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After finishing work on windows, Dan begins the floors.



Preface

This text provides a comprehensive introduction to infrared-transparent
materials that must withstand harsh environmental conditions, such as high-
speed flight or high-temperature process monitoring. Each section contains
sufficient introductory explanation to be readable by a person with a
background in science or engineering. The book is also a reference on window
material properties.

This book is written from the engineering orientation of “How do we use
these materials?” For an outstanding, complementary book written from a
science viewpoint, I call your attention to A. Goldstein, A. Krell, and
Z. Burshtein, Transparent Ceramics (American Ceramic Society/Wiley, 2020).

The present volume builds on its two predecessors: (1) Infrared Window
and Dome Materials, published in 1992 in the SPIE Tutorial Text series, and
(2) Materials for Infrared Windows and Domes: Properties and Performance,
published in 1999 in the SPIE Press Monograph series. Each volume was
double the length of its predecessor, a trend which, I think, reflects some law
of thermodynamics. That trend also reflects my learning as I worked in the
field more years on a wider variety of projects, learned from my professional
colleagues, and taught a short course on windows and domes 60 times at
professional conferences and at China Lake.

The book you are reading has expanded coverage of optical properties of
windows in Chapters 1 and 2. Most of Chapter 2 is new to this edition as I
learned about birefringence, Fresnel equations, hemispheric emissivity, and
calculating spectral transmittance, emittance, and reflectance from complex
optical constants. In every chapter, I try to teach subject matter through
numerical examples. Chapter 3 expands the coverage of mechanical
properties of ceramics. Chapter 4 on Weibull statistics applies the ASTM
maximum-likelihood method to characterize the strength of brittle
materials. I have added what I learned about bimodal strength distributions
and apparent threshold strengths below which some materials do not seem
to fail (we wish!).

Chapter 6 on fabrication of materials emphasizes the most used materials.
Emerging materials such as infrared-transparent polycrystalline alumina and
a nanocomposite optical ceramic are included. Diamond is put in perspective

XV



Xvi Preface

as a material with unique properties, but its cost still limits its use. A few
developmental materials are described. Chapter 7 discusses optical finishing.
Some history of the development of deterministic grinding and polishing in
the U.S. is recounted. This development led to today’s Magnetorheological
Finishing®, UltraForm Finishing®, ultrasonic machining, UltraSurf Metrol-
ogy®, and the capability to make free-form optics. Chapter 8 describes
antireflection coatings and surfaces, and electromagnetic shielding.

Chapter 9 on erosion by rain and sand discusses rainfall characteristics
and the rain impact event. The physical origin of the raindrop size distribution
is described. A section based on the latest work in fluid dynamics contradicts
the widely held belief that significant drop distortion occurs prior to impact on
a dome in supersonic flight. Another new section estimates the localized
thermal stress produced when a raindrop collides with a hot window. A
physical model for loss of transmission from sand erosion is presented.
Erosion-protection coatings are described, but, alas, I found little new
published information on this subject.

Chapters 10 and 11 on slow crack growth, window lifetime, and proof
testing are entirely new in this edition. The last five years of my Navy career
were heavily focused on window design of operational systems subject to slow
crack growth. I try to teach computations that were very challenging for me to
decipher from the research literature. Appendices contain expanded informa-
tion on optical and thermal properties of window materials.

I began to write this edition in 2015-2016, but there was not enough time
to complete it before it was overtaken by other work. After retiring from the
Navy in 2022, writing this book occupied the next two years of my life. I
thoroughly enjoyed working on this book. I hope it will be a continuing
resource for engineers and scientists who design and build systems with sensor
windows that must operate in harsh conditions.

Dan Harris March 2024
China Lake, California
dan_harris@alum.mit.edu
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Chapter 1

Optical Properties of Infrared
Windows

All objects above absolute zero temperature emit infrared radiation. This
radiation can be used to measure the temperature of an object or can be used
to observe military targets. “Heat-seeking” missiles use infrared radiation
from the hot exhaust of a target aircraft to guide themselves to the target.

The nose of the infrared-guided missile in Fig. 1.1 is a hemispheric,
infrared-transparent dome made of magnesium fluoride. The ceramic dome
protects a delicate, hermetically sealed infrared seeker from the harsh
environment of high-speed missile flight. The dome must withstand rapid
aerothermal heating when the missile is launched and must resist long-term
erosion from raindrops and dust encountered during captive carry of the
missile beneath the wing of an aircraft.

This book discusses optical, mechanical, and thermal properties of
infrared window and dome materials. It describes fabrication techniques and

Figure 1.1 Nose of a Sidewinder missile showing the dome that protects the infrared
seeker. (Photograph courtesy of Naval Air Warfare Center, China Lake, California.)



2 Chapter 1

coatings required to enhance optical transmission and mechanical durability.
The last chapter considers slow crack growth in window design. We emphasize
the few materials capable of external use in demanding environments.

1.1 Electromagnetic Spectrum and Atmospheric Transmission

Electromagnetic radiation is characterized by a frequency v (number of
oscillations of the electric field per second) and wavelength \ (distance between
crests of the electric field). The speed of light ¢ is the product of wavelength
and frequency:

¢ = \v. (1.1)

The speed of light in vacuum is exactly 2.997 924 58 x10® m/s (which
defines the length of a meter). The energy E of a photon (a “particle” of light)
is proportional to its frequency, and inversely proportional to its wavelength:

E=hv=—". (1.2)

The constant of proportionality, Planck’s constant, is h = 6.626070 15 x
10~3* J-s. Physical constants and conversion factors are listed in Appendix A.
Table 1.1 shows names, wavelengths, and frequencies for various parts of
the electromagnetic spectrum. Infrared wavelengths are often expressed in
micrometers, wm (107% m), and visible wavelengths are typically given in
nanometers, nm (10~° m). Infrared radiation spans the wavelength range 0.78

Table 1.1 Electromagnetic spectrum.

