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ABSTRACT

The behavior of various aluminum powders was observed during heat-
ing in controlled envi ronm ents , using a hot stag e microscope and a
specially built hot plate drop apparatus (for rapid heating) . Results

• show the effect of powder type , atmosphere, temperature , and binder type
on formation of interconnected and coalesced particles , and help to clar-
ify similar processes operative in the propellant combustion zone. Coal ..-
cence (agg lomeration ) tended to occur above the aluminum melting point ,
with the breakdown of the oxide shell on the particles (due to expansion
of the melting aluminum) being a key factor. Conditions that inhibit ed
contac t of molten aluminum between pa rticles inhibited coalescence , but
usually caused particles to become interconnscted . These conditions
inc luded oxidizing atmosphere or presence of prop ellant binder materials .
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THE BEHAVIOR OF ALUMINUM IN

COMBUSTION OF SOLID ROCKET PROPELLANTS

INTRODUCTION

When used as a fuel in solid rocket propellants , powdered aluminum
exhibits combustion behavior that is in sharp contrast to the behavior of
binder and oxidizer materials . Being an element , it doesn ’t decompose , and
it is reluctant to vaporize at the propellant burning surface . Instead , it
accumulates , melts, and coalesces into large droplets referred to here as
“agglomerate.”. During these processes, ignition is suppressed by the
formation of an oxide diffusion barrier on all exposed surfaces. Depending
on conditions, the aluminum may follow any of the paths in Fig. 1 leading
eventua1l~ to combustion . Because of the statistical nature of the pro-
pellant microstructure , a variety of behavior is seen during burning of a
sample of propellant.

Unlike the other propellant ingredients , the aluminum agglomerates
bu rn as a cloud in the combustion volume , and form a liquid (Al203

) as
the primary reaction product. The practical importance of the situation
at this point is that

a) The prop ellant burning surfac e i. populated by a complex array of
inte racting aluminum particles , which affects diffusion, heat transfer and
heat release , to modify bu rning rate , erosive burni ng response , and response
to transient flow (c~~~ustor stability) .

b) The original aluminum particle, have been converted into relat ive-
ly large burning d ropl .ta with typ ical burning times of the same order as
the stay time in the co.bustor ; this leads to risk of poor combustion effi-
ciency , possible unwanted dynamic coupling with flow disturban ces, and a
critical dependence of these proces ses on casbuator design, prop ellant
forai lation , and operating cond itions.

c) The condens ed phase reaction prod uct cloud is an important factor
in nozzle efficiency , nozzle erosion , combustor stability, exhaus t plume

— visibility and laumch area contaminat ion : these in turn depend on the
characteristics of the Al203 cloud (especially particle size) , which are
strongly dependent on the details of the agglome ration • combustion proc ess.

It is the foregoing practical considerations that lead one to focus
att ention on the details of the aluminum combustion pro cess . The present
investigation has started with the nature of the aluminum and its behavior
during heating to temperatures typica l of the propellant burning surface.
Increasing attention is being given to the role of other propellan t ingre-
dients. These studie s will prog ress to the point of clarifi cation of the
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nature of agglomerate droplets , at which t ime the studies can be combined
with extensive available results regarding combustion of aluminum drop-
lets. In the process , the effect of combustor gas flow on the intermediate
processes will be studied , and the aggregate results will be interpreted
relative to the problems of combustion efficiency, burning rate, combustor
stability , nozzle efficiency , and exhaust plums effects.
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EXPERIMENTAL METHOD S

Most of the work during this report period involved controlled heat-
ing of samples , in cont rolled atmospheres , with visual observation of
response, either by optical microscope during the test or by scanning
electron microscopy after the test. These methods are described below:

Rot Sta&e Microscope Tests

• Visual observation of particle behavior during subignition heating
was accomplished using a Leitz 1350 water-cooled microscope heating stage
and a -Bausch & Lomb Dynazoom Laborato ry Microscope . The heating stage is
attached to the microscope stage and the microscope body is raised by
inserting a spacer ring between the body and the stand . The sample is
heated on a 7.5 am diameter sapphire disk which is supported on a heater
cartridge within the heating stage . The heating chamber and sample are
sealed by clear quartz cover plates . Heating can be performed in an air
atmosphere, or a controlled atmos phere (02 or Ar) may be int roduced .
The atmosphere gas flow rate is adjusted by Whitey micrometering valves
with an imeediate switch in gas available.

Heating is cont rolled by a Leitz regulating t ransformer. By contin-
uous manual adjustmen t of the t ransforme r to maintain a maximum current ,
it is possible to obtain a 28°C/sec heating rate . At the maximum heat ing
rate , the melting temp. of aluminum (660°C) is reached in 27 sec and l000uC
is reached in about 44 sec • A thermocouple , mounted in the heater cart-
ridge below the sapp hire specimen carrier , is connected to a galvan ometer
giving a direct temperature readi ng. Tran smitted and/or reflected light
can be used for observation during heating .

The test apparatus is shown in Figure 2 , showing, f rom left to right ,
atmospheric control valves , t ransmitted light control, Bausch & Lomb micro-
scope and Leits hot stage, ref lected light source , transformer and temper-
ature read out . Figure 3 i. a cut away of the Leita 1350 heating stage
showing the important features.

The heating stage test procedure is as follows: The sample is spread
on a sapphire disk and carefully plac ed on the carrier support within the
heating stage. The cover plate is inserted and the control gas flow end
cooling water flow are adjusted to the correct levels. The light sources
are turned on and the micro scope is focused . Heating is initiated and
the transforme r control is manually adjusted to obtain the desired heati ng
rate.

Visual observation , interrupted occasionally by temperature readings
and transformer adjustments, continues until the desired t perature-tiae
heating history L. accomplished.

Observation s are recorded and significant samples are taken to the
SEX for preparation and viewing.

3
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Hot Plate Drop Test

In order to overcome the relatively slow (by propellant standards)
heating rates obtainable in the Leits heating stage, a sepa rate chamber
was designed and constructed. This new apparatus incorporates tht Leits
heating cartridge, regulating transformer, and temperature gauge.

The teat chamber , illustrated in Figure 4, consists of two concentric
stainless steel cylinders welded together by a cylindrical dr op ar m sleeve .
The cy linders are capped by stainless stee l plates which are bolted down
to form a cooling water jacket . The top plate contains a vision port with
a sapphire window which permits viewing of the sample carrier as wall as

t easy access for removal of samples after each tests The bott om plate con-
ta ins the leads for the heater power and ther mocouple readout , as well as
gas ports for introducing a protective atmosphere . Samples are placed in
a cup drilled in a 1/4 ” diameter rod which is inserted through a fitting
in the drop arm sleeve. Figure 5 shows the HPD rig with (from left to right),
atmosphere controls, hot plate drop chamber , transformer, and temperature
readout.

