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FOREWORD

Tnis study was performed by the Lockheed Palo Alto Research Laboratory,
Lockheed Missiles & Space Company (LMSC), 3251 Hanover Street, Palo Alto,
California 94304, under Contract F08635-70-C~0063 for the Armament Develop-
ment Test Center (AFATL), Eglin Air Force Base, Florida. The task was monitored
by Dr. Robert L. McKenney, Jr. (DLIF), AFATL Program Scientist, and carried
out between 19 March 1970 and 19 May 1971,

The research was performed under the direction of Dr. A. P. Hardt, 1.MSC
Program Manager. The writing of the computer codes and the subsequent analytical
study was accomplished by Dr. P. V. Phung, Research Scientist. Experimental
measurements were performed by Messrs. R. W. Holsinger, J. R. Toolson, and
F. J. Smith, LMSC Program Engineers. The suggestions by Dr. J. F. Riley are
gratefully acknowledged. The contractor report number is LMSC-D177523.

This technical report has been reviewed and approved.
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FRANKLIN C. DAVIES, Colonél, USAF
Chief, Flame, Incendiary and
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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 corapared with those obrained 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 documents 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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component A

L T

A
B component B
c heat capacity (cal/g°K)
‘ D diffusivity (cm 2/sec)
: D, thermal diffusivity, x‘/Cpp, (cmz/sec)
D ‘diffusivity prefix (cmz/sec)
< E energy of activation for diffusion (cal/mole)
€ emissivity

ignition Suence,(cal/ em? )

PP S

ignition flux (Cal/cmz—sec)

enthalpy of a substance at temperature T reilative to its standard
state at 298°K (cal/mole)

heat of reaction (cal/mole)

thermal conductivity {(cai/em-sec-"K)

pressure {(atm)

particle gize, diffusion barrier thickness (cm)

diffusion barrier thickness (cm)

heat of reaction (cal/cmg;

H H & & y &

Pt

ignition energy (cal/g)

radius of incendiary body (cin)

-

gas constant (cal/mole-°K)
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Stefan-Boltzmaun constant (cal/cmz-sec—"K'i)

temperature (°K)
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=%

time (sec)

linear reaction rate (cm/sec)
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increment along incendiary body or incremental increase of radius (cm)
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SECTIONI

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 radiaticn. The result-
ing temperature may be sufficient to melt or even vaporize some constituents which can
then react with oxygen releasing 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«ing
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 2 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.
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SECTICON I

oy 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.
- 1
- Thermodynamic data are plentiful. Unfortunately, lit'le agreement exists and ;

o 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-
e 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 i
" gy similar application of magnesium-platinum and lead-lithium (4). More recent
applications are discussed in Section V of this report.

ot Tables I through VII list the exothermic heats of reaction of binary mixtures

e 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 regardiess 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 sysiem 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

A than the density of the unreacted mixture. Because the theoretical bulk density is

- rarely achieved, intermetallic reactions can be expected to generate a product with

' an appreciable void fraction. N

‘. o
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TABLE I. INTERMETALLIC REACTIONS OF THE ALKALI METALS
é‘!
Reaction Melting
N Group | System | kcal/mole | cal/g | cal/em3 | Temperature | Point Ref.
j (°C)* (°C)
0 LiAl -15.1 -443 -555 860 (1) 109 5
v LiSn -16.8 ~134 575 1000 (1) 109 1
1Y LiPb -14.6 -68 -465 960 (1) 109 1
- NaSn -19.2 -71.4 -254 800 (s) 98 1
v Na,C, | -9.6 -137 -161 460 (s) 98 6
5 \% LiSb -21.8 -170 -700 1060 (1) 109 1
¥
3 LiBi -18.4 -85.5 -535 1000 (1) 109 1
g NaSb -15.8 -109 -375 780 (1) 98 1
x KBi -18.0 -55 -204 980 (1) 64 1
é * Based on an ambient temperature of 298 °K.

The adiabatic reaction temperature T

is that temperature at which the

enthalpy of formation, A Hg equals the enthalpy of the product, namely

(& Hy
fTR

=(H

w T HST)T

R

-

R

Where the enthalpies of the intermetallic product are not known, the enthalpies
of the starting materials were used {1,2):

(A H) = (H,. - Hgp) + (H,. - Hoqd
f TR T ST A,TR T ST'B, TR

= BB 6 R T R

The state of the product at the adiabatic reaction temperature was checked
against the phase diagram and the appropriate symbol (s, s-1, 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.

gl P

The initial step in the reaction process is thought to be solid-solid diffusion
between the reagent particles. The resuliing heat of reaction will not be conducted
away from the reaction zone if the thermal conduc.ivity of the mixture is low.

B NI - R
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- TABLE II. INTERMETALLIC REACTIONS OF THE ALKALINE EARTHS

e AT AR W S s o S0n

L Heats of Reaction .;diabt:;tic \I;o;;est
. eaction Melting
Group | System | keal/mole | cal/g | cal/ecm3 | Temperature | Point Ref.
(°oM (°C)

I LiMg -2.56 109 1
CuMg 5.0 650 2

I CaMg2 -9.4 -106 -175 540 (s) 650 2
I A12Ca -52.5 -560 -1150 1440 (1-v) 650 1
Y Mg -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

UB(313 -39.3 -111 -520 500 (s) 1132 8,2

PUB013 -35.7 -100 ~476 450 (s) 640 2

ThMg2 -15.2 -54 =317 700 (s) 650 9

v SnMg.Z -18.9 -113 -450 890 (s) 890 1
SnCa9 -75.0 -379 -1110 1484 (1-v) 232 1

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

PbCa,," -50.7 -172 -705 1440 (1-v) 327 1

pbBII_., -G9 -143 -715 1640 (1-v) 327 1

\'A NbBe5 -46.4 -336 -1300 1390 (s) 1277 10
Sb,)Ba.3 -87.5 -133 -563 1560 (1) 630 1

Bi,)Bﬂ3 -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:
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TABLE II. INTERMETALLIC REACTIONS OF GROUP Il ELEMENTS: BORIDES

Heats of Reaction Adiabatic Lowest

. Reaction Melting
Group System | keal/mole cal/g cal/em3 Temperature point° Ref.

(cCy™® (°C)

I MgB6 -22.4 -251 -600 645 (s) 650 11
111 Y BG =24 -158 =503 700 (s) 1509 12,13
LaB6 -114 560 -2410 2230 (1-s) 1509 12,13
v CB4 =17 -326 =758 750 (<) 2030 14
SiB3 =7 -76, =177 230 {s) 1410 15
T1B2 -71.6 -1155 -4040 3770 (1) 1668 2
ZI‘B2 -76.0 -690 -3330 3400 (1) 1852 2
H’fB2 -78.6 -394 -3450 3280 (s-~1) 2030 2
v VB -32.6 -528 -2500 2400 (s) 1900 16
NbB2 -58 -5611 -2870 2900 (s) 2030 17
TaB? -43.9 -216 -2610 2400 (s) 2030 17
VI CrB2 -30 -408 -1880 1500 (s) 1875 13
MOB2 -23 - 196 -1280 1260 (s) 2030 13
WO 5 ~=-35 ~=-83 -1350 960 (s) 2030 13
vt Mn82 -19 =248 -1140 800 (s) 1245 13

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

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

He=ce, 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.
are CaMgz2, UBe13, ThMg2, NbBes, MgBs, YBg, CrBz, MoBz, WoB5, MnBg, CuAl,

CrAlz, MnAl, SmBg, CaCa, B4C, VC, NbGeg, NbC, TaC, CryC3, MooC, WC,

Examples

Mn7Cg, Mg2Si, Cr5Sig, MnSip, FeSi, CoSi, NiSi, WSiz, and CuPd. Many of the

5
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TABLE IV,

INTERMETALLIC

REACTIONS OF GROUP I ELEMENTS: ALUMINIDES

- -

Heats of Reaction Adiabatic Lowest

Reaction Melting | Ref.

Group | System | yoa]/mole cal/g cal/em3 Temperature Point

(DC)(*) (oC)
I CuAl -9.8 -108 =756 R70 (s) 660 18
LiAl -15.1 -443 -555 860 (1) 109 5
I C:lA}\22 -02.5 -560 -1150 1440 (1-v) 650 1,18
I B2Al -36 -740 -1850 1900 (s) 660 19
LaAl4 -41,2 -166 =780 1222 (s-1) 660 1
v TiAl, -28.8 -314 -1100 1370 (1-s) 660 2
ZrAl, -40.8 -281 -1200 1650 (1-s) 660 20
Vv VAl3 -26.0 -198 ~792 750 (s) 660 18
VI CrcAl3 ~-16 -129 -430 520 (s) 660 1,18
VIl MnAl -10.2 -124 —-586 530 (s) 660 1,18
VIil FeAl -12.14 ~-147 =725 1150 (8) 6690 1,19
CoAl -26.4 -308 -1600 1580 (s) 660 1
NiAl -28.1 -329 -1710 1639 (s-1) 66U 2
PdAl -43.7 -327 -2890 2380 (1) 660 3
PtAl ~48 ~216 -2510 2800 (1) 660 2

(*)Based on an Ambient Temperature of 298°K,

other systems arc marginal in that low heat output would make a purely incendiary

application questionable or high thermal conductivities would cause quenching.
Systems with the maximum potential (cnergy density in excess of 2000 cal/cm

and reaction tomperature in excess of 2000°C) include LaBg, TiBg, ZrB2, PdAl,
Because of high cost und short supply,

PtAl, BeCo, TiIC, ZrC, VSiy, and NDbSig,
one should exclude systems requiring La, Pd, and Pt.
this basis permit a study over a wide range of compositions, particle size, and

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

The systems selected on

e S B e A SN s et S - i Rt e
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TABLE V, INTERMETALLIC REACTIONS OF GROUP Il ELEMENTS: RARE EARTHS

AND ACTINIDES
Heats of Reaction Adiabatic Lowest

Grou Svstem Reaction Melting | Ref.

