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FOREWORD

This Final and Summary Report describes the work performed
on Contract No. DA 18-035-AMC-127(A) for the U. S. Army Chemical
Research and Development Laboratories, Weapons Research Division,
Edgewood Arsenal, Maryland. Special technical adviser and program
monitors have been Mr. Harold B. Kern and Mr. Howard Carroll,
Contract Project Officers, Edgewood.

Notices

This information has not been cleared for release to the general
publ.ic.

Disclaimer

The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents.

When this document has served its purpose, DESTROY it.
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ABSTRACT

A review of the literature for chemical smoke agents-is pre-
sented. Based on this review an experimental program to evaluate new
liquid smoke agents was formulated. The results of this experimental
program indicated that liquid agents possessing an obscuring power
greater than FS can be developed using selected mixtures, solutions,
and compounds of phosphorus. A solution of 33 weight percent methylene
iodide in white phosphorus had a TOP of about 2800. A eutectic mixture
of phosphorus sesquisulfide and white phosphoruis had a TOP of about
2800. The major difficulty of the agents tested was their pyrophoricity

which resulted in handling difficulties. Considerable redaction in the
rate of oxidation was accomplished using methylene iodide as a flame

inhibiting agent. An intimate oil smoke TEA rmixture 90622T was
tested. This agent has a TOP of 400 and relatively poor persistance.
While this agent has many advantages in its handling and corrosive
properties, it has a serious drawback in its low TOP and low density

particularly for use with restricted volume airborne tankage. A large
number of smoke agents were tested and are reported. The results of
this program indicate that further work should be performed to develop
flame inhibiting agents in order to selectively control the oxidation of
phosphorus based liquid smoke agents.

I1
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I. iNTRODUCTION

This is the Sixth and Final Summary Progress Report describ-

ing the accomplishrments on Contract No. DA 18-035-AMC-127(A) for

k. S. Army Chemical Research and Development Laboratories,

Edgewood Arsenal, Maryland.

The main objective of the research was to find and/or develop a

new, non-hazardois, smok.ze producing chemical for use in existing air-

borne dissemination tank.

The specificationri of the improved smoke-producing chemical

are as follows:

1. The new agent shall shcw visual screening properties

(obscuration and persistance) equal to or better than FS

whea compared at the same atmospheric conditions.

2. The liquid shall be capable of being handled in the field
without the aid of special protective equipment.

3. The smoke shall be non-toxic to humans at concentrations

necessary to produce the required screening effect and for
the period of time the smoke persists.

4. The liquid agent shall be non-corrosive and non-reactive

to nmetals such as, but not limited to, low carbon steel,

aluminum and its alloys (eg. 60-61), (60-75) and magnesium

and its alloys.

5. The smoke shall be non-corrosive and non-reactive to
materials, such as, but not limited to, metals, plastics,

resins, organic finishes, natural or synthetic fibers and

rubber.

6. The liqiid density of the agent shall not exceed 1.3.

7. The agent shall show less than ten percent decomposition

Iwhen stored in a low carbon steel container at 165°F for a

period of two weeks and contain less than 1% solids after

this period.

M/



8. The liquid shall be free-flowing at temperatures between
-40'F and * 165°F.

9. The liquid agent and disseminated smoke shall have flash
points exceeding 125*F.

The approach to this problem consisted of a thorough examina-
tion of the literature for possibilities in both existing and new smoke
producing chemical agents. This was followed by laboratory synthesis,
modifications, and testing to further categorize candidate materials.
For selected candidate materials showing considerable promise a
field tedt evaluation was performed to evaluate their suitability for use
as smoke agents under simulated field test conditions. These tests
included evaluation of TOP in a large smoke tunnel and airborne dis-
semination from a modified F-80 wing section.

Since World War II relatively little research and development
has been directed toward obtaining a new smoke agent with improved
characteristics suitable for dissemination from the air. The results
obtained under this contract, as well as other recent work, indicates
that a smoke producing chemical agent with better characteristics than
FS can be obtained. The research and development believed necessary
tu achieve this are summarized in the next section. A detailed descrip-
tion of the work performed under this contract is presented in the
succeeding sections of this report.

II

?I
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II. RECOMMENDATIONS

Based on the literature survey and the experimental work per-
formed under this contract, it appears that smokes based on phosphorus
containing agents appear to be the most satisfactory - especially if
large area smoke screens must be formed. A major disadvantage to
their use is the pyrophoricity of the agents that have been evaluated to
date. Other smoke agents such as the TEA oil mixture which have
many desirable characteristics are simply not as efficient as smoke
producing agents.

It is therefore recommended that further research and develop-
r. er't should be performed in six major areas of smoke technology.
These programs should encompass a technical spectrum ranging from
basic research to preliminary hardware development. Some of these
research programs should be low level of effort programs designed to
determine whether further research efforts would substantially improve
the state of the art. The developmental programs would consist pri-
marily of feasibility studies relating to the further evaluation promising
smoke agents and serve to provide the necessary technical background
for evaluation of hardware design concepts A brief outline of the
recommended programs is contained in the following discussion.

A. Phosphorus Based Smoke Agents

Work on this program has indicated that a white phosphorus-
methylene iodide solution and/or a white phosphorus - phosphorus
sesquisulfide eute-tic mixture have promise as a liquid smoke agent.
Field tests have shown that these materials can be handled with a

minimum of protective equipment under simulated operational conditions.
It is recommended that further work be performed to optimize the
physical and handling properties of these solutions. This work should

include feasibility demonstrations of the water displacement loading
techniques together with preliminary hardware development programs
designed to provide adequate field handling and field dissemination
equipment. Primary emphasis should be placed on the development of
design concepts.

Another area to be investigated is the control of initiation and
burning of phosphorus with special emphasis on development of com-
bustion retardants. The owidation o± phosphorus occurs via a chain
reaction mechanism. Semenov has shown that the chemical reaction
chain consists of two rate limiting oxidation steps described by:



13

0 +P 4 P 4 0

P4 0 + 02 = P4 02 + O.

To control the oxidation rate it is sufficient to break the chain
by removing oxygen atoms. A number of chemical species capable of
doing this are known. Typical species are ethylene, halogens, and
metallic carbonyls. A systematic study of the effect o' such species on
explosion limits would possibly allow the development of agents based
on white phosphorus with controlled burning characteristics.

B. Intimate Oil Smoke Agents

While the smoke mixtures containing oil and TEA •,re not
efficient smoke producers, they have many desirable characteristics
and appear to be sufficiently efficient smoke producers for some uses.
It therefore appears desirable to find out if these mixtures can be used
with high performance aircraft. Research and development effort should
be expended in attempting to increase the efficiency of these mixtures
as smoke producers. (Increase TOP and DOP of the mixtures.)

C. Powdered Smoke Agents

The use of powdered materials to provide military screening
smokes has not been fully evaluated. The major difficulty in using
powders is associated with the problem of providing adequate disperse-
ment of the agents at ground level. A variety of possible dust particles
can be employed to provide smoke dusts. These powders may be
completely unreactive e.g. (Microfine) or highly desiccant in nature
(metal chlorides). Use of pyrophoric coatings on metal chloride
particles to provide the necessary heat of vaporization should be in-
vestigated. Such coatings would include phosphorus and metal alkyl
derivatives. It is recommended therefore, that a program be initiated
to provide further information concerning the smoke producing capabil-
ities of powders. Primary emphasis should be placed on a survey of
the smoke properties for a wide range of potential agents together with
a concurrent evaluation of the possible methcds for effective dissemina-
tion at, or near, ground level.

D. Organo-Metallic Smoke Agents

Preliminary studies were made regarding the smoke effective-
ness of eelected organo metallic compounds as part of this research
program. Results of these studies indicated the possibility that

......................
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certain organo metallic derivative of titanium could produce a smoke

consisting of a mixture of hydrated metal chloride and fog oil. Additional
exploratory research evaluating the TOF of isopropyl and isobutyl de-
rivatives of titanium chloride is recommended. A similar research
program should be directed toward the synthesis and systematic evalua-

tion of metal phosphorus alkyl derivatives using phosphorus, strontium
and calcium. Because both classes of these compounds are not com-
mercially available, a significant portion of this research effort would
necessarily consist of the synthesis and physical characterization of
these compounds. Emphasis should be placed on outlining the chemical
reaction sequences important to the formation of smoke particles during
the hydrolysis ol these agents.

E. Metal Chloride Based Smoke Agents

Smoke agents based on the hydrolysis of metal chlorides have
many advantages in spite of their toxicity. The major problem in using
these as military smoke agents is that the metal chlorides which are
the strongest desiccants are solids. To supply the necessary heat of
vaporization a pyrotechnic mixture must be employed. It is recom-
mended that a program be initiated to investigate the possibility of
emiploying a solution of metal chlorides to provide particulate matter
,n a finely divided form with a minimum expenditure of energy. Such
mixtures and solutions would include but not be limited to solutions of
the hygroscopic metal chlorides in boron trichloride and phosphorus
trichloride. Primary emphasis should be placed on determining the
feasibility of forming stable solutions of the metal chlorides and on
evaluating the TOP of these mixtures.

F. Dual Smoke Agent Systems

The effectiveness of using ammonia and amine derivatives to
modify the deleterious aspects of the smokes produced via hydrolysis
mechanisms has been demonstrated on past programs reported in the
literature, and during the present research study. The use of a dual
smoke agent imposes additional hardware complexity which becomes a

particularly important problem when dissemination of the agents must
occur from airborne equipment. The major difficulty in using these

* agents is to provide adequate mixing of the two components. It is
recommended that a design concept program be initiated to outline hard-
ware requirements in this area to determine whether this concept is
feasible. Particular emphasis should be placed on the use of FS-
Ammonia combination of smoke agents and the effective dissemination
of these agents to provide ground level smoke covers.



S~15

Of the above recommendations it is believed that A and B are
the most promising.

k-
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.1I. SYSTEMS EVALUATION STUDIES

A. Relative Efficiency of Smoke Agents

The efficiency of a smoke can be expressed in terms of relative
weight effectiveness (TOP) or relative volume effectiveness (DOP).
Figures and charts which list the relative merits of smoke age€ks in
terms of TOP, density TOP, and smoke effectiveness (calculated-In
two ways described later)for atypical smoke tank, the E39RI, have
been developed.

Figure 3 gives the relative coverage of various smoke agents
relative to FS for a fixed volume tank (DOP). * A ratio greater than
1 implies a more effective smoke agent than FS for the comparison
made. The agents which are better than FS for fixed volume require-
ments are WP, MIP, WP + P4Sand SO3.

In terms of TOP, those agents which are reported in the litera-
ture to be better than FS are phosphorus, sulphur trioxide, and dual

smoke mixture of titanium tetrachloride and NH3 . In addition, this
research program has demonstrated that a eutectic mixture of white
phosphorus and phosphorus sequisulfide, a solution of white phosphorus
in methylene iodide, and a slurry of white phosphorus in carbon di-
sulfide can all be synthesized and all 'have TOP's greater than FS. It
should be noted that in a comparison of DOP and TOP, some of the
other agents have had their order of effectiveness inverted. For
example, a typical solution of methylene iodide and white phosphorus
with a TOP of 2800 as compared to 4600 for WP, but has a DOP of
6700 relative to 8500 for WP. This means that if a comparison is
made in terms of TOP, this solution is 61% as effective as WP, whereas,
in terms of DOP this solution is 79% as effective.

For a systems requirement in which application is to be made
to use existing equipment, the DOP affords a better standard compari-
son than the standard TOP. A calculation of the volume of smoke
produced from a typical smoke tank under "perfect" conditions for a
number of smoke agents is given in Table I . These values are nor-
malized to an FS basis by dividing by the equivalent amount of smoke
produced by FS. In order to calculate the smoke coverage a standard

• Density Obscuring Power - defined a- he TOP multiplied by the

specific gravity of the agent.
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TABLE I'

COVERAGE CAPABILITY FOR A NINE GALLON E39RI TANK

Agent Cubic Yards X 106 Efficiency Relative to FS

White Phosphorus 2.32 1.74

WP-CHZIz 1.86 1.39

SOj 1.60 1. 20

WP-P 4 S3 (EWP) 1.50 1.12

FS 1.34 1.00

WP-CS2 (Slurry) 1.22 0.91

Oleurn 1.20 0.89

SnCI 4  1.13 0.85

TiC14-NI43 * 1.04 0.78

FM 0.90 0.67

HCISO 3  0.83 0.62

HCI -r NH 3  0.83 0.62

SiCI 4  0.62 0.47

S0 2G1z 0.63 0.47

SiC14 + FH 3  0.62 0.46

PCi 3 + NFI 0.60 0.44

HCISO3 + NI 3  0.57 0.42

Clz+ NH3 0.41 0.31

AsC11 0.27 0. 20

Mix 90622 T 0.10 0.08

* A 50:50 mixture was assumed for these dual systems unless

otherwise specified.
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smoke must he defined. For this purpose it was assumed that a standard

smoke was a smoke of such density that the light intensity of a 40 watt
bulb would be extinguished to 1. 25 percent of its value at a distance of
100 feet, and that the volume required included a path width of 100 feet,

* and, a height of 100 feet.

B. Relative Effectiveness of Smoke Agents

The relative effectiveness of a smoke agent is dependent not
only on its obscuring capability but also is a function of all important
technical considerations which are involved when it is to be used under
operational field conditions. To develop criteria for determining which

smoke agents may be effective under given operational conditions, it is
useful to perform a preliminary evaluation using analytic weighting

functions in which proportional weights are assigned to the various
criteria used to evaluate smoke agents. The choice of weighting func-

tions used in this analysis is arbitrary, and depending on the specific
mission or type of 9.reening cover required, a complimentary or
alternate series ot veighting functions should also be developed. There

are two methods of assignment which were used in these studies.

Method A.

The first method (method Al ,uiasists of assigning equal weights

to all parameters. This method is the simplest to apply but suffers in
its ability to describe with varying levels of accuracy the relative
merits of smoke a.gents for specific operational situations. A major

disadvantage in using this method is that iL can result in false relative
values for iystemn- in which one or two critical paramett rs must have

high values before the system has any merit at all. Thus, for example.
if in the analysis a.inder this section it would be possible to have a
mythical smoke agent having zero TOP with optimt:m density and hand-
ling characteristics. Such an agent could have a theoretical relative
value greater than the best agents even though il would have no intrinsic
value as a smoke agent. An example of this ef ect is demonstrated in
Method A where the low TOP of the Ethyl TEA Mixture (400) could

severely limit its usefulness as an efficient agent suitable for disperse-
merit from an -Aircraft.

j CalcuLa•:,on• Usin Method A

A systems engineering itucy was performed for selected smoke
agents. These studies absumed the exisience of thirteen importantIJ
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factors which required evaluation. Each of the factors was assigned
a maximum possible individual weight of 100. The system used then
rated each of the candidate smoke agents on a relative baais within the
category under consideration. The best agent in each area under con-
sideration was assigned a weight of 100. If any other agents were
equal then they also were rated the same value. Other agents possess-
ing less favorable characteristics were rated downward. The range
varied between zero and one hundred. The basis for assignment of
reiativc ialues was a combination of literature reports, and experi-
mental experience. Results for this analysis are summarized in
Table 11 . in this method TEA Mixture shows an operational effective-
ness capability approximately equal to methylene iodide WP mixtures.

White phosphorus, EWP, and EWP-MIP •mixtures are somewhat
better.

Providing the volume of tankag,3 or weight of material required

was not an important factor, under scme tactical situation the use of

a low TOP smoke agent might result in equal operation effect. ,enesa.

Method B

The second method (method B) consists of weighting the various
factors based on a ;alue judgement involving relative importance of
parametric values. This is a more flexible method but is also much
more difficult to apply.

The principle criterium is the ability to provide a screening
cover during a given airborne dispersement run from a typical tank.

The important parameter for this purpose i3 the density TOP which
can be correlated with the relative volumes of smoke proeaced by
various agents. A number of other criteria must also be evaluated

and their relative weighting values as used in this study are assigned
in Table III . It should be noted that this type of rating system is
arbitrary and the actual numerical values used should be adjusted to
the specific operational mission under consideration. The best that
this system can provide is a common basis for comparison which is

more or less systematic in outlook, and it is recognized that for any
specific smoke agent there may be a unique problem which would tend

to rule out its operational usage. A brief detailed description of the
above approach is given in the following discussion and a bar chart
showing the relative effectiveness of some smoke agents is given in
Figure 5.

,I
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TABLE H

COMPARISON OF EFFECTIVENESS FACTORS FOR VARIOUS
SMOKE AGENTS - METHOD A

"TEA"

EWP WP MIP Mix FS SiC4 Ti~1 4 SnCA

Relative
Merit 98C 960 945 915 875 855 785 756

DOP 70 100 90 10 50 25 40 46

Optimum
Density 80 80 40 75 75 95 90 50

Toxicity
of Smoke 90 90 85 100 90 90 40 40

Cor rosivity
of Smoke 80 80 80 100 20 70 70 70

Irritation
of Smoke 85 85 85 100 25 75 65 75

Persistance
of Smoke 95 95 100 10 70 15 60 15

Toxicity of

"Liquid 30 30 30 100 60 60 20 30

CorrosiviJy
of Liquid 80 100 75 100 20 70 60 70

Freezing
Point 100 0 50 85 100 100 90 95

Vapor
Pressure 100 100 100 100 100 100 100 100

Gumming 100 100 100 65 100 25 10 25

Flash
Point 0 0 40 60 100 100 100 100

TOP 70 100 70 10 65 30 40 40

" V
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TABLE III

COMPARISON OF EFFECTIVENESS FACTORS FOR VARIOUS
SMOKE AGENTS - METHOD B

White WP+ WP+ TEA
Phosphorus P4EL 3  CIZ FS TiG.4 SnC.4 SC•_ (Mix)

Relative
Merit 1012 830 868 755 664 658 580 455

Density TOP 537 345 428 310 207 261 143 25

C ýimvm
Density -45 -65 -105 -55 -38 -88 -13 -45

Toxicity of
Smoke 90 90 90 90 90 90 90 90

Corrosivity of
Smoke 90 90 90 40 70 70 70 90

Irritation of
Smoke 40 30 30 20 30 30 10 40

Per sistency
of Smoke 70 70 70 70 80 50 80 20

Toxicity of
- Liquid 20 20 30 20 15 25 30 30

Corrosivity of
Liquid 60 60 60 40 50 50 50 60

Freezing
Point 0 40 20 40 40 40 40 25

Vapor
Pressure 90 90 90 90 90 90 40 90

Gumming 60 60 50 60 0 40 10 30

Flash Point 0 0 15 30 30 30 30 0

!.
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1. Density TOP

The density TOP has been correlated with the smoke producing
capability of various smoke agents for use in fixed 'volume hardware.
In our evaluation of the smoke producing capability of selected smoke

agents, calculations have been made for possible usage of the E39RI
tank. This tank has a volume of 9 gallons and can be considered as
volume limited hardware. A definition of density TOP which has been

used in this study is the TOP multiplied hy the density of the smoke
agent at ambient temperature (70"Fd. TLe weight of 310 was assigned
to this function for FS as a standard smuke agent based on the assump-
tion that this parameter should be about one third of the total value of
the function. In practice this weight makes a high value to density TOP

a necessary condition for a high evaluation. To evaluate a given smoke
agent the ratio of the Density TOP of the saoke agent to the Density TOP
of FS is multiplied by 310. Thus, it is possible to have a weight to this
parameter considerably in excess of 310 if the smoke producing capa-
bility and density are high. Alternatively, a smoke agent with a high
TOP value but low density is given less weight which fact corresponds

to the operational requ4.rement that of needing more tankage capacity
for a given smoke dispersement operation.

2. Optimum Density

The optimum density is chosen to be 1. 35. Any value different

from this optimum downgrades the smoke. The function assumed is
given by

I 1.35 * p I Xloo.

Thus, for example, if a smoke has a value of (1.85) then (I. 35 - 1. 85)
X 100 =50 points which is subtracted.

3. Toxicity of Smoke

If the established toxicity per eight hour exposure is greater
than that contained in thirty cubic meters of a standard smoke, then
the agent was not considered. This quantity of smoke agent corres-
ponds roughly to the amount of air inhaled by a person during a 10

hour day assuming an average inhalation of 1. 25 liters per breath and
forty breath* per minute. In most cases there is not sufficient data to
evaluate those factors in detail. For the cases where insufficient data
was available a smoke agent was either assumed to have a toxicity which
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is directly related to another similar smoke agent, or, the entire point
value of 70 points for this character was subtracted. For cases where
minimum values are listed, 70 points were given if the smoke produced
by the smoke agent was within operating standards.

4. Corrosivity of Smoke

A corrosivity value for the produced smoke was established by
evaluating the sum of corrosivities relative to FS in four categories.
The categories which were evaluated are; corrosivity to aluminum
alloys (30), corrosivity to iron alloys (30), corrosivity to plastic (30),
an(: others (20). It was assumed that a relative rating system using
good, moderate, poor is numerically meaningful. For example, FS
smoke is rated as poor in the category of iron corrosion. To have a
meaningful approach. a rating of moderate is assigned a numerical
value of 20. For a smoke which is good in each of these categories, a
rating of 30 for each category is possible. For FS smoke a value of

forty was assigned. It is apparent that this system is arbitrary but its
principle advantage lies in the ability to numerically assign a weighted
value to this characteristic.

5. Irritation of Smoke

To allow an evaluation of this factor, a weighting system using
High, Moderate, Mild was used with values assigned of 10, 30, 50
respectively.

6. Persistency of Smoke

Meaningful numerical values of smoke persistency are exceed-
ingly difficult to obtain. To allow an evaluation of this characteristic.
a system using good, moderate, poor was established with numerical
valuation of 80, 50, 20 for cach of these categories.

7. Toxicity of Liquid

Many of the liquid smoke agents in current usage are difficult
to handle being subject to rapid degradative hydrolysis. For this
reason the necessary storing and loading procedur-s involve the use
of remote handling techniques with limited vapor or liquid contact by
personnel. A value of 20 was assigned for FS. and it was assimed
that for other agents where a substantially different handling procedure
would be required that a value between 0 and 30 would be assigned.
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8. Corrosivity of the Liquid

The corrosivity of the liquid is important in two situations.
The major difficulty is one of logistics. An operational smoke agent
must be stored for long periods of time before use. If the liquid
directly attacks common metals used in storage drums and attacks
similar drums with a plastic insert, as commonly used in chemical
shipments, then a value between 0 and 40 was assumed depending on
the anticipated handling problems. FS is somewhat difficult to store,
but because it is reasonable to use this agent as a basis for comparison,
it was assigned a value of 40. A smoke agent subetantially better than
FS with regard to liquid corrosion is assumed to have a value of 60.

9. Freezing

An operational smoke agent should be suitable for worldwide
usage. For most of these agents a heated storage and/or loading sys-
tem can be developed without exten3ive problems to operate at 0*F.
Therefore, a value of 40 points was ascigned to a smoke agent which
had a freezing point -40"F or lower and a value of 20 points assigned
to those which had a freezing point between 0" and 15"F. If the melt-
ing point was greater than 15"F the smoke agent was not considered
to be a liquid under normal operating field conditions.

10. Vapor Pressure Ullage Pressure at 130*F

A smoke agent must be able to be stored in a sealed drum at
130°F without danger of rupture. The most common storage vessel
is a 55 gallon drum. This type of drum will withstand positive in-
ternal pressures of at least 40 pounds above ambient. To evaluate this
parameter it is necessary to choose an ullage volume and then to con-
sider the effect on ullage pressure of the volume compression due to
liquid expansion, the increase in vapor pressure of the liquid, and the
heating effect on the inert pressurant gas. If the combination of these
pressures is between forty and fifty pounds above ambient then a value
of 40 is assigned, if below forty a value of 90, and, if above fifty. zero.
The total value of this category is assigned a value of roughly 1/3 that
of the density TOP relative to FS.

11. Gum Formation

One of the common liquid smoke agents is FM. The major
reason this agent has not seen greater use is that upon air or water

contact there occurs a polymerization of TiCI6 to form a gum. To
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date no effective anticlogging agents have been found. Because of the
seriousness of this problem in airborne hardware maintenance, a value
of 60 points was subtracted for smoke agents which were known to have

a severe gum formation.

12. Flash Point

The flash point of a liquid has importance in the aerial disperse-

ment and loading operations. Because of the remote control used in
loading FS, it was assumed that a low flash point could be controlled
for most smoke agents utilizing similar loading procedures and keep
the smoke agents tightly sealed against air contact. The problem of

aerial dispersement is of a different kind. In this case. a flash-back to
the tank and an air-agent explosion could have serious consequences to
the flight vehicle. A value of the 30 points was subtracted for all liquids
which had flash points less than that of JP-4. The use of this standard
was chosen for the reason that JP-4 is routinely dumped from aircraft
without difficulty. FS was assigned 30 points.

'-I ,I
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IV. LABORATORY EVALUATION AND T1 'STING

Based on results obtained from a r -view of the literature,
described in Section VI, a program was initiated to synthesize specific
chemical compounds which should have promise as smoke agents. A
review of smoke chemistry indicated that smoke agents based on

phosphorus compounds would be the most promising with titanium de
rivatives a definite possibility. Therefore, emphasis was placed on
making select phosphorus and titanium derivatives. Four major ap-
proaches were developed relative to phosphorus based smoke agents.
The first was concerned with the development of solutions containing
WP in selected solvents. The most promising solvents were carbon
bisulphide and methylene iodide. The second approach was the stabi-
lization of slurries of WP in solvents in order to increase the solids
loading and desired physical properties. A third approach was the
synthesis of typical select phosphorus alkyl derivatives. In this latter
area primary emphasis was placed on the testing of alkyl derivatives
of diphosphine and phosphorus amides. The fourth general method was
to develop eutectic mixtures of WP and phosphorus sesquisulfide. A
limited synthetic program was performed in the field of alkyl deriva-
tives of titanium tetrachloride. Because of the survey nature of the
program, emphasis was placed on obtaining data of a preliminary
nature rather than optimized results for the most efficient solutions,

mixtures or compounds. The values of TOP reported are therefore,
in general, conservative for solutions of WP in methylene iodide and
slurries. A description of the work performed during the programs is

given in this section. The work reported included results for several
standard military smoke agents such as FS, FM and WP. These agents
were used to provide a reference base between work performed on this
contract and previous literature resultu and also aided in the develop-

ment of measuring techniques and equipment.

Laboratory investigations and tests include the development of
two test chambers to aid in the systematic evaluation of new chemicals

or combination of chemicals and for a number of standard smoke agents.
This work had the following objectives: (1) Development of standard
testing procedurcs' to be used in screening each potential smoke-
prcducing chemical, and (2) Comparison of potential smoke agents as
regards reproducibility of smoke concentration, obscuration charac-
teristics and persistence.

£I
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A. Description of Test Char.ibers

1. Prelimirary Observz,-ion Chan:ber

This chamber consists of a rectangular glass container. The
unit was utilizeu in a fume hood located in the laboratory and is shown
in Figure 6. The dimensions of the basic glass rhamber were 36 inches
long, 16 inches high, 12 inches wide with a volume of 4. 25 ft. 3. The
front of the ,.ontainer consists of a wooden panel provide ' •tth two glove-
box type access holes for simple manipulation of materials within the
chamber when desired. It also had three fittings which could be used
for introducing the smoke-producing chemnical, purging t',- chamber and
exhausting the smoke subsequent to measurement. When making an
obscuration measure.iient, the glass container was covered wi- . an exte-
rior box equipped at one end with a variable light so, -e an i at 1 ie other
end with cadmium sulfide photocell, pow r supply and ,aete- With .;his
unit, initial obiervations and obscuration measurements were nmde to
determine the best dissemination method and whether a particular com-
pound warrants further scudy. FS was studied in this unit in order to
gain additional information on this mixture a .o set up standard pro-
cedures to be used on subscquenii materials. ' •eult, from this chamber
were used to design the follow.ing laboratory test chz-nbers and to per-
form selected preliminary work.

2. TOP Chamber Modification A

SA stainless steel container wa. modified for use in making TOP
measu, ernents. This chamber is ca'rable of withstanding low interior
pressures and haa dimensions of 31 inches long, 22 inches in diameter
and a v--lurne of 6. 37 ft. •. It i. shown in Figure ?. One end wasI quipped with a variable-distance light source. This consisted of a
b'ainiesr sreel tube 36 inchep long and one-haif inch o-utside diameter
whica moveh through an 0-riiog sealed "earing. A 40-watt, frosted,
light bul" was rountec' on the end of the tube w-'ith the electrical leads
rt' rning through a seal down 'he interior of the tube. The other end of
the tark .s aup~pied with an ccee• plate and O-ring seal. A twelýe-
inch viewing port in the center -' the plate allows for vi4sual observation
or mounting Gf a cadm-iurn sulfioa,. photocell. Thz plat* i. also provided

with lines f..r additior of a amoke-pro,:dcing chemi'cal, watrer or gas
purging, drain -ne .4nd a mix.;ig irnit. Thin unit was ured for approx-

imately aix months 4t which time a modification -was made io provide
better conrol oer the divez-gence uangle from t-. ig,' source wnci an

intcnsity readout on.n a chart paper recorder. SubstCntially the *ame
u results were obtained for both detector sy-lte,.-s.

I.
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Figure 7. Stainless Steel Laboratory TOP Measutremnent Chamber
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3. TOP Chamber Modification B

Modifications that were made to the stainless steel test chamber
consisted of improvements in the light source and related parts, and
in the incorporation of a thermocouple to monitor chamber temperatures.
The light source was modified to use a 250 watt General Electric photo
enlarger No. 213 light bulb. To reduce heat output and increase the
stability of the light source this bulb was operated at 70 volts through
a Variac backed by a constant voltage transformer. This type of bulb
has the marked advantage of an exceedingly uniform light output over
the exposed surface. A substantial heat flux was emitted from the
lamp source. To reduce this heat to minimum, a stainless steel shield
surrounding the light bulb was used to support a closely wound copper
tube cooling coil. The coolant used was the available tap water supply
"in the laboratory. It was observed that the heat absorbed in the path
of the light beam was quite noticeable, and therefore, a glass cover-
plate was placed over the front end of the cooling coil. This cover con-
sists of a three-inch pyrex watch glass taped to the supporting shield.
Using these shields, the heat output of the lamp to the smoke chamber
is reduced to a point where it is not possible to detect any significant
change by a thermocouple detector placed in the closed chamber over a
period of 15-20 minutes. A second modification was to feed the output
of the photocell directly into a two pen, two channel recorder. A cad-
mium sulfide photoresistor with a spectral response close to that of the
human eye was used to monitor light intensities. This recorder is used
to monitor smoke obscuration and chamber temperature. A thermo-
couple was placed about two inches above the optical path. This allows
a monitoring of changes in chamber temperature with a sensitivity of
about one-half degree Centigrade. The entire interior of the smoke

chamber was blackened to reduce reflected light and a careful alignment
was made of the photocell slits to allow observation of a closely con-
trolled area on the surface of the lamp. Because of the changes in the

lamp system, the data previously obtained must be related to the present
values by a factor which accounts for the di~ierences in light intensity.
The percent transmission versus weight curves for phosphorus have
been experimentally rerun and a small correction factor to account for
this effect on TOP was experimentally obtained. This laboratory test
chamber was adequate for testing the relative values of new smoke
agents under simulated static wind conditions.

