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FOREWORD

(U) This technical report was prepared for the U. S. Air Force
Rocket Propulsion Leboratory, Edwards A.F.B., by the Research Institute
for Advenced Studies (RIAS), Martin Marietta Corporation, Baltimore,
under contract No. FO4611-68-C-0068. This Final Report covers the
period May 1, 1968 through August 31, 1969. At various times the Air
Force monitors were Capts. R. Bargmeyer, W. Anders and Lt. F. Clark.
(U) The authors gratefully acknowledge the assistance of

C. S. Gorzynski, Jr., L. L. Rouch and g. y. Lochte (RIAS) during the
tenure of this program.

(u) The Contractor's report number is RIAS TR-69-12c.

(U) This report has been distributed according to the CPIA distri-
bution list dated Mey 1967, as amended.

(v) This report was submitted for approval September 1969.

(U) This technical report has been reviewed and is approved by:

W. H. EBEIKE, Colonel, USAF
Chief, Propellant Division
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ABSTRACT

(c) The kinetics of the thermal decomposition of both pure and Mg doped
AlH3 have been determined, by using both isothermal constant volume and
simulbaneous DTA-TGA techniques. Of most importance in these derived
paremeters is the fact that the activation energy for these thermal decompo-
sition of the Mg doped A1H3 is different from that for the pure A1H5. To
help resolve these discrepancies the electrical conductance of these same
samples has also been measured as & function of temperature end time. From
these two studies a model for the thermal decomposition of Alﬂs has been
developed. Also reasons for the effectiveness of Mg in increasing the
thermal stability of AlH5 are presented.

(u) The thermal behavioxr of both Thiokol and Navy manufactured HAP has
been investigated by.simultaneous DTA-TGA, thermal microscopy and mass
spectrometry between room temperature and 100°C. These techniques clearly
establish that HAP undergoes a crystal phase change at 65°C which is slowly
reversible on cooling. At this same temperature HéO is evolved, pre-
sumebly due to the cxyystal relaxation during the phase change. A unique
feature of these samples is that they contain spherical "pockets" of some
material having a higher refractive index than the host molten HAP. At the 3
moment the identity of this material is uncertain although it could be a
saturated agueous solution of HAP, perchloric acid or hydroxylamine. The

poor compatibility of HAP above the crystal phase change is attributed to

it

volatile species being liverated at the phase chunge. These volatiles

could then disturb the HAP-binder interface bonding.
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PART 1

Thermal Stability of Aluminum Hydride (U)
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1.1. Background and Objective (U)

(U) Five forms of aluminum hydride have been reported in the
literature. A short lived species, AlH, has been produced by an electri-

cal discharge technique and has been used to provide a measurement of the

Al-H bond length (1.6&83).(1) A polymerized hydride (AlHB)n has been

(2)

claimed by SHecher and Wiberg but has alsc been disputed by

Finholt et al.(3) This preparation is based on LiAth end AlCl3 in an

ether solution. Appel and Frankel(u) have also produced & non solvated

AlH5 by bombarding an ulbrepure aluminum target with hydrogen ions.

Gaseous AlH, and its dimer have been produced in both a static and flow-

5

ing system where aluminum from & hot tungsten filament is evaporated into

(5,6)

hydrogen at low pressures and the product is trapped out at —M95°C.
Finally, recent workat the Dow Chemical Co.(7) has resulted in the pro-
duction of five crystalline forms of non solvated aluminum hydride. Of
these five forms, one designated "1433" appears to be similar to a

(8)

A second form, designated "1L451"

(k)

preparation by Rice and Chizinsky.
appears to be similar to the preparation of Appel and Frankel, of

these five forms the type "1451" is the most thermally stable. An X-ray
study of "1451" by Turley and Rinn(7) shows that it crystallizes with a

trigonal space group Rgc with six molecules in an hexagonal unit cell of

o
dimensions a = L. 4h94A) ¢ = 11.8048. They have also shown that each Al

participates in six three-center Al-H-Al bonds to six surrounding H
spirals forming hydrogen bridges to three Al in the plane abhove and

three in the plane below.
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. (u) A somevhat impure Ale (95% weight impurity) has been used by
D Sinke et al(9) for the determination of its fundamental thermodynamic
parameters. From the heat of formation and the absolute entropy they
calculated the Gibbs energy of formation to be Aﬁ298°K = 11.11 + 0.23
kecal mo].e'l which predicts that AlH.5 should be highly unstable with
) respect to decomposition into its elements.
(U) Presently there has been no report of the thermal decomposition
kinetics and mechanisms of AlH5 in the literature. With the previously
| discussed properties of AlH3 in mind ve are reporting on & study of its
thermal decomposition. This decomposition study has been carried out on
the "1451" phase of AlH5 by both isothermel and simultaneous differential

thermal and thermogravimetric (DTA—TGA) analysis technique. A model for

the decomposition consistent with the experimental data is also presented.
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1.2. Experimental Procedures (U)
1.2.1. Materisals.
(c) Pure AlH5 (phase 1451) wes supplied by the Dow Chemical Company.

Batches of AlH5 containing up to 1% Mg ion impurities was also used in
this study. The intentional impurity Mg was present since it was believed
that this ion would increase the thermal stability of the AlHB. The
reasoning behind this is somewhat analogous to the data which shows that
multivalent cations can increase the thermal stability of nitronium

perchlorate.(lo)

Both materials were stored in a dry box and, in generel,
exposed to the atmosphere as little as possible, in spite of the fact that
the material reacted very slowly with water and was virtuelly unaffected
by a 10 minute exposure to O2 at 110°C. Chemical analyses of both the
pure and Mg-doped AlH5 are presented in Teble 1. This same Table has

been used to compare the thermal stability, expressed as 1% decomposition

at 60°C, of these different samples.

CONFIDENTIAL

il




Tadtord W

CONFIDENTIAL
>

L

TABIE 1
(c) Analysis Report of Mg Doped Alﬁ;
Lot Nc. Bulk Dens. % % % % % % Days to ¢ Mg
(gfce) Al Cl Ii C H 1451 1% at
60°
06276 0.75 88.5 0.01 0.12 0.07 9.96 95+ 22 1.35
06286 0.75 87.8 0.01 0.16 0.17 10.060 100 17 0.90
07216 0.81 87.4 0.13 0.19 0.12 10.0k 95+ 13 1.0
1101kA 0.79 80.8 <0.10 0.12 0.10 10.05 95+ NONE

*
All material. is Mg-doped, but not treated with diphenyl acetylene (DPA).
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l.2.2. Electrical Conductance

(U) Electrical conductivity measurements were made on pressed pellets .
made under vacuum, at a total force of 50 tons/ina. The pellets were -
1.25 cm in diameter and about .08 cm thick. It was found to be necessary
to grind the AlH5 (finsl particle size less than bl p) in order to form
pellets which did not excessively flake. The front and rear surfaces
vere partially painted with Dupont silver conductive paint. Conductance
measurements were made in a cell through which passed helium which had
been passed over hot copper and through a liquid nitrogen cooled trap.
The electrical circuit for these measurements is shown in Figure 1.
Resistance measurements were taken with a Cary Model 32 vibrating reed
electrometer equipped y}th & multiple resistor turret head. Voltages
used were in the O to 40 V range (fields up to 500 V/cm). The voltage
was only briefly applied to the pellet when taking readings, otherwise
the pellet was shorted out. The temperature was measured with a thermo-
couple located in the gas stream near the pellet. Resistance measure-
ments were taken at ascending temperature., Since the conductivity vs.
reciprocal temperature plots were virtually identical for data taken
either while the temperature was rapidly increasing or aftexr the thermo-
couple had maintained a steady output for 10 minutes it is certain that
the temperature indicated by the thermocouple must have been very close
to the pellet temperature. Ohm's Law was found to be obeyed by the
pellets, indicating that polarization effects were not important. The
only geometric variable which affected the measured resistance was the
electrode area pellet thickness ratio, thereby indicating that surface

conduction was not of consequence. -
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Figuwre 1 Circuit diagram for electrical conductance measurements of A1H3.
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1.2.3. Thermel Analysis.

