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Executive Summary

Aluminum oxynitride (y-AION) is a polycrystalline transparent ceramic that occupies an unusual
position in modern materials science: it is mechanically near-sapphire, optically near-glass, and
dimensionally near-unlimited because it is formed by powder consolidation rather than crystal
growth. For three decades it has been the quiet workhorse of advanced transparent armor and
high-speed missile domes, but the underlying technology has matured to a point where civilian
engineering applications — long promised and long delayed — are now within reach.

This paper examines ALON across four dimensions: the material science of how it is made, the
cost stack that has restricted its deployment, the applications it currently dominates and could
plausibly enter, and the next-generation engineering systems that would become feasible if the
cost curve continues its current trajectory. A central thesis is offered: ALON is poised to follow
the trajectory of carbon fiber composites, transitioning from a defense-niche material into
structural and optical roles in commercial aviation, hypersonic platforms, directed-energy
systems, and eventually high-end consumer products — provided that the field commercializes
spark plasma sintering and reactive near-net-shape forming during the next decade.

HARDNESS DENSITY OPTICAL WINDOW CURRENT PRICE
=~ 17 GPa 3.69 g/cm3 0.22—6.0 um $10—15/sq in
~4x fused silica ~V5 of armor glass UV through MWIR Defense-grade panel

ALON is not a cheaper alternative to sapphire. It is a better solution for
the things sapphire physically cannot do — large area, complex
geometry, optical isotropy.

Key Findings

« ALON is the hardest commercially available polycrystalline transparent ceramic, with
Knoop hardness of approximately 17—-18 GPa — second only to single-crystal sapphire
among transparent materials.

« Manufacturing cost is dominated by two steps: hot isostatic pressing densification
(=22% of part cost) and diamond grinding and polishing (=28% of part cost). These two
operations together account for more than half of the finished-part price.

« Spark plasma sintering (SPS) has demonstrated dense, transparent AION at 1350—
1500°C with cycle times under 30 minutes — a roughly 10x reduction in thermal
exposure versus conventional pressureless sintering at 1880°C for 8 hours.

« Three sintering-aid systems (Y203-La203, Y203-MgAl204-H3BO3, and CaCO3) have
independently achieved 80%+ in-line transmittance at lower processing temperatures,
opening a path to cost-competitive pressureless processing.
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The global ALON ceramic market is projected to grow at approximately 6.9—7.2% CAGR
through 2031-2033, reaching roughly $250M-$1.38B depending on whether
transparent-armor mandates accelerate.

Hypersonic vehicle windows, directed-energy weapon (DEW) optics, and lightweight
aircraft transparencies are the three near-term applications most likely to drive volume
— each of which would dramatically reduce unit costs through learning-curve effects.

The plausible long-horizon thesis is that ALON cost falls below $5 per square inch by
2035 through the convergence of carbothermal nanopowder synthesis, ternary sintering
aids, and additive-manufactured near-net-shape green bodies. At that price point,
structural and consumer applications open.
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1. The Material Science of y-AION

1.1 Crystal Chemistry and the Spinel Structure

Aluminum oxynitride exists in several crystal forms, but the technologically important variant is
y-AlON: a cubic spinel-structured ceramic with the approximate stoichiometry Al23027Ns, often
expressed more loosely as (Al,0)3(0O,N)4 where o denotes a structural cation vacancy. The phase
forms within a narrow compositional window of approximately 27—40 mole percent AIN dissolved
into Al20s, with the optical-grade composition centered near 27.5 mole percent AIN.

The spinel structure is the central reason ALON works. In a normal spinel AB20a4, eight cations
occupy tetrahedral sites and sixteen occupy octahedral sites within a face-centered cubic anion
sublattice. In y-AION, aluminum cations partially fill both site classes and partial nitrogen
substitution on the anion sublattice introduces constitutional vacancies that are intrinsic to the
structure — not defects, but features. This vacancy population is what allows the lattice to
accommodate nitrogen substitution without driving precipitation of secondary phases, and it is
also what permits the relatively high diffusivity required for solid-state densification.

Crucially, the cubic symmetry of the spinel cell makes y-AION optically isotropic. The refractive
index is the same along every crystallographic direction, so polycrystalline ALON does not scatter
light at grain boundaries the way that anisotropic materials such as sapphire (trigonal) or quartz
(hexagonal) do. This single fact is why ALON can be made transparent as a polycrystal at all —
and why competitors such as polycrystalline alumina, despite being chemically nearly identical to
sapphire, were historically opaque or translucent until heroic processing efforts shrank grain sizes
below the scattering wavelength.