Radiation type Wavelength Frequency (s™! = hertz = Hz)
Gamma rays <107"'m >3 % 10"
X-rays 1071-10"% m 3 x 10"-3 x 10'6
Ultraviolet 10838 x 107 m 3% 10'-7.9 x 101
Visible 3.8x1077-7.8 x 107" m 7.9 x 1014-3.8 x 10
Violet 380430 nm Yellow 530-580 nm
Blue 430-480 nm Orange 580620 nm
Green 480-530 nm Red 620-780 nm
Infrared (IR) 0.78-1000 pm 3.8 x 104-3 x 101
Near IR 0.9-1.7 pm Midwave IR 3-5 wm
Short wave IR 2.0-2.5 pm Long wave IR 8-14 pm
Terahertz 0.1-1 mm 3% 1012-3 x 10
Microwave 1073-10"!' m 3 x 1013 x 107

Radio >10"'m <3 x 10°
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to 1000 pm. Visible radiation has higher energy than infrared, while
microwave radiation has lower energy.

Figure 1.2 is a transmission spectrum of the atmosphere, with absorption
features by various atmospheric constituents noted. The transmittance of a
perfectly transparent medium is 100%, while an opaque medium has a
transmittance of 0%. In Fig. 1.2, we see a transmission window in the visible
region (below 0.7 wm) and several windows in the infrared. Atmospheric
transmission varies with pathlength (how far you are looking through the
atmosphere), altitude, and humidity. Regions for infrared sensing are the long
wave infrared window between § and 14 pm, the midwave infrared window
from 3 to 5 wm, and the near- and short-wave infrared windows from about 0.9
to 2.5 pm. The midwave window is interrupted by a strong absorption band
from carbon dioxide near 4.3 um. Whereas midwave and long wave radiation
are emitted by warm objects, short-wave infrared radiation is mainly reflected
sunlight and can produce images similar in contrast and detail to visible images.

At the top of Fig. 1.2 is a wavenumber scale. Wavenumber is the reciprocal
of wavelength, with cm~! being the most common unit:

1
Wavenumber = X (1.3)

Wavenumber (cm-1)
20000 10000 5000 3300 2500 2000

T T T

o
o o
T T

Midwave

Transmittance (%)
5
T

window -
20+ (3-5 um) -
0 | 1 1 1 1 1
0.5 1.0 2.0 3.0 4.0 5.0 6.0
bEb ot Tt Wavelengthm) 1
0, HO HO HOCO, HO COo, H,0
Wavenumber (cm-1)
. 1538 1429 1250 1111 1000 833 714 625
o\o T T T T T T T T T T
v80 -
8
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@20
E 0 | | | | | | | | | | |
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Figure 1.2 Infrared transmission spectrum of the atmosphere for a 1 km path at sea level
at 15°C with 46% relative humidity. (Adapted from Santa Barbara Research Center data.)
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1.4.1 Birefringence

A birefringent crystal has two different refractive indices and refracts
randomly polarized light into two rays, forming the double image shown
for calcite in Fig. 1.10. Calcite has two very different refractive indices. Most
birefringent materials do not split an image as much as calcite does.

We say that glass is isotropic because its optical (and other) properties are
the same in every direction. Crystalline materials have a regular structure in
which different directions may be physically distinct. In crystals with a cubic
structure, such as the sphalerite form of zinc sulfide, optical properties are the
same in every direction. Crystals with lower symmetry than cubic, such as
calcite or sapphire in Fig. 1.11, are anisotropic. That is, they have two or three
distinct directions with different optical properties. Sapphire has axial symmetry
with a unique direction (the ¢ direction) having 3-fold rotational symmetry.

Figure 1.12 shows plane-polarized electromagnetic radiation (a light ray)
traveling in the x direction. The electric field oscillates in just one plane (xy in
this illustration) perpendicular to the direction of travel. The magnetic field
oscillates in the xz plane. Randomly polarized light has equal components of
the electric field oscillating in the xy and xz planes.

Plane-polarized light rays passing through sapphire or any axially
symmetric crystal are classified as ordinary or extraordinary. The electric
field of an ordinary ray oscillates perpendicular to the axis of highest symmetry
(¢), which is called the optic axis. Every ray traveling in the ¢ direction has its
electric field oscillating perpendicular to ¢ (E L ¢) and is an ordinary ray.
Every plane polarized ray traveling in any direction with the plane of its
electric field perpendicular to ¢ is an ordinary ray. Figure 1.13(a) shows one
ordinary ray traveling in the am plane with E plane L ¢ and another ordinary
ray traveling at angle ¢ with respect to the ¢ axis with E L ¢. The refractive
index for every ordinary ray is n,, the ordinary refractive index.

Figure 1.10 Birefringence of calcite splits the word beneath the crystal into two images.
(Photograph by Sally Harris.)
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Ordinary direction (c-axis)
has 3-fold symmetry
with refractive index nq

61.2° 57.6°

View down c-axis

Extraordinary
direction
perpendicular
to c-axis has
refractive index
ngwhen E || ¢

symmetry
about a-axis

Figure 1.11 Sapphire crystal showing 3-fold (c-axis) and 2-fold (a-axis) symmetry
directions and cleavage faces. The c-axis is normal (perpendicular) to the c-plane, the
a-axis is normal to the a-plane, and the m-axis is normal to the m plane. The electric field of a
light ray traveling along the c direction oscillates perpendicular to the c¢ direction.

y

Electric field N
PR ’/’—\\
/” ! A7 1
R ) 7 [}
-, I 7 1
/” ’/’,/ ’/’/ 3 X
|\ a/’,\ |\ a””
Magnetic field

Figure 1.12 A plane-polarized light ray of wavelength \ traveling in the x direction with the
electric field oscillating in the xy plane.

One ray traveling in the am plane in Fig. 1.13(a) is polarized with its
electric field oscillating parallel to ¢ (E || ¢). This ray is an extraordinary ray
with refractive index n..