(U) Thermal decompositions were carried out in the temperature range
130 to 17000 in a conventional vacuum system, most of whose volume was
contained in two treps which were immersed in liquid nitrogen, Figure 2.

A Baratron gauge was used to follow the pressure. The DTA-TGA work was
done on a Mettler vacuum recording thermoanalyzer. Platinum crucibles
(diameter of 3 mm and height of 4 mm) were used to hold the 5-mg samples
which had been vibrated. In the DTA the platinum cup which held the

sample crucible served as one junction of the differential thermocouple;
the other junction was the platinum cup which held the crucible with

A1205 reference materiel. The oven temperature was measured at a platinum
ring which encircled the crucibles, Figure 3. All runs were made in helium
which was flowing past the sample at 10 l./hr. With a standard drying line
(H2SOh, KOH pellets, and réos) it was found that the samples increased

in weignt during a run, presumably because of the presence of oxygen in
the helium. This problem was eliminated by passing the helium through a
tube filled with copper turnings at 440°C then through a liquid nitrogen
trap. On the TGA runs, vibrated 25-mg samples in a platinum crucible

(diameter of 8mm and height of 19mm) were used.
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Figure 2 Block diagram of the all glass thermal decomposition line for
A1H3. A is the mechanical pump, B & 5 stage silicone oil diffusion pump,
C an ionization gauge, D an alphatron gauge, E a Baratron gauge, F a

thermocouple gauge, G an electrically heated oil bath. The volume

between point X and the sample is 6.5 liters, Y end the sample 1l3lcc.
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Figure 3. Differential thermal analysis head assembly for the Mettler
thermoanalyzer. .
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1.3 Results (U)

1.3.1. Thermal Analysis - Kinetics.

(C) With the expectation that DIA could be used to characterize the

thermel stability of AlH., samples from each of the three lots of Mg

H
>
doped AlH3 were subjected to simultaneous DTA/TGA. With 15 to 20 mg

samples at a heating rate of 6°C/min only & single endotherm was found.
Associated with the endotherm was a weight loss corresjonding to total

dehydrogenation of the sample, Figure 4. The temperatures at the minime

in the endotherms of the three Mg-doped lots were 186°C, 190°C and 192°C

i

s fiu

for material whose stability expressed in days to 1% decomposition at 6000
were 10, 17 and 22 days respectively. These data imply that only a quali-
tative interpretztion can be placed on DPA~thermal stability comparisons.
That the DTA peak should correspond to an endotherm is consistent with the
thermodynamic data on A1H3(9) which, on extrapolation to the temperature
where the endotherm occurs, indicate AR° for the decomposition should be
positive. When oxygen and water are not rigorously excluded two partially
resolved exothexrms, Figure 5, were found instead of the single decomposition
endotherm.

(C) Isothermal decompositions have been carried out on all four lots
of pure and doped AlH, at several temperatures in the range 130 to 17OOC.

P,

Upon analysis of these date it was found that a plot of 1n t vs 1/T

01

(where t 1 is the time necessary for 1% decomposition atgpoK) is linear.

0
Extrapolation of these plots to 6000 gave values of t o1 which were com-~

parable to but less than the values for the lots supplied with the material.
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Figure 4. Simultaneous DTA-TGA of pure AlH3 (20 mg) using calcined
A1203 as the reference. Heating rate of 6°C min_l with the sample in a

flowing 0, free He atmosphere (10 liter hour"l).
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. Figure 5. Simultaneous DPA-TGA of pure Al}i5 (10 mg) using calcined
; ! A1205 as the reference. Heating rate of 6°C min":L with the sample in a
flowing (10 liter hour-l) atmosphere of He where no effort was made to
| remove 02.
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Since the rate of decomposit}on is known to increase initially with the
fraction of material decomposed it is likely that the extrapolated times
are close to the correct t.Ol times. These same data have also been
analyzed by the Prout-Tompkins equsation:

(p + Pb) P

KT = 1n m (1)

@

where EB is & constant which must be determined for each run. It was found
that for a given lot a plot of FB/FBO vs. 1/T is linear with a negative
slope. Rate constant values for AlH5 analyzed by this technique are pre-
sented in Table 2.

(U) This expression fits the experimental P, t data very well for
decompositions greater than 10%. An effort has been made to determine what
kinetic processes are taking place in the first few percent of the decompo-
sition. These efforts have resulted in a theory which adequately correlates
the entire decomposition curve., It was noted that for small fractional
decomposition, ¢, that o is proportional to £ where n was generally 4 or
occassionally a little less. Such a behavior for small ¢ is predicted by

(11)

a theory developed by Tompkins and others. This theory discussed in
detail in reference (ll) is based on the hypothesis of & first ordexr
creation of random sites which can serve as growth centers (nuclei) for the
decomposition. Assuming that once formed these centers linearly grow in

three dimensions and accounting for coalescence of the centers as they grow

the following is predicted:
%

2
3
Ky

n(1-0) = A2 [exp(-kt) - 1+ K t-(k6)%/2 + (k,8)7/6]  (2)
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TABLE 2

Rate Constents for The Thermal Decomposition of Pure and Mg-doped AlH.3 (c)

o o ot b

RUN LOT

— em—

100 6276
101
102
103
10k
105
106
109 6286
110
111

112

+113

11k 7216
115

116

: 117

; 118 7216
B 1194

- ‘ 120

0
T

133.5
168.5
1k1, 25
151.75
161.75
177

180.25
181

k1.3
152.8
16h4.5

143.3
161.7
151.k
1434
171

161.2

,_.
=

120.7

t.Ol(min)

153.5
5.15
62.3
2k
8.2
4.6
2.h
21.h
8.9
5.05

11.1
3.8
6.4

10.3
2.6
2.4

52.3

CONFIDENTIAL

k(min'l)

0.330
0.020
0.073
0.119
0.381
0.551
0.'749
0.013
0.079
0.239

0.048
0.29
0.149
0.062
0.65
0.37
0.058

REMARKS

Electrical furnace technique

Used oil bath which gave
better temperature regu-
lation.

No Né in traps

Preheated at 107°C for
2 1/2 minutes




RESPEITIE

i

RUN

121B

122B
123B

12k
125
126
127

f 128B

; 1298

150B

131B

132
133
T 13k
" | 135

136

e
[

7 157

Lor

1101k

7216

TC
161.5

162.0

162

151.7
3.7
170.9
162

151.2

151.5
151.6

151.6

151.5
151.6
151.7
151.7
151.7

161.9

CONFIDENTIAL

TABLE 2 (contd)

t.01(min)

3.7
2.5

2.8

h.h
5.5
2.0
2.8
5.3

3.9
3.l

3.2
(4.9)

3.2

5.2

k.3

5.0

3.6

CONFIDENTIAL

kfmin'l}
0.34
0.36

0.37

0.3k
0.22

0.99
0.63

0.35

0.35
0.3k

0.36
0.57

0.35
0.32
0.34
0.35

0.30

REMARKS

Preheated in 02

Preheated at 120° in Mo,

for 10 minutes

Exposed to nitrobenzene
vapor for 10 minutes at 120

Treated with Nitrobenzene

vapor

Treated with 0, 10 min at 120°%¢

Treated with NO2 10 wmin at

120°%

Treated with 0, 22 min at 120°¢

Treated with diethyl ether
for 10 min at room temp.

Kept under 19 Torr of O, for

6.5 hours at 60°C

2

Soaked in Tetrahydrofuran for
15 minutes at room temp.

Soaked ir diethyl ether for

78 hours

Material ground-particle size

100-200 u

Soaked in tetrahydrofuzan

10 minutes




1k5

146
147
148B

£ 151
7 153
15k
155
156

Paaas 4

157
158

160

161
( 162
163
166
167
168
169
17h

et b .