I _. '... . .J _____ __ '_'_ '__ _____ "•
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4. TOP Measurements

A critical analysis of the experimental data indicates that the
small smoke chamber is capable of producing valid relative TOP (total
czs curing power) values.

The theory of a TOP measurement is based on the validity of the
""orm of Beer - Lan'.bert relationship:

I f

lhere:

I is the observed light intensity

I0 is the initial intensity without smoke

c is a concentration

I is path length

E is the scattering or extinction coefficient

The form of this relationship indicates* that the slope of a plot
I

of In I versus weight concentration wvould be a means of evaluating

the TOP. As long as this slope is linear, the Beer-Lambert relation-

ship is valid and a value for TOP can be obtained with some assurance
of significance.

For phosphorus, a linear relation existed for all smoke concen-
trations. However, for some of the other systems studied, it was

apparent that considerable curvature exists at higher concentration.
The physical reason for this curvature is not simply derived and is a
function uf aeveral parameters. The most probable cause for curvature
is a decrease in the number of particles per unit volume through colli-.

eaonal coalescence and part;-le growth. The results for phosphorus
indicate that the present apparatus can be used to evaluate the relative
smnoke producing capability of different smoke agents if the "scattering
parameter, " is a constant in the region studied. This means that care

must be exercised to obtain data only in the region of linearity which
can then be extrapolated to a value of I of approximately 1. 265. The

basis for using 1. 2., transmission for -L is obtained by reference to

psychological studies concerned with the discrimination capability of the

human eye.

*See following discussion.
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A comment should also be made regarding the TOP values
reported in this work. The reported literature TOP value for WP was
4600. This value is defined in terms of the distance at which the extin-
guishment of a 40 watt light bulb occurs for smokes of known concen-
tration. The relation governing this definition is:

1
TOP (Distance to Obscuration) (Concentration of Agent)

Cubic feet

(Distance to Obscuration) (lbs.)

which has dimensions of:
ft2

TOP =
lb

To provide a relation which does not require a movable light
source and to allow use of a small chamber having relatively low con-
centrations of smoke agents, use was made of Beers Law. Beers Law
states that:

I -fcl

where these parameters have been previously defined.

Then,

In -60

and

In =

TOP is defined as

1
TOP = cl

where I is the distance to obscuration of a 40 watt light bulb and c is
concentration of the agent. Clearly,

ITOP -S InI-

S• III I . . .



39

II

If one observes that the proper value to choose for In . for extinguish-
ei

ment is between 1% and 2%, say 1. 25%, corresponding to the sensitivity
of the eye to distinguish between a signal and noise, then

TOP = (a) (In0. 0125)

where a is now given by

In-I0
c*1*

in which c* is the concentration corresponding to a value of- of 0. 0125

and I* is the distance of observation. a now is identical to TOP multi-
plied byIn 0.0125 and a value can be obtained in this manner using low
concentrations of smoke agent even though experimental data is not

available at total extinguishment. To do this, a plot of In {-(minimumI0

light transmission) is made versus weight of agent used. In general,I

for an actual smoke run is greater than 0. 0125 criteria used and an
extrapolation of the data to this concentration must be made. Thus, a

I
plot of In i versus weight of agent used allows experimental data for

relatively dilute concentrations to be extrapolated to find what concen-
tration (c*) should be used to correspond to total extinguishment. This
is particularly useful for laboratory measurements involving short
optical path lengths. This extrapolated value is much more accurate
than actual measurements under these conditions. The reason for this
is that to attain minimum light transmission values in the region of
1 to 2 percent, very high concentrations of agents must be used. Smokes
formed from articles at these high concentrations may have substantially
different persistence and scattering characteristics than those at low
concentrations. One reason for these differences is caused by increased
collisional coalescence. In some of the experimental work reported,
pronounced curvature was observed. In these situations, the data was
taken only from the straight line portion of the curve.

I

The log versus concentration is plotted for WP and is extrap-
olated to a value of transmission of 1. 25%. A TOP value is thus
obtained which lies between 4500 and 4800 for the small chamber. There
were no arbitrary factors in this calculation using a 40 watt bulb. In

p __________________-- . - --,. . - __________________
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latter work in order to increase the degree of reproducibility a 120 volt
250 watt enlarger bulb operated at 70 volts was used. For this setup
it was necessary to incorporate a constant multiplicative factor in the
calculation in order to back correct to the intensity of a 40 watt light
bulb. Based on this analysis our data can be related to the older liter-

ature values within 100 TOP units and our experimental accuracy is of
about this magnitude.

The values of TOP obtained in this smoke chamber have closely
corresponded to the reported literature values for WP but have been
significantly lower for FM and for low TOP smoke agents in general.
The values of TOP obtained in this research program for FM are
approximately 1000-1100. The older literature reports a value of 1860.
This is a significant difference and particularly important to a survey
type evaluation of new smoke agents if a systematic error exists be-
cause of the small size of the DRI apparatus or other effects in our
procedures. Support for our smoke values is obtained from a recent
report (Mahoney et al. ). Figure 9 shows this data for FM, obtained in
a smoke chamber, together with data for FM in the DRI laboratory
chamber. Within experimental error these two sets of measurements
agree. Both sets of measurements were made with either photovoltaic
or photo-resistor cells with approximately similar frequency response.

A major difference in these experiments is associated with the light
source. M, K, & K used a carbon arc lamp whereas the present work
has used a commercial photolamp.

Another factor which deserves major consideration in the com-
parison of these two experiments is the scale on which each was per-
formed. The smoke chamber* experiment was conducted in a quonset
building cell which had a volume of about 18, 000 cubic feet, whereas
the DRI laboratory chamber was on the order of 6.4 cubic feet in
volume. The significant difference in volume of smoke tested tends to
suggest that the data obtained from each experiment might not correlate
too closely due to wall effects, maintaining consistent density of smoke,
light intensity in M, K, & K experiment and other inherent factors.

3ecause the data from Picatinny does correlate within experimental
error with that obtained at Denver Research Institute, it is believed
that this laboratory testing technique is valid.

* Mahoney, Jerry J., Douglas D. Keough, Dav-d T. Kilminster,

Trhermal Attenuation by Chemical Smokes, " U. S. Arm- Chemical
Warfare Laboratories Technical Report, CW1.R 2353, January, 1960.
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5. Particle Size Determination

A critical parameter in both the effectiveness and persistency of
a smoke agent is the particle size distribution of the smoke particles.
I, order to determine whether changes in this parameter were occurring
as a function of changes in experimental condition, a Cascade impactor
was used to determine particle size distribution in conjunction with a
high power microscope. A problem in obtaining reproducible results
for the 'itandard smoke agents negated some of the early resu'.s and
extensive ,xse of this techuique to characterize the smoke particle size
for a wide range of smokes was not pursued. A significuant obser-ation
was that under certain conditions the TEA Mix 60922T produced a solid
A-0L1 3 species.

6. LUrge Smoke Tunnel Test Facilit,

A large smoke tunnel wax com.pleted and fully instrumented.
This tunnel consists of a concrete walled tunnel containing a volume of
approximately 2300 cubic feet. The physical dimensions of the smoke
tunnel are 6 feet wide, 7 feet high and 54. 75 feet long. The tunnel con-
structi3n, including the ceiling, is of 8 inch reinxorced concrete .nd was
originally designed for use as an experimental ordnance test facility.
The general layout of the smoke tunnel is presented in Figure 13. An
angle iron track which runs full length, was installed to facilitate
mobility of the source lamp. The track was leveled to a tolerance of
*0. 1 inch over the 50 foot span, thereby providing for accurate aligi-
ment of the source lamp with the photo detector at any desired distance.
The source lamp used is designated as a G. E. 4 554 Aviation Landing
Lamp rated at 500. OJO candlepower. The source is installed in a light
and smoke tight enclosure which is adjustabl-, in the horizontal and
vertical directions in relationship tc. the carriage base upon which the
enclosure is mounted. The opening of the source enclosure is fitted
with a photographic diaphragm coupled with a lens system which
enables the source to be focused on the detector unit. At a distance of
45 feet, the detector is centered in an intensely illuminated area of

approximately 450 square inches. The photo detector unit that was
selected is designated as a G. E. A35 cadmium sulfide photoresistor.
This unit was selected because its wavelength sensitivity response
corresponds closely to the human eye. The detector unit is mounted
at the end of a 36 inch aluminum tube which is I1 inches in diameter
and painted a flat black on the interior to minimize reflections which

might enter from the smoke tunnel. This detector unit is mounted on
a former gun mount in the instrument room at the east end of the tunnel

! m• w •sus umus • •_ •
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(Figure 10). A detailed drawing of the detector unit is presented in
(Figure II). The port, thiough which the detector unit is sighted, con-
tains a one inch thick plate glass window. The effect of the window
upon incident radiation seen by the photoresistor unit is nulled through

the instrumentation prior to a test run. A De Var 2 channel recording
instrument is used to record the photoresistor output, as well as monitor
the internal temperature of the smoke tunnel during a test run. The
temperature is read from ten copper copper-constantan thermocouples
located at alternately high and low positions throughout the tunnel at
equidistant stations as indicated. The tunnel temperature was read
immediately prior to a test run. An Abbeon Relative Humidity and
Temperature Indicator Model M2A4 was utilized for read out of relative
humidity contained in the smoke tunnel prior to each test. Two squirrel-
cage type fan units were located in the test tunnel to insure homogeneous
mixing of smoke and air in the chamber. These mixing fans are operated
throughoat the entire test run. A Variac operated tungsten coil was
incor'ý.--:ated in the 'est tunnel for utilization as an ignition system when
ignition of the test material was required. After a test run had been com-
pleted, the smoke was exhausted by a 36 inch fan located in the west end
of the tunnel. The complete interior of the tunnel is painted a flat white

(Figure 13).

The at,. -unt of energy reaching the detection unit that is produced

by reflecting light was found to be negligible in comparison to the energy
received from the aligned source. For convenience, a source lamp-
detector distance of 45 feet wa" established as a standard testing distance
and the majority of teats have becn conducted at this distance. Source
lamp voltage was standardized to 25 volts for test runs in order to min-

imize color temperature effects. It has been found that the effects of
color temperature greatly influence the transmission of the emitted light

through the smoke screening materials.

Evaluation of a nuznber of potential smoke agents was performed

in this "irge-scale smoke test tunnel

In comparison to TOP values obtained from agents tested under

small chamber conditions, it w.s noted that ir. the large chamber, FM

yielded values which were numerically 500 TOP points greater than the

value obtained fron. the smaller test chamber B; xvhereas FS and WP +

methylene iodide yield some' h. ' values in the large scale test.

Two effects which are probab 'y irr;3ortant are: (a) a different color

temperature characteristic influences the analysis of data taken from

these two test situations, as the pointa, in the upper region of the curves

tend to support the influence of the color-temperature characteristic of
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the source, and (b) the effects of humidity conditions which were not fully
correlated betweent the two test setups. Since the small chamber results
are substantially in zorrelation with the large tunnel data, it is believed
that the testing techniques employed W obtain the small scale data are
satisfactory at least with raxpect tt relative ordering of TOP values and
with the results of previous workers.

Similar results occurred in operation of the small test chamber

for FS runs as evidenced by -- pronounced curvature in the high concen-
tration regions. Since the small chamber results are substantially
correlated with the iarge tunnel data, it is believed that the testing
techniques employed to obtain the small scale data are satisfactory at

least wi.th respect to relative ordering of TOP values and with the results
of previous workers.

7. Discutaion of Source Lamp Color Temperature Effects

One of the factors affecting the value of TOP is the inf'~uence of
source lamp color temperature. An analysis was inzkde of data generated
in both the small test chamber and the large scale smoke testing tunnel.
Initial investigation of this problem proved to be quite irmformative.
Using the present instrumentation setup incorporating the G. E. A35
photoresistor and the G. E. 455Z Aviation Landing, Lamp, a series of
runs were made to determine tht influence of the color temperature
characteristic of the source lamp. The procedure followed was to simply

I
obtain the I value which evolved as various voltages were applied to

the seurce lamp under no smoke and smoke filled tunnel conditions. See
table below:

COI OR TEMPERATURE EFFECTS
I

Voltage Applied to Source Lamp _qI

28. 1 100 70 .70
23.8 80 50 .62
20.0 60 33 .55
17.0 40 22 .55
13.7 20 12 .60

It is apparent from the values in the chart that the effect of

the color temperature of the source lamp significantly influences the
resulting TOP value. As an example, the above data for WP could
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produce a range of TOP values varying from 4000 to 6000 as a result of
the color temperature involved. A possible reason for having higher
TOP values could be explained by the fact that the technique currently
being used employs a light source of a higher color temperature, there-
fore a different average wavelength, than the source that was used to
establish TOP values found in the- literature.

To further evalulite this effect twenty-five additional runs were
made in the smoke tunnel using WP as the smoke agent. After the
maximum amount of smoke had been generated from each test sample,
the light source was stepped down in voltage through five different
voltages and the minimum light transmission were recorded. This is
the same procedure that was followed previously. These data are
documeitted in Figure 14. It can be seen from the graph that as the
concentration of smnoke increases, the influence of color temperature
becomes increasingly prominent.

8. Obscuration Capability of WP, FS, FM, MIP and EWP Smoke
Agents in Large Smoke Tunnel

Several large scale smoke tests were conducted at the smoke
tunnel facility. The smoke agents which were evaluated include WP +
Methylene Iodide, Eutectic White Phosphorus, WP, FM and FS.
Typical data generated by this experimentation are eocumentt•d in
Figures 15 and 16. Figure 15 compares WP and WP + Methylene Iodide
to FS and Figure 16 compares EWP and FM to the standard FS. The
TOP values are indicated as those obtained from raw data and those
which have been normalized. The raw TOP value obtained from the
experimental data of WP is somewhat higher than the published value
for this material, whereas the TOP for FM and FS is approximately
the same as reported values. A possible explanation is that the source
lamp used in the DRI testing facility has a substantially different color
temperature emission than the lamps used to obtain literature values.
A second possibility is that the condition of ambient humidity is sub-
stantially lower in our tests. Therefore, the TOP value for WP has been
normalized to the more familiar literature value of 4600. To be con-
sistent, the values of other smoke agents are normalized to the estab-
lished value of WP in a similar manner, and, both "raw TOP" and
"normalized TOP" values are presented.

Smoke agents which were tested yielded the following values for
total obscuring power:
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TOP Normalized to

Smoke Agent Raw Literature (WP = 4600)

1. WP 6000 4800 4600

2. EWP 4250 3200

3. WP + Methylene Iodide 2900 2175
4. FS 2500 2500 1900
5. FM 2050 1900 1600

9. Light Reflectance Smoke Tunnel Test Facilities

An alternate technique for evaluating the relative obscuration
power of smokes was developed. The method is similar to that used
by early workers in the field and consists of determining the distance at
which a black-white interface becomes indistinguishable when it is
lighted from a point close to the observers location. A schematic dia-
gram of the experimental arrangement is given in Figure 17. The work
wa performed in the large smoke tunnel using the optical cart and
trac1t assembly described previously. An electronic null photodetector
circuit was developed in which two optical sensing systems similar to
those used in light attenuation studies were focused onto separate black
and white pl,-cards.

A bridge circuit was used to null the photodetectors. In practice,

the procedure was to focus the optical sensors onto two identical white
placards at several distances and balance the circuit to a null condition.
One of the cards was then replaced by a flat black panel. A measured
quantity of smoke agent was inserted into a dish on a hot plate or other
vaporization device. Circulation mixing fans were turned on until a

uniform smoke mixture was obtained. The cart was pulled forward
until the photodetector indicated a signal and the distance noted. Similar
experiments were performed using technical workers as observers with
similar results achieved. A series of runs made using the reflected
light technique are documented in Table IV. Relative obscuration capa-
bilities are documented on both a weight and volume basis. These
values are c.nsistant with the reaiults of light attenuation previously
reported in terms of the relative effectiveness of smoke agents. For
example, if the literature value of 2500 is take-n for FS, the TOP of
FM is 1830, M:thylene Iodide-White Phosphorus mixture 19b0 and
Ethyl Corporation - Fog Oil Mix 90622T is 425. These values corre-

late with those previously reported for use with the large smoke
tunnel and the laboratory smoke chamber. On a volume basis, a

volume of two-and-one-half (24) ml of FS is equivalent to thirty (30) ml
of the Ethyl TEA Mixture, an order of magnitude differential. These
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TABLE IV

RESULTS OF REFLECTANCE OBSCURATION TESTS

A. iNesults of Reflectance Obscuration Tests

Smoke Amount Specific Distance to
Material Used Weight Total Obscuration

FS 1. 89 gr/cc 26'

MIP* 2. 5cc 2. 37 gr/cc 25' 6"

EWP** 2. 5cc 2. 09 gr/cc 15'

FM 2. 5cc 1. 86 gr/cc 35' 6"

Ethyl TEA 30. 0cc .905 gr/cc 24' 6"1

B. Relative Effectiveness (FS =2500)

Normalized
Weight Basis Volumetric Basis TOP(FS-2500)

EWP** 1.500 EWP 1.77 3750

FS 1.000 MIP 1.04 2500

MIP* 0. 7&4 FS 1.00 1960

I M 0.731 FM 0.75 1830

TEA Mix 0. 170 TEA Mix 0. 09 425

Methylene Iodide-White Phosphorus Mix (Sixty-six percent white

I iphosphorus by weight)

** Phosphcrus Sesquisulfide--White Phosphorus Eutectic (Sixty percent

white phosphorus by weight)
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tests provided an independent measurement of the obscuration of
effectiveness of smoke agents which more nearly simulate field oper-
ational conditions and support the technical procedures previously
employed.

B. Documentation of Smoke Agents

Using the facilities describel in the previous section, a series
of evaluatory tests were performed. The objectives of these tests
were; (I) to confirm the literature values for standard smoke agents in
order to provide a standard reference basis; and (Z) to document smoke
values for a number of possible smoke agents for which data was not
available in the literature. Some of these tests have been discussed in
the preceding section and reference to this data should be made where
appropriate (FM, FS, WP, MIP and EWP). The tests performed con-
centrated on two principle factors, TOP and corrosion. Emphasis on
TOP was necessary in order to identify the clasges of compounds which

are potential smoke agents. The point of view was that if a class of
chemical compounds has intrinsic smoke value then further work to
develop specific agents may be warranted. Because of the large number
of possible candidates, it was not possible to consider all agents, or
mixtures thereof, and therefore, much systematic work remains tc be
performed in this field. Where a class of chemical smoke agents
appeared to ha',e promise, further work was carried out to determine
corroson effects of these agents on common materials and to provide a
rough characterization of physical prop-rties where necessary. The
work reported is divided into six categories. A discussion of each
follows.

1. FS and FS + Ammonia

Studies using FS were performed to provide a stzndard reference.
Since the addition of ammonia to an FS smoke would substantially reduce
problems of corrosion and irritation, studies using a dual FS-NHI were
implemented. A discussion of the results for these tests follows.

a. FS Smoke Agent Studies

Using an evaporative method, transrmission versus time readings

were taken using several different concentrations of FS. Measurements

were taken on different days with a probable variance in humidity (not

recorded). This relationship is shown in Figure 19. An attempt was

, L
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made to obtain transmission-humidity correlatiens; however, consider-
able difficulty was encountered. Figure 19 shows transmission-time
curves for two different injection techniques. TOP measurements in
the large smoke tunnel are reported in other sections, Figure 21
shows transmission-time curves for three different humidity conditions
in the small chamber (A). It should be noted that there a.re initial
humidity conditions and that no completely satisfactory method was
found to provide a constant humidity environment. Studies were made
of the corrosive character of FS on selected materials and are de-
scribed at length in the corrosiori section. In general, the data obtained
was similar to that available in the literature and reference is made
thereto. Throughout the program FS was used to provide a reference
standard for comparison. FS drop tests were made using the air drop
test facility and were documented on film. The combination of corro-
sivity, handling and irritation factors made FS much more difficult to
test than any of the other agents used in large quantities.

b. FS-NH3 1ixtures

One possible method for improving the corrosive smoke pro-
duced by FS is to neutralize the sulphuric acid with a weak base. To
evaluate the smoke characteristics of the FS-NI-13 system, a series of
"TOP" measurements and corrosion tests were pe-formed. The work
consists of detailed white light transmission curves and photographs of
Aluminum, Magnesium and Steel metal slabs. It was found that the
FS-NH3 smoke had a weight-transmission curve which closely matched
that of unmodified FS. However, marked improvements were observed
in persistency and the corrosive characteristics of the smoke. Figures
22 and 23 show the minimum percent transmission versus time and
weight percent of NH 3 for this system. Three different concentrations
of ammonia were used while the amount of FS was held constant. Known
amounts of ammonia were introduced to the chamber from a calibrated
gas sanipling bottle. This involved evacuation of the bottle and filling
with ammonia to a known pressure, then diluting with air. Additional
air was used to force the contents into the chambrr. There appeared
to be a marked difference in the quality of the resulting smoke and the
persistence was improved considerably.

The lowest percent transmission corresponds to the weight
required to reach the neutralization point of the acid base system. The
NH 3-FS system has considerable advantages in terms of corrosivity but
would require the use of multiple tanks and a mixing system for airborne
dissemination.
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Fir a dual smoke agent of this type a number of tankage prob-
lems arise. Because of the incompatibility of ammonia and FS the
agents would necessarily be carried separately. In a dispersement
run, it is probable that a manifold system could be used to ensure
partial mixing of the agents immediately aft of the vehicle. However,
this would require either conjugate tankage or a manifold system. A
possible simple technique would be a spray of ammonia into a normally
dispersing FS smoke at the altitude of flight. In this case a systematic
study of the dispersement of a mixed aerosol would be necessary to
properly design an efficient mixing system.

In addition, it is possible that an arrangement similar to that
presently used involving aluminum hemispheres could be used directly.
If this were possible, aluminum hemispheres containing ammonia which
would be released at ground level would'probably diffuse upward through
a standard FS smoke with a resultant neutralization and corrosion re-
duction. If the smoke screen was to be set for a relatively long time,
this technique could be rather easily implemented using existing tankage
fur FS and using similar tankage for ammonia on either the same or
following dispersement run. Although specific design studies on the
requirements for an ammonia airborne tankage system have not been
performed, it is expected that these major changes would involve (1) a
stronger reinforcement of the rib itructure, (2) component changes in
the gaskets and exposed parts, and (3) a separate fill system for ammo-
nia smoke agent loading.

2. Metal Chloride Smokes j
The hydrolysis reaction of a metal chlorile forms the basis for

a number of standard chemical smoke agents. A series of tests were
performed to evaluate these agents. These tests are outlined in the
following sections.

a. Titanium Teirachloride - FM

Tests were performed in the laboratory smoke chamber evaluat-
ing the obscuration power of titanium tetra,-hloride. 'The value ob-
tained (!200) is considerably lower than that reported in the litera-
ture (1900). Some of these tests were performed in a chamber in which
the chamber walls were lined with water soaked cotton batting. No
significant difference due to the change in relative humidity was found.
Because of severe plugging in our fog nozzles, it was necessary to go
to an evaporative dissemination technique. It may be that the low values
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of TOP are caused by this mode of dissemination. Results obtained in
the large chamber correlated well with the results in the literature
reports. A discussio- of these results has been given in previous
sections. A brief experimental program was undertaken to determine
whether a mixture of phosphorus in carbon disulfide would reduce the
gumming which is present in FM handling. The basis for this work
was a patent granted to A. J. Ritchie, U. S. P. 2, 407, 384 (1946). Pre-
liminarv results indicate that this mixture does result in a small
reduction in gum formation. The chemical mechanism which is
assumed operative for this agent is that of an internal desiccant action
of phosphorus.

As far as can be determined, there are apparently no detailed

gas phase investigations concerning the mechanism of these reactions
and precisely which of the above postulated intermediates are effective
is not known. For this reason, the hypothesis is generally made that
the produced smoke consists of particles which are primarily mixed
hydroxychlorides, hydrated titanium oxide in rough accordance with
the above reaction series. It should be noted that the basis for postulat-
ing this reaction series is the assumption that the gas phase hydrolysis
duplicates the known solution chemistry. However, even though the
above intermediates have been isolated from solution, important differ-
ences in the fundamental mechanism of hydrolysis would not be unex-
pected in view of the change in phase.

An understanding of the mechanistic details of the gaJ phase
reaction would be useful in evaluating possible changes to the TiC14

smoke agent. If. for example, the hydrolysis reactions do not go to
completion it would be expected that changes in the molecular structure
which result in an overall lower molecular weight would result in a
more efxi-i;.it smoke agent. One method of reducing the weight in this

manmer is to replace a chlorine atum which would not be important in
the hydroly.'sis reactions with lighter alkyl groups. Assuming other
reactions are unchanged, the percentage gain in TOP would be predicted
to be that which corresponds to the percent weight reduction in the
smoke agent. Thus, replacement of one chlorine atom would result in
ten percent improvement ip TOP, and replacement of two chlorine atoms
in about twenty percent. Assuming that the TOP cr FM is 1900, a
smoke agent consisting of dimethyl dichloro titanium would be expected
to yield a TOP value of approximately 2300. (The laboratory synthesis
of a methylated TiCI 4 molecule is described in the discussion of metal
alkyl derivatives together with experimental smoke evaluation of TDP. )

iI
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The above argument is based on the hypothesis that the effective
smoke producing reactions in the hydrolysis of titanium tetrachloride

do not proceed to completion. The evidence for this hypothesis is (1)
that the reactions in the gas phase are expected to be different from
those observed in solution chemistry for the reason that from a colli-
sion probability basis, TiC4 molecules will encounter wate molecules
on a relatively infrequent basis. The mechanism of solution hydrolysis
can be expected to be modified in favor of the initial formation of a lower
hydrate, for example, TiC4 • 2HzO which will then proceed via a first
order disproportionation reaction to form TiCG2 (OH)z and hydrochloric
acid. In the gas phase, recent spectroscopic studies indicate that this
intermediate ha" a half-life of two hours. Additional evidence for sup-
porting this hypothesis is that similar solution reactions using an
alcholysis - ather than hydrolysis do not readily proceed past the
Ti(OCH3) 3CI intermediate. Also, the gums produced by moisture con-
tact with FM have been reported to be in part Ti(OH) 2CI2 . This latter
situation corresponds to a water limited condition similar to that of
atmospheric gas phase hydrolysis.

The above arguments tend to support the thesis that improved
smoke agents based on the hydrolysis of a modified FM system may be

developed. Specific agents of interest are trimethyl titanium chloride,
dimethyl titanium dichloride and methyl titanium trichloride. As had
been stated previously, the analogues of these agents in other clermical
families, eg. , silicon and tin should also be considered.

b. Silicon Tetrachloride

It is reported in the literature that silicon tetrachloride sinoke
produces a TOP of approximately 1500. An investigation was carried
out to verify this value. The approach taken was to place a small
quantity of SiC4 in a large test tube and stop it with water soaked, loose
glass wool. The test tube was then placed in a beaker of boiling water,
and the SiC14 was allowed to vaporize. The SiC4 vapor passed through
the wet glass wool and escaped. This arrangement is believed to
roughly simulate the situatior, where SiC14 was introduc-A into the smoke
stack of warships to produce smoAe. The result ' this experiment was
negative, with little smoke produced. Further search of the literature
revealed that probably NH 3 was introduced simultaneously with the
SiC4. THi fact was not apparent from the tables as published in the

literature.
it4
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c. Tin Tetrachloride, and Germanium Tetrachloride

Other compounds tested for their smoke producing capabilities
were tin tetrachloride and germanium tetrachloride. Tin tetrachlcride
was investigated using the standard testing procedure. Data resulting
from these test, Oielded a TOP value of 200 and are documented in
i'igure 25. The investigation of germanium tetrachloride was quite
brief as an ignition problem existed. After utilization of several ignition
techniques, the same negative result occurred and no smoke was

produced.

d. Antimony Pentachloride

Antimony chloride was suggested as a possible smoke candidate.
An antimony pentachloride was tested and experimental results indicate
a TOP value of 220.

e. Chromous Chloride

CrCt 3 was evaluated. By itself the agent produced no smoke.
A combination of a dual agent using tetrahexyl silane and chromous
chloride produced copious quantities of smoke. No TOP values were
taken but visual observations would indicate a TOP of the order of
1200. Similar smokes were produced using other silane derivatives.

3. Selected Metal Alkyl Derivatives

The use of metal alkyl derivatives as possible smoke agents was
previously discussed in the review of the literature A series of tests
were performed for selected metal alkyls, metal chloro alkyla and for
an intimate oil smoke based on the oxidation of triethyl aulw ini., The
experimental work performed under thi.-.- ,ontracc in this area is o:tl1.ned

in the following seCLtions.

a. Selected Tin and Z-nc Metal-Org.r-c Smoke Agents

Several nmetal-or-ar-c compounds were sub;ected to a series of

tests. Based on visual observations, three compounds t-.trpethyltin.
tetrakityltin and diethyl zinz: were considered fox further testing. The

results of smoke chamber temtnr.g indicated a TOP val.xe of about 65•

for tetrabutyltin and 140 for ýhe tetraethyltin Theqe results are doc-,

urnented in Figure 2b. It would appear that in this case the production
of tin dioxide is relatively unimportant to the light scattering proces.
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and that the effective agent is possibly a hig•'trnQecular weight hydro-
carbon oil formed from th'. recombination of butyl radicals.

