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FOREWORD

Members of the Aerothermochemistry Division, Research Department,

Naval Weapons Center, were among investigators pioneering the use of

cinephotomicrography and scanning electron microscopy in studying solid
propellant combustion. This work was started in the early 1960s and has
been used in many programs since that time. Sponsors of this work have
included: National Aeronautics and Space Administration under Work

Orders 11, 294, 3034, 3035, and 6030; the Naval Air Systems Command
under AIRTASK A310310C/008A/3R02402002; and the Naval Sea Systems Coumand

under ORDTASK 331-001/200-/-URO-i00-202, ORD-033129/200, l/RO01-06-
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INTRODUC'l'ION 

Combustion of solid propP.llants is a dynamic process with event• 
occurring rapidly and within short distances. For example, a single 
nmmonium perchlorate (AP) crystal undergoing self-deflagrntion regresses 
at o rote of approximately 0.5-1.5 cm/s. In less than a second an 
elemcmt nf AP cnn undergo the following (illustrated in Figure 1): 

1. Phase change from orthorhombic AI' to cubic AP 

2. Formo t ion of o liquid surface 

3. Formation and liberation of gases through the liqtaid with sub­
sequent microreactions 

4. Vaporization of products 

5. Some further reaction of products 

All the above processes occur in n layer less than 100 um thick and in 
lcRH than 1 Recond; thnt iA for the .!lmPJ.E. t~asc of combustion of ll 
relatively lnrp,c homogcneouR solid. It i.H much more difficult to study 
the combuHtion of nlumini:r.cd soHd propcllnntA with a built-in 
hetcrogcnclty--tllc Ingredient pnrticlca ui~cs nro on tho same scale na 
the rcnrtion zones. 

~ ~ GAS PHASE REACTIONS 

~20~m I i 
LIQUID SURFACE l.PJJ~aldl!r.2111'MIIZIU.:;f CUBIC SOLID PHASE 

ORTHORHOMBIC SOLID PHASE 

FfCaJRg l. 1'yplcnl llhnonNlon. 

PRECEDING PAGE BLANK 
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Obviously, if processes as spatially and temporally complex as the
combustion of solid propellants are to be studied, tools are needed
which can magnify the spatial details and slow the viewing of the reac-
tions (without changing the reaction being studied). This paper
describes two such tools which have been used extensively at the Naval
Weapons Center (NWC): cinephotomicrography (high speed, high magnifica-
tion movies) and scanning electron microscopy (SEM). Cinephotomicro-
graphy magnifies the spatial details (film images up to several times
larger than the actual object) and also stretches out time by orders of
magnitude (pictures taken at several thousand frames/s and projected at
tens of frames/s). SEiH enables one to look at the surface of samples,
such as propellants which were quenched during combustion, at up to
several thousand times magnification.

It is the purpose of this paper to briefly describe these two tools

and illustrate their usefulness in studying solid propellant combustion

by providing examples from work done at NWC. The purpose is not to

provide in-depth descriptions of the tools (references to more detailed
descriptions of cinephotomicrography and SEM are provided for the person
desiring more information), nor detailed explanations for all reactions
taking place during combustion of propellants and/or their ingredients
(a bibliography is provided for those desiring detailed information).

'- CINEPHOTOMICROGRAPHY

BACKGROUND

Cinephotomicrography is a good method for studying surface detail
and surface regression occurring during combustion, as well as observing
the structure of luminous flames. It is an ideal technique for several

reasons:

1. It is a primary observation--no data reduction is required for
qualitative understanding and the simplest data reduction is
all that is required for quantitative measurement of size and
burning rates.

2. It provides a visual record--the old cliches "A picture is
worth a thousand words" and "seeing is believing" seem appro-
priate.
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3. It is a sequential recording--by playing back a sequential
series of pictures, relative motion can be observed.

4. It is a "time microscope"--because the combustion behavior is
filmed at several hundred to several thousand frames/s, and

then projected at I to 24 frames/s, a "time magnification" is
achieved. For example, if the camera had a framing rate of
4000 pictures per second (pps) and the resulting film was
projected at 16 pps, a 250:1 time magnification would have
resulted.

5. It is like an optical microscope--magnification (ratio of
image size on the film to size of actual object) of several

times is possible. Further magnification occurs when the film
is projected via the optics of the projector. Resolution to
several microns can be achieved.

Several components are required for combustion studies. One must
be concerned with movie camera optics, window bombs, light sources,
projectors, timing devices, motion analyzers, hot stages for microscope,
and such things as infrared filters. It is the purpose of the next part
of the paper to discuss each of these components.

CAMERAS

The camera is the heart of any cinephotographic technique. Several
types of cameras are commercially available. These cameras range from
pin-types, having framing rates from tens to several hundred frames/s,
to rotating mirror cameras having framing rates of several hundred to
hundred thousand frames/s. Table 1 gives a brief outline of the camera

types, speeds, and capacities.

In the combustion of solid propellants one is normally interested
in regression rates of from 0.1 to 5.0 cm/s, samples approximately 1-2

cm in length, and framing rates from 400-4000 pps. Although many types
of cameras are available for these studies, this report will discuss
only the pin and rotating prism cameras since they are the most widely

used.
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TABLE 1. Types of Cameras Used for Cinephotography.

Camera type Framing rate Capacity

'1
Pin-type 4-500 pps Up to 400 feet 16 mm film reels

Up to 1200 feet 16 mm film reels
externally mounted

a
Rotating prism 10-44,000 pps Up to 2000 feet 16 mm film reels

Rotating mirror Up to 5 x 10 pp PP 25 frames

aQuarter-frame format.

Pin-Type Framing Cameras

The pin-type camera is one of the simplest cameras to understand
because it is an intermittent framing camera. That is, a frame of
motion picture film is positioned in line with a window, a shutter opens

exposing that frame, the shutter closes, and the film is transported so
that the next frame is in the window. This process is simply repeaLed

N frame after frame. The heart of this type camera is the film transport
and register assembly. Various types of transport and register tech-
niques are used by different manufacturers but essentially they are the
same. A frame is registered by the register pins engaging the sprocket
holes at the film's edge. Upon exposure of the frame, the register pins
draw clear for 1/2 of a framing cycle and a pull down claw, or shuttle,
moves the film forward. As the pull-down claws disengage, the film is
at its approximate registration point and the register pins seek the
center of the upper film sprocket holes. The register pins are designed
to ensure positive registering action and hold the film steady while the
pull-down claws are sequencing through the back cycle and are reposition-
ing for the next pull-down cycle. This type of design ensures that at
no time during exposure is the film free to move out of the control
position - positioning that makes pin-type cameras so valuable for
measurements which require both exact position of the image and a con-
stant and dependable time base (measurements such as burning rates of
solids).