1.2 The Phase Diagram and Why Composition Control Matters

The Al203-AIN pseudobinary phase diagram is the road map for ALON synthesis. Below
approximately 1640°C, AlN is essentially insoluble in a-Al203 and the equilibrium state is a two-
phase mixture. Above this temperature a single-phase y-AION solid solution becomes stable
across the previously noted compositional window. The phase boundaries are steep: a deviation
of even two or three mole percent AIN from the optimal composition introduces secondary phases
(residual a-Al20s3 or h-AIN) that act as light-scattering centers and degrade both transmittance
and strength.

This intolerance to compositional drift is the single most important constraint in commercial
production. It dictates that precursor powders must be exceptionally well-mixed at the nanoscale,
because even local stoichiometry excursions during sintering produce micron-scale secondary
phases that scatter visible light catastrophically. Recent work using silane coupling agents to
homogenize Al203-carbon precursors has reduced the synthesis temperature for single-phase
AION powder from approximately 1750°C to 1670°C with finer particle size distributions, an
important step toward more forgiving industrial processes.
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1.3 Optical Properties: Why ALON Is Transparent at All

Transparency in a polycrystalline ceramic requires four conditions: optical isotropy (so refractive
index does not vary with crystallographic direction at grain boundaries), absence of secondary
phases with different refractive index, elimination of porosity (residual pores act as Mie scatterers
because they have the refractive index of vacuum embedded in a medium with n = 1.79), and a
clean grain-boundary phase that does not absorb or scatter. ALON meets the first criterion
intrinsically; the remaining three are the entire concern of the manufacturing process.

The bandgap of y-AlON is approximately 6.2 eV, which places the intrinsic ultraviolet absorption
edge at roughly 200 nm. The infrared cutoff at approximately 6 um is set by multiphonon
absorption — when the photon energy drops to a level comparable to lattice vibrational modes,
the photon couples directly into mechanical oscillations of the Al-O and Al-N bonds and is
absorbed. Between these two cutoffs the material is genuinely transparent, with theoretical in-
line transmittance limited only by Fresnel reflection losses of approximately 7% per surface (for a
2 mm specimen, theoretical maximum is approximately 86%). Commercial ALON achieves 80—
85% in-line transmittance across most of this window, very close to the theoretical limit.

Spectral Transmittance: ALON vs Competing Transparent Materials
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Figure 1. Spectral transmittance of ALON compared with sapphire, magnesium aluminate spinel, fused silica, and
borosilicate glass. ALON offers a broader optical window than any common glass and competes with sapphire and
spinel for UV-through-MWIR applications.

1.4 Mechanical Behavior

ALON's mechanical performance derives from its combination of high covalent bond character
(the Al-N bond is more covalent than Al-O) and the dense atomic packing of the spinel structure.
Knoop hardness of 17-18 GPa places ALON above all glasses, above most other transparent
ceramics, and second only to sapphire among optically transparent materials. The flexural
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strength of approximately 380 MPa is high for a polycrystalline ceramic but, importantly, is
approximately half that of c-axis sapphire — a tradeoff that is acceptable in most applications
because ALON's isotropy and formability outweigh the strength deficit.

Fracture toughness in the range of 2.0 to 2.4 MPa-m”¥2 is modest but characteristic of fully dense
oxide ceramics. Importantly, ALON exhibits a Weibull modulus of approximately 10 in well-
processed material, indicating reasonable scatter in strength and predictable design behavior — a
critical attribute for armor and aerospace applications where statistical failure analysis governs
qualification. Recent work using deterministic grinding and polishing protocols has demonstrated
characteristic strength values up to 160% greater than historical baselines, a reminder that surface

finish is a first-order driver of ceramic strength.

Property Comparison

Property ALON Sapphire Mg-Al Spinel Borosilicate
Crystal structure Cubic spinel y Trigonal Cubic spinel Amorphous
Density (g/cm3) 3.69 3.97 3.58 2.23
Knoop hardness ~17-18 =~ 22 ~13 =6
(GPa)

Young's modulus 323 345 277 63
(GPa)

Flexural strength ~ 380 ~ 700 (c-axis) ~ 200 =~ 70
(MPa)

Fracture toughness 2.0-2.4 2.0 1.5 0.7
(MPa-m'2)

Optical window 0.22—6.0 pm 0.17—5.5 um 0.20—-6.5 um 0.30—2.8 um
Refractive index 1.79 1.77 (no) 1.72 1.47
(visible)

Max use = 1200 = 1800 = 1400 = 500
temperature (°C)