175

s A

Ler

1101k

1101k
1101k

1101k

7216
5516
5316
5316
5316
8176
8176
8176
8176
7216
7216
7216
1101k
1101k
11014
1101k
1101k

1101k

T°C

151.8

151.8
151.8
151.8

151.6
166.2
156.2
166.2
166.2
166.2
166.4
166.2
166.2
166.1
151,k
124.8
166.8
156.17
137.0
131.2
156

152

CONFIDENTIAL
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TABLE 2 (contd)

t.Ol(m;n) k(min'l) REMARKS
k.9 0.3h4 Soaked in tetrahydrofuran
10 minutes

5.1 0.3l Soaked in nitrobenzene 15 min.
5.1 0.33

4.3 0.3h4 Tregted with water vapor at

1207C for 7 min.

6.3 0.156

2.5 0.18

L.2 0.4k Soaked at pH 7 for 30 min.
5.3 0.23 Soaked at pH 7 for 9 days
4.6 0.35 Sosked 18 days in NBA

2.2 0.49

4.0 0.45 Soeked at pH 7 for 30 min
5.1 0.32 Soeked at pH 7 for 9 days
(k.5) 0.42 Soaked 18 days in NBA

3.3 - No Treps

6.0 - No Traps
8.3 -

2.5 0.79

4.0 0.47
11.1 0.13
13.9 0.07k

5.2 0.55 No Traps

b2 0.38 Treated at 95°C to €O, for 20 min
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where kl is the rate constant for the nuclei creation, k2 is the rate
constant for the nuclei growth and A is a constant for a given material.

For smell values of both ¢ and klt this expression reduces to:

-1n(l-q) ~ @~ A kgklth/2l+. (3)

(v) In the range .}l < o < .9 Eq. 1 was satisfactory. Over a somewhat
wider range of o Eg. 3 was also satisfactory, however, the value of the
exponent varied with temperature being close to 4 at the highest tempera-
ture and near three at lower temperatures. A typical fractional decompo-
sition (a) vs. time curve is shown in Figure 6 along with an anelysis of
this data by the Prout-Tompkins equation (1). For some runs equation (2)
fit the data over a much wider value of ¢, Figure 7. At lower temperatures
the fit was much poorer, even when corrections for the fact that ¢ is not

0 at t = 0 were included.

(U) No systematic effort has been made to check the validity of the
full expression for -1n(l-c), however, for those cases which have been
tried the fit is more then satisfactory. Figure T demonstrates this
adequacy. The minor deviations from linearity are most likely caused by
& somewhat improper value of kl’ the fact that it takes a while for the
sample to come up to temperature ,and since at t = 0, a is not zero.

(v) The ramifications of the success of this theory are worth con-
sidering. The initial th dependency strongly suggests that the basic

mechanism of the decomposition is not surface initiated.
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Figure 6. A plot of possibla analytical approaches to & thermal decompo-
sition run of pure Al}{3 at 13000. The sigmoid curve is a plot of the

fractional decomposition, ¢, vs. time and the straight line a plot of

in [(¢ + 0.0064)/1-c] + 5 vs. time.
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A further analytical approach to the thermel decomposition of

A1H3 at 130°C. This is plotted as -1n (1-q) vs. S where

s=e“9-1+e+—-+g— where 6 = k.&.

& . &

2 1
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(C) The lack of satisfactory fit over the entire range in o for all
temperatures employed suggests that none of the expressions, as applied
to AlHB, are of fundamental significance. To avoid employing physical
significance where none exists, the data were treated following Jacobs
and Kureishy,(lz) i.e. 1n (tn, - tn) was plotted vs. 1/T where t is

the time for ¢ to reach n with the activation energy taken as R times the
slope. The activation energy so determined was independent of n and n!
provided they were in the range .1 to .9. The results for four samples

-

are summexized in Table 3.

1.3.2. Thermel Analysis -Surface Treatment.

(C) On the basis of prior work it was suggested that the stability of

(13) On the assumption that this

A1H3 mey be a surface related phenomenon.
hypothesis is correct, we have attempted to modify the AlH3 surface by
reacting AlH3 with various foreign gases with the objective of increasing
its stability. The general technique which has been followed is to expose
& sample or AlH5 at 120°C to a foreign gas for about 10 minutes followed
by rapid thermal quenching and simultaneous pumping off of the gas. This

procedure should result in little if any of the foreign gas being either

physically adsorbed or weakly chemisorbed on the A1H3° The following
gases have been employed; 02, 012, O, N02, NOCl, HC1, C3Hh (Allene), 002,

and C6H NO2 (unitrovenzene). As a rule, the treatment does not lead to any

5
significent change in k (as determined by rate data excluding the first 10%

of decomposition). The treatment does change t o1 &8 can be seen in Table L.

Improvements in stability were found for two lots of AlH5 treated by Dow

Chemical Co. by prolonged exposure to water buffered at pH 7 or to N-butylamine.
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TABLE 5

(c) comparison of the Thermel Decomposition Activation Energies

Sample Mg%h
"Pure" Alﬁ3 0

M5 1.k
M, 0.9
My 1.35

for Pure and Mg-doped AlH

Li%
0.12
0.19
0.16

0.12

Thermal

Stability

(days)
L 1/2
13
17
22

Activation Energy
Decomposition®

Kcal/mole

>

Conductivity
at 100°C

(ohm-cm)'l

3.3 x 10'10

5.6 x 107

1.8 x 10"ll

*Note the change in activation energy for the pure vs. doped samples.
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TABLE 4

Effect on the Decomposition Kinetic Parameters of AlH3 by

Exposure to Various Gases

Lot 7216% Lot 11014°
(y) Treatment 5 Ol(min) k(min) t Ol(min) k(min)
No treatment 3.8 0.39 4.4 0.34
5.1 0.33
0, 7 1/2 min 120°¢ 3.7 0.3
0, 10 min 120°¢ 3.9 0.35
0, 22 min 120°%¢ 3.2 0.36
0, 6k hours 60°c 3.2 0.35
No, 10 min 120°¢ 2.5 0.36 3.k 0.3k
C4HisN0,, vapor 10 min 120°c 2.8 0.37 3.3 0.35
HO 7 min 120°¢ k.3 0.3k
Crushed 100-200 mesh 5.0 0.35
Tetrehydrofuran wash (15 min) 3.6 0.30 5.2 0.32
4.9 0.3k
Ether wash 15 min 4.9 0.37
Ether wash T8 hours 4.3 0.3h4
06H5N02 wash 15 rgin 5.1 0.31
o, 20 min 93°C h.2 0.38
Lot 5316° Lot 8176°
No Treatment 2.5 0.148 2.2 0.49
Water at pH 7 for 30 min h.2 0.4k 4.0 0.45
Water at pH 7 for 9 days 5.3 0.23 5.1 0.22
N~Butyl amine for 18 days L.6 0.35 4.5 0.42

aivieasured at 16200
Pyeasured at 152°C

CMeasured at 166°¢
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For oxygen the exposure conditions were veried b; exposing at 120°C for
both 10 min. and 20 min. and at 60° for 64 hours. From these results it
was concluded that there was no reason to believe that differing exposure
conditions with the other gases would lead to any marked improvement.

(c) Table 4 also lists values of t o for AlH, which had been washed
in diethyly ether, tetrahydrofuran and nitrobenzene. While some improve-

ments in t oL exist they are hardly significant.

