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Abstract

Zirconiastoughened aluminas (ZTAs) are one of the most important engineering ceramics with
high melting-points, excellent mechanical strength and chemical stability, and are commonly used
as wear resistant and high-temperature components, as prosthetic implants and electric circuit
substrates.An'this work, we explore methods of processing fine-grained, dense, thin, free-standing
(ZrOy)x(A1,O3)15 films (x = 0-50 mol. %, ~40 um thick) by sintering flame made nanopowders

(NPs) to optimize the #-ZrO, content, sinterability and microstructures under select conditions
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(1120-1500 °C/5 h in O, or 95 %N,/5 %H,). In all cases, the final sintered products retain #-ZrO,
with average grain sizes (AGSs) of 0.1-1 pm. ZTA film thicknesses were increased to ~200 pm to
assess potential as electronic substrates. Excellent fracture toughness (24 MPa m'?) and small
AGSs of 0.7 pum were found for ~200 pum thick ZTA films sintered at 1500 °C/5 h/N,/H; using a
three-step binder burnout process. Furthermore, we show that homogeneous ZTA thin films (<5
um thick) can bessintered on Si3;Ny substrates (thickness =~ 300 um) to provide physical protection
against oxidation under extreme conditions (1500 °C/1 h/O,), offering additional practical utility

for high-temperature ceramics and power electronic substrates.

Introduction

Alumina (Al,O3) is a widely studied structural ceramic with applications as grinding media, for
cutting tools, high-temperature engine components, prosthetic implants, and substrates for power
electronics @dueto its high melting point, excellent mechanical strength, hardness and chemical
stability as'‘'well as its widespread abundance.!-'” However, applications using pure a-Al,Os are
limited by its low resistance to crack propagation, i.e., poor fracture toughness (4-5 MPa m!/?2)18.19
that can lead.to.catastrophic failure.! To enhance Al,O; fracture toughness, a common practice
involves incorporating additives such as tetragonal zirconia (#-ZrO,) to increase toughness while
maintaining~the*hardness and chemical resistance of Al,O3;, commonly referred to as zirconia
toughened aluminas (ZTAs).>6-20-29

Room temperature stabilized #-ZrO, will transform to monoclinic (m-ZrQO,) if subjected to
mechanical stress. This transformation is accompanied by a 4 % volume expansion creating a
compressive stress field in the surrounding grains, which opposes crack propagation.” #2924 In this
process some fraction of the energy needed for crack propagation is consumed promoting the t—m,
transformationysthe operative mechanism that inhibits crack propagation.?'-?* Unfortunately, ¢-
ZrO, typically transforms to m-ZrO, at 950-1000 °C on cooling making it unstable at lower
temperatures.” 2924 A resolution to this problem is to stabilize #-ZrO, by introducing dopants with
cationic radii close to that of Zr** (0.8-1 A, e.g. Y3*, Ca?*, Mg?* and related rare earth ions).2:6-8.21-
232630-33 Table 1 compares various ZTA compositions synthesized/sintered using different
methods and their selected properties. In general, yttria (Y3%) is the most common dopant,

stabilizing -ZrO, after sintering at 1600 °C/1-5 h/air (Table 1).262!
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Previously, we demonstrated that it is possible to sinter flame made nanopowders (NPs, average
particle sizes, APSs: 40-60 nm) consisting of particles of #-ZrO, encapsulated within &-Al,O;
shells to fully dense (#-ZrO;)g s4(a-Al,03)0 46 pellets (diameter = 13 mm, thickness = 1.4 mm) with
AGSs <200.nm at. 1120 °C/6 h/air. The encapsulation process seems to stabilize the #-ZrO, without
the need for.additives likely due to rapid quenching of the flame made NPs (liquid feed flame
spray pyrolysiss/LE-FSP) to kinetically rather than thermodynamically stable phases produced
using traditional processing methods.?’°

We have recently returned to these flame made NPs, demonstrating their utility as a simple and
scalable route to functional ceramic thin films (<100 um thick) for applications such as capacitors,
solid electrolyfes and electrodes for solid-state batteries.>*=¢ Coincidentally, we reported
processing dense and flexible a-Al,Os thin films (<10 um).!°

Our success with a-Al,O; thin films prompted efforts to extend our new approach to #-ZrO,
doped a-Al,0O5.thin films targeting mechanical properties superior to a-Al,O3 for applications
including electronic substrates and protective coatings.

In the first part of the present work, we explored sintering (ZrO,)x(Al,O3); thin films (x = 0-
50 mol. %,"~40 pum thick) using a select set of conditions (1120-1500 °C/5 h in O, or
95 %N,/5 %H,) from NPs by LF-FSP to optimize ZrO, content, sinterability and microstructures.
Similar tesour previous work,?’2? all films retain ¢-ZrO, at RT with AGSs of 0.1-1 pm.