P ths keal/mole cal/ 1/em3 Temperature Point

& |ca (°cy(M {(°C)
Rare SmB6 -50 -232 -1050 960 (s) 1072 22
Earths CeBy | -84 -410 -1850 1700 (s) 795 12
CeA14 -31.2 -126 ~458 900 (s) 660 1
Pral, | -54.0 -216 ~800 1430 (s-1) 660 1
Acti- ThB4 -52.0 ~-189 -1360 1550 (s) 1750 12
nides UB, -60 -214 ~1950 1770 (s) 1132 12
UA14 -29.8 -86 ~ 565 760 (s) 660 23
PuA14 -43.2 -123 - 820 1130 (s) G60 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 these 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 vacuum chamber and manipulated in an argon-filled glove box.

Determinations of the reaction temperatures and emissivities were performed
using fast response pyrometry. For events of brief duration, the calibrated anode
current of a photomultiplier tube was used to measure brighiness-temperaturc. 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

$ippis Lon it
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TABLE VI. INTERMETALLIC REACTIONS Or GROUP IV ELEMENTS: CARBIDES

Heats of Reaction Adiabatic Lowest
& Reaction Melting
Group SyStem kcal/mole Cal/g Cal/cm3 'remper%ture point Ref'
o)) (°C)
1 Na,C, -8.660 138 196 410 (s) 98 6
o II BeC, -57.7 -1750 -3720 2770 (1-v) 1277 13
CaC, -15.0 -222 -388 900 (s) 838 6
v 8rC, -20.2 -182 -460 1300 (s) 768 25
BaC, -19.5 -121 -391 1200 (s} 714 25
8 it B,C -17 -326 -758 750 (5) 2030 14
ALCy | -53.4 ~371 -965 1400 (s) 660 26
__ LaC, -29 -178 -870 1700 (s) 920 27
o CeC, | -27.9 -170 -880 1560 (s) 795 28
’ uc, -25 -95.5 -1082 1300 (s) 1132 29
P ThC, -46 -179 -1280 2¢00 (s) 1750 29
‘ v 8iC -15.8 -394 -910 1680 (s) 1410 30
TiC -44.1 ~737 -3270 3600 (1) 1668 2
ZrC -47.0 -461 -2460 3800 (1) 1852 2
.
= fC -52.3 -268 -2730 4200 (s) 2222 2
-
v Ve -25.9 ~412 -1870 2030 (s) 1900 2
NoC -33.6 -321 -2060 2730 (8) 2415 2
TaC -35.5 -184 ~2380 2800 (s) 2896 2
VI Cr,Cy | -54.50 -136 -818 780 (s) 1875 2
Mo, C -11.01 -57 -482 600 (8) 2610 2
wce -9.06 -49 -645 900 (s) 3410 2
VII Mn,Cy [ -20.2 -48 -300 300 (s) 1245 2
:{.{i
» {(*)Based on an ambiont temperature of 298°K.
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TABLE VII. INTERMETALLIC REACTIONS OF GROUP IV ELEMENTS: SILICIDES
Heats of Reaction Adiabatic Lowest
: Reaction Melting | -
a Group | System |kcal/mole | cal/g | cal/em3 | Temperature | Point | “ef-
(°c)y® °C
w0 I Mg, Si -10.2 | -180 -346 540 (s) 650 | 31
Casi -36 -528 -950 1670 (1) 838 | 13
- 11 Y Si -32.2 -275 ~1000 1835 (s-1) 1410 | 13 ;
. . 1
= Cesi, -50.0 -255 -1100 1810 (1) 795 | 13 !
e Thsi, -42.0 -146 ~963 1590 (s) 1410 13 J
U si,, -31.0 -106 -940 1320 (s) 1152 32 i
)
Tk v Csi -15.8 -394 -910 1680 (s) 1410 | 30
. TiSi, -32.1 -308 -924 1610 (s) 1410 :
® Zrsi, -38.1 -259 -1020 1780 (1) 1410 2 !
v V S, -75 -700 -2350 3280 (v-1) 1410 | 13
Nbsi, -71.6 -480 -2040 3300 (1) 1410 | 13
g { Tasi, -27.8 | -117 -806 1570 (s) 1410 2
o VI Cr,Si, -77.6 -227 -1110 1230 (s) 1410 | 13
' ; MoSi, -31.3 -206 -940 1550 (s) 1410 2
R : W Si, -22.4 -93.4 -670 1230 (s) 1410 | 13
;
= VII MnSi, .| -23.2 -226 -847 1160 (s-1) 1245 | 33
VII FeSi -19.2 -229 -1000 1410 (s-1) 1410 | 13

. . were used: The Br gineering Company's Photo-Electronic Pyrometer, Model
& EP-1, and the Infr: istries Thermodot Model TD-11S. Calibration was
i against a Bureau ot -ds lamp. Temperatures above 2200°C were checked
# % against the melting ; £ refractory metals.
;e
v
¢
P 9

¥
: CoSi 24,0 | -276 1285 1460 (s-1) 1410 | 13
R NiSi 20.5 | -236 -110 990 (s-1) 1410 |13,18
[ {
A o (*) Based on an am temperature of 298°K.
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\ TABLE VIII. INTERMETALLIC REACTIONS: MISCELLANEOUS SYST EMS

i
B oA Heats of Reaction Adiabatic Lowest
S 2 Reaction Melting

. Group | System |yea)/mole | cal/lg | cal/em® | Temperature | Point |o

°cy™® (°C)

o 1 Nasb -16.2 -112 -384 892 (1-v) 98 | 34
CuPd -7.57 -44,5 -472 600 (s) 1083 2
‘ a My,Ge | -25.1 -207 -605 1115 (s-1) 650 | 35
N Mg,Sb, | -38.25 -121 -484 1160 (s) 630 2
TR Mg,Sn | -10.1 -62 -145 500 (s) 232 | 36

I1I CeZn -21.2 -78 -535 1140 (1) 420 |37, 38
PuCd , | -45.9 -31 -293 570 (s) 321 37
PuZn,, | -73.3 -71.3 - 600 700 (s) 420 | 37

‘ U,Zn,, | -95.4 -€0 -530 700 (8) 420 o9

( v dsn -25,24 -112 -1000 1326 (s-1) 232 | 40

v Ce2pb -39.64 -81.5 -665 1380 (s-1) 327 2

NbGe, | -29.8 -84.4 -524 1170 (s) 937 | 41
ZrZn, | -37.63 -170 -1165 1450 (1, s) 692 2

\% NbNi -10.8 71 610 810 (s) 1726 2

L
(* Bascd on an ambient temperature of 298°K.

Assuming a greybody behavior, the true temperature was measured using a
_— Milietron Two Color Pyrometer. The response time of this instrument was more
' than 300 msece, 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,
T radiometers were found fo be more powerful tools than pyrometers. For determining
temperature profiles as a measure of rate in fast reactions and a measure of the

cffect of mixture characteristics on ignition characteristics, fast response pyro-
. meters rewmain the preferred tool.
si-"&:
e
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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
formaticns 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. [t 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 I 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 intermetallic 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 the
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 tk t intermetallic reactions are not limited by the compaction
pregsure, and that mos mixtures tend to expand to varying degrees when released
from the die.

The performance oI 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 mcasurements 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

® 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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' L TABLE [X. TABULATICN OF EXPERIMENTAL DATA
& -

: Cystom | F Reacion 6at/g | Measurea| Messured | Gpiton | Average | Referonce
Pt Alr Argon T vity in “C Alr|Temp.C {{This Report)
- LiAl 2015 1130 1.30 170 2340 1 *

LiB 3870 | 1145 i.23 0,179 200 2500 | No publ, data
BeC2 No Itx § No Rx ~1200° Vi .
TIB 1010 RGS 2.90 0,444 3010
TiB, 1226 | 1225 2.45 0.727 550 3000 m
e ZrB 647 511 3.08 530 2340
ZrB, 96 799 .20 3410 m
\\\i TaB, 355 308 6.81 0,72 410 2315 o

3 NbB, 4,07 0.458 2160 m
: 8 TiAl, 520 296 3.13 400 1200 v

ZrAl, 400 412 3,20 100 1350 v

TaAl 150 | No Rx 8.60 640 1500 |No publ. data

NiAl 440 | 242 4.74 0,376 640 1700 v
* CeAl, 4.1 1100
s TIC 860 813 2.50 600 2050 VI
o ZrC 575 | 412 4.37 550 1540 Vi
""*';& TaC 5.05 650 1250 VI
. Tast, 242 | No Rx 5.00 450 1625 va
T Nist 313 242 3,45 0.168 250 1430 VI
ek Nif3,, NoRx | NoRx | 3.42 No publ, data
. Nizﬁ 540 920 No publ. data

CQZSH &No x “7)
LiMgPh 233 131 6.28 200 1090 No publ, data
iy Ll Pb 435 357 4.0 1820 1
é Li,Ph 320 378 4,2 200 1195 I
’ CeZn,, 419 118 4.8 50 2300 VIO
- Ceznﬁ 400 133 6.2 50 1260 vIg
. CeMy 642 100 4.5 50 1270 i
L Thermate| 1241 | 1247 3.87 0.275 600 2940 @)
: TH-3
. (a) Computed,
S s
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The corresponding published data may be found in the earlier 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. Wb .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 encrgy was increased by reaction with air.

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

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

This appraisal, based on the thermal data only, is in general agreement with -
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 aluminwm 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
easc 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.

¢. 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
sceetion 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 particles 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 eccurred in the gas phase or in the liguid phase,
Figure 2 shows particles .of titanium in a carbon matrix which are surrounded 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

it




Figurc 1. Photomicrograph of Typical Starting Mixture. 100 x

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

14



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

Titanium powder particles, 30-u effective particle size ina 0. 5-p
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
behavior is common when the particle size or the thermal conduc-
tance is too large. Such mixturces will sinter but not react in a
self-sustained manner.

_cat . . e b 'k s il




Figure 3. Photomicrograph of Incomplete Intermetallic Reaction, 5000 x

Tantalum powder, 4-u cffective particle size in 2-u silicon powder,
pressed at 20,000 psi and heated to about £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 scli-sustained manner, At times,; preheating
of the reaction mixturce is cffective provided that the self—quenching
shown in Figure 2 can be avoided,
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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 manner. Usually it is necessary to reduce the particle
size (as for titanium carbide) or increase the ambieni temperaturce so as te raise
the reaction temperature above the meiting point of the product (as with the tantalum
silicide) before the reaction becomes self-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 arc experimental values and reflect the apparent density
of the compressed samples. The experimental method is designed to measuxe the
thermal diffusivity which should, in 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 conductance in fine powders is a
cornplex phenomenon. It appears that, when particles are finely divided, surface
effects predominate and the properties of the 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
intermetallic mixtures and for the unmixed, but powdered, reactants. These data
can be a valuable guide in estimating conductivities of mixiures having compositions
which are not listed by serving as aids in interpolation.

