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VA-MgAlON-10
A Falsifiable Proposal for a Low-Magnesium,
Vacancy-Annihilated Transparent Aluminum 

Oxynitride Spinel
Defect chemistry, three adversarial falsification attempts, amended manufacturing process, 

quantitative validation plan, and scale-up framework

SCIENTIFIC STATUS: HYPOTHESIS / RESEARCH PROPOSAL. The material described here has not been fabricated 
or experimentally validated in this work. “Pass” means it survives the stated desk-level falsification tests after 
amendment; it does not mean laboratory proof, certification, ballistic qualification, or patent novelty.

Prepared September 4, 2026
Literature basis includes publications available through August 2026.

Research name “VA-MgAlON-10” is used only as a descriptive label in this paper.
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Abstract
This paper proposes a new research target within the established magnesium-aluminum-oxynitride (MgAlON) 
spinel defect space: a low-magnesium composition designed to annihilate approximately ten percent of the 
cation vacancies of nominal gamma-AlON while retaining an ALON-like nitrogen content and mechanical 
character. The proposed target, VA-MgAlON-10, has the 32-anion-cell composition 
Mg0.80Al22.30 0.90O27.50N4.50, where  denotes a vacant cation site. It is generated by the charge-neutral □ □
reaction 8.9 Al2O3 + 4.5 AlN + 0.8 MgO -> Mg0.8Al22.3 0.9O27.5N4.5. This is not presented as a new crystal-□
structure family: MgAlON and its defect chemistry are known. The hypothesis is that a deliberately low Mg 
level along a vacancy-annihilation trajectory may preserve most of ALON’s hardness while decreasing the 
population of vacancy-associated optical/electronic defects and improving phase stability and powder 
reactivity enough to justify a distinct optimization point.

Three explicit attempts are made to discredit the idea. First, the optical/phase test asks whether introducing 
Mg and O necessarily creates wavelength-scale heterogeneity or secondary phases; the proposal survives only 
under a strict single-phase, pore-free microstructure requirement. Second, the mechanical test rejects an 
earlier p = 0.25 concept because Mg-rich MgAlON literature indicates a substantial hardness penalty; the 
design is amended to p = 0.10. Third, the processing test challenges the very vacancy reduction being sought: 
fewer cation vacancies can reduce diffusion and therefore worsen densification. The manufacturing theory is 
accordingly amended so transparency never depends on spontaneous pressureless densification alone. The 
required route combines high-purity nonaqueous powder processing, reaction synthesis or reactive pre-
sintering, trace La2O3/Y2O3 sintering aids, closed-pore pre-sintering, and hot isostatic pressing (HIP) for final 
pore elimination.

The paper supplies a complete baseline process flow, raw-material specifications, batch calculations for 1 kg 
and 10 kg lots, thermal-processing windows, contamination limits, machining and polishing requirements, 
optical-loss equations, quality-control gates, a design-of-experiments plan, failure-mode analysis, scale-up 
logic, and explicit kill criteria. If the proposed phase cannot be produced as a single cubic spinel, if a 2-3 mm 
polished plate cannot reach at least 80% in-line transmission at 600 nm without an anti-reflection coating, or if 
Vickers hardness falls below 16.5 GPa, the hypothesis is considered falsified in its present form. The paper 
therefore functions as an experimental blueprint rather than a claim of discovery.

Item Proposed final value / criterion
Material label VA-MgAlON-10 (research designation)
Target defect parameter p = 0.10
32-anion-cell formula Mg0.80Al22.30 0.90O27.50N4.50□

Precursor ratio 8.9 mol Al2O3 : 4.5 mol AlN : 0.8 mol MgO
Base precursor mass fractions 80.724 wt% Al2O3; 16.408 wt% AlN; 2.868 wt% MgO
Trace aids (baseline) 0.03 wt% La2O3 + 0.04 wt% Y2O3, subject to DOE
Mandatory transparency process pre-sinter to closed porosity + HIP

Optical kill criterion <80% in-line T at 600 nm for 2-3 mm polished uncoated sample 
after optimization

Mechanical kill criterion Vickers hardness <16.5 GPa

Phase kill criterion >0.5 wt% persistent secondary crystalline phases or 
continuous grain-boundary glass
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1. Scientific status and scope
This document deliberately separates established facts, reasonable engineering extrapolations, and new 
hypotheses. Established facts include the existence of transparent cubic ALON and MgAlON ceramics, the 
critical effect of residual porosity on optical scatter, successful use of pressureless sintering and HIP, and the 
strong composition dependence of MgAlON properties [1-16]. The proposed element is the specific vacancy-
annihilation trajectory, the low-Mg optimization point p = 0.10, and the integrated manufacturing/qualification 
recipe described here. No statement in this paper should be read as evidence that this exact composition has 
already achieved the predicted properties.

A broad literature review also found prior work on graded-index ALON and many MgAlON compositions. 
Therefore, this paper does not claim that magnesium addition, MgAlON itself, or a refractive-index gradient is 
new. Nor does it provide a patentability opinion. Novelty in the legal sense would require a dedicated patent 
and non-patent literature search with claim construction. The scientific question addressed here is narrower: 
can a low-Mg, partially vacancy-annihilated MgAlON point offer a better ALON-like balance of transparency, 
hardness, densification behavior, and defect control than conventional nominal ALON?

The word “passes” is used only for the requested thought-experiment process: the concept must survive three 
serious attempts to discredit it. It cannot truly pass as a materials technology until independent samples are 
fabricated, characterized, aged, and mechanically tested. This distinction is central to the paper.

2. What “transparent aluminum” means physically
Bulk metallic aluminum cannot be made visibly transparent simply by purifying or heat-treating it. Its 
conduction electrons respond strongly to visible electromagnetic fields, giving the metal its familiar high 
reflectivity and very short optical penetration depth. Thin metallic films can become partially transmitting 
when their thickness approaches the skin depth, but such films are not bulk structural windows. Accordingly, 
practical “transparent aluminum” refers to aluminum-rich transparent ceramics, especially aluminum 
oxynitride (ALON) and magnesium aluminate spinel. ALON is a cubic, optically isotropic polycrystalline 
ceramic that can be manufactured from powders into large shapes and polished to optical quality [1-4].

Cubic symmetry matters because a random polycrystal of a birefringent material can scatter light at every 
grain boundary. Cubic ALON and spinel avoid this intrinsic birefringence problem. Their dominant extrinsic 
loss mechanisms are instead pores, second phases, inclusions, color centers, contamination, surface 
roughness, and absorption. That is why the manufacturing strategy in this paper is built around phase purity 
and pore elimination rather than around exotic optical tricks.