Optical isotropy Isotropic Birefringent Isotropic Isotropic
Mfg. complexity Powder/HIP Crystal growth Powder/HIP Melt
Relative cost (large Moderate High Moderate-High Low

optic)

Table 1. Comparative properties of ALON and competing transparent materials. Values are representative ranges
for well-processed commercial material.
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2, Manufacturing Pathways and the Cost Equation

2.1 The Conventional Production Sequence

Commercial ALON production follows a five-step sequence, each contributing materially to the
final part cost: precursor powder synthesis, green body forming, pressureless pre-sintering, hot
isostatic pressing (HIP) densification, and diamond grinding and polishing. Surmet Corporation,
the dominant commercial producer, has refined this sequence over more than two decades, but
the fundamental thermodynamics — high-temperature solid-state reaction followed by gas-
pressure pore elimination — have not changed.

Powder Synthesis

Two competing routes dominate. Aluminothermic reduction and nitridation (ARN) reacts
metallic aluminum powder with submicron alumina under flowing nitrogen at temperatures
above 1700°C. ARN yields high-purity powders but is sensitive to oxygen contamination and
powder handling. Carbothermal reduction and nitridation (CRN) reacts Al2O3 with carbon under
nitrogen, with the carbon serving as both a reductant and a particle-growth inhibitor. CRN is more
amenable to industrial scale-up — recent academic work has achieved single-phase AION powder
with 100—200 nm grain size at 1670°C in 30 minutes using silane-coupling-agent-homogenized
precursors, a meaningful step toward continuous powder production.

Forming and Pressureless Sintering

Powders are mixed with sintering aids — historically Y203 and La203 — and binders, then formed
by slip casting, tape casting, injection molding, or cold isostatic pressing (CIP) at 25,000—28,000
psi to produce a green body at roughly 50—60% theoretical density. The green body is then
pressurelessly sintered at 1880°C for approximately 8 hours under nitrogen, during which the
AIN-Al203 reaction completes and the body densifies to approximately 97-99% of theoretical
density. The remaining porosity, however small in fraction, is enough to render the sintered body
translucent rather than transparent.

Hot Isostatic Pressing

The final transparency-determining step is HIP at approximately 1825°C under 200 MPa argon
for 2—3 hours. The combination of high temperature and high isostatic gas pressure collapses
residual closed porosity to nearly zero, yielding the optical-grade material. Reported
transmittance gains from HIP are dramatic: in published work, a sample pre-sintered to 63.6%
transmittance at 600 nm rose to 84.8% after HIP. This single step accounts for approximately
22% of finished-part cost and is the largest opportunity for process intensification.

Grinding and Polishing

Because ALON is harder than nearly every conventional abrasive except diamond, finishing is
slow and equipment-intensive. The hardness that makes ALON valuable in service is precisely
what makes it expensive to produce. Diamond grinding and polishing typically account for 25—
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30% of the part cost and often constitute the longest single operation in the production sequence.
Deterministic figuring technologies developed for sapphire optics — magnetorheological
finishing, ion beam figuring — transfer reasonably well to ALON and represent an underexploited
cost-reduction lever.

Cost Stack-Up: Where the Dollars Go in an ALON Window
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powders synthesis (CIP/slip sintering post-treat grind & losses finished
(Al20s, AIN) (CRN) cast) (~1880°C) (~1825°C polish part

200 MPa)

Representative cost decomposition. HIP densification and diamond finishing dominate; the two together exceed half of total part cost.

Figure 2. Representative cost decomposition for a finished ALON optical window. HIP densification and diamond
finishing together account for half of total part cost — the two highest-leverage targets for cost reduction.

2.2 The Cost Structure Today

Current ALON pricing for defense-grade transparent armor panels is in the range of $10 to $15
per square inch for moderate thicknesses (typically 6—12 mm), with prices varying substantially
based on quantity, thickness, and geometric complexity. By comparison, equivalent glass-
polycarbonate transparent armor laminates run roughly $1—3 per square inch but require two to
three times the thickness and approximately two times the areal density to achieve comparable
ballistic performance. The cost premium is therefore approximately 5—-10x per unit area but is
partially offset by the weight and thickness savings that flow through to downstream system
economics.

Sapphire armor, the closest direct competitor, runs $20—40 per square inch and is essentially
unavailable in large, complex shapes at any price — single-crystal growth limits practical sizes to
approximately 12 inches across, while ALON can be produced in panels exceeding 18 by 36 inches.
This size advantage is itself an economic moat for ALON in any application requiring large
continuous transparencies.

2.3 Cost-Reduction Levers
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Four technological pathways have credible potential to reduce ALON cost over the coming decade.
Each addresses a different stage of the production sequence.

