BSE images of the as-polished twin paw{® the lamina of
the white square region prepared by FIB, (c, d) veational TEM
Images, (e, g) HRTEM images of twin boundary witAE® pattern
insert and (f, h) corresponding inverse fast Foutransform (IFFT)
image, where label ‘T’ represents a dislocation.

Fig. 5 Euler + band contrast maps of the polishethse of CRN-AION
and SSR-AION ceramics: (a) CRN-AION without sintgriadditives, (b)
SSR-AION without sintering additives, (c) CRN-AIONind (d)
SSR-AION.

Fig. 6 EBSD maps of twins in powder: (a) IPF may),Kernel Average
Misorientation map, (c) image quality map and (ds&c stress maps.
Fig. 7 EBSD maps of binary twins in ceramics: @ Imap, (c) Kernel
Average Misorientation map, (c) image quality map &) elastic stress
maps.

Fig. 8 EBSD maps of sandwich-like twins in ceran{e} IPF map, (c)



Kernel Average Misorientation map, (c) image qualihap and (d)

elastic stress maps.

Fig. 9 The Vickers hardness in relation to the md#gon load for

CRN-AION and SSR-AION

Fig. 10 The calculated Vickers indentation fractuoeighness as a
function of the crack length for CRN-AION and SSKOAI.

Fig. 11 Representative crack propagation, deflacaad resistance at
grain or twin boundaries; red arrows indicate dite, and yellow

arrows represent resistance.



Table 1. The Euler angles and misorientations @&lON grains in Fig.
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Table 2. The Euler angles and corresponding mis@ti@ns of the

selected grains in Fig. 4.
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STD1 133.59 21.60 263.58

[111]/59.9°

Table 3. The average grain sizes and twin denafi€fkN-AION and

SSR-AION ceramics.

Average Grain size Twin Density (n?)
Materials (Hm) BT ST
CRN-AION(-) 105.24+8.25 2.88%K 10 1.022x 10’
CRN-AION(+) 112.31%5.77 2.622 10 1.778< 10°
SSR-AION(-) 106.28-7.51 2.085¢ 10’ 3.472X 10°
SSR-AION(+) 121.3%5.14 2.0< 10 8.889X 10°

+: with sintering adds, -: without sintering adds

Table 4. The parameters n, A, @ and Hsgdetermined in Meyer’s law

and the PSR model.

Materials Meyer’'s law Proportional specimen resiseamodel
n A a & Hpsr (GPa)
SSR-AION 1.8444 0.0157 0.0572 0.0072 13.352

CRN-AION 1.8574 0.0159 0.0496 0.0079 14.650
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