17




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

Photomicrograph of 1iB2 reaction product. The material
exhibits voids with incipient crystal forraation. 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°C.
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Figure 5. Intermetallic Reaction Froduct, Starting Mixture Prcheated, 3000 %

pPhotomicrograph of a TiC reaction product. The material exhibits
voids, crystals which appear formed from the liquid phase, and

BT A i SN S g el emaarii e e £ oeeae

big
L large needlo-like crystals which are believed te have been grown
from the vapor phase. ‘This is the typical appearance of a product
which rescted at a temperature 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
v when it suddenly heated itself to a temperature of about 3000°C
S which was retained for about ¢ sec.
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E X. THERMAL TRANSPORT PROPERTIES OF INTERMETALLIC REACTION
MIXTURES
Effective Heat
System Pacticle Crpacity Densit Thermal lzllfuulvlty Thermal Conductivity
Stze (cal/g ) | (8/emd) (em2//goc) (cal/cm sec °K)
Ti-2B
Uncompacted 60 p T4 0,162 0.975 7.6 x 1074 1.2 w107t
2uB
Uncompacted 10Tl 0.182 0.925 7.19 x 1()'"1 1.07 x 10-‘
2puB
Pressed 60 1 Tl 0.162 2.32 1.87 » 1073 0.7 x 1073
248
1 Ti-C
ncompactod 1OuTI 0.134 0.571 9.31 x 107% 0.64 x 1074
0.5uC
Pressed 10 4 T 0.134 3.28 3.85 x 1072 1.73 x 1072
0.5uC
Ti-B 10T 0. 146 2.76 3.81 » 1073 1.68 % 1073
2uB
i 10 p Ti 0.173 2.10 2.76 x 10~3 1.22 x 1073
2uB
. -3 -4
Zr-2B 20k 2r 0. 100 2.96 1.68 x 10 6.61 % 10
2uB
2e-C 20 4 4r 0.078 3.65 0.0127 0. 00352
0.5uC
Ni-f 40 p Ni 0. 141 S, 11 0. 220 0.156
30 4 Al
with 5% B as above 0. 145 4,50 0. 081 0.053
with 100, B as Bbove 0, 150 3.95 0.0134 0. 008
with 26% B a8 above 0. 168 2.82 0.0028 0.0013
(T1-2B 60 TL 0. 167 2.44 0.00345 0.0014
with 16% AD 2uB
Jo u Al
with 304 Al as above 0. 171 2.45 0.0043 0.0019
with 50% Al us above 0. 188 2.42 0.0085 0. 0039
Ti 10 p 0.126 3.63 0.00935 0.00423
60 3,76 6. 00967 0. 00447
B 2p 0.244 1.31 0.00090 0. 00029
ir 3 0. 066 4.35 0.00374 0. 00107
Carbou 0.5 0,17 1.18 0.0115 0.00226
(2/3 graph .
1/3 Acet. Black)
Al 0 0.215 2.68 0.451 0.258
Ni 40 0.105 6.80 0., 0526 0. 0376
Thuermauate, - ~0,2 2.48 0.0117 0.0058
TH-3
Thermite - 0.18 2.75 0. 0261 0.0128

All percontages In wolght porcent. For suppliors of motal powdor, sco Appencix 1 .
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SECTION TII

STUDY OF REACTION RATES

1. EXPERIMENTAL STUDY

Two types of reaction rates can be defined: (1) the linear reaction rate, em/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.! The rate of migration of the reaction front was followed using either a
high-speed motion piclure camera (Fastax, 1000 f/sec) 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 ol the bar was observed as is the case with sclid
propellant strands; hence, no inhibition of the sides was necessary. The reactions
proceeded 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 generaled a
cloud of particulate matter which was probably a result of adsorbed gases, the vaporiz-
ation of impurities (oxides, magnesium) from the boron,cr the oxidation of the small
fraction of the reagents vaporized in the reaction zone. This smoke was sufficient to
give erroncous cemissivity 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 heaied 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 {o
the peak within 100mscee during which time the reaction was cifectively completed,
The residual reaction could not have 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. EXPERIMENTAL DATA

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

1It is shown in Section IV of this report that no first fires are necessary for the
initiation of intermetallic reactions. For convenicnce, however, the above study
utilized a B/BaCrO, mixture.
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TABLE XI. EXPERIMENTAL LINEAR REACTION RATES

- -

x
3 Effoctive Heat of Av. Heat Ambilent Thermal Linear
1 System Particle Reaction Capacity :;‘}:;:"’X, Temperature Conch.\ctlvily. ] Reaction Rate
it Size {cai/g}) |(cn)/g-°K) (*K) (cal/cm-sec-*K) {cra/Bec)
13
o Ti-2B 1aTi 1155 0.306 2.22 300 0. 0007 7,44 ,
R 2ub
) . 10 Ti 1155 0.306 2.32 300 0. 0007 8.33
:; 2uB
5 304 T4 1155 0. 306 2.32 100 0. 0007 6,57
. 2uB 200 0, 0007 5.67
T 1 60 T 1156 0. 306 2.32 300 0.0007 4.38
' ' 2uB
4.
¢ 60 u Ti 1155 0. 306 2.32 300 0.0007 1.57
T 10 4B
i Ti-2B 10uTi 925 0. 306 300 3.59
® with 20% 2uB
€42} roacted TiB, | 10 4 TiB,
- '% a8 abovo a6 above 05 0360 T00 355
> with 40%
) & Tiby
T Ti-C S 731 0.226 3.38 300 0.0173 K]
ot 0.5uC
: 10 u T 737 0,226 3.38 300 0.0173 1.49
0.5uC
: Ti-C 10Tl 590 0.226 300 1.04
- with 2077 0.5uC
reactod TIiC | 40 u TiC
. e as above as above 442 0.226 300 0.30
. with 40%
. - \ TIC
. : Zr-2B Iuir 690 0.171 2.95 300 0.000561 0. 85
o 2uB
* 104 2Zr 600 0.171 300 0.16
2uB
F Zr-C ludr 461 0.180 3.65 300 0.90352 1.86
' 3 0.5uC
F u
[ Wu2r 1.02
- 5 C ‘
¥ Ob 4
S Ti-B 60 u Ti 865 0.27 2,76 300 0.00108 3.88
. - T1-3D 60 u Tl 1137 0.34 2,10 300 0.00122 3.08
25 2uB
g. Ti-2B 80 u Tt 690 0.282 2,46 300 6.0043 2, 59
[ . 2uB
g with 30% Al | 30 » Al
" as above as above 533 0.282 2.42 300 0.0085 0.62
sooF with 60% Al
° » Ni-Al 40, NI 329 0.18 6. 11 300 0.158 no reaction
W i 30 4 Al 500 3.60
v ae abovo 273 0.198 4.50 300 0.054 1.73
3 with 5% B
with 10% B 230 0.217 3.95 300 0. 0082 0.72
with25% B 100 0.273 2.82 300 0.0914 no resclion
: - Pyrofuze NA 327 0.17 9 300 0.2 20 (48}
E S‘ Thormate NA 822 | ~0.20 2.48 300 0.0117 0.275
' TH-3 1
= %
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Figure 7. Temperaturc-Time History of a Reaction Between
Amorphous Boron and -200 + 325 Mesh Titanium

a. Effect of particle Size

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 cffective particle
size of titanium was increasced from 1 to 60 u . When the boron particles were coarse,
approaching these of titanium, the reaction rate was further reduced from 4. 38 to 1. 57
em/see.

b. Effect of Ambient Temperaturce

The effecls of preheating and precooling the reaction mixture ace shown for
Ni-Al and Ti-2B, respectively., The reasons for this behavior are discussed in detail
in a subsequent description of analytically obtained results. It shall suffice to say
that the ainbient temperature affects both the lgnition energy and the reaction
temperaturce by causing variations in the diffusivity of the reactants.

c. Effect of Heat of Reaction

Other systems have reaction rates lower than Ti-2B, 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
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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 rcaction 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 reaciant 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 increasges 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

eifect of particle size, heat of reaction, and thermal transpori 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 seli-sustaining value. The probiem 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).

>.......,—\__

L

R
Lol

To accomplish this end, assume that the mixture is composed of particles A and B
of effective size ¥ , thermal conductivity x , heat of reaction Q, and a molecular
diffusivity given by

= cE
D = D0 exp wx (1

~—

25

P L

PR




In each slice ax the rate of heat generation is related to the diffusivity through
Fick's Law:

2

dQ, ¢C
™ S Qg @@ o (2)

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

dQ, 2

. AT | ec2mrax o4 4
dt kdxz t a4 Ty (3)

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

rise of temperature. A computer program was written which determines this temperaiure
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 titunium-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 800°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 ave equally well initiated in vacuuwm or in an inert
atmosphere, the intermediate action of air or of absorbed reactants could not play a
significant part. Initiation occurred in less than 25 msec, thereby again deseribing
an experimentally observed phenomenon. The computed reaction rate was high compared
with the experimental value, probably because of the faci that the effective diffusivity
was overestimated, Several reasons for this are given in the next section.  The computed
reaction temperature approaches the adiabatic value. Deviation of the computed reaction
temperature, 3350°K, from the experimentally observed value, 2320°K, probably
is the result vf a deviation from an idealized state by the experimental system.

From the deseribed cGnTﬁutér output, the fdll?)\\hng data can be obtained:

¢ Iunition Time. For cach source temperature and cach exposure time, the
computer output gives the time at which the reaction reaches a sclf -sustaining
level.

® Ignition Energy. The heat transferred during the ignition time into the first
slice is the ignition encrgy. A sumple caleulation is shown in Appendix IV.

® Ignition Delay. The time required to raise the reaction from the ignition
temperaturc to the steady state reaction temperature,

® Steady State Reuaction Temperature. The steady state reaction temperature
dillers Trom the adiabatic reacion liemperature by the fact that some heat,
however small, is lost from the reaction wone to the environment.
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¢ Linear Reaction Rate, From the difference in distance between temperature
profiles and the corresponding time incremeats, a velocity of reaction front
migration (the lincar reaction rate) can be computed.