Lever 1: Spark Plasma Sintering

Spark plasma sintering applies pulsed direct current through a graphite die containing the powder
compact, generating Joule heating at the particle contacts and producing densification rates that
are orders of magnitude higher than conventional sintering. Published work has demonstrated
77—80% in-line transmittance in AION sintered by SPS at 1350—1500°C with hold times of 10—30
minutes, compared with 1880°C for 8 hours by conventional means. The thermal energy savings
are substantial — perhaps 60—70% per cycle — and the elimination of the separate HIP step would
compress the entire production sequence. The limitation of SPS to date has been the production
of complex shapes, but recent work integrating additive manufacturing of porous deformable
interface tooling with SPS has demonstrated complex-shape transparent ceramics with linear
transmittance comparable to flat parts.

Lever 2: Advanced Sintering Aids

Ternary sintering aid systems are progressively replacing the conventional Y203-La20s3 binary.
Published work using Y203-MgAl204-H3BOs3 at total additions below 1 weight percent has
produced 4 mm thick AION with 81% transmittance at 600 nm via reactive sintering —
eliminating the need for separate AION powder synthesis. A CaCO3-based aid system has
produced 83—-85% transmittance in the mid-IR. These chemistries lower the effective sintering
temperature, reduce hold times, and in some cases eliminate the need for HIP entirely. The
economic implication is direct: any change that allows pressureless sintering to produce HIP-
quality optical properties eliminates the largest single cost element in the part.

Lever 3: Near-Net-Shape Forming

Approximately 30% of the raw material in a typical ALON optic is removed by grinding to achieve
the final geometry. Near-net-shape forming — whether by injection molding, gel casting, or
additive manufacturing of green bodies — reduces both the powder volume required and the
diamond finishing time required. Recent demonstrations of binder-jet additive manufacturing of
ceramic green bodies, followed by sintering, suggest that complex AION geometries with internal
channels or curved surfaces could be produced at substantially lower material cost than the
current subtractive process. This is particularly relevant for missile domes, hypersonic vehicle
leading edges, and aspheric optics.

Lever 4: Vertical Integration of Powder Supply

The dominant commercial producer currently sources or synthesizes its own AION powder, but
the powder cost itself is a small fraction of the finished part. The leverage in powder is not price
but specification: powders with tighter particle size distributions, controlled nitrogen content, and
lower oxygen impurities produce higher-yielding sintering runs and require less aggressive
downstream processing. Industrial-scale carbothermal synthesis with in-line composition control
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could improve overall yield from current estimates of 60—75% to 85% or higher, which flows
directly to the finished-part cost.

Finished-part cost (USD / sq in)

Projected ALON Cost-Reduction Pathways, 2010-2040

20
—8— Baseline (incremental HIP improvement)
18 1 == SPS + reactive sintering path
=A= AM + near-net-shape path
16 A
Ternary sintering aid
14 4 lowers HIP temperature
124 Hybrid AM-SPS
near-net forms
101
8 _
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Carbothermal nanopowders
4 displace ARN powders
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2010 2015 2020 2025 2030 2035 2040

Year

Author projection. Forecast assumes sustained R&D, defense pull-through, and 2nd commercial supplier entry by ~2030.

Figure 3. Projected ALON cost-reduction pathways. Conservative incremental improvement to the existing HIP-
based process yields modest gains; SPS and AM-enabled near-net-shape pathways could halve costs by 2035.

Author projection.
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3. Applications: Current and Emergent

3.1 Current Defense and Aerospace Applications

ALON's existing applications cluster in three domains where its combination of optical
transparency, mechanical hardness, and environmental durability is genuinely without
substitute.

Transparent Armor

ALON is currently used in transparent armor panels for armored ground vehicles, military aircraft
canopies, and protected viewing apertures. A typical ALON-based armor system achieves the
same ballistic protection as a glass-polycarbonate laminate at approximately 50% of the thickness
and weight. For a Mine-Resistant Ambush Protected (MRAP) vehicle, this means windows that
go from approximately 4 inches thick and roughly 110 kg/m2 down to approximately 1.6 inches
and 50 kg/m2. The weight savings flow through to vehicle dynamics, payload capacity, and
ultimately fuel economy. For .50 caliber armor-piercing threats, ALON-strikeface composites
have demonstrated multi-hit capability that conventional transparent armor cannot match.

Transparent Armor Design Space: Hardness vs Weight
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Areal density is approximate, normalized to defeat .50 cal AP equivalent threat. Lower-left quadrant is target zone.