The ray traveling at angle ¢ with respect to the ¢ axis is redrawn in Fig.
1.13(b). The plane containing the optic axis and the light ray is called a
principal plane. Figure 1.13(b) shows that an ordinary ray is polarized with its
electric field oscillating perpendicular to the principal plane. The refractive
index of every ordinary ray traveling in any direction is n,. Figure 1.13(b)
shows that an extraordinary ray is polarized with its electric field oscillating in
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Optic axis
(c-axis) of
crystal

Ordinary ray traveling
perpendicular to ¢ with
E 1L c and refractive

index n,

Ordinary ray traveling parallel
to ¢ with E L ¢ and refractive
index n,

Extraordinary ray with
E oscillating in principal plane
and ng (¢) between n, and ng

Ordinary ray with E oscillating
perpendicular to principal plane
and refractive index n

a-axis  Extraordinary ray traveling m-axis
perpendicular to ¢ with E || ¢
and refractive index ng

Optic axis Principal plane contains

(c-axis) optic axis and light ray
traveling at angle ¢ with
respect to optic axis

o-ray electric field oscillates
perpendicular to principal plane

e-ray electric field
oscillates in principal

Figure 1.13 (a) The electric field of an ordinary ray oscillates in a plane perpendicular to
the optic axis (c-axis). (b) The electric field of an extraordinary ray oscillates in the principal
plane, which includes the optic axis and the light ray vector.

the principal plane. The refractive index of the extraordinary ray lies between
ne and n,, depending on the angle ¢. Equation (2.7) in Chapter 2 gives the
dependence of the extraordinary refractive index 7n.(¢$) on the angle ¢. The
extraordinary ray traveling in the am plane in Fig 1.13(a) perpendicular to



Chapter 3
Mechanical Properties

Infrared window and dome materials are classified as ceramics, which is a
broad term encompassing inorganic, nonmetallic materials. Ceramics are
typically brittle, stable at high temperature, and poor conductors of heat and
electricity. In this chapter we discuss the mechanical behavior of brittle
materials, which are somewhat different from ductile metals.

Figure 3.1 shows specimens of yttria (yttrium oxide, Y,03) fabricated for
a test of tensile strength. Each piece was gripped at the ends and pulled apart
until it broke. If these had been metal, they would have broken in the narrow
section near the middle (called the gage section), and all failures would have
occurred at nearly the same load. Instead, three of five samples broke in the
thick end region, and the load at failure varied by >20%.

Optically polished ceramics usually fail at flaws such as scratches at or near
the surface of the material. Residual damage at or beneath the surface left from
grinding and polishing is frequently the source of failure. Some ceramics have
strength-limiting inclusions of foreign material or small internal voids.

YTTRIA

Figure 3.1 Yitria “dog bone” specimens with a 0.4-cm-diameter central gage section,
prepared for tensile strength measurement. (Photograph courtesy of Raytheon Co.)

161
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3.1 Elastic Constants

Consider a cylinder of solid material gripped at the ends and pulled apart
until it breaks. The force per unit area pulling on the object is called the
stress o

force
area

3.1)

Stress = o =

The symbol = means “is defined as.” Area in Eq. (3.1) is the cross-sectional
area of the cylinder. Units of stress are newtons per square meter, known as
pascals (Pa=N/m?). The English units of stress are pounds per square inch
(psi). A common abbreviation for 1000 psi is ksi. The relation between the
English and metric units is 1 ksi~6.895 MPa (M =mega = 10°). For
example, a stress of 5.3 ksi is equivalent to 5.3 ksix 6.895 MPa/ksi = 37 MPa.
If the cylinder has a length £ before force is applied, and length £+ Af
when stretched, we say that the strain € is the fractional increase in length:

Strain = e = % (3.2)

Figure 3.2 shows the behavior of brittle and ductile materials when
tensile stress is applied. The brittle material stretches slightly, with strain
proportional to stress: if stress is doubled, the strain doubles. Eventually the
stress reaches the strength of the material and fracture occurs. The strength of
the material is the stress at failure. The slope of the stress versus strain curve is
called Young’'s modulus E:

stress o

Young’s modulus = E = —=—. (3.3)
strain ¢
Brittle fracture .
Ductile
X fracture

Strength

1Slope =
'Young's
rmodulus

- - -Yield strength for
0.2% strain offset

Stress —

Stress = force/area
Strain = A/ =

relative deformation
Strength = stress at failure

’

4
4_>/,/ *0.2% strain
et Strain —

Figure 3.2 Schematic response of brittle and ductile materials to tensile stress.
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The greater the value of Young’s modulus, the stiffer the material. That is, a
greater stress is required to produce a given strain. The behavior of the brittle
material in Fig. 3.2, prior to fracture, is said to be elastic. When stress is
removed, the material returns to its original shape.

Figure 3.2 also shows stress—strain behavior for a ductile material such as a
metal. Initial elastic deformation is followed by a region of plastic deformation
in which the object does not return to its original dimensions if stress is
removed. The yield strength of a ductile material is often taken as the stress at
the intersection between the stress—strain curve and the 0.2% strain offset line.

Figure 3.3 shows a cylindrical solid with initial length £ and initial
diameter d. After a tensile stress o is applied, the length increases to £ + Af and
the diameter shrinks to d — Ad. Poisson’s ratio v (pronounced pwa-san) is the
fractional change in diameter divided by the fractional change in length:

Ad/d
AL/e
Ceramic materials undergo an elastic deformation for which Poisson’s ratio

is typically ~0.2-0.3. A material that exhibits plastic (viscous) flow or creep
maintains a constant volume as it distorts. In such a case, Poisson’s ratio is 0.5.

Poisson’s ratio = v = (3.4

Obtaining Stress—Strain Data by a Common Method

- From A. A. Somerville,
J.M. Ball, and L. A. Edland,

. “Autographic stress-strain
curves of rubber at low
elongations,” Ind. Eng.
Chem., Analytical Ed. 2,
289-293 (1930).
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A thickness of 2 mm is between 0.70 and 3.18 mm. The quotient (¢ — b)/d in
Eq. (3.19) is (19 — 15.875)/2 = 1.56, which is in the allowed range of 1 to 6. If
we had increased the disk radius to ¢ =25 mm, the dimensions would still be
allowable and the stress at the edge of the disk would be reduced.