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

bh. Results of Mathematical Analysis

The computer program was designed for parametric siudies 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 4 test of the computerized
reaction model by use of experimentally determined properties is shown in Table XII.
For this study, the diffusion parameters, prefix,and 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
of 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
shouid be placed on published diffusivities, except as guides in parametric analysis,
because intermetallic roactions proceed by formation of voids and of products having
higher densities than the ceactants. Systems of such complexity cannot be rigorously
treated mathematically

In comparing the 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 arce higher. One reason for this, no doubt,
is the improper choice of diffusivity values. The discrepancies may also result from
changes of reaction mechanisin with temperature and changes in conductance due to the
formation of voids. The effect of the diffusivity prefix on the rate of a hypothetical
intermetallic reaction is given in Table XIII.

A parametric study of ine above hypothetical system provided the data in Table
XIV on the effect of actlivation encrgy on reaction rate.

The computercorrectly predicted self~quenching of reactions in systems hav-
ing high thermal conductivity, Also, the trend expected by the addition of third com -
ponents or of diluents was predicted correctly.  For instance, while third components
may increase thermal conductance and thereby increase the reaction rate, this cffect
may be ofiset by the lowering of the heat of reaction which causes lower diffusivity
and possible quenching., A geod example is seen in the addition of aluminum to Ti-2B.

This analytical approach is also uscful for ebtaining 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 tu cause melting of
the reaction product and, similarly, lowering of the ambient temperature in Ti-2B
mixtures increased the ignition delay until so much heat had soaked into the reaction
mixturce that the apparent reaction rate was increased.  Similar heat transfer anulyses
of other pyrotechnic reactions should be equally instructive.
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TARLE XIII.EFFECT OF DIFFUSIVITY PREFIX ON REACTION RATE

Diﬂusi\r/ity Prefix § Ignition Time | Ignition Delay | Linear Reaction Rate
(cm?/sec) (msec) (msec) (cm/sec)
5 1 5 0.70
0.5 2 10 0.46
0.05 4 20 0.20

TABLE X1V, EFFECT OF ACTIVATION ENERGY ON REACTION RATE

Activation Energy Linear Reaction Rate
(cal/mole) {(em/see)
15,000 0.97
20,000 0.69
25,000 0.50
30,000 0.34
35,000 0.12

Scveral refinements are available in the program which are designed to describe
actual physical charucteristics and reaction phenomena more precisely.

(1) Effcet of Particle Shape

Figure 1 and scanning electron micrographs show that metadlic particles come
in different shapes — some spherical, others like platelettes.  The ¢ Laputer program
used in this study assumes that the particles A and B, described on page 23, are

infinite plates of effective thickness ¢
paiticles A of diunetler &

Another program described spherical
to have been immersed in a continuous matrix of B .

The numerical difference in output data was not sufficiently large from those obtained
from the parallel plate model to require a correction of the progrum presented in

this report.

(2) Eiffeet of particle Size Distribution

The program permits the specification of 15 particle sizes, each assigned

with a measured statistical frequency,
ls small if the distribution is narrow.

Is to act in the reaction zone as a diluent.

Usually, the effect of particle size distributions
The cffect of a large fraction of larger particles

An experimental and analytical study of

diluents has shown that such systems have a lower reaction temperature, and because

of corresponding lower diffusivities, have

slower reaction rates. Large particles have

the effect of incereasing ignition times, energics, and delays. These matters will be

discussed in Secetion 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 etfect on per-
formance is ohserved. If the phase change occurs in a diluent or in a reagent which is
present in excess, a phase change acts against the roaction 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.

(8) Eifect of Changes in Reaction Mechanism and Properties

This program is designed to describe intermetallic and other condensed phase
reactions during the ignition phase and assumes that a single diffusion rate law can
describe the process. When other species or gas phases are formed as a result of the
reaction, variant reaction rates must be expected bucause the present mathematical
model makes simplifying assumptions as to the constancy of transport parameters,
rates, and processes.
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SECTION 1V

STUDY OF IGNITION CHARACTLRISTICS
1. EXPERIMENTAL STUDY

Intermetallic reactions are casily and reliably ignited hy brief high-temperature
events. The amount of ignition energy and the time requirement have been the subject
of spec ial emphasis in this program bhecausce of the greal importance of characterizing
the ignition energies in many types of pyrotechnic 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
phage reactions are unreliable, whether thermitic or intermetallic, has been shown

- to be wholly caused by insufficient attention io the heai-transfer characteristics.
o 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 I it is shown that excessive thermal conduction causes quenching \
P of the reaction. Similarly, high thermal conduction requires high ignition energies, !
P When using a first fire or hot wire to ignite an inlermetallic reaction mixture such |

as Ni-Al, it is necessary to deposit s0 much energy into the mixture that the tempera- !
ture of the entire mass is raised substantially above ambient temperature. Addition
of 2 component which reduces thermal conduction, such as boron powder, substantially
reduces the amount of required ignition encrgy. Low thermal conductivities are

: therefore one of the requirements for promoting ease of ignition. For this reason,

the experimental study has focused on the boron and carbon mixtures of titanium

. and zirconium.

Intermetallic reaction mixtures 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.  Studics were made using Al/V205, B/V205, B/BaCrOy, i
Myg/BaCrOy, and composites of these.  The amount of tirst fire need not be much — ’

s largo masgses of a boron and carbon mixture with titunium and zirconjum are reliably

e ignited with a small fraction of a gram of first fire which is triggered by a hot wire

T or an electric mateh,  This gnition technique was not developed to the point of

: obtaining quantitative data.

Another measure of the ignition encergy was obtained by stripping the glass
casing off a flashlight bulb and immersing the tungsten filament in the reaction ‘
mixture. Reaciions could be initiated within a fow milliseconds using a voltage

o pEE which depended on the size of the tungsten filament and also on the particle size

w3 of the mixture. For 2-u4 boron mixtures with titaniwrn, 10 to 20 V would suffice. : f
S Lower voltages would cause the ignition delay to be increased many times pointing
Lﬁt to a possible change in ignition mechanism. High veltages of about 100 V would tend {
- to shorten the ignition delay. The current and voltage input to the filament was

s recovded on an vscillograph, 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 necessarilly yield the minimum
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
e T supply. Ignition characteristics could better be determined through controlled timing

é of energy deposition, or by other techniques such as laser deposition or image furnace
g technology. Such studies were beyond the scope of this effort.
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Figure 9. Ignition History of -325 Mesh Titanium-Boron Mixture
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Another method for initiating intermetallic reactions was with a high voltage dis-
charge. A feasibility demonstration was made by discharging a 2-uf capacitance
across electrodes which were ingerted into a iine titanium-boron mixture, It was
shown that the finer the powder mixtures, the lower was the required discharge
voltage. For instance, 10-u boron was initiated with the capacitance charged to
4000 V while a 60-u titanium mixture was not initiated. No attempt was madc 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
cleetrical conductivity of the mixture on the required spark energy.

2. ANALYTICAL STUDY OF IGNITION CHARACTERISTICS

Ignition energy is a complex function ol 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 us 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 und ignition time by a mathematical model (p. 25) is
illustrated in Appendix IV. The resulting data for various reaction mixtures are
listod in Table XV and shown schematically in Figures 10 and 11. No exact experi-
mental verification of these caleulations is available, but points obtained by tungsten
filament method (Figure 9) and by ignition in a filument image furnace show that the
computed data are consistent with experimental obscervation, It should be remembered
that the ignition fluxes are averaged values, explaining why the most reactive mixtures
seemingly roquirve the bighest flux.,

In examining the data shown in Table XV, one must envision variant ignition
times and fluxes for ecach source temperature, This means that these data are
illustrative only and they should be repeated for cach ignition method.  These data
yicld insight into the muagnitude of flux required and so facilitate the design of hardware
or of verification tests.  Both ignition titme and fluence ave affected by particle size
and conductance, explaining the results obtained in the high voltage discharge study.

Another way of desceribing ignition energics is by computing the mass of igniter
requived to initiate the reaction.  As before, the rosults will be determined by conducet-
ance, diffusivity, and particle size as well as by the temperature (enthalpy) of the
ignitor. The computer program for performing this calculation on a concentric
¢ ylindrical geometry is shown in Appendix I0, and it is illustrated in Figure 12,

The scheme is to vary the size of the igniter until the vesulting enthalpy is sufficient
to initiale a scelf-sustained reaction.

Kither method, the fluence calculation or the ignition energy calcewlation, may
be used to design h rdware and to agsess the safety of pyrotechnic mixtures with
respect to thermal transients,  Other geometries may be similarly progrimed, and
codes can be written which caleulate ignition energies directly,
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TABLE XV. COMPUTED IGNITION CHARACTERISTICS

Contact Time With Heat Source: 1 sec
Temperature ot Heat Scurce: 800°K

Thermal Particle | Ignition | Ignition Ignition Ignition
Conductivit Size Energy Time Fluence Flux
y (1) (cal/g) | (msec) |(cal/cm2) | (cal/cmZsec)

D = 1 exp (-20060/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 2280 14.5 6. 80 470
0. 054 25 5500 740 148 200 4
0.16 25 5900 370 190 515

D = 10 exp (-20000/RT)

6, 0008 1 700 0.21 0.901 50

9 1640 2 0.79 400

30 1660 18 2.4 126

i 60 1300 74 3. 72 51
0.0082 38 7770 320 48.2 150

{

As illustrated in Section UI, computer modeling permits the assessment of the
elative importance of the various parameters in the initiation process. Furthermore. !
it may gerve = a tool for studying the gafety of pyrotechnic mixtures toward ignition
by thermal triusients or spark dischorge.

The analytical (reatment assumes an igniter (or firat fire) of known density,
heat copacity, thermal conductivity, and which is brought instantaneocusly to a uniform
igriiicn temperatiure. The temperature of the igniter then drops uniformly due to ]
heat co.duction inde: the intermetallic. The igmtion energy was computed for an
Igniter of L/D = . which defines its mass. enthalpy, and surface area.
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REACTION MiXTURE

a. End Burning Ignitor

IGNITER

-=-+— REACTION MIXTURE

L. Internal Ig..tor

Figure 12, Ilustration of Mathematical Approach to the Determination
of Minimum Ignition Energy
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The computed ignition energies have been plotted on Figure 13 s a function
of thermal diffusivity with particle size as a parameter. These data are obtained for
diffusion prefix, D _, of 5 cm*/sec and an activation energy of 20,000 cal/mole.
Actually, many sys?ems 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 dibusivity, »/p Cp , in order to compensate for variations in density.