Figure 4. Transparent armor design space. ALON occupies the favorable lower-left quadrant — high hardness with
low areal density. Sapphire is harder but lacks ALON's geometric flexibility and large-area availability.

Missile Domes and IR Sensor Windows
High-speed missile seekers require domes that maintain optical transparency in the mid-wave
infrared while withstanding aerothermal heating, rain erosion, and particle impact at supersonic

velocity. ALON's hardness — ten times the sand and rain erosion resistance of glass — and
broadband transparency from the near-UV through MWIR make it the preferred dome material
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for several U.S. and allied missile programs. The cubic spinel structure is optically isotropic,
eliminating the polarization and phase distortion that complicate sapphire-domed seekers.

Laser System Optics

Airborne laser data links, laser rangefinders, target designators, and laser radar (LIDAR) systems
use ALON windows when the platform exposes the optics to high-velocity airflow, rain, or
particulate environments. The covalent bond character that makes ALON hard also makes it
resistant to laser damage at moderate fluences, and the optical isotropy eliminates the wavefront
distortion that birefringent windows introduce into coherent beams. ALON windows are reported
to withstand sustained operation at laser power densities exceeding 5 kW/cm2 without
degradation, a regime where conventional optics fail within seconds.

3.2 Emerging Applications

Hypersonic Vehicle Apertures

Vehicles operating at Mach 5 and above experience leading-edge temperatures exceeding 1000°C
and stagnation pressures that destroy conventional optical windows. ALON maintains structural
integrity through this regime — its softening point is approximately 2150°C and its thermal shock
resistance compares favorably with sapphire for moderate-amplitude thermal cycling. As
hypersonic glide vehicles, hypersonic cruise missiles, and reusable hypersonic test platforms
move from laboratory to production, transparent forward apertures for sensors and seekers will
become a non-trivial demand driver. The economic logic is asymmetric: even a modest hypersonic
vehicle program might consume more ALON area than several years of ground-vehicle armor
procurement.

Directed-Energy Weapon Optics

High-power laser weapon systems require beam-director optics that handle multi-kilowatt
continuous-wave fluences without thermal lensing or damage. ALON's optical isotropy, thermal
conductivity, and laser damage threshold position it as one of the few candidate window materials
for shipboard, airborne, and ground-based directed-energy systems entering service this decade.
As DEW programs transition from prototype to deployment, the optics demand scales with the
number of fielded systems — and the cost-tolerance is materially higher than in conventional
armor applications.

Commercial Aviation Cockpit and Cabin Windows

This is the largest plausible near-term commercial market and the one most directly contingent
on cost reduction. A typical narrow-body commercial aircraft uses approximately 80 cabin
windows and 6 cockpit windows; a single-aisle production line such as the Boeing 737 or Airbus
A320 family builds 500—-600 aircraft per year. Replacing the cockpit windshield laminates alone
with ALON would dramatically reduce both weight and bird-strike vulnerability, but at current
pricing the per-aircraft cost premium is prohibitive. At $5 per square inch — within range of the
projected 2035 cost trajectory — the per-aircraft premium drops below typical airline accountancy
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thresholds for life-cycle weight savings. This is the volume application that, if it materializes,
completes ALON's transition out of the defense niche.

High-End Consumer Electronics

Smartphone, tablet, and wearable manufacturers have been pursuing harder-than-glass cover
materials for over a decade. Sapphire briefly entered the market but suffered from supply
constraints, brittleness in flexural loading, and cost. ALON's hardness is comparable to
sapphire's, its impact resistance is materially better, and large-format production is more mature.
The barrier is again cost: current ALON pricing is approximately one to two orders of magnitude
above what consumer electronics device economics will tolerate. At approximately $2 per square
inch, ALON becomes competitive with synthetic sapphire cover glass; below that, it begins to
compete with Gorilla Glass on a value basis.

Industrial and Scientific Windows

High-pressure chambers, semiconductor process equipment viewports, electron microscope
windows, and synchrotron beamline windows are all niche but well-funded markets where
ALON's combination of broadband transparency, chemical resistance, and mechanical robustness
commands a premium. These applications consume relatively modest area but tolerate high unit
prices and serve as a useful bridge market while volume applications mature.
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4. Competing Materials and Theories

4.1 Single-Crystal Sapphire

Sapphire is ALON's closest competitor on hardness and transparency and is also its principal
competitor in transparent armor and high-end IR window markets. Sapphire is harder (= 22 GPa
vs ALON's 17 GPa), stronger along its strongest axis, and somewhat more thermally stable. It is,
however, optically birefringent due to its trigonal crystal structure, which is disqualifying for
several laser and imaging applications. The fundamental constraint on sapphire is that it must be
grown as a single crystal — typically by Kyropoulos, Czochralski, or edge-defined film-fed growth
— and crystal size limits the practical aperture to approximately 12 inches across, with curved
geometries essentially impossible. ALON wins on size, geometry, and isotropy; sapphire wins on
absolute hardness and on small-aperture cost when crystal supply is plentiful.