Diethyl zinc proved to be highly pyrophoric and required the
special handling techniques developed for handling tr-Irnethylaluminum.
Briefly, this procedure involves coupling the test material container
to a system containing an argon atmosphere through which a small
arount of test material is dropped into a container of more convenient
working size. Data produced from the smoke chamber tests yielded a
TOP of 175 for this compound. These res.its are documented in
Figure 27. See Table V for results of preliminary tests performed on
these compounds and Table VT for physical characteristics of these
compounds.

The compounds investigated are listed below-

Tetraethyltin

Tetrabutyltin

Diphenyltin Dichloride

Bis (cyclopentadienyl) Titanium Dichloride

Hexaphenyl Ditin

Dimethyltin Dichlo ride

Benzene Phosphorus Dichloride

As a group: the metal-.organic ccmounrks investigated show little
promise as operational smoke agents for use in exit,.ng airborne tankage
systems.

b. Titanium Chloro Alkvls

A study of inethylated titanium chlorides was undertaken to
determniuie whether the substitution of a methyl group for a chlorine
atom wo"id be beneficial in producing a more desirable smoke produc-
ing agenit. There are two reasons for believing that a substitution of a
methyl group for a chlorine atou., in titanium tetrachloriae: if the
smoke is formed primarily of TiO-HzOx or TPi(OHW4, the use of a lighter
group should increase the TOP and (2) the bond energv c.f -C-Ti bo...J
is somewhat lower than Ti-Cl bone. energy which should increase the
rate and extent of hydrolysis with atmospheric water.

The general synthesis is discussed in the literature. The rrmajor

deviation from reported procedures occurred when trim ethy'aLaiuImiM
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TABLE V

RESULTS OF PRELIMINARY TESTS FOR

METAL-ORGANIC 
COMPOUNDS

Metal-organic Water Corn- Smoke

Compounds Pyrophoric Soluble bustible (Hot Plate)

Zirconium tetrafluoride - - -

Diphenyl tindichloride - - -

Bis (cyclopentadienyl)
titaniumdichlo ride- - -

Germanium tetrachloride - -

*Tetraethyltin 140 - - + +

*Tetrabutyltin 650 - - + +

Hexaphenyl ditin - --

Dimethy tindichloride - + - "

Benzene Phosphorus
dichloride + "

* Indicates smoke runs

Ir
At

0!
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TABLE VI

PHYSICAL DATA FOR SELECTED TIN AND
TITANIUM ALKYL DERIVATIVES

Tet raethyltin

(C2HS)4 Sn; Liquid; b.p. 179-18Z°C; sp. gr. (23°) 1. i17

Tetrabutyltin

(C4 Hg)4 Sn; Liquid; m.q. 347.16; b.p. 145°C/10 mri; m.p. -70C;
D(Z0°)l. 05423; ref. index 1.472720; flash pt. 255'F

Diphenyltin Dichloride

(C6HK) 2SnC 2 ; Solid; rm.p. 42°C.; b.p. 333-337°C; with decomposition

Bis (c)yclopentadienyl) Titanium Dichloride

(C5 •5 )2TiCI2 ; Solid; m.p. 278-289°C.

Hexaphenyl Ditin

(C6H1S-SnSn(C 6H-h; m.p. 228-232°C.

Dimethyltin Dichloride

(CI)zSnCI2; Sol-d; m.p. 107. 5-108°C; b.p. 188-190°C.

Benzene Phosphorus Dichloride

C6 -IPC17; sp. gr. (25') 1.315; b.p. 224.6°C; m.p. -51lC;
n2 1. 5958; soluble in common inert solvents, hydrolyzes rapidly
in water.

ii
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was introduce'i directly to the titanium tetrachloride with no interme-
diate dilution of either comp1 ound. This synthesis was selected because
of the immediate availab-..,. of reactants due to their use on the pro-
gram in other areas of investigation. The initial mixture was 80 per-
cent TiCA4 plus 20 percent trimethylaluminum. The trimethylaluminum
was added to the titanium tetrachloride in droplet size quantities, and
the exothermic reaction was controlled by the use of a water bath. The
probable reaction is indicated by the following equation:

TiC14 + AE(CI(Cf), = TiCIS(CH3) + TiCt(CH3)3 + AJC13

The mixture containing the products of reaction was believed to contain
principally the mono and trimethyl titanium chlorides. These pro&dcts
are assumed because the literature indicates that dimethyl titanium
chloride is somewhat unstable at room temperature. No effort was
made to separate the mono and trimethyl grouped compounds, as it was
felt that the time could be used more profitably in other areas of investi-
gation and development. The mixture containing the mono and trimethyl
titanium chlorides was tested in the smoke chamber. This data is doc-
umented in Figure 25. The results indicate that the alkyl substitution
on the titanium chloride had an adverse effect on the test under the con-
ditions. It was also observed that the mixture studied did not substan-
tially improve the clogging problems encountered with the titanium tet-
rachloride agent.

The obscuration power of this mixture corresponded to a TOP
of about 500 - 1200 depending on test conditions. Recent results from
the phosphorus alkyl series indicates a possibility that a change in
mechanisms may be effective in which the lower molecular weight alkyl
derivatives react via a high temperature combustion mechanism to pro-
duce primarily PzO5 whereas the higher derivatives react via a gas
phase free radical polymerization to produce a combination of PzO and
unburnt high molecular w*4-,!t fog oils. If this change in mechanism is
correct then it is probable that a similar change may also occur for
select higher alkyl derivatives of titanium tetrachloride. Based on
present results, the groups which could be predicted to be most prom-
ising in these organo metallic series are the isopropyl, tertiary butyl
and higher molecular weight alkane derivates.

c. Aluminum Trimethyl

Studies of the obscuration power of alu-•iinum trimethyl indi-
cated that this highly pyrophoric material had a TOP of about 100.
This compares to a value for tetramethyltin of about 270. (Figure 25)
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d. Alkyl Derivatives of Chlorosilane Smoke Agents

A study of the smoke producing capabilities of selected alkyl
chlorosilanes was initiated and completed. Although it was recognized
that the silicon derivatives would probably have relatively low obscu-
ration power. the approach taken was to assum.e that alkyl silicon
derivatives would behave in a manner similar to the titanium deriva-
tives, which were suggested as potential smoke producing agents. The
unavailability of the titanium derivatives prompted the use of the silicon
derivatives.

In the investigations of this group, the compounds were tested
to determine pyrophoricity, solubility in water, combustibility, and
observed reaction when the compound is dropped on a hot plate. Pyro-
phoricity was tested by observing the extent of reaction which occurred
after the test agent had been dropped from a syringe onto a watch glass.
To determine solubility, the agent was added to water and agitated
vigorously. The solution or mixture was allowed to stand three min-

utes before observations were made. To determine combustibility, the
agent was first subjected to a match flame. If no rcaction occurred, a
gas torch flame was applied to the agent and the reaction was observed.
The final test was the introduction of the material onto a hot plate
maintained at 2000F. Ten drops of the test agent were ejected onto the
hot plate and the smoke that evolved was observed. Results of these
preliminary tests are tabulated in Table VII. All tests were performed
under standard conditions. Less than half of the tested compounds in
this group were capable of supporting combustion and/or producing
smoke. The unmarked compounds produced very little or no smoke and
were not considered further. The compounds marked by a single aster-
isk were abandoned from further consideration after visual observations
indicated a probable TOP value of less than 100. The compounds
marked with a double asterisk are those which were considered for fur-
ther investigation as possible smoke producing agents. The agents
selected were subjected to smoke evaluation tests in the laboratory and
the results are documented in Figure 28. A list of the physical prop-
erties for these compounds is given in Table VIII. As a group, these
compounds exhibited rather low TOP under the experimental conditions
studied and therefore are not recommended for further study as possible
smoke producing agents satisfactory to meet the objectives of this
research effort.
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TABLE VIII

PHYSICAL PROPERTIES OF SELECTED ORGANIC DERIVATIVES
OF SILICON

Dim ethyldi ethoxysilane

(CH 3 )zSi(OCZHs)Z; rn.w. 148.28; wgt. per gal. 7 lbs.; b.p. 113. 5C;
D(20") 0.8401'D; ref. index 1. 3814"; op. gr. 0.848; flash pt. 86"F;
Liquid

Diphenyldimethoxysilane

(C6 H-)zSi(OCH 3 )Z; M.w. 244.4; wgt. per gal. 8 5 lbs.; op. gr. 1.080;

ref. index (25°) 1.5404; purity 95%; flash pt. 780°F.

1, 2 -Dibromoethylt richlo ro s ilane

CHzBrCHBrSiCI 3; b. p. 60-62"/3 m.n; Liquid; n0 1. 5091

Methyldiethoxysilane

CH 3(CzHsO)zSiHI Liquid, b. p. 97"C; ref. index (25) 1. 3724; dZS40. 829

"C •Dimethyldichlorosilane

(CH 3 )zSiClz; Liquid; m.w. 129.1; b.p. 70.3"C; m.p. -76"C;
purity 99%; sp. gr. 1. 073; wgt. per gal. 8. 5 Ibs; ref. index (25')
1.4023; flashpt. -9"F

Diphenyldic hlorosil ane

(C6Hs)zSiC1Z; m.w. 253.2; b.p. 304"C; m.p. -22'C; purity 96%;
liquid; wgt. per gal. 10 Ibs; sp. gr. 1.220; ref. index (25°) 1.5773;

flash pt. 142'F.

T rimethylchlo rosi.lane

(C14hSiC1; Liquid m. w. 108.7; wgt. per gal. 7 Ibs; b. p. 57. 2C;
sp. gr. 856; ref. index (25°) 1.3893; purity 98%; flash pt. -180F

Methyldichlorosilane

CH 3SiHCI1 ; liquid; m.w. 115.0; b.p. 41°C; op. gr. 1.113; purity
97%; ref. index (25*) 1.3982; flash pt. -26"F.

Ethylt richlorosil nr.e

CzHsSiCG3 ; liquid; rn.rz7. 163. 5; wgt. per gal. 10 Ibs; b. p. 99. 3'C;
m. p. -105. 6C; sp. gr. 1.4257; ref. index (25°) 1.4257; purity 98%;

flash pt. 14"F.

mm~~~~~~fmph* " slow,, __,_, • r--- •m• m,
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TABLE VIII (Cont.)

Methyltrichlorosilane

CH 3SiC13; liquid, m. w. 119.4; b.p. 66.4"C; wgt. per gal, 10 ibs;
m.p. -77.8°C; op. gr. 1.273; ref. index 1.415; purity 97. 5% flash
pt. 45"F

T riethyluilane

(CzHs) 3SiEK liquid; b.p. 107-108*C; op. gr. (20°) 0. 7318; ref.
index (20*)1.4119

Trichlorosilane

HSiCI3 ; m.w- 135.5; b.p. 31.0*C; D(20) 1.336; ref. index (25')
1. 3990; purity 99%; flash pt. 7. 0*F.

Tet raethylsi lane

(CzHsO)4S.; liquid; b~p. 153-154*C; ref. index (200)1.4252; sp. gr.
(20°/4*) 07661

Ethyltriethoxysilane

CzI'Si(OCzIH) 3; liquid; m. w. 192. 3; wgt. per gal. 7 lbs; b. p. 160. 9C;
up. gr. 0.889; ref. index 1.3853; purity 90%; flash pt. 105 F.

Methylt ri ethoxy s ilane

(CHKO) 3SiCh 3 ; liquid; n. w. 178. 27; b. p. 141. 0C; m. p. 75"C
wgt. per gal. 7.5 lbs.; D(20°) 0.8947m; ref. index 1.3831 m; sp. gr.
0.896; flash pt. 82"F.

Trihexylsilane

(C&H1 3 )sSiK- liquid; b.p. 160"C/I mm; ref. index (20)1. 4476

Tetrachlorosilane

SiCI 4; liquid; m.w. 169 12- wgt. per gal. !2 lbs; b.p. 57.6GC;
Mn.P. 70'C; D(20")1.4o3O; ref. index 1.412 ; flash t. 116*FIp t

I/

'U.
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A list of compounds tested in this i_:vestigation follows:

* Dimethyl diethoxysilane Methyltrichloro silane
Diphenyldimethoxysilane * Triethylsilane
1. 2 Dibiomoethyltrichlorosilane ** Trichlorosilane

"** .,Iethyldiethoxy sil ane * Tetraethylsilane
** Dimethyl-',hlorosilane * Ethyltriethoxysilane

DiphenyLdichloro silane * Methyltriethoxysilane
* Trimethylchlero silane Trihexyl silane

** Methyldichlorosila'ne Tetrachlorosilane

** Ethyltrichloros;lane

e. Trietbyl Alumirlum - Fog Oil Mixture (Ethyl TEA* Mix
#90622T)

A mixture oi TEA and fog oil was obtained from the Ethyl Cor-
pora:ion for smoke tests. The TOP value of this mixture, as obtained
in the laborat~ry smoke chamber, is 400. This is at variance with Ethyl
Corporation results which indicate the obscuration to be approximately
"-ecual to FM(1900). It appears that this mixture is an intimate oil
smoke in which TEA acts as a fuel to vaporize the oil base. The
observad particle size of the produced smoke is, therefore, prob~ably
non-optimum with respect to efficient scattering of normal incident light.
It is probable that the TOP of this mixture is substantially less than fog
oil (1100) partly for this xeason and partly because of the TEA comprising
40 we 'g:,t percent of the mixture. Handling properties of this mixture
are gocod and it is assumed that the produced smoke is non-toxic. The
TOP va.:,es varied between 250-600 depending upon relative humidity.
At high humidity condntions, the TOP increased on an absolute basis but
decreased reiative to FS at similar conditions. On a volume basis at
normal conditions (relative humidity 30%), the smoke effectiveness of
Ethyl TEA Mix 60211 is considerably less than ten percent of FS.

A series of cvaluation tests for Ethyl Mix #90622T were also
performed in the large smoke tunnel using both optical attenuation and
reflectance measurements. On a weight basis, the obscuration effective-
ness relative to FS for this mixture varied from 9. 5 percent to 17 per-
cent, depending on relative humidity and measureýment technique. On a
volume basis, the relative effectiveness varied between 4. 2 and 9. 5 per-
cent for similar humidity and temperature conditions. These tests

* Composition: Triethyl Aluminum 10 lbs.

Neutral Oil #75 11. 9 lb.
Methyl Napthalene 3. 11 lbs.
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verified measurements in the small laboratory smoke chamber and
indicated a TOP of 400 or less under normal enviromental conditions.
The mixture tested was pyrophoric on Er contact burning with a lumi-
nous blie flarrne near the liquid surface. Some handling difficulty was
incurred when a 10 ml vial igniterd. pyrophorically with air in the labo-
ratory. Our norial laborao~rv dispo.al procedure is to eject any such
hazard out the window which, when performed in this case, resulted in
a low order explosion as the liquid hit a snow bank. Subsequent con-
trclled tests indicate a considerable hazard exists during a spill or fire
extinguishment situation if any water is applied. Tests were performed
to evaluate the relative effect of humidity on the smoke value of this

mixture. The effectiveness 9f the smoke agent increases with increas-
ing humidity on an absolute IOP basis, the TOP varying from about
250 to 600. However, it sh uld be noted that the effectiveness of the
smoke relative to FS decreAses from seventeen percent to 9. 5 percent
with increasing humidity. /

Approximately Y gallons of this mixture were evaluatedpn field
tests. These tests inciuled dissemination from a simulated smkke tank
attached to a moving wing section. The relatively low values tcTOP
obtained during previous laboratory measurements were verified. In
addition, a major complication arose due to ignition of the TEA mixture
on the ground and between the moving tank and the ground. No possible
ignition source was present in the wing or cable assembly and it is
apparentt.hat the agent,as provided,may be pyrophoric when large quan-
tities are dropped. The wing velocity at tirrs of fire initiation was
approximately twenty miles per hour.

4. Phosphorus Alkyl Derivatives

The alkyl Ierivatives of phosphorus provide a possible basis for
improved smoke ýgents. A number of phosphorue compounds were
synthesized and examined for their smoke producing capability. The
experimental work performed in this area in.reported in the following
sections.

a. Phosphorus Alkyls s

The literature survey had determined that the phosphorus alkyls

represented a class of compounds which were characterized by a wide
liquidus rar.ge and a high phosphorus content. The capability of these
compounds to produce smnoke and, thus, to act as smoke agents wat,
unknown As a first approximation, it was assumed that the smoke
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producing capability of the phosphorus alkyls would be di.'ectly related to
their ability to produce a phosphorus-type smoke via the processes of
combustion and hydrolysis. If this were true, then the expected TOP
value could be directly correlated with the weight of phosphorus in the
molecule, and with the observed TOP value of white phosphorus. A
possible exception to this correlation would exist if the produced parti-
cles were of sufficiently different size so as to markedly affect the
light scattering properties of the smoke.

In order to perform preliminary testing of this hypothesis, a
typical phosphorus alkyl compound was evaluated. This compound was
chosen for its availability from commercial sources, not because it rep-
resented the most favorable combination of liquidus range and phos-
phorus content. The primary purpose of obtaining TOP values for
this compound was to prove or disprove the working hypothesis. Results
of relative TOP measurements for phosphorus tributyl and phosphorus
are compared in Figure 29. This figure is a plot of observed minimum
percent transmission versus the weight of phosphorus contained in the
smoke agent. It should be noted that the actual TOP value for this
alkyl compound is lower by an amount proportional to the weight of the

* hydrocarbon content of the molecule. Examination of the data supports
the validity of this hypothesis. From these results, it was concluded
that the smoke producing capability of most of the phosphorus alkyls is
directly proportional to their weight percentage of contained phosphorus.
The implication of this result is that this class of compounds can be

used for smoke agents which will h- v'e a ?otential TOP capability between
1900 and 2300 depending on the compound or mixture of compounds used.
These values compare with the TOP values of 2500 for FS and 1900 for

FM. Based on this synthesis, a systematic investigation was begun.
Synthesis of several diphosphine derivatives was accomplished, Many
of these compounds are pyrophoric. Visual observations indicate some
compound smoke profusely without a. apparent combustion reaction.
Because of the difficulty in synthesis, large quantities of these materials
are not available but considerable promise as smoke agents is indicated
by both visual and TOP observations. An outline of some of the syn-
thetic procedures is given in Appendix A. The TOP values of the tested

phosphorus alkyl derivatives vary between 1200 and 500 (Figure 30).
The higher values are associated with non-pyrcphoric derivatives.

For the compounds studied, the smoke output was not directly
proportional to the weight percent contained phosphorus as was expected.

A possible explanation is that a change in basic kinetic reaction
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mechanism involving smoke production occurs in which a hot flame

combustion reaction is replaced by a cool oxidation-polymerization
reaction. The work on these compounds is at a very oarly stage. Con-
siderable promise exists in this area if the compounds are not too toxic
to be handled in the liquid form.

b. Alkyl Derivatives of Phosphorus Amide

A series of alkyl amino phosphorus alkyls were t, -ithesized and

evaluated to determine their obscuration power. In all cases smoke
runs were performed using the large smoke tunnel teL: facilities. :(esuits
of these runs are tabulated in Table IX. A plot of minimnim percent
light transmissions vs. weight of agent used is presented in Figure 30.
The smoke values for these compounds varied between 550 and 1300.
The higher values of 1300 are somewhat lower than values obtained for
FM under similar conditions of test. The basic molecular structure of
these compounds consist of a phosphorus nitrogen bond with alkyl groups
attached to both the nitrogen and phosphorus. To aid in the interpreta-
tion of results,the same alkyl substituents were retained on the nitrogen,
and systematic changes were made in the substituents attached to the
phosphorus atom. These substituents included methyl, chlorine, n-butyl,
isopropyl derivatives.

The light alkyl derivatives methyl, ethyl, and propyl of the
dialkyl phosphoroamide diethyl series of compounqd burn with a hot

luminous carbon flame and are pyrophoric with air at elevated temper-
atures (150°C). D)4isopropyl phosphorus diethyl amide (I) and di-n-butyl
phosphorus diethyl amide (II),under similar conditions, oxidize in a com-
pletely different manner. These latter two compounds produced sub-
stantial smoke having a TOP value corresponding to FM. Compound I
tarns with a barely visible cold phosphorescent flame in air at a tem-
perature of approximately 150"C.

Compound II does not appear to burn under these conditions but
does produce copious quantities of smoke. The measured TOP of the
light members of this seri-s was evaluated at above 900. The mea-
sured TOP of Compound I was 750' and Compound U was I 100.

The chemical reaction mechanism which determines the obscura-

tion power of these smokes is not clear. A possible mechanism is one
in which a combustion or hydrolysis of the phosphorus amide occurs to
produce a phosphorus based smoke. Evidence for this mechanism in-
cludes the high persistency of the smoke together with considerations
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TABLE IX

SUMMARY OF EXPERIMENTAL RESULTS FOR
SELECTED PHOSPHORUS ALKYL DERIVATIVES

Cl P[CH(CH 3 ) ZlZ

Icc 1. 28 grams/cc MLT 81%

Had to be ignited twice by match. Ignited by itself when heated. Very
strong pungent odor. Good persistant smoke. Very little residue after
burning.

.5cc MLT 90%

EtzNP(CH' )z

Icc .925 g/cc MLT 87%

Good persistence - non-pyrophoric - smoked %hen it hit the hot plate -

strong pungent odor.

. 8cc MLT 87%

Similar results. Ignited (Burst into flame when it hit hot plate). The
q hot plate was much hotter than it was during previous run. Some resi-

due left after burning.

C-1 P[CHCH 2 (CH3 )i a

Non-pyrophoric - no vapors seen - did not ignite with hot plate lit with
a match. Did not appear to burn or smoke. No smoke seen. No
liquid was left after test. Concluded that the liquid must have vapor-
ized without smoking before match was applied. No materials left
for further testing.

EtNPCI,

Icc 1. 296 g/cc MLT 83%

Good persistence - fairly slow reacting. Smoked when it hit hot plate -

no flame noticed. No appreciable odor.

2cc MLT 59%

Ignited with match - will not support combustion in an open flame
smoked when it originally hit the hot plate - burst into flames when
match was applied but extinguished by itself.

f _ |
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TABLE IX (Cont.)

C1 PEt3

Icc l. 004 g/cc MLT83%

Did not smoke on air contact - Burst into flame upon hitting hot plate.
Erratic flame - pungent odor.

2cc MLT 74 to 62%

The MLT kept decreasing at a slow rate. Kept the recorder running
for 90 minutes and the MLT decreased from 74 to 62%. Otherwise
results were the same as above. Recorder came back to 100% after
evacuation.

6cc MLT 84% to 80%
at T + 45 minutes

Had to be ignited with a match as hot plate hadn't been on long enough.
Vaporized a littleon contact with hot plate but couldn't tell if it was
smoke or vapor. This may explain the slow release of smoke on

previous run. Ran test smoke for 1 hour - the MLT reading decreased
at a slow rate. However, the recorder came up to only 86% after smoke
was evacuated which leads us to believe that at least some of the above
results were due to recorder drift. No more material remained for
testing so the above tests were inconclusive.

C1 P(CHzhCHI

1cc 1.01 g/cc MLT 96%

Did not smoke on contact with air - Smoked when it hit hot plate - was
not ignited - came slowly down to 96% and back to 100% after evacuation.

EtzNPC[ (CG3 -)(C 3 I-s)]z

lcc .93 g/cc MLT 90%

Did not smoke on contact with air - smoked a little bit on contact with
hot plate. Would not ignite by lighting it with matches. MLT reading
went down to 90% after a few min,':es.

1.8cc

Did not smoke - put material on hot plate without lighting it.
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TABLE IX (Cont.)
Et2 NP [CH(CH3 ), ] z

Icc 1.19 g/cc MLT 75%

Does not burn spontaneously at room temperature in air. Does not
hydrolyze when placed on concrete. Burns spontaneously when placed
on hot plate. Crumble but does not readily sustain combustion. Very
low bluish flame with marked phosphorescence on hot plate. Good
persistence.

EtzNP•CH(CH3 )] Z

1. 6cc MLT 61%

EtzNPEt z

1. Icc .95 g/cc MLT85%

Does not burn c., contact with cold air or cement. Ignites spontan-
eously on hot porcelain vessel. Not difficult to handle. Bright carbon
flare e.

1. 8cc .95 g/cc

* Same results - the MLT reading decreased at a slow rate after the

initial burning in both runs. Started at 79% MLT at burning and
decreased to 74% at T + 12 minutes.

EtzNP [((C1HhCI] 2

Icc .90 g/cc MLT 73%

Does not smoke when placed on cold concrete. Smokes but does not
ignite when placed on hot plate. Did not burn. Porcelain dish not
too hot.

EtzNPI (CHz ) CH3 ] Z

2cc .90"g/cc MLT 55%

P(C2 H ,

Icc 1.08 gicc MLT 83%

Had to be lit with a match. No smoke noticed when it hit hot plate.

t
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of the weight-contained-phosphorus. As can be determined from Table
IX, the smoke value for diethylamide phosphorus dimethyl (A) is
greater than diethylamide phosphorus diethyl. The weight of contained
phosphorus decreases for these comnpounds from 23% for the dimethyl
to 19. 3% for diethyl derivatives, respectively. A direct correlation
with the percent contained phosphorus would require an increase of
about 15% which, within the experimental error, is what is observed.
It ie,however,not clear whether the important constituent forming the
base smoke is to be associated with the oxidation of phosphorus or,
alternatively,the phosphorus nitride linkage. If the phosphorus alone
were completely combusted to form an oxide PzO then the smoke value
would he in the vicinity of a TOP of 1000 which is,in fact, not observed,
Under the conditions oi test, it is not possible to distinguish between a
possible inefficient combustion process and an effective phosphorus
nitride reaction.

As the alkyl weight fraction increases,it is expected that a
decrease in TOP would result if the above mechanism is valid. This
decrease was not, in fact,observed. Rather, the TOP of the diethyl-
amine phosphorus diisopropyl derivative is considerably higher than the

* lighter methyl and ethyi alkyls. Si.milar results were observed for
diethylamine phosphorus di-n-butyl which had the highest TOP of the
compounds studied. For these compounds, an inverse correlation of
TOP with percent contained phosphorus was observed. A possible
explanation for this result is that the important mechanism conssts of
the formation of an oil smoke via a gas phase polymerization reaction.
The principle problem to ue answered here is whether a better smoke
can be produced by forming a longer chain polymer using long chain alkyl
groups or whether emphasis should be placed on improving the rate of
a decomposition reaction by using relatively weak carbon phosphorus
bond linkages, as for example, tertiary butyl grouping or similar deriv-
atives. In either case, additional work will be necessary to determine
which direction is best in terms of advanced smoke agents.

An observation of some interest is the persistence of diethyl-
amino phosphorus diethyl. For this compound, it was observed that.
instead of increased light transmission as a function of time, the
obscuration increased at a very slow rate. This fact was further con-
firmed during a ninety minute observation of the time vs. percent-
light-transmission curve in which a decrease of four percent in MLT
was documented. It is possible that the very slow hydrolysis of a
S1 iosphorus nitride is responsible for this behavior. See Table X for
physical properties of phosphorus aikyls.

1!
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TABLE X

PHYSICAL PROPERTIES OF SELECTED PHOSPHORUS ALKYLS

Phosphorus Alkyls

Ethyl phenylphosphine (CZH 5 )(C6H6 ) PH

Mol. Wt. 138.15 22.4%P
B.P. 225
Solubility a. org., d. HzO
Characteristics - liquid, colorless

p - Ethylphenyl phosphine CzI-IsC 6HaPHz

Mol. Wt. 138.15 22. 1%

B.P. 200
Solubility a. org., d H20
Characteristics - liquid, colorless

Propyl phosphine 3H7iPHZ

Mol. Wt. 76.08 40.7% P
B.P. 50-3
Solubility s. org.
Characteristics - liquid, colorless

i- Propyl phosphine CqH 7PH 2

Mol. Wt. 76.08 41%P
B.P. 41
Solubility 9. org.. d. air
Characteristics - liquid, colorless

Cyclohexyl phosphine C(1HIIPHZ

Mol. Wt. 116. 15 26.7% P

Vapor Pressure 9 7 1"

Solubility s. org., d. HZO

Characteristics - liquid, colorless

Triethyl phosphine (CH1},P

Mol. Wt. 118. 16 26.2% P

B.P. 127
Specific Gray. (15) 0.8!'; (18.6) 0.8000
Solubility s. org
Characterist-.cs - liquid, c-'rori•sz.

6t
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TABLE X (Cont.)

Di-i-propyl phosphine (C3 H7 )zPH

Mol. Wt. 118.16 26.2%
b.P. 118
Solubility s. org.
Characteristics - liquid, colorless

Trimethyl phosphine (CH 3 ) 3 P

Mol. Wt. 76.08 41%
Sp. Gr. 0.748
M.P. -85.9
B.P. 35.5 - 42
AH yap 6. 92 K cal/mol
Solubility s. org.
Characteristics - liquid, colorless

Methyl ethyl phosp'kine CH 3 (CzHs)PH

Mol. Wt. 76.08 41% P
B.P. 59
Sol. s. org., d. air
Characteristics - liquid, colorless

Methyphosphine CH 3 PHz

Mol. Wt. 48.03 65%
B.P. -14
V.P. 0(l. 7 5) atm.
Solubility sl. d. (HzO) talc)

s. eth.
Characteristics - gas, colorless

toxic, spont. infl.

Dimethyl phosphine (CH 3 h)PH

Mol. Wt. 62.05 50%
B.P. Z5
V.P. -4730
Solubility s. org., d. air
Characteristics - liquid; colorless

Spont. infl.
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TABLE X (Gont.)

Di-i-propyl phosphine (C3H7)zPH

Mol. Wt. 18. 16 26.2%

B.P. 118
Solubility s. org.

Characteristics - liquid, colorless

Trimethyl phosphine (CH 3 ),P

Mol. Wt, 76.08 41%

Sp. Gr. 0.748

M. P. -85.9
B.P. 35.5 - 42

A H yap 6.92 K cal/ynol

Solubility s. org.

Characteristics - liquid, colorless

Methyl ethyl phosphine CH 3 (CtHs)PH

Mol. Wt. 76.08 41% P

B.P. 59

Sol. s. org., d. air

Characteristics - liquid, colorless

Methyphusphine CH3PH?

