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FOREWORD
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ABSTRACT

The objective of this research was to study the incendiary potential of inter-
metallic reactions. A thorough literature review of the thermochemistry of exothermic
alloy formation, measurement of the reaction rates, reaction temperatures, and
igniticn characteristics of loose and pressed binary and tertiary mixed powders
provided basic information for incendiary assessment. The borides, carbides, and
aluminides of titanium, zirconium, and nickel were found to offer the greatest promise.
The data were compared with those oblained by a computerized heat transfer analysis
of rod shaped and hollow cylindrical geometries. The rate controlling parameters
were found to be particle size, thermal conductivity, heat of reaction, and diffusivity.
In most cases it was found that reaction characteristics were independent of particle

•, size distribution, particle shapes, contamination, bulk density, and compaction.

Experimental data agreed with analytical predictions. Intermetallic reactions were
deemed to be a novel class of reactions and the results were found to have wide appli-
cability in improving the performance characteristics of pyrotechnic, ordnance, and
incendiary devices.

Distribution limited to U.S. Government agencies only; this report documeats the
study of the incendiary potential of intermetallic reactions; distribution limitation
applied July 1971. Other requests for this document must be referred to the Air
Force Armament Laboratory (DLIF), Eglin Air Force Base, Florida 32542.
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SECTION I

INTRODUCTION

Pyrotechnic reactions are of two kinds: (1) gas phase reactions which are

controlled by pressure and surface area, such as black powder and single or double

base propellants; and (2) condensed phase reactions which are controlled by thermal
and molecular transport, such as thermite and intermetallic reactions.

Exothermic intermetallic reactions are of practical importance because of their
high heat of reaction and the magnitude of the resulting temperature. Intermetallic
reactions occur with the release of a heat of solution as the result of the reaction of
finely powdered metals. If the heat released in reacting or forming an alloy is suf-
ficient, the reaction will provide an intense source of thermal radiation. The result-
ing temperature may be sufficient to melt or even vaporize some constituents which can
then react with oxygenreleasing additional heat. Intermetallic reactions which provide
intense sources of thermal radiation and high temperatures have potential applications

in advanced incendiaries and pyrotechnics.

One purpose of this study was to review the thermochemistry of exothermic
intermetallic reactions and to present a discussion of such condensed phase processes.
In keeping with the generally accepted scope of intermetallic reactions, boron, carbon,
and silicon have been considered to be metallic while phosphorus, sulfur, arsenic, and
"selenium have been excluded.

Other objectives of this research were to measure the heats of reaction, the
reaction temperatures, reaction rates and ignition characteristics for promising
candidates; to determine the effects of composition, particle size, compaction, and
reaction mechanism on the incendiary potential; to compare these data with those
obtained on thermate; and to provide a scientific and engineering basis for expla& inng
the findings.

The term "incendiary potential" refers to thermochemical and kinetic character-
istics and does not include the assessment of the effects of these reactions on a target.
"As a result of this study, intermetallic reactions were found to provide a novel means
of improving the reliability and reaction characteristics of existing thermate-based
incendiaries and, furthermore, to alter ignition delays and ignition energy requirements
of other types of pyrotechnic devices such as smoke cartridges, signal markers, delay
fuzes, and tracer munitions.

AV1
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SECTION II

THE THERMOCHEMISTRY OF INTERMETALLIC REACTIONS

1. LITERATURE SURVEY

A thorough review of the thermochemistry of exothermic intermetallic reactions

was undertaken to assure complete coverage of all promising binary combinations of

elementary constituents. The search focused on two areas: equilibrium thermodynamic
data on the heats of formation (heats of reaction), and applications of exothermic inter-
metallic reactions to problems of a metallurgical or pyrotechnic nature.

Thermodynamic data are plentiful. Unfortunately, lit le agreement exists and
rarely do the authors define their reference conditions with care. The laborious
task of critical evaluation of the published data has been performed during the last
two decades by R. Hultgren and his associates at the University of California (1, 2).

As a result of the study presented here, it was found that favorable thermo-
dynamics is a necessary but not a sufficient condition to insure a self-sustained

reaction. Special experimental and analytical studies were performed to define the
additionally required conditions.

In the survey, a few applications of exothermic intermetallic reactions were
found such as a commercial Al-Pd composite (3) called "Pyrofuze" and a reported
similar application of magnesium-platinum and lead-lithium (4). More recent
applications are discussed in Section V of this report.

Tables I through VIII list the exothermic heats of reaction of binary mixtures
of various elements of the first through the fourth groups of the periodic table with
elements of the third through the eighth groups. The compounds listed under the
heading "System" indicate the stoichiometric proportion of the .eagents as well as
the end product to which the thermal data have reference. It must be understood
that the reacting system consists of mixtures of the finely powdered elements, and
the conclusions drawn in this study have validity regardless of whether the actual
phase described by the stoichiometric formula is formed.

Heats of formation are reported on a molar basis for the compound as written.

They are equal to the heats of reaction where the starting materials are elements
in their standard state. The literature source cited refers to this enthalpy value.
Assuming that a system consists of a stoichiometric blend of the powders compressed

to the bulk density of the parent elements, it is possible to compute the energy density
as well. The density of the intermetallic product is usually significantly greater
than the density of the unreacted mLxture. Because the theoretical bulk density is
rarely achieved, intermetallic reactions can be expected to generate a product with
an appreciable void fraction.

2
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"TABLE I. INTERMETALLIC REACTIONS OF THE ALKALI METALS

Heat of Reaction Adiabatic Lowest
Gru.yse.c..oeReaction Melting Ref.
.. .Group ystem kcal/mole cal/g cal/cm 3  Temperature Point

(0 C)* (*C)

Inl LiA1 -15.1 -443 -555 860 (1) 109 5

"TV LiSn -16.8 -134 -575 1000 (1) 109 1

LiPb -14.6 -68 -465 960 (1) 109 1

NaSn -10.2 -71.4 -254 800 (s) 98 1
7

Na 2 C 2  - 9.6 -137 -161 460 (s) 98 6

V LiSb -21.8 -170 -700 1060 (1) 109 1

LiBi -18.4 -85.5 -535 1000 (1) 109 1

NaSb -15.8 -109 -375 780 (1) 98 1

KBi -18.0 -55 -204 980 (1) 64 1

Based on an ambient temperature of 298 0K.

The adiabatic reaction temperature T is that temperature at which the

enthalpy of formation, A IIf, equals the enth£py of the product, namely

(A Hf)TR = (H T - HST)TR

Where the enthalpies of the interroetallic product are not known, the enthalpies
* of the starting materials were used (1,2):

"�(�A =~ ~ T - HST)AT + (HT - HST), TR
T T S A R T STBTR

The state of the product at the adiabatic reaction temperature was checked

against the phase diagram and the appropriate symbol (s, s-i, 1, and 1-v) was used

to denote solid, liquid, and vapor states. The adiabatic temperature is the maximum

temperature which the reaction can achieve. It is the upper boundary condition

imposed upon a computer code calculation of intermetallic reactions as well as a

guide in predicting whether a self-sustained intern, .tallic reaction is possible.

The initial step in the reaction process is thought to be solid-solid diffusion

between the reagent particles. The resulting heat of reaction will not be conducted

away from the reaction zone if the thermal conducdvity of the mixture is low.

3



TABLE I1. INTERMETALLIC REACTIONS OF THE ALKALINE EARTHS

Heats of Reaction Adiabatic Lowest
G Reaction Melting Ref.

Group System kcal/mole cal/g cal/cm3  Temperature Point

(*C)(*) (CC)

I LiMg -2.56 109 1

CuMg -5.0 650 2

II CaMg 2  -9.4 -l06 -175 540 (s) 650 2

III Al2Ca -52.5 -560 -1150 1440 (l-v) 650 1

YMg -31.0 -274 -912 1670 (1) 650 7

CeMg -18.3 -111 -523 920 (1) 650 7

UMg -41.4 -157 -1570 1940 (1) 650 7

UBe1 3  -39.3 -111 -520 500 (s) 1132 8,2

PuBel 3  -35.7 -100 -476 450 (s) 640 2

ThMg92 -15.2 -54 -317 700 (s) 650 9

IV SnMg., -18.9 -113 -450 890 (s) 890 1

SnCa -75.0 -379 -1110 1484 (l-v) 232 1

SnBa2 -90.0 -240 -1000 2125 (l-v) 232 1

PbCa2 -50.7 -172 -705 1440 (1-v) 327 1

PbBa2, -69 -143 -715 1640 (1-v) 327 1

V NbBe5 -46.4 -336 -1300 1390 (s) 1'_. 77 10

Sb -Ba3 -87.5 -133 -563 1560 (1) 630 1

Bi2Ba 3  -72.5 -87.3 -169 1400 (1) 271 1

(*) Based on an ambient temperature of 298°K.

Because of the small size of the individual grains, the resulting temperature rise

may therefore be sufficient to cause the reactant or the product to melt so as to

destroy the diffusion barrier and expose fresh reagent. If no melting occurs, the

diffusion barrier may reduce the reaction rate to the point of quenching. The most

important factors which promote quenching are:

4
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TABLE III. INTERMETALLIC REACTIONS OF GROUP III ELEMENTS: BORIDES

Heats of Reaction Adiabatic Lowest
Reaction Meltig Ref

Group System kcal/mole cal/g cal/cm 3  Temperature Point

II MgB6 -22.4 -251 -600 645 (s) 650 11

III YB 6  -24 -156 -503 700 (s) 1509 12,13

LaB -114 560 -2410 2230 (G-s) 1509 12,13
6

IV C B4 -17 -326 -758 750 (s) 2030 14

SiB, -7 -76.4 -177 230 (s) 1410 15

TiB2 -71.6 -1155 -4040 3770 (1) 1668 2

ZrB -78.0 -690 -3330 3400 (1) 1852 2
2

HfB -78.6 -394 -3450 3380 (s-i) 2030 2
2

V VB -32.6 -528 -2500 2400 (s) 1900 16

NbB2 -58.6 -511 -2870 2900 (s) 2030 17

TaB2 -43.9 -216 -2610 2400 (s) 2030 17

VI CrB2  -30 -408 -1880 1500 (s) 1875 13

MoB -23 - 196 -1280 1260 (s) 2030 13

W B '-35 -83 -1350 960 (s) 2030 13
25

VII MnB -19 -248 -1140 800 (s) 1245 13
2

(*)Based on an ambient temperature of 298 0K.

(1) High thermal conductivity
(2) Large particle size
(3) Adiabatic reaction temperature too low to promote adequate diffusion

He-zlce, it is concluded that where the adiabatic reaction temperature does not exceed
the melting point of the product, the reactions are not self-sustaining. This con-
dition is shown by the notation(s) behind the adiabatic reaction temperature. Examples
are CaMg2, UBe13, ThMg2, NbBe 5 , MgB6, YB6, CrB2, MoB2, W 2 B5, MnB2, CuA1,
CrAI3, MnA1, SmBG, CaC2, B4C, VC, NbGe 2 , NbC, TaC, Cr7C3, Mo2C, WC,
Mn7C 3 , Mg2Si, Cr5Si3, MnSi 2 , FeSi, CoSi, NiSi, WSi 2 , and CuPd. Many of the

4



TABLE IV. IRNTERMETALLI C REACTIONS OF GROUP III ELEMENTS: ALUMINIDES

Heats of Reaction Adiabatic Lowest
Group System kcal/mole cal/g Reaction Melting Ref.

cal/cm 3  Temperature Point
( °C )(*) ( °C)

CuAl -9.8 -108 -756 870 (s) 660 18

LiAl -15.1 -443 -555 860 (1) 109 5

II CaAI2 -52.5 -560 -It150 1440 (1-v) 650 1,18

III b12 Al -36 -740 -1850 1900 (s) 660 19

LaAI4 -41.2 -166 -780 1222 (s-i) 660 1

IV TiAlI) -28.8 -314 -1100 1370 (1-s) 660 2

ZrA1,) -40.8 -281 -1200 1650 (1-s) 660 20

V VA13 -26.0 -198 -792 750 (s) 660 18

VI CrAl -16 -120 -430 520 (s) 660 1,18
3

VII MnAl -10.2 -124 -586 530 (s) 660 1,18

Viii FeAl -12.14 -147 -725 1150 (s) 660 1,19

CoAl -26.4 -308 -1600 1580 (s) 660 1

NiAl -28.1 -329 -1710 1639 (s-i) 660 2

PdA1 -43.7 -327 -2890 2380 (1) 660 3

PtAI -48 -216 -2510 2800 (1) 660 2

(*)Based on an Ambient Temperature of 2980K.

other systems are marginal in that low heat output would make a purely incendiary
application questionable or high thermal conductivities would cause quenching.,3
Systems with the maximum potential (energy density in excess of 2000 cal/cm
and reaction temperature in excess of 2000'C) include LaB6, TiB2 , ZrB2, PdAl,
PtAl, BcC2, TiC, ZrC, VSi 2 , and NbSi2. Because of high cost and short supply,

one should exclude systems requiring La, Pd, and Pt. The systems selected on

this basis permit a study over a wide range of compositions, particle size, and

ambient temperature and resulted in sevoeal new concepts for pyrotechnic or
incendiary applications.