Operation of the hot plate drop test (HPD) rig proceeds as follows .
A clean sapphire disk is lowered through the open vision port and placed
on the heater cartridge. The sample (Aluminum powder) is placed in the
cup and the sample arm is inserted 1” into the drop arm part . (The sample

• experiences the protective atmosphere during heating but is shielded from
the heat by the cooling water.) Cooling water is started, the gas flow
is turned on , and heatin g begins . The transforme r is adjusted manually

• until the sapphire disk is stabilized at the desired temperature . The
s p1e arm is extended into the chamber until it is directly over the
sapp hire disk , as viewed through the vision port . The sample arm is
rotated 180°, dropping the sample onto the heated disk. After the sample
cools down, the gas is turned off • the vision port is unscrewed and the
sample and sapp hire disk are carefully removed .

Characteristics of SEN Method
Sample pre paration and operation of the scanning electron microscope

is performed by the staff of the Physical Sciences divi sion, Georgia Tech
Engineering Experiment Station . The samples are generally coated by vacuum
deposition of carbon followed by a coating of gold-palladium. S pl.es are

— analysed in a C~~~ridge Stareoscan SEX for morphology. Soms elemental
analyses were performed by X-ray dispersion to differentiate between binder
and aluminum residue.
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CHARACTERIZATI ON OF AS -RECEIVED

ALUMINUM PARTICLES

Several sources of aluminum powder were solicited for this work.
However, testing was restricted to four types, chosen because they were
in use in c~~~srcial propel lants , were also !~eing studied elsewhere , or
were of particular interest because of singular properties . The four sam-
ple. studied were designated Alcoa 123, 11-30, 11-95, and a modified 11-30.
The Alcoa 123 is a standard classification of Aluminum Company of A rica,
the test sample having been supplied by the company for study. The “11”
series are standard designations of the Valley Metallu rgical Company , and
were obtained from Dr. IC. Kraeu t le of the U. S. Naval Weapons Center . The
modified 11-30 was from the s~~~ sample as the standard 11-30, but had been
t reated (by ICraeut le) to inc rease the extent of oxide coating on the parti-
cles . The supplier ’s data sheet on Alcoa 123 is reprodu ced in Table 1.

To date , characterization of aluminum powders used in prope llants has
been supe rficial . Specifications applied in prop ellant manuf acture cover
little more than mean particle size and 7. total impuriti es. This is very
likely not sufficient in some app lications . Full characterization would
presumably involve size distribution , details of impurities (e.g., 7~ sili-
con , % magnesium, etc.).  Characterization of the oxide skin may involve
prop erties not yet fully recognized .

In the present study, attention was directed particularly at the visi-
ble prope rties of the odd. skin , primari ly because the observational method
used in tests was visual (optical microscop e duri ng tests • scanning electron
miscroscope post-test). Figure 6a shows the app earanc e of the four s ples
of aluminum tested , and Figure 6b shows the surface quality of the particles .
The Alcoa 123 is classified as -325 mesh aluminum by the supplier , is of
very irregular shape , with re latively smooth surface. The mass-ave rage
“diameter ” is probably around 20 microns .~~ H-30 consists of potato-sh aped
particles more nearly spherical than Alcoa 123 . The surfac e is smooth-to-
grainy , with occasional wart-like prot rusions . The mass-average di~~~ter
is prob ably about 30 microns • The modified 11-30 is not visibly different then 11-30.
The 11-95 is seen to have large numbers of the wart-like protrusions and a
very grainy surface on a 5 Lscale. The mass-average particle diameter is
roughly 95 microns.

An effor t was made to find out something further about the aluminum
particles by t reatment in hydrochloric acid , using 11-30, modified 11-30 and
11-95. Treatment of 11-30 particles for 10 mm. in 10% HCl-wster solution

- - produced very littl, effect (Fig. 7), while t reatment in 100% Rd for 10
mitt , caused extensive change in the surface (features not yet explained).
Tests on modified 11-30 (at 10% only) produced very litt le visib le effect .
Treat ment of 11-95 alumin um in 10% IICl for 10 d.nutes produced relatively
little effect (Fig . 8), ~diile treatment in 50% HC1 for 5 minutes led to

* Definition and measurement of mean di ter of particles is c~~~ro-aissd by thei r irregular shape and variability in size.
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I
PROPERTIES OF ATOMIZED POWDER NO. 123

SCREEN ANALYSIS, PERCENT TYPICAL PARTICLE SIZE DISTRIBUTION
(U. 8. Std.) (Sharpi.s Micromerogrsph)

Spec. for Wt . % UndersIze MICrOn
Typical Shipment

Mesh Range M m .  Max. 90 49
80 42

.200 0-Trace 0.2 50 29
-200 .325 1- 1 0  20 18

-325 90-99+ 90 0 4

DENSITY gmc/cc lb/cu ft
V 

- Apparent 1.1 69
Thppad 1.4 88

CHEMICAL ANALYSIS. PERCENT
Limits _______________________________________

Typ ical Max. AVERAGE PARTICLE DIAMETER
(Fisher SubSieve Sizer)

Al 99.0
*1203 .65 APD 15-I9M ICIOn$
Fe .15 .25
SI .07 .15
OtIw Metal SURFACE AREA
lics, Each .01 .03
Other Metsi- ,~~~~~

. ,~~~pj2srj
ic* Total .15

TAIIZ 1
)Iaeufecturer’s Data Sheet on Alcoa 123 Aluminum Powder.
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massive attack on the particles (Fig. 8c, d). The nature of the residual
particles suggests that the oxide film has been protective over portions
of the surface, but that isolated local flaws permitted massive attack by
HC1 from those sites • These explorato ry result s suggest that further
testing is merited -- for example on 11-95 in 207. Rd for 10 minutes.

In s~~~ ary , the aluminum samples each contain a wide range of particle
sizes and shapes. All have a rather grainy surface , with occasional wart-
like protrusions. Purity claims by the manufacturers are in the vicinity
of 99.3%, with A1203 being the largest impurity, iron next and silicon next
(based on Alcoa s tpl.e literature). The oxide is presumably primarily on
the exterior of the particles, would be about 0.5 microns thick on a 30
micron particle if so distributed. The oxide skin is generally believed
to be relatively impervious to diffusion. Under the extremely adverse
conditions of i ersion in 107. ltd for 10 win., relatively little reaction
occurred . Under more severe conditions of 50 - 1007. lId , there was cx-
tensive at tack in a manner suggesting local sites of penetration of the
oxide rather than general deterio ration of the “protective” quality.

I

7

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
—

‘ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



I
P BI NDER RESPONSE TO HEATING

• In anticip ation of subsequent tests of samples with aluminum powder
in binder , tests were run to determine what response to heati ng could be
attributed to processes other than those 2f aluminum. Hot stage microscope
tests were run on samples of pure binder, of binder with 16.77. onium
perchior at. (AP) , and of binder with 16.77. aluminum oxide. In all cues,
the binder was cured as a puddle on the sapphire disc of the HSM. Tests
were made in Argon , and in Oxygen. Heating time was around 5 win., and
peak temperature s were usually 1000°c. Actual tests were listed in Table
2 • and results are discussed below.