6



NWC TP 5944

Camera speeds can be varied from 4 to 500 pps. In cameras like the
Millikan, this is accomplished by changing motors; but in the newer
cameras like Red Lake's LoCam, the speed is varied by continuously
variable solid-state electronic control circuits.

Rotating Prism Cameras

Because of their design, pin-type intermittent framing cameras are
limited in speed to roughly 500 pps. To get higher framing rates a
different type of camera must be used. The type most often used in
combustion studies is the rotating prism camera. In contrast to the

pin-type camera where the film advance is stopped for each exposure, in
a high speed rotating prism camera the film runs continuously. In order
to keep the image from being smeared on the film, the image must move,
and film and image must be synchronized. This is accomplished via a
rotating prism compensator. Light from the subject enters the camera
through the camera lens, through the rotating prism, and then onto the
film. Two types of the required mechanism are shown in Figures 2 and 3.
The first figure shows the type of system used in the Fastax, Fairchild,
Nova, Eastman, and Photo-Sonics rotating prism cameras. As shown, the
prism and film advance sprockets are on separate shafts. Because it is
difficult to exactly synchronize both shafts (primarily due to gear
chatter and backlash), these types of cameras have problems with image
smearing, especially at high speed. The system used by Red Lake's HYCAM
is shown in Figure 3. In this system, the moving film, rather than
gears, drives the prism shaft assembly. By eliminating gearing, the
HYCAM takes the steadiest, highest resolution pictures of any rotating
prism camera we have used--pictures comparable to those from the pin-
drive cameras. Resolution to 68 line pairs/mm is claimed by the manu-
facturers at all speeds. Speed in the HYCAM is controlled electron-
ically to within 1% up to 5000 pps. Maximum speed in the full frame

format is 11,000 pps with 22,000 and 44,000 pps available in half-, and
quarter-frame formats, respectively.

Accessories for the HYCAM include timing light generators (causes
the edge of the film to be marked in 10, 100, 1000, or 1.0,000 timing
marks/s), electronic flash synchronizers, auxiliary lenses for cine-
oscillography, an accessory for streak photography, and various prism

assemblies.
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ROTATING PRISM COMPENSATOR
(NOT USED ON OSCILLOGRAPHIC STREAK CAMERAS)

FASTAX RAPTAR LENS OSCILLO PRISM
WITH DUAL FOCUS SCALE

THESE PARTS USED ONLY ON FASTAX RAPTAR
COMBINED FRAMING AND LENS ASSEMBLY
OSCILLO CAMERAS

LARGE RIGHT-ANGLE PRISM I

VIEWFINDER
LIGHT TRAP

EYE LENSINTERCHANGEABLE

CVRSPROCKET APERTURE MASK

GLAS RELAY LENS
ASSEMBLY

SMALL RIGHT-ANGLE PRISM
MASK

FIELD LENS
WITH RETICLE INDICATES SUBJECT AND

FINDER OPTICAL AXIS

- ------ INDICATES OSCILLO
COMPONENTS OPTICAL AXIS

FIGURE 2. Fastax System. (Reproduced with pernussion of Red
Lake Laboratories, Inc.)

LENSES

There are several lens arrangements that could be used for cine-
photomicrography of solid propellant combustion. Rather than discuss
the various arrangements which could be used, the following discusses
NWC's approach. The approach taken was to use a conventional thread-
mount camera lens mounted on a lens extension tube. This arrangement is
simple and provides a fairly rigid connection between the lens and
camera body. Relative motion between the two is virtually absent.

8



NWC TP 5944

RELAY LENS

PRISM SECOND FIELD LENS

SECOND PRISM

SEGMENTED SHUTTER

ROTATING PRISM

FILM GATE 

OSCILLOSCOPE LENS
\FIRST FIELD LENS

FINDER PRISM

FILM SPROCKET

FIGURE 3. HYCAM System. (Reproduced \ith
permissioii of Red Like Laoraoies. Inc.)

There are some considerations on the choice of the lens focal
length. The most practical constraint is that the focal length has to
bv long enough for the lens to be located outside the combustion bomb
with some additional clearance for focusing movement of the camera-lens
system. Another consideration is that as one inc:reases the focal length
(with a given aperture opening) the resolving power of the lens de-
creases. Thus, if one choo,;es a focal length significantly longer than
that needed to have the lens outside of the bomb, he will be sacrificing
resolution.

A very important consideration as one goes to higher magnifications
is the depth of field. Depth of field is determined, directly or in-
directly, by lens focal length, f/stop, exposure time, and the intensity

9
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of the external illumination. The influence of these factors will not
be discussed here. An excellent treatment is found in a publication by
Eastman-Kodak Company.' The depth of field and the resolution that was
obtained under the constraints of NWC's cinephotographic system will be

discussed later.

WINDOW BOMBS

There is very little interest in the combustion of solid propel-
lants at atmospheric pressure: most of the interest centers on propel-
lants burning in a chamber at pressures comparable to those in rocket

motor, i.e., several hundred psi. Obviously, if combustion of solid
propellants at relevant pressures is to be studied, a pressure vessel

must be used; one with windows for lighting and viewing if films of what
is happening within the bomb are to be taken. There are basically five

design considerations for a window bomb:

1. The bomb internal volume must be big enough to accommodate the
sample and its smoke, and also big enough so that pressuriza-
tion caused by burning of the sample is not too large. Load-
ing density of less than 0.001 g of propellant per cubic
centimeter of bomb volume is recommended. By limiting the

loading density to less than 0.001 g/cm 3 the pressure rise due

to the burning propellant shouid be less than 50 psi (344.7
kPa). Lower loading density will of course, give lower pres-

sure rise.

2. The bomb must have walls strong enough to withstand the pres-

sure.

3. Windows must be placed and sealed within these walls, and the
windows must be capable of transmitting the light and holding

pressure.

4. Access to the bomb must be provided for the sample and associ-

ated ignition equipment.

'Eastman-Kodak Company. Ciosc-L Jhoto raph.;i and T'htom zohT,
KAdik Trhui,!al 1b,'at N-i:. Rochester, N. Y., 1969.
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5. Input taps through the walls or access plate (for ignition
wires and thermocouple wires, for gas pressurization and
purge, and for calorimeters) must be provided.

The above considerations for the design of a window bomb seem very

simple and may be viewed in this way until it is realized (often through
trial) that it is rather difficult to build a good one. The design of a

window bomb is an exacting trade-off between lighting, pressure, seal-
ing, materials, and application (how fast and at what magnification are
you going to do your cinephotography) considerations. For example,
design for low pressure (-300 psi [-2068 kPaj) combustion studies is
relatively easy. The sample regresses slowly (zO.l cm/s) an,1 therefore
a slow framing speed is sufficient. Because the pressure is low, large
windows can be used, and the bomb can be made from cheap and easily

machined material with only a modest amount of attention to machining
tolerances because sealing is not a difficult problem. Because the
camera framing speed is low and the bomb windows large, lighting is not

much of a problem. Thus, for these low pressures, the design of a
window bomb is simple and good pictures can be expected.