6
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TABLE V. INTERMETALLIC REACTIONS OF GROUP II ELEMENTS: RARE EARTCHS
AND ACTINIDES

Heats of Reaction Adiabatic LowestGroup System of R Reaction Melting Ref.
Group Sys' em Temperature Pointk c a / m o e al/ c l/ c Z3( ° C )( * ) U° C )

Rare SmB6 -50 -232 -1050 960 (s) 1072 22

6* ats CeB 6  -84 -410 -1850 1700 (s) 795 12

CeAl -31.2 -126 -458 900 (s) 660 14
PrAl 4  -54.0 -216 -800 1430 (s-I) 660 1

Acti- MllB -52.0 -189 -1360 1550 (s) 1750 12
nides

UB 4  -60 -214 -1950 1770 (s) 1132 12

UA14  -29.8 -86 -565 760 (s) 660 23

PuA14  -43.2 -123 -820 1130 (s) 660 24

(*)Based on an ambient temperature of 298°K.

2. EXPERIMENTAL STUDIES

a. Materials and Equipment

Starting materials were procured from commercial sources and used without
any further attempt at purification or sieving. Appendix I lists the sup-
pliers and the nominal specification of those powders. The powders were further
characterized by scanning electron microscopy which permitted a determination
of geometry, size, and size distribution through measurements of the resulting
photographs. Appendix I also lists the most typical or rate determining particle
size. It is this value which will be used in the subsequent discussion of the data.

Some powders are sensitive to air and are shipped under oil or water; these
were dried in a vacuumn chamber and manipulated in an argon-filled glove box.

Determinations of the reaction temperatures and emissivities were performed
W- using fast response pyrometry. For events of brief duration, the calibrated anode

current of a photomultiplier tube was used to measure brightness-temperature. The
response time of this signal was a fraction of a millisecond, and the signal was
monitored using a fast oscilloscope or a recording oscillograph." Two instruments

7



TABLE VI. INTERMETALLIC REACTIONS OF GHOUP IV ELEMENTS: CARBIDES

Heats of Reaction Adiabatic Lowest
Reaction Melting Ref.Group Sys9tm keal/mole cal/g cal/cm3  Temperature Point

(eC)()* (°C)
I Na2C2 -9.660 138 196 410 (s) 98 6

II BeC 2  -57.7 -1750 -3720 2770 (l-v) 1277 13

CaC2 -15.0 -222 --388 900 (s) 838 6

SrC2 -20.2 -182 -460 1300 (s) 768 25

BaC2 -19.5 -121 -391 1200 (s) 714 25

II B4C -17 -326 -758 750 (s) 2030 14

Al 4 C 3  -53.4 -371 -965 1400 (s) 660 26

LaC2 -29 -178 -870 1700 (s) 920 27

CeC2 -27.9 -170 -880 1560 (s) 795 28

UC2 -25 -95.5 -1082 1300 (s) 1132 29

ThC2 -46 -179 -1280 2U00 (s) 1750 29

IV SiC -15.8 -394 -010 1680 (s) 1410 30

TiC -44.1 -737 -3270 3600 (1) 1668 2

ZrC -47.0 -461 -2460 3800 (1) 1852 2

I[fC -52.3 -268 -2730 4200 (s) 2222 2

V VC -25.U --412 -1870 2030 (s) 1900 2

NbC -33.6 -321 -2060 2730 (s) 2415 2

TaC -35.5 -184 -2380 2800 (s) 2896 2

VI Cr 7C3 --54.50 -136 -818 780 (s) 1875 2

Mo C -11. (Y1 -57 -482 600 (s) 2610 2
2

W C -9.06 -49 -645 900 (s) 3410 2

VII Mn7C3 -20.2 -48 -300 300 (s) 1245 2

(*)Based on an ambient temperature of 298 0K.

do8



TABLE VII. INTERMETALLIC REACTIONS OF GROUP IV ELEMENTS: SILICIDES

Heats of Reaction Adiabatic Lowest

Group System kcal/mole cal/g cal/cm3  Reaction Melting Ref.
Temperature Point

(OC)(*) 6c

II Mg 2 Si -10.2 -180 -346 540 (s) 650 31

CaSi -36 -528 -950 1670 (1) 838 13

III Y Si -32.2 -275 -1000 1835 (s-i) 1410 13

CeSi2 -50.0 -255 -1100 1310 (1) 795 13

ThSi2 -42.0 -146 -963 1590 (s) 1410 13

USi2 -31.0 -106 -940 1390 (s) 1132 32

IV CSi -15.8 -394 -910 1680 (s) 1410 30

TiSi -32.1 -308 -924 1610 (s) 1410 2
2

ZrSi 2  -38.1 -259 -1020 1780 (1) 1410 2

V V Si 2  --75 -700 -2350 3280 (v-i) 1410 13
NbSi2 -71.6 -480 -2040 3300 (1) 1410 13

TaSi -27.8 -117 -806 1570 (s) 1410 2
2

VI Cr 5Si3 -77.6 -227 -1110 1230 (s) 1410 13

MoSi -31.3 -206 -940 1550 (s) 1410 2
7

SWSi 2  -22.4 -93.4 -670 1230 (s) 1410 13

VII MnSi -23.2 -226 -847 1160 (s-i) 1245 33

1.7

Vill FeSi -19.2 -229 -1000 1410 (s-i) 1410 13

CoSi -24.0 -276 -1285 1460 (s-1) 1410 13

NiSi -20.5 -236 -110 990 (s-i) 1410 13,19

(*) Based on an am temperature of 298'K.

were used: The B- gineering Company's Photo-Electronic Pyrometer, Model
EP-1, and the Infr; tstries Thermodot Model TD-11S. Calibration was

against a Bureau et ds lamp. Temperatures above 2200'C were checked
against the melting f refractory metals.

9
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TABLE VMII. INTERMETALLIC REACTIONS: MISCELLANEOUS SYSTEMS

Heats of Reaction Adiabatic Lowest
Group SyReaction Melting Ref.

Group System kcal/mole c7l/g cal/cm3  Temperature Point
__(OC)(*) (CC)

I NaSb -16.2 -112 -384 892 (l-v) 98 34

CuPd -7.57 -44.5 -472 600 (s) 1083 2

I My 2 Gc -25.1 -207 -605 1115 (s-1) 650 35

lMg3 Sb 2  -38.25 -121 -484 1160 (s) 630 2

MMg2 Sn -10.1 -62 -145 500 (s) 232 36

II CeZn -21.2 -78 -535 1140 (1) 420 37, 38
PuCdll -45.9 -31 -293 570 (s) 321 37

PuZn1 2 -73.3 -71.3 -600 700 (s) 420 37

U2 Zn 1 7  -95.4 -6'0 -530 700 (s) 420 39

IV PdSn -25.24 -112 -1000 1326 (s-1) 232 40

Cc C2 Pb -39.64 -81.5 -665 1380 (s-I) 327 2

NbGe2 -29.8 -84.4 -524 1170 (s) 937 41

ZrZn2 -37.63 -170 -1165 1450 (1, s) 692 2

V NbNi -10.8 71 610 810 (s) 1726 2

(*) Based on an amnbient temperature of 2980K.

Assuming a groybody behavior, the true temperature was measured using a
Millctron Two Color Pyrometer. The response time of this instrument was more
than 300 resec, and it was only of limited value in the measurement of fast events.
Furthermore, the assumption of a greybody was found to be satisfactory only in the
study of carbide reactions.

For comparative studies of incendiary effects and for measuring heat flux,
radiometers were found to be more powerful tools than pyrometers. For determining
temperature profiles as a measure of rate in fast reactions and a measure of the
Lffect of mixture characteristics on ignition characteristics, fast response pyro-
meters remain the preferred tool.

SJ
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Heats of reaction were determined as a function of composition in air and/
or argon in a Parr bomb calorimeter operating at 1 atm. After blending and press-
ing, the starting materials were characterized with respect to uniformity and void
formations by sectioning and metallographic examination. Following reaction, the
degree of reaction was similarly characterized.

Ignition temperatures were measured by the insertion of a fine thermocouple

into the pressed reaction body. Mixtures were initiated by wrapping a nichrome
wire around the pressed specimen and heating the system electrically. It will be
"shown in this report that ignition temperatures are affected partly by heat flux and
partly by mixture characteristics such as particle size and thermal conductivity.

Other experimental techniques relating to the measurement of reaction rates
and ignition rates will be discussed in Sections III and IV of this report.

Measurements of thermal transport properties were of importance in analyzing
observed reaction phenomena, and these were made part of this research program.
The thermal conductivities were determined from published specific heats and measured
thermal diffusivities and densities. Thermal diffusivities were measured using the

° • •flash technique (Ref. 21) in which a short duration ( < 1 msec) flash from a xenon lamp

is deposited on the face of a thin layer or wafer of )ntermetallic mixture, and the time
required for the back face temperature to reach 50 percent of its maximum value is
measured oscillographically. This value is used in an analytical expression for Lhe
flow of heat through an infinite slab. Corrections for heat losses are applied.

A nominal compaction pressure of 20,000 psi was used throughout this study
although it was found tlt t intermetallic reactions are not limited by the compaction
pressure, and that mos mixtures tend to expand to varying degrees when released
from the die.

'*n The performance of intermetallic reactions was compared against that of
"thermate, TH-3, obtained for this purpose from Eglin Air Force Base.

b. Experimental Results

Table IX presents a summary of the experimental data obtained in this research
program. The measurements do not, in all cases, agree with published data. This

• •- is probably due to:

* Unreliable published data, particularly where these are derived from solution
calorimetric or electrochemical data

e Incomplete reaction because of surface cooling or the presence of local
inhomogeneities

* Incomplete reaction because of dead sintering
- Low total enthalpy changes lead to low precision in calorimetry
* Deviations from greybody behavior

11
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TABLE IX. TABULATION OF EXPERiMENTAL DATA

Experimental ifeat Measured Ignition Average Reference
System of Reaction (cal/g) Measured Enissi-- Temp. Peaction Table No,•l~enaity ris. ep ~ato al o

Air Argon vity In -C Air Temp.nC (This Report)

LiAl 2013 1130 1.30 170 2340 1

Li3 3870 1145 1.23 0.179 200 2500 No publ. data

BvC2 No I3x No Rx -1200' VI

TIB 1010 865 2.90 0.444 3010

TIB2 1226) 1225 2.45 0.727 550 3000

ZrB 647 511 3.08 530 2340

ZrB ;96 799 3.20 3410 m
TaB2  355 308 6.81 0.72 410 2315

NbB 4.07 0.458 2160

TiA 2  520 296 3.13 400 1200 IV

ZrAI2 400 412 3.20 100 1350 IV

TqAI 150 No Rx 8.60 640 1500 No publ. data

NiAI 440 242 4.74 0.376 640 1700 IV

SCeAI 2  4. i 1100

TiC 860 813 2.50 600 2050 VI

ZrC 575 412 4.37 550 1540 VI
""E TaC 5.95 650 1250 VI

TaSi,) 242 No lx 5.00 450 1625 vii

NlSi 313 242 3,45 0.168 250 1430 Vil

NIH,, No lix No Rx 3.42 No pubi. data

Ni 121 540 930 No publ. data

Ce Sn 0o x (47)
.2

UNIMgPb 233 131 6.28 200 1090 No publ. data

oPb 4315 357 4.0 1820 11110
Li Pb 320 378 4.2 200 1195 1
CeZn2 419 118 4.0 50 2300

Ce2 Pb 400 133 6.2 50 1260 Vm

CeMg 1642 100 4.5 50 1270 U1

Thermate 1241 1247 3.37 0.275 600 2940 (a)
TII-3

(a) Computed.

* 12
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SThu corresponding published data may be found in the ead'lier tables of this

section by reference to the table number given in the right-hand column of Table IX.

The observed reaction temperatures were in reasonable agreement with the
adiabatic reaction temperatures. W. .re the measured values were higher, it was
due to the ignition technique which involved heating the entire sample to the ignition
temperature so that the reaction energy was augmented by the ignition energy. In
some instances, the reaction energy was increased by reaction with air.

Based on the thermal measurements of this study, summarized in Table IX,
it was concluded that the following systems have the greatest incendiary potential:

0 Boron with titanium, lithium, or zirconium
0 Carbon with titanium or zirconium
0 Aluminum with nickel or with mixtures of the above

This appraisal, based on the thermal data only, is in general agreement Vwith

the findings of the literature survey.