Binders Alone
All the binders tested behave similarly, with out-gasing and discolor-

ati on followed by some slight motion due to disto rtion and shrinking. Bub-
bling activity becomes boiling which (in Argon atmosphere) rapidly dissi-
pates much of the sample, leaving a solid-looking film of residue, brown
or black . This state was reached by a P.S. binder at 320°C, by PBAA at
500°C, CTPB at 520°C and HTPB at 540°C. The boiling is extr ely vigorous
with PS and HTPB. For PMA, CTPB and HTPB, further changes up to 1000°C

ount to shrinkin g or cracking of the residue film , with much of it remain-
ing at 1000°C. PS binder (in Argon) experienced a boiling decomposition

• at 340°C which rapidly reduced it to a black residue. The most notable dif-
ferenc es among the binders tested wer, the low temperature of decomposition
of PS, it. fl ing reaction , and relatively large amount of residue ; and
the slightly lower t perature of the PWI primary (boiling) decomposition
compared to CTPB and ørP~ .

Decomposition in an oxygen atmosphere is similar up to the point of
onset of boiling. At this point sudden ignition may occur with rapid
consumption of the volatile portion of the s ple , leaving a black residue.
This ignition behavior appeared to be erratic as to temperature of occur-
rence, and sometimes did not occur. Non-ignition was no doubt in part
due to tendency for the sample to pull away from the hot plate , wh ere the
reported t perature is measured.

A general si~~ ary of test results is presented in Table 3.

Binder with A~~~~ium P.rchloratj
S ples of four binders were prsparsd with 16.7% AP, and tested in

the s maimer as pure binder samples. Presence of the AP caused increased
out -gasing and discoloration at the lower t perstures T <300°C. In argon
atmospheres , the vigorous boiling ph... occursd at soui~~iat lover tempera-

• ture. Th. usual stable black residue occurred. A switch from Argon to •
Oxygen atmosphere at 1000°c lead to ignition and nearly complete combustion
of the residue . In the case of PS binder , the vigorous

* Th. tests on pure binder ware conducted under (~IR contract.

8
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TABLE 2

Listing of Tests Run in the Hot Stage Microscop e on Binders
and Al2

0
3 and AP-load ed Binders.

ENVI RONMENTAL GAS

* * * **Argon Air Oxygen Air

ADDITIVE BINDER

RTPB 6/73W 2/85W 16/87? 1/84? 25/88Y

CTPB 1/4 2W 6/85? 9/86W 15/87W 
~~~~~ 8/44Y

• NONE
PBAA 1158? 8/86W 17/87? 

~~~~~

PS 1/39W 22/88W 20/88W 21/88W

HTPB

CTPB
27.Fe2O3 PBAA

PS

HTPB 11/74w 9/44Y 20/76W

CTPB 16/71? 18/72W 17/71?
16.77.
£1203 P~~A 16/72w 18/72? 17/72?

PS 6/41?

NTPB l2/74Y 21/76W 14/74Y

CTPB 19177W 21/77w 20/77W
6. 12 AP

PMA 19/liT 21/77? 20/77?

PS 7/42W

* Slow’ Heating

** Rapid Heating
U

•i !:~~ J! ~~~~~~~~~~~~~~~~~~~~~~~~~

m
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Binder PS PBAA CTPB HTPB

T oc 
— _ _ _ _ _ _ _ _ _  _________ 

_ _ _ _ _ _ _ _ _ _

SOLID SOLID SOLID SOLID
• 200 —

• , ,,// , ,/~
300 — 

VIGOROUS 
/ / /  //  / / /~~BOILING

INCREASING

VOLUME- -
IeOO — 

SHINY / / / / / / / / ENCAPSULATED
BLACK 

BUBBLE
R~~IDUE 

SUBLIMING

500 —
LOCAL

BOILING / ‘

VIGOROUS
600 — SL~ 1LY • BOILING

~~/ ,~ f/ /  //d• SUBLIMING LOCAL THICK ~~ / /  .‘, / ~~~~~~~R~EIDUE 
BOILING BLACK

700 — ‘‘ i’ ‘‘ / “ REBIDUE SHINY
BLACK

SLOWLY R~~IDUE
800 — / // / ,/  / ,  BLACK SUBLIMING

RESIDUE RESIDUE
FL~~~

• 900 — BLACK THIN
RESIDUE PAPERY

RESIDUE

• 1000 —

T)~~~4AL DECa4PO$ITIoiq OF BIND~~~ IN ARGON

FIGURE 3a
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Binder PS PBAA CTPB HTPB

T

— SOLID SOLID • SOLID • SOLID

300 — VI GOROUS BOILIM / / / / /  ,/~~
/ / / /  ////4

• SHINY VOLUME

BLACK INCREASE-
— SUBLIMING 

‘‘‘ ‘
4’’ / ~~~‘ ENCAPSRESIDUE

SUBLIMING BUBBLES

LOCAL BOILING ,, /,  ,, ,/
500 ‘,‘, , / I .’/ ,  LOCAL BOILING

VIGOROUS BOILING
• THIN

— - • RESIDUE • THIN SHINY
• SLOWLY RESIDUE

SUBLIMING RESIDUE
700 — 

RESIDUE

DRY / /,/ / / / / /d

CRACKS IN CRACKS IN
RESIDUE RESIDUE RESIDUE

900—

• ~~~~~~~ 
•

T1~~~(AL DECOK’OBITION OF BINDESS IN AIR

FIGURE 3b
• . 11

_____ 

• 
•

4



• Binder PS PBAA CTPB HTPB

i
• ! ‘

200 — SOLID SOLID SOLID SOLID

,,, ,,,, /d
300 VIGOROUS

BOILING VOLUME/,, /, ., / ,
INCREASE-

L~() — SHI NY ENCAPSULATED
BLACK SUBLIMING BUBBLES

RESIDUB— — •

— 
•
. 