Mol. Wt, 48.03 65%

B.F. -14
V.P. 0(1.75) atm.
Solubility sl. d. (HZO) (alc)

s. eth.

Characteristics - gas, colorld-cF

toxic, spont. iufl.

Dimethyl phosphine (CH 3 )2PI4

Mol. Wt. 62.35 50%IL

B.P. 25

V. P -47ý°

Solubility s. org., d. air

Characteristics - liquid, colorless
Spont. irf 1.

ri1

- m__U
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TABLE X (Cont.)

Ethyl phosphine CzHSPHz

Mol. Wt. 62.05 50%
B.P. 25

Solubility 8. org., d. air
Characteristics - gas, colorless

Diphosphine Derivatives

Dimethyl diphosphine (CH 3 )?PPHZ

B.P. (760) 11-55-I25°
liquid at roonm temperature

Diethyl diphosphtirm (CH•hPPf 2

I3. P. 1760)
liquid a- r(-cni z-,nerature

Dipropyl diphosphirnz (C 3 K) )PPH,

B, P. (i5) 144.-5°
liquid at room temperature

Dibutyi diphosphine (CW 9 )2zPPF.2

B. P. (15) 180-182
liquid at room tempe-r-ature

H'.

'1!



93

c. Alkyl Derivatives of Phosphorus Chloride

A series of alkyl derivatives of phosphorus chloride were
synthesized and examined for their smoke producing capability. These
compounds were: diisopropyl phosphorus chloride ((CH3)2 CH)2 PCI (I);
di-n-butyl phosphorus chloride (C 4H9)z PCI (II); diethyl phosphorus
chloride (C2Hs)z PCI (MI); and n-butyl phosphorus dichloride C4H9 PCI2
(IV).

The smoke producing capability of these compounds was evalu-

ated in the large smoke tunnel. Results from these tests are tabulated
in Table IX. A plot of MLT vs. weight of agent used is given in Figure
-3. For this series,the maximum TOP observed was 625 for compound
I. The fraction phosphorus in the compounds is 0. 28, 0. 17, 0. 25, 0. 19,
respectively. If the percent contained phosphorus was effectively con-
trolling the obscuration power of the produced smoke,the TOP of III
should be about ten percent'greater than I. Instead, the reverse rela-
tion holds in which the produced smoke is inversely related to the per-
cent phosphorus. A possible conclusion drawn from this data is that
the isopropyl radical dissociates to form a polymeric particle which
increases the obscuration value of the smoke via a formation of an
organic "oil" droplet.

If the smoke value is related to the percent contained hydro-

carbon, then, for an optimum particle size of produced smoke,it
would imply a smoke value of about 800 for (I). Since it can be rea-
sonably anticipated that non-optimum particle sizes are formed
because of an inefficient in-situ combustion process, a TOP value of
600 would tend to support the possibility of a fog oil smoke. A second
type of evidence indicating the effective smoke agent is the persistence
values obtained from time-MLT curves. For an optimum oil smoke,a
trace indicating high persistence would be expected. Similarly, in all
the phases of this program,it has been observed that generally a flat
trace was produces tending to support a phosphorus based smoke.
Without further studies it is not possible to choose between these alter-
natives and it is,therefore, concluded that probably both mechanisms
play a role in the formation of the produced smokes with the possibility
of the production of a relatively poor phosphorus smoke due to incom-

plete hydrolysis of the phosphorus chloride which is augmented by the
production of oil or polymeric organic scattering particles. The reaction
mechanism for this smoke is definitely not clear but a correlation is to
be expected between the obscuring power of the produced smoke and the
ease with which the oxidation-hydrolysis reaction can take -!ace. As a



general rule, it is expected that the isopropyl, tertiary butyl, and isobutyl
groups are more easily removed from a phosphorus atom than straight

chain hydrocarbon derivatives. The best oil polymers would then be
formed by a free radical gas phase polymerization reaction yielding oils

with a molecular weight several times that of the base monomer. The
fact that diisopropyl phosphorus chloride has a better TOP than diethyl
phosphorus chloride is, therefore, consistent with the oil mechanism. At
the same time, the fact that diethyl phosphorus chloride produces a smoke
with a TOP of 500 would support the thesis that a certain underlying
smoke value is associated with the phosphorus content. In this case, dis-
sociation into ethyl radicals would tend to produce sizable quantities of
ethylene ethane and butane derivatives all of which have vapor pressures
considerably in excess of that required for formation of condensed
phases.

5. Slurries, Mixtures, and Solutions of WP

WP provides the best military chemical smoke. Because of
limitation in physical properties (freezing point + 44* C),this agent cannot
readily be used for aircraft dissemination. There are three major
techniques which can be used to provide liquid having high WP concen-
trations. These methods involve the development of mixtures, solutions,

and slurries. All three techniques were investigated and smoke agents
having favorable liquid characteristics were developed for each. An
outline of the major results of these tests is presented in the following
sections.

a. White Phosphorus

White phosphorus is used in numerous military applications.
There is a great quantity of data available concerning its properties as

a smoke agent. In addition to the highest TOP available, it is a rela-
tively good reference material for purposes of comparing various smoke

agents. For much of tl._ work accomplished on this contract, WP was
used,as a primary standard. The reason for this was that of the agents
tested,it had inherently greater reproducibility. The only major diffi-
culty arose when values of minimum light transmission close to 100%
wE:r- desired for the laboratory test chamber. These values required
weighing very small quantities of WP and,because of a water coating,
sor-ae systematic deviations were apparent. However, for most of the

inteyisivies required, the weight was not a problem. Some of the typical
resultet of these runs are shown in Figure 31. As has been previously

outlined, TOP values agreeing substantially with literature values were

_ _ _ _ S_ _III_.. . I
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obtained using the small test chamber. The basis for calculating TOP
values for WP is given in the discussion concerned with TOP laboratory
smoke chamber modification B. The two solid lines indicate the range
of accuracy of this data. Test results from the large smoke tunnel are
reported in previous discussions. There, results were consistently
high a-, TOP values between 5500 and 6000 were obtained. The reason
for this variance was not determined but may be due, in part, to the
color temperature of the light source and/or humidity conditions.
Corrosion tests of this smoke are reported in a following section.

b. Eutectic White Phosphorus (EWP)

A promising technique for the development of a phosphorus
based smoke agent is the use of a eutectic mixture of white phosphorus
in phosphorus sesquisulfide. This mixture results in a freezing point
lowering to about -40"C with good thermal stability and corrosion
characteristics. Investigations were made of the smoke producing
capabilities of a eutectic mixture of phosphorus-phosphorus sesquisul-
fide. Theoretical predictions indicate a potential TOP of approximately
3500. Experimental results (Figure 33) indicate a TOP of at least 2700.
Four mixtures were studied (Figure 34) which varied in percent contained
phosphorus between 76 and 82 percent. The data obtained have been
averaged and been plotted (Figure 35) as one mixture due to experimental
scatter in the observed points. These mixtures are relatively easily
handled under an inert atmosphere or under water (but could be a prob-
lem for untrained personnel). The conditions of dispersement and com-
bustion of EWP during the obscuration tests performed are such that
incomplete burning probably occurred. It is expected that the reported
values are, therefore, somewhat low and the true TOP value should lie
between 300 and 500 points higher. Corrosion studies indicate that
corrosion of common materials such as iron and aluminum, and poly-
ethylene is not a problem. A more complete study of the corrosive and
materials degradation properties of an EWP mixture is reported in the
section describing corrosive tests for selected smoke agents. Experi-
ence in handling this mixture has indicated that no unusual precautions
need be observed other than those obviously necessary in handling a
pyrophoric material. It should be noted that, although the research
results are substantially in agreement with literature values concerned
with the observed freezing point of this mixture, white phosphorus is
noted for its strong tendency to form a metastable z•per-cooled liquidus
state and that long term storage at low temperatures are necessary to
ensure against such a possibility with eutectic mixtures. Additional
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work in this area is certainly warranted with emphasis on two problems.

The first is a more careful study of exact phase diagram of phosphorus

and sulfur. The second m..jor prob:em is to evaluate the obscuration
power under other than Prec:iseiy co,.trolled laboratory conditions. A

series of field tests were performed for this agent where the unmodified
material was disseminated from an airhorne tank. Extensive fire was

observed, in the clouds relatively close to the v-ing area. The rate of

flame travel, however, was less than the vehicle velocity and little or

no damagc occurred by fire to the wing structure frorv ne dissemination

operation. Also, no substantial ground fire damage was observed. In

one case, the agent was not fully outflowed from the tank during flight

and a fire with only minor damage to tLe wing structure ýccurred by

afterburning. A combination of MIP and EWP fur her reduced this

problem.

c. Phosphorus Slurries

A possible approach for obtaining liquids with high phosphorus

loadings is the introdu.•ion of a surfactant agent to stabilize phosphorus

particles into a slurry. Since it is also poE .le to form metastable

super-aturated WP soluti•.ns, initial efforts x this field have been to

evaluate the shelf-life of slurries utilizing various solvents and sur-
factants. The survey was limited to the iise -f three solvents; carbon

caisulfide, methylene idodide, and methylene :hloride. Six surfactant

agf -ts were selected at random from the ,roup of available surfactants

for the series of tests. A list of these a -...nts is as follows:

1. Tamol SN, Lot 5C57, R-hrr and Haas Co.

2. Separan NPZO, Lot 2084, Dow Chemical Co.

3. Natrosol 250, Lot 1717, Type HR, Hercules Powder Co.

4. Pluronic P104, Lot C, 20262C. Wyandotte Chemical Co.

'. Alkanol 0., Lot 3, 033950, duFont de Nemours Co.

.j. Avitex

The procedure follcwet' was to prepare slurries consisting of one

percent surfactant, thirty-nine percent solvent, and sixty percent white

phosphoru . These slurries were then homogenized by utilization of a

Virtis "45" homogenizer rur, t high speed for a period of one to two

minutes. It was observed that several of the surfactant agents w -re

incompatiable with the solvent used and ho.nogenization did not occur.

___________________________nu______________ __'_____________,_______________



102

The objective of this work was to demonstrate that a stable slurry
could be made which possesses a TOP greater than the FS smoke mixture
since the basic idea was to achieve a dynamic liquid system in which
the phosphorus would dissolve at elevated temperatures, incorporating
a a surface active agent to suppress the formation of large particles as
'the" teuniperature is lowertd. A slurry of WP Avitex was made. The
TOP value of the rilurry was measured to be about 2400, which is rela-
tively good. For this mixture, the temperature of freezing w.s about
zero degrees Fahrenheit. This mixture also was not pyrophoric and
required ignition. This latter disadvantage would imply that a require-
ment for a liquid chemical ignitor may be necessary. A likely pro. pect
for such an ignitor would be a mixture using select phosphorus alkyls
compounds. A brief systematic study of a number of surface active
agents for the formation of stable emulsions and slurries was performed,

A series of long-term storage tests were initiated in March
1965, to evaluate whether a significant supercooling problem existed
for slurries of white phosphorus with methylene .odide, methylene
chloride, and carbon tetrachloride usirg 9everal selected surfactarnt
stabilizers. Mixtures were made using Tamol SN, Separan NP20,
Natrosol 250, Pluronic P104 and Alkax-oi OJ surfactant agents. In
order to standardize as much as possible- -nixtures using 0. 1 gins. of
surfactarnt, 6. 0 gins. WP, and 3. 9 gins. solvent were used in all
studies. A total of approximately 25 sanmple -nixtures and slurries were
prepared. The samples were then sealed under an argon atmosphere in
a polyethylene capped glass vial. After approximately s-ix months, the
methylene iodide - WP Pluronic P104 mixtures were all liquids. Thb
solubility of WP in methylene chloride is relatively, low and tests uszng
this solvent were discontinued after tv-- months. The carbon bisulfide-
WF mixtures became solid after about three to four months. in this
case, it is possible that the solidification of CS2 - WP was caused by th"
permeability of CS. through the polyethylene cap with consequent evap-
orational loss of the carbon bisulfide. The results of this long term
storage program indicate that the methylene iodide - WP mixtures are
stable liquids.

The upper limit which should be set on TOP value avaitablie from
.a slurry was not determinedi. Thia is primarill-y a matter of freering-
point optimizatian. However, a reasonable educated estimate w,-;ld be
about 3200. Exrlorat~on of additional slurry stabilizers should be j;er-
formed on a systematic basis. One advantage or using a 3tabilized
slurry is that the specific gravity of the slurry mix can -be adjust,-d to
operational systems requirements for specific missions. These
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slurries can be improved in TOP by a number of means,oahne Uf whicb
would be the incorporation of phosphorus in a phosp~.eh'1us alkyl base
liquid. Work in this area~which is reported in tb6-smoke agent litera-
ture,is limited to plasticized white phosphorv4 PWP, butfrom DRI
experiments, it is believed that advanced Imoke agents may be devel-
oped using s9abilized phosphorus slurries.

d. Phosphorus Suliides .e
rl'Ie

A relatively complehCe series of TOP measurements were
taken with the phosphgrLi.s sulfides. The compounds examined were
phosphorus trisul fie, phosphorus pentasulfide, and phosphorus sesqui-
sulfide. It was'reported that these compounds would burn to produce a
mixture of r20 5 and S02. 2he e products would then be expected to
resul' in a higher TOP value than would be expected considering the
phosphorus weight. Under the conditions of the experiment, this was
not observed (Figure 36). Instead, the appearance of a stable liquid
layer was observed to form during the combustion process. It was
assumed that this was liquid sulphur because of its color and freezing
point. Curves showing the percent transmission vs, weight for this

system are contained in Figure 37. The data obtained indicated that
the burning rates of these compounds can be controlled with the pcssi-
bility of r'educing pillaring effects characteristic of white phosphorus
smokes. These compounds are solids and, therefore, further work was
discontinued s&nce the development of liquid agents was the objective of
this research. With the exception of examination of EWP mixtures, no
attempt was made to dissolve these compounds into selected liquids.

e. Methylene Iodide - WP Solutions (MIP)

One approach to increase phosphorus content of a smoke agent

has been to try to dissolve high weight concentrations of phosphorus in
a solvent. The problem wiilh this approach is that with the exception of
carbon disulphide, the solubility of phosphorus in most common solvents
is too low for an effective smoke agent- Since it would be desirable to
find other liquids which might also act as suitable solvents for phos-
pho-us, an analytical apr-oach wau developed to predict possible new
solvents for phosphorus. The analysis was based on theoretical work
involving t he theory of regular solutions as developed by Hildebrand,
et altor non-associated liquids. The central parameter ir this theory
involves the internal cohesive energy at constant volume,which is also
commonly denoted by the term "solubility parameter". Using this
theory, calculations indicated that three compounds 1, 2 Dichloroethane,
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mtthý,lene iodide, and bromoform might dissolve appreciable amounts
of phosphorus. The best solvent of these three was predicted to be
methylene iodide. This prediction has been verified by experiment
and t, mixture of phosphorus in methylene iodide was tested in the
smoke chamber. Upon ignition, the TOP value of this mixture was
;rout 2800. Two difficulties are that the freezing temperature of meth-

ene iodide is ahnmit 0" C:which is too high for use as an operational
:-aoke agent, and an ignitor is necessary. However, a mixture of MIP
.\id EWP has much better physical properties for military application.

""Wise mixtures are discussed in other portions of this report. It has
bcen demonstrated, however, that this analytical approach can predict
tli solvolysis capability of potential solvents for phosphorus, and there-
-:...., possibly a new smoke agent may more easily be developed.

i- amical solvents which are predicted to have some merit, although

rs solubility, are methylene bromide and its derivatives.

Additional experimental work was performed using methylene
bi omide, methylene chlorobromide, and methyldichlorosilane as possi-
bMe solvents for white phosphorus, and mixtures were made of each

otential solvent with 30 percent white phosphorus. Methylene bromide
and methylene chlorobromide proved to be relatively peor solvents for
the phosphorus, but two smoke chamber runs were made on each solu-
tion. The results indicate that the smoke contribution was made almost
entirely by the phosphorus contained in the solution. Since the previ-
ously tested CH2 12 - white phosphorus solutions were quite successful
as smoke agents, it was felt that SiH 2Iz would be analogous to CH2 12 ,

and, therefore, might be a promising solvent for phosphorus. Since
SiH 2 12 was not readily available, methyl dichlorosilane was used as a
substitute. A mixture was prepared and tests were runin the smoke
chamber. The data produced by these runs indicate a TOP value of
260. This TOP is approximately an order of magnitude less than the
reported value for methylene iodide - phosphorus and is, therefore, not

satisfactory for meeting the program's objectives. Additional work in
this area should be continued to evaluate SiHzI2,specifically, and to
further understand the mechanism of dissolution of phosphorus in
general.

f. Mixed Smoke Agents Based on MIP and EWP (MIPEW)

A series of experiments were performed to determine the feasi-
bility of using mixed smoke agents consisting of mixtures of phosphorus-
methylene iodide (MIP) and/or EWP - with FM and fog oil. Earlier
work had indicated considerable reaction was present when phosphorus
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was placed directly in*o FM. Similar reactions were expected, but not
found for mixtures of FM with MIP and EWP. Both EWP and MIP were
compatible with FM under the conditions of study. Probably because of

a marked density difference between MIP and FM, mixtures of these
two agents consisted of a two-phase liquid system. Similar results were
observed for mixtures of FM-EWPeven though the density difference is

much less. Mixtures of EWP with alpha methyl napthalene, and neutral
solvent #75, and MIP with these same fog oils were made. Again, due
to large differences in density, a two-phase liquidus system was formed
in both the above cases as well as for 50/50 mixtures of mixed fog oil--
EWP-MIP. Characteristically, the organic solvents tended to activate
ignition of the phosphorus based compounds. It is probable that the smoke
observed was principally a phosphor-as smoke with little, if any, fog oil

produced.

Mixtures were made of EWP and MIP, ranging from 50 percent
of each by volume, to approximately 12 percent MIP and 88 percent
EWP. These mixtures were completely miscible under all conditions.
The MIP substantially depressed the pyrophoric ignition of EWP. Typical
results for these mixtures was the nonspontaneity of pyrophoric combus-
tion of 50/50 mixtures placed outdoors in a small ceramic dish for periods
of several hours. Tests which were performed in both the direct sun-
light and shade, while not consistent, were also negative in terms of pyro-
phoric combustion. A second type of experiment in which the same mix-
tures were ejected from a spray nozzle onto a rough wood surface resulted
in spontaneous combustion after a period corresponding to two to three
minute s.

Evidently, for mixtures of EWP and MIP, the reactivity is con-

siderably surpressed by the addition of methyle.ie iodide. Mixtures
were made of FM and several MIP-EWP solutions. Apart from a phase
separation, these mixtures were relatively good smoke agents. In all
cases, the burning of the MIP or EWP was delayed until substantially
all of the FM had evaporated--a period of several minutes. Although
the smoke TOP values were not evaluated directly, it can be assumed
that TOP values range from somewhat higher than FM and somewhat
lower than EWP or MIP. A mixture of EWP-MIP with FM would appear
to be a possible compromise if suitable stabilizationof the FM-EWP-MIP
liquid phases could be achieved via emulsification or slurrying. The
possibility of dissolving WP into a fluorocarbon oil was briefly investi-
gated. Two oils, Freon 113 and Freon 112, were used. Although
slight solubiiity was observed, the results were negative for a smoke

agent purpose. A mixture of MIP-EWP has considerable potential as a
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good smoke agent. The effect of MIP addition is to strongly suppress
the pyrophoric ignition of EWP. Optimization should be made between
ignition delay and ease of operational handling. An additional study
should be implemented to determine the effectiveness of water or FM
suppression under airborne dispersement conditions.

6. Corrosion Testing for FS, MIP and EWP Smokes and Liquid
Agents

A study of the corrosive effects produced by candidate smoke
agents was performed. This study •as designed to compare the cor-
rosive effects of promising smoke agents on various materials with the
effect* caused by the standard smoke agent, FS, under similar test
conditions. The principle emphasis was to evaluate corrosive effects
on several common metals and to determine the reduction in tensile
strength caused by exposure of nylon and other materials. Corrosiv-
ity testing concentrated on establishing relative data concerning the
corrosive effects of the produced smoke. The conditions of test were
chosen to be twelve hours at seventy percent minimum light transmis-
sion in the small chamber (6 cubic feet). Additional tests have been
performed for liquid agent effects on selected steels. No adverse
effects were found for phosphorus-based liquid agents under the con-

ditions studied.

a. Liquid Corrosion Studies

A series of experiments were designed to determine the extent
of storage and handling problems for the methylene iodide--white phos-
phorus, and EWP smoke agents. For this purpose, the principal
objective was to establish whether these agents were compatible in the
liquid state with common storage container steels. The procedures
used were to seal up the agents in 1/4-inch tubes and periodically break
open the container and examine for corrosion defects. Both EWP and
CHzIz-WP mixtures were compatible with the mild and hard steels used.
The maximum storage period was eight weeks after which no detectable
difference between control and agent vessels could be determined by
either visual macroscopic or microscopic observations. Similar work
with plastics was not undertaken.

Accelerated storage data at 150"C was attempted but discon~tinued
due to difficulties in keeping constant temperature profiles using avail-
able equipment. It was concluded from these studies that no significant
container compatibility problems are anticipated if common mild steel
containers are used.
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b. Corrosive Effects Produced by Smokes from Candidate Agents

A group of hard test specimens has been fabricated from 1020
cold rolled steel, 6061 aluminum, magnesium alloy, and plexiglas. These
specimens were designed to give an indication of the optimum size and
shape for this particular corrosion study. The above materials were
selected to correspond to the most commonly used materials for mili-
tary purposes. The data is of both a qualitative and quantitative nature.
Quantitative data which was analyzed includes surface profile, surface
pitting, weight loss, and corrosive effect on the tensile strength of the
test specimens. Three sets of specimens were exposed to FS, WP +
Methylene Iodide, and EWP smoke agents (one set of specimens per
smoke). These exposure tests were conducted in a closed environmental
test chamber with a heavy concentration of smoke for a duration of
twelve hours. Figures 38, 39 & 40 illustrate a comparison between con-
trol specimens and the surface corrosion exhibited by 6061 -tuminum,
magnesium alloy and plexiglas as a result of the twelve hour exposure.
rhe 1020 steel specimens are not illustrated but had a severe rusting
and staining condition.

Figure 38 illustrates the corrosive effect of FS on the speci-
mens as indicated. It can be seen that mild surface corrosion has
occurred on all of the materials. Of the three specimens, aluminum
is apparently the most corroded and plexiglas the least. The speci-
mens illustrated in Figure 39 indicate the corrosive eifect of WP +
Methylene Iodide. Again, aluminum appears to be the most highly
corroded specimen. Large pitting has occurred over the entire sur-
face of the speeimen. The least affected material of this group appears
to be the magnesium alloy, although some definite small pits have devel-

oped over the entire surface. The corrosivity of FS is much greater
than either of the two smoke agents studied for all metals. There is no
indication in the present studies that a weakening of metal via an inter-
stitial lattice defect mechanism involving phosphorus or phosphorus
iodide migration occurs.

Figure 40 illustrates the effect of EWP smoke agent on these
various materials. The plexiglas has evidently sustained the highest
degree of corrosion of any in this set, as large pits can be seen in the
picture of the exposed specimen. Pitting has also developed in the
magnesium alloy specimen, but to a lesser degree. The aluminum
specimen appears to iundicate very little corrosion as a result of its
exposure to EWP.

0i

_____ ____ ____ ____ ____ ____ ____ ___ _____ ____ ___................_____
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In addition to the hard specimens, parachute weight nylon fabric,
fatigue uniform cotton fabric, and butyl rubber were exposed to the samke,
simultaneously with the hard specimens. The nylon fabric tensile
strength tests indicate that approximately 90% degradation in tensile
strength occurred in the specirrmets which were exposed to FS smoke,
65% degradation of those specimens which were exposed to WP + Melhy-
lene Iodide smoke, and 55% degradation of those specimeas which were
exposed to EWP smeke. The tensile strength tests which were conducted
with the cotton fabric indicated 95% degradation of those specimens ex-
posed to FS smoke, and no degradation whatsoever to those specimens
which were exposed to both WP + Methylene Iodide and EWP amoko A.
The specimens fabricated from butyl rubber exhibited no degradation at
all ai a result of exposure !o any of the smokes used in the experiment.
It is obvious that, the most severe degradation of the nylon and cotton
fabrics results fron-, exposure to FS smoke. The degradation of nylon
caused by exposure to WP .- Methylene Iodide and EWP smokes is con-
siderably less,and non-exiatent in respect to cotton fabrics.

Il
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",V. FIELD TESTING

To further evaluate selected smoke agents. a series of airborne

dispersement tests were conducted. The selection of specific smoke
agents for these tests was based on their elative promise in terms of

obscuration power or handling properties. A rating system to determine

which agents should be selected for thLs purpose is outlined in the section

on engineering systems studies. The agente selected were FS as a
standard, Mixture 90622T, iWP, and MIP. Other agtnts which would

be desirable to test but were not available in sufficient quantity include

the phosphorus alkyl derivatives and mixtures of MWI?-EWP. The tests

were performed between 1/10 to 1/20 scale of full size tankage - the

exact scale size being determined by smoke agent availability.

A. Test Wing

A facility to simulate airborne dispersement was fabricated.

This facility consists oi an F-86 wing section which is "flown" by a

cable drop technique with appropr ate .ankage fastened below. The max-

imum speed of operation is estimated to be about fifty MPT- which could

be increased substantially by rocket thrust augmentation.

This facility uses a small smoke tank simulating a 1/8 scale

model of the E39Ri tank. This facility was developed for field testing
the obscuration characteristics of the selected smoke agents and tc pro-

vide a means for studying possible improvement of dissemination

techniques.

In preliminary tests, the experimental tank was fabricated from

polyvinyl chloride. This material was selected because of its inertness

to acids. such as those found in several of the smoke agents, and eauy

workability. This tank was cylindrical in shape, approxinmately 6-1/2

inches in diameter and i8 inches long. The ends are sealed with plate

glass which is explosively destroyed to allow disseminaticn of smoke

agent during smoke run. The tank was secured to a b-toot wing sec-
tion from a surplus F-84 airrcraft which was fastene l tc a iour-inch

channel iron framat support structure. During the latter phases of field

tetting, a different design war used in which the smoke agent was placed

in a mild steel tank construcued of l1/6--nch plate, and a mechanical

release mechanism was employed to eliminate a possible ignition source,
suich as a blasting cap. Outflow was throug a series oF 1/2-inch parts

in the bottom of 'he tAnk which hid been covered with tape or similar

aiaterial. The complete wing-tank unit is suspended by a trolley-type

__________________________________.........._______
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carriage assembly from a 3/8-inch wire cable having a length o1 app- ox-
i-rnately 500 feet and a slope of 10 degrees, For a test run, this unit
was allowed to drop from the higher elevation to the bottom where it
encountered a braking device. T..e whole assembly could move freely
on the cable on low friction support wheuls. The cable was suspended
from two anchor posts, one at the top and one near the bottom of a steep
hill. The top post was anchored using a 2- 1/2-ton truck as a dead man.

The bottom post consisted of a heavy gage steel pipe sunk deeply
into the ground. Tension on the cable was maintained by using the truck
as a power wench. Tile use ol the hillside ailowed a rise angle of ap-
proximately 10-15 degrees. Wing flight velocities were estinated from
camera records to be ý.pproximately forty to fifty miles per hou -. The
simulated flight apparatur. waG stopped using a series of four to six one-
half-inch nylon ropes which vere attached to two hevy automobile front

x heel sprirLgs,in .urn bolted to twL, fourteen-foot railroad ties. The

stopping di-tance was about 10 to 15 feet and the damage to the hardware
was modest for most runs. A picture of the simulated airborne disper-

sal facility is given in Figure 41. Several tests were run testing this

facility with moderate to good eaccess for each test performed. During

the preliminary runs, it was intended that the tank he filled with plastic

spheres, evacuated, filled with smoke agent materials, and placed in
positior for the run. A materials incompatibility problem developed

during the loading operation in the first attempt to make a test run and

the test was aborted. The incompatibility is thought to have existed

between the FS and the plastic spheres, although preflight tests of these
materials indicated that they were compatible enough to be used in the
prescribed manner. Subsequent runs were performed successfully with-

ouW the plastic sphv I. Because the flight altitude was low (50 feetý a

satisfactory dispersement of sranke agent to ground level was obtained

fo"' all tests.

B. Field Tests

A series of tests were peeformed using this test wing. The pur.-
pose of these tests was to evaluate fie]d handling techniiques for selected

phosphorus mixtures and solutions and to obtain docuirnentary evidence
ielating to the obscuration characteristics of these agents under aim-

ulated field conditions. Documentation of the relative obscuring power

and smoke effectiveness, in this case, relied on 16 rnm film coverage.

Four agents were tested (1) a methylene iodide - white phosphorus

solution, (2) a eutectic mixture of phosphorus and phocphor'us
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a. Wing Assembly b. EWP Run 1

44

c. EWP Run 2 d. EWP Smoke Screen

Figure 41. Airborne Dispersernent of Smoke Agents 1, EWP
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sesquisulfide, (3) Ethyl Smoke Agent 90622T, and (4) FS. In general,
these tests showed that the light attenuation and cloud reflectance effects
are important to the effectiveness of a smoke screen. The reflectance
of phosphorus based smokes was quite pronounced.

1. FS

FS was used as a standard for comparison. Results of a typical
smoke run for FS are given in Figure 42. This smoke is characterized
by good persistence,by the obscuration of factiveness, is not as high as
for white phosphorous smokes. In part, this may bt due to the high re-
flectivity of phosphorus smokes.

2. Eutectic White Phosphorous

EWP provided by far the mort opaque smoke cover. A literal
wall of smoke was obtained for each of three teste. This agent ii pyro-

phoric and, therefore, may be scmnewhat difficult to handle under field
conditions. However, it can be handled with reasonable ease under
water. This agent tended to burn about twenty and forty feet from the
tank. This could be correctedcin part, by use of aluminunm sp.ieres or
similar techniques, or by the development of combustion inhibitors to
control burning of the EWP. Photographs of this agent, showing a dis-
persal run and the cover produced are given in Figure 41.