In addition to these binary systems, the effect of a third component was experi-
mentally investigated. Admixture of a third component, such as aluminum to a boron-
titanium mixture, results in heats of reaction between those of Al-B and Ti-B.
Other effects on the incendiary potential are due to changes in thermal conductivity',
melting point of an intermediate phase, and similar reaction kinetic parameters.
These effects are discussed in further detail later in this report. It was shown that
ease of ignition and reliability of reaction were improved by lowering the thermal
conductivity. This was demonstrated by the addition of small amounts of boron or

lamp black to reaction mixtures of relatively high thermal conductivity, such as
Ni-Al or thermite. The low mechanical strength of some formulations may be
overcome, in part, by the admixture of a binder, such as 1 percent gum arabic,
without noticeable effect on performance characteristics.

e. Analysis of Reaction Products

Insight into the reaction mechanism was obtained by pyrometry and by analysis
of the intermetallic systems both before and after reaction. Figure 1 shows a
section through a pellet of Ti-2B which is quite representative of all the compressed
reaction mixtures. The mass appears to be without obvious voids, the titanium (the
discontinuous phase) appears to be uniformly distributed, and the par ticles appear
to be elongated or flat and preferentially oriented (normal to the direction
of the compression).

The appearance of the reaction product reveals whether the reaction went to
completion and whether the reaction occurred in the gas phase or in the liquid phase.
Figure 2 shows particles .of titanium in a carbon matrix which are surrouided by
crusts of the reaction product. This layer of product effectively prevents further
reactions. A similar picture (Figure 3) shows particles of tantalum surrounded by

13



Figure 1. Photomicrograph of Typical Starting MiLxture. 100 x

Titanium powder, 30 M effective particle size, in contin-
uous matrix of boron powder, 2 M particle size, pressed
at 20,000 psi.

14



Figure 2. Photomicrograph of a. Partially Completed Intermetallic Reaction,
500 x

Titanium~ powder particles, 30-p effective p~article size in a 0. 5-Ai
graphite matrix, pressed at 20,000 psi, heated to about 800'C for
5 minutes. Metallographic section shows the reaction inhibited by a
crust of reaction product which surrounds the metal powder. Such

tneitolag.Shmitrswl ntrbtntrctibehavior is common when the particle size or the thermal conduc-

self-sustained mnanner.

a1



Figure 3. Photomicrograph of Incomplotý3 Interintallic Reaction, 5000 X

' •'•Tantalum powder, 4-g effective particle size in 2-p silicon powder,

pressed at 20,(000 psi and heated to about, h, 00°C for 5 minutes.
Metallographic section shows partial completion of the reaction by
formation of successive layers of the various silicide phases. This
type of reaction is typical when the reaction temperature is insuf-
ficient to melt the reaction product. Such mixtures usually cannot
be made to react in a self-sustained manmer. At times, preheating
of the reaction inLxture is uftective provided that the self-quenching
shown in Figure 2 can be avoided.

16
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several phases of a silicide and immersed in a matrix of silicon. Such systems do
not react in a self-sustained manmer. Usually it is necessary to reduce the particle
size (as for titanium carbide) or increase the ambient temperature so as to raise
the reaction temperature above the melting point of the product (as with the tantalum
silicide) before the reaction becomes" seif-propagating. Figure 4 shows the titanium
diboride reaction product that is formed when the compressed, unreacted mixture
undergoes essentially no preheating prior to ignition. The reaction temper-
ature never approaches the predicted adiabatic reaction temperature but is
sufficient (2500-3000*C) to cause melting and crystallization of the product
from the liquid phase. The appearance of voids and of a fairly uniform
reaction are typical. When a mixture is preheated above ambient temperature,
the preheat temperature increases the adiabatic reaction temperature causing
the system to react above the boiling point of some of the constituents.
Such a phenomenon is accompanied by deposition of crystalline product from
the gas phase as shown in Figure 5.
d, Thermal Transport Properties

Table X lists the thermal transport properties of the reaction mixtures selected

for this study. The heat capacities are those of the starting materials at ambient
temperature. The densities are experimental values and reflect the apparent density

of thr compressed samples. The experimental method is designed to measure the
• 4 1 thermal diffusivity which should, il principle, be independent of density. Table X

shows, however, that thermal diffusivities of compressed and uncompressed samples

differ by as much as 300 percent, indicating that. conductaice in fine powders is a
complex phenomenon. it appears that, when particles are finely divided, surface

effects predominate and the properties of i.he bulk material can no longer be used.

There are no good theoretical approaches for estimating thermal conductivities of fine

powders. For this reason, thermal transport data were obtained experimentally for
interinmtallic mixtures and for the unmixed, but powdered, reactants. These data

can he a valuable guide in estimating conductivities of mixtures having compositions

which arc not listed by serving as aids in interpolation.

17
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Figure 4. Intermetallic Reaction Product - Starting Mixture at Room
Temperature 500 x

Photomicrograph of TiB2 reaction product. The material
exhibits voids with incipient crystal formation. This is the
typical appearance of a product which reacted at a temperature
sufficiently high to cause melting but not to produce a vapor
phase. This stoichiometric mixture, pressed to 20,000 psi,
was ignited with a first fire and within a few milliseconds
heated itself to about 2800 0C.

" ~18
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Figure 5. Intermet',llic Reaction Product, Starting Mixture Preheated, 3000 x

Photomicrograph of a TiC reaction product. The material exhibits
voids, crystals which appear formed from the liquid phase, and
large needle-like cryktals which are believed to have been grown
from the vapor phae., This is the typical appearance of a product
which reacted at a tornperature sufficiently high to cause partial
vaporization. This stoichiometric mixture of titanium powder in

lampblack, pressed at 20,000 psi, was preheated to about 800°C
when it suddenly heated itself to a temperature of about 3000'C
which waa retained for about 2 sec.

41
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'rABLE X. THILERIMAL TRANSPORTr PROPERTIES OF i.N'ERMFiTALLIC RAUN
MEmTU__

Effective Reat
Sytm Particle Capacity Venal IV Thermal Diffusivity Thormal Conductivity
SytmSize (cal/g*K) (g/cm (cm 2 /sec) (cal/cm one *K)

Ti-213AM4 -4
Unom A 60 ; S~Tl 0.162 0.975 7.6 10- 1. 2 10

Unomato 0 ATi. 0.162 0.925 7.19 104 1. 01 x 10 -

Preuaed 60ju Ti 0.162 2.32 1.8? 10- 0.7 x10-3
2 A 13

IVANTi -C

iizlcoimpactud 10 g Ti 0.134 0.571 9.51 x10 064 -41
0. 5 P C

Pressed 10 ;ATi 0.134 3.28 3.85 x 10- 1.73 x 102
0. 5 p C

Ti-B3 10 p Ti 0.146 2.70 3.81 - 103 .68 1-
2 p

F,'O 0p T1 0.173 2.1.0 2.76 x 10- 1.22 x 10-

-3 -4
Zr-213 20 M Zr 0.100 2.95 1.68 x 10 35.61 x 10

Zr-C 20 p Zr 0.078 3.65 0.0127 0.00352
0. 5 A C

N-440 ;4 Ni. 0.141 5.11 0.220 0.166
30 ;4 Al

with 5% B as abovo 0.145 4.50 0.081 0.053

with 10% B as above 0.150 3.9i 0. 0134 0.008

with 20% B as above 0.168 2.82 0. 0028 0. 0013
Mdfi6(Tt-2B 60 M Ti 0. 187 2.44 0.00345 0.0014

with 300% Al at; abuov 0.177 2.45 0.0043 0. 0019

with 60% Al as above 0.188 2.42 0.0085 0.0039

Ti 10 A 0. 125 3.631 0.00935 0.00423
60 p 3.76 0.00967 0.00447

2i p 0.244 1.31 0.00090 0.00029

Zr 3 P 0.066 4.35 0.00374 0.00107

Carbou 0.5, 0.17 1.16 0.0115 0. 00228
(2/3 graph
1/3 Acet. Black)

Al 30p 0.215 2.66 0.451 0.259

Ni 40 p 0.105 6.80 0.0I5Z6 0.03,16

Thornaute, - -0.2 2.48 0.01617 0.0058
T11-3

Thermita 0.18 2.75 0.02 1 0. 0129

All peireontagon in weight porcent. For nupplior of metal powder seoe Appoendx I .
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SECTION III

STUDY OF RE ACTION RATES

1. EXPERIMENTAL STUDY

Two types of reaction rates can be defined: (1) the linear reaction rate, cm/sec,
and (2) the mass reaction rate, g/sec-g. In this study, only the linear reaction rate will
be considered as it is of greater importance in pyrotechnic and incendiary applications.
The linear reaction rate, was measured on bars pressed from powder mixtures, as shown
in Figure 6. The bar which measured 1/4 x 1/4 x 2-1/2 in., was ignited at one end with
a first fire. 1 The rate of migration of the reaction front was followed using either a
high-speed motion picture camera (Fastax, 1000 f/see) or burn wires which were
placed on the bar. Both methods gave equivalent results. The motion pictures showed
that the reaction front was typically straight and normal to the length of the bar. No
flame migration along the surface of the bar was observed as is the case with sclid
propellant strands; hence, no inhibition of the sides was necessary. The reactions
tptr(coeded smoothly, producing a solid rod which remained luminous for up to a minute.
The reactions, while in theory not accompanied by a gas phase, usually generated a

cloud of particulate matter which was probably a result of adsorbed gases, the vaporiz-
ation of impurities (oxides, magnesium) from the boron, or the oxidation of the small
fraction of the reagents vaporized in the reaction zone. This smoke was sufficient to
give erroneous emissivity readings, particularly for the boron reactions.

The high reaction rate of intermetallic reactions, as illustrated in Figure 7,
was obtained from the output signal of a fast pyrometer and recorded with an oscillo--
scope. The compressed mixture was ignited by an electrically heated nichrome wire
which, by being wrapped around the sample, assured a fairly uniform temperature
distribution throughout the sample at the time of ignition. The temperature rose to
the l)eak within 100tasec during which time the reaction was effectively completed.

SThe residual reaction could not hive been significant, judging from the steep temper-
ature drop which followed. The reaction time can be prolonged by admixture of
coarser particles but at the expense of peak temperature.

2. EXPE1UMENTAL DATA

Table XI lists experimental linear reaction rates f(&" various types of intermetallic
reactions. Data on Pyrofuze and thermate were included for comparison. The
greatust number of parameters wero investigated on Ti-2B; therefore, generalized
conclusions are well substantiated for this system.

.It is shown in Section IV of this report. that no first fires ar-e necessary for the
initiation of intermetallic reactions. For convenicave, however, the above study

* utilized a B/BaCre 4 mixture.
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TABLE XI. EXPERIMENTAL LINEAR REACTION RATES

7 Effectivo Heat of Av. Heat Arnbiernt Thermal Linear

System Particle Reaction Capacity Temperature Condusctivity Reaction Rate

Size (cal/g) (eJ/g-*K) (g/CKn ("K) (Cal/cmf-sec-•K) (crn/sec)

TI-213 1 Ti 1155 0.306 2.32 300 0.0007 9.44

10 Ti 1155 0.306 2.32 300 0.0007 8.33

2 B

30 p Ti 1155 0.306 2.32 300 0.0007 6.57
2 p B 200 0.0007 5.67

60 y Ti 1155 0.306 2.32 300 0.0007 4.38
2pB

t60 M Ti 1155 0.306 2.32 300 0.0007 1.57

TI-213 10; Ti 925 0.306 300 3.59
with 201k 2 g B
reacted TIB 10 ; TiB2

as abDw', aE atove 695 -T.76" 3M O.55Swith 40Yt
S"riB2

* Ti-C 1 p Ti' 737 0.226 3.38 300 0.0173 1.83

0.5 p C
10 P Ti 737 0,226 3.38 300 0.0173 1.49

Ti-C 10 p Ti 590 0.226 300 1.04

reactud TiC 40 A TiC

as above as abXve 442 1 0.226 300 0.30

with 40'.%
TIC

ZV-2D 3 p Zr 690 0.171 2.95 300 0.000561 0.892MB

l0 p Zr 690 0.171 300 0.15

ZVr-C I IZr 461 0.180 3.65 300 0.00352 1.86S0.5 JAC 1

;AO Zr 1.02

Ti-B 60OI Ti 865 0.27 2.76 300 0.00168 3.86

"Ti-3D 60 ;ATi 1137 0.34 2.10 300 0.00122 3.08
2pB ____ ______________I

TI-2B 60 IA Ti 690 0.282 2.45 300 0.0043 2.59

"with 30V, Al 30 p Al

as above as above 533 0.282 2.42 300 0. 0085 0.62
with 50% Al

NI-Al 40 p NI 329 0.18 6.11 300 0.156 no reaction
,30 ; Al 500 3.50

aa above 273 0.198 4.50 300 0.054 1.73
with 5% B

with 10% B 230 0.217 3.95 300 0.0082 0.72

with 25% B 100 0.273 2.82 300 0.0014 no reaclion

Pyrofuze NA 327 0.17 9 300 0.. 20(4)