SUBLIMING
500

BOILINGS L W LY . LOCAL BOILING
— SUBLIMING i~iNiT.WI~ IGNTTTON ThNTPTflN

/ , / / /, /#  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~RESIDUE

700 — 
LITTLE FLAKY DRY

,,,, ,,, RESIDUE BLACK — BLACK
RESIDUE RESIDUE

NO -

— RESIDUE

SUBLIMING SUBLIMI NG
RESIDUE RESIDUE

900- •

~~~~~~~~~~~~~~
— 

-s CLEAR CLEAR
BOILING BOILING

• 
• _____________ _ _ _ _ _ _ _ _ _ _ _ _ _  

LI4UID LI~ JW

THERMAL DECCI1POSITION OF BINDERS IN OXYGEN

FIGURR 3c
12
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phase of decomposition was finished at 350°c. In the case of HTPB,

f the vigorous boi ling at 450°c was replaced by rapid shrinkage.

Since the AP would normally decompose in the range 220 - 400°C in
these tests , one would expect out-gasing to be increased at these tamp-
eratures as it was . The amount of AP was apparently not sufficient to
dominate the behavior, and the more vigorous decomposition of the binder
normally occurring at higher temperatures was thus not drastically changed.

When the samples were tested in an Oxygen atmosphere, behavior was
similar to that in Argon up to the temperature at which rapid boiling
or smoking occurred in Argon. At that temperature , abrupt ignition and
rapid combustion occurred. In these tests , no black residue remained
at 1000°C. r

Binders with A1203
In order to study binder behavior when loaded with solid particles ,

samples were prepared with 16.7% £1203 particles . Response of these
samples was very similar to the pure binder samples. At those tempera-
tures where boiling behavior occurred with the binder , the same happened
with £120 present, and the resulting reenant retained a cratered appear-
ance prodLed by the boiling activity. The oxide retained a coating of
binder residue, and in areas where particles were close together, the
particulate ass.sblage was a connected mass of material, at temperatures
below that at which alominum would melt if it were present . This condi-

• tion persisted to 1000°C and above.

In oxygen, the PEAk sample ignited at the temperature where the
corresponding sample in Argon boiled vigorously . CTPB and NTPB samples
behaved similarly to the Argon tests , without ignition. However with
all three s ples tested in oxygen, the blac k residue was reduced, the
A1,03 pa rticles were white (a few dark with HTPB), and there was less
adl .sion of oxide particles. There remained a dark liquid residue at
1000°C with NTPB.

13
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RESPONS E OF INDIVIDUAL

PARTICLES TO HEATING

It is believed that much of the aluminum accumu lation -agglomeration
behavior observed in propellant combustion is due to response of the indi-
vidual particles as the temperature rises . Specifically, the thermal ex-
pansion of the aluminum is expected to deform and/or flaw the £1203 skin
and ext rude aluminum to the exterior of the skin , even draining it under
some conditions. This detailed behavior contributes to adhesion , agglomer-
ation and ignition of aluminum in the propellant combustion zone.

Response of particles was studied in the hot stage microscop e, by
placing a collection of particles on the sapphire plate of the HSM in ran-
dom manner referred to as sparse packing (some particles touched each other) .
Temperature and atmosphere were progranued in various ways, and observations
were made of behavior during heating and cooling. In addition , some samples
were subjected to post-test examination with an SEM, primarily because of

- • 
limitations in resolution and depth of fie ld in viewing with the optical
microscope . (Test condition s and results in Table 4.)

Heating of particles of H-30 produces no noticeable results until the
• aluminum melting point (660°C) is reached. At this point the particles

expand visibly , and some j ump from the field of view. Particles that are
• near together tend to form strings (Figure 9), especially as the temperature

• continues to rise . Aside from some change in reflective quality of the
surf ace1 no further changes in single particles are visible during heating
to 1000”C , followed by cooling . Contraction is visible during “freezing.”

• Unfortunately there is apparently considerable surface activity that is
not resolved in the optical microscop e.

The samples remaining after cooling were examined by SEN. It is ob-
served that particles tend to be somewhat more spherical (on the average)
than before heating, suggesting that the oxide skin accoinodates for alumi-
num expansion during melting by deformation-inflation. Cooled particles
are observed to have large warts (Figure 10), suggesting of ext rusion of
molten aluminum th rough flaws in the oxide skin during expansion. Such
warts usually are accompanied by parent particles that have a “collapsed”
appearance , suggesting that the extrudad alumin um solidified first duri ng
cooling, requiring contraction of the oxide skin of the main particle to
acc~~~date f or cont raction of aluminum in both the wart and the particle.

These observations support what would be expected on the basis of
• the luicim thermal expansion characteristics of aluminum and £1203, including

particularly the 6% volumetric expansion during melting . They suggest
furthe r conclusions that are less pr edictable. The occurrence of jumping

• of partic les at the Al melting point suggests that the oxide is experienc-
ing discontinuous deforma tion, suggesting either cracking or other inelastic

14



Des ignauon 

- 

~~~~~~~~~~~~ 

• 

Argon Oxygen

Trace, Moderate -
750°C small small size

• Alcoa 
________________ 

21 27
123 

1000°C Slight , Slight
small size

23 29

750°c Chains Chains
0-30 _ _ _ _ _ _ _  

1 7

Chains, Chains ,
o chains formed chains formed• 1000 C 

at 700°C at 700°C
_ _ _ _  _ _ _ _ _  

3 9

Moderate- None
750°C small size

Modif. ______________ 
31 37

t 11-30 Chains Slight
1000°C chainr 33 39

Clumping, Slight
750°C slight agglom.

H— 95 ________________ 

11 17

• Chains Slightl00~~C 13 19

TABLE 4

Agglomeration Behavior of Dispersed Aluminum Powder Upon Heating
in the Hot Stage Microscope. (Roughly 50% of particles were
near enough together to interact). See glossary for meaning
of words.
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deformation (perhaps during apheroidization). This is supported by real-
time observation (above the Al M.P.) of abruptly shifting highlights f rom
the particle surface during heating and cooling, suggestive of buckling
behavior of an inelastic oxide skin. Adhesion of particles in contact
suggests escape of aluminum and bridging at adjoining surfaces (Figure 11).
Warting is a direct manifestation of escape of aluminum , evident at the
single-particle level.

Escape of aluminum presumably can occur by diffusion through th 
1oxide skin, and in other ways less visible than “varting”. JCraeutle

observed that the escape of aluminum could be more decisively induced if
the aluminum was heated on a platinum surface, presumably because molten
aluminum “wets” platinum, and hence will exert a strong surface tension
force that practically evacuates the oxide skin (Fig. 12).

Using this property to “amplify” the escape of aluminum, HSM tests
were run on different aluminum samples in different atmospheres to differ-
ent temperatures. Sample results are shown in Fig. 13. In general, it
was observed that all types of Al tested would drain onto platinum wire.
Fewer of the modified H-30 particles drained (Fig. 14), and the remaining
oxide “bags” were eviden tly thicker (didn ’t collapse so fully). A similar
result van obtained with standard Al when temperatures were only slightly
above the Al melting point. Efforts were made to get SEM ’s of broken edge.

• of the oxide “bags”, but they appear to curl: it could only be concluded
tha t  they were less than 0.5 micrometers thick. The behavior of particles
heated on platinum does not appear to be much different in Argon than in
Oxygen.