1.5.5. Thermal Analysis - Mass Spectrometry.

(c) The initial mass spectrometric study was achieved by collecting
some of the decomposition products in a closed vessel and then leaking
these species into a conventional magnetic mass spectrometer {Consolidated
Electrodynamics 21-613 residual gas analyzer). Mass spectra of the
decomposition products from three lots of Mg doped AlH5 and one undoped
sample have been taken. Alsa four mass numbers have been gated on during
a decomposition. The value of the former experiment is somewhat limited
since it was later determined that the mass spectrometer was partially
defocused. Since tne effects of the defocusing increased with mass it was
not possible to identify all the species present in the usual manner, i.e.
comparing the observed fragmentation patterns to previously obtained
fragmentation patterns df pure substances. Nonetheless we can confidently
state that both ether and benzene plus other species were present. While

this result is to be expected, the pressure-time evolution was somewhat

surprising. These can be seen in Fig. 8. From these curves it seems clear
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(v)

Figure 8. Relationship between mass spectrometrically determined ¢ecompo-
P8 A Amaniag . n 1 . .
sition cpecies and time for "pure" AlH;. The species (02H5)20 and CgHg

are due to occlusions of these solvents used in the preparation of A1H3.
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that both benzene and ether are dispersed in the crystals and are not
merely absorbed on the surface. The reason for the decrease in the
benzene peek is not clear. It is most unlikely that the decrease results
from catalytic reduction of benzene on the Al surface at the temperature
of the run, 150°C. Figure 9 shows the relative growth of mass peaks il
and 3. Both of these peaks were very prominent, however, it was not
possible to definitely determine what species they resulted from.

(u) Table 5 shows that there appears to be some correlation with
stability and the relative intensities of several of the mass peaks.
Whetiier this correlation is of fundamental significance is impossible
to state. The same situation also holds for other correlations which

have been suggested.

TABLE 5

Relationship Between the Thermal Stability (Days to 19 Decomposition

at 60°C) and The Intensity of The .m/e Peaks (c)

Days at 60° to 19 _ b 1/2 13 17 22
Decomposition  (Not Doped) (Mg Doped) (Mg Doped) (Mg Doped)
m/e = 15 35 80 120 140
m/e = ik 50 130 150 160
m/e = b5 65 145 180 190
m/e = 58 11 o) ko 45
m/e = 59 16 50 50 55
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(v)

Figure 9. Relationship between two unassigned mess pumbers, 4l and 43
and time for decomposing A1H3' These data, as also those of Figure 8,

are obtained by continuocus gating with & Bendix T.0.F. mass spectrometer.
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* (U) A Bendix time-of-flight mass srectrometer has been used for further
substantiation of the earlier mass spectrometric conclusions. Because it
could be performed so conveniently the decomposition of two lots of A1H3
were followed on the TOF. The samples were run in the heated crucible sample
inlet system at about 18000. Because of the high pumping speed of the
system and because of the closeness of the sample to the ionizing heam,

the signal from the mass spectrometer for any ion is proportional to the
rate of fermetion of the "parent" of the ion. This differs from the work
reporbted earlier in which the decomposition products formed in a closed
system were leaked into a single mass spectrometer. The principle advan-

. tages of the time-of-flight system is that five mass peaks can be monitored
simultareously and that the products detected could not have resultéd from
secondary reactions.

(C) The resuits of the TOF runs are generally consistent with the
results reported earlier. Mass peaks 43 (C3H; possibly from acetone),

iﬁ‘ i Ly (co; ?), b5 (C2H50+ from ether), 2 (H;) and 78 (C6Hg) have been moni-

' tored. The samples were decomposed at 18000. When the heat was turned on
the signal for maess peaks 43, Ul, 45 and possibly 78 rose and then fell.
The source of these maxima are most likely out gassing of species adsorbed

on the surface. The mass signals for messes 43 and 45 clcsely paralleled

.
. each other with their maxime coming before thel of H2. Likewise the maximum
in the mess Wk peak and the 78 peak also came before the Hé maximum, with the

e g
[
| SO

78 peak being the earliest. From this work we can conclude that the species
observed are present within the bulk of the AlH3 crystal and are not merely

adsorbed on the surface. On the basis of the information we have on the

RN
j ]
| S

manufacture of AlH, the presence of the mass peaks 4l and 43 still remains

i x a mystery. CON FIDENT’AL
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1.3.4. Effects of Light on AlHB. i
(C) Initially only slight precautions were taken to avoid exposing

the A1H3 samples to light. Were the samples white, expcsure to normal
room light would not be expected to have any effect. However. since all
the samples were varying shades of grey (indicating the possibility of
light absorptivity throughout the entire visible range) a test of the
photosensitivity was indicated. Tests were made on samples placed in a
rotating quartz tube in an atmosphere of flowing He. A low pressure
mercury arc was situeted about 2 cm from the top of the 2.5 cm o0.d. tube.
Without a filter the predominant wavelength emitted by the lamp is 25372.
In the experiments with filters only iight of wavelength greater than
about 28008 was passed. The results of these experiments are summarized

in Table 6. Tt is clear that light does affect the stability of AlH3

, with
the effect being most pronounced at the beginning of the photolysis.
Further, the exposed samples seem to partially recover their initial
stability on storing for a few days. Material which has been exposed to
light changes color, becoming darker, and is far more reactive with water
than the unexposed samples. The 0-55 filter, which is simply untreated
ryrex glass, éliminates the strong 25572 line and reduces the total inten-
sity by a factor of over two. Even witn the reduced intensity and longer
wevelength cmployed, the reduced stability was evident. However, the
weakest intensity used in the photolyses was about 100 times greater than
normal laboretory light intensity so that other than avoiding long texm

exposure to room light no other precautions are indicated. -

CONFIDENTIAL
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o TABLE 6

P

! [ (u) Effect of U.V. - Visible Photon Irradiation on AlH;

|
L Light
' (¢) Run Exposure Conditions k(min"l)* t Ol(min)**
S . Time .
- 150A 30 min No filter 0.345 4. 40
. 150B 2 hours No filter 0.390 3.22
i ‘ 150C 2 hours Same as 150B axcept 0.369 4.03
i b tested 4 days later
: P 151 0 hours Starting meterial 0.156 6.26

o 1524 2 hours Corning 0-53 filter 0.307 %.80
! i ‘ 152B 2 hours one day Corning 0-53 filter 0.335 5.20
L co + 2 hours next day
2 o
N { .
L.

, * - o .
; P Temp. = 152 C, k determined by 1.1/(tl/2 - tl/h).
-
L **t0.01 = time at 152°C for 19 decomposition.
o
o
T
P e
L1
g .
s .
- ]

P
; i J
- | ] CONFIDENTIAL
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1.3.5. Electrical Conductance of A1H5.

(C) Plots of the logarithm of the electrical conductance against
reciprocal temperature for pure AlH5 and two of the Mg-doped A1H3 pressed
pellets are shown in Figure 10. These data are extremely reproducible.
Samples showed excellent Ohm's Law dependance at all temperatures, indi-
cating the absence of any space charge formation during the conductance
experiments. The results of the conductivity vs. temperature data are also
summarized in Table 3, (see elso Fig. 10). Isothermal experiments carried
out at temperatures where decomposition was teking place showed that the
conductivity was a week monotomic increasing function of time up to about

a = .5 (see Fig. 11). At that point the conductivity ircreased several

orders of magnitude suggesting that a metallic conduction path existed.
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‘ Figure 10. Plot of the electrical conductance, ¢, as a function of
‘ temperature for pure and doped A1H5.
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Relationship between the electrical conductance, g, and time

for AlH, hold isothermally at 120°¢.
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1.4, Discussion (C)

(c) Interpretation of the conductance data of Figure 10 is complicated
by the aebsence of any "knee". The activation energy associated with this
conductance data is 0.9 ev, and is concluded to be due to either electronic
or ionic conductance. Generally an electrical conductance vs. temperature
plot is composed of two straight lines of different slopes joined together
at a "knee". These two lines are referred to as the extrinsic and intrinsic
conduction lines. The intrinsic data is that conductance data which is
determined solely by the temperature of the sample and is reproducible

from sample to sample and also reproducible from investigator to investigator.
In comparison the extrinsic date is delermined primarily by the uninten-
tional impurities present in the sample such that these data vary with the
history of the sample. For an electronic conductor the slope of the
intrinsic curve is approximately twice that nf the extrinsic data. If our
data is extrinsic the activation energy for intrinsic conductance would be
1.8 ev. These values of 0.9 and 1.8 ev should correspond qualitatively to
the optical absorption energy of AlH3 thus predicting that Alﬂs should be
blue or metallic in color. However, Alﬂs is colorless, implying that its
optical absorption energy is greater than 3 ev. It is reasonable to con-
clude, therefore, that the conductance beirg measured is not due to
electronic carriers.