The purpose of the equibiaxial flexure test is to measure the strength of the
polished face of the test specimen. Therefore, the specimen should be polished
by the same set of steps with the same abrasives that will be used to polish a
full-size window. Faces should be flat and parallel to within 0.05% of the disk
diameter, which is 0.019 mm for a diameter of 38 mm. The edge of the disk
should be fine ground and may be chamfered.

The stress rate for an equibiaxial flexure test is equivalent to that given by
Egs. (3.10) and (3.11) for uniaxial flexure:

Stress rate (N/[m? - s]) = ?f—;;’j, (3.20)

where E'is Young’s modulus, d is the disk thickness, s is the crosshead speed of
the test machine, and 25 is the support diameter. A common crosshead speed
of 0.508 mm/min in Eq. (3.20) gives a stress rate of 27 MPa/s for spinel with a
thickness of 2 mm and support radius of 15.875 mm.

3.2.4 Pressure-on-ring (hydraulic-burst) flexure test

A pressure-on-ring test (Fig. 3.13) measures the strength of a window in a
manner that mimics uniform pressure loading of a real window. A disk is
supported on one side by a ring and uniformly loaded from the other side by
hydraulic pressure. The specimen may be separated from the hydraulic fluid
by a neoprene diaphragm with a thickness such as 1.6 mm.'* Radial and hoop
components of stress at radial position r within support radius b (r < b ) are:'

Hydraulic fluid (oil)

T 2c
<JY 26 — >
Disk test
specimen

N

(]

A T Y Y

Support ring

Figure 3.13 Pressure-on-ring (hydraulic-burst) test applies uniform hydraulic pressure P to
one face of a test disk of radius ¢ with support radius b and thickness d. (Adapted from
Matthewson and Field.)
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Radial stress = :;Ldb; [(1 —v) <i—§> +2(1+v)—(3+v) <2—Z)] + 421—‘__1)2}1;
(3.21)

3P % NT (34w

Hoop stress = =5 {(1 - v) <6—2> +2(1+v) = (1+3v) (%)} +7E‘(1 _l) ;
(3.22)

where c¢ is disk radius, d is disk thickness, v is Poisson’s ratio, and P is the
hydraulic pressure.

Figure 3.14 compares stress profiles of the pressure-on-ring test and the
ring-on-ring test. Disk surface displacement and comparison of experimental
and calculated stresses are given by Salem et al.'>!®!” The closer the support
radius is to the disk radius, the more failure occurs at the support. In
experiments with 6-mm-thick glass disks with a 25 mm diameter, the fraction
of support failures decreased from 25% to 5% when the support diameter was
reduced from 23 to 20 mm.

The deflection of the tensile face of the disk, as a function of radial
distance r from the center, is'®

_ 3PhY(1 —v?) [2(1 —v)b? 2 2 A
Deflection = l——=)+4(1-——=)—(1-=
ST ek [(Hv)cz ( bz) ! ( bZ) ( b4>]’

(3.23)
140 1
__________ |
120 } Ring-on-ring N '
Hoop !
flexure test A !
100 | Radial \ \\/ :
Hoop N !
80 \ I
5 I
s 60 Pressure-on-ring S
w .o [ (hydraulicburst DT
§ flexure test Radial '
n 20 :
. I
‘\:a -
20 } Support E
radius ——
-40 ) ’

0 2 4 6 8 10 12 14 16 18 20
Radial distance (mm)

Figure 3.14 Radial and hoop stresses on lower surface of a disk in the pressure-on-ring
test with b=15.875mm, c=19mm, d=2 mm, v =0.27, P=1.26 MPa = 12.6 bar. Dashed
lines are from Fig. 3.12 for the same size disk with a load of 1000 N applied to the load ring.
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where E is Young’s modulus. If hydraulic-burst pressure were raised to 1.748
MPa in Fig. 3.14, the stress at the center of the disk would be equal to the
maximum stress in the ring-on-ring flexure test. Inserting P = 1.748 MPa and
E =272 GPa into Eq. (3.23) gives a maximum deflection of 34 pm at r=0
with parameters in Fig. 3.14. For the same maximum stress, the deflection in
the ring-on-ring test was 58 pwm in the previous example. The ring-on-ring test
produces greater deflection than the pressure-on-ring test at the same
maximum stress.

In a study of the hydraulic-burst (pressure-on-ring) test in Fig. 3.13, 39
disks of high-purity, opaque, as-fired polycrystalline alumina were tested to
failure.!” “As-fired” means that the surfaces were not ground or polished.
They were used as they came out of the sintering furnace. All disks had a
nominal thickness of 0.635 mm.

One set of 39 disks had a diameter (2¢ in Fig. 3.13) of 25 mm and another
set had a diameter of 20 mm. In both cases, the support diameter 26 was 80%
of the disk diameter; therefore, the support ring was located 2 mm from the
edge of the 20 mm disks and 2.5 mm from the edge of the 25 mm disks. The
support ring was covered by a 0.05-mm-thick copper washer whose ductility
reduces flatness problems and contact stress.

In the case of the 20 mm disks, 4 of 39 specimens failed at the edge and
10 failed at the support radius. For the 25 mm disks, 1 of 39 disks failed at
the edge and no disks failed at the support radius. The large number of
edge and support ring failures when the support ring was just 2 mm from
the edge should be a caution not to design pressure-on-ring windows with
the support ring too close to the edge. It would have been good to test the
reproducibility of these observations with two more sets of disks, but that
was not possible.

<« 20 mm 25mm ——— >
- - . —
> >
2.0 mm 2.5 mm
14 of 39 failures at edge or support 1 of 39 failures at edge 0 at support

3.2.5 Stronger ceramics tend to break into more pieces

Figure 3.15 shows two ceramic disks that were broken in ring-on-ring
flexure. The disk on the right broke at 1.4 times as much load as the disk on
the left. It is typical that the stronger sample broke into more pieces because
it stored 40% more elastic potential energy than the weaker sample prior to
shattering. The dashed lines in Fig. 3.15 show the positions of the load and
support rings. In the disk on the right, much damage is observed beneath
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Example: Predicting flexure strength for components with different sizes

Zinc sulfide disks in Fig. 4.4 with an effective area of 2.65 cm? have an
observed mean strength of S| = 92.8 MPa with a Weibull modulus of 4.67.
Predict the mean strength of the same quality of material with an effective
area of 100 cm? under tensile stress. We answer this question with Eq. (4.22):

S,  (2.65cm?
92.8 MPa  \ 100cm?

