












to better stoichiometry near the billet surface; however,
efforts to quantitatively demonstrate this were inconclusive.

(4) Sources of Failure
Fractography of the spinels was complicated by low failure
stress, large mirror size relative to specimen thickness, coarse
grain structure, and loss of material along the crack path,
including that containing the origin. However, two sources
of failure were readily observed in spinel (TA): very large
grains and alumina particles at grain boundaries. Fig. 14
shows a large grain in a uniaxial strength specimen and
Fig. 15 shows alumina particles and alumina rich regions
along grain-boundary fracture paths. The boundary composi-
tion is quite variable with some regions dense in fine, semicir-
cular particles and others sparsely populated with large,
angular particles, Fig. 16.

(5) Residual Stress and Texture
The presence of tabular alumina crystals at the spinel grain
boundaries produces localized residual stresses and explains

3 mm

3 mm

Fig. 11. Localized bifurcation in spinel (CT) leading to pop-out of
large grains and formation of debris. Inset gives detail of debris.

1 mm

Fig. 14. Grain failure in spinel (TA).
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Fig. 12. Strength in distilled water with 95% confidence intervals as
a function of stress rate. Fused silica and low expansion glass exhibit
plateaus at higher loading rates.
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Fig. 13. Spinel (AL) compact tension specimen showing crack
tunneling from the starter notch.
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the intergranular fracture. The residual stress at the interface
between a particle and matrix of different properties can be
estimated from the following23

r ¼ � ap � am
k

� �
Tf � Ti
� �

with

k ¼ 1þ mm
2Em

� �
þ 1� 2mp

Ep

� � (2)

where a is the coefficient of thermal expansion, m Poisson’s
ratio, E Young’s modulus, and T the temperature with

subscripts p, m, i, and f corresponding to particle, matrix,
initial, and final. The use of typical bulk properties for spinel
and alumina results in stresses of ~400 MPa, explaining the
low strength, preferential crack path, and the cracked bound-
aries shown in Fig. 17. Spinel (TA) was also examined for
texture by Electron Backscatter Diffraction. No texture was
exhibited.

(6) Weight Reduction
With regard to slow crack growth, a window material’s
screening metric can be developed by using lifetime models

5 μm10 μm

Tabular
alumina

(c)

Alumna rich
grain boundary

Alumna rich
particles

(b)(a)

(d)

5 μm30 μm

Fig. 15. Grain boundaries in spinel (TA): (a) and (b) alumina-rich boundary and particles; (c) and (d) tabular alumina.
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(d)(c)

50 μm 50 μm

50 μm 1 μm

Fig. 16. Grain-boundary regions in spinel (TA): (a) and (b) high density of fine, alumina-rich particles; (c) coarse, angular particles; and (d)
multigrain junction lined with alumina-rich phase.
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for ceramics and glasses. The minimum life of a proof loaded
component is24

tf min
¼ Brn�2

proofr
�n
applied (3)

where B and n are the slow crack growth constants and
rproof and rapplied are the proof and applied stresses. The
mass and stress for a flat pressurized circular window are as
follows

m ¼ qpD2t

4
(4)

and

rmax ¼ 3PD2

32t2
3þ mð Þ (5)

where q is the density, v Poisson’s ratio, D window diameter,
t thickness, and P applied pressure. The proof stress in terms
of a screened flaw size is given as

rproof ¼
KIc

Y
ffiffiffiffiffiffiffiffiffi
amax

p
� �

(6)

where KIc is the fracture toughness, Y is the stress intensity
factor coefficient, and amax is the maximum flaw size after
proof. Writing the window thickness in terms of the mass
and substituting equations (4) through (6) into (3) and solv-
ing for the mass gives a function for the required window
mass in terms of a minimum lifetime, pressure, screened flaws
size, and crack growth parameters:

m ¼ tf min

B

� � 1
2n KIc

Y
ffiffiffiffiffiffiffiffiffi
amax

p
� �2�n

2n 3p2Pq2D6

512
3þ mð Þ

� �1
2

(7)

or

m ¼ A n� 2ð Þtf min

2

� � 1
2n

að Þ
n�2

=4n
3p2Pq2D6Y

512
3þ mð Þ

� �1
2

(8)

in terms of the constant A in equation (1). The functions
imply that the crack growth constants (n and B) and fracture
toughness, which should be maximized, can be traded against
density, which should be minimized. Figure 18 shows life as
a function of mass for the materials in Table I, and implies
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Fig. 17. Grain boundary in spinel (TA) exhibiting compositional
variation (a) and micro-cracks (b).
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Fig. 18. Window lifetime as a function of mass for spinel of
various grain sizes, ALON, and fused silica (50 lm starting flaw, one
atmosphere).

(b)

(a)

Fig. 19. Hyper-velocity impacts on (a) fused silica and (b) spinel
(TA). Spinel exhibits localized cracking, whereas fused silica exhibits
large, distinct cracks and spall.
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that finer grained spinels and AlON can be used to lighten
window systems from a slow crack growth perspective. More
important is an ability to sustain damage from micrometeor-
oids and orbital debris, which is not easily predicted from
materials property data.

Figure 18 also indicates that grain refinement beyond
25 lm makes little difference in required mass, and that
required mass is a weak function of lifetime for any material.
Table V gives mass relative to that of fused silica for a
0.25 m window subjected to one atmosphere. Although the
coarse-grained spinels (TA and AL) exhibit less mass benefit
than fused silica, they may perform better under high veloc-
ity impact due to grain-boundary cracking and crushing, as
shown in Fig. 19. Detailed study is required to determine the
impacted related benefits.

V. Conclusions

The slow crack growth parameters and fracture toughness of
transparent magnesium aluminate spinel and AlON are bet-
ter than those of fused silica. These transparent ceramics
have potential in spacecraft window systems despite higher
densities. For spinel, a mass–lifetime relation indicates that
grain size refinement below ~150 lm is necessary for
improved mass, but little benefit occurs for refinement below
~25 lm. Substantially more study is required to qualify
transparent armor materials for manned spaceflight systems.
Besides the meeting the metrics listed in the introduction,
fine-grained spinel is difficult to manufacture in the dimen-
sions desired for spacecraft windows.

In coarse-gained spinel, life-time growth can occur along a
few preferential (weak) paths (large crystal planes and grain
boundaries) due to intergranular fracture that is the result of
porosity and residual stresses induced by alumina-rich
regions and alumina platelets. However, as the grain size is
refined, a shift from intergranular to transgranular fracture
occurs and the mechanical properties improve. One spinel
exhibited a strength gradient through the billet thickness due
to variation in grain size. The resultant heterogeneity compli-
cates Weibull scaling.

The use of single indentations to measure slow crack
growth parameters and fracture toughness is less accurate
for spinel due to poor crack formation. The use of multi-
ple flaws reduces average strength and the coefficient of
variation. A well-ground surface provides a multiplicity of
surface cracks, thereby decreasing variability in slow crack
growth measurements. This is opposite the behavior of
glasses.
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