As the desired pressure in the bomb is increased, everything
begins to work against the designer. The sample burns faster, requiring

a higher framing rate. All other things being equal, faster framing
rates require more light on the sample. But larger windows cannot be
used because of pressure effects--the higher the pressure the smaller
(or stronger) the window needs to be. Also, as the pressure is in-
creased, the bomb walls need to be thicker, so windows usually also get
thicker. Trying to get a converging beam through a thick window may be
difficult. As the pressure is increased, the seal problems berome more
critical and tolerancing needs to be improved.

The above is not a prelude to a text on window bomb design. It

will not be discussed further in this paper except to point out that the
design is not as simple as it might seem and to volunteer that NWC is
willing to share the art of designing a good window bomb with anyone.

NWC has two types of systems: the first is for pressures between I
atmosphere and 1500 psi (10.34 MPa), and the second from 1000-10,000 psi
(6.89-68.9 MPa). Many of the window bombs at other U.S. installations
were made from prints of NWC's design.

The low pressure bomb (Figure 4) is constructed from 304 stainless
steel to withstand the corrosive products from solid propellant ingredi-

ents. The body has an internal volume of about 450 ml with the

11
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EXHAUST 
EXHAUST

*1 PROPELLANT IGNITER_

EXTERNAL
ILLUMINATION

PHOTOGRAPH IC
WINDOW

FIGURE 4. Low Pressure Combustion Bomb.
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capability of increasing the volume by the addition of extension tubes
to the upper part of the chamber. The interior of the bomb is 2 inches
(5.08 cm) in diameter with 1-inch (2.54-cm) thick walls. The bomb has
been pressure tested for a working pressure of 2,500 psi (17.24 MPa).
There are three openings on the periphery of the bomb. One opening

contains a sample viewing window made of General Electric 101 fused
quartz measuring 0.750 inch (1.905 cm) diameter by 0.500-inch (1.27-cm)
thick. Sixty degrees to this window is another window also made of
GE 101 fused quartz measuring 1.500-inch (3.81-cm) diameter by 0.800-
inch (2.04-cm) thick. This window is for external illumination of the
sample. One hundred eighty degrees opposite the sample viewing (photo-
graphic) window is a 1.500-inch (3.81-cm) diameter opening in which a
variety of plugs may be inserted for specific tests. This opening has
been used for pressure or radiation transducers, or back lighting of the
test samples. The top of the chamber may be fitted with a special
adapter for rapid depressurization testing (as per Varney). 2 In addi-

tion, the bomb may be wrapped with heating elements for temperature

sensitivity testing.

The sample holder (Figure 5) consists of a test base (A) which has
an inlet port (B) for pressurizing gases and a flushing flow for the
system, and two tapped holes for insulated electrical feed-throughs (C).
A 10-om (pore size) sintered stainless steel plate (D) placed above the

gas inlet port diffuses the gas flow, giving a smooth flow pattern past
- -the test sample. The terminal plate (E) attached to the top of the test

base is made of 16-gage perforated stainless steel. The plate provides
a mounting surface for the sample holder (F) and ignition posts (G) and
also allows the proper air flow past the sample. The ignition system
consists of two insulated electrical feed throughs (C) mounted in the

test base. These insulated leads pass through the porous plate and are
connected to the ignition posts mounted on the terminal base. The
ignition posts are simply brass screws insulated from terminal base with
micarta posts. The sample holder is attached to the terminal plate with

a screw which allows an easy interchangeability of holders for different
tests. The test base assembly is held in place in the combustion bomb
(H) by means of a threaded ring (I). Proper orientation of the test
base assembly is accomplished with a fixed pin (J) in the combustion

bomb aligning with a hole in the test base assembly. The system is
sealed with an 0-ring (K) in the test base assembly.

"'A. M. Varney. "An Experimental Investigation of the Burning Mech-
anisms of Ammonium Perchlorate Composite Solid Propellants," Ph.D.
Thesis. Atlanta, Ga., Georgia Institute of Technology, May 1970. 22E6

pp.
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>"1
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K

FIGURE 5. Sample Holder.
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The high pressure bomb is essentially the same as the low pressure
bomb except for thicker walls (2-3/8 inch [6.03 cm]), different window
design, different electrical feed-throughs, and different closure (many
heavy, square threads). The most serious problems are getting windows
which will take the pressure and still pass enough light, and sealing
the bomb at high pressures.

LIGHT SOURCES

High light fluxes are required for high speed filming, especially

at the higher framing rates with the associated extremely short exposure
times. The studio-type floodlights commonly used in high speed photo-

graphic applications are impractical in combustion photography at high
pressures. As mentioned earlier, from a lighting standpoint the quartz
windows used in the pressurized window bomb should be as large as pos-
sible, but pressure considerations dictate that the window be as small
as possible. This trade-off coupled with the requirement that the flux
on the sample be high, makes the conventional methods of lighting for
cinephotography impractical. A further requirement for photographing
solid propellant combustion at high pressure is that the high light flux
source should not cause excessive heating of the sample. For this
reason, infrared filters are often used to prevent this part of the
radiation from reaching the sample. In addition, the sample should be
exposed to the light source only during the desired combustion event.
Thus, some sort of shutter and timer is required.

The type of film to be used in the camera also partially determines
the type of lighting to be used. In NWC's work, daylight color type
film is preferred because of its higher speed and better color balance.
Thus, the light source must match the daylight spectrum as closely as
possible. Normally a 2500-W Xenon source in a Strong X-16 housing (one

large single elliptical mirror with a small auxiliary elliptical reflec-
tor) is used, as shown in Figure 6.

At high pressure (2,000 < p < 10,000 psi), the above system is only
marginally effective. For the high pressure work a more efficient
Christie unit and a 1600-W Xenon bulb (bulbs up to 4200 W are available)
are being used.

Another source of lighting is provided by the sample itself. Self-
illumination is useful for studying the flames (if luminous) of burning
solid propellant, as well as the combustion of metals. Although much

15
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AUXILIARY REFLECTOR

ATTENUATION SCREEN
(IF NEEDED) WINDOW BOMB

PRIMARY REFLECTOR

FIGURE 6. Schematic Representation of Xenon Arc,

Ellipsoidal Mirror System Arc Image Furnace Show-
ing Relative Locations of Major Components.

data can be obtained using self-illumination, a combination of self-
illumination and alternate external illumination is usually even more
effective. This combination of self- and external illumination is pro-
duced by chopping the external illumination. The resulting film alter-
nates between several consecutive frames of self-illumination (showing
such things as diffusion flames, metal combustion) and several frames of
external illumination showing the activity occurring on the burning
surface. This type of film is particularly useful in the study of
metallized solid propellants. During the external illumination portion,
for example, the viewer cam see the surface regressing, MeLal particles
accumulating on the surface, the coalescence of these particles into
large agglomerates, and the residence of these large agglomerates on the

'4 surface. The self-illumination portion of the film clearly shows the
ignition of aluminum particles, diffusion flames which often cause the
ignition, and the subsequent combustion of the aluminum.