In sumeary, effects of heating up to 1000°C or so are dominated by
the transformation to liquid aluminum at 660°C, and the deformation of the

~~~~ skin due to expansion of the aluminum - - especially at its melting
potnf . There is a tendency for the oxygen in the atmosphere to delay or
prevent such physical response, because it oxidizes exposed aluminum and
“heals” flaws in the oxide skin (forestalling ignition). Individual parti-
cles respond to heating and expansion by inflating the oxide akin, extru-
sion of aluminum to form wart -like protrusions, and somet imes by draining
of the oxide skin. The oxide skin appears to be roughly 0.01 micrometers
thick, with both thickness and detailed structure probably different accord-
ing to det ails of the manufacture of the aluminum powder. The response to
heating is dependent on the properties of the oxide skin, but very little
attention has been given to characterizing the skin - - making generaliza-
tions or interpretations largely speculative.

16
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• • INTERACTION OF ALUMINUM

PARTICLES DURI NG HEATING

One of the mechanisms for cohesion of aluminum particles on a pro-pellan t bu rning surfac e that has been hypoth esized is the direct inter-action by bridging with molten alumin um that has leaked or diffused
through the oxide skin. Such a bridge may either oxidize in place, orsurface tension may simply cause the molten metal to coalesce into a
larger droplet , referred to here as an agglomerate. In the present stu-
dies, this behavior was examined with the HSM for several typ es of alumi-
num, in several atmosph eri c situations , and at several temperatures. As
in the case of samples of non-int erac t ing particle s , observations were
made in real time, and in selected instances samples were .w.~4ned subse-quent ly in the optical microscope and the SEM. In addition, a test device
was designed , built and used , that permitted samples to be dropped on a
preheated sapphire plate , permitting heating times approaching those in
the propellant combustion zone. Test conditions and observations by
optical microscope are sumearised in Table 5 for hot stage microscope
tests , and in Table 6 for hot plate dr op tests . Results are s~~~arizedin the following:

Hot State Microscope Tests
All aluminum powders tested tend ed to sinter under some conditions

in the HSM, at same temperatures above the aluminum melting point; a~d
some degree of agglomeration cou ld be induced between 700 C and 1000 C.

• Sintering was evidenced by rigidity of the powder sample after heating ;
• . visible bridges between s~~~ particle, could be discerned in post-test

SEM ’s. Agglomeration was more obvious, since the powder sample coalesced
into several agglomerates . Susceptibility to sintering or agglome ration
was conspicuously dependent on temperature, atmosphere and original alumi-
num powder , as discussed below.

As general t rends , the following are ind icated by test results:

Sinterina generally occurrs 4 among densely p*cked particles if the
t emperature was raised above 700”C. The degree of sinte ring increased
vith temperature , but progressed to agglomerat ion in a non-ozidising
atmosphere. The modified H-30 sintered less easily . Fig . 9 showed a
sintered chain of particles formed in a low-packing density tests and
Fig . 11 showed the oxide bridge . A1203 particle , did not sinter.

Aaallmsratjon generally occurred among densely packed pa rticles
above 750”C when oxygen was absen t , while sinte ring and small agg1~~~r-
ates were more comeon in 0, (Fig . 15) . Agglomeration occurred to s~~~degree in all sample s at 10000C in all atmospher es , but only to a
limited extent in 0 , especially with seeples of H-95 end samples of
modified H-30. Con&itions that favored occurrence of agglomerat es also
tended to agglomerate the sample more complete ly , and into larger agglo-
merates (conditions of low 02 concentrati on, high temperatu re).
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Argon Oxygen

Slight Moderate -

750 C small size
22 28

• . Alcoa
123 Same , Moderate , small

small size size. Substantial
1000°C agglam. at 680°

during cooling
24 30

— 
0 Slight Trace

H-30 Massive, Slight,
1000°c all sizes small size

4 10

Slight, Non.
750 C small size

Modif. 32 38

H-30 Slight 4od.rat.,
1000 C small size

34 39

None None - particles
750 C spheroidtsed

14-95 12 18

• 1000° Slight TraceC 14 20

TABLE S

Agglomeration Behavior of Densely Packed Aluminum Powder
Upon Heating in the Hot Stage Microscope (particles piled up
about 2 to 3 particles deep) . See glossary for meanin g d
words.

_ _ _ _ _ _ _ _ _ _  
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Agglomerates tend to be nonspherical and show their constituen t
particles when heated only to the low end of he agglomeration range
(Fig. 16). At higher temp erature the agglomerate upheroidizes (Fig. 17).
The exterior sur f ace no longer ahoy. r~~~ants of the oxide from the in-gredient particles , but shows wrinkles or buckling of the surface m di-• cative of aluminum contraction within a solid oxide skin. At this point• it is not clear whether all the ingredi ent oxide ha, reached the surface ,or whether there is an oxide structure with in the agglomerates .

• Etching of agglomerates was explored superficially, and results
suggest that further study by this method might be instructive. Fig. 18
shows an agglomerate that was etch ed for 5 m m .  in 507. R d .  The oxide
skin appears to have fared poor ly . The exposed interior exhibits a
pattern suggestive of crystalog raphic lines . Considering the fact that
the agglomerate contained many ingredient aluminum particles, it is sur-
prising that the etch lines are parallel over a large part of the agglo-
merate (suggesting that original oxide has migrated out of the interior
during the peri od that the agglomerat e was maintained at high temp erature ).

Hot Plate DroP Tests
Rapid-heating tests in the NPD app aratus were made on the four alum-

inum powders noted before , in atmospheres of Argon , Air and Oxygen . Two
procedures were used. In one , the plate was brought to a temperature of

• 1000°C, and the heater shut off imeediately after the sample was dropped.
In this procedure, th. temperature dropped at a rate such that 600° was
reached in 50 second.. In th. second procedure the sample was held at

• 10000 for 60 seconds before the heater current was shut of f.

In general , the trends in behavior were similar to those with the HSM .
The modified 14-30 and the 14-95 aluminum aggl~~~ratsd less than 14-30 and
Alcoa 123. Agglomeration was less extensive in en Oxygen atmosphere than
in an Argon one , but connec t edness of the particles was greater in Oxygen.
Most tests yielded a few empty oxide shells (aluminu, drained out). Some-
t imes shells wer. only partially ~~~ty, and a significant number were
broken on one side and had warts on the opposite side. The tests in which
1000°c was maintained for 60 sec shoved more particle interaction than the
other tests , but the diffe rence was not dramatic (maybe twice as much
agglomeration, sintering , empty oxide shells , etc.).

Results of all tests are s~~~arised in Table 6.
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I
BE HAVI OR OF ALUMINUM -

LOADED BINDER SAMPLES

DURING HEATING

Heating teats were run in the HSM on samples of four different binders
prepared with 16.77. of several different grades of aluminum powder. Tests
were all of about 3 minute duration , with temperature prograaned to 1000°C,
with tests in Argon and in Oxygen. Binders used were HTPB, CTPB, PBAA and
PS. Aluminum used was Alcoa 123, 14-30, H-95 and modified 14-30. A si~~~ary
of combinations tested is given in Table 7.

Behavior of the Binder
In general , the binder behaved as if the Aluminum were not there, as

described in a previous section. All binders exhibited a melt-like state
far below the aluminum melting point (A IMP), preceded and followed by gas-
sification. All but PS binder decomposed and out-gassed most of their mass
below the A1MP. P.S. binder yielded an extensive black solid mess that
survived to 1000°C in both Argon and Oxygen. The other binders , afte r
out-gassi ng, left a thin dark film on the test plate and on all the parti-
cles , usually producing a connective structure between particles . The

• overall assemblage was often nonuniformly distri buted on the test plate
because of bubbling of the binder during gassification , and because of

• shrinkag e of the connected assemblage in the latter stage of heating and
• du ring cooling (Figure 19).

The tests in Oxygen tend ed to yield erratic or deceptive results .
The sample tended to lose contact with the heat er plate where the tempera-
ture was measured . The indicated temperature for onset of rapid gassifi-
cation of the binder was erratically higher in Oxygen atmospheres , a result
that may not be significant . Ignition occurred in about half of the tests
in oxygen , over a wide range of indicated t paratures. The fact of ig-