SThurmate IA 827 ~0.20 2.48 300 0.0117 0.275
$ it ~TII-3 ..
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Figure 7. Temperature-Time History of a Reaction Between

Amorjphous Boron and -200 + 325 Mesh Titanium

a. Effect of Particle Size

2 Linear reaction rates, shown as the average of several runs, decreased from

9.44 to 4, 38 cm/sec linearly when fine boron was used and when the effective particle
size of titanium was increased fromn 1 to 60 I . When the boron particles wore coarse,
approaching those of titanium, the reaction rate was further reduced from 4.38 to 1.57
ema/sece.

b. Effect of Ambient Temperature

The effects of preheating and precooling the reaction mixture are shown for
Ni-Al and Ti-2B, respectively. The reasons for this behavior are discussed in detail
in a subsequent description of maalytically obtained results. It shall suffice to sav
that the ambient temperature affects both tLhe ignition energy and the reaction
temperature by causing variations in the diffusivity of the reactants.

c. Effect of Heat of Reaction

Other systems have reaction rates lower than Ti-2B3. To resolve whether this
difference is due to an inherent property of the reactants or due to the lower reactivity

caused by a lower adiabatic reaction temperature, some tests were made with the
reactants diluted with various amounts of spent reaction mixture. The effect of this
diluent was to reduce the heat of reaction of the mixture without changing other properties

24



such as heat capacity, diffusion parameters, and thermal conductivity. Linear
reaction rates decreased from 8. 33 to 0. 55 cm/sec as the heat of reaction was
decreased from 1155 to 695 cal/g. A similar effect was demonstrated on Ti-C.
It was postulated, therefore, that a similar decrease of reaction rate would be observed
if very large particles of reactant were added, as these would act as diluent in the re-
action zone by soaking up a large amount of sensible heat before undergoing reaction.

Similarly, adding 30 percent aluminum to the mixture decreased the reaction rate
from 4.38 to 2.59 cm/sec, chiefly because of the adverse effect on heat of reaction.

* The reason that the change was not as striking as in the above case involving a diluent
is that aluminum increases the thermal conductivity. This effect of thermal conduc-
tivity is also visible by comparing the rates of Zr-2B with those of Ti-2B containing
40 percent TiB2. Both systems have the same heat of reaction, but Ti-2B has a
higher reaction rate, partially because of its higher thermal conductivity. The
effect of particle size, heat of reaction, and thermal transport will now be considered
analytically.

3. ANALYTICAL STUDY OF REACTION RATES

a. The Mathematical Model

The absence of a gas phase greatly facilitates an analytical study of intermetallic
reactions. The problem reduces to one of a simple heat transfer analysis uncompli-
cated by mass transfer considerations or movement of boundaries. Consider a rod of
a reactive powder mixture which is heated at one end by an isothermal heat source
until the temperature has risen sufficiently to raise the diffusion limited reaction
rate to a sell-sustaining value. The problem is one of determining the time to
achieve ignition temperature (ignition time) and the rate of reaction zone migration
along the rod (linear reaction rate).

• • •]I i I I

f• \ .• -I I I JI
I .\ "Al

A B A~ B

To accomplish this end, assume that the mixture is composed of particles A and B
* .~'.of effective size P, , thermal conductivity K , heat of reaction Q, and a molecular
,. diffusivity given by

D = D exp -(
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In each slice •..x the rate of heat generation is related to the diffusivity through
S Fick's Law:

dQ 1  dC d2 Cd-"• = Q !q- = QD--
dt d02 (2)

where 4 is the thickness of the diffusion barrier which increases from 0 to '4' and
dC is the fraction of the reagent, reacting in time interval dt . The heat loss from
each section Ax is gfiven by

dQ2 d 2T co- 27rr A x 4 4 )dt d- 2 i° rr2Ax (T` T To) (3)

Convective heat loss is ignored in this model. The difference between the Meat generation
and heat loss in each section correspondis to heat accumulation which is reflected in a

rise of temperature. A computer program was written which determines this temperaLure
as a function of time and number of length increments. A listing of statements is given
in Appendix II. The input variables are, in part, the particle size, thermal and
molecular diffusivity, heat of reaction, ambient temperature, and heat capacity.

Figure 8 shows a sample of computed temperature profiles for a computer
experiment utilizing data from the titanium-carbon system. Several features of the
experimentally observed phenomena are reflected in these computed data, lending
confidence to the belief that the actual reaction mechanism is fairly accurately described,
High reaction temperatures and the initiation of the reaction by heat source at 8000 K,
were observed. This source temperature is far below the melting point of either con-
stituent; thus, the assumption of a solid-solid diffusion limited process appears reason-
able. As intermetallic reactions are equally well initiated in vacuum or in an inert
atmnosphere, the intermiediate action of air or of absorbed reactants could not play a
significant part. Initiation occurred in less than 25 msece, thereby again describing
an experimentally observed phenomenon. The computed reaction rate was high compared
with the experimental value, prohably because of the fac that the effective diflusivity
was overestimated. Several reasons for this are given in Lhe next section. The computed
reaction temperature approaches the adiabatic value. Deviation of the computed reaction
temperature, 3350'K, from the experimentally observed value, 23200 K, probably
is the result of a deviati.on from an idealized state by the experimental system.

From the described computer output, the following data can be obtained:

0 Ignition Time. For each source temperature: and each exposure time, the
computer output gives the tine at which the reaction reaches a self-sustaining

r• level.
"*• Ignition Energy The heat transferred during the ignition time into the first

slice is the ignition energy. A sample calculation is shown in Appendix IV.
2 - * Ignition l)clay. The time required to raise the reaction from the ignition

temperature to the steady state reaction temperature.
* Steady State Reaction Temperature. The steadly state reaction temperature

dirfers from the abatic reaction temperature by the fact that some heat,
however small, is lost from the reaction zone to the enviromnent.
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0 Linear Reaction Rate. From the difference in distance between temperature
profiles and the corresponding time increments, a velocity of reaction front
migration (the linear reaction rate) can be computed.

0 Reaction Time. By dividing the thickness of the reaction mass by the linear
reaction rate, the reaction time can be obtained.

b. Results of Mathematical Analysis

The computer program was designed for parametric studies of reaction
•-haracteristics and so serve as a guide to the most promising experimental studies.

The capability of the program to portray actual system behavior depends on how closely
the program simulates the reaction mechanism. Such a test of the computerized

-- • reaction model by use of experimentally determined properties is shown in Table XII.
For this study, the diffusion parameters, prefixLand activation energy were empirically
adjustable parameters. Also shown are typical published data for these parameters as
obtained by a layer analysis of borodized and carborized metallic specimens (43,44).
Some published studies ignore the concentration dependence of diffusivity and shifting
ol phase boundaries caused by density changes, thereby resulting in well known lack of
reproducibility in solid phase diffusivity data. It is felt that not too much reliance
should be placed on published diffusivities, except as guides in parametric analysis,
because intermctallic r•a:,,tions proceed by formation of voids and of products having
higher densities than the reactants. Systems of such complexity cannot be rigorously
treated mathematically

In comparing thc data given in Table XII, it is found that computed reaction
rates are higher than experimentally determined rates except for the Ti-2B system.
In this system the experimental values are higher. One reason for this, no doubt,
is the improper choice of diffusivity values. The discrepancies may also rcsult from
changes of reaction mechanism with temperaturc and changes in conductance due to the
formation of voids. The effect of the diffusivity prefix on the rate of a hypothetical
intermotallic reaction is given in Table XIII.

A parametric stod".f Lhe abeve hypothetical systum provided the data in Table

XIV on the effect of activation energy on reaction rate.

"The computer correctly predicted self-quenching of reactions in systems hay-
ing high thermal conductivity. Also, the trend expected by the addition of third corn
ponents or of diluents was predicted correctly. For instance, while third components
may increase thermal conductance and thereby increase the reaction rate, this effect
may be offset by the lowering of the heat of reaction which causes lower diffusivity

and possible quenching. A good example is seen in the addition of aluminum to Ti-2B.

'1'his analytical approach is also useful for obtaining insight into the complex
interaction of many parameters. For instance, the quenching of the Ni-Al reaction
was overcome when the ambient temperature was raised so as to cause melting of
the reaction )roduct and, similarly, lowering of the ambient temperature in Ti-2B
mixtures increased the ignition delay until so much heat had soaked into the reaction
mLxture that the apparent reaction rate was increased. Similar heat transfer .-'nilyses
of other pyrotechnic reactions should be equally instructive.
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"TABLE XIU.EFFECT OF DIFFUSIVITY PREFLX ON RFACTION RATE

Diffusivity Prefix Ignition Time Ignition Delay Linear Reaction Rate
(cm 2/see) (resec) (msec) (cm/see)

5 1 5 0.70
0.5 2 10 0.46
0.05 4 20 0.20

TABLE XlV. EFFECT OF ACTIVATION ENERGY ON REACTION RATE

Activation Energy Linear Reaction Rate
(cal/mole) (em/see)

15,000 0.97
20.000 0. 69
S25,000 0.50
30,000 0.34
35,000 0.12

Several refinements are available in the program which are designed to describe

actual physical characteristics and reaction phenomena more precisely.

(1) Effect of Particle Shape

Figure 1 and scanning electron micrographs show that metallic particles come
in different shapes - some spherical, others like platelettes. The c ,,putcr progrmn
used in this study assumnes that the particles A and B , described on page 25, are
infinit', plates of effective thickness %1, . Another program described spherical
-particles A of di.unetur 4, to have been imnmersed in a continuous matrix of B1
The numerical diftercncu in output data was not sufficiently large from those obtained
from the parallel plate model to require a correction of the program presented in
this report.

,&If

(2) Effect of Particle Size Distribution

The program permits the specification of 15 particle sizes, each assigned
with a measured statistical frequency. Usually, the effect of particle size distributions
is small if the distribution is narrow. The effect of a large fraction of larger particles
Is to act in the reaction zone as a diluent. An experimental and analytical study of
diluents has shown that such systems have a lower reaction temperature, and because
of corresponding lower diffusivitics, have slower reaction rates. Large particles have
the effect of increasing ignition times, energies, and delays. These matters will be
discussed in Section IV.
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(3) Effect of Phase Changes

The computer program allows for a phase change in he lower melting constituent.
If a phase change occurs in a system of stoichiometric proportions, no effect on per-
formance is observed. If the phase change occurs in a diluent or in a reagent which is
present in excess, a phase change acts against the reaction by lowering the reaction
temperature.

(4) Effect of Changes in Composition

As illustrated on page 25, changes in composition are handled by the com-
puter program through the selection of appropriate diffusion barrier thick-
nesses which arise from particle size and the weight fraction of the individual
constituents.

(5) Effect of Changes in Reaction Mechanism and Properties

This program is designed to describe intermetallic and other condeased phase
reactions during the ignition phase and assumes that. a single diffusion rate law can

414. describe the process. When other species or gas phases are formed as a result of the

reaction, variant reaction rates must be expected because the present mathematical
model makes simplifying assumptions as to the constancy of transport .paramneters,
rates, and processes.
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SECTION IV

STUDY OF IGNITION CHARACTERISTICS

I. EXPERIMENTAL STUDY

Intermietallic reactions are easily and reliably ignited by brief high-temperature
events. The amount of ignition energy and the time requirement have been the subject
of spot tat emphasis in this program because of the great importance of characterizing Sthe ignition energies in many types of pyroteclinic processes. Ignition characteristics

of intermetallic reactions have been studied experimentally with first fires, ignition
wires, spark discharge, and thermal flux. The common observation that condensed
phase reactions are unreliable, whuther thermitic or intermetallic, has been shown
to be wholly caused by insufficient attention to the heat-tramsfer characteristics.
""Systems having low thermal conductance, such as those containing carbon or boron,
have been shown to react so strongly as to react under water, once initiated.

In Section IWI it is shown that excessive thermnal conduction causes quenching
of the reaction. Similarly, high thermal conduction requires high ignition energies.
When using a first five or hot wire to ignite an interinntallic reaction miLxture such
as Ni-Al, it is necussary to deposit so much energy into the mixture that the tempera-
turu of the entire mass is raised substantially above ambient temperature. Addition

1ý1ý ',,trA, of a component which reduces thermal conduction, such as boron powder, substantially
1J::.Q~l reduces the amounit of required ignition energy. Low thormal conductivitics arc

therefore one of the requirements for promoting case of ignition. For this reason,
the experimental study has focused on the boron and carbon miLxtures of titanium
and zirconium.