3. TEA Mix 906Z2T

Ethyl Mixture 90622T did not provide a good smoke. The low
TOP values ,.bserved during laboratory tests were confirmed and,in
addi1t.on, this agent was pyrophoric when dispersed under these- experi-
ment-I conditions. There is no possible ignition source in this cable
drop test which could ca,-'e secondary ignition of the agent. The pyro-
phoricity of MDC 9062?.T is apparent from the fire appearing near 'the
ground in Figure 43. The persistance of this agent was poor as is
shown in Figure 42.

4. MIP

The best smoke cover was provided by a solution of methylene
iodide in white phosphorous. Under these experimental conditions of
test, an intense cloud was produced along the line of dispersement rising
to a height of about 20 feet. Ignition of the agent was delayed until about

I
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FS Smoke Run FS Smoke Screen

TEA Smoke Run TEA Smoke Screen

-, .St .... .' o •

4

MIP Smoke Run MIP Smoke Screen

Figure 42. Airborne Dispersement on Smoke Agents II, FS, MIP, and
TEA MIX
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*

I,

Figure 43. Illustration of the Pyrophoricity
Exhibited by TEA MIX During an
Airborne Dispersement Run

4
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two-three minutes after ground contact, even though it was finely atom-
ized by the outflow from the airborne tank. A picture of a typical
dispersement run is given in Figure 42. It is apparent from this photo-
graph that combustion of the agent does not occur in the air. The smoke
produced was not irritating and was highly persistant. Field handling
procedures used for this work used a water displacement technique to
aid in loading of the tankage. Use of an inert gas blanket to control
the pyrophoricity was not necessary with this agent during field
ope rations.

5. Summary

Both EWP and MIP produced as good or better smoke screen
cover as FS. Handling problems are relatively minimal in both cases;
however, MIP is probably the easier to handle under field conditions.
TEA mix did not produce as good smoke as FS. While somewhat
.Rasier to handle than EWP or MIP, the TEA mixture was pyrophoric
under experimental conditions and initiated a ground fire. Results of
tests to date indicate that a mixture of EWP and MIP should be evaluated.

b

p!-



VI. LITERATURE SURVEY

Introduction

A review of the literature has been performed as part of this
research program. The purpose of this review is to establish families
of chemical compounds that offer the greatest promise for further de-
velopment of future smoke agents for delivery by air craft. The principil
criteria used to evaluate possible smoke agents are:

1. that they be liquids or slurries capable of dispersement from
an airborne:smdke taua'kunder normal operating conditions,

2. the produced smoke have an obscuring power approximately
equal to FS,

3. the smoke produced be less corrosive and less irritating
than FS,

4. the toxicity of the produced smoke be negligibleianhd the tdxicity
of the agent itself be low.

5. the flash point of the agent be high.

In this sectiona series of tabular sheets are presented listing the
properties of the smoke agent and the properties of the produced smoke.

Includedinthe properties of the smoke agent are chemical composition,
molecular weight, boiling point, freezing point, density, viscosity, flash
point, heat of vaporization, tovxdcity, compatibility with metals and plas-
tics, stability, and the mechanism by which the aerosol smoke particles
are produced. Included in the properties of smoke is the obscuring
power, Icrsistance, toxicity, corrosivity, and other data where appli-
cable. The data listed was obtained from a variety of sources and,in
some cases, includes the results of experimental findings made during
this research program. A reference bibliography is provided at the end
of this report covering reference material used in this and in succeeding
sections.

The number of chemicals which have been tested and found to be
capable of producing white smoke is both large and varied. It is thus
necessary to divide these chemicals into separate categories in order
to more clearly discuss their relative merits. Any such classification
must be somnewhat arbitrary, and numerous exceptions must be expected
because sharp distinctions cannot always be drawn between chemical
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types, and because, in some important cases, two or more chemical

agents may be incorporated into a single smoke agent to provide a more

suitable military agent. The discussion in this section covers all of the
chemical agents known to the authors which have been used to any appre-
ciable extent for military operations requiring liquid smoke agents. The

literature surveyed consists principally of that associated with techno-
logical developments of the United States, Britain, and Soviet Russia.

GeneralIr White smokes can be produced using a variety of chemical com-

pounds and reaction mechanisms. Generally, smokes can be prepared

in two ways, (1) condensations from the gas phase, and (2) by break up
and dispersion of a bulk phase. Most smoke producing mechanisms are
based on the first method. For the purpose of this report, the mechan-

isms for producing smoke are classified in the following wevs: (1) hy-
drolysis of a metal chloride or a sulfur oxide derivative, (2) the oxidative

burning of a fuel with air to produce either an aerosol particle or a

particle which is highly hydroscopic, (3) the formation of particles via

other chemical reaction irt the gas phase, (4) the vaporization and recon-

densation of a fog oil, (5) the dispersion of solid particles. Because of

consideratioL4 involving logistic efficiency, it is important that maximum
effect be obtained on a per-unit-weight or per-unit-volume basis. On
a weight basis, the relative effectiveness of different smoke agents is
rated in terms of TOP or total obscuring power. For volume limited

situations, it is also useful to define a similar quantity relating the TOP
and fluid density. Thus, a volume obscuring power (DOP) is defined as

the total obscuring power of the agent multiplied by its specific gravity.

A difficulty arose in describing the compatibility and corrosive

character of the smoke agents and the produced smoke. The difficulty,
in this case, is caused by the need to quantify the relative corrosivity of

the smoke agents for the purpose of establismlng whether common ma-
terials of construction would be severely affected by contact with these

agents. The principal materials of construction considered were alumi-
num, mild steel, copper, rubber, and type plastics. For mary of the

agents and smokes described in the literature, little or ao detailed dat2

was found describing tests relating the problem of corrosion fr- simu-

lated environmertal conditions encountered during apprnpriate extend,.d
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military operations. Since it was difficult to assign a meaningful quan-
titative value that wvould have the same basis for all the agents considered"
the corrosivity and capatibility of the agents and smokes are, therefore,
described in qualitative terms, such as, moderate, or good. The
guiding principle used for this assignmeat is whether it might reason-
ably be expected that common materials of construction could be used
for the necessary hardware required to ship, store, and disseminate the
agent under operational conditions. A similar criterionwas applied to
the produced smoke where it was necessary to evaluate whether or not
severe corrosion would occur to Army field equipment. For a few se-
lected agents,a series of experimental tests were performed to system-
atically evaluate these effects ona common basis. Results of the tests
performed under this contract are described in the latter sections of
experimental testing procedures.

A. Hygroscopic Chemical Smoke Agents

Many of the important smoke producing chemical agents depend
on a reaction mechanism in which the agent vapors react with atmo-
spheric moisture to produce aerosol particles. These particles contain
many times the original weight of the agent in the form of the chemically
bound water. A direct correlation exists between the heat of hydration
for these ?-ents and their ability to produce an effective smoke. A
similar correlation should exist relating the surface energy to smoke
obscuration characteristics through a surface-free energy function.
However, probably because of the difficulty in measurement, this latter
parameter is not discussed in the smoke literature and it is assumed
that dilute acid particles possess similar sirface energies which are
not strongly dependent on the chemical composition of the solute. Among
the chemical agents which depend upon hydrolytic action for their smoke
effectiveness are the many inorganic chlorides and derivatives of sul-
furic acid. Inorganic chlorides which have been used for liquid smoke
agents include titanium tetrachloride, silicon tetrachloride, and stannic
chloride. Compounds or mixtures containing the oxides of sulfur which
have been used for this purpose include sulfur trioxide, chlorosulfonic
acid, and oleum. A solution of 55 percent S0O with 45 percent by weight
chloro-sulfonic acid is widely used as a standard smoke mixture known
as FS. Both the sulfur derivatives and the inorganic chlorides have
been used as part of a dual smoke agent system in which ammonia or
amine derivatives are used to either neutralize the acid produced during
the hydrolysis and thus reduce corrosivity and irritation factors, or to
form an ammonium chloride solid particle aerosol. A brief discussion
of these hydroscopic smoke agents is given in the following sections.
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1. Chemical Smoke Agents Based on the Hydrolysis of Sulfur
Compounds.

a. FS

In this class of compounds, the principle smoke agent of military
use is FS. FS consists of a mixture of chloro-sulfonic acid and sulfur
trioxide. Each of these components can individually produce an effective
screening smoke, but the mixture offers the advantage of improved
physical properties. The TOP value for SO 3 is approximately Liree
times greater than that of HCISO3 and is, therefcre, the principle effec-
tive agent. In the presenc% of water, this agent rapidly forms sulfuric
acid which is extremely corrosive to most metals. Strong materials
degradation effects are also observed, both for the agent And the pro-
duced smoke, when in contact with most plastics including several types
of polyethylene. FS can be dispersed by mechanical atomization, ther-
mal vaporization, or simple evaporation. It can be disseminated from
aircraft spray tanks to produce either an aerial or a ground based smoke
screen. To produce a ground level smoke screen, hollow aluminum
spheres are used to transport the agent from flight altitude to ground
level. Upon impact, these spheres break open to release the agent which
then disseminates by evaporation from the ground spill. The smoke
consists of droplets of dilute sulfuric acid admixed with dilute hydro-
chloric acid, and is corrosive to anything affected by these compounds.
The smoke -s not toxic but is quite irritating to the mucuous membranes
I.nd lungs. In any appreciable concentrations, considerable gagging oc-
curs, probably caused by unreacted sulfur trioxide. If no moisture is
present FS is not corrosive to most metals of construction. Because
of its strong dehydration and oxidation capability, severe skin burns
are obtained upon contact with the liquid agent. Although the 45% chloro-
sulfonic acid - 55% sulfur trioxide ;olution is used by the U.S. Army,
mixtures up to 65% sulfur trioxide still freeze at relatively low temper-
ature. These mixtures do not form a simple solution, but rather tend
to be two separate compounds with empirical formulas SOS • HSO3CI,
and ZSOs • HSO3CG.

The standard 45%-55% mixture used by the U.S. Army has a
-80 degree freezing temperature if chemically pure, but because the
technical grade materials in its production cuntain a small amount of
sulfuric acid and other degrative ro-action products (three and seven
percent), the freezing temperati, re is raised substantially.
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The mechanism by which this agent produces smoke is the for-

mation of dilute sulfuric acid upon hydrolysis with atmospheric moisture.
The overall chemical equation is given by:

S03HCI + HO = ZHZSO 4 + HCI

HS0 4 + -40 = HS0 4 • 4HIO.

Two data sheets are listed for FS, one corresponding to the mix-
ture used by the U.S. Army, and the second corresponding to the proper-
ties of the agent reportedly used by the Russia?. Army in World War II.

4M
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Smoke Producing Chemical Data Sheet FS

(U. S. Army)

| I._. I'roperties of the Smoke Agent

A. Composition: 45% HCISO3; 55% S03

B. Molecular Weight: N/A

C. Boiling Point *C: 6Z0C

D. Freezing Point "C: -79"C

E. Density gm/cc: 1.8976

F. Viscosity, cp: .060 poise (25"C)

G. Fiaih "3oint 'C: N/A

H. Heat of Vaporization: --

I. Toxicity: Severe Burns

Compatibility.
Metals: Moderate Corrosion - High

Corrosion in presence of water

Plastics: High

K. Stability: Good

L. Mechanism for Producing Smoke:

HCISO 3 + S03 = HiSO 4 + HCI

HISO4 + HzO = Hydrated Sulfuric Acid Droplets

II. Properties of the Smoke

A. Obscuring Power: High (TOP 2500)
(DOP 47441

B. Persistence: Good

C. 3xicity: Limited

D. Corrosiviry: High

S£E. Remarks: Standard Military Smoke

F. Irritation: High
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Smoke Producing Chemical Data Sheet FS

(Russian Army)

I. Properties of the Smoke Agent

A. Composition: 40% SO 3 ; 60% HCIS0 3

B. Mole :ular Weight: --

C. Boiling Point: 88°C

D. Freezing Point: -83. 60 C

E. Density: 1, 844 gm/cc

F. Viscosity: --

G. Flash Point: NIA

H. Heat of Vaporization: --

Other properties of the agent and the amoke are similar to those

previously listed.
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b. Oleum

Oleum is a mixture of SO3 in HZSO 4 . Liquid sulfur trioxide is
miscible in e11 proportions with sulfuric acid and, thus, the composition
and physical properties of oleum may vary through wide limits. The
chemical characteristics of oleum are similar to those of sulfur tri-
oxide. Although SO 3 is miscible in all proportions with sulfuric acid,
there are two eutectic melting points on the melting point diagram.
These points are locate,- at -14.3 and 0. 1 degrees C. In addition, there
exists a dystectic point corresponding to a 50-50 mole proportion in-
dicating that the compound pyrosulfuric acid is formed. The technical
mixture oleuir probably consists of either a mixture of sulfuric and
pyrosulfuric acids, or of pyrosulfuric acid with sulfur trioxide depend-
ing on the composition of the mixture used. Because of the relatively
high melting point, substantial problems have resulted in applying this
r~ixture to military uses. However, use of an oleum mixture having a
high SO. content is not uncommon. The agent is dispersed in a similar
manner as FS. The chemical reactions during smoke production are
also similar and the smoke consists of "dilute" gulfuric acid droplets.
Oleum is corrosive to most metals and is, therefore, usually stored in
glass lined or stainless steel containers. The smoke is irritating but
non-toxic. The major usage of the material for military smoke pro-
duction occurs when supplies of other agents are limited. Oleum is a
relatively common intermediate in the chemical industry production;
therefore, large quantities can usually be obtained.

c. Sulfur Trioxide

Sulfur trioxide has been widely used for military screening

smokes either directly or in conjitnction with other chemical agents.
Because of its relatively high melting point, S03 is usually incorporated
into other agents to provide a suitable liquidus range. A solution of
sulfur trioxide in sulfur dioxide and carbonic acid was used during
World War I, and solutions of !ulfur triouide in chlorosulfonic acid and
Rulfuric acid have been described in the preceding sections. As a

smoke agent. the pure material has a TOP of about 3000 as compared to
FS at 2500. The agent is commonly dispersed by thermal vaporization
or mechanical atomIzation. The chemical action of this agent is the
production of sulfuric acid upon contact with atmospheric moisture.
The dispersed acid particles then absorb more water to produce a cloud
consisting of "dilute" sulfuric acid particles. The liquid agent itself,
if dry, does not attack most metals, but will cause severe corrosion and
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burns to personrrel. The smoke is highly irritating but non-toxic.
When liquid or solid sulfur trioxide is put inte water, a violent thermal
reaction occurs. Due to its affinity for water, sulfur trioxide acts as a
strong dehydrating agent on plant and animal tissues and, therefore,
special precautions must be taken in working with this substance.

I

I
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Smoke Producing Chemical Data Sheet

Sulfur Trioxide

I. Properties of the Smoke Agent

A. Composition: S03

B. Molecular Weight: 80.06

C. Boiling Point oC: 44.6

D. Freezing Point °C: 16.83

E. Density gm/cc: 1.923 (a modification)

F. Viscosity, cp: --

G. Flash Point °C: --

H. Heat of Vaporization: 118.5 (150)/g(53°C)

I. Toxicity: 8 hr. exposure - /mg/m 3

J. Compatibility:

Metals: Moderate Corrosion - High

Corrosion in presence of water

Plastics: High Corrosion

K. Stability: Gas at Moderate Temperatures

L. Mechanism for Producing Smoke:

SO 3 + H 20 = HZS0 4

H 2S04 + HzO = Hydrated Sulfuric Acid

II. Properties of the Smoke

A. Obscuring Power: (TOP 3000)
(DOP 5769)

B. Persistence: Good

C. Toxicity: Low

D. Corrosivity: High

E. Remarks: Base for FS Smoke

F. Irritation: High
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Smoke Producing Chemical Data Sheet

Sulfur Dioxide

I. Properties of the Srmoke Agent

A. Composition: SO2

B. Molecular Weight: 64. 06

C. Boiling Point °C: -10.0

D. Freezing Point °C: -75.5

E. Density gm/cc: liq. 1.434(0*)
Z. 264 (A)

F. Viscosity, cp: 0 (4 (3-C)

G. Flash Point °C: --

H. Heat of Vaporization: 91.3(15°)/g (0°C)

I. Toxicity: 50 - 100 p.p.m. Max. perm.
amt. for 30 - 60 min.

exposure
400 - 500 p.p.m. is immediately

dangerous to life

J. Compatibility:
Metals: Moderate Corrosion

Plastics: Degradation

K. Stability: Good (Gas at room temperature)

L. Mechanism for
Producing Smoke: Used as modifier'to Basic FS

Smoke Agent

If. Properties of the Smoke (See FS)

A. Obscuring Power: Only used in conjunction with
other agents

B. Persistence: N/A

C. Toxicity: N/A

D. Corrosivity: High

E. Remarks: N/A

F. Irritation: High
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d. Chlorosulfonic Acid

Chlorosulfon-c acid can be used either by itself, or in combina-
tion with other agents. Smoke is produced by hydrolytic action with

A atmospheric moisture to form sulfuric and hydrochloric acid particles.
These particles then undergo further hydrolysis to produce stable dilute
solutions. The smoke, therefore, is corrosive to anything affected by
: 11s• acids. When used by itself, the TOP value of this agent is re-
rnortea as 1400. The smoke is not toxic, but is highly irritating to
&,,-cous membranes and skin. Handling and storage problems for this
agent are similar to those associated with the handling of FS. The den-
sity of chlorosulfonic acidis about 1. 8, and the vapor pressure is
given on the following data sheet. Upon heating, this agent undergoes
partial decomposition to form sulfuryl chloride and sulfuric acid, the
back reaction does not readily occur with the resultant degradation of
the material if stored at elevated temperatures. Many non-ferrous
metals are directly attacked by this acid. These metals include lead,
copper. and tin. For tin,the reaction is given by the equation:

Sn +4HS0 3CI = SnC14 + 2HZS04 + 2SOZ.

Chlorosulfonic acid does not react with mild steel in the absence
of water at normal storage temperatures, but does directly corrode
ferrous materials at elevated temperatures. Chloroaulfonic acid acts
as a powerful dehydrating agent on fabrics, woodfibers, leather, rubber,
nylon~and plastics causing substantial carbonization. For this reason,
special protective equipment must be provided for personnel protection
against spills and mishandling. Industrial chlorosulfonic acid is usually
black or brownish in color because of carbonization of organic irmpu-
rities. The chemicaL composition of this technical gradc material con-
sists of 90 percent HSO 3CI, 4 to 7 percent sulfuric acid, about 3 percent
pyrosulfuric acid and sulfuryl chloride, and I percent sulfur trioxide.
Chlorosulfonic acid is often used in combination with sulfur trioxide to
form FS. The most efficient production of smoke using this combination
depends on relatively complete thermal volatilization. This vaporization

has been accomplished by injection into ships' smoke stacks and by
chemical reaction with slaked lime, or in a mixture of SO3(FS).

1,$
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Smoke Producing Chemical Data Sheet

Chlorosulfonic Acid

I. ,Properties of the Smoke Agent

A. Composition: HCISO 3

B, Molecular Weight: 116.52

C. Boiling Point °C: 151. 5(765 mm)

D. Freezing Point °C: -80

E. Density gm/cc: 1. 787 (25°C)
6t = 1. 7847 - 0. 001615 + 1. 21 X 10"'t 2 - 4. 1 X 10" t'

F. Viscosity, cp: 1. 9 (50°C)

tit = 0.000698/vt - 0. 554

G. Flash Point @C: --

H. Heat of Vaporization: 110. 2(150)/g (1510C)

I. Toxicity: - -

J. Compatibility:
Metals: Does not act on ferrous metals in

absence of moisture, Pb, Cu,
Sn attacked

Plastics: Degradation of plastics occur

K. Stability: Good

L. Mechanism for Producing Smoke:
Used in a 40 to 60 percent mixture with sulfur trioxide
principally to lower the freezing point of the mixture.

2101.8
M. Vapor Pressure: log P = 7.6401 20T

T

SIf. Properties of the Smoke

A. Obscuring Power: (TOP 1400)
(DOP 2502)

B. Persistence: Good

C. Toxicity: Low

D. Gorrosivity: High

•" Remarks:

F. Irritation: High
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e. Sulfuryl Chloride and Pyrosulfuryl Chloride

Sulfuryl chloride is similar to chlorosulfonic acid and sulfur tri-
oxide and is handled and dispersed using the same techniques and equip-
ment as these other materials. It reacts with atmospheric moisture to
produce a smoke composed of a combination of sulfuric, sulfurous, and

hydrochloric acid droplets. Sulfuryl chloride can be considered to be
chemically similar to sulfur trioxide in which one of the oxygen atoms
has been replaced by two chlorine atoms. Similarly, pyrosulfuryl chlo-
ride can be considered as a chlorinated dimer of sulfur trioxide. The
reported TOP of this agent is about 1200 which represents a smoke value

about equal to the better oil fogs. Sulfuryl chloride has been character-
ized as possessing a gagging effect when inhaled. When heated, sulfuryl
chloride decomposes to sulfur dioxide and chlorine. At ordinary tem-
perature it does not affect ferrous materials, but causes extensive
corrosion if moisture is present, or at elevated temperatures. Similar
behavior is found for pyrosulfuryl chloride, except that the gas phase
decomposition products at elevated temperatures also include substan-
tial amounts of sulfur trioxide. The denrity of sulfuryl chloride is 1. 68
at 20°C and the density of pyro compound is somewhat greater, 1. 84.
Th--! colligative properties are favorable to the range of temperature

F required for military operations.

f. Mixtures of Sulfur Trioxide and the Sulfuryl Chlorides

Liquid sulfur trioxide is miscible in all proportions with sulfuryl
chloride. From the melting point diagram it can be determired that
several compounds are formed,one of which is dichlorosulfuryl
chlorosulfonate C12(OSOzCt)Z. This is a fuming liquid having a melting
point of -19°C and a density of 1.633. No reported data indicating the

TOP of this3 c,-mpound was found In the available literature. it is
assumed that the toxicity, materials compatibility, and general smoke
producing mechanisms for this compound is the same or similar to FS.

e
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Smoke Producing Chemical Data Sheet

Sulfuryl Chloride (Sulfuric Oxychloride)

I. Properties of the Smoke Agent

A. Composition: SO2 C1Z

B. Molecular Weight: 134.97

C. Boiling Point "C: 69. 1(760 mm);

Vapor Pressure mmHg: log P = 7. 918 -

T

D. I reezing Point -: -54.1

E. Density gm/cc: 1.9 (20"); 6t = 1.7081 - 0.0021t
+ 1. 07 x 10"6tz -

1. 81 x 10-It 3

0. 0759
F. Viscosity, cp: 0. 85 (25 C); it =

vt - 0. 5114

G. Flash Point *C: --

H. Heat of Vaporization: 49.45 cal/gm

I. Toxicity: Not established

J. Compatibility:
Metals: Fe not affected at ordinary temp.

corrode3 in presence of moisture

Plaatics: Degradation occurs

K. Stability: Good

L. Mechanism for Producing Smoke:

SOzCI 2 + HzO HzSO 4 + H-SO3 + HC1 j

HZSO 4 + HZO = Hydrated Sulfuric Acid Droplets

M. Surface Tension 3 ( ?
-iynes/cm: 3S. 26(13 0); 3? 2 -(Z3. 5)Zu. An1Z8 47 S) t

4t
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II. Properties of the Smoke

A. Obscuring Power: (TOP 1200)
(DOP 2280)

B. Persistence: Good

C. To.•'•ity: Similar to FS
D. Corrosivity: Somewhat less than FS
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2. Smoke Agents Based on Inorganic Chlorides

A large number of hygroscopic metal chlorides have been used
to produce white smoke. The chlorides of the elements in Group IV of
the periodic table are the most important of these materials and titani-
rm tetrachioride, silicon tetrachloride, and stannic chloride have all
been used as liquid smoke agents. All three substances are fuming
liquids which vaporize easily. The vapors of these substances then re-
act with atmospheric moisture to produce a complex combination of
hydrochloric acid, hydrated metal hydroxides, and metal chlorides.

In addition to these three widely used compounds, many other of the
metal chlorides are also capable of producing efficient smoke agents.
These metal chlorides are all hygroscopic in nature and, as a general
rule, their smoke effectiveness is directly proportional to the weight
increase incurred during hydrolysis. Since many of these latter com-
pounds are normally solids, an external heat source must be provided
in many cases. Usually this heat is in the form of a pyrotechnic mix-
ture and, therefore, their usage in an airborne tankage application is
limited.

a. Titanium Tetrachloride (FM)

FM or titanium tetrachloride is a faintly colored fuming liquid
having an acrid odor. This substance's ability to form smoke in moist
air is due to the formation of a complex series of hydration and hydrol-
ysis products. FM smoke agents are extremely hygroscopic, undergoing
extensive polymerization upon contact to moist air. This polymerization
results in extensive clogging and, therefore, the cleaning procedures to
maintain dissemination equipment in operable condition are a major
consideration. When used for screening, this agent can be disseminated
from aircraft spray tank, the major problem being associated with post
operation cleaning of the polymerization products from tankage inlet
and outlet surfaces. A considerable effort has been devoted to the de-
velopment of anticlogging agents,with little success. The reaction of
FM with water is relatively complex. There is evidence which indicates
that the titanium tetrachloride is first hydrated and then, subsequently,
hydrolyzed to produce particles of titanium hydroxide, dilute hydro-

chloric acid, and intermediate products consisting of a complex distri-
bution of the oxychlorides of titanium. A possible sequence of reactions
is given below:

A

/

/
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TiG4 + 5 Hz TiG14 5I-1 2

TiGI4 .5 H20 TiCi30H -4 J42 0 +HU

TiC13 0H .4 H20 TiCIZ(OH)z -3 HZO + U4CI

TiCiz(ON-)z 3 HzO TiCI(014)3 -2 H~zO +HGI

TiCI(OH) 3 2 H20 = Ti(OH)4 0
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Smoke P, oducing Chemical Data sbeet

Titanium Tetrachloride

I. Properties of the Smoke Ae!nt

A. Composition: TiC14

B. Molecular Weight: 189.73

C. Boiling Point *C: 136.4

Vapor Pressure mmHg: 10.05(20*); 26.50(400)
1948

log P = 7. 644 9
T

D. Freezing Point 'C: -30

E. Density gm/cc: liq. 1.7726; 6t = 1.761-.... 0017t
- 7.3 X 10"7tZ -

2. X10t 3

1
F. Viscosity, cp: 0. 88(140); nit I93.64+ I.l10t

G. Flash Point °C: --

H. Heat of Vaporization: 47.22 cJ.l/gm(25°): 45.43 cal/
g,-n(135. 8)

I. Toxicity: No limit set

J. Compatibility:
Metals: Moderp.te

Plastics: Ylegracat'oi and swelling high

K. Stability: Good

L. Mechanism for Producing Smoke:

TiC41 + HzO + Air = Ti(OH)4 • HzO + Ti(OH)x(CI)y + HCI

- TiO -- HzO + HCk

M. Surface Tension: 35, 1 trynrs/crm '3)

N. Heat of Formation: - i84. 5 Kcal, mol.I-
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U!. Properties of the Smoke

A. Obscuring Power: (TOP 190fl)
(COP 3279)

B. Persistence: Good

C. Toxicity: Moderate to low

D. Corrosivity: Corrodes metals

E. Remarks: Standard military screening smoke

F. Irritation: High

9t



The liquid is not corrosive to metals at ordinary temperatures,
provided no moisture is present. It can be stored in steel aluminum
and similar containers. It has been reported that a 0. 2% phosphorus
solution in CS? and CC4 reduces the clogging of spray nozzles. However,
tests performed at Denver Research Institute on this contract indicated
that only marginal improvement was obtained. The smoke produced by
this agent is considerably less irritating and less corrosive than FS.
While the smoke is generally assumed to be non-. )xic in normal con-
centrations, there is evidence to indicate that all metal chloride smokes
are somewhat toxic. For storage containers and gaskets, a number of
plastic materials have been considered. Phenolic laminated paper base
plastics, teflon, and some forms of polyethylene or polypropylene have
shown reasonable stability against attack by the agent. Cellulose and
styrene based materials have been reported to undergo considerable de-
gradation. Titanium tetrachloride can also be disseminated when
dissolved in dichloroethane and similar solvents. Mixtures of FM and
solutions or mixtures of phosphorus prepared under this contract, were
chemically stable but underwent phase separation.

b. Silicon Tetrachloride

Silicon tetrachloride is another liquid metal-chloride which has
been used to produce smoke. However, silicon tetrachloride is less
hygroscopic than titanium tetrachloride, and, unless considerable
moisture is pzcsent, little smoke is produced. The smoke particles
produced from the reaction of silicon tetrachloride with water vapor
are probably dilute hydrochloride acid droplets, and hydrated silicon
oxides. The reaction between silicon tetrachloride and water vapor is
assumed to be similar to that between titanium tetrachloride and water
vapor and a mixture of oxy and hydroxy silicon chlorides are probably

formed in addition to orthosilicic acid.

Although the reactions take place rapidly in the liquid phase,

the kinetics of the gas hase hydrolysis are slow. The silicon tetra-
chloride vapor and/or aerosol is used up slowly giving rise to a per-I sistent smoke. The HCI produced probably remains in a gaseous state
and the orthosilicic acid condenses to form smoke particles.

Silicon tetrachloride is less corrosive to metals than titanium
tetrachloride. If dry, it can be stored in aluminum or steel containers.
With moisture, silicon tetrachloride forms a gummy deposit which clogs
equipment. Flesh burns from silicon tetrachloride are similar to hydro-
chloric acid burns. There are some toxic effects associated with the

II
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smoke of this agent. However, the principal difficulty in use,apart from
a relatively low obscuration power, is associated with its slow formation
of smoke particles, particularly in dry climates.

0

4

i | JL •I
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Smoke Producing Chemical Data Sheet

-•3.c -n Tetrachleride

_I. Properties of the Smoke Agent

A. Composition: SiC14

B. Molecular Weight: 169.89

C. Boiling Point *C: 57.6
1572. 1

Vapor Pressure mmHg: Liquid: log P = 7. 644 - T

195. 9 mmHg(ZO°)

Solid: 1 mmHg(-70")

D. Freezing Point °C: -70

E. Density gm/cc: 1. 4 3 gm/cm 3 (20°); 6t = 1. 524 -

0. 00201t - 5.61 X10t - 3. X
10-t

0. 000662
F. Viscosity, cp: 0. 5O1CP(15°); Mt = vt - 0. 5369

where vt is specific volume

G. Flash Point *C:

H. Heat of Vaporization: 36. 1 (150)/g (570C)

I. Toxicity: Moderate

J. Compatibility:
Metals: Moderate: no reaction with most

metals in absence of
wate r.