nition in 02 atmospheres is significant ; but values of indicated ignition
temperature or even the occurr ence-nonoccurr ence of ignition vs. binder,
probably are not meaningful because of uncontrolled the rm al contact of
s ples in oxygen atmosphere.

A1i~~num Behavior

The aluminum was clearly visible in the samples well before reachi ng
its melting point (except with P.S. binder), but showed no activity until
it malted • At that temp erature the inevita ble expansion occurred ; further
response to heating was gradual and varied according to test sample . Con-

• sidering only RTPB , CTPB and PMA binders , 14-95 a1*~~ num did not agglo-
merat e in any tests (excluding those where ignition occurred) . Modified
14-30 showed only slight agglomeration, while 14-30 and Alcoa 123 showed

• moderat e agglomeration (30t of the particles formed into agglomerates of
2 or 3 U.ss larger di ter than the original particle.). The atmospher-
ic gas did not affect this result much when ignition did not occur. A
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TABLE 7
Test Numbers Indicating Aluminum-Loaded Binder Samples Tested in the Hot
Stage Microscope (the notation lO/8~ J means test #10 , listed on white page
#80 of $~he lab notebook) . “Slow heating ” j~ 4escr tbe~1 in th~ tejct . “Fas theating means the HSM was preheat ed to luuuuc and the sample then introduced.

p ENVIRONMENTAL GAS

**Argon Air Oxygen Air
ADDITI VE BINDER

HTPB 10/74W 9/76w
CTPB

Alcoa 123 PBAA 13/63W • l5/63Y 9/61w
Alum. PS 5/41W 6/4lY

HTPB+ 
4/78Y 12/80W 8/79Ye2 ~

HTPB 7/73W 1/78w 16/75W
CTPB 2/42Y 4/43w 3/43W

14-30 Alum. PBAA 4/59W 6/60W 5/60W
PS 2/39Y

27.70
2
0
3 

1/78w 9/79? 5/79w

HTPB 9/73? 18/75?
CTPB 10/45? . - - - - - - - -

• 14-95 Alum . PRAA 12/62Y 14/63W 8/60Y
PS 4/4 (,~Z

3/78? 11/80W 7/79we2 3

W1’PB 8/73Y
CTPB 5/43?

Modtf .  PIAA 10/61W
PS 5/43?
HTPI+ 2/78w 10/80W 6/79we2 3

1/78w 5/79W
16.7% 0-30
Alum. +

2% 
~
•2°3 flM

Pa

* Slem Heat ing
** Rapid Heating 
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curious phenomenon illust rative of the flow of aluminum occurred particu-
larly with CTPB binder (Figure 20) . Recovered samples showed streaks and
spires of aluminum, apparently drawn out of particles by adhesion to the
test plate and/or other particles due to shrinkage of the assemblage
during cooling . This was observed with both 0-30 and modified 0-30 alumi-
num, and was seen also (less frequently) with PS binder. Further evidence
of aluminum flow is seen in Figure 21, which shows a post-test sample of
CTPB + Modified 0-30 aluminum in which many of the particles have drained

— and left transparent oxide shells .

As noted earlier, the samples with PS binder behaved differently
because of the large fraction of the binder surviving the primary gassifi-
cation and the heating to 1000°C. The aluminum behavior became visible
only gradually in the 700 - 1000°C range. The binder-coated particles
appeared to crack and leak fresh aluminum onto their surfaces, giving a
partial ly shiny , partially dull black surface on particles. Agglomera-
tion of the aluminum in PS binder was rather limited , althoug h it was
the only binder in which agglomeration of 0-95 Aluminum occurred in the
absence of ignition .
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ACTIVITIES PRELIIO NARY TO FUTURE WORK

In order to produce results in an experimental program, it is necess-
ary not only to establish suitable techniques, but also to refine and stan-
dard ize such techniques until they produce consistently high yields of use-
ful informat ion . In pursuit of this goal , much of the effort expended• during the past year has been in the area of developing and refining exper-
imental techniques involving both the previously reported particle heating
experiments , and the proposed combustion of aluminized propellant. with

• ordered structure.

Hi~h Speed Motion ~jctum
Several movies have been made using the Georgia Tech combustion photo-

graphy system in order to gain experience in the use of this equipment and
to establish proper exposures for aluminized propellants. This system
consists of a high pressure window bomb , Hycam high-speed motion picture
camera , and Xenon light source. This facility was modeled after the facil-
ity at the U. S. Naval Weapons Center.

Quench -Burning.

A high pressure combustor similar to that used in combustion photo-
grap hy was used for interrupted burning of samples , which were subsequently
examined with a scanning electron microscope . The s~~~ combustor was also
used as a collector for combustion residue. These techniques were used to
check out their suitability for forthcoming work. It was found that quench-
ing of aluminized prope llants by rap id depreasur ization was not reliable
except from fairly high pressures. Some combination method is proposed for
tests under adverse conditions, such as cold gas impingement following de-
pressurization.

Pressed AP-Al Samples
samples made by dry pressing AP-Al or AP-Al-binder mixes have been

prepared representing bot h conventional random packings and ordered packings.
One inch diam eter disks containi ng AP-Al mixtures are made by dry pressing
the ground AP and as-received Al in a specially prepared mold in a Carver
hydraulic press at 27 ,000 psi. A technique has also been developed for dry
pressing large AP (l25~& ) with fine aluminum (20ii ) which overcomes the
tendency of the fine Al to sift through the large Al leaving a non -uniform
s ple . A vap orizer is used to raise the relat ive humidity in the prep a-
ration area so that the surface of the AP becomss sticky enough to hold the
find Al . Microscopic ~.amination of these samples reveals a uniform random
distribution of the AP-Al mix.

• On. of the shapes proposed for investigation of propellants with
ordered structure consists of compacted concentric cylinders. These will
be formed by preparing a pressed annular AP or AP/Al cylinder and filling

• the cant~ar section with various c~~~inattons of Al/binder or pressed Al.
Several methods have been used for pressing AP annular cylinders with

• varying degree, of success. Stainless steel molds have been made for
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pressing both solid cylinders and annular cy linders. The solid cylinders
are then drilled out by hand . While both methods have produced satisfac-
tory samples , the percentage of successful prepa rations is quite low. New
molds are being designed which will hopefully overcome these difficulties.

• Annular cylinders have also been prepared by packing AP into rubber
tubing, plugging the ends with rubber stoppers, inserting needles down the
axis of the tubing and iso-statically pressing this assembly in an Auto-
clave Engineering Isostatic Press.

Scribed Dies for Sandwiches

Propellant sandwiches are prepared by spreading a thin layer of bin-
der between two AP slabs , the AP slabs being cut from pressed AP disks .
Special molds have been built incorporating scribed or ribbed dies which
are used to press grooved AP disks. Sandwiches made with these grooved
disks will have ordered colun*is of binder or binder/Al .
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THE JANNAF WORKSHOP

• During this year a workshop on the title topic of this report was
• organised, chaired and a report presented to the Joint Army-Navy-NASA-

Air Force Inter Agency Propulsion Comeittee (at t~ e Combustion Workshop
Group Meeting on September 16, 1976). The swirnary report will be pub-
lished by the Chemical Propulsion Agency in the proceedings of the 13th
JANNAP Combustion Meeting . Organizing and reporting activities were
partially supported by this project .

The Workshop discussions covered the behavior of aluminum in labora-
tory tests , and those aspects of combustion zone behavior shown in Fig . 1.
Widely divergent viewpoints were revealed regarding the mechanistic basis
of aluminum particle adhesion-accumulation; it was generally ag reed that
too little was known even about the aluminum powder itse1f~ However , con-
cu rrence was reached on many important points and the participants all
gained in perspective and objectivity, many being stimulated to explore
further the issues raised . For details of the Workshop , reference may be
made to the above-mentioned CPIA Publication.
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SUMMA RY AND DISCUSSION

The behavior of aluminum in propellant combustion can be categorized
in a sequence of processes

• 1. Retention of particles on the burn ing surface , leading to
— accumulation in quantity.

2. Breakdown of individual aluminum particles , leading to
interaction of particles.

3. Formation of “accumulates”, masses of interconnected alum-
inum particles.

4. Formation of “agglomerates”, large droplets resulting from
coalescence of accumulated particles.

5. Ignition and combustion of agglomerates, mostly in the free
volume of the combustor.

The present results are most effectively discussed in the context of items
1-4.

Retention on the Burning Surface

• Tests on the binders showed that all went th rough a semi-molten stage