Inturmetallic reaction mnixtures of titanium or zirconium are readily initiated
with a first fire which may either be pressed as a layer on the reaction mixture or it
may be poured on loosely. Studies were made using AI/V205, B/V205, B/BaCrO4 ,
Mg/BaCro 4 , and composites of these. The amount of first fire need not be much -

large masses uf a boron and carbon mixture with titanium and zirconium are reliably
ignited with a small fraction of a gratm of first fire which is triggered by a hot wire
or an electric match. This ignition techniquc was not (devclopedl to the point of
obtaining quantitative data.

Another measure of the ignition energy was obtained by stripping the glass
casing off a flashlight bUlb and immersing the tungsten filament in the reaction
mixture. Reactlons could be initiated within a few milliseconds using a voltage
which depended on the size of the tungsten filament and also on the particle size

OVA of the mixture. For 2-.u boron mixtures with titanium, 10 to 20 V would suffice.
Lower voltages would cause the ignition delay to be increased many times pointing
to a possible change in ignition mechanism. High voltages of about 100 V would tend
to shorten the ignition delay. The cutrent and voltage input to the filament was
recorded on an oscillograph, yielding photographic records such as those shown in
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Figure 9. The ignition time (and, hence, the ignition energy) was assigned to the
time at which an abrupt change in current and voltage was recorded. Such changes
were ascribed to the formation of a thermally conductive reaction mixture or the burn-
ing through of the filament. This method does not necessarily yield the minimwm
energy, as ignition could have been initiated before the wire burned through or after-
ward due to the continued energy deposition into the reaction mixture from the power
supply. Ignition characteristics could better be determined through controlled timing
of energy deposition, or by other techniques such as laser deposition or image furnace
technology. Such studies were beyond the scope of this effort.

25 1- -- I.25

CUIRRE:N'

20 I 50

13 0.75~

00

Ignition Energy Using a No. 328 Bulb
"ISV X 0.80A = 14.4W
14.4 X 50 x (03 sec = 0.)720

S0. 172 cal

Figure 9. Ignition History of -325 Mesh Titanium-Boron Mixture
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4
Another method for initiating intermetallic reactions was with a high voltage dis-

charge. A feasibility demonstration was made by discharging a 2-f capacitance

across electrodes which were inserted into a fine titanium-boron mixture. It was
shown that the finer the powder mixtures, the lower was the required discharge

voltage. For instance, 10-pi boron was initiated with the capacitance charged to
4000 V while a 60-p titanium mixture was not initiated. No attempt was made to
monitor the actual voltage drop across the electrodes or to measure the current of
the spark. The stored energy in the above case was 16 J , with the capacitance

discharging in 0. 1 msec. No studies were performed on the role of thermal or
electrical conductivity of the mixture on the required spark energy.

2. ANALYTICAL STU IW OF IGNITION CIIARACTEtUSTICS

Ignition energy is a comp)lex function el heat capacity, thermal conductance, and
diffusivity. It can be expressed as energy per unit mass provided that the mass of the
(adiabatically) reacting material is specified, or as energy per unit area provided that
the ignition time is also specified. Both methods are illustrated in this report. The
calculation of the ignition flux and ignition time by a mathematical model (p. 25) is
illustrated in AppendLx IV. The resulting data for various reaction mixturcs are
listed in Table XV aid shown schematically in Figures 10 and 11. No exact experi-
mental verification of these calculations is available, but points obtained by tungsten
filament methiod (Figure 9) and by ignition in a filament image furnace show that the
computed data are consistent with experimental observation. It should be remembered
that the ignition fluxus are averaged values, explaining why the most reactive mixtures
seemingly require the highest flux.

In exauiining the data shown in Table XV, one must envision variant ignition
times and fluxes for each source temperature. This means that these data are
illustrative only and they should be repeated for each ignition method. These data
yield insight into the magnitude of flux required and so facilitate the design of hardware
or of verification tests. lBoth ignition time and fluence are affected by particle size
and conductance, vxplaining the results obtained in the high voltage discharge study.

Another way of describing ignition energies is by computing the il.ass of igniter
required to initiate the reaction. As before, the results will be determined by conduct-
alleC, diffusivity, and pIarticl]e size as well as by the temperature (enthalpy) of the
ignitor. Tho compluter program for pcrforming this calculation oil a colncentric

t ylindrical geometry is shown in Appendix WIl, and it is illustrated in Figure 12.
The schelme is to vary the size of tlhe igniter until the resilting enthalpy is sufficient

to initiate a self-sustained reaction.

Either method, the fluence calculation or the ignition energy calculation, may
"bu used to design h' rdware and to assess the safety of pyrotechnic mixtures with
respect to thermal transients. Other geometries may be similarly programed, and
codes can be written which calculate ignition energies directly.
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TABLE XV. COMPUTED IGNITION CHARACTERISTICS

Contact Time With Heat Source: 1 sec

Temperature ot Heat Source: 800°K

Particle Ignition Ignition Ignition IgnitionConductivity Size Ener'gy Time Fluence Flux
(;) (cal/g) (msec) (cal/cm2 ) (cal/cm2 sec)

D = 1 exp (-20000/RT)

0.00056 3 788 5.75 0.90 156

0.0008 10 3710 12 1.79 160

30 4130 100 5.55 55.5

60 4000 464 10.85 26.5

0.0035 3 642 7.65 3.06 400

680 24 5.75 240

0.017 1(1 2290 14.5 6.80 470

0.054 25 5500 740 148 200

0.16 25 5900 370 190 515

D 10 exp (-20000/RT)

0.0008 1 700 0.21 0.01 50

0 1640 2 0.79 400

30 1660 19 2.4 126

60 1300 74 3.72 51

0.0082 38 7770 320 48.2 150

As illustrated in Section M, computer modeling permits the assessment of the
alative importance of the various parameters in the initiation process. Furthermore,

it iay serve ail a tool for studying the &afety of pyrotechnic mixtures toward ignition
by thermal tro.rnsients or spark dischaýrge.

The analytical treatment assumes an igniter (or fir3t fire) of known density,
he:at c-macity, thermal conductivity, and which is brought instantaneously to a uniform
igrihin atrnperatli.a•. The temperatu~re of the igniter then drops uniformly due to
heat ev.duction irtv the intermetalli,:. The ignmtion energy was computed for an
igliter of L/D - which defines its mass, enthalpy, and surface area.
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REACTION MIXTURE

i• IGNITER

a. End Burning Ignitor

IGNITER

RIEACTION MIXTURE

b. Internal I&ý..tor

,••-- Figure 12. Illustration of Mathematical Approach to the Determination
of Minimum Ignition Energy
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The computed ignition energies have been plotted on Figure 13 as a function
of thermal diffusivity %%ith particle size aki a parameter. These data are obtained for
diffUsion prefix, D , of 5 cm2/sec and an activation energy of 20,000 cal/mole.
Actually, many sysems have lower diffusivities with the result that the energies
shown in Figure 13 would be expected to be higher. The data are plotted versus
thermal dihiusivity, h/pCp . in order to compensate for variations in density.

Figure 13 also shows experimental data for igni.ion energies which were
determined using the tungsten filament method dese, .3ed in Section IV. The agree-
ment between experimental and analytical. data must be considered adequate as neither
the theoretical diffusion parameters nor the actual densities of the test mixtures are
known precisely.

The main observation which one would make from such a correlation is that the
required ignition energies are indeed small - about 0.2 cal or 1 J for a typical
titanium mixture with carbon or boron. This corresponds to less than a milligram
of the typical first fire, or a diameter of an igniter cavity of less than a millimeter.
That these magnitudes are correct is borne out by the success of using a fine tungsten
wire as the ignition system.

Such findings have profound implications for the manner in which conventional
ignition systems are used. It appears that greater reliability or a smaller ignition
system would be possible if the role of thermal diffusivity in the ignition process were
better appreciated. For instance, conventional thermite systems could be easily ignited
if the highly conductive aluminum were encapsulated in a thermally nonconduetive
medium. Recent developmenLs have shown this to be possible (45). Appendix IV
describes how the computer output can be utilized in obtaining the ignition energy
flux and the ignition energy.

3. APPLICATION OF IGNITION STUDIES TO INCENDIARIES

The preceding section described experimental and theoretical techniques by
which the effective performance of intermeta~lic reactions as igniters could be
determined. This section will describe briefly several demonstrations of these
findings.

a. Ignition and Reaction of Thermites and Thermates

Figure 14 shows a magnesium cylinder filled with Thermate TH-3 and fitted with
a tungsten filament and a Ti-2B igniter. Voltage signals of as little as 16 V from a
dry cell will ignite the system withir, milliseconds. assuring complete combustion of
the thermate. This type of device was assembled to demostrate the potential for

igniting normally sluggish reaction mixtures. The same system also works with
thermite.

Figure 15 shows a large (250 g) pressed body of a Ti-2B mixture into which a
1/4-in. cavity was drilied. Into !his cavity was inserted a tungsten filament Ti-2B igniter
assembly. This type of system will also ignite within milliseconds as was shown by a
motion picture study. The product cf this reaction is a solid clinker with a fairly uni-
form distribution of voids. The incendiary action can be augmented by dispersion of
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,"-light bulb. I4rted tungsten Wanint is in

'.• contact with Ti-213 igniter li~xturo, the remain-

:: 5; ing cup filled with thetnmate T11-3.
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the reacting mass. The most effective ag,ýnt for break-ig Vp large chunksi of inter-
meitallic reactats hab lbetnai te wddition oi ;~ therinite. An exwnple is. a mixture of
AI/CuO which aip-n r*1i gene-rates copper v4,pov. This vapor is thought W bie
the agent responsible for- the explosive action.

The high cosi of iertaicreactants may restrict these reaction mnixtures
to the role of ign~iter-s of the inexpensive but sluggirsh dx-mniIs &wd therm ates. As
shown in the preceding section, by proper control ul the thermald tralnspo~rt Charac-
teristies of Noth intermetallic and therm jtie mnixtures, greatly im-proved wnd t:co1aumi1--

~ Ically attractive. incendiarius can be decsignCee.

b. Use of inte--mLetallie iReactions in Traver anti Incendiary MwIuitiur.s

Conventional Lracer inunit ion,* utizLe a metallic elemen1ct Such asj Zilloniu-n
or magnesium with an oxidizer such as a chlorate, perchiorate, or aitriat. Problems
relating to storability, reliabdiliy, and opt'ra;tional difficuities have p-ompted. a search
for alternate reagents.

A thermal analysis of inteirnictallic reaetions showed that ignition times of the
order of dwell time in the rifle (2. 8 nisec) andi reaction times on the order of the flight
time (2 see) were feasible, Figure 16 shows the siniulated temperature history of aIK~ tracer bullet which was initiated in 5 Msec at 28(10'K. Upon emerging from the barrel,
the temperature of the exposed surface drops whilej the heat diffuses into the bullet.
After approximately 40 r.-iscec the temperature has risen to the steady state value.1~ This shows it is not necessary that the reaction mixturv remain exposed to the heat
source until the re-action temperature has been reached but Only until sufficient heat has
been added to overcome the diffusion limited reaction.

Such a reaction mixture can act as a tracer component as well as a delay fuz~e.
Upon impact, a visible signature mnay result. The delay fuze way ignite a pyrotechnic
charge, be it a signal flare, a smo~ke grenade, or an incendiary. The projectile may
be 'i bullet. armour piercing projectile, or a shaped charge.

Tests were performed on internietallic reaction mixtures w'hich were uncompressed.
These will react with the formation of a luminous fountain. The use of such reaction

~ mixtures as filler for shaped charges has been suggested.