3. Literature baseline as of September 2026
ALON is commonly represented by a defect-spinel formula in which aluminum occupies tetrahedral and 
octahedral cation positions, oxygen and nitrogen share the anion lattice, and cation vacancies maintain charge 
neutrality. A widely used constant-anion description is Al_(64+x)/3 O_(32-x) N_x over a composition range, 
while the nominal composition derived from 9Al2O3 + 5AlN is Al23O27N5, i.e. Al23 1O27N5 on 24 cation sites □
and 32 anion sites [1-3]. MgAlON extends the chemistry into the MgO-Al2O3-AlN system and can also be 
represented with explicit cation vacancies [12-15].

Manufacturing progress is substantial. Pressureless sintering, two-step sintering, gas-pressure sintering, and 
HIP have all produced highly transparent ALON. Published examples report in-line transmission in the 80%-
plus range in the visible and near-IR when porosity is nearly eliminated [4-11]. Recent work has explored 
direct solid-state reaction sintering, BaO and SrO sintering additives, ultralow La2O3/Y2O3 additions to 
suppress AlON decomposition, and precipitation-coated sintering aids for improved homogeneity [6-11].



VA-MgAlON-10 | Falsifiable transparent-aluminum research proposal

Page 5  |  September 4, 2026

MgAlON is not speculative. Pressureless and HIP-processed MgAlON compositions have reached visible 
transmission around 82%-83% and high infrared transmission [12-15]. However, the property trade is 
important: increasing Mg content generally lowers the required densification temperature and can improve 
some thermal properties, while hardness decreases as composition moves away from ALON toward MgAl2O4 
[12,16]. A 2024 MgAlON study using about 10 wt% MgO reported Vickers hardness around 13.65 GPa and in-
line transmission of about 82.9% at 0.6 micrometers [12]. By comparison, high-quality ALON can approach 
roughly 18-19 GPa hardness depending on composition and processing [6]. This trade motivates the low-Mg 
strategy.

A 2022 analysis of MgAlON reaction sintering gives a particularly useful generalized defect formula, 
normalized to four anions:

Mg_x Al_((8 - 2x + y)/3) □_((1 - x - y)/3) O_(4 - y) N_y

where x is the Mg content, y is the nitrogen content, and  represents cation vacancies [15]. This equation □
provides a physically grounded coordinate system in which the present hypothesis can be stated precisely.

4. Design objectives and constraints
The design target is not maximum transparency at any cost and not maximum hardness at any cost. It is a 
practical transparent structural ceramic that retains most of ALON’s mechanical character while reducing 
selected defect populations and preserving a process route compatible with conventional advanced-ceramic 
equipment. The intended first demonstrator is a flat 50 mm diameter by 3 mm thick polished disc; scale-up is 
considered only after the basic material survives qualification.

Requirement Target Reason

Crystal symmetry Single cubic spinel, Fd-3m to XRD/TEM 
resolution

Avoid grain-boundary birefringence 
scatter

Relative density >=99.995% preferred; residual porosity 
<0.01 vol% Pores are dominant visible scatterers

Visible in-line T >=80% at 600 nm, 2-3 mm uncoated Minimum proof of optical quality

Near-IR in-line T >=84% at 1.0-2.0 micrometers, 2-3 mm 
uncoated Approach Fresnel ceiling

Vickers hardness >=16.5 GPa Retain distinctly ALON-like durability

Flexural strength >=350 MPa initial target Structural-window relevance; flaw 
controlled

Haze <=3% at 600 nm Imaging quality

Secondary phase <0.5 wt% by Rietveld; no continuous 
boundary film Limit index mismatch / absorption

Carbon contamination <100 ppm, target <50 ppm Avoid gray/brown absorption
Surface roughness Ra <=5 nm after final polish Keep surface scatter negligible

5. Defect-chemistry derivation of VA-MgAlON

5.1 Starting point: nominal ALON
Take the nominal ALON reaction:

9 Al2O3 + 5 AlN -> Al23 □1 O27 N5

The product contains 32 anions and 24 spinel cation positions. Twenty-three cation positions are occupied by 
Al3+ and one is vacant. Charge balance is exact: 23(3+) = 69+, while 27(2-) + 5(3-) = 69-.
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5.2 Proposed vacancy-annihilation path
The hypothesis fills a controlled fraction of the ALON cation vacancies with Mg2+ while simultaneously 
replacing enough N3- with O2- to preserve neutrality. Define p from 0 to 1. The proposed path is:

Mg_(8p) Al_(23 - 7p) □_(1 - p) O_(27 + 5p) N_(5(1 - p))

At p = 0 the formula is nominal ALON. At p = 1 it becomes Mg8Al16O32, equivalent to eight formula units of 
MgAl2O4. The cation-site total is always 24 and the anion total is always 32. This path is a specific one-
dimensional trajectory through the published general MgAlON defect space; it is not a claim that the broader 
defect model is new.

The matching precursor reaction is obtained directly by atom balance:
(9 - p) Al2O3 + 5(1 - p) AlN + 8p MgO -> Mg_(8p) Al_(23 - 7p) □_(1 - p) O_(27 + 5p) N_(5(1 - 

p))

At the selected p = 0.10 target:
8.9 Al2O3 + 4.5 AlN + 0.8 MgO -> Mg0.80 Al22.30 □0.90 O27.50 N4.50

This reduces the nominal number of cation vacancies from 1.00 to 0.90 per 32-anion cell, i.e. a 10% vacancy 
annihilation, while Mg occupies only 0.8 of the 24 cation sites. It is therefore intentionally much closer to 
ALON than to MgAl2O4.

Figure 1. Composition trajectory used in this proposal. The vertical line marks p = 0.10. Quantities are normalized for comparison.

5.3 Why vacancy reduction might help - and why it might hurt
The positive hypothesis is that some cation-vacancy-associated localized states, local lattice relaxations, or 
impurity complexes may contribute to sub-bandgap absorption or color-center formation. Work on spinel 
defect states shows that cation vacancies can participate in optical absorption and luminescence phenomena 
[15 and related defect literature]. Reducing vacancy concentration could therefore reduce one class of 
optically active defects. Magnesium also stabilizes spinel-type MgAlON chemistry and is known to alter 
formation and sintering behavior [12-16].

The negative hypothesis is equally important: cation vacancies are diffusion vehicles. Reducing them can slow 
cation transport, making densification more difficult and potentially trapping pores. This is why vacancy 
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annihilation cannot be assumed to be beneficial. In VA-MgAlON-10 it is treated as a controlled 
optical/structural variable while densification is guaranteed by an independent pressure-assisted HIP stage.

6. Three adversarial falsification attempts

Figure 2. The requested three-attempt falsification logic. One version fails and the process is amended again before the final provisional 
survivor.

6.1 Kill test 1 - Will Mg/O substitution inevitably ruin transparency?
Attack: Introducing a second cation and changing the O/N ratio could create chemically distinct grains, 
MgAl2O4 inclusions, Al2O3 or AlN remnants, or grain-boundary films. Any of these can have a refractive index 
different from the matrix and can scatter visible light. If this is unavoidable, the entire idea fails regardless of 
theoretical defect benefits.