(¢) A possible alternative is ionic conduction. Since the ionic radii
of 8177 and B are ~ 0.5 & and ~ 1.5 8, respectively, the Al>" ion would
probably he the charge carrying species due to its smaller size. Assuming

this to be the case the activation energy of 0.9 ev must be an extrinsic
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value since intrinsic values are always observed to fall at about 2.0 ev.
A theoretical interpretation of ionic conductance shows that the cation
conductance (intrinsic) is given by:

ol = (hezaeNr/k)exp (a s, * -Z-)/k exp "(Ahl + g)/k'l‘
where Ahl is the enthalpy of migration, h the enthalpy of defect formetion,
ASl and S the entropy values of these processes, y the lattice vibrational
frequency of an ion adjacent to a vacancy. Conductance below the "knee"
will be extrinsic and dependent only on the number of vacancies produced
by the unintentional impurities such that the slope will be equivalent
to Ahl/2.303k. Usinrg this analytical model we find that Ahl = 0.9 ev.
Using this model, incorporation cof Mg2+ substitutionally into the AlH3
lattice requires that the number of cation vacancies (i.e. charge carriers)
be decreased with a resultant depression of the electrical conductance.
This is evident in Figure 10 for M, (0.9 mole 9% Mg) and M (1.4 Mole ¢ Mg).
These data help to substantiate the ionic conductivity model of cation
charge carriers.
(C) The trend of M1 > M2 in conductance depression is correct but
the magnitude of the depression is too small. With these levels of
assumed substitutional doping the conductance should have been depressed
to about 10"10 ohm em™L. From a knowledge of other doped systems it is

possible that all the Mg does not enter the lattice substitutionally. If
to that observed. The Mg that does not enter substitutionally will separate

out as & second phase, possibly as magnesium hydride or magnesium aluminum

hydride.
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(C) The important features of the thexrmal and electricel studies eare

1) the different thermal decomposition activation energies for pure and

doped A1H3, 2) th dependence of the fractional decomposition, 3) depression

of zlectrical conductivity by ‘'substitutional! Mg, 4) apparent second

phase separation and 5) independence from sample geometry of the electrical

conductance, thus exclud®ng the possibility of surface conduction.

(C) If, as is probable from the conductance data, & second phase
separates out in the Mg-doped A1H5, it will do so at kink sites (Fig. 12,
point ¢), ledge sites or at other gross imperfection sites since these
are thermodynamically most favorable. The difference in thermel acti-
vation energies for pure and doped AlH3 can then be explained with this
model. The H2 formed in the decomposition of AlH3 will tend to leave the
crystal at some site such as b or ¢, but not in the plane, a. If in the
doped meterial the preferential sites b and ¢ are not occupied by AlH3
then the H2 must leave from a higher energy site. The fact that x-ray
enalysis (Dow Chemical Co.) has not revealed aeny impurity hydride is not
surprising due to its low concentration and small crystalite size.

(C) The passivating effect of surface coatings on AlH5 as demonstrated
by Dow may also be explained by this model since sites such as 4 are
favored in any absorption processes thus terding to lower the activity of

sites b and ¢ in Figure 12,
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(u)

Figure 12. An ideslized diagram showing & possible configuration for the
surface of A1H3. From this figure point 4 would be the point of highest

chemical activity.
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(c) All available samples of AlH3 had zs en impurity Li, in about 0.1

weight percent. Since-.changes in the decomposition rate of pure AlH3

substitutionally doped with either 11 or Mg should be in the same direction

(i.e. faster or slower) and of comparable magnitude and since the concen-

trations of Li in the samples sre greater than is necessary to produce -
marked changes in the decomposiwv.on rates of other materials there is -
greater reason to believe that the-effect of Mg is vhrough the proposed

surface mechanism. It is worth while noting that the presence of singly

e
L O N S A R i o v

or doubly charged positive ions may actually increase the rate of decompo-
sition relative to pure A1H3. In this case doping with tetrapositive ions

would decresase the rate. N
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1.5. Conclusions and Recommendations.

(C) If the preceding model is correct, the Mg-doped AlH3 shows inproved
stability due to elimination of active sites; the extent of substitutional
doping is negligible and perhaps even speeds up the decomposition. The
presence (unintentional) of Ii also contributes. The difficulty in maru-
facturing AlH5 of consistent quality is probably connected with the nature
of this second phase formation.

(c) From these data and the proposed stability model it is our opinion
thet true substitutional atomic doping will not work with AlH5 until it
can be repeatedly prepared in the pure state, e.g. without any uninten-
tional impurities such as the high concentrations of non-substitutional

Li presently found.

(U) Other stabilization techniques which are being considered include
encapsulation. OQux opinion is that this technique will provide only a
passivation effect, but not the needed long term stability; since while
surface coatings may suppress surface reaction they do not prevent hydrogen

formation in the bulk of the material.
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2. Solid State Chemistry of Hydroxylammonium Perchlorete (HAp) (U)
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2.1, Introduction and Objective.(U)

(v) Hydroxylammonium perchlorate (HAP) is a white, granular, hy&roscopic
solid whose thermogram indicates an endothermic transformation at 55-6000,
melting endotherm at 85-9000 and its decomposition exotherm at 240-250°C.
Three crystalline phases of HAP have been examined by Dickens(lu) using
the x-ray diffraction technique. The crystal structure of the most stable
phase was determined as orthorhombic having a space group of PQlcn and cell
dimensions of 7.52, 7.1l4 and 15.99 R at 2500. The general structure is
considered to consist of chains of perchlorate ion tetrahedra held together
by hydrogen bonding from parallel chains of NH30H+ ions. A complete presen-
tation of the various crystal phases of HAP is given in Figure 13.
(v) The presently held model for the thermal decomposition of HAP with
small heating rates(IS) indicates that the initial step in the decompositionm
involves dissociation of the salt to free amine and perchloric acid. This
;eaction is then followed by the oxidetion and decomposition of hydroxylamine
‘ and perchloric acid to give a multitude of side products including AP and
. 02- The dissociation step has been verified by‘direct inlet mass spectro-
metric studies at the Rocket Propulsion Laboretory. By the relative inten-
lsity peak height technique (for NHEOH) an activation energy of 20 kcal mole'l
has been calculated for the formation of NHQOH and HClOu. However, a bresk
in the activétion energy slope was observed at 60°C with a lower Ea being
observed above this temperature. Similarly compatability studies at the
Midwest Reseaxrch Institute have shown that the compatibility of HAP in a

propellant system is reduced above the 5500 endothexrm. The conclusions to

|
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primerily by the Navy Propellant Plant.

"UNCLASSIFIED

54

Tigure 13, Description of the verious crystel phases of HAP determined

(1k)
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for an increase in the chemical reactivity at this temperature.

(U) The muin objective of the present program is directed toward
defining the nature of the first endotherm, phase change or dehydration.
Also, the establishment of any relationship between the postulated

dissociation mechanism and crystel behavior is relevant to this study.

2.2. Experimental Techniques. (U)

2,2.1. Materials and Thermal Analysis Testing (U)

(v) Two different batches of material were used. One batch was
obtained from the Naval Propellant plant and is herein designated as Navy
HAP. The other batch was from the Thiokol Chemical Corporation and is
designated as Thiokol HAP. Thiokol HAP was received in dessicated bottles
and was specified as being 98% minimum assay with & particle size range

of 4l to 840 microns. The Navy HAP was received as & carbon tetrachloride
slurry. Prior to testing, the Navy materisl was filtered through a

Buchner funnel end then vacuum dried for 2 days witlh continuous pumping.