Thu feasibility of using internietallic reaction mixtures as igniters under transient
conditions was demionstrated by the insertion of a pressed intermetallic Component into
a smouke cartridge. Ignition with a black powder charge wa:ý demonstrated (46) and
resulted in reliable generation of smokec owing to the retention of the reaction energ-y

A by the ignition system.

c. Formulation of Internietallic Reactioni NLxtures

Prelint mary tests have indicated the feasibility of formulating and shapling
intermetallic reactioa ni~xtures in a continuous manner. Addition Of glues Such asN

gumaraic nd noranic binders (45) have produced firm shapes uiable for use in
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igniters. A preliminary test has shown that intermetallic mixtures can be extrudedasrUSo u"- whe -hesear mixed as a pa-s.te, wilh lubricants Fifty percent
by weight of water containing 5 percent gunm arabic or a similar amount of volatile
organic solvent containing a small percentage of a nonvolatie binder are r ecmmen ed

f for this purpose.
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S SECTION V

ýQ. APPLICATION OF' UNTERIMETALLIC REACTION TO PYROTECHNIC
A ND RDINA NC E T ECHWNOLOG Yj

1. CHARIACTERISTiCS OF INTF:RMIETAL.LIC REACTIONS

This study has shown interiictallic reactions to have many characteris tics wh~ich
are desirable for pyrotechnic and ordnance technology. Several such characteristics
ha% e been nieasu red and put to us e in 1)resent devices; otUsaatadiinldvlp

0 Shock Resistance. Mixtures of metal powders cannot be inlitiated by' shock as by
sudden1 compression, by dropping of a wveight, by f riction, or by dynamnic shock.
In 1-h i, way theY diiffur froin pyrotechnic igniters cor.taining chIloratcs or frorn
.rdnlance initiators contaaini~g primary explos ives.

eTempraptureti llsistance. Mixtures of mletal powder will not be initiated at moderateI
teipe ratures7 This nieans that pyrotechnic comfllx)ne-nts containing i ntermL'tall iC
reaction systems can he stored and operated at temperatures ab)ove those containing
nitrates, chlorates, and other conventional oxygenaturs. lgnitf-rs containing inter-
metallic mixtures can operate beyond the stability limits of thermates

* Co rros ion lRes istance. PFrotcchnic and i ncendiary sy stems containing niagneSilum11
have' low storabiLity because of the effect of moisture. Other examples art- the
action of the decomposition products of single and double base propellants on ordnance
comnponen tts. Sensitive miaterials now require inhibitors or me1(chanical barriers
which lower reliability. biternietallic r-action mixtures are not so affected.

* Moisture' lCies tanCe . late rnetallic reaction miix-tures will not cake, leach out,
diffuse out, or react under the influence of high hurrid~ity, moisture, solvents, orI
puotting compounds. In this way, they ditfer fromn pyrotechnic components containing
pe echiorates and peCr0Xide:s thereby opening a neW lield 10r jpv roteChnies
development.

* Spark Resistance. While i flitL'rlltallic' reactionl mi.xtures can be initiated by* a
sizable, electrical discharge, they are not. atfeCted byV thet Magnitude 01 ele-ctrical
energy contained in straYw rf signals, or static disc-harge by operatur handling.

2jtLact iofl mixtures containing the alkali metals, niercur\, or low% moeltinrg alloys ot
tin. indium, etc. .are- exceptions. As shown in this report. high thermal conductivity
anld low reaction energies make these systemis undesirable.
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The necessary safety requirements nIn handling finely divided metal powders
must be met, but control of electrical resistivity of the reaction mixture can be
achieved without significant change in operating characteristics.

0 Chemical Resistance. Intermetallic mixtures and their reactions are moderately
insensitive to contaminants and variations in composition. This means that graded
compositions of interinetallic reaction mixtures with other pyrotechnic components
are possible. Low quality control standards with resulting low cost are permissible
for many applications.

o Condensed Phase Reactions. Condensed phase reactions are not affected by environ-
mental pressure and exposed surface area. This means that igniters for solid
propellants for vacuum ignition can be made and that underwater application will not
stop intermetallic reactions. Lack of gaseous products causes the heat of reaction
to be confined to a small volume so that intermetallic reatctions have a high energy
density.

o Compatibility With Various Support Media. Intermetallic reaction mixtures of low
thermal conductivity can serve as delay mixes and fuzes without being affected by
heat loss through the container or mounting. It appears, subject to further testing,
that intermetallic reactions can compete with existing delay mixtures, but operate
more compactly, more reliably, and in a more adverse environment of shock,
corrosion, or temperature.

e Flexibility in Reaction Characteristics. Reaction rates, ignition rates, and ignition
times can be varied by changes in mixture characteristics. This means that a
mixture can be tailored to meet specific performance requirements.

2. PRESENT APPLICATIONS OF INTERMETALLIC REACTIONS

At present, intermetallic reactions are chiefly employed for the ignition of
pyrotechnic and ordnance devices.

Pyrofuze has been used for the ignition of propellants (4, 47),; also, it has been
studied as a delay time fuze (48).

Nickel-alumninum has been used as igniter-inixture tor thermite cutting mixtures
(49).

Titanium-boron inserts have been tested as igniters for M84A1 IIC Smoke
Cartridges (46).

3. FUTURE APPLICATION OF INTERIMETALLIC REACTIONS

Better understanding of the means of controlling reaction characteristics will
bring alxut a greatly expanded range of applications.
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Internietallic reaction ini'.trors ,jet beitng develoepd as active components in
tracer iuainitions (501) where they promise by absence of particulate reaction products

tu prevent jamming of the machine gun miechanism. Internietallic reactions whtcit u6se A
in tracer munitions and armior piercing munitions promise a visible sig-nature upon
impact. Internietallic reactions ha,,e bc-en in otioned for incendiary projvvtiles (45).
as low ignition energy igniters for thermite cutter's, as infrared heat sources, for ja
situ welding of space structures or refractory, metals (5*l), as shock insensitive
initiators of oirdnance boosters, as igritterzs for signal markers, as active cornponc-nts
to be ejected by) shaped charges ' and tor delay fu~zes (48). Bimetallic, fibers :iilowI
the burning rate of a solid propellant to be ixicreasevd without ai signiticant decrease
oftspecific impulse (52).

Use of internmetallic reoctio n mixtures in state -of-the -art therilmat(. hicendiarics
will assuce comp~lete and rapid ignition with high reliability, producing an incendiary
which is economical and immnune to couriterinuasures such as physical removal from
a target prior to ignition. A thert-inate device which is coaxplotely ignite'd will react
re.1 ardless of the condition of the impact area which may be niluddy-. san"dy" or Soft.
Reduction oil the nlulmber Of (ladS Will imnprove thek Ofc(I\.5 ot P('Stfl~t ifILtVInljialit'S
at little difterencev in cost.

<ft Itter metallic reactions are completely cunipatibhŽý with pyrotecchnic and fher mite
reactions which tond to disperse the powderedl reaction ni~xture by spattering . Ig~nitioni
times of- thtermite and therniate, systemis are shortened, and their rate of heat output, is
incevased so that imprloved performance in visual (signal) and inicendiary appllicationl-z

* can lie expected.

Rccent imiprovemients in therrimte-type reaction irixturvs (45) have ad possible
theexansono~ hemit raction. omn types of incendiary, pv):otechflic, and

ballistic munitions, The analy tical anld experi mental techniques developecd in this pro-
grain arc tiirectly applicable t~o an evalluation) of other pyrotechniic nixvtures offiLring a ilow
techo1 li LIUl Vo sel~cting F-Uch1 thermal and kinetic prloperties as to aISSUIve L' ~ Ul

1w ý() fIn.ance of the deVices wIt aInm u ftmll-m o s

A
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CONCLUSIONS AND RFCOMMENDATIONS

Exothermic intermetallic reactions n ve heen shown to be an altogether new class
of pyrotechnic system. Like the wcll n'• 1nc'x .•, m•e systems, the" react without
forming a vapor phase. The reaction r- •cs a: o determined in part by diffusivity and
particle size. Additional parameters ,.hich offer a possibility of control are thermal
conductivity, heat of reaction, and composition.

Intermetallic reactions have been shown .o be amenable to successful analysis
of the heat transfer process through computer programing. This has been proven to
be a powerful tool in the selection of components which will produce the desired reaction
characteristics. Moreover, the techniques developed promise to be of value in analyzing

O the performance of other condensed phase reactions such as those of thermites.

Of particular value has been the assessment of the minimum igni'tion energy
requirement and response delay characteristics in v rms of particle size, thermal

conductivity, and heat of reaction. These studies ba-, e pointed the way to a wide range
of applications, ranging from utilization of inte-retahlic reactions in tracer munitions,
as igniters for smoke cartridges and signal flares. 'n infrared decoys, to
shock and temperature resistant boosters for ordn.ance systems.

Further computer studies are necessary to define ignition characteristics. It is
recommended that computer-generated findings of ignition characteristics be corrobor-
ated by experimental study of intermetallic as well as thermite-type systems. Such
studies should be performed using transient energy sources such as spark discharges,
powder flashes, lasers, and shuttered image furnaces. It is also recommended that
further pyrotechnic and ordnance applications of intermetallic reactions be tested,
particularly those in need of a temperature-stable, corrosio i and moisture-resistant,
and shock-insensitive ignition system. The incendiary characteristics of existing
devices can be improved through the use of intermetallic ignition systems.
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Si
APPEN"DIX I

SOURCES AND SPECIFICATIONS OF REAGENTS

Aluminum -

Alcoa No. 120 Atomized 40% - 325 mn -•h 15 p Effective SL"*

Alcan MD 44 Atomizce 21% 4 100 ne> 30 :, Effective S~ze
2(;', A 3V- mesh

13% + 325 nr.,,sh
40% - 32i5 mesa

Nickel

Sherritt Gordon Mines Ltd., Grade F 5% + 250 mesh 40 p Effective Size
40% + 325 mesh
60% - 325 mesh

r International Nickel Co., Type 123 Carbonyl Nickel 4-7 p
Type 255 Carbonyl Nickel 2.6 - 3.4

"Titanium

SAtomergic Chemical Co., Approximately 10 , size
Consolidated Astronautics -30 + 100 mzsh, 100 p Effective Size
Atlantic Equipment Engineers, -50 + 100 mesh, 60 p Effective Size

-200 + 325 mesh, 30 p Effective Size
-325 mesh, 10 p

10 p, 1 pý Effective Size

Zirconium

Atomergic Chemical Co., Approximately 10,p size
Consolidated Astronautics, -30 + 100 mesh, 300 p nominal size
Foote Chemical Co., G Grade, 2 p size, 3 M Effective Size

Carbon

S.Graphite No. 41B, Consolidated Astronautics, 0.5 p Effective Size
Shaningan Chemical Co., Acylene Black, Agglomorates 1 p

P Fines < 10-2 p

Boron

It Research Grade, U.S. Borax and Chemical Co., 95% Research, Effective
It , .Size: 2 p

S.Atlantic Equipment Engineers, 90- 92% Grade, Effective Particle Size: 10 p
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APPENDIX HI

PROGRAM STATEMENTS FOR LINEAR RATE STUDIES

Program Description

The program performs the following operations in sequence:

(1) Calculation of the temperature in each length increment (slice) of a rod-
shaped reaction body over a series of time increments.

(2) Calculation of the extent of reaction in each slice over z series of time
increments.

(3) Use of a measured spectrum of particle sizes in calculating the rate of
diffusion and the rate of heat evolution.

(4) Determination of the temperature rise on the basis of data on phase
transitions for the low melting metal.

Input Parameters

The following data are read in:

C heat capacity, cal/deg-g
RO density
KT heat conductivity, ca/cm-deg-sec
DO preexponential factor in Arrhenius expression
E activation energy, cal/mole
Q heat of reaction, cai/g
EPS emissivity (currently set at 0.9)
R radius of rod, cm
XL length of rod, cz
XSOFO nominal thickness of low melting metal in mixture particle, cm
XHARO nominal thickness of high melting metal in mixture particle, cm
THKO nominal particle size, cm

CONS initial concentration of low melting metal
DX thickness of each slice (distance increment), em, not less than THKO
FT number of DDT in DT, chosen to be 20 (see discussion)
TEMIN temperature of ignition source, OK
TIMIN heating duration, sec
TO initial temperature of sample (usually 300°K)
P constant (around 0. 10), selected to adjust magnitude of DT (see discussion)
MXT maximum number of time increments desired
TMLT melting point of low melting metal, 'K
HFU heat of fusion of low melting metal, cal/cm3
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Discussion of Program

The distribution of particle sizes is also specified in the input as follows. The
data are made up of 15 sets of 3 numbers for 15 size increments. The first number is
the normalized frequency factor for the i ize increment. The second is the thickness
of the low-melting metal, and the third is th)e thickness of the high-melting metal
in each particle. In this manner, variations in density and composition of the mixture
constituents can be accounted for.

The first section of the program calculates certain quantities needed in sub-
sequent computations, sets up initial conditions for temperature and for the unreacted

a• material, and prints out the input data. hi (he remaining portion of the program,
a complete calculation is carried out for each time increment, DT . The maximum
number of these increments is specified, usually 1030.

For each time increment, heat conduction is first calculated and a tentative
temperature distribution alorn the rod-shaped sample is obtained. Material dif-
fusion is calculated independently. This is the most time-consuming part of the
program. To calculate the extent of diffusion during a given time increment, DT
is divided into a number of smaller increments, DDT . That number is determined

-j by the program for each individual DT so that DDT is small enough to give acceptable
accuracy in the diffusion calculation, yet not so small as to make the computer time
too long. Usually the number of DDT in each DT is between 10 and 25.

Since the rate of reaction is assumed to be controlled by the rate of diffusion,
* once the extent of diffusion is calculated, it can hb- used directly to compute the heat

"* ?evolved and the fraction of material that is etill uareacted.

The diffusion calculation is carried out 15 times, once for each particle size.
The heat evolved from different particle sizes is summed, using spectral coefficients
as weights. Then the temperature rise due to reaction is computed.