1/4.67
) = S, =43 MPa

We predict that the 100-cm? specimens will fail at a mean stress of
43 MPa, which is less than half the strength of the 2.65-cm” specimens. The
greater the Weibull modulus, the less the mean strength depends on area. If
m =10, we would predict that the mean strength of the large specimens would
be 65 MPa.

Figure 4.8 confirms the strength-scaling relation in Eq. (4.22). Taking the
base 10 logarithm of both sides of the equation gives

log S, = —%log <j—?> + log S;. (4.23)

We can measure the mean strengths S, of sets of samples with a different
effective area A4, for each set. Taking 4, = 1 cm?, Eq. (4.23) predicts that a
graph of log S, versus log(A4,/A;) will be a straight line with a slope of —1/m
and a y-intercept of log S, when log(4,/4;) = 0 (that is, when 4, = 1 cm?).
From the slope in Fig. 4.8, m = —1/(—0.0640) = 15.6. From the intercept in
Fig. 4.8, the predicted strength for an area of 1 cm? is 10248° = 303 MPa.

4.7 Weibull Probability of Survival Without Slow Crack Growth

How can we use the Weibull equation to predict the probability of survival of
a window made from a material whose strength we have measured with
coupons? Consider the transparent polycrystalline alumina window in Fig. 4.9
held in a frame by a compliant gasket with a pressure difference P = 0.5 MPa
(5 bar) across the window. The right side of the window becomes convex and
is placed in tension.

You might recognize the window in Fig. 4.9 as an example of the pressure-
on-ring burst test in Fig. 3.13. Tensile surface stresses shown in Fig. 4.9 are
computed with Egs. (3.21) and (3.22) from the parameters in the figure
caption. The maximum stress at the center of the tensile surface of the window
in Fig. 4.9 with a pressure difference of 0.5 MPa (5 bar, 5 atm) computed with
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Effective area, cm?
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Test and Number of | Average | Standard Weibull Effective
sample type* | specimens | strength | deviation | modulus area
(MPa) (MPa) for set (cm?)
3-point size A 18 388 33 14.6 0.0269
4-point size A 17 313 35 9.4 0.235
3-point size B 18 351 31 12.2 0.128
4-point size B 48 303 24 14.3 0.894
3-point size C 18 326 22 16.4 0.384
4-point size C 18 284 22 14.5 3.57

*Specimen sizes A, B, and C are described in Table 3.1

Figure 4.8 Demonstration of Weibull area scaling for 3- and 4-point flexure bars made of
sintered silicon carbide. (Data from C. A. Johnson and W. T. Tucker in ASTM C1683-10.)
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Figure 4.9 Window in a frame with pressure difference P=0.5 MPa across the window.
Window radius ¢=55 mm, support radius (o-ring radius) b=50 mm, window thickness
d=2 mm, Poisson’s ratio v=0.24, and Young’'s modulus E =403 GPa. Radial and hoop
surface stresses are computed with Egs. (3.21) and (3.22).



238 Chapter 4

1.0 Pr—r-—r-—r-—r-—"r"-""""—"T"T"TTT
L Weibull parameters
© 08} frorr) maximum
5 likelihood fit:
;TT_, m = 6.29 (unbiased)
w 0.6 F E
o
2
S 04} .
©
2
o
S
o 0.2 4
0.0

400 600 800 1000 1200 1400
Failure stress (MPa)

Figure 4.10 Weibull plot of strengths of 30 transparent polycrystalline alumina disks with
radius 19.0 mm and thickness 2.00 mm using a ring-on-ring test fixture with load radius
7.94 mm and support radius 15.88 mm tested in air at ~45% relative humidity at ~24°C with
crosshead speed 0.508 mm/min. Smooth curve is fit to Weibull Eq. (4.1). (Data from
CeraNova Corp.)

Eq. (3.21) at r =0 is 365 MPa. Poisson’s ratio and Young’s modulus given in
the caption of Fig. 4.9 apply to a fine-grain polycrystalline alumina (grain size
0.3—0.4 pm) that is transparent in the midwave infrared region and visibly
translucent because of optical scatter.”-3-10-11.12

Figure 4.10 shows the strengths of 30 coupons of polycrystalline
alumina tested in ambient atmosphere in ring-on-ring flexure. Other
experiments that are not shown suggest that slow crack growth in
polycrystalline alumina at ambient humidity near room temperature is
negligible. The pattern of points in the Weibull plot suggests that there are
at least two different populations of flaws giving rise to mean strengths near
850 MPa and 1100 MPa. Exhaustive fractography was not performed, so
there is not enough information to categorize the flaws. We choose to
describe the entire data set with a single Weibull modulus m and
characteristic strength oy. Two of the 30 specimens failed in the outer
gage section (between the load and support rings) at stresses of 803 and
1153 MPa. These are the third-lowest and third-highest points in Fig. 3.33,
and there is no reason to discard these points from the Weibull analysis. It
is a good reminder that the failure stress in Weibull analysis is the
maximum stress inside the load ring.

Weibull analysis by the maximum-likelihood method in Section 4.4
gives an unbiased Weibull modulus of m =6.29 with a 90% confidence
range of 4.72 to 7.69. The characteristic strength is oy = 1030 MPa. With
m=6.29, we compute the test coupon effective area A, = 5.54 cm? with
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a 2-3 mm dome thickness. In lower-speed launches, the temperature gradient
is smaller. It is common for the temperature at maximum stress to lie between
25° and 500°C. The thermal shock figure of merit near 300 K in Table 5.2
roughly provides an appropriate qualitative comparison of materials.