An additional sample of Nevy HAP was also received which had been packed
dry rather than as a slurry with carbon tetrachloride.

(U) In tests involving DTA measurements, 15 mg of A1203 were weighed
into a platinum cup (5 mm dia. X 5 mm ht.) and placed in the reference
holder of the Mettler thermoanslyzer (see paxrt 1 of this report). The
thermoanalyzer was then pumped down to approximately 8 x 10"5 Torr with
diffusion pumps and filled with dry helium. The HAP sample was then loaded
into a similar cup inside the dry box with the amount of sample being deter-

mined volumetrically to give a welght of approximately 30 mg. FPrecise
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welght determination was made gravimetrically after testing. The sample
was transferred from the dry box to the thermoanalyzer in & closed con-
tainer having a dry nitrogen atmosphere. Loading the sample into the
thermoanalyzer was performed inside a large bell jar through which a high
flow rate of helium was being maintained{ Figure 1. A similar procedure
vas followed for tests involving only TGA measurements except that
elimination of the need for reference material and differential thermo-
couple permitted the use of a 16 mm diameter platinum macro cup capeble
of holding up to TO00 mg of sample. All thermal testing was performed on
the most sensitive weight scale permitting detection of weight changes as
small as one microgram. DTA sensitivity was either 2 or 10 microvolts per
inch using a Pt vs. Pt-10% Rh thermocouple for which a differentiai temp-
erature of 1° corresponds to ebout T microvolts over the temperature range
_of 50-10000. A flow rate of 5 liters per hour was meintained during testing
using helium which had been passed through H2SOh and P'205 drying towers and
aeoxygenated over hot copper. Estimates of enthalpy values are based upon
.measurements of DITA peak areas using a calibration factor derived from
potassium nitrate melting and freezing pesks. No adjustment has been
attempted for factors such as thermel conduction, specific heat, etc. which

can influence peak size but are very difficult to evaluate.
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(v)
Figure 14k, Photograph of the Bell jaxr in use with the Mettler

thermoanalyzer. This technique allows the loading of the DTA stick to

be carried out in an inert atmosphere.
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2.2.2. Thermal Microscopy (U)

(U) Due to the nature of the problem being investigated, i.e. phase
change or dehydration, it was felt worthwhile to attempt a thermal micro-
scopy study of HAP upto its melting point. The equipment used was a
Mettler FP2 progremmed thermal microscope* completely enclosed in a dry
bag containing dry helium, Figure 15. The attractive feature of the
Mettler hot stage is that the sample under investigation is placed between
two ldentical heating plates. This means that it is possible to measure
temperatures accurately without imbedding a thermistor in the sample or
calibrating a thermometer.

(U) A typical program involved preparing & uniform sample between a
microséope slide and a cover glass, inserting the sample into the hét
stage and selecting the appropriate thermal progrem for the study. With
the instrument used it was possible to select heating and cooling rates
between 100 and 0.2°C min"1 and alsc to maintaip isothermal conditions.
To photographically record phenomena seen through the Nikon Modcl S-KE
microscope & Leica 35 mm camera was used loaded with Kodachrome X film.
To improve the background illumination the camera was synchronized with

a Nikon electronic flash, power unit model MS-1.

O 1 0 b s D D D D Gt S D P S md 8 B D A oD b TS D b D P P D D Y D S s s U B D B B P S b A M e O 0 S P P S B O b ot 0 B 0 0 e e e B

*
This -equipment was kindly loaned to us by Mr. H. Vaughan, Mettler

Instrument Corporation, Princeton, New Jersey.
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Figure 15. Fhotograph of the Mettler FP2 hot stage on & microscope within

& dry bag which allows the observations to be made in an inert atmosphere.
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2.5 Results. '

2.5.1. Thermel Analysis (DTA-TGA) (U)

(M Upon initial heating at 6°/min HAP shows two distinct low temp-
erature endotherms occurring at about 66° and 9500, Figure 16. The 95°
peek is roughly ten times as large as the lower temperature peak and
visually corresponds with sample melting.

(U) The 66° endotherm has a small but sherp weight loss associated with
it. Upon cooling no corresponding exothexrm is observed and neither the
sharp weight loss nor the endotherm is observed if the sample is immedistely
reheated. Upon retesting the same sample 2 or 3 days later an endotherm is
again noticed. This endotherm is lower by sbout U4 to 100, has no sharp
weight loss associated with it and is reproducible through at least two
successive heating cycles.

(U) The sharp weight loss associated with the endothermic peak is &
function of particle size. Table T shows weight loss values obtained with
the different particle size ranges for both Navy HAP and Thickol HAP.

Navy HAP loses up to 20 times more weight than fhe Thiokol meterial with
a maximum loss of 0.2% of sample weight. For Navy HAP the weight loss at
the largest particle size (> 500 microns) is less than that of particles
in the 354-500 micron range. This could result from formation of the
largest particles by coalescence or fusing together of smaller particles
but, more likely, suggests occurence of a meximum point on the weight

loss curve.
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Figure 16. Simultaneous DIA-TGA of Thiokol HAP (29.L45 mg). The sample

wes held in e flowing (5 liters hour—l) atmosphere of 1{20 and 02 free

He and heated at 6°¢c min-l. The phase change is recorded at 65°C and

the melting of the sample at 94°c.
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(v) Other than the apparent meximum shown by the Navy HAP it is
abundantly cleaxr that larger the particle size, larger the weight loss.
These data are all normalized te the same mass. If this weight loss was
strictly & surface desorption then the largest effect would be seen with
the smallest particle size. Our data shows that the reverse is true,
which can tentatively be interpreted as an evolution from within the
particles.

(U) Twenty four hours additional vacuum drying had little or no effect
toward reducing the sharp weight loss of the Navy HAP and soaking the
Thiokol HAP in carbon tetrachloride for 6 days did not noticesbly increase
its weight loss. fTesting an additional sample of Navy HAP which was
received in a dessiceted container rather than as & carbon tetrachioride
slurry gave the same type of weight loss as the main sample of Navy HAP.
(v) Enthelpy and peek temperature values for the low temperature endo-
therm observed with various particle size ranges of HAP are shown in

Table 8. Also shown are similar data obtained for the phase transition of
ammoniuwm perchlorate from orthorhombic to cubic.

(U) With both HAP and AP a decrease in particle size resilts in increased
DTA pesk temperatures and also an increase in the estimated calories per
gram values. This behavior is probably due to reduced heat conduction with
the smaller particles rather than to any significant enthalpy varistions.
Poor heat conduction causes a higher tempereture DTA peak because the center
portion of the sample tends to lag behind the temperature of the sensing
thermocouple. Reduced thermal conduction also results in higher thermal

gradients within the sample causing the DI'A peak to be broader but of
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smaller emplitude. FPeak height values for AP shown in Table 8 indicate
_— this behavior. Poor conduction also increases the time required for the
sample to return to ambient test t-mperature resulting in a larger DIA

area for a given enthalpic cccurance.