Although no #-ZrO, stabilizing additives are needed due to rapid quenching of LF-FSP,
additives sueh as TiO, and MgO were found to be effective in tailoring final grain sizes and
sinterabilitys” permitting us to optimize the ZTA composite properties. Studies show that TiO,
doping enhanees densification and reduces ZTA sintering temperatures on substituting AI’" by
Ti*" which| generates vacancies, thereby improving diffusion.”37-40 Additionally, Chen et al.”®
report formation of a liquid phase at ZTA grain boundaries with TiO, contents >4 wt. % which
also promotes.densification. Unfortunately, TiO, doping sometimes coincides with excessive grain
growth leading«t0 a reduced elastic modulus and hardness.”$37 Consequently, we sought to
eliminate this7issue by introducing MgO, which is quite useful in limiting grain sizes in the a-
Al,Oj thin films.

MgO is known to be an effective additive in inhibiting grain growth during sintering through
segregation of MgO-AL,O; solid solutions (solubility limit = 500 ppm MgO) and/or pinning

through formation of fine spinel particles (MgAl,0O,) at grain boundaries resulting in reduced grain

This article is protected by copyright. All rights reserved



boundary mobility.!%4%-51 It has also been suggested that the dominant densification mechanism is
via surface diffusion for MgO doping levels of 0.1-0.3 wt. %, and grain boundary diffusion for
MgO concentrations of 0.5-1.0 wt. %.4748 In this work, both TiO, and MgO additives (~1 wt. %
each) were used to optimize sinterability and final microstructures.

While thinfilms are suitable for applications such as electronic devices and protective coatings,
for other structural applications such as wear components, dental composites and prosthetic
implants; bulk"materials are also highly desirable. At the interface between bulk and thin films,
intermediate thicknesses, e.g. up to ~300 um are used as electrically insulating layers as well as
high-strength substrates for piezoresistive sensors and power electronics.!'~'* Finally, to test ZTA
mechanical properties, greater thicknesses are preferred to prevent cracking caused simply by
handling.

These issues ptovided the motivation to expand our approach to ZTA films up to ~200 pm thick
and up to ~ 2x2 cm?. To our surprise, ~200 pum thick ZTA films doped with MgO and TiO, (1 wt.
% each) show a fracture toughness of 24 MPa m'? using single-edged precracked beam tests
(SEPB), whiehis 2-4 times higher than reported values (Table 1), suggesting potential application
as electronicisubstrates with improved mechanical properties.

Similarte.ZTA films, silicon nitride (SizNy) films (~300 um thick) are also commonly used in
structural applications due to their good chemical, physical and thermal stabilities, and mechanical
properties.!3-16:32-38 For electronic substrates, Si;N, films exhibit superior thermal conductivity (k)
of ~90 W/mK (at RT) and a K;¢ of 6.5-7 MPa m'? compared to ZTA films (typically k =28 W/mK
and K¢ = 5aMPa,m'?) providing better thermal conductivity and reliability.!5>7

Unfortunately, Si;N, is susceptible to oxidation even at ambient and may deteriorate over
time.>>> Although a surface oxide/oxynitride layer that forms can protect against further
oxidation,’%> to.withstand high-temperature oxidation and/or active oxidation environments,
additional protection is needed. In the present work, we find that sintered ZTA coatings (<5 um)
adhere well to.Si;N, substrates (thickness =~ 300 um) providing physical protection against

oxidation afterheating to 1500 °C/1 h/O, as characterized by scanning electron microscope (SEM).

Experimental procedures

Precursor svntheses
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Nanopowders (NPs) were produced by liquid feed-flame spray pyrolysis (LF-FSP), which was
invented in the Laine group at the University of Michigan. It is a single-step continuous synthesis
method for producing ceramic NPs. Typical metalloorganic precursors in this work include metal-
carboxylates and metal-atrane compounds; detailed synthesis procedures are reported
elsewhere.!0,27529,34-36,59-62 Representative examples are provided in the Supporting Information
(SD.

Liquid-FeedFlame Spray Pyrolysis (LF-FSP)

Metalloorgani¢ precursors at selected compositions were dissolved in alcohol, usually ethanol,
at 1-10 wt. % solids loading. The solution is fed (30-80 ml min‘!) into an atomizing nozzle (BETE
XA-PR, Greenfield, MA) and aerosolized with oxygen (80 psi, 40 ml min') into a quartz chamber
where it is ignited with methane/oxygen (40 ml min-'/30 ml min!) pilot torches on the spray head.
Oxygen shield gas (150 ml min'') provides an oxygen-rich environment to minimize carbon
residues. Initial combustion takes place producing temperatures of >1500 °C followed by a
quenching step_that drops the temperature to 300-500 °C over 1.5 m, equivalent to a 1000 °C
quench in <d007as, to produce NPs. Powders are collected downstream in rod-in-tube electrostatic
precipitators® (ESP) operating at 10 kV. Scheme 1 illustrates the LF-FSP apparatus for NP
production:

As-produced NPs were then dispersed in ethanol (200 proof, Decon Labs, King of Prussia, PA)
using an ultrasonic horn (Vibra cell VC-505, Sonics & Materials Inc. Newtown, CT) at 100 W/10
min. The suspension was allowed to settle for 5 h to remove larger particles. The supernatant was
decanted andallowed to oven dry (60 °C/12 h) providing the starting ZrO, doped &~Al,0; NPs.