As mentioned earlier, an infrared filter is normally placed between
the window bomb and the light source. Even with this protection, black
colored samples often absorb enough energy to cause them to burn from

16
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the side rather than from the top. In these cases, the beam is atten-
uated by decreasing the current to the Xenon lamp or by inserting wire
mesh (window screen) attenuators between the light source and the bomb.

NWC CINEPHOTOMICROGRAPHY SYSTEM

Specific components described above were combined to form the NWC
low pressure system shown in Figure 7a. The components are the camera

(HYCAM Model K2004E-115 or LOCAM), an 85 mm lens, various lens extension
tubes, a low pressure (15-1500 psi [103-10,342 kPa]) window combustion
bomb, an infrared filter (Dow Corning 4602) and a 2500-W Xenon light
source (Strong X-16). The geometrical arrangement of the components is
shown in Figure 7b. The high pressure system is essentially the same
with the exception of the bomb and the Christie light source. NWC has
extensive experience with the low pressure system and can offer a few
practical suggestions for obtaining useful high speed films. People
desiring information on setting up a high pressure system should contact

the authors.

Extension Tubes and Matif icat ions

The lens used at NWC is an 85 mm/fl.9 Pentax Super-Takumar lens.
Three extension tubes which give nominal magnifications of IX, 2X, and
4X are used. The extension tube lengths, the actual magnifications
(subject/film image size), and the corresponding screen width of the
projected film image are given in Table 2 for both the HYCAM and LOCAM
cameras. (The difference in magnification between the cameras is due to
the internal optics of the HYCAN.)

Depth of Field

As the magnification is increased, the depth of field becomes an
important consideration for combustion studies. At magnification of 2X
and below, there have been no difficulties associated with depth of
field. However, at 4X, the small depth of field is often troublesome.
The approach has been, in general, to use the maximum external illumina-
tion consistent with minimal effect on the propellant combustion so that
the lens could be stopped down giving a maximum depth of field.

As a guide, the depth of field for the 4X arrangement was deter-
mined. The information, depth of field versus f/stop, is given in
Figure 8 for a 75 mn lens.
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(1) High Speed Camera, (2) Photographic Bomb
(3) Xenon Source for Backl ighiting.

OPTICAL LAYOUT
(top view)

2500 WATT
XENON LAMP

*CHOPPER

\,~ PROPELLANT SAMPLE
(I NO INHIBITOR

''N 2 PURGE
HYCAM CAMERA

(b)
(eometrical Arrangement of System components

FIGURE 7. Low Pressure NWC cinophotomicrographiv System.
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TABLE 2. Extension Tubes Used Wi th the

85 mm/fl. 9 Petitax Super-Taktimar Icns.

Actua magifiction Projected image,

Magnification Tube length, Aculmgnfcto
in. (cm) __

HYCAM LOCAM HYCAM LOCAM

iX 3.0 k7.62) 1.08 0.89 9,713 11,786

2X 6.16 (15.65) 2.22 1.84 4,725 5,700

4X 12.515 (31.788) 4.56 3.77 2,300 2,782

When projected, the full frame width corresponds to the given number

of microns.

LMz 8.M
4X MAGNIFICATION

6.11$2 ILgM
z

U.

2 4 1 11 16
4 tISTOP

FIGURE 8. Depth of Field and f/stop
at 4X Magnification for 75 nmm Lens.
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Most of the photography of aluminized propellants is done at 4X

with a lens opening of f/li. This arrangement gives us a resolution of

approximately 15 pm.

Focusing

Proper focusing on the sample is of prime importance to ensure

sharp pictures. Direct through-the-lens framing and focusing is pro-

vided on the cameras, making it possible to focus directly on the film.

In setting up for a test it is essential to focus the eyepiece on

the crosshairs of the focusing screen to suit the individual eye. The

lens should be set at the desired f/stop and the distance on infinity.

Rough focusing is done by moving the entire camera, fine focusing by

moving the index table the camera is mounted on. Once the front face of

the sample has been brought into sharp focus, the camera is moved another

0.010-inch (0.254 cm) towards the sample. By doing this, the sharp

focal point is moved inside the sample where the desired viewing area is

located.

External Illumination

The external illumination light source is an Osram 2500-W Xenon

bulb mounted in a Strong X16 movie projection housing (Type 7600-2).

The arc power is supplied by two direct current arc welder power sup-

plies wired in series. The light source is placed 30 degrees to the

optical path of the camera. An infrared filter is placed between light

source and the sample to reduce the heat on the sample.

The arc source is operated at a constant power of 72 amps, while

the proper flux level is obtained through adjustment of the main and

auxillary reflectors. A flux level of 3.0 cal/cm2 /s (12.552 x 104 W/m 2 )

was determined to be the highest attainable level without prematurely

igniting the sample. During setup, the calorimeter is inserted through

the opening opposite of the photographic window so as to occupy the same

spatial position in the bomb as the test sample.

Some Exposure Guides

With ASA 125 film and external lighting from the 2500-W Xenen

source, we use the following camera settings:

I. HYCAM - 4X, 4000 pps, f/l camera aperture.

2. LOCAM - lX, 400 pps, f/li camera aperture.
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TIMERS AND SEQUENCERS

Proper sequencing of the system is accomplished using a six-channel
sequencer. The channels control the start time of the camera, ignition,
shutter for the Xenon light source, oscillograph, and the stopping of
the camera. We typically use the following sequence: time = 0 camera
start, oscillograph start; time = 0.3 s ignition, Xenon shutter open;
and time = 5 s all stop. When partial burn samples for SEM are desired,
another channel controls the time after ignition that a diaphragm is
burst to depressurize the bomb and stop combustion before burnout of the

sample.

The camera and other recording devices are normally started prior
to ignition to insure their operating speeds have been reached (impor-
tant in burn rate studies). The shutter on the light source remains
closed until ignition to prevent unnecessary heating of the sample.

HOT-STAGE MICROSCOPY

We have coupled the pin-type camera to an optical microscope, to
perform cinemicrography. The microscope is equipped with a hot stage
(Figure 9) which can be heated at rates up to 835C/minute. 1his combin-
ation of equipment was used extensively to study phase transitions and
the decomposition of propellant oxidizers such as AP and HMX and the
melting and agglomeration behavior of as-received and modified aluminum
powders. A particularly interesting movie film was obtained which shows
details of the phase transition orthorhombic to cubic of AP single
crystals. The course of decomposition of spherical AP particles was
also recorded by hot-stage cinemicrography. Evaluation of these record-
ings in a time-lapse mode revealed that the decomposition was via sub-
limation at 90 kPa pressure and at temperatures between 320-3770 C. An
activation energy of 28 kcal/mole was measured for the sublimation.