Thermal radiation is also calculated independently. it is assumed that during each

* time increment, DT, the lateral surface of the slice radiates at the temperature pre-

vailing at the beginning of DT. The heat lost by radiation is distributed uniformly

throughout the volume of the slice.

The tentative temperature is now corrected for heat gain from reaction and
heat loss from radiation.

After printing out the results, the program goes to the next time increment DT.

The magnitude of DX is important for the success of the run. This is because
the time increment DT is calculated from it. The magnitude of DT is selected
(through the equation: DT = P * C * RO * DX **2/KT) so that the reaction takes place
during the series of time increments specified. If DT is too short, the reaction will
start only near or even after the end of this series. The velocity of the reaction front
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canno)t b evaluated l)roprly if DT is too lung because the ru:v^iun will be completed
in ail slici-s during thu first few timne increments, In this; case, evaluation of the speed

of the reaction front might nut be possible and calculation of heat transfer and material
diffusion might be too inaccurate. DX is chosen to be approximately equal to the nominal
particle size.

The program statements follow.

4!

irA I
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20 ~ DImFI1SIO'l SPC(1L5). XSF10111 XO15

40 DI Hr7 1. 1;1)( THSOF(100.3,1
5 )I PRCX(ilK1002.S'5

50 pIMPAISOnN SOL.F(300,3)
RFAL '<1

~0 30O.FOR'lAT("r10,3 )

400 FCRMAT(1lIIJ0II C 2 E712PXo6lý RQ0 a 7t2.2)(a6H K~T EaE?.21X16H

'~F7 2o*.e~,H ~ e ?2'Y A-iA 0 pr.7 .22Xp6HEPS x 0a

14 402 FORm4~T(t.U ,IIfA OIHqjUS;I~GO~ I~ VEPS IHGN TIME@5X

12* *,9HO4AiT SIZE,5XoIDELTAXD
7 X,6 HDF-LTAT)

13* 404 FCR'MAT 1H 5Sx 6H CTUALs4xhJ1(EiLOS4i3X)//)

1* 406 FCRA1AT,//WX OH I1N.U[Xg
4X-7Hr4L TIMR.F4X8?HX 1NDEX#4Xm

7 HRL DISTo

154 *03x.I$N REAGTFO#3XIo7f1L TE.,ý'5X,6HO(i,M)p6X.HODT,8Xo5HTHSOFP

ii: 4013 FCRrM-T( H 3Xl14.5X.E9,4#4X,A,3X,8(2x.E.9.4))
4* 410 FCR~iAT~I1j ei,~6HSOFk.AY,7XlASHIARLAYD&)e9gHSOF CONS15XI1

3HP RATIOISK

19 * V,9H'OO11TFMPe4X,AHFT !W'fobr,~~6WAXT~I;1
20' 41.2 FCRMAT(1Ul eýXe6HACTLIAL14Xa6CF1oO4.3X)d11l

4 )

2to ' 15420 FC R'iA T (I iIo2A X, 4 HSp r aXeHX~rot5X, RXHAR ,j5,H~

22* 422 FCR!1AT(1l10#?nXPA(EC,4,FO'tj
0X~

2* 432 FCR'1AT(6ElO,
4 )

?1 44 FCRMAT('VI0D5xd1.AHMEL.TING P'INT 0 s, Uv1p.ex.OHDEGRFE K15X#

28* 17HWC.~AT OF F[JSION o F10,1.2X59WCAL/Cm1'3))

* 27'% (E 5 j 43 2 ) Ui~l ~(~
280 KASP a Q

Z90 200 KASFw <Sl

304 IF~(ASE *FA. 1) WRIT0t6,
4 4 01

31* 440 FCN9AT till p IOHT I fQ 30 mUj)

320 RF(ASO (5.0' 2) C. T0, KY 44)0 Q P

31 42 FCR14AT( lt1H11HTIP-2 60 M'J)

350 ~ R FA f)( 5. 3 'o) R s X L P >S 0F0 * X H4A A 0a T HK i CO0NS o DX F T

36* PrEAI (5S0C`2) TF.fAINo T!!91N# TOo Pp MXT

*370 RCAI)(5,3 0) T'ILTP HFU

.439 C UPOATE OART!CLE SIZEi DATA

ft404 IF(k<ASF FEo, 1) DEN 181333,3
410 IF(,<AEý *E. 2) DEN=6At,

6

4 2 L)C 00O L *1, 15
43* SPCM(L) S000L/2

4 9,
44a XSOr (L ) XF(L)/OE'l

45- XPJAR(L. ) XHPlL)/0ENl
46* 150 cCI'TINUF~
47* C
41 c . DEF11IIIG THE CONST&'ITS
4 9 C NL v TOT. NW~t~rR OF Si:CTIO)Nq IN ROIe INCLUIDING 2 ADDEU

cC _ SCT V%0; E OF SECIO
,¶.* c. ALAYS LATERAL SURFACE APLA CF SECTION
ý21A C AENOS V2L ýFC ~AO SFCTION

51- C SGIFIP~r It SIHAoEPSILONI
~50 C, XL LENDT. OP ROD

~55 C R aRAoIUS OF ROD
560 c XSC~r a THICKNFSS OF SOFT M4FTAL

54 C CCNjd- IfjITIAl. CONCLNTRATIUN CF SOFT METAL
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51' C TF41N a IflNITICN, T~P&&,
610 c TIMIN z 1oNrITO.1l TI'AE
616 c MXT MAXIMIJ'l NtJl'1E4 OF TIME IN4CREA4PJTS

561* C Se'CM COEFFICIENT Or SIZE IISTOIRUTION
63* C THKO * 40'4!'AL. PARTICLE SIZE
6i' C
65' VSEeT =3,I4i59*R**2o')X
660 ALATS =6,2ftC1~RaRDX

AE14r)S =3j,1'59*R**2
68* SGMePS 21,3 7E-12'EPS
694 NL 9 FIX(XL/DX)
70* IF(VL/D)xa FLOAT(NL) GaT# 0.51 NL*NL4i
71# NL 9NL*2
72' NVI NL.-1

73*0Do136 I:±,S5
74* THK( I )XSOF( I )+XHR(I I

76' 136 CONTINUE
*77* PROYO 5oOE-08

78' DT s P.CORGNDXO*2/KT
7i* IlGTIH- r IVIX(TIMINI/DT)

IF(TIMIN -LT' DT) IGTIM
81 HFIJ HFLJ*XSOF/(XSOF+XHAR)
82' C
8]' C INITI4LIZE T(Ial) AND) F(11,11I N THE SECTIONS
840 C Ftli.) All( FCNL4I) WILL NOT BE NEEDED
81* *r(1.1) 2 TEMIN
86# 00 110 1=21NL
87* T~Tit) * To

96' PRF(Iotl) PROXO
697 SOF(01 CONTINU
98' 100 CONT INUE
910 C RT 640 ,RTa.'eP

940WIT DO618 402)#1

10]' 10 CONTINUE~ XSFHR~CN,.TT X
104' WRITE (6#400) TML~pT #DOEHFUP
105' WRITE (6,402)

107' WRITE(6,412) SPOL XSOFOPXHAHAR(L),PTHK(L) I
106' 140 CONTINUE
109, rC
11co C START CALCULATION, THERMAL CONDUCT. IS INDEPENDENT OF TEMPt
III* C START LO LOOP FOR TIE NOLX J

112* 00 I'.6 J--isMXT
1i13, C M AND N TAKE UP VALUES 1.2 AND 3 CALCULATED FROM j
11i4 M ' MOD(J833
III* N *MODtJOI#3)4'1

4w lid* C DO LOOPS FOR SECTIONS OF ROO

1c
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_4 it? C DIFrU5SION COEFFIC!E~iTS CHANGE WITH4 J ANO t BUT NOT WITH K
Ila* DO iI 0 !:2NLM
Ill- DO 140 L 0 1-15

1 "a *sIF(THSOFCli,,.L) -NE. O0,0 60 TO 132
121c, Tw~SrnF(!It1,L) * 0.
122' PRQOC 1 ,I-.-L TH-KCL.)
12J' GO TO J45
124i 132 DCI,N) 9DOmE)CP(E/2n/TC1oN))
125' <N' 2
125* DDT = DT/;T
IV*' 134 KN w * +
i2j* DDT =DOT/KN
129' TAM: DC](IM)'ODT/PROX(jsN#L1
130' IF(TA41 -GT. O,5*TH50FIIIMoL) -AND. Dr/DDT *LT, 25.) GO To 134
131" THSnF(Istr1sL) STHSOP(JoNoL)

13g* PROX(!,9,L) PROX(!,N#L)A133' KFT I F1Y(OT/oDT)
a1340 c

135' C MATERIAL DIFFUSION DURING EACH OT
136' DO 124 .JL.& 21 '<FT

i~*TAM v D(i)OTP.XI~L

13l* THSOF(IsflaL) THSOFIIMjL)-TAM
13;* IFCT'.SOF(!',ML *LT. o, 5 TWSOF(!SML) '0.0
140, PROX~tom.L) =PROXCIM#L)+TAM*(I, +HOVS(L))

-141' IF(PROX(I#MsL) ,GT. T HK (L)) PROX( tM,L) THK(L)
142' IFCHSOF(IOMPO.I.. 'T. 1,OEr'U6 *XS0F(L)) rO TO 12#
143' THSnF(IIMaL) *0.0
144* PROX(IT,ML) TH'<(L)
1450 GO TO 148
144' 124 CONTINUE
147' 148 CONTIN4UE
144' C
1 49* C C4LCULATE FCIoM3 ANfO CHANGE :N FfM
150C 5XS0F80,"
i54. STHSC)F=O.-
1520 DO 142 L 0"1.15

SYHSOF STWSOF+SPCOIL)*THSOFCIgMaL)
154* SY~SOF' u S94SOF+SPCO(L)AX3OF(L)
153' 142 CONTINUE

154*F(IM) 86'S'PSF'SXSOF
157' UELI' a * o)FIN

4159' C CALCULATE HEAT EVOLUTtGN (CALCH0~43)
160' HE 4-ELF*(ROQ 4 (1-OFIN410
161' C~
161 C CALCULATE HE AT RADIATJON (Cci/cM003)

±65k ITF 0 *j - ~ NO G TO 120

90 TO 0

166':CT 11 6 (Jj
169' 120 HRA I(ALATS+AEDS2SGEPS(TUINI*'4 - TO"4)

170' 116 HRA w HRAODY/VSEC?
I~'ll DEL4 5 "4EV - HRA
172' c
J13* C CALCULATE HEAT CONDIJCTION INDEPE~NDENTLY~ OF RAITO AND REACTION
174' 144 T(heM) P* TIIN--t~#N)(cPI'TIN
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176' 146 T(1*1) 2 T(I.") *E"C4

1-074TYAM s T(I.'J)

1740 IF(P(!,M) ~LTj I.QE'-05) GO TO 108

181* GO TO 108. 0?
182* 162 1IF (TI , 4 ) *LFoe TMIT) GO TO J64
lei* HFM (T(!Dm)-TMLT~vC*R0

165* ~ IF(HF'4 GCE HFMT) Go TC 1611I l

187* T(IM) 8 TMLT
188' GO TO 108~
±89* 6 lSF1M 7 080
19C'HP HF(144F!i
010i T(I.M) S Tf1LT#HFI`/C/RO

192' GO TO 108
193' 166 IF(TTAH *GT. TML.T) GO TO 170

195' GO TO 10R
196' 110 IF(T(tM) *L.To TMLT) GO TO 172

197' SOL0(jO4) a SOLF(!*N)I
194* CO TO 108
199' 172 HQEF -- (TLTT IoM *4
POO's HSLT 0 WIFU'7(I$M'*(l;O"S0L.F(I,N))
201* IF(HRE -G5, HSLT) 00 TO 174
202' T( Is I') 8 TfILT
233' SOL~r!I.-M) " SOLr( I ,N) i 1O-SOLF' I N) )*HRE/HSLT
2044' GO TO 108
2u8' 1,74 T( !.M) TMLTC(HRE'HSL.T)/C/RO
206' SOLF(IsM) 2 ioC
207o 105 CONTINUE
208' C
209'o C BOUJNDARY cO'JD!TIONJS
21c* T()j,H) 5 TEMIN
211# IF(J oGT. IGTZM) T(1,M) x TC3,m)
212' T(NLM) ' 4,2M
211' C
214' C FOR PRAINTOUT PATTERN
213o IF(J .LE* 100 -AND- MOD(Js10) .EQ. 0) GO TO 126
216' IF(J sLE- 50 4ANDi MODIJ15) 'e, 0) GO TO 126
217' IF(J -LE' 10 aAND, MOfl(j)' 0) GO TO 126
211' IF(J *EO- 11 Go TO 126
219' IF(J ;Lg- 800 .AND-SMný (%LJ *EQ4 0) GO T6 126

*ERROR* THE NON ARjTHME'rjC STA TEMENT IS MISSPELL.Eo.
2200 IFQj GT. 800 *ANO. MOD(JoO5) *EG. 0) GO TO 126
241 " 00 TO 106
222' c HEVnING FOR PRINTOUT OF ARRAYS
223' 126 WRITE (6.406)
224' DO 12R2 1z2NLA1
2250 TVIE m J*OT
226' DIST a (FLOAT( 1) " 115)*EDX
2270 11 a *
228' WRITE(6,468) J. TtIME# III 015!, F(oij,i-~ T(I;Mho 1)CIM)OHRA
229a; 128 CONT INUE
230' 106 CONTINUE

231'1 GO TO 20-

232' END
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APPENDIX II4
PROGRAM STATEMENTS FOR ANALYTICAL IGNITION ENERGY STUDY

Program Description

The program handles a cylindrical geometry where the ignition source is a
cylinder concentric with a cylindrical reaction mass.