Film processing

Generally, LF-FSP synthesized NPs were mixed with polymeric additives such as binder,
plasticizer, jcuring agent, and dispersant, in a selected solvent system by ball-milling (Rotary
Tumbler Medel,B, Tru-Square Metal Products) using 3.0 mm diameter spherical A12O3 as the
milling mediaOne fifth of the container (20 ml) was filled with the milling media (~6 g). An
example suspeénsion of ZrO, doped Al,Os is given in Table S1.

The suspensions were cast on Mylar film using a wire-wound rod coater (Automatic Film
Applicator-1137, Sheen Instrument, Ltd. Santa Fe Springs, CA). The cast thickness was adjusted
to 100-255 pum to control the thickness of the final ceramic film. A glass cover was used to control

the solvent drying rate to avoid mud cracking.
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After solvents evaporated, dried green films were uniaxially pressed between stainless steel
dies at 100 °C at 10 ksi/5-30 min using a heated benchtop laboratory manual press (Model 3851-0,
Carver, Inc., Wabash, IN) to improve packing density.!%343¢ One/two layers for thin films
(thickness = 20-80 um) and 8-10 layers for thick films (thickness =200 pm) were pressed together.
Film sintering

Green films (typically 5 x 5 mm?) were placed between two Al,O; substrates (diameter = 42
mm) and“sintered to selected temperatures, times and ramp rates, using a vacuum tube furnace
(GSL-1600X; Richmond, CA). The substrates were used to prevent warping of the ceramic films.

Films were subject to binder burnout process prior to sintering by heating them to 800 °C/1 h
in extra drygrade O2 (60 ml min-"). Subsequently, they were sintered at various conditions: 1120-
1500 °C at #10°°C min"!' under a constant gas (O2 or 95%N,/5%H,) flow of 60 ml min'. For
convenience, 95%N,/5%H, is referred to as N,/H; in the following sections. Typical sintering
schedules are given in Figure S1.

Coating SisNy substrates

Suspensionsof 10 mol. % ZrO, doped J-Al,O5 for coating Si;N, substrates (Rogers Corp.)
were prepared per Table S2.

Si3N4 films were coated one side at a time. The suspension was first cast on one side of Si3Ny
samples with™25 um spacers using the coating setup shown in Figure S2; then the films were
thermally pressed at 100 °C bottom, 60 °C top, 8 ksi. They were sintered in two steps: binder
burnout at 800 °C/1 h/O,; and sintering at 1500 °C/5 h/N,/H, (Figure S1b) The other side of the
films was then ¢oated and sintered following the same procedure.

Results and'discussions

In the_fellowing sections, we first characterize microstructures, sinterability and phase
compositienssef-ZTA thin films (~40 um) derived from (ZrO;)s(Al,03);x (x = 0-50 mol. %) NPs
sintered under select conditions. Film thicknesses were then increased to ~ 200 um to explore their
potential utility as substrates for power electronics. The effects of different sintering conditions
were explored to minimize cracking while optimizing microstructures and densities. Finally, ZTA
coatings on Si;Nj substrates were processed and optimized as characterized by a dye penetration
test, an oxygen damage test, XRD and SEM.

ZTA ~40 pm thin films
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To identify the mix of phases required to optimize the properties of the final sintered products,
(ZrOy)x(A1,03)1x (x = 0, 15, 30, 50 mol. %) NPs were produced by LF-FSP. APSs and specific
surface areas (SSAs) were calculated using BET data (see experimental) per Table 2. All NPs show
similar SSAs of 40-50 m?/g and APSs of ~30 nm; (ZrO,)o3(Al,03),7 shows the lowest APS of 25
nm. Figure S3.shows SEMs of as-produced Al,O; and (ZrO,), 5(Al,03)o.5s NPs, both exhibit a broad
size distributionwith APSs <50 nm, and a few particles >100 nm that are likely agglomerated in
overall agreement with Table 2 APSs. Nanosized powders with log normal particle size
distributions aré'advantageous for processing in that they reduce sintering temperatures due to high
surface energies and provide high packing densities.

Figure 1 eompares XRDs of as-produced (ZrO,),(Al,03);x NPs. As produced LF-FSP Al,O3 is
a mixture of9-Al,O5 phases, as expected from previous work.!%?7>° For ZrO, (x > 0 mol. %) doped
Al,O3, a mixture of 0-Al,O3 and #-ZrO, is observed, as previously reported for (#-ZrO,)4(5-Al,03),.
« (x=10.02-0.8) core-shell NPs.2"2°

Figure 2.compares SEMs of (ZrO;)«(AL,03),« thin films (40-60 pum thick) sintered under
different conditions in O, (see Figure S1a schedule). All films show uniform grain sizes (100-500
nm, Figure 3), AGSs and densities increase with the sintering temperature, but pores are not fully
eliminated'even at 1500 °C.

Figure 3a"suggests that grain sizes decrease slightly with increasing ZrO, content, although the
difference for higher contents is not significant. As seen in Figure 3b, film thicknesses decrease
with increasing sintering temperature. Overall, the 30 mol. % ZrO, film shows the smallest final
AGSs and the greatest decrease in thickness at higher temperatures.