The thermal shock figure of merit is only a semi-quantitative indicator
that is helpful in material selection. To assess the probability of survival of a
dome or window for a particular application, there is no substitute for a careful
finite element aerothermal stress analysis using the best available temperature-
dependent data for the material to be employed. Such an analysis should
include the attachment of the dome to the airframe because high stress can
occur at the attachment. Weibull analysis, described in Section 4.8, can be
used to predict the probability of survival of the dome or window once the
stress distribution is calculated. Weibull parameters might need to be
measured for the material of interest at the temperature of interest. It is
rare that a high degree of confidence can be attached to the results of thermal
stress analysis coupled with Weibull probability of survival because of
uncertainty in every part of the analysis.

The wind tunnel in Fig. 5.16 allows the performance of a missile dome to
be measured in a flight-like environment.®® Hot air is created by burning
hydrogen in a high-speed stream of air. Temperature and air pressure at the
surface of the dome are independent variables. After establishing the desired
flow, a mounted dome can be rapidly inserted into the flow. Alternatively, a
covered dome can be in the flow the whole time and the cover quickly removed
when required flow conditions are attained. The inside surface of a dome can be
instrumented to measure strain and temperature as the dome is heated.

Air heater

Mach 5 nozzle Infrared dome
and sensor

test unit

Water-cooled
diffuser

Laser-infrared
source and

instrumentation Optical

bench

Figure 5.16 Aerothermal/Infrared Test Facility formerly at the Johns Hopkins University
Applied Physics Laboratory, Laurel, Maryland. (Reprinted from Lin and Weckesser,?° © 1992
The Johns Hopkins University Applied Physics Laboratory LLC. All Rights Reserved.)
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Figure 5.17 Fracture pattern in spinel dome after exposure to a Mach 4.6 airstream with a
total pressure of 6.2 MPa and a total temperature of 1390 K. (Reprinted from Lin and
Weckesser,*® © 1992 The Johns Hopkins University Applied Physics Laboratory LLC. Al
Rights Reserved.)

Figure 5.17 shows the fracture pattern in a spinel dome shattered from
thermal shock in the wind tunnel. The arrow points to the likely location of
the fracture origin. Compare the dome fracture pattern with representative
disk fracture patterns in Fig. 3.18 and see if you agree with where I drew the
arrow. Would you say that this dome is of low, moderate, or high strength for
a spinel dome? (I say high.)

The wind tunnel created a Mach 4.6 airstream with a total pressure of
6.2 MPa and a total temperature of 1390 K. Total temperature T',, at the
stagnation point on the nose of the dome is the sum of the free-stream
temperature of air 7', plus the dynamic temperature when air comes to rest at
the nose of the dome. The relation of T'g,, to T is given by Eq. (5.23). Total
pressure Pg,, at the stagnation point is the sum of the free-stream pressure P.,
plus the dynamic pressure when air comes to rest at the nose of the dome, as
given by Eq. (4.39).

Figure 5.18 compares the observed and predicted stress in a dome during a
wind tunnel test. The stress in a lanthana-doped yttria dome was measured by
strain gauges and calculated by finite element methods. The dome shattered
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5.6 Aerodynamic Domes

The ability of a rocket engine to fly fast readily exceeds the ability of most
infrared windows to survive thermal shock. Diamond is an exception that can
probably withstand the thermal stress of any tactical missile flight because the
high thermal conductivity of diamond does not permit much temperature
difference to occur. Several approaches can be taken to promote window
survival. The window could be actively cooled by blowing cold gas over the
exposed surface. However, mixing of cold gas with hot air creates fluctuations
in density and refractive index that might blur the scene being viewed. This
effect is called aero-optic distortion. Another idea is to pass coolant through
channels in the window, as in Fig. 2.39. Disadvantages of this scheme include
blockage of the scene by the channels, wavefront distortion by temperature
gradients in the window, reflections and diffraction from the channel walls,
and emittance from the coolant. Active cooling adds weight, volume, and
complexity to the system.

We saw in Fig. 5.15 that the temperature on a dome falls rapidly as we
move off the nose (if the flow remains laminar). One way to take advantage of
this effect is to mount a flat infrared window on the rear portion of a
structural dome, as in Fig. 5.20(a). Such a window does not get very hot, but
the field of view is limited compared to that of a nose-mounted hemispheric
dome. An additional advantage of the slanted window is that its angle of
attack is always far from perpendicular to the airstream, so it can survive
impacts with raindrops and solid particles.

The faceted dome in Fig. 5.20(b) is an 8-sided pyramid with spinel panes
and a heat-resistant metal nose tip.®' The French Mistral missile has a similar
dome with magnesium fluoride panes. The faces of the pyramid remain much
cooler than the nose of a hemisphere. The aerodynamic design reduces drag
and thereby increases range, speed, or payload. The biggest disadvantage of
the design is the multiple internal reflections of sunlight that lead to glint
whenever the sun is in the forward hemisphere of view. Joining of the panes
and overall cost are also significant considerations in this design.

A next step after a pyramid in aerodynamic dome design is the tangent
ogive (pronounce 0-jive) dome in Fig. 5.21, whose low drag enables some
combination of increased range, speed, or payload for a missile.®*®* Like the
pyramidal dome, the ogive requires a heat-resistant nose tip. The ogive shape
distorts the image of the outside world and requires some form of optical
correction, such as the notional arch corrector in Fig. 5.21.%* The ogive dome
in Fig. 5.21 is made from polycrystalline alumina, which has the same
chemical composition as sapphire (Al,O3;) with similar physical properties
and durability and high thermal shock resistance. Polycrystalline alumina
has good midwave infrared transmittance (Fig. 1.26) but is translucent at
visible wavelengths (Fig. 1.24) because of optical scatter from its birefringent
grains.
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Figure 5.20 Aerodynamic domes.