Figure 13 aiso shows experimental data for igniiion energies which were
determined using the tungsten filament method desc' sed 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 cncergies are indced small — about 0.2 cal or 1 J for a typical
titanium mixture with carbon or boren, 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 possibie if the role of thermal diffusivity in the ignition process were
better appreciated. For instance, conventional thermite systems could be casily ignited
if the highly conductive aluminum were encapsulated in a thermally nonconductive
medium. Recent developments 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 perforinance of intermetallic reactions as igniters could be
detormined. 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 tungstern filament and a Ti-2Bigniter. Voltage signals of as little as 16 V from a
dry cell will igmite the cystem withinr milliseconds, assuring complete combustion of
the thermate. This type of device was assembled to demosnstrate 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. Inio this cavity was inserted a tungsten filament Ti-2B igniter
assembly. This type of system will alsc ignite within milliseconds as was shown by a
motion picture study. The product cf thiz reaction is o solid clinker with a fairly uni-
form distribution of voids. The incendiary action can be augmented by dispersion of
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Figure 14. Assembled Incendiary Demonstration Unit
1/2 x 2 in, magnesium cup with No. 328 flash
light bulb. Inserted tungsten filament is in
contact with Ti-2DB igniter mixture, the remain-
ing cup filled with thermate TH-3.
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the reacting mass. The most effective apent jor hreaking up jarge chunks of inter-
meotallic reactanis has been the addition of o thermite. An example ig a mixture of
Al/CuO which upon resrtiop geserates copper vapor. This vapor is thoughi to be
the agent responsible fur the explesive action.

The high cosat of intermetlaliic reaciants may resirict these reaction mixtures
to the role of igniters of the inexpensive but sluggich thermites snd thermales, As
shown in the preceding section, by proper control of the thermal {ransport charac-
teristics of boih interinetalliic and therraiie mixiures, grootly improved and veoswonsi-
cally attractive incendiavies can be designed,

b. Use of intermetallic Reactions in Tracer and Incendiary Munitions

Conventional wracer munitions utilize a metallic element such a5 zirconium
or magnusium with an oxidizer such as & chlerate, perchlorate, or nitrate.  Problems
relating to storability, retiability, and operational difficuities have prompted a search
for alternate reagents.

A thermal analysis of intermetallic reaciluns shosed that ignition times of the
order of dwell time in the rifle (2.8 msec) and reaction times on the order of the flight
time (2 see) were feasible. Figure 16 shows the simulated temperature history of a
tracer bullet which was initiated in 5 msec al 38U3°K.  Upon emerging from the barrel,
the temperature of the exposed surface drops while the heat diffuses into the bullet.
After approximately 40 msec, the tempurature has risen to the steady state value.

This shows it is not necessary that the reaction mixture remain exposed to the heat
source until the reaction 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 fuze.
Upon impact, a visible signature may result. The delay fuze may ignite a pyrotechnic
charge, be it a signal flare, a smoke grenade, or an incendiary. The projectile may
be a bullet, armor piercing projectile, or a shaped charge.

Tests were performned on intermetallic reaction mixtures which were uncompressed.
These will reuct with the formation of a luminous fountain. The use of such reaction
mixtures as fillor for shaped charges has been suggested,

The feasibility of using intermetallic reaction mixtures as igniters under transient
conditions was domonstrated by the insertion of u pressed intermetallic component into
a smoke cartridge. Ignition with a black powder charge was demonstrated (46) and
resuited in reliable generation of smoke owing to the retention of the reaction cneryy
by the ignition system.

¢. Formulation of Intermetallic Reaction Mixtures
Preliminary tests have indicated the feasibility of formulating and shaping

intermetallic reaction mixtures in a continuous manner. Addition of glues such as
gum arabic and inorganic binders (45) have produced firm shapes suitable for use in
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igniters. A preliminary test has shown that intermetallic mixtures can be extruded

as rods or tubes when these are mixed as a paste with lubricants. Fifty percent

by weight of water containing 5 percent gum arabic or a similar amount of volatile
organic solvent containing a small percentage of a nonvolatile binder are recommended

for this purpose.
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SECTION V

APPLICATION OF INTERMETALLIC REACTION TO PYROTECHNIC
AND ORDNANCE TECHNOLOGY

CHARACTERISTICS OF INTERMETALLIC REACTIONS

This study has shown inter:netallic reactions to have many characteristics which

are desirable for pyrotechnic and ordnance technology. Several such characteristics
have been measured and put to use in present devices; others await additivnal develop-
ment effort.

® Shock Resistance. Mixtures of metal powders cannot be initiated by shock as by

sudden compression, by dropping of a weight, by friccion, or by dynamic shock.
In this way thevy differ from pyrotechnic igniters containing chlorates or from
vrdnance initiators containing primary explosives.

Temperature Resistance.  Mixtures of metal powder will not be initiated at moderate
tempcraturvs.ﬁ This means that pyrotechnic components containing intermetallic
reaction systems can be stored and operated at temperatures above thuse contdining
nitrates, chlorates, and other conventional oxygenators. Igniters containing inter-
metallic mixtures can operate beyond the stability limits of thermates.

Corrosion Resistance. Pyrotechnic and incendiary systems containing muagnesium
have low storability because of the effeet of moisture.  Other examples are the

action of the decomposition products ot single and double base propellants on ordnance
components.  Sensitive materials now require inhibitors or mechanical burriers
which lower reliability. Intermetallic reaction mixtures are not so affected.

Moisture Resistance. Intermetallic reaction mixtures will not cake, leach out,
diffuse out, or react under the influence of high humidity, moisture, solvents, or
potting compounds. In this way, they ditfer from pyrotechnic components contiining
perchlorates and peroxides, thereby opening u new field for pyrotechnics
development.

Spark Resistance. While intermetallic reaction mixtures can be initiated by a
sizable electrical discharge, they are not atfected by the magnitude ot ¢lectrical
energy contained in stray rf signals, orv static discharge by operutor handling.

ZReaction mixtures containing the alkali metals, mercury, or low melting alloys ol

tin, indium, etc.. are execeptions. As shown in this report. high thermal conductivity
and low reaction energies make these systems undesirable.
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The necessary safety requirements inherent in handling finely divided meta! powders
must be met, but control of electrical resistivity of the reaction mixture can be
achieved without significant change in operating characteristics.

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

® 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 reactions have a high energy
density.

e 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 Ilexibility 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-aluminum has been used as igniter-mixture for thermite cutting mixtures
(49).

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

3. FUTURE APPLICATION OF INTERMETALLIC REACTIONS

Better understanding of the means of controlling reactien characteristics will
bring about a greatly expanded range of applications,

47
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Intermetallic reaction mivtures are being developed &3 active components in
tracer unitions (30) where they promise by absence of particulate reaction products
tu prevent jamming of the michine gun mechanism. Intermetallic reactions when usec
in tracer munitions and armor plercing munitions promise a visible signature upon
impact. Intermetallic reactions have been mentoned for incendiary projectiles (15),
as low ignition energy igniters for thermite cutters, as infrared heat sources, for in
situ welding of space structures or refractory metals (1), as shock insensitive
initiators of urdnance hoosters, as igniters for signal markers as active components
10 be ejected by shaped charges. and tor deluy fuzes (48).  Bimetallie fibers allow
the burning rate of a solid propellant to be increased without a signilicant decrease
of specific impulse (52).

Use of intermetallic resction mixtures in state-of ~the-art thermate incendiaries
will assuce complete and rapid ignition with bigh reliuability, producing an incendiary
which is economical and immune to countermeasures such as physical removal from
dtarget prior to ignition. A thermate device which is completely ignited will react
rep ardless vl the condition of the unpact area which may be muddy, sandy, or soft,
Reduction of the number of duds will improve the effectiveness of present incendiarices
at little diffevence in cost,

Istermetallic reactions are completely compatible with pyrotechnic and thermite
reactions which tend to disperse the powdered reaction mixture by spattering,  Lonition
times of thermite and thermate systems are shortened, and their rate of heat output is
inceeased so that improved performance in visual (signal) and incendiary application:
cun he expected.

Regent improvements in therimte-type reaction mixtures (45) have made possible
the expansion of therniite reactions to many types of incendiary, pyrotechnice, and
ballistic munitions, The unalytical und experimental technigues developed in this pro-
gram are dirvectly applicable 10 an evaluation of other pyrotechnic mixtures offuring a nesw
technigue for selecting such thermal and kinetic properties as to assuve sues essful
performance of the devices with o minimmum of trial-nind-crvor testing.




A

SECTIONN VI

CONCLUSIONS AND RFCOMMENDATIONS

Exothermic intermetallic reactions & ve been shown to be an altogether new class
of pyrotechnic system., Like the wzll Iner & - erym..e systems, they react without
forming a vapor phase. The reaction r-tes a ¢ determined in part by ditfusivity and
particle size. Additional parameters \.hich offer a possibility of control are thermal
conductivity, heat of reaction, and composition.

Intermetallic reactions have been shown .0 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 inanalyzing
the performance of other condensed phase reactions siuch as those of thermites.

Of particular value has been the assessmaont of the minimum ignition energy
requirement and response delay characteristics in «+ rms of particle size, thermal
conductivity, and heat of reaction. These studies bas e pointed the way to a wide range
of applications, ranging from utilization of inte :retallic reactions in tracer munitions,
as igniters for smoke cartridges and signal flares. in inivared decoys, o
shock and temperature resistant boosters for ordrance systems.