Previous “reports indicate that sintering a-Al,O; in a hydrogen atmosphere improves
densification and reduces porosity.'%% These results prompted efforts here to sinter thin
(ZrOy)x(A1,03)1w(x = 15, 30, 50 mol. %) films in N,/H, following a two-step procedure per Figure
S1b: bindesburneut at 800 °C/1 h/O, and sintering at 1400 °C/5 h/N,/H,. As shown in Figure S4,
compared te.films sintered in O, (Figure 2), an N,/H, atmosphere improves densification slightly,
and AGSs appear to be smaller. However, the films are porous suggesting incomplete densification.

As demonstrated in Figures 2 and 3, 30 mol. % ZrO, doped AlL,O; films show limited grain
growth and the most significant decrease in thickness on sintering at 1400-1500 °C compared to
other compositions. As discussed in the introduction, TiO, doping improves Al,O3 densification

but increases grain sizes,”837 40 while MgO limits grain growth.!%40-51 Therefore, to further
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improve sinterability, the effects of TiO, and MgO additives (1 wt. % each) to 30 mol. % ZrO,
doped Al,O5 were investigated.

As seen in Table 3, we studied sintering effects of two different TiO, powders (1 wt. % doping):
Ti0, commercial. powder (CP, claimed APS = 20 nm), and TiO, NP by LF-FSP (APS = 20-30
nm). For compesition D, MgO doping was introduced by mixing LF-FSP produced 30 mol. %
710, doped AlL,O3.and 2 wt. % MgO doped Al,O3 NPs, the resulting mixture has a 10 mol. % ZrO,
and ~1 wt."%"MgO content. MgO (2 wt. %) doped Al,O; NP was chosen based on work by
Takeuchi ef'al*%that generated dense and flexible sintered thin films (<10 pm). The ZrO, content
was reduced because typical power electronic ZTA substrates contain <30 mol. % ZrQ,.!3-13

Figure 4 eompares the SEM fracture surfaces of films A-D (Table 3) sintered at 1300-1500 °C/5
h/O, (Figure®S1a). At 1300 °C, all films are not dense, but the grains of 30 mol. % ZrO, doped
Al,O5 supplemented with TiO, (B and C) show significant grain growth compared to films without
TiO, (A) as expected.”83740 In contrast, the Al,O; film doped with 10 mol. % ZrO,, 1 wt. % TiO,
NP and MgO_ (D) shows small AGSs which are comparable to film A, a result of MgO doping that
prevents exgessive grain growth, 04051

At 1400 °C,films 30 mol. % ZrO, doped Al,O; supplemented with TiO, (B and C) are already
dense withmntergranular fracture surfaces. The Al,O; film with 10 mol. % ZrO, (D) starts to
densify. At=1450 °C, films B and C show abnormal grain growth; the 30 mol. % doped Al,O5
without TiO, (A) starts to densify with uniform grain sizes.

These films show significant differences in AGSs when sintered at 1500 °C per Figure 4 bottom.
Film A shows atather small AGSs of =200 nm with visible pores. Excess grain growth is exhibited
in film B (AGSs*= 1-2 pm). Films C and D show similar AGSs of ~500 nm. Film D exhibits some
transgranular (intra-) fracture behavior (marked with red arrow) suggesting improved mechanical
properties at grain boundaries.

Figure S presents the XRDs of the films sintered at 1300-1500 °C/5 h/O,. The films consist
mainly of @=AlsO; (corundum, hexagonal, space group 167, PDF-98-001-1217) and ¢-ZrO,
(tetragonal,space group 137, PDF-04-013-6616); some films show small peaks at 36, 40, 48 and
49° 20 (not marked in Figure 5) corresponding to a calcite phase (hexagonal, space group 167),
which is likely a result of residual carbon from insufficient O, during LF-FSP. Overall, no m-ZrO,
i1s observed; similar phases are exhibited for films with different compositions and sintering

conditions.
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A similar sintering study on the films A-D was repeated in N,/H, (see Figure S1b schedule).
Since the films barely sinter at 1300 °C/5 h/O, (Figure 4), a similar outcome in N,/H, is expected
and therefore only sintering at 1400-1500 °C/5 h/N,/H, was explored.

Figure 6 compares SEM fracture surfaces of films A-D sintered at 1400-1500 °C/5 h/N,/H,.
Similar densification behaviors are observed as in O,. Films B and C start to densify at 1400 °C,
obvious grain growth can be seen at 1500 °C, especially for film B. Films A and D show similar
sintering"béhavior, they densify at 1500 °C, and exhibit finer grain sizes (~0.5-1 pm) than B and
C (> 1 um)FAsdiscussed, TiO, promotes grain growth and densification,”#37-40 while MgO tends
to diffuse t@ the grain boundaries and limits grain growth,!%:40-1

After sintering at 1500 °C, all films show some transgranular fracture behavior (marked with
red arrows) stggesting improved mechanical properties.