4.2 Magnesium Aluminate Spinel (MgAl204)

Magnesium aluminate spinel is the third member of the transparent ceramic trio. Like ALON it is
cubic and therefore optically isotropic, and like ALON it can be produced as a polycrystal by
powder consolidation. Its IR transmission extends slightly further than ALON's (to approximately
6.5 um), but its hardness is materially lower (= 13 GPa vs ALON's 17 GPa) and its flexural strength
is approximately half of ALON's. Spinel is competitive with ALON in applications dominated by
IR transparency rather than mechanical durability, and its raw materials and processing
temperatures are somewhat lower, but as a transparent armor material it is consistently inferior
on a per-thickness basis. The two materials have evolved as complements rather than direct
substitutes — ALON for armor and high-stress environments, spinel for IR windows where
ballistic loading is not the design driver.

4.3 Polycrystalline Alumina

Polycrystalline alumina (Al203) shares the chemistry of sapphire without the single-crystal
growth constraint, but its trigonal crystal structure produces birefringence that scatters light at
grain boundaries. Recent doping work using nanosized a-Al2Os powders with rare-earth
additives has achieved in-line transmittance up to 48% — a substantial advance, but still far below
ALON's 80%+. Polycrystalline alumina is a credible threat in opaque-armor applications but is
not yet competitive with ALON for transparent applications.

4.4 Transparent Ceramic Composites and Glass-Ceramics

Lithium aluminosilicate glass-ceramics (Corning's Gorilla Glass family, Schott's Xensation, AGC's
Dragontrail) compete with ALON at the low-cost, low-performance end of the market — primarily
consumer electronics cover glass. These materials achieve hardness of approximately 6—8 GPa
through ion-exchange surface strengthening, well below ALON but at one to two orders of
magnitude lower cost. The trajectory of glass-ceramic chemistry is improving slowly; ion-
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exchange strengthened glasses are unlikely to match ALON's hardness but will continue to
constrain ALON's price ceiling in consumer applications.

4.5 Emerging Alternatives and Speculative Theories

Yttrium Aluminum Garnet (YAG) and Lutetium Aluminum Garnet

Cubic garnet ceramics, primarily used in laser host applications, are increasingly being produced
as transparent polycrystals. While their hardness is below ALON's, they offer superior IR
transparency in some bands and lower processing temperatures. For applications dominated by
IR transmission rather than mechanical loading, garnet ceramics may carve out a niche.

Diamond and Diamond-Like Carbon

CVD-grown polycrystalline diamond and DLC coatings represent the theoretical upper bound on
hardness for transparent materials. Diamond's optical window extends from the ultraviolet
through the far infrared with only minor absorption bands, and its hardness is approximately five
times that of ALON. However, the cost of CVD diamond windows of even modest size remains
50—100x ALON's, and growth rates limit thickness. Diamond is a future competitor for extreme
applications — terawatt laser optics, fusion-reactor diagnostic windows — but is unlikely to
displace ALON in volume markets in the foreseeable future.

Aluminum Oxynitride Glass-Ceramics

A theoretical avenue that has received intermittent academic attention is the production of glass-
ceramic variants of the Al-O-N system — materials in which a controlled fraction of y-AION
crystallites is precipitated within an aluminosilicate or aluminoborate glass matrix. Such
materials would, in principle, combine the hardness of ALON crystallites with the formability and
low cost of glass processing. The chemistry is challenging because the Al-O-N system does not
easily form a stable glass at compositions where y-AlION would be the dominant crystalline phase,
but the prize is large enough that the avenue deserves continued research.

Other Spinel-Family Oxynitrides

The Mg-Al-O-N, Si-Al-O-N (sialons), and Li-Al-O-N systems all contain cubic spinel-family
phases analogous to y-AlON. LiAION in particular has been demonstrated as a transparent
ceramic with comparable optical properties to ALON and lower sintering temperatures. None of
these systems has yet achieved commercial scale, but a sialon or LiAION breakthrough at lower
processing cost would be disruptive to the broader transparent-ceramics market.
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5. The Engineering Frontier: What Becomes Possible

The applications discussed in Section 3 are extrapolations of existing engineering practice —
ALON used in places where its current cost is tolerable or where cost reduction would expand its
niche. The more interesting question is what new engineering systems become possible if ALON's
cost falls into the range projected by the more optimistic of the scenarios in Section 2. The
following discussion proposes seven engineering systems that are not currently feasible but would
become so under a $3—5 per square inch cost regime.