Counter-evidence: MgAlON itself is a known single-phase cubic spinel over tunable compositions, and 
transparent MgAlON has been experimentally produced with visible transmission above 80% [12-15]. Atomic-
scale substitutional disorder is far below visible wavelengths and does not automatically create Mie-scale 
scatter. Therefore Mg is not intrinsically disqualifying. However, this test adds a hard condition: VA-
MgAlON-10 is accepted only if diffraction and microscopy show one continuous cubic spinel matrix, persistent 
crystalline second phases stay below 0.5 wt%, and no continuous amorphous grain-boundary film is detected.
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Outcome: PROVISIONAL PASS. The chemistry is not optically impossible, but optical survival is conditional on 
phase purity and pore elimination. This condition becomes a manufacturing acceptance gate, not an 
assumption.

6.2 Kill test 2 - Does Mg destroy the mechanical advantage?
Attack: More Mg moves the chemistry toward MgAl2O4-like bonding and published MgAlON results show 
lower hardness. An initial concept at p = 0.25 would require about 7.16 wt% MgO in the precursor mixture. A 
simple screening interpolation between high-quality ALON near 18-19 GPa and a roughly 10 wt% MgO-derived 
MgAlON result near 13.65 GPa predicts that p = 0.25 may fall around or below 15-16 GPa. That would sacrifice 
too much of the reason to use ALON.

Outcome: FAIL for the p = 0.25 version. The theory is amended rather than defended. The final target is 
reduced to p = 0.10, only 2.87 wt% MgO precursor. A deliberately conservative hardness floor of 16.5 GPa is 
imposed. If measured hardness remains below that floor after porosity and surface-finish effects are excluded, 
p is to be reduced to 0.05; if the defect/optical benefit then disappears, the vacancy-annihilation theory is 
considered unproductive.

Figure 3. Mechanical kill-test screening. The line is an engineering interpolation between literature anchors, not measured VA-MgAlON 
data. It is used only to reject overly Mg-rich starting points.

6.3 Kill test 3 - Will vacancy annihilation make the ceramic impossible to densify?
Attack: The very mechanism being proposed removes cation vacancies that may assist high-temperature 
diffusion. ALON already requires extreme control to reach optical density; a composition that diffuses more 
slowly could leave closed pores that no amount of polishing can repair. Pressureless sintering alone is 
therefore not a credible guarantee.

Amendment: The baseline process is redesigned around closed-pore pre-sintering followed by HIP at 
approximately 1825 C and 200 MPa inert gas for about 3 h, a treatment regime supported by highly 
transparent ALON literature [4]. Trace La2O3/Y2O3 is included at a total of 0.07 wt% as the starting aid level 
because ultralow co-doping has been reported to suppress decomposition and improve densification [6]. The 
aid level is deliberately lower than many historical formulations to reduce the risk of grain-boundary second 
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phases. A design-of-experiments matrix varies both aid level and pre-sinter temperature rather than treating 
one recipe as universal.

Outcome: PROVISIONAL PASS AFTER PROCESS AMENDMENT. The theory no longer depends on vacancy-
mediated pressureless densification being fast enough. It only requires that a closed-pore body can be 
produced without decomposition, after which HIP supplies the thermodynamic driving force for final pore 
closure.

6.4 Integrated pass matrix
Challenge Failure mode Amendment Final kill criterion

Optical/phase Secondary phases or pores 
scatter light

Single-phase composition 
window; HIP; strict 
contamination control

T600 <80% after process 
optimization or >0.5 wt% 
second phase

Mechanical Mg lowers hardness Reduce p from 0.25 to 0.10 HV <16.5 GPa

Densification Fewer vacancies slow diffusion Trace La/Y aids + closed-pore 
pre-sinter + HIP

Cannot reach >99.99% density 
without decomposition or color

7. Final material specification
The final desk-level survivor is VA-MgAlON-10, a homogeneous bulk ceramic, not a laminate and not a 
macroscopic multiphase composite. The target is intentionally low Mg so that the matrix remains ALON-like. 
The p = 0.10 number should be viewed as the center point of an experimental composition window, not as a 
magical exact stoichiometry. The recommended screening range is p = 0.05, 0.10, and 0.15, with p = 0.10 
designated as the primary candidate.

Parameter p=0.05 p=0.10 final p=0.15

32-anion composition Mg0.40Al22.65 0.95O27.25N4.7□
5

Mg0.80Al22.30 0.90O27.50N4.5□
0

Mg1.20Al21.95 0.85O27.75N4.2□
5

Al2O3 precursor wt% 81.233 80.724 80.215
AlN precursor wt% 17.332 16.408 15.486
MgO precursor wt% 1.435 2.868 4.299
Vacancy reduction vs nominal 
ALON 5% 10% 15%

Composition tolerance for a first controlled study should be tight: Mg within +/-0.05 absolute cation units per 
32-anion cell, nitrogen within +/-0.10, and total metallic contamination below 300 ppm excluding the 
deliberate La/Y additions. Once the relationship between chemistry and optical performance is established, 
manufacturing tolerances can be relaxed or tightened based on statistical capability.

8. Quantitative optical theory and loss budget

8.1 Fresnel ceiling
Even a perfectly transparent uncoated ceramic loses light at its two air interfaces. At normal incidence, the 
single-surface Fresnel reflectance is:

R = ((n - 1)/(n + 1))^2

For a thick, nonabsorbing parallel plate with incoherent internal reflections, the ideal external transmittance 
is approximately:

T_Fresnel = (1 - R)/(1 + R)
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At n = 1.78, R is about 7.87% per interface and the two-surface ideal external transmission is about 85.4%. This 
explains why an uncoated ALON-class plate reporting mid-80% in-line transmission can already be close to its 
Fresnel limit. Anti-reflection coatings can raise external transmission but do not fix bulk scatter or absorption.

Figure 4. Ideal uncoated two-surface transmittance as a function of refractive index. The shaded band is a screening expectation, not a 
measured VA-MgAlON index.

8.2 Bulk attenuation model
A useful first-order model separates reflection from internal extinction:

T_meas(lambda,t) ~= T_Fresnel(lambda) * exp[-(alpha_abs + alpha_scat) t]

where alpha_abs is the absorption coefficient, alpha_scat is the scattering coefficient, and t is thickness. 
Measuring multiple thicknesses from the same HIP blank allows the internal attenuation term to be estimated 
independently of surface reflection. This is essential: a high transmittance number on a very thin coupon can 
conceal unacceptable bulk loss.