Film lateral shrinkage was measured before and after sintering per Table 4. Overall, shrinkage
increases with_sintering temperature. At 1500 °C in both O, and N,/H,, films with different
compositions show similar lateral shrinkages of ~20 %. Films with composition B have the highest
lateral shrinkage; recall that they have much larger AGSs (1-2 um at 1500 °C/O, and N,/H,), as
seen in Figures4‘and 6. This suggests, as expected, that TiO, CP promotes densification and grain
growth, resulting in higher shrinkages and larger AGSs. TiO, LF-FSP NPs also promote
densification”(Figures 4 and 6), film C starts to densify at 1400 °C, but smaller AGSs result
compared to film B, likely a result of the smaller APSs of TiO, LF-FSP NPs compared to TiO,
CP. Film D with both TiO, and MgO doping generally shows both smaller and more uniform
AGSs comparedito film C under different sintering conditions (Figures 4 and 6).

Figure SSsshows XRDs of the films sintered at 1400-1500 °C/5 h/N,/H,. Similar to films
sintered in O,, they mainly contain a-Al,O5 and #-ZrO,; the impurity calcite phase (36, 40, 48 and
49° 20) is also observed in some films. Phase compositions of the different films are also very
similar, andsn@g#-ZrO; is observed. The composition does not change with different sintering
conditions.

The conelusions from the thin film work are that films with composition D per Table 3 show
small and uniform grain sizes (0.5-1 um), and low porosity. They are almost fully dense when
sintered at 1500 °C/5 h, in either O, or N,/H, per SEM observations (Figures 4 and 6). These
results were then extended to processing ~200 um thick ZTA films with the same composition.

ZTA ~200 pm thick films
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In this section, the sinterability, microstructures and fractural toughness of ZTA films up to
~200 pm thick and ~2x2 cm? were investigated for possible application as power electronic
substrates'!~14 using composition D from the above studies.

We first started by targeting ~200 pm thick ZTA films with small sizes (~1x1 cm?) sintered at
1500 °C/5 hgin, O, or N,/H, to compare sintering behavior in different atmospheres. Figure 7
compares SEM fracture surfaces of ZTA films (composition D) sintered at 1500 °C/5 h in O, and
Ny/H,. Films'sintered in different atmospheres show similar morphologies with AGSs of 0.5-1 um.
Films sintefedin'N,/H, shows slightly smaller AGSs, greater shrinkage in both lateral and vertical
dimensions (Figure 7 and Table 5), and lower porosity (Figure 7d vs. 7¢), suggesting that N,/H,
provides higherdensities, in agreement with previous work on MgO (0-5 wt. %) doped Al,O; thin
films. 10

Figure S6 shows XRDs of ZTA films (composition D) sintered in O, and N,/H,, respectively.
Similar to thin films above, both films exhibit two main phases: a-Al,0; (hexagonal) and ¢-ZrO,,
but the impurity. phase (calcite) disappears. No obvious difference in phase compositions is
observed fof films sintered in different atmospheres.

Studies on smaller (~1x1 cm?), ~200 um ZTA films suggested that N,/H, sintering provides
higher densities. Therefore, we continued studies on larger films (~2x2 c¢cm?) sintered in No/Ho.
Initially, the’'same sintering schedule with a ramp rate of 5 °C/min was used (Figure S1b). However,
as seen in Figure S7, the larger films cracked while smaller films remained intact after sintering.

It’s likely,that the fast ramp rate leads to fast shrinkage and cracking. Therefore, the ramp rate
was reduced'to 2u5 and then 1 °C/min while following the same schedule per Figure S1b, but the
larger films'still'cracked (Figure S7). Only one large film out of three sintered at 1 °C/min was
crack-free. This suggests that a slow ramp rate will prevent cracking, but it is a very inefficient
method (long sintering time: >24 h) that provides small improvements.

In additiengthese films bonded to the Al,O; substrates after sintering, a likely source of stress
that results gnseracking. Therefore, an insulating boron nitride (BN) powder layer was introduced
as it is stablesto ~2000 °C, see below.

SEMs of =200 um ZTA films sintered at different ramp rates show small differences (Figure
8). All films were dense with similar AGSs of 1-2 um. However, films sintered at lower ramp rates

(2.5 and 1 °C/min) show slightly larger grains (Figure 8 and Table 6), likely due to the longer
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sintering times. The sintered thicknesses varied between 175-210 um. Table 6 summarizes AGSs,
shrinkage and density changes on sintering.

Generally, slower ramp rates caused greater shrinkages and higher densities, but overall
densities (~90 %).are low while AGSs increased compared to small films per Figure 7 and Table
5, likely due tesundesired adherence of the ZTA films to the Al,O; substrates inhibiting shrinkage
and therefore densification, while coincidentally generating larger AGSs.

Figuré'S8¢ompares XRDs of ~200 um ZTA films sintered at different ramp rates. No obvious
differencescan be seen; all the films show two main phases without impurities: a-Al,O5 and #-
Z10,.