5.1 Pressure Hulls with Direct Visual Observation

Deep-submergence vehicles, scientific submersibles, and military submarines currently sacrifice
direct visual observation for engineering practicality. Sapphire viewports are limited to small
apertures and require massive titanium frames to manage the stress concentration at the glass-
metal interface. ALON pressure hull panels — produced as load-bearing structural elements
rather than auxiliary windows — would permit submersibles with extended transparent sections,
enabling new classes of marine science, deep-sea mining surveillance, and undersea
infrastructure inspection. The mechanical design would require careful management of tensile
stresses at fastening points, but the underlying material is qualified for the static and dynamic
loads involved.

5.2 Transparent Structural Skins for Reusable Hypersonic Vehicles

Reusable hypersonic test vehicles — and eventually reusable hypersonic transports — require
leading-edge and forward-fuselage materials that survive repeated thermal cycles to 1500°C+
while maintaining structural integrity. ALON tiles offer a unique combination: structural
strength, hardness, transparency to onboard sensor wavelengths, and a thermal expansion
coefficient compatible with refractory metal substructures. A vehicle skin partially constructed
from ALON would offer simultaneous structural function and instrument-grade optical apertures,
eliminating the discrete window cutouts that complicate hypersonic vehicle design today.

5.3 High-Energy Laser Beam Director Apertures at Aircraft Scale

The directed-energy weapon programs currently entering service are limited to relatively small
beam director apertures — typically tens of centimeters in diameter — in part because of the cost
and weight of larger sapphire or fused-silica windows. A 1-meter-aperture beam director on a
tactical aircraft would dramatically increase engagement range and atmospheric propagation
efficiency, but no current optical material supports this aperture at acceptable weight and cost.
ALON at $5 per square inch makes a 1-meter aperture (approximately 1500 square inches)
economically tractable at roughly $7,500 in raw window cost — within the budget envelope of a
multi-million-dollar weapon system. This single application could reshape the architecture of
next-generation airborne laser systems.
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5.4 Pressurized Habitat Windows for Lunar and Martian Surface
Operations

Long-duration crewed surface operations on the Moon and Mars require habitat windows that
handle pressure differentials of approximately 14 psi, micrometeoroid impact, abrasive dust
environments, and radiation. Polycarbonate and conventional glass laminates are marginal for
these conditions; sapphire is too small in available aperture; ALON is the closest current material
to a complete solution. As surface infrastructure programs mature, ALON window systems for
habitats, rovers, and surface science instruments become a logical specification. The total ALON
area required for a 4-person lunar habitat with reasonable visual access might exceed 10 square
meters — a non-trivial market segment in itself.

5.5 Transparent Armor for Civilian Applications

ALON-based civilian transparent armor would enable architectural and vehicular applications
currently dominated by polycarbonate laminates. Bank teller barriers, embassy windows,
presidential motorcade vehicles, and high-net-worth-individual residential glazing all currently
rely on glass-polycarbonate composites of substantial thickness. ALON would permit thinner,
lighter, optically clearer transparent armor at price points that, while still premium, would
compete with the heaviest classes of conventional armor laminate. The civilian armor market is
smaller than the defense market but operates at higher gross margins, and the public-sector
procurement cycles are less constrained.

5.6 Next-Generation Display Cover Glass

If ALON cost falls below approximately $2 per square inch, consumer-electronics cover glass
becomes accessible. The premium smartphone market alone consumes approximately 1.4 billion
units annually, with cover glass area of roughly 15 square inches per device — a 21 billion square
inch market. Even a 10% penetration would be 2.1 billion square inches annually, a scale that
fundamentally transforms ALON economics through learning curve effects. The cosmetic value of
a nearly-scratchproof, drop-resistant display surface is sufficient to justify modest premium
pricing, particularly in flagship-tier devices.

5.7 Transparent Conductors and Multifunctional Surfaces

Doping ALON with selected rare-earth or transition-metal cations — work that has already
produced limited photoluminescent variants — opens the possibility of transparent ALON with
engineered electronic, thermal, or sensing properties. A transparent surface that is
simultaneously hard, optically clear, and electrically conductive would have applications in
transparent antennas, heated cockpit windscreens that integrate de-icing without nichrome wires,
and transparent EMI shielding. The fundamental physics permits this; the engineering execution
has not yet been demonstrated at production scale.
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6. Thesis: The Next Decade

ALON will follow the trajectory of carbon fiber composites: from defense-
niche exotic to commercial structural material, on a 15—20 year timeline,
driven by manufacturing process intensification rather than chemistry
breakthroughs.