during heating in either argon or air atmospheres , at temperatures around
100°C less than the aluminum melting point. Thus it seems reasonably

• certain that during propellant combustion , aluminum particles in the pro-
pellant (binder) will be reached by a burning surface that is wet , and
will retain the particles by adhesion. This in turn permits the particles
to be joined by underlying particles as the binder pyrolizes , providing
for accumulation of aluminum in some complex pattern reflecting the orig-
inal distribution of the aluminum in the propellant microstructure. The
tests on binders showed significant differences in the temperature range
above 550°C , with the amount of residue from the “boiling” phase being
much greater for CTPB and HTPB binders than PS and PEAk binders. In oxygen
atmospheres, HTPB and CTPB binders pyrolized to leave a clear liquid at
950°C, s~~~ of which survived to 1200°C and remained when that temp erature
was maintained. Thus some surface wetting by binder persists to quite high
temperatures. Behavior to be expected in the propellant combustion zone
would pres meably be dependent on microscopic distance from oxidizer sur-
faces , but it seems reasonable to expect a persistent wetness of binder
surfaces. This is consistent with observat ions of melt flow on burning
surfaces (Ref. 2 ) .

Irsjkdown of Individual Aluminum Particles

While the thermal wave moves into the propel lant ahead of the combus-
tion zone , th. alumin um particles heat as individuals • Their subsequent
interaction b havior is clarified by eximinatic n of the behavior of m di-
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vidual particles . The present results are consistent with earlier ones
in shoving no notable visible change in particles until the melting point
of the aluminum is reached . In a propellant combustion zone, this sug-
gests that the aluminum particles behave primari ly as heat sinks in the
pyrolizing binder until they reach a temperature comparable to the pro-

• pellant burning surface temperature (at which time they are in a layer
of partially decomposed , molten binder).

When the aluminum particles melt, they expand visibly and tend
towards a spherical shape (if not already spherical). This suggests
that the oxide shell will stretch , fracture or exude aluminum through
pores, as the expansion of the aluminum must be accomodated. Results to
date do not establish the mode of oxide breakdown, but observations of
cracking, wart formation and drainage of aluminum from the shells establish
that the breakdown is varied in nature, dependent on routine differences
in oxide, and dependent on presence or absence of an oxidizing atmosphere
to limit the flow of escaping aluminum (by forming a constraining oxide
surface).

In propellant combustion , these details of behavior are import ant
because both ignition and agglomeration are controlled by the nature of
the breakdown of the oxide barrier on the aluminum surface. In this
respect , ignorance of the mechanical properties of the oxide shell at

• high temperature continues to impede rationalization of experimental
observatt ons of the detailed behavior , and the effect of variables related
to the oxide skin .

Accumilate Formation

Retention of aluminum particles on the burning surface is synonymous
with acc* alation, which is observed to be extensive . The presence of
molten binder residues to high temp eratures assures that the accumulating
particles will adhere as they concentrat e and continue to adhere until
heated to quite high temperatures (e.g., up to 1000°C with HTPB binder) .
The present results with aluminum-loaded binder samples suppo rt this
Further , the results indicate that the particles may adhere to each other
even under conditions where adhesion by binder breaks down . Tests on
aluminum powder confirmed the concept of direct sintering of particles,
and showed it to follow f rom the breakdown of the oxide shells . Th. cor-
relation among observations of oxide shell break down , particle inter-
actions (smntezing) , and earlier propellant c~~~ustion observations (vs .
type of aluminum) indicates that the direct particle interactions are of
comparable importance to binder adhesion in the “life cycle” of aluminum
accumulates in the combustion sane . This correlation is important to any
efforts to predict or control aluminum behavior , and will be studied more
fully in future work by study of accumulates formed in combustion of model
propellant. .
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Aggiumeration

The culmination of all the behavior of aluminum on the burning sur-
face is the coalescence of the aluminum particle, in the accumulates , and
the concurrent ignition . This reflects the final breakdown of the oxide

• • shells and the dominance of surface tension in aluminum, producing “agglo-
merates” . Laboratory heating tests are useful in studying agglomeration
because the process can be observed in detail; can be rim conveniently
with and without binder and/or oxidizing species ; and can be interrupted
short of ignition, to permit post-test examination of samples. In such
tests, different powders agglomerate differently, apparent ly because of
di f fe rent characteristics of the oxide shells . Consistent with this ,
agglome ration is less rapid and less complete in oxidizing atmospheres
(oxygen) , where escape of molten aluminum is impeded by formation of new
solid oxide on fresh aluminum surface. Agglomeration occurs in tests on
aluminum-loaded binder , but less extensively than in the absence of binder,
implying that binder products continue to impede particle contact to some
extent to temperatures up to 1000°C. Post-test studies of agglomerates
suggest the manner of their formation by breakdown of oxide shells and
surface tension-induced flow of aluminum.

The present observations of agglomeration are generally consistent
with earlier ones (Ref. 1 ), and amplify on them relative to the role of

• binder and the role of heating rate (hot plate drop tests). This improves
the relevance of all prior work to combustion zone behavior, and shows a
useful comparability between heating experiments and combustion zone

• behavior. However , there are many aspects of the combustion zone behavior
that cannot be simulated by heating experiments. It is important to get
on to the unresolved issues of: conditio n and size of agglome rates ,
surface residence of agglomerates , ignition , and burning while on the
surface ; dependence of these attributes and processes on prop ellant and
envi ronmental variables ; and dominant mechanistic basis and control of
these processes in the rapid heating situation of the combustion zone .
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GLOSSARY

Agglomerate (noun) -- a collection of two or more particles that have
run together to such an extent that the original
particles are no longer distinguishable.

Al -- aluminum.
AIMP -- melting point of aluminum.

AP -- ai~ onium perchlorate.

Ar -- argon .

Chains -- sequence of interconnected original particles, sometimes
branching .

Costing -- refers to the laye r of oxide on the aluminum particles or
agglomerates.

• Cracking -- an appearance that the oxide coating on a particle had split
open and allowed molten aluminum to escape : some uncertainty
as to actual cause of this appearance.

CTPB -- carboxy terminated polybutadiene (binder)
Densely packed -- refers to a powder sample spre ad on the hot plate

densely enough so that the array is two or three
particles deep .

Dispersed -- refer , to a powder sample spread on the hot plate so thinly
that 507. or so of the partic les do not touch each other.

Extensive -- 507. or so of particle, involved.

HPD -- hot plate drop .

145)1 -- hot stage microscope .

-- hydroxy termin ated polybut adiene (bind er)

Moderate -- 20 - 307. of particles involved.

Oxidative Welding -- a particular sinte ring process involving bridging
between particles with aluminum and oxidation of
the al~~~num in place .

PUAA -- polybutadiens-acrylic acid (binder)

PS -- polysulfide (binder )
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SEN -- scanning elect ron microscope.

Shell -- same meaning as “coating”, but used in the context of r tants
after drain age of aluminum.

Sinter -- particles stick together by means of particl, interaction
(rather than an adhesive agent).

Skin -- s~~~ meaning as “coating”, but used in the context of a coating
with mechanical properties.

Slight -- easy to find but doesn’t involve many of the particles.

Sparsely packed -- s as “dispersed”.

Trace -- can find if look hard.

Warts -- protrusions on particle s that app ear to be formed by expulsion
of aluminum through flaws in the oxide costing due to expansion
during heating .
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Figur 1. Sequences of behavior of aluminum on a propellant burning
surface.
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Figu re 2. Arrangement for the Hot Stage Microscope Experiments .

1. Spoon diaphr agm stop
2. Quartz plate