The distance increments are the equal thicknesses of concentric shells around
the igniter while the radius of the cylinder is the counterpart of the sample length of
the program described in Appendix II.

The igniter may consist of a single distance increment. If zo, its radius and
volume can be varied by varying DX. Alternately, the igniter may comprise a specified
nunber of cylindrical shells so that its radius can be varied independently of DX.

The input procedure is the same as shown in Appendix U. The form of outputis also the same.

it This program does not handle the problem of particle size distribution; rather

it calculates material diffusion on the basis of a single particle size. This particle
size is the same as the nominal particle size given in the input for the other program
and corresponds to the most probable particle size in the measured distribution.

Phase transition is not taken into account as it was in the program for linear rate
studies on intermetallic reactions.

of -•Thus, the list o ... data for this program does not include the distribution
of particle sizes, the. -ting point for the low melting metal, or the heat of fusion,

The program statements follow.
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is * ý I AYr' rL.-Z " JV t"

*p .r7 ,?*2)(.E-4 *E,?oeaX.6I. # - .2axe .cps
402 ~ ~ ~ L pH4TI GN PX. LN~iTr5X

L d40 Fef~w.!c1l a'i *6.4ACTIJALodXsl(ciO*4,3NO/i)
1* 406 Ft l/.CF.l4T 1 4Xm ' l.H'-L TpjpF#4X.711X p-'CjXi4 DIST-

j* 4FlR FCR'la(¶IJ *NXsl4.S)C,E7.4t4X,14.:%X.8(2)(.E.4))

176 41C Fe MAT (I'l .1X. OLH VLAY.'IXAHArLAYi6XtflHSOF C0ýSs5X.IKHF RATIO.ý)x
-l *.ý1, r3'4U.4x.A~irT I'Pj#x6 4X Ii

It* 412 VCR.'AT(i;I ,4Xa6LIA-,IJAL,
4
X(.fCE1Os4u3\Xl.I1A)

'C 46 4t6 FCM4*AT(//1ClK.116i.LL1YFMp 'A 'f~L~'-4~lD M * ~'E9-40
22 f 41 CRiA1(/10 Ir -33!4r,T¶r!7A IC!Au a L)2TVTA/U)ZFTA

2 
-s2y.E9o'.1?MDF/DT

'4.,

ý74E DA~ T YA!'S v(cLI~r %G~1 v v X( 2 X, 14A1X1 14
21 R A OT (500 1 R OF !40. L KT# N~ E# !flR GetD~ FPS

29o RXSF-A t* 3J Tw<Nl OF. XOFT XWFAL#CNDPF

31w CON *)FjI' THIIA COCTA'TSAI FSF EA
TEP61!F ALAY INIT I:P IEP~AU OFGNT

33a C RI a TnTiJ qA')I# VIGNITER IKIERItXI
34* KI' WL TOJT - N-1 TIIT ORO SEL I~N I¶ER NCýONGII INTl
35& XLT CYLT!Ju;ICA Tý4ICMBEP ( ('1 F INCHPE 'JOT ICSIGINT

3A , IF(YsIU 0 T'IIL OATNL) *TRAJ r,5 : soFT iL-T

4C* XI a R011L OFI11E
41* C TI xHA ODC IVT F I.KE

41* T j~
44v'4L a 1.: IX( XL/DX) (

4!8 IF~v/U4 ri.OTs~I(NL)s Gs e~ O)'4

SC* XFPC? z 2. *10
~51*7p.Y SO-Q

5,*! FACTI, 2 1.( + x!-/X1

59o ~TEMOF z ./
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A
610 DISTF x 5RTC2.eDo.oRo,/CKT8E.XSOF4ý82))
62* GAMMA x -Q//

LAMPA 20,0
64o c INITIALIZE T(I,1) AND M(ill IN THE SECTIONS1 ;6~ C FCi,i) A1ID FýNLol) WIL.L NOT ~ EDL

644 DlO 100 !1N
674 TC 1,j) a T

6AS ~ IF(I FP- 1) T~pi) TFU

10C CONTINUE
7co FCiX) m 0.0C

710 [00 1-2 1120,10
W,72o FCI 1,1 1.0

71o THSOF(I1-1 m' XSO

740 P~ox(I. a PROX0
7. 1.02 CONT INUE

76o ~ WRITE (6,400) C3ROJKTjDEO#E~jP9
77* WRITE (6,402)
78* WRITF (6#404) ni X~v TmIk' Xjp THKI 0 )0 OjT
7q4. WRITE(At4 i0)

8 Wn1TFC6#
4 12) YSOF1 XHARI CON;S, P, j(T~s pT. mXT

WRITF-(6:
4 i6 ) rEMPFo TIME-Fo oISTr

92*WRlTiý(6 40l) GAMMAAI LAMDA

STAR CAL-CUL 4ATIOs ERA 1.2ONDUT 18 CALCULAT DEN OFROM

ý540 C START DO LOOP FOR TIME INoEXSTTCLULTN.TRML 0 0U7 IDENNTOTNP

A9* c VC Lflnpg FOQ *ScTIONS OF ROD
9j; C DIFFUSION COEFFICIENTS CHANGE WITH .J AND I RUT NOT WITH K

9 1 4D00 IDA Il,#NLm

9!0 IF(TtHS0F( tiN) *"Es Oo0) GO TO 1.32

90THSOF(IatI) 0.0
950 PROx(I,9) THK

960 CO TO 110

97* 02 D(I'M) a 0O*EXP(-E/2./T(IsNfl

99* DOT(IsM~r a fiT/FT
local 134 KN 8 K(N~i
i±01 DOT(IaM) a DDT(1pM)/KN
1020 TAM =D(1,MV0O(TCI,tM)/PR0XCI-10
1030 IF(TAM .0!. n,5*TH4S0F(I#Nj) GC TO 134

jtj4*THSAF(Itr*- * THSOF(IsN)

105S PROX ( I ,M) * FROX ( I tN1)
106 ~IF T( I s1) 1* F IX (DT/ [)[T( I sM)

1071, KFT = FT(I oft)
1OA* C MATERIAL. rIFr7USION DUPING hACH DT

100# DO J24 L~22.FT
11cTAM Is (I,0).o0T(IM)/PROX(IpV)

IF(TAM .GT. THSOIFCI,M)) TAMmTw.SOF(I#M)
ill*' TI-'GF(I#rl, THSOF(IoM)-TAM1

, AMP PROX(I.M' * PROX(I~r1)+TAMA(1. + HMVS)

114'IF(THSOF(Is4) .GT, 2..OE-O8*YSCF1 GO TO 124

%it* P~Ow(tiO) *THK
ii?'GO TO 11i-
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116 124 CCWT I NUq
III* CACLTF F C 1 11 At-IL CHAINGE IN F( t M)

±20 lr C AM L TC50(,M/XO

122- IF~flFLF *rT. 0.0) DEL 1 0-0
121a, c CALCULATE fljF.A EVOLUTION' (CCAL~dCM3)
124* HEV =-R0O'C`AOELF
1?.! C CALC11LATF WlF~r RAOIATIVI CQNL/c~o*'ý)

ie ~ DeLw. 2 ý.
IuO ( CAlrULATE: HFtT C04,JD'J071ON I'JOEFW)NE1ILy OF RA(DIATION At,*.; REATJON
1.4I IF (I AGE. 2) no0 TO :.16

1,3C' TAM = (Y(!A4TIN'IjX#a
13 ~ ~ *M 1 l k

132* GC To) 108
10 1416 T f~i-) v P*(T(I-l1hM)+rACT1T(I+i,"J))-CPDpACT2-1. j3TVIN)

I-4 C -I A) JU;7 Tý,MFIERTOQ;ý_ rOR I'ACIA~lOH Al'!,) REACTION

136* 109 CC;NT I~'U

Li.' 7 * IC'WO(R Y 1;O:OC IT 1(jMS

13F (J .LE - 10C -A!'I0, MOOC(.11) -EQ. 0) GO TO 1.264
14C, r' c -~< :ý I .AWU 1"00(05) .EGa 0) GO To 126
141' 1;: (J L.Li: 10 'A* 1il0pCJo2) -En' 0) GO TO 126
142, lr(ci 4 ) GO 'TO 12cý

14~C O ~~'~OTPATTERN
IF(J .LE- 501~ -AND- MOD(J.50) .EQ. 0) Go TO i26

j4~~ IF(J ,QT- 500 .AWD. m(p(Jt100) Fr), 0) U0 TO 1.26
146' GC TG 106

147o c FOFAnlk'G FOR PRINTOI)T ')F ARRAYS

1~1' 61ST 2 (FLOAT(t) - 115i*OX

A ~~r psOF ( I, Al p) O A xtI, rp
1i i2a CON~TINUE

4"1157 IF( II .'jr. I 41,j~s -ý]( ,i .F. U) GO To 142

IF(TjjOp!( !,M)/YF%.FRS --FLOAT(LSO;) .GT, 0.5) LSOr LS0F1l
16C' U(LSMF -LE, 0) LOF0F*

161' LPROX( = l~XP0~,)-E5
162* 1FCPRflX(j.IA)/XPLRS - :LO'AT(LPROX) *cT. 0.5) LPROX LFROX*1

if,!* F(LPR0y oLE- 0) LPROX'1

164' LHAQ 2 110 - LSOF' - LPROX4
165' IF(LH-AR *LE, U) LHA"'

EPCO()E(Pji1ITI4
3

J) LSOF
:4167' V(71 2 PRINT7

1600 ENCtnUE(3NT9s430) LPkCX
16;o V(9) c pRt'1T9

17ý' ENrrE(PR2W141,43J) LHAR

174* 106CUNTINUE
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APPENDIX IV

METHOD FOR COMPUTING IGNITION CHARACTERISTICS

The method for computing the ignition characteristics from a computer run is

illustrated for a Ti-C mixture. The computer output has been plotted on Figure 8.

Table IV-1 lists the temperatures at the center of the first slice of a rod-shaped

reaction mixture for various time increments until the temperature of the first slice
equals the igniter temperature of 8000K. At this time, the heat flux into the first
slice vanishes, imd the total increase of sensible heat in the slice is the ignition
energy, and the average of the temperature gradients multiplied by the thermal
conductance becomes the average ignition flux.

TABLE IV-1 METHOD OF IGNITION FLUX CALCULATION

Input Par xneters

Thermal Conductivity: 0.017 cal/cm-sec-°K
Heat Capacity at 800°K: 0.20 cal/g-°K
Half Thickness of Slice, 1/2 Ax = 0. 004 cm
Temperature of Source: 800°K
Contact Time with Source: Continuous
Unit Time Increment, At = 0. 1742 msec

Temp. Gradient Change of Temp.Slice Temp. Temp. Diff. Tim e Ignition Flu Wihxim

ST ('K) AT (°K) (msec) 4/l/ Iition Flu

300 500 0 12.4 2120 2.86
341.7 458.3 0.1742 11 5 1952 2.63
376.4 423.6 0.3484 10.6 1800 2.43
430.6 369.4 0.6968 9.24 1570 2.12
470.,t 329.1 1.0452 8.24 1400 1.89
527.5 272.5 1.742 6.80 1156 1.56
607.6 192.4 3.484 4.80 816 1.10
654.0 146.0 5.226 3.64 620 0.838
686.3 113.7 6.968 2.82 480 0.650
732.0 68.0 10.452 1.70 290 0.390

[ 800 0 14.5 6 0 0

Results

Ig tion Time *........... 14.5 msec
Average Ignition Flux over 14. 5 msee ................ 470 cal/em sec
Ignition Energy ** ........... ................................................ 2260 cal/g

*Ignition time is less than ignition delay, as ignition delay is the time required to
approach reaction temptrature.AT t**Energy: Cp AT 63
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