8.3 Pore scattering
For pores much smaller than the wavelength, Rayleigh scattering scales approximately with the sixth power of 
pore radius and the fourth inverse power of wavelength. A representative small-sphere cross-section is:

sigma_s ~ (8*pi/3) k^4 a^6 |(m^2 - 1)/(m^2 + 2)|^2

where k is the wave number in the host, a is pore radius, and m is the refractive-index ratio between pore and 
host. The a^6 dependence is unforgiving: a small population of larger residual pores can dominate haze. 
Transparent-spinel literature therefore emphasizes residual porosity below roughly 0.01 vol% and 
characteristic pores below about 100 nm [19]. The proposed process adopts that as a minimum; the preferred 
state is below the practical detection threshold of polished-section microscopy and near theoretical density by 
helium pycnometry/HIP mass-volume checks.

8.4 Optical acceptance suite
Measurement Method Initial acceptance

In-line transmission UV-Vis-NIR spectrophotometer with 
aperture-controlled collimated beam

>=80% at 600 nm; >=84% at 1100 nm for 2-3 
mm uncoated
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Total transmission / haze Integrating sphere Haze <=3% at 600 nm

IR transmission FTIR, 1-6 micrometers where instrument 
permits

No unexpected absorption band 
attributable to secondary phase or carbon

Refractive index Prism coupling, minimum deviation, or 
ellipsometry on witness

Document n(lambda); spatial variation <50 
ppm on first research coupons

Scatter map Laser scatter / dark-field imaging No localized bright inclusions >50 
micrometers in clear aperture

Thickness series 1, 2, 3, 5 mm coupons from same blank Fit internal attenuation coefficient

9. Mechanical and thermal-property hypothesis
No final mechanical property can be honestly assigned before fabrication. The values below are design targets 
derived from nearby ALON/MgAlON literature and simple interpolation. They are useful for deciding whether 
the experiment succeeded, not as claimed data.

Property Target / screening expectation Interpretation
Vickers hardness HV10 16.5-18.5 GPa Hard kill floor 16.5 GPa

Young modulus ~290-320 GPa Expected ALON-like range; measure by 
resonance/ultrasound

Flexural strength 350-550 MPa after optical polish Strongly flaw-distribution dependent
Fracture toughness ~2 MPa m^0.5 class Do not infer from hardness alone
Density ~3.6-3.7 g/cm3 Measure; composition-dependent
CTE, 200-1000 C between ALON and MgAlON/MAS trends Measure before thermal-shock claims

Thermal conductivity, 25 C expected modestly above ALON if Mg 
effect is favorable Must be measured; sensitive to defects

Strength is dominated by surface and near-surface flaws, so two specimens of identical composition can differ 
substantially depending on grinding damage. Mechanical qualification must therefore use a controlled optical 
polish or a standardized final grind and must report Weibull statistics, not only an average. The material is not 
to be called “armor” based on hardness or flexural strength; ballistic performance is a separate system-level 
qualification involving thickness, backing materials, threat definition, multi-hit spacing, and laminate design.
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10. Complete baseline manufacturing process

Figure 5. Baseline process flow. Temperatures are starting windows for experimental optimization, not guaranteed production set-
points.

10.1 Process philosophy
The process uses two independent mechanisms for quality. Chemistry and powder processing are responsible 
for producing a homogeneous single spinel phase; HIP is responsible for eliminating residual closed porosity. 
This separation is intentional. Attempting to make one long pressureless firing perform phase formation, 
grain-growth control, and complete pore elimination simultaneously creates a narrow and unstable process 
window.
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10.2 Baseline traveler
1. Incoming materials: Verify certificates, moisture, oxygen content of AlN, BET surface area, particle-size 

distribution, and metallic impurities. Quarantine any lot showing hard agglomerates or visible 
contamination.

2. Weighing: For p=0.10, base precursor blend is 80.724 wt% Al2O3, 16.408 wt% AlN, 2.868 wt% MgO. Add 
0.03 wt% La2O3 and 0.04 wt% Y2O3 relative to final ceramic; renormalized 1 kg recipe is given in Section 
11.

3. Nonaqueous dispersion: Use anhydrous ethanol or isopropanol in a sealed low-moisture system. AlN 
hydrolyzes in water and can evolve ammonia; aqueous processing is avoided in the baseline route. Use 
high-purity alumina milling media to avoid Fe/WC contamination.

4. Attrition/ball milling: Mix 12-24 h or until chemical mapping and particle-size data show no Mg-rich 
agglomerates. Target D50 0.4-0.8 micrometers after synthesis milling; D90 <2.5 micrometers. Avoid 
excessive milling that adds wear debris.

5. Drying: Vacuum dry below 90 C. Break soft agglomerates through 100-150 micrometer screen. Residual 
solvent must be below the facility limit before furnace loading.

6. Reactive powder synthesis: Heat in high-purity flowing N2. Screening schedule: 5 C/min to 600 C, hold for 
residual-organic removal if required; 5-10 C/min to 1600-1650 C, hold 2-4 h; cool under N2. If XRD shows >1 
wt% Al2O3/AlN remnants, repeat at 1680-1720 C or use direct reactive pre-sinter route.

7. Post-synthesis milling: Attrition mill synthesized cake/powder in anhydrous alcohol with alumina media. 
Dry and sieve. Target weakly agglomerated submicron powder.

8. Granulation / binder: Preferred R&D route is minimal-binder granulation. If binder is needed, use a 
nonaqueous PVB-class binder at the lowest level giving handling strength, typically 0.2-0.6 wt%; verify 
complete burnout by TGA and carbon analysis. Carbon residue is an optical defect.

9. Green forming: Uniaxially pre-press to remove handling voids, then cold-isostatically press at 200-300 
MPa. For near-net large parts, slip casting or gel/tape routes may be investigated later, but only after the 
base chemistry is validated.

10. Debind: Use a slow programmed cycle established by TGA/DSC of the exact binder. Maintain gas flow 
sufficient to remove decomposition products. Do not use an oxidizing burnout that measurably oxidizes 
AlN/MgAlON unless deliberately validated.

11. Pre-sinter: High-purity N2. Begin DOE around 1750-1830 C for 1-4 h. The goal is >96-98% relative density 
with closed porosity and no abnormal grain growth, not final transparency.

12. HIP: Place parts in clean compatible fixtures or composition-matched sacrificial powder pack. Baseline: 
1825 C, 200 MPa Ar, 3 h, based on successful ALON HIP literature. Screen 1780-1850 C and 150-200 MPa as 
equipment allows. A nitrogen-containing HIP atmosphere may be considered if validated for 
equipment/material compatibility.

13. Controlled cooling: Cool under pressure initially, then depressurize per HIP manufacturer procedure. Use 
conservative thermal gradients; avoid rapid passage through ranges that create differential thermal stress 
in thick parts.

14. Inspection: Check mass, dimensions, color, warpage, cracks, ultrasonic response, and density before 
expensive optical finishing.

15. Grinding and lapping: Use diamond tooling with progressively finer grit. Remove all subsurface damage 
from coarse grinding. Track material removal after each stage.