~~~~~~~~~~ 3. Leaf spring
4. Prot ecUvo gas socket
5. Sockets for cooling water
6. Rubb cr ring

— 2 - 7. Cur r en t  connection
8. Round cord ring

-23 9. Clamp ing screw

~~: ~~~~~~~~~~~~~~~~~~~~~•~~ ~~__ .~ — 1 9  14. Connection “Mea sur ing instrument ’
5 18 

ali gnm ent of the object

10 U 12 .io..iu. 19. Object ca rr ier
20. Round cord ring
2 1. Diaphragm stop
22. Socket for cooling wat er
23. Socket for pr otect ive gas

Figure 3. Detailed View of the Microscope Rot Stage (figure from the
manufacture r ’s brochure) .
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Figure 4. Details of the Hot Plate Drop Test Apparatus
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H-30 Alcoa 123

Modified H—30 H-95

Figure 6a. Scanning Electron Microg raphs of the Four Aluminum Powders
Most Extensively Tested - General Shape (200x) .
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H-30 Alcoa 123

Modified H-30 H-95

Figure 6b. Scanning Electron Micrographs of the Four Aluminum Powders
Most Ext ensively Tested - Surface Details (l000x).
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a) Un t reated (l000x) b) 107. HC1 for 10 mm (500x )

I

c) l007~ HC1 for 10 utin (l000x)

Figure 7. Effect of Acid Treatment on 11-30 Aluminum.
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a) Untreated (500x) b) 10~ MCi for 10 mm (500x)

c) 507~ Md for 5 win (500x) d) 50~ MCi for 5 win (200O~)

Figure 8. Effect of Acid Treatment on H-95 Aluminum.
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Figure 9. Illustration of Strings or Chains of Aluminum Formed
During ‘b ating (11-30 Aluminum Heated in 0

2 
to 800°C~magnificat ion 60*) .

I

Figure 10. Example of Wa rt s Formed During ‘beating (0-30 Aluminum
Heated in Argon to 760°C: magnification 1700*) .
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Figu re 11. Bridging Between Two Aluminum Particles During leating
(H-30 Aluminum Heat ed in Argon to 1000°C: magnification
2200*).

.1I•~

Figure 12. Drain age of Aluminum from the Oxide Skin on a Platinum
Surface. The cones looked the same when formed on the
side of the wire. (0-30 Aluminum heated in Oxygen to
1000°c: magnification 1600*) .
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________• _ _ _ _

1

H-30 heated to 760°C in Ar Alcoa 123 heated to 1000°c in Ar
(1800*) (550*)

I ~~~~~~~~H . 1.

.3- ~~~~~~~ ~~~~

0-30 heated to 1000°C in Ar 11-30 heated to 1000°c in Ar
(2000*) (5000*)

Figure 13. Examples of Drainage of Aluminum Particles on Platinum Wi re
During Heating .

L 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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Figure 14. Drainage of Modified 0-30 Particles on Platinum Wire
(compare with Figure 13; note less decisive drainage
of particles).

t

Argon Oxygen

Figu re 15. Compi~rison of Agglome ration in Argon and in Oxygen.
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• 
Figure 16. An Agglomerate that Mas Not Yet Spherodized , still

• 
I 

. showing evidence of the constituent particles (11-30
Aluminum, heated to 700°C ir~ Air: magnification 1000*) .

0Figure 17. A Spherical Agglomerate , typical of tests to 1000 C
(11-30 Aluminum, heated to 1000°c in Argon: magnification
200*) .
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(200*) (1000*)

- Figure 18. An Agglomerate that Mae Been Etched for 5 Minutes in 50~ MCi
(0-30 Aluminum, heated to 1000 c in Air).

I

Figure 19. Array of Interconnected Aluminum Particles that Remain
After Heating an Aluminum-Lo aded Binder S~~ple , Showing
Evidence of the Bubbling Activity of the Binder during
Heat-up (11-30 Aluminum in CTPB Binder, 02 Atmosphe re ,
HPD test), Magnification 100*.
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Figu re 20. Aluminum “Whiske rs ” Formed on Agglomerate During Hot Plate
Drop Tests , apparently due to drawing out of adhering
aluminum during shrink age of samples (11-30 Aluminum in
CTPB Binder , 02 Atmosphere , OPt ) test: magnific ation

4

Figure 21. Hot Plat e ‘Drop Test Sample Shoring Some Empty Oxide Shells
(Modif ied 11-30 Alumin um in CTPB Binder , Air atmosphere:
beck lighted optical microscope picture; magnification 200*) .
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