Plastics: Degradation and swelling high

K. Stability: Good

L. Mechanism for Producing Smoke:

SiCI 4 + HZO + Air Si(OH)4 xHZO

+ SiOZ xHIO

+ HCI

M. Surface Tension: 16.9 dynes/cm (19");
14. 2 dynes/cm (45)
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II. Properties of the Smoke

A. Obscuring Power: (TOP 1500)
(DOP 2225)

B. Persistence: Good

C. Toxicity: Moderate

D. Corrosivity: Moderate

E. Irritation: High

9/

hi
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c. Stannic Chloride

The reactions of rtannic chloride with water vapor are similar
to those previously discussed in conjunction with FM. In this family of
chlorides, both stannous and stannic chlorides produce smoke, but the
effectiveness of the lower valence compound is considerably less. Stan-
nic chloride is utilized in a similar manner as titanium tetrachloride
and silicon tetrachloride. The dispersed phase of the sm-3ke is a mix-
ture of HC1 droplets and solid particles of the hydrates of orthostannic
acid, and chloral anhydrides of stannic acid. The obscuring power of
this agent is somewhat less than FM and its corrosive effects are prin-
cipally associated with the formation of hydrochloric acid. Upon contact
with the skin stannic chloride produces strong acid burns and the smoke
is reported as being irritating but nontoxic. Operational problems in-
clude a severe gumming of spray equipment and the need to prevent air
or moisture contact. Material compatabilty characteristics are assumed
to be similar to the other liquid metal chlorides previously described.
The smoke is moderately toxic and somewhat irritating.

I.

&

I ___________
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Smoke Producing Chemical Data Sheet

Stannic Chloride

I. Properties of the Smoke Agent

A. Composition: SnC14

B. Molecular Weight: 260.53

C. Boiling Point "C: 114. 1
Vapor Pressure mm Hg: 2. 73 (- 10"); 5. F3 (0*), IC. 33 (10');

18.58 (20'); 31.3 (30')

D. Freezing Point *C: -30.2

E. Density gm/cc: ,.226(RT); 6 t = 2. Z744-0. 0026 It

+ 1.05 X 1'tY - 1. 15 X 10"It3

F. Viscosity, cp: 0.9 (25'C); 1.611 (I5);
0. 0439

v - 0. 4027

G. Flash Point *C: --

H. Heat of Vaporization: 30.3 cal/gm (15")
Heat of Fusion: 8.40 cal/gm

I. Toxicity: --

J. Compatibility:
Metals: Moderate; does not corrode most

metals in absence of water.

Plastics: Mode rate

K. Stability: Good

L. Mechanism for Producing Smoke:

SnC4 + HZO Air = Sn(OH) 4 ,xHjO + SnO, xHZO

+ HCI
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SII. Properties of the Smoke

A. Obscuring Power: (TOP 1850)
(DOP 4118)

B. Persistence: Fair

C. Toxicity: Moderate

D. Corrosivity: Does not corrode Fe in absence
of moisture; otherwise, similar
to FM

E. Irritation: Moderate

F. Remarks: The TOP values reported were
not verified in the experimental
work performed under this

contract
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d. Solid Metal-Chlorides 
1

Many metallic chlorides whose boiling points are not too high

canbe volatilized and will produce good smokes. Solid, hygroscopic
metal-chlorides are normally disseminated by thermal vaporization
followed by condensation. In most cases, the energy required to va-
porize these agents is provided oy a pyrotechnic heat source. The hy-
drolysis reactions for the metal chlorides which have been used as
smoke agents a-e:

CuCI, + ZHzO = Cu(OH)z + ZHCI

FeCIZ + ZHjO = Fe(OH)z + ZHCI

FeCI, + 3HZO = Fe(OH)3 + 3HC1

AICI3 + 3HzO = AI(OH)3 + 3HC1

ZnClz + 2HzO = Zn(OH)z + ZHCI

CdClz + ZHzO = Cd(OH)Z + ZHCI

HgCIz + 2HZO = HgO. HzO + ZHC1

SnCl2 + ZHIO = Sn(OH)Z + ZHCI

The detailed mechanism of the hydrolysis reactions is not com-
pletely understood. Chemical reactions giving rise to intermediate

oxychlorides similar to those discussed in the hydrolysis of TiCL4
are probably important in most of the above reactions. There is some
evidence to indicate that the high temperature volatilization of the chlo-
rides is followed by a condensation of supersaturated metal chloride

vapors as very fine particles. In the case of ZnCIZ and AIC13 this vo-
latilization to the unreacted chloride is particularly pronounced. Sub-
sequent hydrolysis reactions occur at a relatively slow rate on these

airborne dusts of metal chlorides. There is limited evidence r-garding
the smoke value of alkyl derivatives of these agent.. rhese compounds
exist largely as dimeric liruids and might be of interest as potential
-moke agents.
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Smokv Producing Chemical Data Sheet

Cupric Chloride

I... Properties of the Smoke Agent

A. Composition: CuCI z

B. Molecular WeiLght: 134.48

C. Boiling Point 'C: Forms CuzCl 3 9930

D. Freezing Foint °C: 498

E. Density gm/cc: 3. 054 (RT)

F. Viscosity, cp: --

G. -Flash Point °C:

H. Heat of Vaporization: --

I. Toxicity: - - \

.T. C ompatibility:
Metals: Moderate

Plastics: Moderate

K. Stability: Good

L. Mechanism for Producing Smoke:

CuCI 2+HzO+Air CuO" xHaO

I.. Properties r.' the Smoke

A. Obscuring Power: Low

B. Persistence: Low

C. Toxicity: Moderate to High

D. Corrosivity: Moderate

E. Irritation: Moderate

I
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Smoke Producing Chemical Data Sheet

Ferrous Chloride

I. Properties of the Smoke Agent

A. Composition: Fe CIz

B. Molecular Weight: 126.76

C. Boiling Point °C: 1023 (decomposes)

D. Freezing Point *C: 674

E. Density gm/cc: 2.? (RT)

F. Viscosity, cp: --

G. Flash Point °C:

H. Heat of Vaporization: --

I. Toxicity: --

J. Compatibility:
Metals: Moderate

Plastics: Good

K. Stability: 'air

L. Mechanism for Producing Smoke':

FeC1z + HZO + Air = ,FeO xHzO + FezO 3 ' xH 2 O + HC1

Ii. Proerties of the Smoke

A. Obscuring Power: Poor

B. Persistence1." Fair - Poor

C. Toxicity: Moderate

D. )CIOrrosivity: Moderate

Y. Irriatation: --

•////• I

•DI
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Smoke Producing Chemical Data Sheet
Ferric Chloride

I. Properties of the Smoke Agent

A. Composition: FeC13

B. Molecular Weight: 162.22

C. Boiling Point °C: 315

Vapor Pressure (mrnm Hg): 40 (250*C)

D. Freezing Point *C: 298

E. Density gm/cc: 2.804 (11')

F. Viscosity, cp: --

G. Flash Point 0C: --

H. Heat of Vaporization: --

I. Toxicity: - -

J. Compatibility:
Metals: Gvod

Plastics: Good

K. Stability: Good

L. Mechanism for Producing Smoke:

FeC! 3 +H 2 0+Air = FezO 3 xH 2 O+ Fe 3O04 xH 2 O HCI

II. Properties of the Smoke

A. Obscuring Power: Poor

B. Persistence: Poor

C. Toxicity: Low

D. Corrorivity: Moderate

E. Irritation: --
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Smoke Producing Chemical Data Sheet

Aluminum Chloride

I. Properties of the Smoke Agent

A. Composition: ACIC3

B. Molecular Weight: 133.34

C. Boiling Point *C: 182.7

Vapor Pressure (mm Hg): 108 (150*)

D. Freezing Point *C: 194 5. 2 atm

E. Density gm/cc: 2.44 (250/4)

F. Viscosity, cp: --

G. Flash Point °C:

H. Heat of Vaporization: -

I. Toxicity: No threshold limit for Al

J. Compatibility:
Metals: Good

Plastics: Good

K. Sta'bility: Good

L. Mechanism for Producing Smoke:

AiC! 3 + Hz O = AI 0 3  xH2O

II. Pioperties of the Smoke

A. Obscuring Power: Poor

B. Persistence: Moderate

C. Toxicity: Moderate

D. Corrosivity: Moderate

E. Irritation: --
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Smoke Producing Chemical Data Sheet,

Zinc Chloride

I. Properties of the Smoke Agent

A. Composition: ZnCI z

B. Molecular Weight: 136.29

C. Boiling Point *C: 732

D. Freezing Point °C: 365

E. Density gm/cc: 2.91(25°)

F. Viscosity, cp: --

G. Flash Point °C: --

H, Heat of Vaporization: --

I. Toxicity: 45 mg/i 3 was tolerated for 20 min.

by man

J. Compatibility:

Metals: Good

Plastics: Good

K. Stability: Good

L. Mechanism for Producing Smoke:

ZnC 2  = Zn(OH)z + HCI

Zn(OH)z + HZO Zn(OH)z " xH?-zO

Used in conjunction with solid oxidizers and heat

sources in smoke pots, e.g. BM Mixture

IU. Properties of the Smoke

A. Obscuring Power: Fair

B. Persistence Good

C. Toxicity: Moderate

D. Corrosivity: Moderate

E. Irritation: Moderate

t4
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Smoke Producing Chemical Data Sheet

Cadmium Chloride

I. Properties of the Smoke Agent

A. Composition: CdC42

B. Molecular Weight: 183.32

C. Boiling Point*C: 960

D. Freezing Point *C: 568

E. Density gm/cc: 4. 047 (25 /4)

F. Viscosity, cp: -

G. Flash Point *C:

H. Heat of Vaporization: --

I. Toxicity: 325 mg. taken ora.lly was not
fatal;- .01 mg. of Cd/m 3 to
provide safe daily exposure

J. Compatibility:

Metals: Good

Plastics: Good

K. Stability: Good

L. Mechanism for Producing Smoke:

CdCIZ + HzO Cd(OH)z + HCI

If. Properties of the Smoke

A. Obscuring Power: Fair - Poor

B. Persistence: Good

C. Toxicity: Moderate

D. Corrosivity: Moderate

[4

4
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Smoke Producing Chemical Data Sheet

Mercuric Chloride

I. Properties of the Smoke Agent

A. Composition: HgCIz

B. Molecular Weight: 271.52

C. Boiling Point *C: 304

D. Freezing Point °C: 277

E. Density gm/cc: 5.44 (RT)

F. Viscosity, cp: --

G. Flash Point °C:

H. Heat of Vaporization:

I. Toxicity:

J. Compatibility:
Metals: Moderate - Poor

Plastics: Good

K. Stability: Fair

L. Mechanism for Producing Smoke:

Hg CI + HzO + Air = Hg(OH), -

Ii. Properties of the Smoke

A. Obscuring Power: Poor

B. Persistence: Low

C. Toxicity: High

D. Corrosivity: Moderate

I..



4 Smoke Producing Chemical Data Sheet

Stannous Chloride

I. Properties of the Smoke Agent

A. Composition: SnCII

B. Molecular Weight: 189.61

C. Boiling Point "C: 623

D. Freezing Point *C: 246.8

E. Density gm/cc: 3. 393 (245') liquid

F. Viscosity, cp:

G. Flash Point °C:

H. Heat of Vaporization:

I. Toxicity: No limit of safe exposure has
been set

J. Compatibility:
Metal s: Moderate

Plastics: Moderate-

K. Stabil, Moderate

L. Mechanism for Producing Smoke:

SnCIz + HzO + Air = Sn (OH)z ' xHzO

+ SnO • xHzO + SnOz xHzO

+ HCf

II. Properties of the Smoke

A. Obscuring Power: Poor

B. Persistence: Fair - Poor

C. Toxicity: Moderate

D. Corrosivity: Moderate
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B. White Smokes Containing Phosphorus1

In the white smokes containing phosphorus, which have been used
for military purposes, the particles are small droplets of phosphoric
acid. These droplets are formed by the reaction of phosphorus pent-
oxide, formed by the burning of phosphorus or phosphorus-containing
compounds in the air, and the water vapor in the air, or

PzOs + 3HzO = 2H 3PO4

HROP4 + nHzO = HSP0 4 (dilute).

The concentration of phosphoric acid in the dropiets is deter-
mined by the relative humidity. Mtliode which have been used to form
phosphorus pentoxide for military smokes containing phosphorus include:

1. b'.rning white phosphorus, which is spontaneously inflam-
mable in air,

2. burning red phosphorus vapor, which has been evaporated
from a fuel oxidant mixture, in air,

3. burning of phosphine, produced by the action of a metal-
phosphide with water, in air.

Other methods for producing phosphorus containing smokes in-
clude the solution WP into selected solvents and the use of eutectic
mixtures and phosphorus containing compounds.

Phosphorus vapor is toxic but,being very reactive, it is not present
after the smoke is formed. Phosphorus pentoxide and phosphoric acid
are not toxic in small concentrations, although they may be somewhat

irritating to the eye, respiratory track, and skin. Phosphorus smokes

have relatively little effect on metals and can be considered to be rela-
tively noncorrosive to plastic materials.

1. White Phosphorus

Phosphorus is the most efficient smoke produced on a weight

basis. However, for bursting-type dispersed, most of the charge burns
within seconds of the bu.st, resulting in a smoke concentration many

times that required for effective screening. The temperature-rise in
the cloud immediately surrounding the burst is sufficient to produce a

4I
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strong, thermal updraft which tends to lift the cloud from the ground so
that the smoke cloud pillars. This is helpful for signaling purposes but
generally reduces the effectiveness of white phosphorus as a screening
smoke.

Two general ways to improve smoke-producing efficiency are
possible. The first involves reduction of the heat of combustion, which
can be accomplished by using different phosphorus compounds, e.g. the
eutectic mixture discussed previously. The second method, involves
controlling the rate of combustion as in PWP,plasticized white phos-
phorus. This consists of an intimate mixture of granulated white phos-
phorus in a viscous rubber solution. The material burns more slowly
and the particles do not disintegrate by melting. As a result, pillaring
is reduced and the effective screening time is greatly prolonged. Test
results have indicated that plasticized white phosphorus produces dis-
tinctly better smoke screens than unmodified white phosphorus agents.
Similar effects have been demonstrated under this contract for solu-
tions of methylene iodide and white phosphorus, and for a eutectic
mixture consisting of about forty-five weight percent phosphorus in the
experimental phase of study. The latter smoke agents prvide a sub-
stantial gain in weight obscuring power and density obscuring Fpwer
over FS.

I

I
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Smoke Producing Chemical Data Sheet

Phosphorus

I. Properties of the Smoke Agent

A. Composition: P 4

B. Molecular Weight: 123.92

C. Boiling Point *C: 280

Vapor Pressure mmHg: Liquids; log P = 11.57 - Z893
T

1. 257 log T

Solid; log P = 9.651 -

T

D. Freezing Point *C: 44. 1

E. Density gm/"ncc: 1. 82 (20"C) 6 T= 1. 783 - 0. 009 T
liq. 1.745 (44. 5)

F. Viscosity, cp: (liquid) P 4 2.34 (21. 5"') 1.04
(45"C) 0. 88 (60"C)

G. Flash Point *C:

H. Heat of Vaporization: 130 cal/gm (B. P.)
Heat of Fusion: 5. 03 cal/gm

I. Toxicity: Fatal dosage is 50 mg.
MAC 0. 1 mg/m3

J. Compatibility:
Metals: Goyd; reacts with many metals

but does not corrode iron or
iron alloys.

Plastics: Good; does not react with poly-

ethylene to any appreciable
extent after Z-Tnonth storages, ..

1 ~contact. .

K. Stability: Good L
SL Mechanism for Producing Smoke:

P 4 - Air P2O5

4 PzOs + HzO H)P0 4 - xHzO

I
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II. Properties of the SmrAke

A. Obscuring Power: Very high (TOP 4600)
(DOP 8372)

B. Persistence: Good

C. Toxicity: Low

D. Corrosivity: Low; corrosion is caused by
phosphoric acid which is rela-
tively non-corrosive for most
metals and plastics.

E. Irritation: Low

a1

iI
iI
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Red phospborus, the comparatively inert allotropic form of
phosphorus, is used in burning-type munitions mainly for signalling
purposes. Compositions consisting of red phosphorus, and certain
oxidants or fuels, can be made which are slow-burning; these composi-
tions are sometimes used in sea markers, The chemical reactions can
be quite involved. For example, tie main reaction for a burning mix-
ture of calcium sulfate and red phosphorus used in certain sea markers
appears to be:

CaSOt, + P 4 = Ca(P0 3)2 + CazPz0 7 + PFS 3 .

The heat produced by this reaction vaporizes the remaining red
phosphorus co, itained in the smoke mixture. The phosphorus vapor
burns on contact with air. Some sulphur dioxide is probably formed
when the P4S3, produced in the above reaction, burns along with the
phosphorus. vapor"

P 4S3 = 02 = SOZ + P20 5 .

Methods for producing phosphorus-containing smokes include:

1. the dispersion of phosphorus in a solvent, such as methylene
iodide or carbon bisulphide, *

2. the reaction of phosphorus trichloride with bases such as
ammonia and amines (the reactions are complex as illus-
trated in the following example:

PCI 3 + NH.4 = PCIzNHz + HCI

PCIZ-NHI + NH 3 = PCG(NHO) + HCI

PCA(NHZ)Z + NH3 = P(NHZ)3 + HCI

HCI + NH 3 = NH 4CI

the smoke is composed of a mixture of the amino-phosphorus
chlorides and NH4CI; the smoke produced is considered ii-
ritating but not toxic; phosphorus bichloride is not exces-
sively corrosive to any metal affected by hydrochloric acid;
it is quite corrosive to flesh, wet or dry), and

* See discuscion page (213) and Recommendations (12).
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3. the dispersion of phosphorus sulfides in carbon bisulfide

(the solvent evaporates and the finely-divided particles of A

phosphorus sulfide burn readily in air; total combustion of

these sulfides will yield phosphorus pentoxide and s;Aphur

dioxide:

P 4S 3 + 802 = zPaOs + 3SO2

2PzSs + 150Z = ZPs0 5 + 1CSO5

both the products react with water to produce sulfurous acid

and phosphoric acid; the sulfides of phosphorus are harm-

lets to both metals and flesh; the smoke produced is also
relativeiy harmless to metals and personnel).

2. Phosphorus i-hosphorus Sesquisulfide Eutectic Mixture

The phosphorus-phosphorus sesquisulfide eutectic consiets of

55% by weight of white phosphorus and 45% by weight of phosphorus

sesquisulfide. The total elemental composition by elements is 80% P
and 20% S. The composition of the fuel is not critical, and a reasonable

amount of devi,.tion is allowable from the true eutect-.c proportions.
The fuel, when settled free from water, is a clear, yellow, heavy liquid

ox low surface tension, moderate viscosity, and oily appearance.

* The specific gravity of the eutectic at 20°C is 1. 840 and eutectic

fuel freezes at approximately -42*C. The EWP mixture is light sensi-

tive, probably caused by the conversion of white phosphorus into the

red phosphorus modification. When the liquid is stored in the dark, or

in opaque containers, no deterioration takes place.

Storage under a layer of distilled water in a closed container for

several weeks at ambient temperature was reported to result in no ap-

p•'eciable reaction beyond the formation of a slight yellow scum at the

interface and the gradual acidification of the aqueous phase; however,

when the fuel is stored under water in a vessel open to the atmosphere,
gradual deterioration takes place, with the slow formation of corrosive

acid products. The material is stable at temperatures between -40°

and +550C with no adverse effects reported for temperature cycling.

EWP is not affected by COz absorption. On this contract, strips of

different materials were immersed in vessels containing eutectic fuel

under a layer of water. No severe corrosion was observed after sev-

eral days.
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1.1

The mixture is pyrophoric with air, causing sore handling prob-
leros during tank loading operations, A considerable reduction of this
pyrophoricift7 can be accomplished by agitations with wvater and/or the

addition of methylene iodide. The CHZIz is miscible in all proportions
with both WP and EWP and serves to substantially reduce the handling
hazard. During the experimental portion of this program, field han-
dling was accomplished by simple decantation or pouring eof the liquid
agent into a smoke tank with a nitrogen blanket. Based on experience
gained during this contract, the recommended handling procedure for
this loading agent is by simple water displacement.

/

I1

I1

Il . . |_ __ p _
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Smoke Producing Chemical Data Sheet

EWP

I. Properties of the Smoke Agent

A. Composition: 55% WP 45% PIS5
B. Molecular Weight: --

C. Boiling Point °C: -

Vapor Pressure mrn Hg: --

D. Freezing Point °C: -420

E. Density gm/cc: 1.8 + 1.840

F. Viscosity, cp: -.

G. Flash Point °C: Low

H. Heat of Vaporization: 
-_

Heat of Fusion: -.

I. Toxicity: Assumed same as phosphorus

J. Compatibility:
Metals: Good

Plastics: Good

K. Stability: Good

L. Mechanism for Producing Smoke:
EWP-•- P2Os + Sulfur Products

PzOA + HzO - H3PO4

U. Properties of the Smoke

A. Obscuring Power: High (2800 to 3000 TOP)
(5051 DOP)

B. Persistence: Good

C. Toxicity: Low

D. Corrosivity: Low

E. Irritation: Low

F. Remarks .
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Smoke Producing Chemical Data Sheet

Phosphorus Pentasulfide

I. Properties of the Smoke Agent

A. Composition: PA S5

B. Molecular Weight: , 222.26

C. Boiling Point *C: 514

D. Freezing Point *C: 276

E. Density gm/cc: 2. 03 (RT)

F. Viscosity, cp: --

G. Flash Point °C: --

H. Heat of Vaporization: --

I. Toxicity: - -

J. Compatibility:
Metals: Good

* Plastics: Good

K. Stability: Good

L. Mechanism for Producing Smoke:

P 2S5 + Air = PO 5 + SOz

P20s + H,10 H3P) 4  xH2O

SOz + H2) : H2SO3 (Not effective)

Ut. Properties of the Smoke

A. Obscuring Power: Moderate

B. Persistence: Good

C. Toxicity: Low

D. Corrosivity: Moderate

E. Irritation: Low
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Smoke Producing Chemical Data She 3t

Phosphorus Se squisulfide

I. Properties of the Smoke Agent

A. Composition: P 4 S;

B. Molecular Weight: 220. 10

C. Boiling Point *C: 4A8(760 mm)

D. Freezing Point "C: ,72.5

E. Density gm/cc: 2.03 '17")

F. Viscosity, cp: --

G. Flash Point 'C: --

H. Heat of Vaporization: --

I. Toxicity: Not established

J. Compatibility:
Metals: Good

Plastics: Good

K. Stability: Good

L. Mechanism for Producing Smoke:

P 4 S3 + Air = PzO5 +SOz

PzO• + HzO H 3PO4 " xHz0

SOl + HzO = HZSOS (Not effective)

M. Ignition Point: 1000

_II Properties of the Smoke

A. Obscuring Power: High

B. Persistence: Good

C. Toxicity: Low

D. Corrosivity: Moderate

E. Irritation: Low
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Smoke Producing Chemical Data Sheet

MIP*

I. Properties of the Smoke Agent

A. Composition: 33% MI 66% WP

B. Molecular Weight: --

C. Boiling Point *C: --

Vapor Pressure mm Hg: --

D. Freezing Point 1C: <0°C

E. Density gm/cc: 2. 37 2/cc

F. Viscosity, cp: --

G. Flash Point °C: <20*C

H. Heat of Vaporization: --

Heat of Fusion: --

I. Toxicity: Assumed same as P 4

J. Compatibility:
Metals: Fair

Plastics: Good

K. Stability: Good

L. Mechanism for Producing Smoke: MIP -- PzO2 + Other Products
P 2Os+ HzO -- i-P04 (dilute)

H. Properties of the Smoke

A. Obscuring Power: (TOP 2800)
(DOP 6350)

B. Persistence: Good

C. Toxicity: Moderate

D. Corrosivity: Moderate

E. Irritation: Mild

F. Remarks: - -

* Methylene iodide - white phosphorus solution



168

Smoke Producing Chemical Data Sheet

Phosphorus Trichloride

I. Properties of the Smoke Agent

A. Composition: PCI 3

B. Molecular Weight: 137.35

C. Boiling Point "C: 75.95(760 mm)

D. Freezing Point "C: -111.8

E. Density gm/cc: 1. 574 (20. 8-)
4

F. Viscosity, cp: 0.7 (18-C)

G. Flash Point *C: --

H. Heat of Vaporization: 51.4 (15")/g(78"C)

I. Toxicity: 0.5 p. p.m. threshold limit

J. Compatibility:
Metals: Moderate

Plastics: Poor

K. Stability: Good

L. Mechanism for Producing Smoke:

PCI 3 + Air = PzO + HC I

P10+5HzO = H3 P0 4

III. Properties of the Smoke

A. Obscuring Power: Fair

B. Persistence: Good

C. Toxicity: Moderate

D. Corroaivity: Moderate (HCI)

E. Irritation: Moderate (HCI)

i. Remarks: Corrolivity and irritation effects
would probably be attributable to
the formed hydrochloric acid.
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3. Metal Phosphides

Metal phosphides, especially calcium phosphite, have been used
in sea markers. In these markers,the metal phosphide reacts with
watertoform diphosphine, which is then burned in air to produce phos-
phorus pentoxide and water. For calcium phosphide:

Ca 3 P, + H10 - Ca(OH)z + PH3

2PH3 + 402 = P0,O + H20

P20S + H O H3 PO"

The rate-of-reaction is determined by controlling the access of
the water and by the back-pressure of the gas produced. Calcium phos-
phide has been the most satisfactory of the metal phosphides for this
purpose inasmuch as aluminum phosphide is difficult to react and slow-
burning, whereas, magnesium phosphide reacts too rapidly. Sodium
phosphide has been used in a development program with modest success.
No data is available on the use of lithium, strontium, or barium phos-
phides. These latter compounds would be expected to provide good

smoke agents. For example, the TOP of Li P might be expected to be
in the neighborhood of 2800 if all the weight of contained phosphorus
was effective.

Experimental TOP values obtained on this contract were incon-
sistent and, therefore,not reported. Generally,these compounds can be
expected to provide TOP values in accordance with their weight percent
contained phosphorus. For use over swampy areas, these materials
would be good since direct water contact is advantageous. Some possi-
bilities for the use of these agents include incorporation in a slurried
form with other compatible liquid smoke agents as- for example, white
phosphorus eutectic mixture or phosphorus alkyls. Because the use of
these agents in an airborne tank does not appear readily feasible within
the scope of this project, work along these lines was discontinued.

4. Phosphorus Trichloride

Tests were performed using phosphorus trichloride. This agent

had a low obscuring power as determined by visual observation. The
atests included vapori-ation from a hot plate held at about 100"*, but only

marginal improvement was observed. Further work was discontinued

because of the obviously low smoke value of this agent. The vapors o.

this agent are both irritating and toxic. Similar results were observed

with phosphorus oxychloride.

t - L . . , .,
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Smoke Producing Chemical Data Sheet

Phosphorus Trichloride

I. Properties of the Smoke Agent

A. Composition: PCI3

B. Molecular Weight: 137.35

C. Boiling Point *C: 75.95 (760 mm)

D. Freezing Point 'C: -111.8
(20.8")

E. Density gm/cc: 1.574 4

F. Viscosity, cp: 0. 7 (18"C)

G. Flash Point *C: --

H. Heat of Vaporization: 51.4 (15")/g(78"C)

I. Toxicity: 0. 5 p. p. mn. threshold limit

J. Compatibility:
Metals: Moderate

Plasticks: Poor

K. Stability: Good

L. Mechanism for Producing Smoke:

PCI3 + Air = PzOS + HCI

PzOQ + HzO = H3PO

UI. Properties of the Smoke

A. Obscuring Power: Fair - Poor

B. Persistence: Good

C. Toxicity: Moderate

D. Corrosivity: Moderate

E. Irritation: --

SV F. Remarks: -~

- 1
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C. Organo-Metallic Compounds

A number of organic-metallic compounds can be used for the

production of smoke. These compounds are pyrophoric with air and
buirn to produce metal oxides .nd hydroxides. The seq':ence of reaction

between an organic-metallic compound, air, and atmospheric moisture

is exceeding: ,, complex. The smoke produced from these processes of

comL lstion is nonirritating and, depending on the metal used, may be
nontoxic. For very high combustion rates, if the metal possesses a

high boiling oxide, it is possible to have a F-noke -arti.' consisting

only of the metal oxide. In this case, the particles may either be solid
or hollow shells of the refractory oxide. For particles consisting of a

sotid metal oxide spheroid, the obscuration value can " expected to be

no greater than about the range available from g, od oil smokes. For

hollow spheroids, far higher values can be expe( ed, but i, 3ubstanti-

ating data evaluating the obscuration power of the , age, "a is vailable
in the literature. Most of he compounds studied ti, s far a. e light alkyl

derivatives such as dimethyl zinc, trit th)-. aluminum, axu is butyl

titanium. However, zinc, aluminum, phosphorus, silicon, and titanium
metal organic compou,'ds all exist as liquids whic- could be used as

potential smoke agents. A brief descriptic •f these compounds is given

in the following sections.

1. Dimethyl Zinc

Dimethyl zinc compounds have bc -n .-sed to produce smoke. No

data is available which describes the TC(? of this agent in other than

'ualitative terms. The assumed reaction for the production of smoke is:

(CG)zZn ZnO + COZ + HzO

ZnO + HzO ZnO. HzO,

In this case, the particles would be expected to consist of solid

zinc hy-roxide particles. The toxicity of the smoke is low and little
corrosion would be expected to occur. As far as can be determined, the
obscu--ng pcwer of this agent is low. Major problems exist in the han-

dling of tire agent becaust of its pyrophoricity.