TABLE 7
HAP Wt. Loss for Various Particle Size Renges (U)

. Nevy HAP Thiokol HAP

» ! Particle Sample Wt. Wt. Loss Wt. Loss Sample Wt. Wt. Loss Wt. Loss
; Size (mg) (mg) ppm (mg) (mg) ppm

(n)

- <53 p - 539.3 0 0

; 53-149 31.7 1 31.5 611.1 7 11
b 149-210 30.0 11 367 87.1 11 19

J 210-35h 28.5 33 1156 695.9 L5 65
‘ 351-500 29.5 59 1999 468.5 45 96

b [

[ > 500 3h.4 53 1541 -

I 29.5 10 1356

R T

*These data are relevant %o a 6°C min"l heating rate.
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TABLE 8

Fnthalpy and Peak Temperature Vvalues for Various Particle Sizes {(G)

Thiokol HAP Navy HAP
AP Phase Chenge (15 mg, 00\5.5 in He) nmo.\sws in Helium) ANO\BMS in Helium) o
o Particle Size Peak Temp. Pk. Ht. (In) Calories/g Peak Temp. Cal/g Pesk Tenp. cal/g
TT) LAd
,V — \Aoov _ —
2 f r
h n\lu <53 249 h.25 2k.9 70 2.84,2.61 W
®
M Y 53149 248 b1 24k.0 67 3.13 63 3.72 M
| a 149-210 247 4.62 22.5 67 2.49 67, 3.33 a
| A 2 210-354 ol k.55 2%.7 66 2.47 62 2.97 2o
u - 354-500 2h7 4.53 23.1 66 2.67 652 3.28 =

> 500 246 4.55 22.9 62 2.73,2.35
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(U) Values of estimated enthalpy for the low temperature endotherm of
HAP average about 3.06 cal/g (L09 cal/mole) for Nevy material and 2.71
cal/g (362 cal/mole) for the Thiokol material. The difference in values
between the two batches amounts to about 12% and is of questionable
significance.
(V) Vaporization energies associated with the weight loss at the phase
change are so small as to be inconsequential., Weight loss with Thiokol
HAP was less than the detection sensitivity during the DPA tests and the
meximum loss of 60 micrograms observed with Navy HAP represents less than
0.1 cal/g (based on the heat of vaporization of carbon tetrachloride).
(U) The melting endotherm reappears upon successive heatings and during
cool down of the molten material a sharp exothermic indication of freezing
is indicated by a large single peak about 30% of the time and by two smaller
exothermic peaks about 70%, Figure 17, of the time. In every instance the
Navy Material gives a single peak in freezing. Typical temperstures and
estimated enthalpies ror melting and freezing of the Thiokol material are
listed in Table 9. The following observations eapply to Thiokol HAP.
1l -~ The same sample can exhibit both single and double freezing exotherms
when it is cycled through the melting point.
2 -~ The combined area of double peaks is about the same as the area of a

single peak.

45 - The initial freezing peak usually occurs belween 56 and 650 irrespective

of whether it is the only peak or not.
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Figure 17.
its melting point at 96°C and then cooled at the same rate. The two
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A DTA trace of Thiokol HAP which is heated (6°C min-l) up to

freezing points, 590 and 53°C are clearly shown. The sample was in &

flowing atmosphere (5 liters hour'l) of H,0 and 0, free He.
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Heating/
mOMuu.mm lst Heat 2nd Heat 5rd Heat lith Heat 1st Cool 2nd Cool 3rd Cool bth Cool
atce
O/Min ©°C cal o¢ cal/g O°c cal/g °2 cal/g °C cal Oc cal O¢ cal/g ©°c_ cellg
2 9k 33.7 9% 29.1 94 31.k 63 36.0 59 13.h 59 13.h4
h 55 19.2 35 5.2
32.6 18.
2 9k 32.5 9% 30.5 92 29.1 S2 29.8 64+ 258 56 ko7 59 12.9 57 1h.2 0
w 18.3 b5 13.6 LM
31.2 27.8 (TH
6 97 39.5 96 33.7 96 35.0 63 31.1 62 35.0 60 14.9 “
4y 20.8 - ¢
35.7 |
9/
6 95 25.3 9k 23.5 56 12.5 53 8.2 >
¥  16.1 4 15.1 -
28.6 23.5
6/2 95 bk 96 37.2 96 354 95 37.2 61 29.3 60 15.9 61 138 61 15.h
59 Hm.m 52  17.3 60 19.7
3k, 31.1 35.1
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4 - Where two peaks occur, the second (i.e. lower temperature) peak is
usually larger and mey occur anywhere over a fairly large temperature
renge (35-60°).

5 - Occurence of a double freezing does not appear related to either sample
size or heating rate.

6 - The likelihood of a double peak seems to increase on successive
thermal cycles.

7 -~ Often a small irregulerity is noteu in the shape of the melting endo-
therm suggestive of a possible double melting peak, Figure 17.

(U) The higher apparent heat content (larger DTA area) obtained upon

initial melting is attributed to the poorer thermul conduction of particu-

late HAP as opposed to the conduction with a large fused slug of HAP.

(U) Heating of Navy material used for the low temperature endotherm

study was continued up to 120° at 2o/min. Samples were then cooled and re-

heated at 6°/min. The melting endotherm peek was observed at the following

temperatures, with a heat of fusion of 27 cal/gm.

Particle Size (Microns) Tnitial Melt (2%/min) 2™ Melt (6%/min)
55-149 90°% 93°¢
149-210 , 91 95
£210-35 91 93
354-500 92 95
> 500 91 9l
> 500 92 95
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(U) The temperature at which the initial melting endotherm peak occurs
tends to increase with particle size contrary to behavior at the lower
temperature endotherm. Furthermore, this trend is repeated during the
second melt where one would not expect any effect due to particle size

because of previous melting and freezing. Two obvious possibilities exist:

1 - Contamination or reduced purity of tne smaller particles.
2 .- Some form of memory effect associated with initial freezing (e.g. more

fissures or stratification occuring during freezing at the larger

particles).
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2.%.,2. Mass Spectrometer Studies (U)

(v) Samples of Thiokol HAP have been heated up to 80°C in the direct
inlet probe to & Bendix Time-of-Flight mass spectrometer. All samples were
heated at 6°C/min in order to compare the dsta with the DPA data discussed
in Section 2.5.1. In preliminary analyses it was apparent that the only
unusval phenomena was a rapid increase in the H’20+ peak at about 6500.

This has been studied further by cyclic scanning, as a function of tempersature,
the m/e renges 14-18, 14-46, 28-32, 38-U46, and 0-100. Only the ranges

14-18 and 0-100 showed any unusual activity in the temperature range
studied. A typical spectrum between 14 and 18 at 40°¢ is shown in Figure 18.
From these data it is apparent that there is no unusual ectivity in this
temperature reglon. Fiesure 19, however, recorded at 6500, shows the rapid
increase in the H20+ and OH+ peaks associated with a fairly sudden liber-
ation of H20 from the HAP. The agreement between the mass spectrometrically
observed evolution of H20 at 6500 and the abrupt weighb losses seen by TGA
at 6500 implies that these two observations are probably of the same
phenomenon.

(U) Water does not reappear at 6500 if the material is thermally cycled.
However, it can be observed if the material is stored for several days

(~ & days). This undoubtedly is due to the extreme hygroscopicity of HAP
thereby allowing the stored sample to pick up some water.

(U) All Navy samples tested showed an evolution of carbon tetrachloride
in the region of 6500. Naturally no water evolution was recorded since the
Navy preparation is done in nonaqueous organic solvents whereas the Thiokol

preparation is based on an aqueous system.
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(v)

Figure 18. Mess spectrometric data for cyclic scans between

m/e = 1h to 18 for Thiokol HAP held at 40°C.
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(u)

Figure 19. Mass spectrometric data for cyclic scans between

m/e = 14 to 18 for Thiokol HAP being heated at 6°¢ min™*.

intense mfe = 18 peaks is at 65°C.
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2.3.3., Thermel Microscopy Studies (U)

(v) Upon heating at 2°C min~’ semples (multicolored under polarized
light) changed appeerance &t 55°-60°C to give a reasonably uniformly dark
image. This color transformation is best interpreted as due to a crystalline
phase change. If the sample was then melte? and ccoled to room temperature
the original multicolored state was produced. On & second heating cycle
tlLis color remained as the sample temperature passed through the xrange
500-7000 indicating that no phase change occurred. These visual obser-
vations are completely in accordance with the DTA data reported in

Section 2.3.1.