16. Optical polishing: Polish both faces to Ra <=5 nm, wedge and flatness appropriate to test. Clean with 
residue-free solvents and filtered air/N2.

17. Qualification: Run phase, chemistry, density, pore, optical, mechanical, and thermal tests in the order 
specified in Section 16. Do not commit to larger blanks until small coupons pass.
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11. Raw-material and batch specifications

11.1 Suggested incoming powder specifications
Material Purity / size target Critical control

alpha-Al2O3 >=99.99%; D50 0.1-0.5 micrometers Na, Si, Fe each preferably <30 ppm; low 
hard-agglomerate fraction

AlN >=99.9%, preferably >=99.99%; D50 0.3-1 
micrometer

Oxygen content and hydrolysis; store 
dry/inert

MgO >=99.99%; D50 0.05-0.3 micrometers Hydration/carbonation; Mg-rich 
agglomerates

La2O3 >=99.99%; nano/submicron Hygroscopic; actual oxide mass after 
conditioning

Y2O3 >=99.99%; nano/submicron Uniform distribution at tens-to-hundreds 
ppm scale

Milling media 99.9%+ Al2O3 Wear contribution quantified per batch

Solvent anhydrous ethanol or IPA Water controlled; residue and metal 
contamination controlled

11.2 1 kg baseline batch
The trace aids are added on a final-batch basis. Renormalizing the p = 0.10 base mix to leave 0.07 wt% for 
La2O3/Y2O3 gives:

Component wt% final batch Mass for 1.000 kg Mass for 10.000 kg
Al2O3 80.66749% 806.675 g 8.06675 kg
AlN 16.39651% 163.965 g 1.63965 kg
MgO 2.86599% 28.660 g 0.28660 kg
La2O3 0.03000% 0.300 g 3.000 g
Y2O3 0.04000% 0.400 g 4.000 g
Total 100.00000% 1000.000 g 10.00000 kg

These are nominal charge masses, not guaranteed final chemical composition. Moisture pickup, powder loss 
on equipment, milling-media wear, volatilization, and oxygen/nitrogen exchange can shift the final chemistry. 
Every experimental batch therefore requires post-sinter ICP-OES/ICP-MS for metals and combustion/inert-gas 
analysis for O/N/C.

11.3 Stoichiometric sensitivity
Because the proposed effect is only a 10% change in cation-vacancy count, sloppy batching can erase the 
experiment. A +/-0.2 wt% absolute error in MgO is large relative to the 2.87 wt% target. Research batching 
should therefore use calibrated balances with at least 0.01 g resolution for 1 kg lots and smaller sub-batches 
for trace aids. Prefer preparing a homogeneous master concentrate of La/Y in Al2O3 rather than attempting to 
disperse 0.3-0.4 g directly through a kilogram of powder.

12. Powder synthesis and conditioning

12.1 Why a nonaqueous baseline is selected
AlN reacts with water, especially when fine and high-surface-area, which can change the Al2O3/AlN ratio and 
release ammonia. Aqueous direct-ink-writing studies have had to address AlN hydration explicitly [17]. The 
baseline process therefore uses anhydrous alcohol until a preformed MgAlON powder is obtained. Water-
based forming may later become attractive for scale-up if the powder is fully reacted and hydrolysis-resistant, 
but it should not be mixed into the first proof-of-concept experiment.
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12.2 Homogeneity strategy for trace sintering aids
Trace additives can improve densification only if they are distributed on the scale of individual particles or 
grain boundaries. Conventional dry blending can create rare, additive-rich agglomerates that become optically 
visible inclusions. One published strategy precipitates Y2O3 coatings on AlON powder and demonstrates high 
transmission [7]. For this proposal, two routes are acceptable: (A) a precipitation/coating route adapted to a 
nonaqueous or carefully controlled low-water chemistry, or (B) a master-batch route in which La2O3/Y2O3 
nanoparticles are first dispersed into 5-10% of the Al2O3, then recombined and attrition milled with the full 
batch. Route A is preferred after chemistry compatibility is proven; Route B is simpler for the first experiment.

12.3 Phase-formation checkpoints
Checkpoint Test Decision

After reactive synthesis XRD with Rietveld
Proceed if cubic spinel dominates and 
combined Al2O3 + AlN remnants <1 wt%; 
otherwise adjust time/T/N2

After post-synthesis milling Laser diffraction + SEM D50 0.4-0.8 micrometers; no hard >10 
micrometer agglomerates

Powder chemistry ICP + O/N/C Mg within target; carbon <100 ppm 
preferred; no Fe/W contamination trend

Specific surface area BET Stable lot-to-lot; use as sintering predictor 
rather than absolute acceptance initially

13. Forming and green-body control
Transparency begins in the green body. Density gradients become differential shrinkage, pore clusters, 
warpage, or trapped voids. A uniform green density is more important than maximizing the absolute green 
density at the expense of lamination cracks.

Control Baseline Why

Uniaxial pre-press 30-80 MPa Give handling shape without severe die-
wall density gradient

CIP pressure 200-300 MPa Homogenize density throughout 
compact

Green density Target 50-60% theoretical; record actual Input to shrinkage and pore-closure 
model

Green density variation <1% across mapped coupons if 
measurable Avoid differential sintering

Oversize agglomerates None >10-20 micrometers in polished 
green-section survey Large agglomerates generate pore nests

Binder 0-0.6 wt% preferred Minimize carbon/volatile residue

For a 50 mm disc, design green dimensions using measured linear shrinkage from sacrificial pellets, not 
literature shrinkage. The first batch should include at least six shrinkage bars or discs distributed through the 
powder lot. Their density and dimensions are recorded after forming, pre-sintering, and HIP to separate 
chemical-reaction expansion from ordinary sintering shrinkage.

14. Pre-sintering, HIP, and cooling

14.1 Pre-sinter objective: closed pores, not transparency
HIP is most effective after open porosity has closed; otherwise pressurizing gas can penetrate the pore 
network and reduce the net driving pressure for pore collapse. The pre-sinter condition must therefore be 
chosen by density and pore connectivity. A useful development method is to prepare coupons at several pre-
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sinter temperatures, measure open porosity by Archimedes/mercury-free methods, then HIP only the lowest-
temperature condition that has reliably closed porosity. This minimizes grain growth before HIP.

14.2 Starting thermal window
Stage Starting condition DOE range / comment
Reactive synthesis powder 1650 C, 3 h, flowing N2 1600-1720 C; phase-driven

Debind TGA-defined; typically <700 C Atmosphere selected to remove organics 
without oxidation

Pre-sinter 1790 C, 2 h, N2 1750/1790/1830 C x 1/2/4 h
HIP 1825 C, 200 MPa Ar, 3 h 1780-1850 C; 150-200 MPa; 2-4 h
Cool <=10 C/min initially, slower for thick blanks Establish thermal-stress model for scale-up

The 1825 C / 200 MPa / 3 h HIP point is borrowed as a credible ALON starting point rather than claimed as 
optimum for VA-MgAlON-10 [4]. If Mg lowers the required sintering temperature, the optimum may be lower. 
The DOE should therefore seek the minimum temperature that yields the optical target, because unnecessary 
temperature promotes grain growth, volatilization, contamination from fixtures, and energy cost.