MOTION ANALYZERS

There are two basic types of motion analyzers. One is simply a
projector with special features for studying time-motion phenomena.
Typical features include instant stop/start, single frame projection

(for an unlimited time without film burning), forward/backward mov¢ment
of the film at any point, frame counting, film reading, and various
projection speeds (1-2-4-6-8-12-16 and 24 frames/s). This is a key
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FIGURE 9. Hlot Stagu and Movie Camera
Combi ned With Opt ical Microscope.
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piece of equipment for any group seriously considering cinephotomicro-
graphy. NWC's analyzer has been used many thousands of hours, allowing
viewing of many films in the cine mode and then viewing frame by frame.
This was especially helpful in understanding the mechanisms by which
small aluminum particles (L-40 _.m) on the propellant surface agglomerate
into big ( 100-500 Lim diameter) particles of unburned aluminum.

The other type of motion analyzer employs precisely indexed movable
hairlines in the X- and Y-directions, a framing head, and counter. The
head advances the film and counts the number of frames (which, knowing
the framing rate of the camera, gives a time), while the X- and Y-lines
are used to measure the displacement of an item or surface, or the
diameter of a particle (which, knowing the calibration, allows one to
calculate distances). Knowing both distance and time, one can calculate
rates. An analyzer of this type is used in the calculation of burn
rates, and the accurate measurement of images on the film. For example,
the cubic phase thickness and the regression rates of deflagrating
single crystals of AP have been measured. Knowing the inter-
relationship between cubic phase thickness and burning rate, the phase
transition temperature, and the thermo-physical properties of the AP,
one can calculate the surface temperature (actually the temperature at
the cubic-liquid phase interface) of the regressing AP. This measure-
ment was not possible using other temperature measurement techniques.

SUMMARY - C INLI!OTOM I "Ro(;RAPHY

Cinephotomicrography has been a very valuable tool for studying the
combustion of solid propellants. If the old cliche "one picture is
worth a thousand words" has any merit, then one reel of film must be
worth a few million words.

A cinephotomicrography system can range from the very simple and
inexpensive to very sophisticated and moderately expensive. In order to
study combustion of solid propellants, one needs (each of these items
was discussed in the text):

A high speed camera, either pin-type or rotating prism

A window bomb

A light source (film matched to light source)
A timer/sequencer

Infrared filters

A motion analyzer/projector
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Other items which are useful include hot-stage microscope and

adapters for cinephotography, light attenuators, several lenses and
extensions, oscillo and streak accessories for the camera, and extension
tubes for the camera.

SCANNING ELECTRON MICROSCOPY

BACKGROUND

Microscopy is the use of devices to form magnified images of small
objects. The most familiar is the optical microscope which, by way of

lens systems, forms images of objects illuminated with visible light.
Instead of light beams focused by optical lenses, an electron microscope
uses a beam of electrons focused through electromagnetic lenses. The

scanning in SEM means that an electron beam is scanned over a sample in
raster fashion. As a result of interaction of the beam with the sample,
emission occurs and can be detected, collected, and amplified.

Although the SEM is a rather sophisticated piece of equipment, the

use of the device is relatively simple. It is not the purpose of this
paper to discuss the details of the SEM (references are included in thle

bibliography). A brief description of the principles and components
making up an SEM is given below, to facilitate the understanding of how

a beam of electrons scanned over the sample can image the topology (and
indicate some surface chemical composition) of a sample.

Principle

The principle of the SEM is illustrated in Figure 10. A finely
focused electron beam impinges on a point on the sample surface. This
electron beam interacts with the sample causing several types of emis-
sions (discussed more fully later). These emissions are then collectt'd
and amplified. The amplified signal then controls the brightness on a

cathode ray tube. To get an image of an area on the sample, one simply
needs a composite of these point-originated signals. To obtain signals

from an area, the electron beam is scanned over the sample in a raster

fashion. The scan of the cathode ray tube is scanned synchronously with
the electron beam. Thus the cathode ray tube collects and displays a
series of these point signals as areas of relative brightness. Changes
in brightness represent changes in prope-rty (topology, chemical composi-] tion, electronic conluction, etc.) of the scanned surface.
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SCANNING ELECTRON BEAM

ICOLLECTOR I CURRENT AM

FIGURE 10. The Principle of the SEM.

Interaction of the Electron Beam With the Samp]e

The basic principle for the SEM is the same as that used in the X-
ray microanalyzer and other microprobe type instruments used to detect
chemical composition of the sample. In all these instruments the speci-

men is irradiated by a finely focused beam of electrons, and several
types of emissions are released from the sample as illustrated in Figure
11.

The secondary electron signal is particularly useful for determin-
ing the topology of a sample because its level is particularly dependent
on topography. The signal varies as the slope of the sample changes.
The reason for this is outside the scope of this article but interested
readers may find a detailed explanation on pages 24-39 of Hearle, Sparrow,

and Cross. 3 Suffice it to say that an image produced on the cathode ray
tube by the collection and amplification of secondary electrons generated
as the electron beam scans the specimen is readily interpreted by the
human eye in terms of surface topography.

3j. W. S. Hearle, J. T. Sparrow, and P. M. Cross. The Use of the
fl,,anninqi Fie, -tro Mi -rosoopc, Pergammon Press, 1972.
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INCIDENT
PRIMARY
ELECTRON

BEAM BACKSCATTERED ELECTRONS

CHARACTERISTIC X-RAYS SECONDARY ELECTRONS

CATHODOLUMINESICENCE AUGER ELECTRONS

SPECIMEN IRRADIATED
ZON4E

SCATTERED SPECIMEN CURRENT
ELECTRONS TRANSMITTED

PRIMARIES

FIGURE 11. Commonly Used Contrast Mechanisms.

The X-rays are the other signals of interest for combustion diag-
nostics. If, when the electron beam strikes the sample, an inner shell
electron is excited to leave an atom or gu into a higher unoccupied
level, and this electron is replaced by one of the outer shell elec-
trons, an X-ray photon is emitted. Thte energy of this X-ra\' photon is
the same as the difference between the energy levels iii the atom, and
these values are different and unique for the different eILments. Later
sections will discuss how these signals are analyzed.

The other types of emission caused by the incident electron beam
are presently not of interest for combustion diagnostics. A detailed
discussion can he found in several. sections of Ret. 3.