Figure 5.21 Polycrystalline alumina aerodynamic dome with notional arch corrective optic.
The alumina dome blank was fabricated by CeraNova Corp. (Marlborough, Massachusetts)
and ground and polished by OptiPro Systems (Ontario, New York). (Photograph credit:

OptiPro.)
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The aerospike/aerodisk in Fig. 5.20(c) reduces drag and deflects the bow
shock from the hemispheric dome.®® The collar created by the missile body
that is wider than the dome prevents reattachment of the shock wave onto the
dome at low angles of attack. Wind tunnel tests of the aerospike/aerodisk in
Fig. 5.22 show that the shock wave reattaches to the dome at angles of attack
greater than 5 deg. Reattachment generates higher temperature and pressure
on the side of the dome than would be found at the nose of the dome in the
absence of a spike.

Figure 5.23 shows a 2.5-mm-thick flat window mounted at an angle of
6 deg from horizontal on the structural dome of a high-speed missile operating
at sea level.®®®7%® The low angle of incidence with the airstream reduces
aerodynamic heating. The missile is fast enough that the recovery temperature
at the window 0.7 s after launch is 1400°C and the peak cold wall heat flux is
310 W/cm?. (Recovery temperature is the temperature in the boundary layer
of air adjacent to the surface of the window.) The window transmits at
1.09 wm for laser guidance. Analysis of sapphire and fused silica (results are in
Table 5.6) showed that fused silica was the material that could survive the
mission, despite having a 700 K temperature difference between the outside
and inside surfaces and despite having only one-sixth of the strength of
sapphire. Fused silica has a large temperature difference because it has low
thermal conductivity. However, the stress in fused silica is only 2% as great as
the stress in sapphire because fused silica has low thermal expansion and low
Young’s modulus. Low expansion creates little strain and low Young’s
modulus gives little stress from the little strain.

Windows on some high-speed missiles are protected by a durable shroud
that must be jettisoned after the stressing part of a flight. The process of
removing the shroud must not allow the shroud to impact the missile aft of the
window. Some windows on low-speed missiles have been protected by a
frangible dome cover, which is a pre-stressed glass material that shatters into
fine particles when it is sharply impacted to remove the cover.

5.7 Thermal Stability of Window Materials

Even if a window or dome is heated gradually so that thermal shock is not a
concern, every material has an upper operating temperature above which it
cannot be used. The temperature might be dictated by loss of strength or loss
of optical transmission (giving increased emission) resulting from reversible
physical changes (such as free-carrier absorption in Section 1.12) or
irreversible chemical changes. A material might be usable at a particular
temperature for the short duration of a missile flight, but not usable for a
longer period at the same temperature. Few data exist in the literature to
establish upper operating temperatures for short-duration exposure.
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Figure 7.14 Convex surface map of a dome constructed by stitching together overlapping
circular regions. For the entire surface, peak-to-valley figure error is 1.05 pm (1.65\) with
root-mean-square error 0.118 pum (0.187 \). Total measurement time was 12 min. (Figure
courtesy of QED Technologies, Rochester, New York.)

7.4.2 UltraSurf optical coordinate measuring machine

UltraSurf from OptiPro Systems (Ontario, New York) is a noncontact
coordinate measuring machine that uses light instead of mechanical contact to
locate points on the surface of optics of a wide variety of shapes.>>2%-27-28:29.30
Figure 7.15 shows UltraSurf measuring the inside and outside of an ogive

Figure 7.15 UltraSurf metrology instrument measures outer surface of a fine-ground ogive
dome with a white light chromatic confocal optical probe, keeping the probe perpendicular to
the surface at each point. A low-coherence interferometry probe operating at 1.31 pm can find
the distance from the probe to the outer and inner surfaces to map both surfaces and thickness
in one measurement. The instrument has five mechanical degrees of freedom to move the
workpiece and the probe. (Photograph courtesy of OptiPro Systems, Ontario, New York.)
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dome to map both surfaces and the thickness prior to final figure correction
and optical polishing. An example of a finished dome was shown in Fig. 5.21.
Some models of UltraSurf can measure optics with diameters up to ~300 mm
and height up to ~500 mm.

An ogive has rotational symmetry, but grinding and polishing leave some
irregularities that are not rotationally symmetric. To make optical figure
corrections, it is necessary to remove material from local regions. In one
example of finishing an ogive, rotationally symmetric finishing reduced the
peak-to-valley (p-v) figure error from 8.4 to 6.6 wm and the rms error from
1.89 to 1.02 pm. In the next polishing step, local, non-rotationally symmetric
corrections reduced the p-v figure error to 4.15 wm and the rms error to
0.53 wm. Metrology identified high regions and then polishing improved those
specific regions.

Multiple probes can be used on UltraSurf, but two are most common.
Figure 7.16 is a schematic view of a Marposs STIL white light chromatic
confocal optical probe,®! which is used for accurate measurement of the outer
surface of an optic.?® The probe can measure ground surfaces with high
optical scatter and it can measure polished surfaces with low scatter. The
probe’s 25 deg tolerance for off-normal reflected light is especially helpful for
measuring a rough surface.

White light enters the probe in Fig. 7.16 through a fiber optic cable. Optics
inside the probe separate the light into its component wavelengths in the form
of a conical beam emerging from the exit of the probe. At the centerline of the

Fiber optic to

< white light source
and spectrometer

Probe
containing
optics

Exit

————— |ens
Workpiece  White light o
surface reflects dispersed into| £

light back to component

spectrometer \ wavelengths I
o
Q
x

Figure 7.16 Schematic diagram showing operation of a Marposs STIL white light
chromatic optical probe used on UltraSurf for accurate measurement of coordinates on
the outer surface of a workpiece.



Chapter 9
Erosion and Impact Protection

One of the greatest challenges in the use of infrared windows and domes is to
protect them from damage by particle impact. Collisions with raindrops are a
problem at the velocities of airplanes and missiles. Figure 9.1 shows the
damage to a missile dome after traversing a rainfield on the rocket sled shown
in Fig. 9.2."2 Bug impacts at high speed can also damage infrared windows
(Fig. 9.3) Blowing sand is harmful in high- or low-speed collisions. This
chapter describes the effects of rain and sand impact, discusses laboratory

Figure 9.1 Waterdrop impact damage on a Corning 0160 glass missile dome that
traversed a 760-m-long artificial rainfield (4.6 cm/h rainfall rate, average drop diameter
<0.5 mm) at Mach 1.4 on the rocket sled in Fig. 9.2." Notice that damage is concentrated at
the center where the impact angle is near normal. (Photograph courtesy of Naval Air Warfare
Center, China Lake.)