2. Aluminum Alkyls

Aluminum alkyl der 'atuves have been investigated during the
experimental portions of this program. When used alone, these agent-
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do not provide an effective military smoke. Under conditions involving
air diffusion flames, some smoke was produced. Examination of the
particles under high power microscopes indicated particles, approxi-
mately one to ten microns in cross section, consisting of solid aluminum
oxide spheroids were formed. The major problem in using these deriv-
atives is that their extremely high pyrophoricity causes extensive ban-
dling problems for the liquid agent. The smoke would be nonirritating,
nontoxic and noicorrosive. A mixture of these compounds with fog
oils has been used in the foim of an intimate oil smoke. Tins tecLnique
requires the addition of fire retardants to quench a rapid reaction of the
agent with air. Thc TOP of this agent was approximately 400 and had
relatively poor persistence. A more extended discussion of the alumi-
num alkyl base srVke agents is given in the discussioa. on intimate
oil smokes.

3. Phosphorus Alkyls

Phosphorus for-ns a series of alkyl derivatives involving both
the formation of phosphine and diphosphine derivatives. These latter
compounds, in general, possess exceedingly wide liquidus ranges. The
methyl derivatives boil relatively low, but the higher propyl and isobutyl
derivatives are stable liquids between the range of temperatures usually
encountered during military operations. The smoke produced frotm
these compounds is probably a mixture of dilute phosphoric acid and an
oil smoke for higher derivati.es. Tha afý:.ts are pyrophoric for the
methyl and ethyl derivatives, wý,ich action decreases markedly as longer
alkv . chairs are employed. These compounds are extremely rare and
evaiuation of their properties requires a considerable synthetic p-
gram. Whil"- the smoke produced is nc-toxic, nonirritating and nor~ror-
rosive, the agents themselves are p.ossibly toxic. Except for the
methylated phosphines, little or no data was obtained concerning the
degree of toxic hazard associated with the handling of these liquids.

4. Silicon ,lkyls

Use of silicon alkyls was not reported in the aaiiablc literature.
Tests were performed to assess the smoke producing caoability C-f !ej-ei
derivatives and are described in greater length in following sections.
The smoke produced is probably a mixture of silicon oxide and oxychlo-
rides form -' by combustion reaction of the agent in an a,r diffusion

flame. In general. the TOP of these compounds was found to, be lo'.:.
Advantages in their use would be assciated with the inert character of
the produced s-nokes and the nontoxicity of the agents.
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5. Titanium Alkyls

The use of titanium alkyls as a smoke agent has been limited to
research evaluating the obscuring power of these agents. During this
program~a mixture of methylated chloro titanium derivatives were syn-
thesized. The TOP of these derivatives was marked up lower than that
of FM and although improvements to higher TOP values may be
achieved by further work. These compounds form a smoke through an
air hydrolysis reaction similar to FM. The liquids themselves are

subject to gum formation in a manner similar to FM. The smoke is
somewhat irritating but less so than FM. The advantages and disad-
vancages of these compounds are similar to 1hose of FM.

D. Smoke Agents Lased on Vaporization-Condensation Phenomena

1. Fog Oils

A very satisfactory white screening smoke can be produced by
the vaporization and condensation ol an oil that has a high boiling point
and a ILw volatility. To provide the heat. necessary for evaporation,
and, the airflow necessary in order to produce condensate particles of
closely controlled physical dimensions, relatively complex devices must
be used. For these reasons, no coneideration of oil smokes could be
made under this contract. The only alternative to this'complexity is to
use an intimate oil mixture which is discussed in more detail in the fol-
lowing section. The toxicity, handling, and materials compatibility of
these oil smokes are all excellent.

2. Intimate Oil Smokes

An intimate oil smoke is a smoke agent iii which a fuel is incor-
porated into a fog oil or hydrocarbon system. The fuel burns with the
air releasing heat which is used to vaporize the fog oil. The ideal mix-
tare is one in which the fuel is oxidized upon air contact. Upon recon-
densation of the fog oii, an oil smoke ib produced.

Two partially satisfactory, intimate oil snoke generators have
been developed. The first consisted of a mixture of sawdust and char-
coal, impregnated with a solution of potassium chlorate and a high
bo'ding oil, Diol, which had been jelled by the addition of 2-1/Z to 3
percent soap. The other mixture consisted of iellied oil and black gun-

powder, Both systems produced an air-oil smoke. The TOP of these
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systems was below that for pure fog-oil,partly because a non-optimurm
particle size distribution was produced. The handling characteristics
of the agent, and the physical and chemical characteristics of the pro-

duced smoke, are similar to that produced by the fog-oil base.

A more recent development in intimate fog-oil smoke has been
accomplished by using a pyrophoric fuel consisting of one of the light
metal alkyls. These have been under development by the Ethyl

Corporation. The fuels which have been evaluated include triethyl-
aluminum, diethyl zinc, tri-n-butyl aluminum, trimethyl silicon mono-
chloride, and tetrabutoxytitanium. The fog-oil base consisted of a
mixture of napthalene and alpha-methylnapthalene. The SE smoke agents
are relatively easily handled and the produced smoke is probably similar
to fog-oil. Preliminary development programs described in the former

experimental sections using 906Z2T indicate a marked tendency of the
produced smoke agent or cloud to ignite when dispersed from a standard
airborne tankage. Additional problems exist because of a low intensity
diffusion flame which occurs when the agent is placed in contact with
air. The work under this contract indicated that these mixtures have
low TOP, are normally pyrophoric, and tendto produce ground fires
when dumped in large quantities. * These agents have fire retardants to

prevent ignition of the oil base.

The major source of uncertainty at the present time is the ob-
scuration capability of these agents. The Ethyl Corporation values as
reported indicate an obscuration capability of about the same as FM,
whereas, values obtained on this contract indicate that the TOP of these
agents as provided is no greater than 400-500. There are important
differences in the methods used to measure these smoke values. The
work under this contract used four separate measurement techniques,
three of which are quantitative in nature and one qualitative. These
included observations in a small laboratory chamber, a large smoke
tunnel using both reflectance and obscuration methods, and field tests

performed using about one gallon quantities. These tests provided con-

sistently low values for TOP. The work performed at Ethyl Corporation

used a smoke tunnel to provide a time-integrated relative intensity
curve.. The major critical aspect to this latter method is the require-
ment for using an optical path length of about two inches because of the

high concentrations used. It is possible that the characteristics of

* See Figure 42.
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either the agents developed or the standard agents used to calibrate the
system were substantially modified by the high concentration used.
These materials are generally water sensitive and tend to undergo vio-
lent reaction when placed in contact with liquid water. This character-
ietic could be of detrimental value for operational uces since the agents
normally burn with a low flame whenfor example. they are placed in an
open beaker exposed to air. The work performed under this contract
with the 9062ZT agent provided that this combustion occur and be
visible in the dark. Because of the produced oil smoke, this phenomenon
was not normally observed under daylight conditions. Since this work
represents a development which is recent, an outline of the Ethyl work
is abstracted in the following discussion. Further discussion of the
reqults obtained under this contract is given in the experimental sections.

a. Triethyl Aluminum Smokes

Based on a series of survey reactions a triethyl aluminum (TEA)
agent was prepared (90622T) with composition TEA (40%o wt), a-methyl-
naphthalene (12. 476), neutral oil #75 (47. 6%). This mixture had the best
handling and obscuring characteristics of a number of similar agents.
imnportant physical properties of this mixture are thermal stability from
•..0F to 120°F, density 0.85.

b. Diethylisobutylaluminum Smokes

A series of candidate diethylisobutylaluminum agents were pre-
pared, which were similar to TEA formulations except for the aluminum
alkyl Et2A*(i-Bu), which was prepared in-situ, from TEA and triisobutyl-
aluminum (TIBA) by disproportionation:

ZEt 3AL + (i-Bu)3 Af = 3EtAf(i-Bu)

In smoke tunnel studies,this agent,37.4 wt Jo EtZAt(i-Bu) was
approximately equivalent to 906Z2-T in obscuring capability.

c. Ethyldiisobuti-laluminum

Smoke agents, similar to TEA formulations, were prepared by
using ethyldiisobutylaluminum, EtA.(i-Bu)z, as the active componlent.
Agairn the aluminum alkyl was prepared by in-situ disproportionation:

& Et 3A1 + 2(i-Bu)3 Af = 3EtAI(i-Bu)l

K- _
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This formulation,44. 7 wt % Et A (i-Bu),,was nearly equivalent to
906?2-T in obscuring power in smoke tunnel studies.

d. Triisobutylaluminum Si.-.oke

A series of triisobutylaluminum compositions similar to those
containing TEA were prepared. In smoke tunnel studies, the best smoke
.•1 •nt of the series was 61 wt %V TIBA which had the obscuring capability
, about 70% of 90622-T.

e. TEA-rJuorocarbon Smokes

Several TEA-based smoke agents were prepared which contained
Salogenated hydrocarbons: Freon- 114BZ (duPont's dibrometrafluoro-

thane) and Fluorolube FS-5 (Hooker's trifluorochlorovinyl polymer).
'n smoke tunnel tests, this agent is about equivalent to 90622-T in ob-
scuring capability. Its composition is:

30 wt % TEA
12.4 wt 01 a-methylnapthalene

37. 6 wt % Neutral 75 oil
10 wt J Freon-114B2

10 wt 16 Fluorolube FS-5

Freon-Il4B2 has a boiling point of 47. 5°C and was used as a component
I * in two formulations in an effort to reduce initial flammability by sheath-

ing the agent in a nonflammable gas. Fluorolube FS-5 has a boiling
point of 50°C at 1 mm of mercury (about Z30°C at atmospheric pressure)
and is nonflammable. This was also used in an attenmpt to reduce the
flammability of the candidate agents. In spite of this, two agents having
25 wt % TEA, 23.8 wt Jo TEA, respectively, containing high conceentra -

tions of Fluorolube FS-5,were pyrophoric. It is believed that,although
the concentrations of TEA were not very high on a weight basis, they
were quite high on volume I -sis (density of Fluorolube 1. 87 g/ml vs
Neutral oil's density of 0. 8). It is also possible that at elevated tem-
peratures TEA may be reactive with Fluorolube to form AIF3.

f. Higher Aluminum Alkyls

Tri-n-hexylaluminum and tri-n-decylaluminum did not form
smokes when squirted intc air. An effort was made by Ethyl Corpora-
tion to determine if 90622-T smoke capability could be enhanced and its
flammability reduced by substitution of nonpyrophoric tri-n-decyl-
aluminum (TNDECYL) for a portion of the diluent oil.
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40 wt 0 TEA

20 wt 7o TNDECYL
12.4 wt 76 a-methylnapthalene
27.6 wt 7o Neutral 75 oil

By disproportionation, the actual composition of this agent
became:

30 wt %TEA
30 wt % EtaA1CioHai
12.4 wt % a-methylnapthalene

27. 6 wt % Neutral 75 oil

It was reported that smoke tunnel studies indicated that the sub-
stitution severely reduced the obscuring capability.

3. Inorganic Chlorides

A number of inorganic chlorides provide white smoke by a direct
volatilization recondensation process. In such cases, the substance does
not decompose and the smoke consists of particles of the original chlo-
ride. In generaL to provide the energy required for evaporation, a con-
siderable quantity of heat must be supplied. The reaction may proceed
further via hydrolysis if sufficient atmospheric moisture is available
and, in this 3ense, these chloride smokes are similar to those discussed
in previous sections. The metallic chlorides in this category include
copper, aluminum, zinc, iron, cadmium and mercury. The TOP of
these compounds is relatively low and, because of difficulties in provid-
ing the heat of transition necessary for their use for a liquid chemical
smoke agent, is questionable. A possibility exists that such compounds
might be incorporated as additives to intimate smoke mixtures where
the pyrophoric constituent would serve both as a liquid vehicle carrier
and pyrotechnic heat source. These metal chlorides are less corrosive
than FM or silicon tetrachloride, but, being hygroscopic, must be kept
from contact with moisture.

4. Sulfur Smokes

Sulfur smokes consist of small particles of elemental sulfur
suspended in the air. Sulfur smokes can be produced by methods simi-
lar to these used for the production of oil smokes. In addition, sulfur
smokes can be made by intimately mixing sulfur and a suitable fuel.
Mixtures which have been used include sulfur, sodium nitrate and
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charcoal; sulfur, potassium nitrate and charcoal; and sulfur, ammo-
nium nitrate and charcoal. The sulfur is present in much larger
quantities than in black gunpowder; the latent heat-of-vaporization and
fusion of the sulfur absorbs the heat produced by the reaction and,
hence, slows the burning-rate. The burning-rate for this type of mix-
ture depends on the percentage of sulfur.

5. Mechanical Dispersions of Water

A technique which has been utilized in preliminary investigations
is the production Qf fogs consisting of salt-water sprays, containing
surface active agents via a spray nozzle. A report* indicates that fog'
using 10% NaCl-water solution have TOP value of 6000. The practical
difficulties of producing such sprays are considerable, requiring high
velocity air streams ind pressure heads in excess of 3000 psi. From
tests at Edgewom.A, it was concluded that formation of smoker by spray-
ing or atomizing of these solutions was not practical.

It should be noted that major changes have been made in the de-
sign of high pressure flight weight hardware, and in the development of
efficient surface active agents capable of reducing the surface tension
of water solutions. This technique might be adapted for use in air-

borne systems in which the gas flow requirements are met by a modified
ram jet inlet system. It is probable that this technique would not be suit-
able for ground base smoke generators because of the relatively high
power requirements which are necessary to achieve high efficiency.

For use with air-borne dispersion, this technique would not provide an
adequate ground level cover.

E. Smoke Agents Requiring the Dissemination of Solid Particulate
Matter

1. Solids

A number of materials have been used to produce military
screening smokes based on the disoersion of particulate matter. To be
persistent, these materials must have a uniform particle size in the size
range between I and 10 microns in diameter. If the particles are much

larger than this size they tend to rapidly fall out. Because these parti-
cles usually do not react in any way with the atmospheric gases to

* Mechanical Formation of Smokes, G. G. Brown, NDRC Div. B

OSRD-IS3-Serial#91, October 18, 1941.
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produce a larger quantity of bound material, the TOP values can be no
greater than those obtained from the beat oil fog agents. This places an
approximate upper limit of about 1200 on such agents.

For the application with an aerial smoke dispersal technique,
these materials have a major disadvantage in useage. In order to ob-
tain an effective smoke screen near or at ground levelthe material must
be transported in some way from flight altitude to ground level. Because
of extremely high drag coefficients for particles of this size, use of
bursting-type dissemination devices cannot provide a uniform or effec-
tive distribution of powder over a wide area. Use of an inert pressurant
can be effective, but leads to considerable mechanical complexity. Ma-
terials which have been considered for this purpose include Bentonite
clays, talc, and polyethylene. Of these powders, it is probable that poly-
ethylene spheroids such as Microfine could be used relatively effectively
since an extremely uniform particle size can be manufactured. As yet,
no positive results regarding the TOP for this material have been re-
ported. A few of these agents were briefly investigated experimentally
as a part of this program, but problems of powder compaction and
agglomeration were encountered which negated the usefulness of the re-
sults. Major advantages of these agents is their inertness, being com-
pletely non-toxic and non-corrosive. The major problems are inherently
low TOP values and difficulties in providing uniform dispersement at
ground level.

"2. Foams

The use of foaming agents to provide military screening smokes
has been reported by several investigators. These agents can be used
to advantage for select ground based applications. The TOP capability is
potentially high since it may be possible to form hollow spheres from a
vacant foam-agent. Most of the agents investigated require both thermal
volatilization and blowing from a high velocity air stream. This is not
easily accomplished using airborne equipment if a ground cover is de-
sired. Therefore, investigation on this contract investigating these
agents was limited. It is possible that an effective IR scattering parti-
cle could be developed using very low density plastics.

F. Dual Smoke Agents

Many smoke agents have higher TOP values and can be used to
advantage if a second agent is also dissernina ed in conjunction with the
first. The major disadvantage of using two agents is associated with
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the increased hardware and handling problems. However, the advantages

"of improved smoke properties can outweigh these additional complica-

tions. The effectiveness of a smoke can result from either improved
obscuration power of the combined system, or, from a reduction in the

corrosion and irritation properties of the smoke. For example, the
highly corrosive properties of FS can be substantially modified, at no
overall reduction in obscuration power. by the addition of a weak chemi-
cal base capable of combining with the dilute acids formed during the
hydrolysis of the agent with moist air. This can be accomplished by
using any suitable volatile base such as ammonia or amine derivatives.
The irritation of the smoke is also reduced at the same time, resulting
in considerable improvement in operational suitability to military mis-

sions. In addition to the neutralization of acids, some dual agents pro-
vide improved obscuration capability by the formation of fine particulate
matter. Two general chemical mechanisms are used for this latter

purpose. One is the formation of ammonium chloride from dilute hydro-
chloric acid dzoplets formed during the hydrolysis of metal chloride
smoke agents, and the second is the formation of complex reaction mix-
tures consisting of sutfonated products of reaction formed during the
neutralization of sulfuric acid and sulfuric acid chloride smoke agents
with ammonia or : amine derivatives. In spite of the additional logistics
"and dissemination problemsthese dual systems offer some advantages.
The principal difficulty in using mixed agents based on ammonia is the

dissemination of ammonia at ground level. This is necessary in order
to provide proper support for ground troops.

1. Sulfur Trioxide and Ammonia or Amines

The smoke is formed by supplying a reactive gas to sulfur tri-
oxide at the time of dispersion. Anmmonia and amines have proved
successful, and other basic substances, such as hydrazine, hydroxyl-
amine, etc., might be satisfactory. In the case of sulfur trioxide and
ammonia the reactions are:

SO 3 + ZNH 3  SOz{NHj)j + HzO

SO 3 + NH 3  = HSO3NHI

S03 + ZNH3 Z NHrSO2 NH4

All three reactions occur more or less simultaneously. As far as can

be determined, the smoke consists of particles of these products.

S. ..ssL -_ I
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2. Chlorosulfonic Acid and Ammonia or Amines

Ammonia and the amines react readily with HCIS03 in much the
same manner as with sulfur trioxide; other bases such as hydrazine.

hydroxylamine, etc., probably could be substituted. The basic reaction

is as follows:

HC SO3 + 3NH 3 = SO(NH3 )2 - NH 4CI + H1O

Other reaction products might be formed in addition to the products
indicated by this reaction.

3. Titanium Tetrachloride and Ammonia

The reaction between titanium tetrachloride and ammo~nia is
somewhat complex. First, an ammoniate is former? This ammoniate
is hydrolyzed by water vapor from the atmosphere. Ammonia reacts
with the hydrnchloric acid gas released during hydrolysis of TiC14 to

give NH4CI. Therefore, the system without water vapor is less effec-
tive. The reactions for this process are as follows:

TiCI 4 + 4NH3  = TiCI 4 " 4NH3

TiCG4 • 4NH3 + 5HzO = Ti(OH) 4 - HZO + 4NH4CI

The smoke is a mixture of Ti(OH-)4 • HZO, intermediate hydroxy chlo-
rides of ttanium, and ammonium chloride particles.

4. Silicon Tetrachloride, Ammonia and Water

The best proportions are two parts silicon tetrachloride, one

part ammonia, and one part water, by weight. The reactions are quite
complex; first, an ammoniated silicon tetrachloride is formed while at
the same time hydrolysis of the silicon tetrachloride occurs to give SiOz,
2H20, and HCI; and finally, NH 3 combines with the HC! to give NH 4CI.
The reaction sequence is:

SiC_ 4 + 4NH 3  SiCL4 4NH 3

SiCJ 4 + 4H0 : SiOz - ZH2{ + 4HCI

SiC14 4NH3 + 4H0O = SiO• 2Hj0 + 4NH4 CJ

HCI + NH 3 = NH4C !
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5. Hydrochloric Acid and Ammonia

The reaction of hydrochloric acid with ammonia is similar to the

reaction of a metal chloride with ammonia. This two-gas system pro-

duces fine particles of solid ammoniun chloride. The smoke formed is

considered very visible. Gtseous hydrochloric acid is not very corro-

sive to metal containers when dry; however, when moisture is present;

it is quite corrosive. The smoke, ammonium chloride, is not corrosive
to metals. Hydrochloric acid gas is very irritating and, in moderate

quantities, it is toxic. Ammonia gas is also toxic in moderate quanti-

ties however, the smoke, ammonia chloride, is harmless.

6. Sulfur Compounds and Ammonia

Sulfur compounds will also react with bases including ammonia

and amines. These smoke-producing systems do not require atmo-

spheric constituents to form the smoke particles andtherefore, may be
useful at high altitudes. Because of relatively low TOP values, these

mixtures were not considered for this program.

7. Sulfur Chloride and Ammonia

This system has not been widely used. Little information is
available as tu chemical reactions of SzC1 2 + NH3 or the handling prop-

erties and corrosiveness of this system.

8. Sulfuryl Chloride and Ammonia or Amines

Sulfuryl chloride will reac. with bases such as ammonia and

amines to give a better smoke than formed with water vapor. The fol-

lowing reactions are for sulfuryl chloride and ammonia:

SO2 C1, + 4NH : SOz(NHa)z + ZNH4 CJ

ZSO1 CIz + 7NHfi 4NH4CI + NH(SOaNHH),

3SOGCII + 9NHfi 6NH4 C1 + (NH)3(SO,)3

The first reaction gives sulfa.aide; the second, irninosulfamide; and the

third, trisulfamide. Whether the smoke particles are these products or
further reaction products is not known.

I
The dispersed phase will, therefore. consist of a n ture of ammo-

nium chloride with sulfamide, imincsulfamride, and ti isullamide. Under

i __________________

1 _____________________________ - -1- -
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exceedingly humid conditions an additional product, ammonium sulfate,

is observed. Because of relatively low smoke obscuration power, this

agent has not seen extensive usage.

G. Discussion

This literature survey reflects the present state-of-the-art in

military smoke technology associated with liquid smoke agents. It is

descriptive in nature in that chemical agents are classified according to

their gross behavior with atmospheric constituents, and their ability to
produce aerosol@ having high TOP values. Very limited attention has
been directed during this survey to the detailed chemical processe.3
which are fundamental to the production and stability of such particles.
This ack of detailed treatment is, in large part, due to the fact that the
technical literature in this field has been primarily interested in the

application of these agents to specific military goals. The exception to
this l-k of fundamental treatment is the description of the particle scat-
tering coefficients as functions of particle size and the wavelength of
incident light. in this latter field, the questions themselves have been
fundamental problems of pLyrsics for many years and, therefore, theo-
ries have been developed capable of effectively describing most of the

important parameters. Major advances in the field of military smoke
agents, if they are to occur, will probably require a far more detailed
knowledge of the chemical processes occurring in the intermediate
phases of the reactions than is presently available. Unless some con-
siderable knowledge of the reaction products and the paths by which
these products are formed is available, a trial and error approach must
be followed in the screening of chemic-l compounds for their smoke pro-
ducing capability. Since many of the compounds which are possible
candidates are available in research quantities, if at all, such a screen-
ing process must, of necessity, be incomplete.

The screening power of a smoke agent is evaluated in terms of
either its toWl obscuring power or in terms of its density obscur'ing
power. The screening power, thertfore, depends on the weight of actua.

material available for forming the smoke particles, and the efficiency
with %a.ich this material is used to form smoke particlps of the greatest

light scattering ability. The total weight of a smoke particle is corm-
posed of .he weight of the agent used to form it,0igethcr with the weight

of any atmospheric gases with w•tch it niight haver cornbi=. To be

effic- _,nt, a -)rospective smoke agent must be able to ,.!vract a subst:i,-

ti,' portion of its t.tal weight from the atmosphere through comrust.on

and/or hydrolysis reactions. In additon, ,t is desirable that it form.

____________________________________________
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particles with relatively narrow ranges of size in order to more effec-
Lively scatter incident light. These two requirements are independent

and a smoke agent which can yield the greatest amount of actual partic-
ulate material may not be a satisfactory agent in some cases because of
inefficient particle scattering coefficients or heavy particle fallout.

The ability of a formed chemica! compound to extract material
from the air is goverzed by the extent to which hydrolysis and combus-
tion reactions can take place under the conditions pre-sent. Although
oxidative combustion processes may occur under cold conditions, in gen-
eral they take place during a deflagration between the smoke agent and
air. A typical example of this type of reaction is the burning of phos-
phorus. Since a smoke agent which relies on a combustion process
would tend to possess unfavorable properties in flash point, the use of
a burning smoke was considered not as desirable as the non-burning
types. A smoke which relies on th; hydrolysis of a vaporized gas usu-
ally does not burn in the usual sense of the meaning of combustion proc -
eases. A relatively large number of compounds undergo strong
hydrolysis reactions and it is in this class of compounds that one finds
the inorganic chlorides,together , ith the derivatives of sulphurous and
sulphuric acids. A discussion of the mechanisms that are important to

the hydrolysis of these compounds has been given in the preceeding
"sections for FS, FM, SiC1 4 , SnCt 4 and nimilar compounds.

An estimation of the effectiveness of the hydrolysis reaction in
producing a smote particle which has a substantial fraction of its mass
obtained from atmospheric constituents can be made using thernic chem-
ical analysis of the enthalpy release ior hydrolysis. The heat cf :-eac-
tion for the hydrolysis of a chemical com•,_,Ad at room tt-n-perature is
a direct measure of the tendency of the reaction to pruceed. and, there-
fore, the stability of the particle. Where the heat of reaction is high. it
may be assumed that the particle will strongly absorb moisture. .o,
if the physical state of the particle is such that the water absorbed can !

readily move throug~b .he pn-rticle to form bonds on all availablc sites,
the maximum effect wouic be expected to occur. For solid particles the
transport process is slow and the compounds rnust be heated or otherwise
modified. This tends to favor Ole production i srTn)ke from )iquid par-
ticles. Since the free energy for the reaction is related to bdG•h the

enthalpy release and the rate of reaction, a large ch; age In enthaipv
would tend to be correlated with a rapid absorption process; as a Sen-r
eral rule, these considerations are reflected in the dessicant action.

7h ,refore, one of the criterion whtch c:ýn iy used to establish the suita-
bi.ty of a prosxrective smoke Lgent is the weight increase caused by
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absorption of atmospheric moisture. Since there has 'been a large intar-
esL in the past in the use of inorganic chlorides foi smoke agents, it is
useful to divide the compounds into two separate categories; one involv-
ing the hydrolys'3 of inorganic chlorides, and the other consisting of the
other compounds.

Metal chlorid( hydrates absorb betwveen two and ieien water
molecules which are strongly bound by "weak" chemicalboids. Although
these compounds can undergo further hydrolysis, the energy release for

further dilution is small (to the point cf being negligible) relative to the
energy involved during the formation of these water adducts. As a first
order approxirn-tion, the quantitv ol material whi :-i a metal chloride
can absori. from the atmosphere is simply weight corresponding to these
lydrate n olecules. Table XI is a list of a number of chemical agents
whicl add water directly to a metal chloride. All th.se agents can be
expected to be hygioscopic to an appreciable degree. The under)ined
agenta are those which have been used to produce military smokes.
Missing from the group are several major smoke producing chemical
agents including FMI, SiU4, and SnJY4. These do not form stable hy-
drates directly with the metal chlorides but, ratherundergo a complex
series of reactions producing a mnixture cf hydroxides and chlorohydrox-
ides. In this table is indicated the weight of water absorbed in grams
per gram of ;he rrietai cl,,oride for the direct hydrolysis reaction, and
the total weight of the fully hydrated particle. As can be determined by
insp.ection, the wf' ;at increase expected from the hydrolysis of a metal

chloride varies L. _ een twelve and one hundred thirty percent for the
compounds listed. The maxinm-1.. smoke effectiveness of these chem-
icalJs can be ;lculated assumin6 th-.t an opti-num particle size can be

produced which is similar in size to Lhat found for fog oil droplets, and
that tht scattering coefficients are also effectively the same as for oil
smokes. In this table a fog oil or sulphur dispersion mixture would
have a rating of 1. 0, corresponding tc the fact that no material is added

from the atmosphere. Since the maximum TOP that has been obtained
frorn a fog oil is about 1200, a simple weight-increase _-atio would indi-
cate that a TOP of 2400 would be the maximum TOP which could be
obtained from a metal chloride smoke agent, corresponding to a rating

of 2. 0. Of the metal chlorides listed there are four agents which might
be considered to fall within this range. One of these agents, beryllimar.
chloride, is not suitable because of toxicity and expense. The re-
maining three agents are lithium chloride, magnesium chloride, and
calcium chloride. Table XII is a list of the physical properties of
metal chl,"rides evaluated in Table XI. As can be determined, the

physical s~ate oi the three agents under consideration is solid until quite

________________________________________________________________________
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TABLE XI

METAL CHLORIDE HYDRATES

Water Absorbed per Gram Agent Total Weight

LiC• 3H20 1. 30 gms 2.30 gms

MgCl • 6H&O 1.15 2.15

CaCE2 • 6H 20 1.00 2. 00

BeClz 4HZO 0.90 1.90

AlC13 6HI0 0.83 1.83

NiCz• 6HzO 0.83 1.83

CrCI 3 • 6H20 0.68 1.68

FeCI 3 • 6H!0 0.67 1.67

CoC13 - 6FiO 0.66 1.66

MnCE" 4H20 0.57 1.57

CrCz " 4H 20 0.57 1.57

NdC13 • 6 HfO 0.57 1. ý4

PrCE3 - 7H 2O 0.50 1.50

CdC.12 4H2O 0.40 1.40

ThC4• 8H2O 0.39 1.39

PtC14 " 5H20 0.27 1.27

CuCI •' 2H 3O 0.27 1.27

TICI3 4H?0 0.23 1.23

SnCl.' ZH10 0.19 1.19

BaCl 2HZO 0.17 1.17

AuCE3 2H ZO 0.12 1.12

r

I.

I
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TABLE XII

PHYSICAL PROPERTIES OF METAL CHLORIDES WHICH FORM
STABLE HYDRATES

Melting Point *C Boiling Point *C

LiC13  614 1360

MgCIz 712 1412

CaClz 772 1600

BeClz 440 520

AMC13  (190 a 2-I/2 atm) 180.2

NiC z Subl. 973

CrC13 ..