Components of an SEM

The essential components of an SEM are: an electron source, a
means of focusing a small beam of electrons from the source onto the
specimen, a means of scanning the spot across the sample, a means of
,ol1ecting signal(s) from the sample, a means of transmitting and ampli-
feint, the, ;ignal(s), and a display system capable of being scanned
svn,ron',,u Iv with the incident scan. This set of components and their
reIitionshi.) is shown in Figure 12.
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FI LAMENT

ELECTRON GUN I ., FLMN

~F~fri ~GRID

-r'.ANODE

FIRST CONDENSERL 7L LENS IMAGE[- -SECOND CONDENSEREL7 LENS CCRT

SCANNING
COILS , MAGNIFICATION 1SCAN

CONTROL GENERATR

LI- , I'1OBJECTIVE0 i i LENS 
I"

L.-SPE IME COLLECTOR 
"

/- PHOTO MULTIPLIER AND
AMPLIFICATION CIRCUIT

FIGURE 12. Diagrammatic Illustration of the SEM. (From "Metallurgical
Microscope," by F. 1. Asbury and C. Baker. Copyright © "Metals and Materials." The
Metals Society. Londoii.)

The electron source is usually a hot tungsten cathode. There are
two new types of electron guns which can give greater beam current than
the hot tungsten source. The first is the heated lanthanum hexaboride
emitter which can give currents 5-10 times greater than the tungsten.
The second is the field emission gun with beam currents 50-100 times
larger. These latter two sources are mentioned here because their
higher beam current is useful in X-ray detection. The electrons are
accelerated towards the anode which is at ground compared to the 1.0-3.0
kV at the cathode. The accelerated electrons then pass through one or
more electron lenses to focus the beam to a diameter of a few nano-
meters. A scan generator coil deflects the electron path moving the few-
nanometer-diameter beam over the sample surface. As discussed earlier,
the beam and sample interact. For topology, the secondary electrons are
collected as shown in Figure 13. There is no need to focus the sec-
ondary electrons because at any given instant all the secondary elec-
trons are coming from the same spot on the sample.
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BEAM AXIS

FINAL LENS POLE PIECE

BACKSCATTEREDBACKSCATTERED ELECTRONS -- - ELECTRON
, -- -.. COLLECTOR

SAMPLE ECTRONS

SECONDARY ELECTRONS

i SECONDARY-ELECTRON
COLLECTOR

FIGURE 13. Collection of SeLondairy Electrons. I mm "'lhc
SLmuig Elcciroi Iicr,,cop." b F floma,1  I. Evcrht mi and lhomIN I..I Ia~es.
('op}light ©DJanuarv 177 Scientific Ameiic'm, I;c. All righlts reseted.l

Once the secondir electrons have been converted to photons via the
scintillator, they are transmitted via a light pipe to photomultipliers
where photoceectrons are excited (Figure 14). Each photoelectron trig-
gers a caseade yielding from 10 5 to 10 7 additional electrons. This
current is further amplified electronically and then the signal is sent
to a cathode ray tube scanned synchronously with the original incident
beam.

This, briefly, is the SEM. Further detail and design is beyond the
scope of this paper and not necessary for operation of any of the com-
mercially available SEMs. In fact, the level of detail presented above
may not even be necessary because many of the new machines are virtually
impossible to damage because of operator error. The operator only has
to load his specimen into the chamber, flip the right switches and take
pictures.
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<SECONDARY ELECTRONS

NN. COLLECTOR
N \/ SECONDARY ELECTRONS

-\ SCtNTILLATOR
PHOTOELECTRON

PHOTOAMLTIPLEE

FIGURE [4. AmpLi Iii lation of Signal. (ion -Scanniing~ Ic loill
Microscope," h Th nws V. Lve hart andiki ionus, i. i ia es. Cop~ rit Q
Jainuary 19712 out tfic Amnerican. Inc. All rightis reserved.)

Advantage's of the SEM

We are all famiiar with the optical microscope. Mlany, o the

problems of optical microscopy have been overcome in scanning elect ron

microscopy. One of the chtief limitations :;ssoc tatcd with opt i cal micro-

scopy, especial I y zit high magnif icat ions, is depthI of f ocu's. At lOX

much of the image of a rough sample will be ouit of focus at any given

focus. The SEM with its several hund red fold iticreaSC in depthI of foctis
(see Figuire 15), may show the same sample in focus throughout . Except

for color, the SEM usually provides much better cont rast than does- the

optical microscope. The resolution advantage of the SEMl over thle opt i-

cal microscope is shown below.

opt icalI SEM

Reso hit ion 0. 2-5 m 100 A-0t.2 im

29



NWC TP 5944

BEAM DIAMETER, ;m

010 1 0.1 0.01

CALCULATIONS ASSUME
"* ELECTRON GUN:

10-1

600 SEC/FRAME 104
E ELECTRONS/PICTURE POINT

S(a =2.7 x 10-12 AMP)

Z 10-2- 20 SEC/FRAME 10
8 ELECTRONS/PICTURE

POINT (i =8.1 x 10-o AMP)
.

4L-3 %% LIGHT MICROSCOPE

0%

10- MMERSION

10-5 . .. " II. _10 100 1000 10.000

MAGNIFICATION ON loan PRINT WITH
* " 1000 RESOLVABLE LINES

FIGURE 15. Depth of Focus of Optical Microscope
and Surface SEM. (Copyright © A. D. (;. Stcwid. (ambridgc
Instrumcnts. London.)

In magnifying power the SEM has a range from 15 to lO0,OOOX com-
pared to the limited range of the optical device. In addition the SEM
can zoom up and down in magnification without changing the focus while

the optical microscope must be focused with each change of lens. The
optical microscope provides only an image while the SEM provides an

electrical signal which may be processed.

Apart from its cost, the disadvantages of an SEM are: (i) the

samples often need to be coated, (2) the samples must be placed in a
vacuum environment, (3) sample color contrast is lost, (4) tronslucent
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samples are not viewed in transmitted illumination (also polarizers are
not used), and (5) identification of surface compounds is not easy.

SEM AND SOLID PROPELLANT COMBUSTION SAMPLES

A piece of solid propellant which is burning cannot be viewed using
an SEM. In order to view the surface of the sample we must first quench
the combustion.

Quench System

There are essentially two methods of quenching burning materials.
One can either remove one or more constituents essential for combustion
or one can cool the sample. Most quench techniques have some aspects of
both methods.