14.3 Atmosphere and powder packing
High-purity nitrogen is preferred during reactive synthesis and pre-sintering to control nitrogen chemical 
potential. HIP commonly uses argon for equipment reasons. Because AlON and MgAlON can undergo 
composition changes or decomposition depending on temperature and atmosphere, the sample should be 
surrounded by a clean sacrificial powder of the same nominal composition in a compatible lidded crucible 
during high-temperature stages where feasible. The pack acts as a local chemical buffer and traps some 
volatilized species. It must not bond to the optical blank; separator foils or setter materials must be validated 
for reaction and contamination.

15. Optical finishing and optional coatings
A fully dense blank can still look poor if grinding damage remains. Coarse diamond grinding creates 
subsurface cracks that lower strength and scatter light. Each grinding step must remove more material than 
the estimated damage depth of the previous step. A typical development sequence is coarse diamond shaping, 
intermediate 15-30 micrometer diamond, fine 3-9 micrometer lapping, then submicron diamond or colloidal 
finishing selected for ALON-class ceramics. The exact slurry chemistry must be screened for preferential 
attack or residue.

Finished-surface parameter Research target
Surface roughness Ra <=5 nm; aspirational <=2 nm

Parallelism / wedge <=20 arcsec for spectroscopy coupons; tighter if imaging test 
requires

Flatness <=1 wave at 632.8 nm over clear aperture for first optical 
plates

Edge chips None entering clear aperture; bevel edges

Subsurface damage No crack network in cross-sectional witness; verify by 
etch/SEM or confocal method

An anti-reflection coating is optional and must never be used to hide poor bulk quality. Bulk qualification is 
performed on an uncoated polished sample. After the uncoated sample passes, a conventional multilayer 
dielectric coating can be designed for the intended band. A simple quarter-wave design uses optical thickness 
n_i d_i = lambda_0/4 for each layer, but broadband or high-power windows require full thin-film optimization 
and environmental testing.
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16. Characterization and acceptance testing

16.1 Order of operations
Testing should proceed from inexpensive, nondestructive screening to expensive destructive characterization. 
This avoids polishing and mechanically testing a blank that already failed phase purity or density.

 Visual/photographic inspection under diffuse white light and dark-field illumination.
 Geometric density and Archimedes measurement; helium pycnometry on witness if available.
 XRD/Rietveld on witness coupon; compare lattice parameter across batch.
 Ultrasonic C-scan or high-frequency acoustic microscopy for macroscopic voids/inclusions.
 Optical grind and preliminary 600/1100 nm transmission before full polish.
 Final polish and full UV-Vis-NIR/FTIR spectral transmission.
 Haze and scatter mapping.
 SEM of thermally etched surface for grain size; FIB/SEM or TEM for nanoscale pores and boundary films.
 ICP-OES/ICP-MS and O/N/C analysis on sacrificial fragment.
 Hardness, flexure, toughness, CTE, thermal diffusivity on witness bars from same HIP lot.

16.2 Phase and defect characterization
Technique Question answered Acceptance / use

XRD + Rietveld Is the material single cubic spinel? Secondary crystalline phase <0.5 wt% 
target

TEM/SAED/STEM-EDS Are grain boundaries clean; where is 
Mg/La/Y?

No continuous high-index secondary film; 
Mg not grossly segregated

Solid-state NMR if available Cation site occupancy / local Al 
coordination

Test whether Mg actually follows vacancy-
annihilation hypothesis

XPS/EELS Valence / surface chemistry Support defect-state interpretation, not 
primary phase proof

Positron annihilation / EPR, optional Vacancy/color-center signatures Directly test proposed vacancy mechanism 
if resources allow

17. Experimental validation program / design of experiments
A single successful coupon would not establish the theory. The minimum meaningful program compares p, 
sintering-aid level, and pre-sinter condition while holding powder source and HIP lot as controlled as possible. 
The proposed staged DOE minimizes the number of expensive HIP runs.

17.1 Stage A - composition screening
Batch p MgO precursor wt% Purpose
A0 0.00 0.000 Nominal ALON control

A1 0.05 1.435 Low vacancy-annihilation 
point

A2 0.10 2.868 Primary VA-MgAlON-10
A3 0.15 4.299 Upper low-Mg point

A4 0.25 7.156 Mechanical-failure reference; 
optional small coupon only

Each composition should first be processed into small 20-30 mm discs using the same trace-aid condition. XRD, 
density, and hardness eliminate obviously poor compositions before full optical polishing. A2 is successful 
only if it provides a measurable advantage over A0 in at least one defect/processing metric without violating 
hardness and transparency floors.
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17.2 Stage B - sintering-aid screening at p = 0.10
Condition La2O3 Y2O3 Purpose
B0 0 0 No-aid control
B1 0.03 wt% 0.02 wt% Lower Y

B2 baseline 0.03 wt% 0.04 wt% Starting point from 
decomposition-inhibition logic

B3 0.06 wt% 0.04 wt% Higher La / grain-growth 
suppression

B4 0 0.10 wt% Single-Y comparison

The best aid condition is not the one with the highest density before HIP if it produces a boundary phase or 
color. Selection uses a multi-objective score: phase purity, pore size, post-HIP transmittance, hardness, grain 
size, and chemical homogeneity.

17.3 Stage C - pre-sinter/HIP window
Variable Levels
Pre-sinter temperature 1750, 1790, 1830 C
Pre-sinter hold 1, 2, 4 h
HIP temperature 1780, 1825, 1850 C
HIP pressure 150, 200 MPa where equipment permits
HIP hold 2, 3, 4 h

A full factorial is unnecessarily expensive. Use sequential optimization: first identify the lowest pre-sinter 
condition that produces closed porosity, then perform a small HIP temperature/hold matrix. Grain size and 
optical scatter are response variables, not just density.

17.4 Statistical replication
At least three independent powder batches of the final condition are required before claiming reproducibility. 
Optical coupons should be cut from different radial/axial positions of each HIP blank. Mechanical data require 
substantially more replicates; flexural strength should be reported with specimen count, mean, standard 
deviation, and Weibull modulus if sufficient samples are available.