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

SOURCES AND SPECIFICATIONS OF REAGENTS

Aluminum
Alcoa No. 120 Atomized 40% - 325 ms =h 15 u Effective &+
50% - 40 11esh
Alcan MD 44 Atomige?d 219, + 100 mes " 30 u Effective $:ze
2% 4 2072 mesh
13% + 325 mesh
40% ~ 325 mesh
Nickel
Sherritt Gordon Mines Itd., Grade F 5% + 250 mesh 40 u Effective Size

40% + 325 mesh
60% - 325 mesh

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

Titanium

Atomergic Chemical Co., Approximately 10 u size

Consolidated Astronautics -30 + 100 macsh, 100 u Effective Size

Atlantic Equipment Engineers, -50 + 100 mesh, 60 u Effective Size
-200 + 325 mesh, 30 u Effective Size
-325 mesh, 10 u
10 u, 1 u Effective Size

Zirconium

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

Carbon

Gragphite No. 41B, Consolidated Astronautics, 0.5 u Effective Size
Shaningan Chemical Co., Actylene Black, Agglomorates 1
Fines <10-2 4

Boron
Research Grade, U.S. Borax and Chemical Co., 95% Research, Effective
Size: 2 u
Atlantic Equipment Engineers, 90— 92% Grade, Effective Particle Size: 10 p
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APPENDIX Ui

PROGRAM STATEMENTS FOR LINEAR RATE STUDIES

Program Description

The program performs the following operations in sequence:

pt (1) Calculation of the temperature in each length increment (slice) of a rod-
L shaped reaction body over a series of time increments.
5 {2) Calculation of the extent of reaction in cach slice over : series of time
v increments.
ol (3) Use of a measured spectrum of particle sizes in caleulating the rate of
nd 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.
-
,,,3’! Input Parameters
N The follewing data are read in:
C heat capacity, cal/deg-g
e RO density
o KT heat conductivity, cai/cm-deg-sec
, DO preexponential factor in Arrhenius expression
S E activation energy, cal/mole
o Q heat of reaction, cal/g
v EPS cmissivity (currently set at 0.9)
¥ .
R radius of rod, cm
, XL length of rod, ¢
XSOFO nominal thickness of low melting metal in mixture particle, em
XHARO nominal thickness of high melting metal in mixture particle, em
. THKO nominal particle size, cm
- CONS initial concentration of low melting metal
HE@ DX thickness of each slice (distance increment), cm, not less than THKO
S FT number of DDT in DT, chosen to be 20 (see discussion)
: TEMIN temperature of ignition source, °K
. TIMIN heating duration, sec
" TO initial temperafure of sample (usually 300°K)
ol p constant (around 0. 10), selected to adjust magnitude of DT (see discussion)
MXT maximum number of {ime increments desired
TMLT melting point of low melting metal, °K
HFU heat of fusion of low melting metal, cal/cm?
«
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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 vumber is
the normalized frequency factor for the ! ize increment. The second is the thickness
of the low-melting metal, and the third is the thickness of the high-melting metal
in each particle. In this mannei, variations in density and composition of the mixture

constituents can be accounted for.

The first section of the prograni calculates certain quantities needed in sub-
sequent computations, sets up initial conditions for temperature and for the unreacted
material, and prints out the input data. In rthe 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 along 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 nwumber of smaliler increments, DDT . That number is determined
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 b used directly to compute the heat
evolved and the fraction of material that is stiil uareacted.

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

Thermal radiaiion 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 resulis, 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 *¥3/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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cannot be evaluated pronerly it DT is too long because the res~cion will be completed

in all slices during the first few time increments, In this case, evaluation of the speed
of the reaction front might not 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.
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e
is
q
Je
Aw
X
L]
Qe
1c*
11+
12+«
13«
14+
19+
4®
7s
18
19#
2ce
21
22
23e
249
A% e
24
27
20
29
3Ge
34
15
33e
34
32
34
37+
38«
39
40+«
41
42
43«
4G4
45«
46w
47
4N=
4G
H5C#
91
B
93w
Gde
55
54w
57«
590

A0OO0OD0ONOOO0

DIMEjGT0d TC10C.3Y, D{LCO, 3)s FLL0043i
piMENST0 SPRl15)e XSFLL1%)e XuR11S)
DIMENS]ON XSIFL15), XHAR(1D), THKE1%) e SPCOt13), HOVSILD)
DIHEHS 1T THSOF (3007 3:15) PRCX{160:3415)
DIMENSTOR SOLF(300:3}
REAL XY
300 -FORMAT{NELD3?
302 FCRMAT(4EL0,3s 1100
400 FCRMAT(1HD €l ¢ 3 +ET 202X06K RO # JETe2:2%6H KT %agT202X06H
oph FagTe2202¥: 6K E 2 se7y202Y A Q@ = 1E7.Z22X918HEPS ¥ g2/
402 FORupATILH 118K 6HRANTUSS Xoop  NgTHI 60X HHIGH TEMP I SX1BHIGN T Mg e 5X
e, 9H4p AT S1ZE,9%, 6HDELTAX s 7% 6HDELTAT)
404 FOR¥ATILH n5X'ﬁH9CTUALu‘X'/(E10-403X)//)
406 FchAr(//liu.ZX, HY 1NQEXa4X-7HRL TIMEs 4K THY INDEXoQX.7HRL plsT
€3¥, HUNREACTED, IX THIRL TEMP 5%, AHDE T - M) X0 SHODT» BX 4 DHTHSOF)
w6y AH R?x/)
408 FCRM.TCMY , 3%, 145X, 69,4, 4%, 14,3%,8(2X,E9,41)
410 FORMAT(1H 218X 6HSOFLAY ¢+ 7 X! SHHARLAY 86X BHSOF CONS19X18HF  RATIO05X
0, OHI0OMTEMP, 4X, AHFT INPUT X 6H44XT 1)
412 FCRMAT(IH »®Xa6HACTIAL I 4XaELEL104 4, 3X) 0 [14)
420 FCRWAT(iHU:26X'1HSPCOI15X:‘HXSOV;15X.4HXHAR-15X13HTHK)
422 FCRUAT(LHDN 20X, 4 CE10,4,10X))
430 FORYAT(16Y
432 FCRYMAY(AELD,4)
A4 FCRMAT(LIN SXs16HMELTING POINTY = yFLU«1e2Xa DHDEGRRE K15Xo
{1 7THHEAT OF FUSION = GFA0 42X P AL/ gMred)
REAn(5,432) (8peli)y XGF(1)s XHROTD, 194,15)
KASE = O
200G KASE # XASE+1
1F(KASE *EQ, 1) WRITELG, 4401
440 FCRMAT(1HLP10ATIR2 30 MU)
1F(KASE -EQ, 2) WRITE(G,444)
442 FCRAAT(1HL»3OHTIR2 60 MUD
REan (%43070) C» ROy KYi)Oe ¢ O EFS
REAN(S,3°0) R XL XSOFOe XHARO: Twke CONSe DAs FYT
REAN (5:302) TEmIN, TIMIN» TCs P, MXT
REAN(S,3°0) TMLT, HFU

UPDATE PARTICLE SIZR DATA
IF(KASE ESQy 1) DEN 3 133343
[F(kASE £G, ) DEN=660.6

DO 150 L = 1, 15

SPcalL) = 52CLY/249,
XS0 (L) = XSF(L)/DEN
XHARCLY = XuR(L)/DEM

150 cCHTINUE

DEFTHING THE CONST TS

NL = TOT. NUilggR OF SecTIONS (N ROps INCLVD ING 2 4pDED
VSgeT = Voulie OF SECTION

aLATS = LATENal SURFACE ARER CF SECTION
AENDS = [ND SUKFACE AREA OF SFCTION

SGHEPS @ SIGNASEPSILON

XL = LENGTH OF ROD

R 2 RaAplUS 0OF ROD

XSO07F = THIGKNESS OF SOFT METAL

XHaR @ THICKWNESS OF HARD METAL

CCNS & INITIAL CCNCENTRATION CF SOFT METAL
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73

$9s
62
01
53¢
63e
6i%
68
£4n
ATe
68+
65¢
70+
74+
724
738
Ta»
72
bA:Rd
77
78
7ie
ap«
R
B
B3«
B4«
Y.
84
87
88+
89
90+
Gyw
93+
93e
G4
94
94
97
98
99
400+
101
{02»
103
104+
108
106»
107-
108¢
109~
11G»
{11»
112»
113e
114>
11%e

116«

QOO0

[aXeX e}

O OO0

136

100

138
102

140

TEMIN = [ONITICN YEYPER, “ ~E

TIMIN =z 1GNITION Y14

MXT 2 MaXIMU't NUMBER OF TIME [NCRE4F4TS
SPcn & COEFFICIENT OF S1Zt DISTRIAUTION
THKO ® NOQYINAL PARTICLE SUZE

VESECT = 3,141504Ren2en)
ALATS = 6,285148ReDX
AENMS = 3,14159aRes2

SGMEPS = 1,37¢=~12¢gpPS

NL 2 tFRIXEXL/0X?

IP(XL/DX » FLOATINL) +GTs U043} NpLaNL+L
NL o N *2

NLM = NL-1%

PO 138 1=1.15

THKC ) =XSOF{ 1)+ XHAR( Y

HOVE (1) 2XHARC 1Y ZXSOF(])
CONT INUE

PROYQ = 5,0z~08

DT = PaCsRONNX#e2/KT

16T = IFIX(TIMIN/pT)
TECTIMIN LT pT) 1oTIM 3 3
HFU 2= HrRU®XSOF/ (XSOF+XHAR)

INITIALIZE TO1a1) aNp FUI4L) YN THE SECTIONS
Fl1.1) allp FONL, 1Y WILL NOT BE NEEDED

T01,4) = TEMIN

D0 10 1=2»NL

TOred) » TO

FUls1) ® 4,0

SCLF(1,1) 8 1,0

CONTINUE

INITIALIZE THSOF(TsieL) AND PROX(1,1,L) IN THE SEGTIONS
DO 172 1224NLM

DO 138 L=1,15

THSOF( T 20L) 3 XSOF(L)

PROX(1,1/L) = PROXO

CONT INUE

CONTINUE

WRITE (6,400) C)ROKYIDOIEIGIEPS

WRITE (6,402}

WRITE{E 1 404R) XL TEMINS TIMINS THKOWDXo DT
WRITE(6,410)