To eliminatéeracking, an insulating BN layer (powder from Sigma-Aldrich) was introduced to
prevent bonding with the Al,O; substrates. Additionally, sintering following different binder
burnout temperatures of 600°, 800° and 1100 °C was investigated. The binder burnout atmosphere
was changed. from O, to air reducing the rate of oxidative decomposition. The sintering schedule
is provided in Figure S9.

Figure S10 compares films sintered at different binder burnout temperatures with BN interfaces.
Films debindered at 800 °C/1 h/air stayed mostly intact after sintering. However, films debindered
at 600 °C/T*h/air formed large cracks, and films debindered at 1100 °C/1 h/air cracked into pieces.
Such differences in film quality suggest that cracking is primarily related to binder burnout.

Figure S11 compares SEMs of ~200 um ZTA films with different binder burnout temperatures
with BN insulation. Films debindered at 600 °C/1 h/air show the lowest porosities and smallest
AGSs of 0.7'umiamong the three (Table 7). All films show similar vertical shrinkages of ~20 %
(Table 7). Figure S12 compares XRDs of 200 um ZTA films with different binder burnout
temperatures. As with the above XRD studies, no obvious differences are observed; all films show
two main phases of a-Al,O; and #-ZrO, without impurity.

To furtherinvestigate the binder burnout mechanism, a TGA-DTA was run on the 10 mol. %
71O, dopedsAlsO; green films (composition D, Figure S13). A decomposition exotherm for the
organics appears between ~180-500 °C. Accordingly, the sintering schedule was modified per
Figure S14 withsa three-step binder burnout procedure: first holding at 200 °C/1 h and slowly (1 °
C/min) ramping up to 500 °C, then ramping up (2.5 °C/min) to 800 °C/1 h.

Figure 9 shows optical images of ~200 um ZTA films before and after sintering. After binder

burnout, all films only show minimal size changes. Shrinkage and coincident densification occur
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primarily during sintering. Films with thicknesses <200 um after sintering are crack-free, while
films with thicknesses >220 pm exhibit small cracks. All films remain mostly intact with better
quality compared to the above films (Figures S7 and S10).

As shown in Figure 10, films sintered using the 3-step binder burnout procedure show low
porosities andssmall AGSs of 0.7 um after sintering. Table 7 compares AGSs, shrinkages and
densities of ZT Acfilms sintered using different binder burnout conditions with BN insulation. All
films have densities of 97-99 % determined by Archimedes method, which improve significantly
from films sintered without BN insulation (~90 % dense, Table 6). In addition, the AGSs of films
sintered with BN decreased (<1 um) compared to films without (1.3-1.6 um, Table 6). The use of
BN powdersbetween ZTA films and Al,O; improves film densities and reduces AGSs, as the
substrate effectsiare eliminated.

Fracture toughness (K;c) measurements were undertaken using a single-edge precracked beam
test (SEPB) on the ~200 um ZTA films (composition D) sintered with a 3-step binder burnout
procedure (Eigure S14) as they show optimum qualities compared to other films. As given in
Figure S154=200 um 10 mol. % ZrO, doped Al,O; films show K¢ values in a range of 15-38
MPa m!? (threessamples) with an average of 24 MPa m'?2, which is 2-4 times higher than reported
values. Such.a high K¢ value may be attributed to the fine and uniform ceramic microstructures
sintered frem NPs by LF-FSP, retained #-ZrO, phase after sintering, TiO, and MgO doping, and
improved film qualities through sintering refinement.

Coating Siz;N, substrates with ZTA thin films

In this section, above results provide the basis for formulating and processing thin ZTA films
(compositionsPper Table 3) on ~300 pm Si3;Ny films as a bonded physical layer to minimize
oxidation for high-temperature substrates and power electronic applications. As discussed in the
previous sectiong, ZTA films with composition D show a high K;c and density, therefore we
continued coating studies with the same composition.

Figure 11a shows surfaces of coated Si;Ny films sintered at 1500 °C/5 h/N,/H,. Compared to
uncoated films'in Figure S2, the coating appears to be light grey and uniform. As shown in Figure
11b, a coated'Si;N, film was marked with red dye and then rinsed with ethanol. After rinsing, the
red mark disappears completely, which suggests that the die does not penetrate through unseen

cracks and that the coating is stable, smooth and crack free.
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Figures 12 and S16 show SEMs and EDSs of coated Si3N, films. For coated films, the rod-like
Si3Ny structure at the surface (Figure 12c¢) is replaced by a dense, homogeneous Al-rich coating
with finer grains (Figures 12b and S16). The fracture surface suggests the coating is 2-3 um thick
(Figure 12a). However, there are small cracks propagating along the surface (Figure 12b), which
may be introduced by thermal pressing or the sample breaking during SEM preparation, which
requires small sample sizes (<0.5x0.5 cm?).

As shown'in"the Figure 13 XRDs, coated SizNy4 films present hexagonal -Si3Ny, as found in
the original SisNZ*film. A cubic y-Al, ¢¢04 phase appears with a trace of cubic ZrO,, indicating that
the 10 mol. % ZrO, doped Al,O; likely reacts or partially reacts with the Si;N,4 substrate resulting
in a structural distortion again suggesting good bonding.