18. Failure-mode and effects analysis
Failure mode Likely cause Detection Corrective action

Gray/brown tint
Carbon residue, Fe 
contamination, oxygen/nitrogen 
imbalance

Spectral absorption; chemical 
analysis

Reduce binder; change milling 
media; improve gas purity

Milky haze Residual pores or second phases Haze, SEM, density Improve green homogeneity; alter 
pre-sinter; HIP hotter/longer

Large isolated white spots Hard powder agglomerates / 
inclusions Dark-field imaging, SEM/EDS Better deagglomeration and 

filtration; clean-room handling

Abnormal large grains Aid segregation or excessive 
T/time SEM grain-size distribution Reduce additive; lower pre-sinter 

T; shorten hold

Residual Al2O3/AlN Incomplete reaction XRD Raise synthesis T/time; improve 
mixing; adjust N2

Mg-rich second phase Local MgO agglomeration / phase-
field limit STEM-EDS, XRD Improve master-batch; lower p

Low hardness Too much Mg, coarse grains, 
porosity HV and microstructure Lower p; optimize grain 

size/density

High density but low transmission Nano-pores, boundary films, color 
centers TEM, spectrum, chemistry Reduce additives/contamination; 

atmosphere adjustment

Cracking during HIP/cool Green defects, thermal gradients, 
fixture stress Visual/ultrasonic Improve forming; slower ramps; 

support redesign

Warpage Density gradient, setter reaction, 
thermal gradient Metrology CIP uniformity; setter design; 

symmetric heating
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19. Scale-up and manufacturing-control plan
Scaling transparent ceramics is not a simple geometric enlargement. Larger parts have longer gas-diffusion 
paths during debinding, larger thermal gradients, larger probability of a rare inclusion, and more severe 
density-gradient effects. The scale-up sequence should be diameter/thickness controlled: 20-30 mm coupons -> 
50 mm discs -> 100 mm discs -> application-scale plates only after process capability is demonstrated.

19.1 Critical-to-quality variables
CTQ variable Measurement frequency Control concept
AlN oxygen content Each incoming lot Supplier CoA + periodic verification
MgO batch fraction Every batch Gravimetric reconciliation + ICP
Trace aid distribution Each development batch; then periodic Master-batch assay; SEM/EDS on powder
Powder D10/D50/D90 Every milled batch Laser diffraction SPC
Green density Every part / witness Mass-volume; mapped coupon study
Pre-sinter density/open porosity Every furnace run witnesses Gate to HIP
HIP T/P/time Continuous logged data Electronic batch record
Final density Every part or witness Mass-volume + ultrasonic
Transmission at 600/1100 nm Every optical part Release gate
Surface roughness Every optical part Release gate

19.2 Yield logic
The economics are likely dominated by yield, not powder cost. A large blank that reaches HIP and optical 
polishing before an inclusion is discovered has consumed most of the expensive process value. Therefore 
nondestructive inspection should move as early as technically possible. Powder-lot genealogy, furnace-
position mapping, and inclusion root-cause analysis are essential. For production, every final part should 
retain traceability to powder lots, milling media lot, furnace run, HIP cycle, and polishing batch.

20. Safety, environmental, and facility controls
This is an advanced-ceramic process involving respirable powders, reactive AlN, flammable alcohol solvents, 
very high temperatures, compressed gases, and hot-isostatic pressure. It requires industrial controls and 
equipment designed for those hazards. The following are process-safety principles, not a substitute for site-
specific engineering review, SDS requirements, or regulatory compliance.

 Handle fine ceramic powders in enclosed local-exhaust or glovebox systems with appropriate respiratory 
protection under an industrial-hygiene program. Avoid generating airborne dust.

 Keep AlN powders dry. Contact with moisture can generate ammonia and alter powder chemistry. Store in 
sealed dry containers and monitor humidity in weighing/mixing areas.

 Use explosion/fire-code-compliant storage, grounding, ventilation, and electrical equipment for ethanol or 
isopropanol. Recover solvent in closed systems where practical.

 Nitrogen and argon can displace oxygen. Furnace/HIP areas require ventilation, oxygen monitoring where 
indicated by risk assessment, and compressed-gas procedures.

 HIP equipment stores enormous pressure energy. Operation, maintenance, inspection, pressure 
boundaries, and interlocks must follow the OEM and applicable pressure-vessel standards. No improvised 
pressure hardware is acceptable.

 High-temperature furnaces require refractory compatibility review, over-temperature protection, cooling-
water monitoring, gas-flow interlocks, and procedures for hot loads.

 Collect spent slurries and polishing residues as industrial waste characterized for metals and organics. Do 
not assume rare-earth-bearing or solvent-bearing waste is drain-disposable.
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 Diamond grinding produces fine particulate and can fracture brittle parts. Use machine guarding, coolant 
management, face/eye protection, and crack inspection before subsequent high-energy operations.

21. Cost and manufacturability considerations
A detailed cost model would require supplier quotes and equipment utilization data, but the cost structure can 
be anticipated. High-purity Al2O3 and AlN dominate raw-material mass; MgO and the ultralow rare-earth aids 
are minor by mass. The expensive steps are controlled-atmosphere high-temperature firing, HIP, diamond 
machining, optical polishing, inspection, and yield loss. Any composition change that lowers sintering 
temperature but causes a 5% drop in yield is probably economically negative.

The proposed p = 0.10 composition deliberately avoids a very large Mg addition, so it should not require an 
exotic supply chain. It does, however, add an analytical burden: because the claimed mechanism depends on a 
modest vacancy change, chemistry and site occupancy must be measured more carefully than for a 
conventional “make it dense and clear” development program.

22. Applications and boundaries of use
If validated, VA-MgAlON-10 would be relevant wherever ALON-class transparency and durability are useful: 
protective optical windows, harsh-environment viewports, scanner or sensor windows, infrared/visible 
apertures, high-pressure windows, and research transparent-armor strike faces. The current theory does not 
establish performance for any particular pressure, ballistic threat, radiation environment, laser fluence, 
plasma exposure, or thermal shock. Each application requires its own system-level qualification.

The material should not be sold conceptually as “better ALON” until it demonstrates a statistically significant 
advantage over a well-made ALON control processed in the same laboratory. A new composition that merely 
matches ALON after requiring more analytical control is not a useful invention.

23. What would falsify the theory
The theory is intentionally written so it can be killed. Any one of the following outcomes, if reproduced after 
reasonable process optimization, is sufficient to reject VA-MgAlON-10 as presently formulated:

 The p = 0.10 chemistry does not form a stable single cubic spinel under any practical synthesis window 
and persistently separates into AlON/MgAl2O4/Al2O3/AlN or glassy boundary phases.

 A fully dense, polished 2-3 mm sample remains below 80% in-line transmission at 600 nm because of 
intrinsic absorption or unavoidable compositional scatter.

 Vickers hardness is below 16.5 GPa after porosity and polishing effects are controlled.
 The composition requires so much sintering aid that second phases or color negate the proposed defect 

benefit.
 The HIP cycle needed to eliminate pores produces unacceptable nitrogen loss, decomposition, grain 

growth, or distortion.
 Direct measurements of site occupancy/defects show that Mg does not preferentially reduce the intended 

vacancy population or that the vacancy change has no measurable optical/processing benefit versus 
ALON.