WRITE(6.412) XSOFOsXMHARGICONSiPaTOFT o MXT
WRITE(6:434) TMLT) HFY

WRITEt 62420}

PO 140 L=1+45

WRITEC60422) SPCOCL) g XSOFILY, XHARIL), THK(()
CONTINUE

START CaLLCULATION, THERMAL GONDUCY. 1S INDEPENDENY OF TEMP.
START 00 LOOP FOR TIME INDEX J

00 1'8 J=1.MXT

M AND N TaKE UP YaLUES %42 AND 3 CalcULATED FROM J

M s MOD(Ja3) *+ ¢

N = Moptueis3)ey

pe L00Ps FOR secT1ONSs OF ROp

36
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. 17« ¢ DIFFUSTIOM COEFFIZIE'YS CHANGE WITW J AND 1 BUT NOY WiTH K
A 118 DO 4 '8 I1=2/NLM
) 118 DO 148 L = 1,18
te 120~ IF{THSOF( T vsL) «NE. 0,0 GO v0 132
’ 121+ THSOAFC T eMol) » 0.0
e 122+ PROX (oMo} = THK(L)
- 123¢ GO TO 146
"y 124+ 132 plIsM) & POREXPL~E/Z2,/T{1 N
' Y - 125+ KN =z 0
[ 124+ poBT = pT/FY
' 12/ 134 KN 3 kN1
{23+ pDT = DOT/KN
& : {29> TAM = DU1,M)I«0pT/PROXT, ML)
- 130+ IF(TAM «GTe O.S#THSOFi1sMiL) JaNpDa DTZDDT «LTe« 25.) GO TQ 134
- 134% THSAEF(TMaL) = THSOR(TNoL?
g 132« PROXS{ L Mo} = PROX(I)N,L)
s 133« KFT = (FIX(pT/poT)
- & 134 ¢ :
138« ¢ MAaTERI AL DIFFUSION DURING EACW DT
o 134 DO 124 JL = 2, KFT :
k! {3re TaM = pUIaHI=0pT/PPOXETHM,L)Y
138 THSOF (T MaLY & THSOF{ T Mol )~TaN
139» TF(THSOFCBoMaLlY LT, 0,51 THEOGFI1aMsL) = 0.0
P 140# PROX( T Mo ) = PROXCI,MiLVeTaMa(d, & povs(L})
o 141 IF(PROX(T)Mak.) 4 GTo THK(LIY PROXC1M,L) = THKILD
k 142+ IF(THSOR( 1 aMe) +gT. L.0guCéexsopi{|)) 50 YO 124
ity . 143+ THSOF(TaMal) & 0.0
{44s PROX(t, ML) = THKLL)
?;ig . 14%s GO TQ 148
et IS 146+ 124 CONTINUE
" : 5§47 143 CONT]NUE
3 : 144% ¢
g L 149+« c CALCULATE FEI M) aND CHANGE N FCi,M)
AR 150« SXSOFE0.”
* 154w STHSOF=0.8
-3 . 152+ NG 142 L % 1,15
S < 153 STHSOF 3 STHSOF+SPCOLLI*THSOR( T cMaL)
(3 o 454 SASOF & SKSOF+SPCICLIAXIOF (L)
A P 159+ 142 CONTINUE
3 F 1564 F{lsM) SSTHSOF/SXSOF
ﬁ " 157# DELE ® FUR ) me (] ,N)
g § 158+ ¢
:‘q; i 159« ¢ CALCULATE HEAT EVOLUTION (CalsgMea3)
A 160+ HEV = =nELF®(RO®G + (1.N=SOLF(Tep)sHpUd)
[ VS M ULat T RupIaTION (Gal/cMse3)
* AlgULATE RHE DIa N (il /sl
'éﬁ : 163‘ ¢ ?F(? .éﬂ- 2‘A?0 o tliz
e 154« {1 «gQ:¢ T 0 S e
- oM IF(1 8 Hen) G0 To
- 1606« 114 Splg=qgTiM) 418,118,120
me & 167« 1468 HHA T ALATS®SGMEPS®(T([sNI*ed = TOswg)
@ . 168w GO TO 116
RV I 169 120 HRA = (ALATS+AENDSI*SGMEPS®(T(TiNIsud - TO#s4}
) g 170% 116 HRA = HRAeDY/VSELY :
= 174w DELH 5 HEV = HRA
wor 172+ ¢
5. & 173+ ¢ CALCULATE HEAY CONDUCTION IMDEPENOENTLY OF RADIATION AND REACTION
by I 174+ 144 TUL MY & Po{TOI 41 NITEIn N ) ~(2wP -4 22 T(1WN)
[ 2R ’
Ay
*
-
*° -
.
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$7%e
178
17%s
178s
17§+
180
18¢»
182«
183»
154
1458+
154+
187+
188
189+
190+
191#
192+
193
194e
199
196»
197+
194
199+
200+
201
202+
233«
24+
208
206
207+
208
209+
Aice

- 211

212+
213
214+#
219
218»
217+
210
219

2z0»
221
222+
22)s
224
22%.
220
227
228+
229
230+

234
2320

[&]

148

144
162

168

146

170

172

174
108

*ERRORS

126

128
106

REANJHST TEMPERATURE FUR Z2%mI4TION &%y TacTi™w

TOLIsr1) 2 T(].%) & DELW/C/RO

TYAY 3 T(1,\)

IF(ECToM) LTy 1.06~0%) GO YO 178

[FOTTAMTU] M)y 162,164,168

SCLF(1.M) = SOLF(Y,H) p)

GO TO 108 Oy

[IFCTCLsM) oLEe THLT) GO TO 164 R,

HFM = (TUpsM)mTMLT)w C#RO Ry

HFMT 3 WrFUsFCLaM)esOLF( o N} O,

IFCHEM 1 GE+ HFMT) g0 TO 168 97 -
SCLE(T»M) 3 SO p(1oN)R{L O WPM/ HFMT) (f

TCLaMY 8 TMLT

GO T0 10f

SCLF(sM) 7 0,0 -
HEM = HEHAHFAT

"TCIaMY 2 TMLTeREM//RO

GC TO 108

IFCTTAM 6T TMLTY GO TO 170
SOL‘F‘ [;M) s SOLE!taN)

GO To 108

TFOTCL M) o Te TMLT) GO TO (72
SOLs{1.M) 2 SOLF{14N)

20 T0 108

HRE = (THLT-T(1aM)Y#ceRO

HSLY 8 WrUuer{loM)#{1;0m80 F{T1N)}
IF{HRE «GE> HSLT) 60 TO 174
TOLef) = THLT

SOLF(1sM) = SOLF{JaN) * (1¢0-SOLFC [aN))*HREZHSLT
GO0 T0 108

TCLeMY = TMULT*(HRE~RSLY)/ /RO
SOLF(1,M) = 4,¢C

CONTINUE

BOUNDARY COVMDIT!IONS

T(1.M) 3 TEMIN

IFCY oQTe JGTIM) T{L1,4M) ® T{3;M)
TONLsMY = TU(HL=-2.M)

FGR HRINTOUT PATTERN

IF{J «LE+ 100 .aND. MAD(J210Q) .EQs 0) GO YO 126
TF{Y WLE+ 50 o 4NDe MOptJe®) "Ry 0) GO TQ 126
IPCY WLE+. L0 saNps MODtu: v ) g8 TO 126
IF(J WEQR. 1) GO TO 126

1FCJ JLE- 800 «aND., HMODOJ.. +EQ¢ Q) GO TO6 126
THE NON ARITHMETIg STATEMENT 1S MISSPELLED.
1FCy +gT: 80U AND» MOp{Js®0) «EGs O) GO YO 128
GO TG 106

HEADING FOR PRINTOUT OF ARRaYS

WRITE (6,406

DO 128 [=2/N|M

TINE = J*nT

DIST = (FLOAT(]) = 1,%5)epX

1] & =2

w517536.4oa> Ji TIMEs lle DISTs FOLiM)s TCIaMYe DULsMIHRA '
CONT [NUE

CONTINUE

Go vo 20
END
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APPENDIX IN

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 Appeandix II.

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

The input procedure is the same as shown in Appendix II, The form of output
is also the same.

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.

Thus, the list ¢f i data for this program does not include the distribution
of particle sizes, the . iting point for the low melting metal, or the heat of fusion.

The program statemenis foliow.
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Se
10
1le
12
1le
1de
15
14e
17e
ile
19
QCe
21e
e
23
24
f.

24e
27
e
29
3Ce
31
32s
33
4w
33.
38
31
JRe
3G
4Pe
44
47 e
4%
A4
4%e
4¢84
47
4de
490
5S¢
5ye
52e
53e
S54e
5%
58
57
LA
59
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[raegen Te30),30, DM329,38). FLyno, v

DLACNG I PITIIC W), 18 T(300, )
RIMENG T Ta30F (300,30, PHO¥(100,3)
CIMENErAn V2,
RFAL T, LA™NA, KT

300 FCRATCICIC M)

N2 FrRaTidrye hiry )

470 FERTIIML e, ¢ o= g7 20F kb B0 8 - T 2428 KT SigT.2.2X06m
SAC 070 242%060 £ 2 apT 200X 8 G 3 apT 202X bHEPS B g 7.2/ 1)
402 FERVATII 2 1RX, 83 S e T u s AL EagTme 6% S gN TEMPaSX o Bp1gh LNGT ¢ 5X