Uncoatedand'coated Si3N, films were heated to 1500 °C/1 h/O, to assess resistance to oxidation.
As shown in Figure 14, the uncoated Si;N, film suffers more damage than the coated sample. The
edges of both_films show more visible damage than the centers. During heating, films were
sandwiched between Al,O; substrates; the edges were more exposed to O, than the center. SEM
surface images of the uncoated Si;N, film reveal large cavities from obvious oxidation, while the
coated film exhibits a smoother microstructure (Figure 14¢ and d). Overall, it is evident that the

coating protects Si;N, films against oxidization, even under extreme conditions.

Conclusions

In summary, we investigated the sinterability, microstructures and phase compositions of ZTA
thin films #(~40, um) with varying compositions and sintering conditions starting from
(ZrO,)x(Al,05)5% (x = 0-50 mol. %) NPs by LF-FSP. Studies suggest that 1 wt. % MgO and TiO,
additives improve the sintering behavior, resulting in dense films (composition D: 10 mol. % ZrO,
doped Al,O5 with, 1 wt. % TiO, and MgO) with final AGSs of 0.5-1 um at 1500 °C. Comparison
of films sintered.in O, and N,/H, suggests that the N,/H, atmosphere improves film quality
coincident with.-higher shrinkages and densities, and smaller reductions in AGSs.

For potential applications as power electronic substrates, ZTA film thicknesses were increased
to 150-250 pm; Sintered films exhibit hexagonal a-Al,O53 and #-ZrO, phases, which in principle
provide good mechanical properties, and was proved by SEPB test that a high K¢ value of ~24

MPa m'? is obtained. By investigating the effects of different sintering conditions, we were able
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to sinter crack-free 150-250 pm thick 10 mol. % ZrO, doped Al,O; films with AGSs of 0.7 um by
using BN insulation between films and Al,O; substrates with a three-step binder burnout procedure.

Finally, ZTA thin films (composition D) form homogenous coatings on Si;N, substrates with
thicknesses_<5 wm that offer protection under extreme oxidative conditions (1500 °C/1 h/O,),
suggesting ansalternate application of ZTA films for high-temperature ceramics and power

electronic substrates.
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Tables

Table 1. Comparison of ZTA ceramics in literature and this work.
Sintering Relative
Powder N AGS ) Mechanical
ZrOy (% )2 =% )° ] ) condition density ] Ref.
processing/synthesis (um)e properties?
(°C/h) (%)
1500/2, Kic: 6-8
5-20 volt 10-90 Ball milling 0.4-5 - 20
hot-pressing H,: 10-12
5-30 vol. 50- E: 340-390
Ball milling 1600/1/air 0.3-3 96-99 21
(3Y) 100 o: 400-950
E: 370
5 mol. 75 Sol-gel 1550/4/air 0.1-4 98 4,5
K’IC: 5
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H,: 17
Kic: 5.5
30 wt. ©
(3v) 100 GCHASe 1600/1/air 0.6-4 92 Hy: 14-15 6
o0: 610
20 wt, Kic: 11.5
25 Ball milling 1600/2/air ~1 94.5 23
(10M) H,: 16.4
10-30 wt.
(3Y) 8-25 Co-precipitation 1600/5/air 0.5-3 96-98 Kic: 8-8.5 2
27—
54 mol. 100 LF-FSP 1120/6/air ~0.2 99 - 29
This
10 mol.f 100 LF-FSP 1500/5/N>/H, | 0.5-1 97-99 Kic: 24 .
wor

aZrO, content, t-ZrO, stabilizing additives: 3Y = 3 mol. % Y,03, 10M = 10 wt. % MgO. °t-ZrO, content in
sintered ceramicsjat room temperature. cAverage grain sizes of both Al,O; and ZrO,. 9Kyc: fracture
toughness (MPa m'?); H,: Vickers hardness (GPa); E: elastic modulus (GPa); o: flexural strength (MPa).

eGel casting hydrolysis-assisted solidification. fOne example is given: 10 mol. % ZrO, doped Al,O; films

(~200 pm thick) with MgO and TiO, (1 wt. % each).

Table 2. Selected properties of (ZrO,)x(Al,03);x (x =0, 15, 30, 50 mol. %) nanopowders.

ZrOz'content, mol. % | ZrO, content, wt. % | Density*, g/cm3 | SSA, m?/g | APS, nm
0 0 3.95 49+05 | 31+£0.3
15 17.6 4.25 50+0.5 | 28+0.3
30 341 4.54 53+05 | 25+0.2
50 54.7 4.90 40+0.3 | 30+£0.3

Table 3. Compositions of ZTA films.
Composition | ZrO, content Dopants, wt. %
A 30 mol. % -
B 30 mol. % 1 wt. % TiO, CP?
C 30 mol. % 1 wt. % TiO, NPP
De 10 mol. % | 1 wt. % TiO, NP, 1 wt. % MgO

This article is protected by copyright. All rights reserved

aCP: commereial powder from Evonik Industries AG, Germany. APS = 20 nm but may be agglomerated.
bNP: nanopowder by LF-FSP, APS = 20-30 nm. °A mixture of LF-FSP produced 30 mol. % ZrO, doped
Al,O3, 2 wt. % MgO doped Al,O3," and 1 wt. % TiO, NP.