The core thesis advanced by this paper is that the limiting factor on ALON deployment is not
material science but manufacturing engineering. The chemistry is settled. The crystal structure is
understood. The optical and mechanical properties have been characterized in detail. What
remains is the industrial-engineering work of taking a process that currently produces square feet
per day and turning it into one that produces square feet per hour, at acceptable cost and yield.

This is the same transition that carbon fiber composites underwent between approximately 1975
and 1995. In 1975, carbon fiber was a defense and aerospace exotic, used in fighter aircraft control
surfaces and satellite structures. By 1995, it was used in commercial aircraft empennages, golf
clubs, fishing rods, and bicycle frames. The transition was driven not by any single breakthrough
but by the cumulative effect of process improvements: PAN precursor refinement, continuous-
tow furnaces, automated layup, resin-transfer molding, and out-of-autoclave cure systems. Each
of these reduced cost by 10-30%, and their cumulative effect was an order-of-magnitude
reduction over two decades.

The analogous trajectory for ALON is plausible. Spark plasma sintering, advanced sintering aids,
near-net-shape green body forming, and improved diamond finishing technologies each offer
roughly 20—40% cost reductions. Their cumulative effect, sustained over fifteen years, would
plausibly bring ALON into the $3—5 per square inch range, opening the structural and consumer
markets that current pricing excludes.

6.1 Critical Engineering Path Forward

Three engineering programs would, in the author's assessment, materially accelerate this
trajectory:

« Industrialization of spark plasma sintering for transparent ceramics. The technology is
mature in laboratory settings and has been demonstrated commercially for opaque
ceramics. The remaining work is scale-up to production aperture sizes (24+ inch panels),
automated die handling, and integration with near-net-shape green body forming.
Estimated capital required: $40—60 million for a pilot line; estimated development
timeline: 5—7 years.

« Development of a true reactive-sintering pathway that eliminates the separate AION
powder synthesis step. Recent work using Y203-MgAl204-H3BO3 ternary aids has
demonstrated that transparent AION can be produced directly from Al20O3 and AIN
powder mixtures without intermediate carbothermal synthesis. Industrialization of this
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chemistry would compress the production sequence and eliminate one of the most
expensive process steps.

« Adaptation of deterministic finishing technologies (magnetorheological finishing, ion
beam figuring, fluid jet polishing) developed for sapphire optics to ALON production.
The hardness mismatch between ALON and conventional polishing media is the rate-
limiting factor in finishing; technologies that decouple removal rate from media
hardness offer the most direct path to compression of finishing cost.

6.2 Strategic Implications

For organizations considering investment positions in ALON technology, the strategic landscape
has three interesting features. First, the commercial market is currently dominated by a single
major producer — Surmet Corporation — which creates both a quality moat and a single point of
failure. Second-supplier entry, whether by an established defense contractor or by a venture-
backed startup applying SPS technology, would materially accelerate cost reduction through
competitive pressure. Second, the supply chain for AION powder is shallow and concentrated,
primarily in the U.S. and increasingly in China. Vertical integration of powder production by
major end-users is a defensible strategy. Third, the application-development pipeline is
bottlenecked at qualification testing rather than at material availability — once a defense or
aerospace program qualifies ALON for a given duty, subsequent variants follow more rapidly. The
first-mover advantage in qualification programs is therefore substantial.

6.3 Where Engineering Goes Next

Beyond ALON, the broader category of transparent advanced ceramics represents one of the most
underexploited fields in materials engineering. The fundamental physics that make ALON work
— cubic crystal structure, low porosity through HIP densification, controlled sintering chemistry
— apply to a wide family of oxide, nitride, and oxynitride systems. Industrial mastery of ALON
manufacturing is therefore not merely a path to lower-cost transparent armor; it is the
development of a generalized capability to produce optically transparent, mechanically robust
ceramics in arbitrary geometries. That capability, once industrialized, becomes the platform for
transparent ceramics for biomedical implants, transparent armor for autonomous vehicles,
transparent housings for high-temperature electronics, and applications not yet conceived.

The Star Trek IV reference that inevitably attaches to ALON is, on reflection, less interesting than
the actual engineering reality. The film imagined transparent aluminum as a single magic
material. The actual development arc — patient, decades-long, driven by powder chemistry and
high-temperature physics — is the more impressive story. ALON exists. The remaining work is to
make it cheap enough that it can be used everywhere it should be used.
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