The most popular techniques are: (1) rapid depressurization of the
combustion chamber, (2) thermal quench using a cold plate or vise, and
(3) immersion in a coolant. For samples whose burning is governed by
gas phase reactions and which is burning at elevated pressure, the rapid
depressurization method is best. In these tests, the combustion chamber
is equipped with a burst diaphragm. At some time during the test this
diaphragm is ruptured. The gas phase reactants are removed from near
the surface, the chamber gases are cooled by the rapid expansion, and
the sample is quenched. Studies have shown that the rate of depres-
surization is critical in the quench process. ' If the dp/dt is too low,
the sample may cont inue to react after the diaphragm has burst before
being extinguished. If this were to occur, some artifacts could appear
on the sample. Steinz and Selzer have shown'" that for composite solid
propellants, depressurization rates of approximately 104 psi/s (689.48
MPa/s) are required to permanently extinguish propellants. This veri-
fies the values of 5 x 104 psi/s (34.47 x 102 MPa/s) at 400 psi (2.76
MPa) to 2.5 x 105 psi/s (17.24 x 102 MPa/s) at 1500 psi (10.34 MI'a),
determined much earlier by Ciepluch."

"J. A. Steinz and H. Seizer. "Depressurization Extinguishment o!
Composite Solid Propellants: Flame Structure, Surface Characteristics
and Restart Capability," (OM/1T -('7 TEhCHNOL, Vol. 3 (1971), pp. 25-36.

: C. C. (ienluch. "Effect of Rapid Pressure Decay on Solid Propel-

lant Combustion," AMER-,? j'¢I''AI'T 9, J, Vol. 3t (l9 l),pp. 1584-1586.
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At NUC we use a modification to our window bomb that was developed

by Varney."2 Varney used layers of mylar as the diaphragm material. OUr

slight modification of Varney's method is shown in Figure 16. The

diameter of the opening is 1.5 inches (3.81 cm) and the assembly serves

as the upper cap to our bomb. The mylar discs are 0.005-inch (0.0127

cm) thick and the number to be used depends on the bomb pressure as

given in Table 3.

FIGURE 16. Rapid Depressurization Quench Apparatus.
IThe amwi 'rsi indehied to A. NI. Vnitev (Or this device.)
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TABLE 3. Mylar Discs as Burst Diaphragm for

Depressurization of NWC Combustion Bomb

Bomb pressure, Number of discs

psia (MPa)

100 (0.689) 1

200 (1.379) 2

300 (2.068) 3

400 (2.758) 3

500 (3.447) 4

600 (4.137) 5

700 (4.826) 5

800 (5.516) 6

900 (6.205) 7

1,000 (6.895) 8

1,100 (7.584) 8

1,200 (8.274) 9

1,300 (8.963) 9

1,400 (9.653) 10

1,500 (10.342) 11

1,600 (11.032) 11

1,700 (11.721) 12

1,800 (12.411) 13

The wire used to cut the top mylar disc (not included in the number
given in Table 3) is 0.010-inch (0.0254 cm) Nichrome sandwiched between
the stack of discs and the top disc, and heated by 110 VAC. This method
of venting gave dp/dt values greater than the 106 psi/s (68.95 x 103
MPa/s) we were able to obtain using a mechanical vent release device.(

It is not always possible to use a rapid depressurization quench.
Some of the situations where this type of quench is not desirable are:
when the pressure in the bomb is low, when the surface structure of the
sample is very frangible, when the pressure of the bomb is very high
(extremely high dp/dt not only quenches samples, it can destroy equip-
ment), and when the combustion of the sample is governed by condensed

6J. D. Hightower and E. W. Price. "Experimental Studies Relating
to the Combustion Mechanism of Composite Propellants," A:THWAiYY i(TA,
Vol. 14, No. 1 (1968), pp. 11-21.
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phase reactions. One way of overcoming some of the above obst~cles is 
by using a thermal quench. This is particularly useful when either thin 
samples, or samples which are condensed phase reaction controlled, are 
to be quenched. We have used a copper vise (which c0uld be cooled by 
liqttid nitrogen) to thermally quench samples at low pressures, and also 
when thin samples of AP crystals were burned. 7 Similarly, Hingle parti­
cles of metal are quenched from burning at 1 atmosphere by impacting on 
metal plates. 8 Others have tried to thermally quench samples by immers­
ing them into a coolant such as liquid nitrogen or alcohol. Our experi­
ence has shown that this is not a good approach since the liquid quickly 
vaporizes and a boiling ensues: portions of the sample may be damaged 
by the agitation and some of the sample may be separated from the cold 
l.iquid by an insulation of the gas. The invPstigator probably would bt' 

1re successful using a liquid nittcgen-coolecl coppl'r vise:;-

Whatever the quench technique, it must be remembered that !1_2_.'lll_ench_.:: 
ing process is without artifacts. Whatever the method of qm.>nching 
burning samples, it must be assumed that some relevant details will 
disappear and some quench-dependent effects may be introduced during 
quenching (or possibly during storage, coating, and inspection). In our 
studies, combustion behavior is not inferred solely based on micro­
graphs; several experimental techniques which are complementary Jn 
nature, have been used. The most decisive type of data that can be used 
in such correlations is that involving real time observations. Thus, by 
using cinephotomicrography we have observed features not only during 
combustion but we have observed the changes of these features during 
quenching, even to the point of subsequently locating spl'eif ic surf:H'C 
features (seen in the 'motion pictures) on the quencht.'d sample. ('0/.'lh•u:­

t,ion nt;udle;; 7L1(z/,•Jt f'Y'Ct:r?Yd ·.'IJrtt•lun/cW/n l>a.'J<' t [-:il/C/!1 ,nz ;:f·.';\i, ;,lifhr"il fh, 

L J''t f' •) ., l't ,:tJ ;,· •'f,·r• ···1L 1 ·•·• ·•v •t1' ·lz·· r· ···1 ·· •·· .. : r·-·J' • :., f)(?1'lC J,' () rl(_lf'(;,C!lC'i IJ. '""1 r.t.u,J L (,,, ('''''"'' II' ( tl Lt• )(_,.If ,, '-\.: t•it' 

obr;cY'/J.:t,'/on:-;) ;;J:o,!lr! !u• o:.u•t•,?t•Lc:! orl/.y ;,)/ t.l; r•, •;:. ·r•l'o 1 /,·•n. 

!-lost Rumple:.;, espcclnlly propL1llnnt samples, ill"l' c.n:ll:l'd lwfon• 

examination in the SEI-1. This conling is a few hundn•d angstroms of 
carbon or som(• hL•avy metal (ustta11y gold-pallnrllum that is HO lhln 

---'"--··;;N~~-,;·i·--~4·l~;l·l<_)I1S CPntcr. fler'OinflrJt1'Z:d( 11'1 rl'ld fJc,l'/fi:P'IIf,/,m t'.J' 1h•m:.•11:' II' 

PcY'ohlol"ate, by T. L. flnggs and K • .J. Krneut·lc. Ch!n:1 Lnk~, Cnlif., 
NWC:, Clc'tolwr l%H. 51• pp. (NWC TP '•630, puhl icnt ion UNCI.ASSJJo'lEil.) 
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it does not obscure surface details). The conductive coating does
several things which improve the image. The metal layer keeps a sample

from "charging" (which "whites" out the CRT and hence the photograph
corresponding to that portion of the sample which is charging) by con-
ducting the electrical charge from the surface to the grounded aluminum

sample pedestal. The metals are also usually better emitters of sec-
ondary electrons than the underlying sample, and as such, provide a

better image.