Table 4. Lateral shrinkage of ZTA films (A-D per Table 3) sintered at 1400-1500 °C/5 h/N,/H,.

Lateral shrinkage, %
A|B|C|D
1400 °C/5 h/Ny/H, | 14 | 10 | 14 | 12
1450 °C/5 h/Ny/H, | 16 | 19 | 22 | 18
1500 °C/5h/Ny/H, | 24 | 25 | 24 | 22

1500 °C/5 h/O, 19 | 25 | 22 | 22

Sintering condition

Table 5" AGSs and shrinkages of ZTA films (composition D, size = 1x1 cm? x 200 pm).

Sintering condition | AGS, ym | Lateral shrinkage, % | Vertical shrinkage, %
1500 °C/5 h/O, 0.9+0.2 19 17
1500 °C/5 h/Ny/H, | 0.8 £0.2 22 24

Table 6. Selected properties of ~200 um ZTA films (composition D) sintered at 1500 °C/5
h/N,/H, with different sintering ramp rates.

Ramp Lateral Vertical Measured | Theoretical | Relative
rate, AGS, um | shrinkage, | shrinkage, density*, density*, density,
°C/min % % g/cm3 g/cm3 %
5 1.3+0.3 20 16 3.62 4.04 89.7
25 1.5+0.3 22 24 3.66 4.03 90.7
1 16104 23 23 3.68 4.04 91.2

*Film densities_are measured by the Archimedes method; theoretical densities are calculated from phase
compositionsranalyzed by XRD refinement.

Table 7."Selected properties of ~200 pm ZTA films (composition D) sintered at different binder

burnout conditions with BN insulation.

Lateral Vertical Measured | Theoretical | Relative
Binder burnout
AGS, um | shrinkage, | shrinkage, density, density, density,
condition
% % g/cm? g/cm3 %
600 °C/1h/air | 0.7 £ 0.1 20 20 4.05 410 98.8
800 °C/1h/air | 0.8 £0.1 21 21 4.07 412 98.8
1100 °C/1h/air | 1.1+ 0.1 N/A* 21 4.00 412 97.1
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3-step burnout | 0.7 £ 0.1 17 19 4.02 4.10 98.1

*Films debindered at 1100 °C/1h/air cracked into pieces and failed to give accurate lateral lengths after

sintering.

Figure captions

Scheme 1. Liquid feed flame spray pyrolysis (LF-FSP) for nanopowder production.

Figure 1. XRDs of (ZrO;)(Al,03)1x (x =0, 15, 30, 50 mol. %) NPs.

Figure 2. SEM fracture surfaces of sintered (ZrO,)4(Al,03)1x (x =0, 15, 30, 50 mol. %) thin films.
Figure 3a. AGSs\vs ZrO, content b. sintered film thicknesses for (ZrO,),(Al,03),x (x =0, 15, 30,
50 mol. %).

Figure 4. SEM fracture surfaces of ZTA films (A-D per Table 3) sintered at 1300-1500 °C/5 h/O,.
The red arrowssuggests transgranular fracture.

Figure 5. XRDs'of ZTA films (A-D per Table 3) sintered at 1300-1500 °C/5 h/O,.

Figure 6. SEM fracture surfaces of ZTA films (A-D per Table 3) sintered at 1400-1500 °C/5
h/N,/H,. Red arrows suggest transgranular fracture.

Figure 7. SEM fracture surfaces of ZTA films (composition D, size = 1x1 cm? x 200 um) sintered
at 1500 °€/5:h/0O2(a, c) and 1500 °C/5 h/ N»/H, (b, d). Initial thickness = 200 um before sintering.
Figure 8. SEM fracture surfaces of ~200 um ZTA films (composition D) sintered (1500 °C/5
h/N,/H,)at’5°C/min (a, d), 2.5 °C/min (b, €) and 1 °C/min (¢, f). Green film thicknesses were 220-
250 pm before sintering.

Figure 9. Optical images of ~200 um ZTA films (composition D) before and after binder burnout
and sintering (see schedule in Figure S14). Thicknesses are given on the films, and lateral lengths
are given onsthewight.

Figure 10.-SEM.fracture surfaces of ~200 um ZTA film (composition D) sintered with 3-step
binder burnoutprocedure per Figure S14.

Figure 11. Representative examples (a) and dye test (b) of SisN, films coated with ZTA
(composition D).after sintering at 1500 °C/5 h/N,/H,.

Figure 12, SEM fracture surface (a) and surface (b) of SizN, films coated with ZTA (composition
D) sintered at 1500 °C/5 h/N,/H,. ¢. SEM surface of an uncoated Si3Ny film.

Figure 13. XRDs of Si3N, films coated with ZTA (composition D) sintered at 1500 °C/5 h/N,/H,.
Figure 14. Optical images of a. uncoated and b. coated Si3;Ny films and SEM surfaces of c.

uncoated and d. coated Si;Ny films with ZTA (composition D) after heating at 1500 °C/1 h/O,.
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