529
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Figure 9.2 Upper: Dome mounted on a rocket sled at the Supersonic Naval Ordnance
Research Track (SNORT) at the Naval Air Warfare Center at China Lake.! Lower: Spray

heads used to create an artificial rainfield. (Photographs courtesy of Naval Air Warfare
Center, China Lake.)
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Figure 9.3 Insect impact damage in a composite ZnS|ZnSe LANTIRN window.
(Photograph courtesy of Nora Osborne, University of Dayton Research Institute.®)

impact tests, and reviews work on coatings used to improve window
durability.

A report on failure mechanisms in LANTIRN sensor windows is
instructive.” LANTIRN was the Low-Altitude Navigation Targeting Infra-
Red Night pod system carried by aircraft. The pod has a trapezoidal Tuftran®
window (Fig. 6.27) with approximate dimensions of 119 x 150 mm consisting
of 6.6 mm of ZnSe overgrown with 1.0 mm of ZnS deposited by chemical
vapor deposition. There are antireflection coatings on both sides of the
window. A 1992 report stated that of 1100 windows delivered to the U.S. Air
Force, ~200 had been condemned and removed from service. Of the
condemned windows, two-thirds had experienced catastrophic failure, often
with multiple types of damage evident. Twenty-eight percent of the windows
had moderate to severe sand erosion, 14% had moderate to severe rain
erosion, 29% had obvious insect strikes, and 13% of all failures were directly
attributed to insect strikes. Forty-two percent of the windows had surface
discoloration or etching attributed to chemicals in the atmosphere.

The LANTIRN window has some residual tensile stress (<10 MPa) due
to thermal expansion mismatch between ZnSe and ZnS (Figs 8.21 and 8.23).
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Figure 10.6 Fatigue limits for soda-lime silicate glass in 100% and 50% humidity. Kocer
and Collin room temperature slow crack growth rate in soda-lime silicate glass measured by
stable growth of Hertzian cone cracks induced by indentation with a blunt, hardened steel
cylindrical punch with a diameter of ~0.6 mm. Multiple crack velocities are measured from a
single coupon. Six circled triangles at the lower left demonstrate reproducibility from a single
coupon. There is more scatter between different coupons. The graph shows previous
measurements at higher crack velocities made by Wan et al.?® and by Wiederhorn.® The
blunt indentation method for measuring slow crack growth rate was introduced by Swain and
Lawn in 1973.2* (Adapted from Kocer and Collins®? with permission of Wiley.)

interpretation that I would not rely on. Even if there is a “threshold” strength,
it might not necessarily apply to other BK7 material that is not ground and
polished identically to the coupons in Fig. 4.31.

10.1.3 Effect of humidity and temperature on slow crack growth?®
The classic study of crack propagation in glass by Sheldon Wiederhorn?® at
the U.S. National Bureau of Standards is summarized in Fig. 10.7.>* The
observed crack velocity is plotted as a function of Kj calculated with
Eq. (10.2). The crack velocity curves can be divided into three general regions:
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Figure 10.7 Wiederhorn’s classic diagram? showing crack velocity in soda-lime silicate
glass in humid N, and in liquid water. Crack growth regions |, Il, and Il are highlighted in
circles. Humidity ranges from 0.017% to 100%. Some points are shown to indicate the
spread of the data. The full graph was derived from ~1000 points.

1. In region I of Fig. 10.7 (the linear lower left portion of each curve),
crack velocity is exponentially dependent on the stress intensity factor
and increases as humidity in the test atmosphere increases. Crack
velocity is greatest when the specimen is immersed in liquid water
(upper left curve). The rate of crack growth in region I is governed by
the rate of the stress-enhanced chemical reaction of water with glass at
the crack tip.*>

2. In region II, crack velocity is independent of the stress intensity factor
but is strongly dependent on humidity. Crack velocity in region II is
governed by the rate at which water diffuses to the crack tip to react
with the glass.>*
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3. In region III, crack velocity is again exponentially dependent on the
stress intensity factor but is independent of the concentration of water
in the environment. The rate of crack growth is controlled by the
chemical composition and structure of the glass. Crack velocity may be
so rapid in region III that fracture is essentially instantaneous.””

The ability of water to enhance crack propagation under applied stress is
called stress corrosion. A possible mechanism by which water reacts with glass
at the tip of the growing crack is shown in Fig. 10.8.>"?® In region I of
Fig. 10.7, crack velocity increases with increasing temperature and with
increasing pH (increasing OH  concentration) if the glass is immersed in
aqueous solution.

Increasing temperature increases the rate of slow crack growth in nearly
all brittle materials. The effect of temperature on crack growth rate in
soda-lime silicate glass in water is shown in Fig. 10.9.'"° The linear portion
of the curve for region I crack growth is fit by an empirical equation of
the form®’

Effect of temperature V = vy - e(E DK/ (10.5)
on crack velocity

where E* is interpreted as the activation energy (J/mol) that must be supplied
for chemical bond breaking. K; is the stress intensity factor with units
Pay/m (not MPa+/m), R is the gas constant [8.31446 J/(mol-K)], and T is
temperature (K). Units of v, are m/s. Units of b are (m>/?/mol) required to
make (hK7)/(RT) dimensionless. Parameters E*, v,, and b are derived from
fitting measured data.

Si
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Figure 10.8 Proposed mechanism?”?® for stress corrosion in glass. In going from step
(a) to step (b), H,O reacts with —SiO"Na* on the glass surface to produce —SiOH and
Na*OH". In step (c), OH™ breaks a —Si—-O—Si— bond at the crack tip. In step (d), another H,O
reacts with —SiO™ generated in step (c) to create another OH™ that can attack another —Si—
O-Si- bond at the crack tip.
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