{v) The melting process was invariably gradual, spread over a temperature
range 02 ~ 3°C, indicating the possibility of impurities present in the HAP.
Freezing, at a controlled cooling rate, also appeared over a temperature
range of several degrees. With the Nevy HAP only one freezipg point was
noted. However, with the Thiokol HAP double separate freezing points were
observed approximately 70% of the time. The instant at which the second
solid phase forms is shown in Figure 20a. These data again are ia accor-
dance with the TI'A data discussed earlier.

(U) One of the most unique features of this thermal microscopy study is
that both Navy and Thiokol HAP presented an inhomogeneous appearance when
molten due to the presence of a number of small dark circles which in-
variably appeared to have a point source of light at their center. Figures
20b and ¢ show quite clearly thr. appearance just before and after melting.

By comparison of these two photographs it is clear that the black cirecles
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(uv)

Figure 20. Thermal microscopy photographs, in polarized light, of
Thiokol HAP. 20a is a photograph of the instant of the 2 freezing
phases being clearly defined. 20b of HAP just before melting and

20c of HAP just after melting.
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are not trapped gas since this can also be seen in 2000. The circles were
usually noticeable prior to melting and tended to remein visible during
cool down even after freezing. The greatest number of circles was present
in liquid HAP. The circles themselves were fluid and capeble of uniting to
form larger circles or dividing into smaller ones. On several occasions
one or more of these circles were observed to spontaneously disappear.

(u) The identity of the circles is difficult to define although the fact
that they show a bright center allows us to state that they are composed of
a liguid having a larger refractive index than the host HAP melt. The
optics for such a center is shown in Figure 21 where the idealized high
refractive index bubble (a) very clearly generates an intense point source

at its center when viewed slong its vertical axis.
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Figure 21l. The physical optics of two spheres, (a.) the sphere has &
refractive index greater than the surrounding medium, (b) a sphere.of
smaller refractive index. It is abundantly cleaxr that sphere (a) leads
, to the equivalent of a point source.
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2.4 Discussion. (U)

(U) The reversible low energy lower temperature endotherm is considered
due to a phase transformation. The very low weight loss associated with

it (0.2% maximum) makes chemical activity unlikely but is readily explain-
able in terms of & release of volatiles through crystal relaxation. The
possibility that the endotherm results from impurity melting also exists
but the absence of any associated freezing exotherm and the time delay
involved in recovery are more consistent with a crystelline phase change.
(U) The origin of the carbon tetrachloride released upon an initial

heating of Navy HAP is unlikely to be caused by diffusion of carbon tet-

i

trachloride into the material since the Thiokol material sosked in carbon
tetrachloride did not exhibit a similar weight loss. One would, in fact,

not expect the large carbon tetrachloride molecules to diffuse very readily.

o oo e

It must be concluded therefore that the carbon tetrachloride present in the

Navy HAP occluded internally at the time of crystallization. The water

Gt aaes ooy

which is observed in the mass spectra of both batches of material is

- likely due to the hydroscopic nature of HAP. Unlike carbon tetrachloride,
water could be expected to diffuse readily into the HAP crystals. The
appearance of water in bursts during mass spectrometer measurements suggest
that water is present internally. The fact that the weight loss in parts
per million for Thiokol HAP is larger with the larger particle sizes
suggests that the water pick up is not a function of total surface area as
much as it is a function of average volume and leads to the suspicion that s ’

some water was introduced into the Thiokol sample at the time of
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crystallization. A somewhat contrary indication is given by the Nevy HAP
where the melting point peak temperatures suggest reduced purity for the
smaller particle sizes. For a unit weight, smaller particles have larger
surface sreas and the cvidence suggests that Navy HAP acquires some water
through surface pick up. In this connection it will be noted that Baker
analyzed spectrophotometer quality carbon tetrachloride contains up to
0.05% water so that the contamination might well result from prolonged
exposure to carbon tetrachloride rather than to any atmospher;; exposure,
(v) In the absence of evidence to the contrauxry both the water evolution
at the assumed phase change and the more gradual weight loss sometimes
observed below the melting point are attributed to a drying out of the
material at elevated temperatures.

(u) The microscopic observation reinforces the conclusion that the low
temperature endotherm of HAP is due to a phase change. The dark circles
observed in HAP are presumed to be an effect of water although no completely
satisfactory explanation is possible at present. If the dark spots are
water or a water-HAP solution the question arises as to why such a
phenomenon should be localized rather than uniform. The weak attractive
forces between water and HAP would be affected by HAP's changing from an
ionic crystal to a liquid. The assumed phase change might influence the
mutual solubility of wabter and HAP. The circular shapes -suggest that

the material has & high surface tension with respect to the host HAP. The
obsexrved disappearance of these circles undoubtedly contributes to the low

weight loss observed with HAP at temperatures above the phase change. The
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greater incidence of dark circles in molten HAP is probebly due to the
greater optical clarity of molten HAP which permits one to see what pre-
viously was hidden. A less satisfactory explanation of the inhomogeneity
could be based on a contaminant other than water, e.g. perchloric acid or
hydroxylamine so that the observed circles represent HAP—contaminant or
water-contaminant solutions. Such a contaminant could result from
processing, from hydrolysis reactions or from auto decomposition.

(u) The conf'irmed presence of water naturally invites speculation
regarding its possible effects on HAP. The drying method suggested by
Thiokol of vacuum heating up to 700 suggests a weak interaction between
water and HAP. A HAP sample which was allowed to dissolve itself through
atmospheric moisture pick up still looked wet after 1 hour at 120o at

760 mm pressure. Should any hydrolysis reaction occur, however, it might

result in the formation of perchloric acid monohydrate by a reaction such

as:
\ 1
+ + + =
NH30HCth 2H20 NH) OH H50 Clo, *35 02
(v) In the case of ammonium perchlorate increased reactivity has been

attributed to the presence of small quantities of perchloric acid mono-

(36)

hydrate in an earlier investigation undertaken here The reversibility
of the specific reaction indicated would depend on the extent to which
oxygen can diffuse out of the crystal. When oxygen is unavailable for recom-

bination, the resulting ammonium hydroxide and perchloric acid monohydrate

would combine upon melting to give AP and water.
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(u) Whatever the nature of the volatiles released at the phase change
it is highly probable that they will interact with the HAP-binder interface
in the total propellent thus producing a change in the compatability of
the system. This phenomenon will likewise give rise to a change in the
activation for the thermal deccmposition of pure HAP as cbserved by the

Rocket Propulsion Laboratory.
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2.5 Conclusions and Recommendations. (U)

(U) It has been clearly shown that HAP undergoes a crystalline phase
change at about 60°C which is reversible after about three days. All
samples of tested HAP contein occluded pockets of some high surface tension
liquid, possibly & satuiated aqueous solution of HAP, perchloric acid or
hydroxylamine. Some volatiles are released during the phase change
presumably due to the crystal relaxation. At the moment all indications
are that H20 is the major volatile released.

(u) Thiokol HAP also very clearly exhibits two freezing points which
have been clearly identified as the solidification of two separate solid
phases. Navy HAP does not exhibit this phenomenon,

(U) Much potential study remains to be done on HAP. The present work
has indicated that water can have a measurable influence on low temperature
characteristics of HAP. Further study should be directed toward measuring
this water and its effect on material properties. This could be done by
placing a dry sample in the thermoanalyzer and then exposing it to air.
Moisture pickup would be quantitatively measured. Various combinations of
heat and pressure could then be applied to the sample to evaluate
effectiveness of standard drying procedures.

(U) Some verification of hypotheses developed during the current study
could be undertaken. A study of the effect of additional drying and of
reduced pressure on the slow steady weight loss belween phase change and
melting temperatures could confirm-our belief that this represents a drying

out of the sample.
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(v) The main course of future work, however, should involve an extension

I

of the present work to include the decomposition range of HAP. This woculd

; focus on three main areas:
é (v) 1. Derivation of kinetic paramsters.
2. Determinetion of differences attributable to batch
3 variation, drying technique, and previous theimal
: history.
5. Preparation and characterization of a sample of HAP
prepared by & sublimation technique.
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