 A matched ALON control equals or exceeds VA-MgAlON-10 in transparency, hardness, process 
temperature, and yield, leaving no practical advantage.

If only the hardness criterion fails, the first amendment is p = 0.05. If optical quality improves but 
densification remains difficult, the composition can still be scientifically interesting but fails the 
manufacturability objective. If the phase itself fails, the vacancy-annihilation trajectory is abandoned rather 
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than “rescued” by turning the material into a multiphase composite, because that would violate the optical 
design premise.

24. Conclusions
The proposed transparent-aluminum material is VA-MgAlON-10, a low-magnesium MgAlON spinel on a 
specific vacancy-annihilation trajectory. Its target formula is Mg0.80Al22.30 0.90O27.50N4.50 per 32 anions, □
corresponding to approximately 80.724 wt% Al2O3, 16.408 wt% AlN, and 2.868 wt% MgO before trace sintering 
aids. The proposal is grounded in known ALON/MgAlON crystal chemistry but selects a deliberately ALON-rich 
point intended to reduce a fraction of cation vacancies without accepting the large hardness loss of more Mg-
rich compositions.

The concept was attacked three times. The optical/phase challenge is survivable because transparent single-
phase MgAlON is known, but it imposes a strict phase-purity condition. The mechanical challenge defeated the 
first p = 0.25 version, forcing a reduction to p = 0.10. The densification challenge exposed a real contradiction - 
reducing cation vacancies can reduce diffusion - and therefore the process was amended so HIP, not vacancy-
mediated pressureless sintering, provides the final pore-elimination mechanism.

The resulting proposal passes only a desk-level falsification standard. The next scientific action is not further 
rhetoric but a controlled experiment: make p = 0, 0.05, 0.10, and 0.15 compositions from the same powder 
system, use the same low-additive/HIP process, and measure phase purity, vacancy/site occupancy, optical 
attenuation, hardness, and densification kinetics. If p = 0.10 does not outperform the ALON control on a 
meaningful combination of these metrics, the theory should be rejected.

Appendix A. Core equations and derivations
AlON nominal: 9 Al2O3 + 5 AlN -> Al23□1O27N5

Nominal 32-anion defect-spinel basis.

General MgAlON: Mg_x Al_((8 - 2x + y)/3) □_((1 - x - y)/3) O_(4-y) N_y

Published generalized defect-coordinate representation used as the parent model [15].

VA path: Mg_(8p) Al_(23 - 7p) □_(1-p) O_(27+5p) N_(5(1-p))

Proposed one-dimensional vacancy-annihilation trajectory.

Precursor balance: (9-p)Al2O3 + 5(1-p)AlN + 8pMgO -> VA product

Exact atom balance for the proposed path.

p=0.10: 8.9Al2O3 + 4.5AlN + 0.8MgO -> Mg0.8Al22.3□0.9O27.5N4.5

Primary composition.

R = ((n-1)/(n+1))^2

Normal-incidence Fresnel reflectance of one air/ceramic interface.

T_Fresnel = (1-R)/(1+R)

Ideal external transmission for nonabsorbing parallel plate with incoherent internal reflections.

T_meas ~= T_Fresnel exp[-(alpha_abs+alpha_scat)t]

First-order separation of reflection and bulk attenuation.

sigma_s ~ (8*pi/3)k^4a^6 |(m^2-1)/(m^2+2)|^2

Rayleigh-limit pore scattering scaling.

d = lambda0/(4n)

Single-layer quarter-wave optical thickness at design wavelength, for optional coating design.
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Appendix B. Batch sheet and mass-balance worksheet
For any chosen p, calculate molar precursor amounts as a = 9-p moles Al2O3, b = 5(1-p) moles AlN, and c = 8p 
moles MgO. Convert each to mass using molar masses 101.9601 g/mol Al2O3, 40.9885 g/mol AlN, and 40.304 
g/mol MgO. Normalize the three masses to 100% before reserving mass fraction for sintering aids. This makes 
it straightforward to produce composition series without re-deriving the chemistry.

p Al2O3 wt% AlN wt% MgO wt% Vacancies/cell
0.00 81.744 18.256 0.000 1.00
0.05 81.233 17.332 1.435 0.95
0.10 80.724 16.408 2.868 0.90
0.15 80.215 15.486 4.299 0.85
0.20 79.707 14.565 5.729 0.80
0.25 79.199 13.645 7.156 0.75
0.35 78.186 11.809 10.004 0.65

Appendix C. Qualification test matrix
Gate Test Pass condition If failed
G0 Incoming chemistry/PSD Within powder specification Reject/quarantine lot
G1 Post-synthesis XRD Cubic spinel; remnants <1 wt% Adjust synthesis or mixing

G2 Pre-sinter porosity Closed porosity; density 
typically >96-98% Change pre-sinter T/time

G3 Post-HIP density/visual >99.99% class; no cracks/tint Review HIP, contamination, 
phase

G4 Final XRD/TEM Second phase <0.5 wt%; clean 
boundaries

Lower p/additives or reject 
chemistry

G5 Optical T600 >=80%; haze <=3% Diagnose pores, absorption, 
surface

G6 Hardness HV >=16.5 GPa Reduce p or reject

G7 Reproducibility 3 independent batches within 
spec

Process not production-capable 
yet

Appendix D. Example research process traveler
 Batch ID / powder lot IDs / operator / date.
 Balance calibration status and actual weighed masses for every component.
 Solvent water content and volume; milling media mass and pre/post mass if wear monitoring is used.
 Milling time, rpm/energy, vessel ID, temperature history.
 Drying pressure/temperature/time; recovered powder mass and yield.
 Reactive-synthesis furnace ID; gas purity/flow; complete thermal data file.
 XRD result and phase-release approval before forming.
 Binder lot and amount; granulation details; final powder PSD.
 Press/CIP IDs, pressures, dwell, green dimensions/mass/density.
 Debind profile and off-gas observations.
 Pre-sinter furnace ID, gas flow, thermal profile, witness density/open porosity.
 HIP run ID, loading diagram, pressure-temperature-time record.
 Post-HIP mass/dimensions/density, visual inspection, ultrasonic result.
 Grinding/polishing sequence and material removal at each step.
 Optical, phase, chemistry, mechanical, and thermal test records.
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 Deviation log and final disposition: pass / rework / reject / research-only.
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Final research disclaimer
This paper is an engineering hypothesis assembled from public literature and first-principles stoichiometric 
reasoning. The manufacturing temperatures, pressures, dwell times, and acceptance values are proposed 
starting points for qualified materials laboratories. They are not certified production instructions, and the 
predicted material properties are not experimental results. High-pressure and high-temperature processing 
must be performed only in equipment designed, maintained, and operated by qualified personnel under site-
specific safety procedures.
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