FeC13  315

CoCI3

MnG;lz 650 1190

CrClz 1200d

NdC13  d

PrC13  823

CdClz 568 960

ThCI4  820

FtCI 4  d370

CuCltz Subl. 1049

Tf C13  37 100d

SnClz 247 623

BaClz 962 1560

AuC13 254d Subl. 265
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high temperatures are obtained. Therefore, if a successful smoke
agent is to be developed using a metal chloride hydrolysis mechanism, a
considerable armount of heat would be required to vaporize the agent.
The heat for such vaporization can be furnished using a pyrotechnic mix-
ture. However, this results in a decreased TOP because the additional
weight of the added pyrotechnic components must be considered as dead
weight. A possible method for the dissemination of a metal chloride

would be to dissolve or slurry materials such as lithium, magnesium,
and calcium chlorides into other agents in the hope of obtaining a mixed
solution capable of effective dispersement of the active chloride agent
in a liquid form therebyv avoiding the necessity of evaporating a high
meltinj ealt. A possible approach to provide the necessary heat for
evaporation would be to place a pyrotechnic coating on the surface of
a small metal chloride particle and then slurry the particles into a sta-
ble liquid mixture. Solids loadings of up to ninety percent have been
achieved for slurried rocket fuels and it is assumed that solids loadings
of eighty percent are achievable for most solids of this type. Prospec-
tive coatings would include phosphorus and light metal alkyls. Phos-
phorus would be expected to have the added advantage of implementing

the produced chloride smoke by the addition of a phosphorus smoke.
The second approach might be accomplished by using a mixed agent con-

, sisting )f boron trichloride and one of the more hygroscopic metal chlo-
rides. Boron chloride itself is not hygroscopic in the sense previously

discussed, but undergoes a reaction similar to the stannic and titanium
chlorides upon air contact. The reaction is probably to form B(OH) 3

*1 and HCI.

A second class of compounds consists of those undergoing strong

hydrolysis reactions but not including the metal chlorides. These mate-
rials are desiccants and, unfortunately, are all normally solids at room
temperature. This latter fact would imply that they would have to be
disseminated as powders having extremely small particulate size. This
would impose a number of technical problems in the VSE of these mate-

rials from airborne tankage. However, in some cases, it is possible

that the desiccant agent could be formed by an oxidation reaction of the
base material with air, similar to tqe manner in which white phosphorus
becomes effective. A list of possible materials of this type is contained
in Table XIII. TableXU[ gives the product-to-reactant weight ratios corres-
ponding to selected hydrolysis reactions. These ratios considered the
hydrates which had the highest enthalpV of formation, restricted by the
criterion that, where the free energy of formation was less than one-half
kilocalorie per mole for the next highest 1hydrate, it was assumed that
the reaction would be limited to the lower hydrate member. Table XIV
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TABLE XIII

PRODUCT TO REACTANT WEIGHT RATIOS
FOR SELECTED HYDRATES

Compound Product/Reactant

MgSO• 7HO 2. 05

MgSzO" 6H 20 1.8

MgSO 3 • 6HjO 2.03

Mg(N0 3 )z • 6HzO 1.73

2La(N0 3 )2 ' 3Mg(NO 3 )z 24HZO 1.5

Al70 3 3H 20 1.5

AF 3 . 3H20 1.64

AAZ(SO4)3" 18H2O 1.95

Al (N0 3 )3 * 9HZO 1.76

MgO • MgClz • 16HZO 3.16

Fe(N0 3 )3 " 9HzO 1.66

MnSO 4 • 7HO 1.83

Mn(NO 3 )2 " 7HO 1.70

ZrO2 • 5H20 1.73

ZrOCIZ " 8HZO 1.80

BaO • 8HZO 1.94

Ba(OH)z • 8HzO 1.94

LiOH • HzO 1.75

NaZSO 4 10HzO 2.27

Na3PO4" 12HzO 2.30

NazCO3 • 10HZO 2.7

CaClz 3CaO 16H 20 2.03

CaSZO3 • 6HZO 1.71

2CaO. 3BZ0 3 • 13HzO 1.73

_ _ _ _ _ _ _ _ l ii -
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TABLE XIII (Cont)

Compound Product/Reactant

SrOz " 8H 2O 2.20

Sr(OH)z 8HZO 2.20

FeSO' 7HZO 1.83

CuSO4  5HZO 1.50

Zn(NO3 )z 6HzO 1.57

Zn(SO 4 ) • 7H20 1.78

I.I.
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shows the same information for a series of hydrates which are similar
to those in the previous table with the exception that the parent compound
is an oxide which could also be formed by the combustion of the metal or
one of its compounds with air. For this latter table, two P/R ratios
are given corresponding to formation from the oxide and to formation
from the metal. It is interesting that at least one of these hydrates
is a strong desiccant producing a weight increase of the same order as
phosphorus without the necessary requirement for combustion. In
general, a fairly wide selection of materials exists which, theoretically,
could absorb enough water moisture from the air to make a particle
which has a weight two times greater than the starting material. For
these materials, the major difficulty is that to have effective scatter-
ing the final particle size should be no larger than about 0. 5 micron.
This would imply the requirement that an initial particle no larger than
0. 2 micron which must also be effectively and efficiently dispersed.
Dispersion of particles of this size is difficult to achieve. It is, however,
interesting to speculate that the corrosive effects on a sulfurous acid
and a sulfuric acid based smoke agent might be substantially modified
by the addition of a salt of sodium, magnesium, or aluminum to form
scattering particles consisting of MgSO4. Only a small effect on TOP
for such additions would be expected, provided the weight of the anion
component was light.

If a burning smoke can be tolerated, there are three potential
smoke agents which could be considered to be candidates. These are
"the mixed calcium-boronoxide hydrate, the mixed magnesia-magnesium
chloride hydrate, and the strontium oxide hydrate system. Each of these
have the potential to have an obscuration capability greater than WP if
the proper circumstances for burning and water absorption can be pro-
vided. One possibility which could be investigated is use of alkyl deriv-
atives of strontium, calcium, and boron to determine their smoke
eifectiveness. With the lighter alkyl derivatives, it should be possible
to provide a smoke agent having obscurational potential equal to WP.

One of the ways to modify a smoke agent's effectiveness is to
reduce the weight of those parts of the molecule which are not used
effectively for the production of smoke. In many of the proposed reac-
tions explaining the hydrolysis of FM and SnC1 4, it can be inferred that
the chlorine in these molecules does not effectively increase their smoke
obscuration capability. A possible approach, then, would be to replace
one o:r more of the chlorine atoms with a lighter group retaining the
general range of liquidus properties. One way of accomplishing this
replacement would be to exchange the heavy chlorine atoms for lighter

__t
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TABLE XIV

PRODUCT TO REACTANT WEIGHT RATIOS FOR SELECTED
HYDRATED META.L OXIDES

Product Compound P/R (Oxide) P/R (Metal)

BaO. 8H 2O 1.94 2.17

ZrOp 5HZ0 1.73 2.34

CaO. 3B 20 3 1 .Hz0 1.73 4.71

SrOz 8HZO 2.20 4.32

MgO. MgCl 2 16HZO 3.16 3.45

£
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alkyl groups. The lightest organic derivatives of titanium are the methyl
substituted titanium chloride derivatives. These compounds possess
favorable physical properties being liquids at ordinary temperatures.
It would be expected that the products of hydrolysis would be no more
corrosive or toxic than FM and the other parent compounds. Because
the major difficulty in handling these compounds is associated with their
characteristic polymerization reactions, resulting in extensive gumming
of equipment, there is the possibility that a light alkyl derivative of FM
would have favorable properties in terms or both smoke production and
reduction of gum formation.

The parameters which are important to these combustion reac-
tions for metal alkyls include the heat of formation of the parent com-
pound, the heat of combustion to form the metal oxide and alkyl radicals,

and an estimate of the dissociation energy for band rupture. The rate of
reaction is to a first approximation dependent on the activation energy
necessary to cause band cleavage. In this approximation, this energy
can be correlated with the average bond dissociation energy. Thus, the
lower the activation energy, the more easily bond schism occurs and the
more rapidly hydrolysis or combustion reactions will proceed. The
average bond dissociation energies for select metal alkyls is given in
Table XV as D(M-R).

It has been reported that Ti(CH 3)C1 3 is completely stable in the
dark at room temperatx.re. At higher temperatures, there is a tendency
of this compound to undergo autocatalytic decomposition. Whether this
decomposition is a'tributed to an autocatalylist or to impurities is not
presently known. Whether dimethyl dichloro titanium Ti(CH3)GCz is stable
is also not presently known. Uses involving this chemical have been re-
ported in the chemical patent literature which would indicate this com-
pound is stable. More recent work published in the open literature
reports a hall-life in the gas phase of about two hours. These reports
are inconsistent, one with the other, and an additional evaluation of the
thermal stability should be made for this compound. Very little data is
available concerning the chemical stability of the last member of this
series, titanium trimethyl monochloride.

The above compounds are reported as being liquids at -40"C or
below. At room temperature, they are characterized as having an oily
or viscous consistency. No reported work describing the properties of
these compounds was available above room temperature. TiCGz(CH 3)z is
reported to have a vapor pressure of . Z mm Hg in the temperature
range, 0 to 25'C.
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TABLE XV

HEATS OF FORMATION OF SELECTED
ORGANO METALLIC COMPOUNDS

0oA H (1) AHf (g) D(M-R)

Zn(Me)z + 6.3 + 13.0 + 41

Zn(Et)2  + 4.3 + 13.1 34

Zn(Pr)? - 13.6 - 3.9 40

Zn(Bu)2  - 24.9 - 14.6 41

B(Meh -34.8 - 30.1 89

D(Et) 3  - 46.8 - 38.0 85

B(Bu) 3  -83.9 - 70.8 89

Al(Me - 26.9 - 12.0 61

Si(Me) 4  - 75. C, - 69.0 77

Sn(Me) 4  - 21.4 - 13.6 53

Pb(Me) 4  23.5 + 32.6 35

Pb(Et) 4  12.8 + 23.0 31

P(Me)3 - 30.1 - 23.2 65

P(Ph)3 + 54.3 + 72.4 71

Sb(Me) 3 - 1.4 + 6.4 50
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All members of this series react uPon contact with either mois-
ture or air. It is assumed that these reactions involve either a direct

hydrolysis or air oxidation. Detailed results documenting the course of
such reactions are not available.

It has been suggested that the titanium esters such as titanium

tet:aethylate and similar compounds may function as effective smoke
agents. At this time, there have been no available numerical data con-

c.erning the effectiveness of these compounds when used for this purpose.

A prominent fact is the weight increase from atmospheric com-
ponents in the case of white phosphorus results in a very effective smoke.

For WP, the P/R ratio is 3. 3, which is substantially larger than for other
currently used smoke agents. An analysis of these values for SO 3 and

FM indicates values of 2. 1 and 1. 45, respectively. This fact indicates
that if a highly efficient smoke agent is desired, emphasis should be
placed on modifications of white phosphorus. In addition, the smoke
produced by WP and its derivatives is relatively noncorrosive and non-

toxic. The major difficulty in using phosphorus as a smoke agent is its
pyrophoricity. For certain solution (MIP), this is reduced considerably

and, further, most phosphorus fires are readily extinguished by water.

a With the exception of WP, used either by itself or in conjunction with a
plasticizer, there was little information in the literature concerning the

smoke properties of phosphorus derivative. There are a number of
techniques which can be used to provide a smoke agent containing rela-

tively high amounts of phosphorus. These include the use of phosphorus
in solutions, in mixtures, in slurries, and incorporated into selected

compounds. Of considerable prom'se is the incorporation of WP into

solutions and eutectic mixtures for the reason that high phosphorus load-
ing can be achieved with retention of favorable physical properties.

Because the work accomplished in this program has outlined a xiumber

of suitable agents, the discussion of phosphorus and its compounds and

mixtures is more appropriately reserved for the experimental -ections.

The effectiveness of a smoke agent has been correlated with &he
weight increase of t.e formed products of reaction during an air hydrol-
ysis and air oxidation reaction. In prev.-iuus discussions using this cor-
relation, the statement was mad&, without an indication of the basis for

its validity. For four smoke agents, S03, white phosphorus, titanium

tetrachloride, and fog oit, verification is made in the following discus-

sion The smoke producing mechanisms of these agents cIn be sum-
marized by the following reacticn sequences.



196

(1) S03 + HZO = SO 3"5HzO

(Z) a. P 4 + O2 = PA0s

b. PzOS + HzO = H 4PzOr"/2HZO

(3) TiCI 4 = (HO)3nTi-O-OH + 4HCI

(4) Oil = Oil

As before, a criterion used to establish the extent of hydrolysis is
the formation of a hydrate to the limit of 0. 5 kilocalorie per mole energy

increase. Products listed are those which would be expected from
the'rmodynamic criteria. These are not necessarily those which have
been discussed in the literature in which little or no experimental iden-
tification of species has been reported. Table XVI lists the measured
TOP for these smoke agents as reported in the literature, together with
the product reactant weight ratios for the assumed reactions. A calcu-
ited TOP is then obtainedd which was based on the assumption that the

TO'- of WP is 4800. As can be determined from this table, the calcu-
lated values of TOP tend to have a reasonable correspondence to those
actu,. - measured. Although there are a number of exceptions, it is
,sefui to have a correlation of this type available for rough calculations.
In general thi exceptions always result in lower calculated values of
TOP thus setting an upper bound to the obscuration power of untested
smoke agents Tht real difficulty in evaluating candidate smoke agents
in this manner is to have sufficient chemical insight to be able to pre-
dict the actual reaction products. Thus, for example, in the case of
FM, it would certainly be reasonable to assume that the HCI is ineffec-
tive and not to be considered or, alternatively, to postulate a mixed chloi-o
oxide. The result of this analysis wouid tend to indicate that the 'T-IC
does not separate from the other reaction products in the formed
particle.

At the beginning of this section, reference was made to thc nec-

essity for an effective smoke to have large scattering coefficient 3. The
theoretical effects of changes in Ks on the obscuration capability ef
aerosols is well understood. The size of a particle is dependent ther-
modynan- :ally on the s'irface t, nsion of the exposed liquid. Where

there are large s,.lution effects at is true fcr the hydrolysis of a P.,Os

particle to form " dilut- acid, :t may be assumed there is also a con-

siderable change in surface tension at selected stages of hydrolysis.
Since this physical property . an be greatly modified by small "hange!-
.n the composition of the surface, it would be expected that the usp of
surface active agents to control particle size of the produced ,ter, so:

would be effective.

4W
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TABLE XVI

COMPARISON OF PRODUCT TO REACTANT WEIGHT RATIOS
TO RELATIVE TOP VALUES

Relative

TOP TOP
(Reported) P/R (Calculated)

WP 4800 3.3 4800

SO 3  3000 2.1 3200

FM 1900 1.47 2100

Oil 1200 1.0 1400

a WI'S

S.. .. .. I
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In summary, a review of the literature indicates that only two
single-component smoke agents have a total obscuring power greater
than that of FS. These agents are sulfur trioxide and white phosphorus.
Sulfur trioxide has the same disadvantages that are characteristic of
FS, namely corrosivity, irritation, etc., with the additional disadvantage
of having a low 'oiling point necessitating the use of pressurized con-
tainers in order to properly store the agent, White phosphorus has a
high TOP, nearly twice that of FS, but is normally a solid melting at
44°C. A major disadvantage of WP other than its physical properties
is that it is pyrophoric with air. This pyrophoricity causes handling
problems, particularly for airborne dissemination applications.

Dual Agents

The use of dual smoke. agents can provide TOP values in excess
of 2500. However, the additional complication of equipment would tend
to nullify the advantages of higher obscuration power, lessening of cor-
rosivity, and reduction in irritation. The agent ordinarily used to
neutralize the acidic vapors is ammonia which, because of its low boil-
ing point, would require substantial gas pressurization equipment to-
gether with relatively heavy f~ight-weight hardware. For a rapid
development progý:amthe use of dual agents could be used to provide
substantial improvements in airborne military scrtening smokes. Only
limited use of present tankage could be made for the dissemination of
these dual agents. The minimum modification schedule would include
the development of airborne mixing manifolds and the fabrication of
ammonia tankage. There is a possibility that other less volatile amine
agents could be used, but relatively little work has been done outlining
their effectiveness.

Modifications to Titanium Tetrachloride

It is perhaps possible to modify agents possessing TOP value
less than FS to improve their smoke obscuration and handling proper-
ties. The logical agent to consider is FM. One m thod by which modi-
fications of this agent could be implemented is to synthesize different
chemical compounds which are derivatives of titanium tetrachloride.
The choice of possible derivatives of titanium tetrachloride which could
be considered for this program is quite large and, because of program
limitations it is necessary to select relatively few for further study.
Necessarily, this selection must be based on an analysis of the effective
chemical mechanisms governing the extraction of atmospheric moisture
to form the aerosol particle. Unfortunately,a critical examination of the
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literature tended to indicate that the chemical hydrolysis mechanisms
usually proposed are, in general, quite speculative. Apparently, very
little detailed knowledge exists concerning the precise nature of the
products of the gas phase hydrolysis reactions. For example, as a
tentative hypothesis, it is possible to assume that replacement of a
chlorine atom in titanium tetrachloride by a lighter alkyl group might
provide some improvement in smoke properties. The basis for this
hypothesis is the assumption that the first chlorine atom is easily re-
moved during the initial hydrolysis stepand that it is ineffective in pro-
ducing an increased weight in the smoke particle. Replacement of the
chlorine atom by a methyl radical would allow a potential weight reduc-
tion in the weight of the molecule of the order of forty percent. If all
other factors are the same it would then be possible to improve the
smoke obscur'ation power of this modified titanium compound to a value
approximating 2800. It is reasonable that replacement of chlorine
atoms, one at a time, by methyl groups should result in a smoke agent
with intermediate properties. The limit to the size of the alkyl group
would be to the propyl radical which is somewhat greater in weight than
the chlorine atom. A replacement of the C1 atom by ahigher alkyl de-
rivative would,in this view, be detrimental. There is, however, some
preliminary evidence, as is discussed in the experimental section of this
report, that the dissociation of a compound composed of higher molec-
ular weight alkyls inay give rise to an oil smoke formed by the gas
phase recombination of alkyl radicals. It was observed that alkyl
derivatives of phosphorus and tin both exhibited sigher TOP values for
butyl than for methyl replacements. This is contradictory to the above
hypothesis anL' further work is needed to clarify the problem.

Phosphorus Derivatives

One of the prominent facts which is apparent from the literature
review is that the physical and corrosive properties of a white phos-
phorus smoke are good and thai the TOP of phosphorus based smoke
agents is considerably in excess of that of the reference standard FS.
The two major disadvantages of white phosphorus are its relatively high
melting point and its pyrophoricity. Because the TOP of WP is high, it
is possible to make substantial modifications of WP by compound forma-
tion, dissolution, slurries, and incorporation ii, mixtures. These modi-
fications are not restricted to high concentrations of the active agent,
since a fifty percent dilution of the WP would still provide a smoke agent
having an obscuratioa power in the range of Z500. One problem which

is difficult to overcome is the pyrophoricity of the smoke agent. How-
* ever, it is possible to use fire retardants to slow the combustion rate
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and provide mixtures that can be safely transferred by decantation in
air. This has been dont under this contract using EWP-MIP mixtures.

Since the most likely prospect of developing a liquid smoke agent having
good properties and a TOP of 2000 or greater appeared to require the

development of a phosphorus based smoke agent, a considerable techni-
cal effort was expended on this area. The work performed is more
fully described in the experimental sections.

I,.
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APPENDIX A

SYNTHESIS OF PHOSPHINE AND DIPHOSPHINE DERIVATIVES

By

Harry Babad, J- rnes B. Wood, and William H. McLain

Routes to the tetraalkyldiphosphines, for screening as possible
smoke agents, were sought. Although compounds of this type have
been reported previously, 1. z their synthesis has been but poorly de-
scribed in the literature. The method of Issleib and Seidel3 was

chosen aq the most direct route to the desired compounds. This
synthesis is outlined below:

I. EtzNH + PCi3 N-, EtzN-PC1z (I) (80%)

If. Etz N-PCIz + RMgX W- EtzN-PRZ (II)* (80%)

III. EtzN-PRz + HC1 b RzPC1 (III) (80%)

IV. RzPCI + Na RzP-PRz (IV) (75%)

Issleib and Seidel claimed an overall yield of 40% in the con-
version of phosphorous trichloride to tetraethyldiphosphine or tetra-n-
butyldiphosphine. In our hands, this synthesisleadsto irreproducible
yields of 0-30% of products in steps II and III. Drastic modification
of the procedur.; of Isslieb and Seidel, enabled us to obtain reproducible
(70-80%) yields of the diethylaminedialkyl phosphines. Modifications
included a drop in reaction conditions from -20 to -70*, substitution
of a lithium reagent for the organomagnesium compound and elimination
of the inverse addition of the organometallic to the diethylamino-
phosphorous dichloride. These results are tabulated below:

Compound Literature RMg RLi

MezPNEtz Less 25% 55%

EtzPNEtz 65%' 13-20% 55-60%

n-PrZPNEtz 30% 77%

n-BuzPNEtz 58%' 29% 81%

* R = ethyl, n-butyl, etc.
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As can be seen by the above results, the substitution of a lithium
reagent for a grignard drastically increases the yields. The major
problem in the grignard synthesis seems to be complexes involving the
phosphorous compound with the magnesium halide. Step III, the addi-
tion of a gaseous HCI to a solution of dialkyl-diethylaminophosphine
also proved irreproducible (0-30% yields). For the synthctis of the
n-butyl compound, treatment of II,"Lwvith acetyl chloride followed by
distillation resulted in a fair yield (60%) of di-n-butylphosphorous
chloride, but this synthesis could not be applied to the lower members
of this series because of interference of the acetamide of diethylamine
which leads to separation difficulties. The dimerization of the dialkyl-
phosphorous chloride with sodium was not studied in sufficient d•tail
to determine whether it too suffered from the failings of low yield and
irreproducibility. FurLher work in characterizing these and other
phosphorous alkyls is being undertaken, and the synthesis for these
materials in good yields should make these available for other
studies.
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APPENDIX B

SOLUTIONS OF WHITE PHOSPHORUS

One approach to increase phosphorus content of a smoke agent
has been to try to dissolve high weight concentrations of white phosphorus

in different solvents. The difficulty with this approach is that,with the

exception of carbon disulphide, the reported solubility of phosphorus

in most common solvents is too low to provide an effective smoke

agent. Since it would be desirable to find other liquids whi,:h might

also act as suitable solvents for phosphorus, an analytical approach

was developed to predict possible new solvents for phosphorus. The

analysis was based on theoretical work involving the theory of regular

solutions as developed by Hildebrand et al for non-associated liquids.

The central parameter in this theory involves the internal cohesive

energy at constant volume, which is also commonly denoted by the term

"solubility parameter. ," This parameter relates the relative solubility

to the molecular interactions and is defined as the square root of the

energy of vaporization per cubic centimeter.

6 =(E)

A number of methods are available for calculating this para-

meter using data obtained from pure liquids. Since molar volumes

are readily available for most liquids, the problem of determining values

of the solubility parameter is resolved into evaluating the cohesive

energy. (4Ev) at vaporization. Thermodynamically, this energy is

given by:

AEv = A-Iv - PAvv

vS-v '
= (AHvapp - RT)Z v

AHVapp -RTZ

where Z is the compressibility factor. For many substances the

compressibility factor is < I and, as a first approximation, the solubility

parameter becomes approximately equal to:

6= (_ll)
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The heat of vaporization can be evaluated in several ways using:
(1) calorimetric heats of vaporization; (2) vapor pressure data; (3)
estimation from the Hildebrand rule, or; (4) solubility data. Where
measured experimental data is not available, the use of the Hildebrand
rule is applicable. This is an empirical rule of the form:

AH-v ?, (Cal/mole) = -2950 + 23.7 Tb + 0.020 TbZ

or: AH vb (Cal/mole) = 17. 0 Tb + 0. 009 Tb

which is applicable to non-polar liquids. An auditional useful relation-
ship is that associated for mixed solvents as given by:

6m 0 1 61+ Oz6z+
0.+02+

The master equation relating the solubility parameter to the mutual
solubility of non-asscciated liquids is given by thermodynamic relation:

In asz = nn xz + (62 -
RtT

S where:

a is activity
'x is mole fraction

v is partial molal volume

0 is volume fraction

in which the subscripts refer to components I and 2, i.e., the solvent
and solute, respectively.

Rewriting this equation, it is obvious that the mole fraction of
solute is related to a free energy function diminished by the quantity
involving the second term in the above equation. Thus, as the differ-
ence between solubility parameters decreases, an increase in solubility
of the solute into the solvent should be expected. In the limit, this
term goes to zero for completely miscible solutions.

The general usefulness )f this approach stems from the fact
that, although it is at best semi-quantitative from a theoretical point
of view, the relation of empiricals holds for a large number of different
types of compounds. For ioeF norus, the value of the solubility
parameter is 13. 1. Table t. tains a list of selected values for the
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TABLE B-I
V

SOLUBILITY PARAMETER FOR SELECTED
POSSIBLE SOLVENTS

Solubility Molal
Substance Parameter Volume 6 z 6

Phosphorus 13.1 70 0

CC14  Carbon Tetr&chloride 8.6 97 20

SiC14  Silicon Tetrachloride 7.6 115 2.0

SiBr 4  Silicon Tetrachloride 8.8 127 18
SnCI 4  Tin Tetrachloride 8.7 118 18
SnI4  Tin Tetraiodide 11.7 151 2.2

So Sulfur 12.7 135 0.16

IZ Iodine 14.1 59 1.0

BrZ Bromine 11.5 51 2.6

n-Cs Hiz n-pentane 7. 1 116 36
n-CSH1 e n-octane 7.5 164 31
C 6 H6 benzene 9.2 89 16

"GH1o xylene 9.0 121 16
CsHs styrene 9.3 116 14
C6F 14  perfluro-n-hexane 5.9 205 52
C6F6 perfluoro-cy-lohexane 6. 1 170 49
CSZ carbor, disulfide 10.0 61 9.6

CHZIZ methylene iodide 11.8 81 1.7

CHBr 3 bromoform 10.5 88 6.8

CHI methyl iodide 9.9 63 10
CHzC/z methylene chloride 9.8 64 11
CzH4 ethyl iodide 9.4 81 14
CZH Br ethyl bromide 8.9 75 18

C z HSCt ethyl chloride 8.3 74 23
CCf 4  carbon tetrachloride 8.6 97 ZO
CHC13 chloroform 9.Z 81 15
CIH 4 CIZ ethylene chloride 9. 9 79 10
CzH4 CIz ethylene dichloride 9. 1 85 16

* C 2 H4 BrZ i. 2 detromoethane 10.2 90 8

C z C1 4 tetrachloroethylene 9.3 103 14
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solubility parameter for a number of classes t, compounds. To
determine the relative solubility of phosphorus in different solvents, a
"zero order" approximation can be made using the criterion that the
difference of squares between solubility parameters should be minimized.
This quantity is given in column three of Table B-I. The substanceS. underlined has a relatively low value of this parameter indicating

that, in these series, the solubility of these substances should be high.

Of these substances, bromine, iodine, sulfur, methylene
iodide, and tin tetraiodide appear most promising as solvents. The
elements bromine, iodine, and sulfur tend to form stable compounds
with substantial exothermic heats of reactions. Tin tetraiodide has a
high melting point (150"C) indicating that even with a strong eutectic
lowering the formed soiution would freeze well above -40"C. A
solution of WP in methyleae iodide is most promising from this point
of view.

f
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APPENDIX C
OPTICAL PROPERTIES OF PARTICULATE CLOUDS +

Particles, suspended in a gaseous medium, scatter, reflect, and
absorb radiation in a manner depm.nding on the nature, size, shape of
the particle, and the wavelength of the incident radiation. These factors,
in turn, determine che effectiveness of a smoke for screening and ita
visibility when used for signaling or similar purposes.

The scattering of light by a particle can be treated as the
interaction between the electromagnetic waves and the particle. When
light strikes a particle which is comparable in size to or smaller than
its wavelength, reflection and refraction, in their normal sense, no
longer occur. Interaction between the radiation and particle results
in energy being removed from the wavefront. Some of this energy is
degrada.d to heat but much is re-radiated as scattered radiation. Each
particle becomes, in effect,a self-luminous source.

The theory of scattering by sphericil particles was developed
from Maxwell's equations by Gustave Mie. * For spherical particles
which are small compared to the wavelength of light, this theory gives
results which are in complete agreement with the results obtained from
the less-general Rayleigh theory, which states that the amount of
radiation scattered is inversely proportional to the fourth power of the
wavelength. As the partiýle radius increases in size to approximately
the wavelength of the light, tOe scattering becomes a very complex
function of the particle radius, the refractive index of the particle,
and the wavelength of the incident light. The scattering coefficient,
i. e. , the scattering per unit cross-sectional area of the particle, ib an
extremely complicated function of the parameter r/) (where r is the
radius of the particle and X is the wavelength of the incident light), and

exhibits one or more peaks before approaching the nimiting value of 2
as is shown in Figure C-I. T-ae peak of this curve for maximum 6catter-
itg moves toward smaller radii as the refractive index of the particle
increases. For screening smoke made from fog oil, which has a re-
fractive index of 1 50, the maximum scattering of visible light will
occur when the droplets art about 0. 3 micron in diameter.

+ This part of the discussior is a'.c.tracted in part from Evans. R. W.

Pyrotechnic Handbook (1966' (In Press).

t * G. Mie. Ann der Phys, 25, 1908, p. 377.
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The angular distribution of the scattered light is also a function
L of r/X. For Rayleigh scattering by small particles, as much light is

scattered backward as is scattered forward. With an increase in the

particle radius, the forward scattering becomes much greater than the
backward scattering. For a particle whose radius is equal to or
greater than the wavelength of light, this factor may be 1000 or more.

Smoke clouds, which have a distribution of particle size, exhibit
the scattering which would be observed for a mixture of a large
number of uniformly-sized particles mixed in varying proportions. No
completely satisfactory analysis of the amount of scattering that may
be expected from such a poly-dispersed smoke cloud has been made.

The theoretical treatment of the Rcattering of light by particles

whic'i also absorb is a d'ficult problem, especially when absorption
is selective. When the incident light is white, the scattering by each
of the particles will remove some of the light selectively absorbed so
that the light finally ý cattered by the cloud will be colored. Similarly,
for a monodispersed 6 )stem of selective particle size, scattering re-
sulting in colored smokes may result.

SI
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