B3P SH1ZESXabHnt LTANs TR OLEFLYAT)
404 FCQ“;T(!LIn‘(»Gq"TUALo‘XcI(Cio.lu}i)//)
408 FCRMATI///3ua2xy 7aT {NppXa O TS TR 4X ThX [hpeXs 4% TR plIST,
83X WUIRIEACTED s e ik TE“V S, Aun (1 oMY 06X IDUT s BX 2 YHTHSDE,
86% . 1,;PR0X/)
ANR FCRYATILH o Yo 14.5%)E?,4,) 4%, 14, XX 82X EY.4))
A0 FERMATIUN L IRX,ARSOF LAY, 27X  AHNATILAY, 8%, AHSOF CONS,OX s BHF RATIO, HX
S ALIGN CONUa X, RHFT [VPUT, O6X. 6k 2XT] 1)
412 FORMAT(LI »3K0BuasTUALS4X,0({E10,443¥%),114)
486 FCRATU/Z/I0N LM LTEMP ¢ JET AVBNRLTENPOLAXLLINDLTIME & »p94 4,
COLRLT 1Mz 44 LINLLDISY & JE9.4,ARRLpIST)
A48 FCRULATOA/7400 33, TEY A/ TAY N DRTETAZDIETA2  ~12XsEV 45 12HUF /DT
BAL = GE9. A L TETaA AT TOR))
430 FeR14T16)
PATA VL, VE2) vl 3, vla),ulB) /7 Cimtat st AKX " LYAEAN SR PR NLN b 1
'/
Dava VA, vlAY,y010),vla2)/%dx, 'y *Caate’ s *L1ux)ete Tl1mg)) '/
REAN (5,300 C, RO, KT,,Cs E+» Qs EPS
READ t5,300) R, XL, xSOF, XWAR, CON3, DX» FY
RF AN (95,3n2) TEMIN, x1, KTI, P, MXT
DEFTHIING THE CONSTAYITS
ALu.vs SEY &PS 2 0.0
ETAT, RADIUS, THLLJIDINA IGNITER ® X1oX|
NL t TOT. NIIggR OF SHELLS IN CYLINDER., INCLUDING & IN IGN]TER
XL v cYLIN(OPICAL THICKHESS (F SAMPLE 'IOT INCLUUING IGNITER
XSOF ®  TWIrANRSS OF SOFT AETaL
XH AR & THICCIESS OF WARD “ETAL
CONS & T'1TIAL CONCEMTRATIUN £F SOFT MgTal
TEMI'd 3 INITIAL YEMPERATUKE Of 1GNITER
Y] 3 RAMTUS OF [GMITER
KY] = WEAY CONQUCTIVITY OF IGAITER
MXT = MAXTSUT MUMBER OF TINE [NCREMENTS
TC ¢« 330.n
NLo® TR IXOXL/ZIX?
IFCYL/pY » BELOATONL) «GTy U45Y HLeNL+L

X1 U R R S &
NUM = M-t
ThK = XSOFeY.aR

HCVS & X1 aR/XS50r
APERS = Tun/110,
pPROYQ ® 5.0g-08

DY a ReZeRONX+82/KT
DX1 = SARY{(aTekT/(peCceRrQ)!
AM » ¥1/Dx%

FACTL = 1, * 1./aAM
FACT2 = 2, * 1./7aM
Al = (X] = NDXylee2
ACU = pX1e(2.8x1-D0%1)
TEMRF = 2,/¢
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E 67«
6Ae
A9e
(e
71
7de
73
T
The
746
7%«
7Re
79«
8o
H1e
Al
hila
Bde
BYe
b
87
ABw
AG»
9L~
91®
92«
Qs
Qdw
S%e
Qbe
97
QA
9G e
10Ce
104»
102e
igle
iN4e
119
138«
1Q7e
108#
109+
110
, 114
112«
111
114
. 118
116
117

-
" - 4 b p L
w7 e, AT Tl M B E T 3 - ¥ , -
e BRI N g Y 2
il i TIMPITICDE FARE, PRYLSPCGIIY 101 B8 M S 1 A e gy DS L AFRCT 3 T8 A RO T e =

i0c

102

132

134

AL e e o oA

TIMFF = 2,00/ (CoteX50Fe®2)

DISTE = SART(2,eneposR0/ (KTepaxSorue2))

GAMMA = Z.9Q/C/E :
LAMDA 2 O s

0
INITIALIZE T(1,4) aNp F(l142) IN THE SECTIONS
FCi,1) allp FONLO1Y WILL NOT BE MEepEp
N0 100 1=1.NL

re -

Tl1,1Y » 70
IFCT gl 1) T(1s1) & TEMIN
CONTINUE

F(ipl) ® 0.0

po 172 122,MLM

FCie1) ¢ 1.0

TRSOFC+1) o XSOF

PROX{1,1) = PROX0

CONTINUE

WRITE (6,400) ¢:ROIKTIpOIE Qe gPS

WR{TE (6,402)

WRITE (6.404) ny XU s TgMpke Xy» Tuke pXe pT

WRITE(Ks410)

WR{TE(6,9412) ¥SOFs XWAR: GUNSs Py KT1e BT HXY
WRITE(6:416) TpmPey TIMEFs niSTF

WRITEC62448) GaMMAY LAMDA

START cal.gULATION, THERMAL cONnpUgY. 18 INDEPENDENT OF TENP.
START p0 LOOP FOR TIME {NDEX

DO 106 J31»MXT

M aND M TAKE UP VALUES 492 aND 3 caLcULATED FROM J

H & Maplde3) + ¢

N 8 Mapldete3ds+y

Pt LOOPS FOR SEcTIONS OF RUD

DIFFUSION COEFFICIENTS CHANGE WITH J AND 1 RUT NOT WITH K
DO 10A (=1)NLM

IFC1 JER. 4 GO TC 114

tFCTHSOF( 1o NY oNEy Go0) GO TO 132

THSOF¢ 1) 8 0.0

PROX{( 1.4 2 THK

60 T0 i1

DUIWMY ® DOREXP(~E/2,/T( ] N))

KN = O !
DOTClsMT 3 PT/FT

KN 3 KN*1

DDOT(iaM) & DDTLI,M)/KN

TAM = pCl1aM)eppT{T,M)/PROX(TWND

TIFCTAM oGTs DySeTHSOF{T/NY) GE TO 134
TRSAFL1H) ® THSOF{ )N}

PROX(1,4) 3 PROX(1+N)

TETCLAMY & TFIX(DT/DDT(oM})

KFT 2 (FT(YI.H)

MATERI AL NIFFUSION DURING BaCH DT

NO 124 L=2+%FT

Tart & pClLyMYeopT( 1 MIZPROXCY M)

IFCTAM oGTs THSOF(]/M)) TAMSTRSOFC] M} :
THEOF(1401) @ THSQF(14M)=TAN

PROX( [oM) ® PROX(T,MISTAMSL . + HOVS) ‘
IFCTHSOF(1eM) LGT L,0E~08%XSCFY 60 TN 124

THENE(T+11) 8 0,0

PROY{ 1sM) &8 THK

G6C TO 11° ®
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118
116+
I
1.1»
122+
123
124
1%
{l6%
127
124
1729+
13C»
151e
§32¢«
133e
134
138+«
138«
157>
13R4
156G
14C
141
142+
143«
144+
14
14€n
147
jefe
146G
15C«
151
157
153
1a34s
1%%
154«
157«
158
159+
LY
161
162w
1423
164«
169+
166w
167+
isfs
166.
1700
174
17%¢
1734
174
175«

(9]

124 CONTINUE
CALCULATE FUT MY AHD CHaANGE [N FOL, M)
10 FOp MY = YHSOECYL I MI/ZXSOF
NELF = FlaMI=p{aN)
IF{nELF 6T 0.0) pELF 8 040
CALCULATE HEAT EVYOLUTION (cal/gMeel)
HEV = ~RO®GeNELF
CALC'ILATFE MELT RADIATION (Cal/CMlesl)
DELW T wpvY
CALEULATE REAT QNI TION 1NpEENREH™LY OF RADIATION Al REacTION
IF()] «GE- <€) 0D TO 114
104 T4pan) 2 pe T O NI+ aCTL#T I+, Y~ (PoFAGT2=4 28T [
TAM = (Y8 0U+ T eNI#AIN)ZX 882
TLLLMY 8 Tav
GC T L08
146 TU1i) & PolTlp= M)+ o TLoT(+1, "))~ {PoFscT2=1, 0o TN}
REAAJUST TeuwPpRaTURE IR RADTATION atp REACTION
T 3 T M) + pELH/IG/RO
108 UMY MyE
ACINDARY £0NDITLGMNS
TENL M) = TUIL=2,t)
[F(Y JLe. 0L aND. MODCJ30) JEQe O) GO TO 126
04 Les 31 aaNpe Monlgas?) gQ. 0) 60O TO 126
IFLJ WLE- 10 oaNDe HODGYe2) «gQy 0) g0 TO 1726
1wl h- 2) 60 TO 120
FOR FRINTOUT PRTTERN
1F(J JLE. 507 ,AMD, MOD(J.90) (£@. O) GO TO 126
TF(y oGY. 50C JAND, MOD(Jy200} 4ER. 0) 6O TO 126
GC TG 106
HEARING FOR PRIMTOUT OF ARRAYS
126 WRITE (5.408)
pC 12R 134NN
Tine = JenT
DIST = (FLOAT(1) = 1,3}4DX
WRITL(E4408T U, TiHE» [0 O1STy pliemds TCramir 01adde ppTEIIMY .
*THSOF( 1) OROX L2 M)
128 CONTINUE
NC 142 1=2,N0M
It s 1-1
IFCT] WNE. 3 «aNps MODETTIL0) WMEG ©) GO TO 142
LSOF = [FINITHEQFC [ MY/XPERS)
IF(THSOFC 1 WY/%PERS » FLOATILSOFY +4T. 0.5) LSOF = LSUF41
IF(LSHFE «LEs 0) LEOFsL
LPROX = JEIX{(PROXL1,MIZVPERS]
IF(PROXU T MIZ/XPLRS - FLOAT{LPROX) Ty 0:5) LPROX = [PROX*1
1FLLPROX oLE. 0) [ PROXEYL
LHAR 3 1310 = |S2F - LPROX
TECLHAR < LEy U) LHpR®L
ENCOADESCPRINT7e430) 8OF
vi7) 2 PRYNT?
ENCODE{2RINTS,430) LPROX
V(9) £ DR!NT?
EACADE(PRINGLY 430) LHA4R
vii1) = pPRINLL
SRITEVEIVY 11
142 NCNTINUE
106 CUNTIMUE
END
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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 800°K, At this time, the heat flux into the first
slice vanishes, «und 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 fux.

Input Par: meters

Thermal Conductivity: 0.017 cal/ecm-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

TABLE IV-1 METHOD OF IGNITION FLUX CALCULATION

Slice Temp. | Temp. Diff.' Time Temp. G1,‘adlentTIgnition Flux Chan'ge Of. Temp.

T (°K) AT (°K) (msec) AT/1/25x (cal/cm? sec) With Time
(°K/cm x 10%) (AT/Atx106)

300 500 0 12.4 2120 2,86
341.7 458.3 0.1742 11 & 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,¢ 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 Y 0 0

Results

Ignition Time * ,.........., 14.5 msec 2

Average Ignition Fiux over 14.5msec ....... Cheaeeae 170 cal/em”sec

IENitior Energy ¥ oi. viceevsernosrornoscniocsosssssssresscancsoses 2260 cal/g

*Ignition time is less than ignition delay, as ignition delay is the time required to
approach reactio,i‘x tempe cature.
**Energy: Cp Z%T t
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