Since most laboratories which have SEM equipment also have coating
equipment and operators to perform these tasks, we will not go into much
more detail here. Additional detail may be found in Chapter 4 of Ref.

3.

The coating can lead to some artifacts. Sometimes subsequent to the

coating, the thin metal layer may crack or "patches" pull free from the
surface. When viewed with the SEM these areas will appear black because
of the lower emission of secondary electrons from the uncoated area
relative to the coated area. One has to be careful to not interpret

these areas as being deep fissures.

Image From SEM

The image which is displayed on the CRT is often photographed using
a Polaroid camera with positive or positive/negative film. Other cameras
could, of course, be used but the "instant" positive available with
Polaroid is almost a necessity since the brightness and resolution of

the image on the CRT are functions of so many variables (sample tilt,
sample composition, filament current, orientation of sample with respect
to the collector, black level, photomultiplier voltage). An operator
usually sets up the image as best as possible, takes a Polaroid picture,
and, based on the resulting picture, makes adjustments until the desired

result is obtained.

In attempting to make measurements from micrograph, the reader is
cautioned to remember that the sample is at an angle to the primary beam
and the collector, and what appears to be at right angle to the viewer
may actually be skewed. Because of the great depth of focus and the
variation of focus with working distance, care must be exercised on

samples having significant surface relief. It is outside the scope of
this report to discuss the problem of mensuration from SEM micrographs.
An excellent discussion is contained in Chapter 11 of Ref. 3.

35



NWC TP 5944

In the work done at NWC it was found to be extremely iseful to put
a length indicator bar on the micrographs. This was accomplished as

shown in Figure 17. The positive Polaroid is mounted on heavy card
stock which has registration holes punched in it. We have a series of

masks" corresponding to different magnifications. The proper mask is
placed over the positive Polaroid, the ensemble is photographed, and a

negative is made. This allows us to enlarge or reduce, in printing, the
image size and yet the indicator is similarly changed in size. This is
a significant advantage over the old method of only giving a magnifica-
tion (e.g., O00OX) since the magnification may have changed as the image
was enlarged or reduced in printing. When one publishes micrographs in

several journals, each with slightly different format requirements, the

savings in time during writing and publication more than makes up for

the initial investment in time.

The purpose of putting a length indicator bar on the micrographs is
not for precise measurement. It is simply there so that one can "get a

feel" for the sizes of objects.

Stereo-pairs--two micrographs of the same area with a slight dif-

ference in the tilt angle of the specimen (usually less than 10
degrees)--give the appearance of three dimensions when viewed using a

spectral stereo viewer. On complex samples this is a necessity because
often optical illusions occur, a rounded depression appears; to be pro-
truding from the surface as opposed to its true configuration. In
addition, measurements using aerial photoreconnaissance techniques can
be made.

Other imaging devices include TV sets: instead of the image being
displayed on a CRT it is displayed on TV. The higher sweep rates and

larger screen size make it easier (and less tiring, especially for a

whole day of viewing) to investigate samples having detailed topography.
Another imaging device includes feeding the signal into a computer,

rather than a CRT. Much of thiu; work is in a developmental state at

this time, but it appears that promising advances will he made.

Samples can be looked at without coating but only if the accelerat-
Ing voltage is decreased to 1-5 kV or if one of the newer electron

sources (LaB 6 or fIeld emission) is used.
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remarkably similar to the electron probe microanalyzer, except that the
SEM's requirements of image resolution (> 250 angstroms) necessitate the
SEM using much lower beam intensities than the microprobe. For this
reason the conventional type of X-ray spectrometers used in microprobes
are impractical for use with the SEM.

The conventional electron probe uses X-ray spectrometers to measure,
identify, and count the X-rays based on their wavelengths. Remembering
that the energy of each X-ray photon is the transition between orbital
shells in the atom and is unique for each atom, the equivalent wave-
length from I = hc/E will be different and unique for each atom.
Diffraction, described by Bragg's law (nA = 2d sin@), using crystals
with known d spacing, can be used to separate the various wavelengths.
Spectrometers of this type are called wavelength dispersive (WD). To
cover the whole range, WD spectrometers are usually equipped with many
crystals. Even then, considerable time is needed to obtain an overall
spectrum of all elements present on the specimen surface. The resolu-
tion of the crystal in separating the X-ray wavelengths is good (-' 10
eV), but Its efficiency is very poor. This collection efficiency can be
improved using curved crystals and fully focusing diffractometers.

The WD spectrometers have problems other than requiring several
crystals and considerable time to analyze a sauiple. Because of their
construction, fully focusing WD spectrometers are not suitable for rough
surfaces (such as quenched propellants).

Because of some of these problems, energy dispersive (ED) spectro-
meters are often used with SEMs. The ED X-ray attachments consist of a
lithium drifted silicon crystal, a multi-channel analyzer, and necessary
electronics. In these devices an incoming X-ray photon is converted

* into an electronic pulse in the lithium drifted silicon crystal. A bias
voltage applied to the crystal collects this charge which is propor-
tional to the energy of the X-ray. This pulse is amplified, converted

* to a voltage pulse, and fed into a multi-channel analyzer. The analyzer
sorts out the pulses according to their energy and stores them in the
memory of the correct channel. The resulting spectrum can be displayed
on a CRT, plotted on a chart, or printed out numerically.

The resolution of the ED system is much poorer than that of the WD
systems. In most applications this is not a severe limitation because
most elements above sodium (atomic number 11) are readily detected.I Unfortunately for the person concerned with propellant samples, ED
cannot be used to separate F, 0, N, C, or B -- all elements we might be

38



NWC TP 5944

interested in. It can, on the other hand, distinguish Mg, Al, C1, K,

Cr, Fe, Cu, and Zr. The WD spectrometers, used with a microprobe

analyzer, can get down to Be.

Thus the person interested in all elements present in propellants

and on the surface of quenched propellant samples has a problem. One

method (ED) is simple and fast, but cannot discriminate between F, 0, N,

C, or B -- it can be used for Mg, Al, Cl, K, Cr, Fe, Cu, and Zr. The

other, slower and more cumbersome method, can detect all elements above

Be. For analysis of an aluminized composite propellant having AP, HIMX,

and an organic binder, both WJD and ED techniques must be used to provide

a complete compositional mapping.

EXAMPLES

In the preceding sections the devices have been discussed and, in

some cases, examptes of the use were cited. Because of space limita-

tions, it is not feasible to further discuss the details of how the

devices were used and the results. The following bibliography is pre-

sented for those who would like these details.
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