
AD-765 447

FORMATION OF PYROPHORIC FRAGMENTS

Warren W. Hillstrom

Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

June 1973

I I

DISI 11BUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151



MEMORANDUM REPORT NO. 2306

(Supersedes IMR No. 46)

FORMATION OF PYROPHOR IC FRAGMENTS

by

Warren W. Hillstrom

J une 1973

Appro'*vd for putlic reies,; distribution unlimited.

rP prOd - by

NATIONAL TECHNICAL
INFORMATION SERVICE

I~ A 2 V~ 51

-JA BALLISTIC RESEARC;; LABORATORIES
ABERDEEN PMOVING GROUND, MAXYLAND



- Unclassi fied

DOCU#418T CO)MTROL DATA. R A, 0

IOUG IN A TING A CTtI V (Cra-IO *qW&W).R~C~ EU~1 I ~f6CIO
USA Ballistic Research Laboratrories u4isi~~

F Abeirdeer Proving Grclund,Md.21005 b

3 KWEPO.RTTIL

Formationi of Py,.-phoyic Fragments

A. DESCRIPTIVE NOTIS (Kypp o~f r"w and kiwhmi"w 4itoa)

BRL Report Junok 1971 - OJ-cember 1972 -

a. ItUTHOAS 0~~ 0 Irda 77U"flf. --.wliS

Warren W. H'llstrom

S ftawYAV ATIK Ta TAL NO. 0~ IV' QS lb. haO. OF NKF'S

;JiNE 1973 _________ 39 1 1____
SCON~TACT O R GMANV NGOI#NT t RKPONT 10VWXIRS&

NI A
b. O RlT&E 1TCJ611I02A33FE BRL MEMORANDUM REPORT NO., 2306

C. be OTHER REPORT 640490 (A*)' OW1~ A~~sE IiP lYS be a0*41WW

~OIS!AISUVICH4 STATEMAENT

This docum'ent has beer, approved for public release and sale; its distribution is
unlimited.

.SUPPLiMrtNTARY ~I NOTE$~fIM MLTAR CTV

Supercedes IMR No.46 1US -Army Materiel Command
5001 Eisenhower Avenuu

-~ _____Alexanu(1ria, Virginia 2304

An evicical correlation was developed to predict pyrrkhoric sparking from two
properties: (1) the standard free energy of formation per oxygen atom in the
metal oxide and (2) the metal oxide voIlume compared with metal volumfe.

The ignition of pyrophoric metals is usually studied with very small par-Arlce
sizes resulting in very 13rge surface effe,,s. A simple impact test was developed
to ftudy l.Arge py-xophoric pellets and the formation of free fly~rg fragments in the
1 ;b o rat o- ri, This paper- descrFihes the tes! and reports test results for cerium,
misch wecwi, zirzonlaw, and titanium. Each of the metals exhibited different
threshola :onditions for initiation of py-rophoric sparking. An experimental

cr~$~im aS (1efind Fs t~o Lower Glow TeMpeTfntdrO,

th!

SSI



Unclassified

'4 LtWN' A L"K I LINIT C
K(KV WO~RD*

POLK WT p T

Pyrophoric Metals
Incendiari es

mbist ocombustion
,.active fragments

mn sch metal~

zi i,,ccni



11A L 1, S T I C RFE:S EA RC i T A B0RA TO0R 1 E S

HMfMtDUM REPORT NO. 2306

(Supersedes Im, No. 46)

JUNE 1973

FORMATION OF PYROPHORIC FRAGMENTS

Warren W. Hixils'-rom

Terminal Bailistics Laboratory

Approved for. pubflc rvease; di riLu~tion unllimittd.

ADI fl' Rt 6 ~ O2?~



B A , L I S T I C R E S E A R C H L A B O R A T O R I E S

MEINMRANDUM REPORI NO. 2306

Wli 1 istrom/mba/2532
Aberdeen Proving Ground) Md.
Jpp 1973

FORMATION OF PYROPHORIC FRAGMENTS

ABSTRACT

An empirical correlation was developed to predict pyrophoric spark-

ing from two properties: (1) the standard free energy of formation per

oxygen atom in the metal oxide and (2) the metal. oxide volume compared

with metal volume.

The ignition of pyrophoric metals is usually studied with very small

particle sizes resulting in very large surface effects. A simple impact

test was developed to study large pyrophoric pellets and the formation

of free flying fragments in the lab.)ratory. This paper describes the

test ana reports test results for cerium, misch metal, lrconiun, and

ti auum. L.,ch of the metals exhibited different thre:-hold conditions

for in iti tion of pyrophoric sparking. An e.perimental criterion was

deftLred as the Lower (;!ow Temperature.

Preceding pag bIa k 34
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1. INTRODUCTION

Pyrophoric materials are defined by Webster as those that (1) ignite

spontaneously and/or (2) emit sparks when scratched or struck. Many

materials ignite spontaneously in oxidizing atmospheres as a result of

their extieme reactivity. Examples of such materials are mretal hydrides

and alkyls such as lithium hydride and trimethyl aluminum. Dusts of

very small diameter metal particles may also i3nite when exposed to air

at room temperature. The ignition temperatures of these dusts usually

v'ary with particle size and surface history. 1 ,2,3

In this exploratory study, we are concerned primarily with the

second definition where bulk metal pieces spark profusely when ground,

abraded, impacted, or otherwise subjected to mechanical shock. Pyro-

phoric sparking is a unique, little understood property of a few mel'als.

It is the purpose of this work to investigate the nature ef pyrophoricity

and furnish a method for distinguishing between materials that are pyro-

phoiic and others that are riot. Both empirical correlations of the

available physicai properties of the elements and an experimental test

ot pyrophoric sparking were employed toward this end.

Cerium, zirconium anid uranium are most commonly described as pyro-

phoric metal.; in terris of the above definition. Some of the chemnical

arl physic,'l properti-, of these metals are shown in Table 1. Cerium is

the major constituent of misch mnetal which is used in the manulfacture of

iighter flints., The ease of sparking of lighter flints is well known.

Pie characte- of the sparks from, present day lighter flints is somewhat

di ffVVCrent fromi the oldA flint and s;teel sparks- . Te fo i111er igni te hvdro.-

c-arhon fuel-air m ixtures while the old flint and steel sparks could only

gni t t t rome I) fi ammal le mate ria Isuc as tinder oi- charred cloth.

S;parks fromi pyrop'io ic materi als soflot iflA multi ply in dramatic

cascades,

ivl shown in T'ab e I , uran."um. )AS Li rel at i e V low s pn tneous

t a it I C11pe rat "AT . 6Ihen _UCh teilpe)riiLIV atur 'A'epre, 1~ ~~

Precedinig page hl.,.Ii



been measured for rpowders. The results are seen Co vary greatly With

particle size, surface oxidation, and surface history, such as anneal-
9 10

ing and the :)resenc,! or 1;,ck of chemically or physically absorb)ed films.

Table 1. Properties of Py'-ophoric Metals

Zr Cc

Atomic Nuimbcr 4  40 58 92
2 ,2 1 1 ' 3 1 2

Electronic Structures5  4d as 4f 5d 6s' 5f 6d 7s

Specific Gravity (20'C) 6.506 6.771 18.95

M.P., 0C~1852 798 112

B.P., 0C4  4377 3257 3818

Heat of Comb., K cal/g 2.8 1.9 1.0()7

Heat of Comb., K calicni 3 18 13 2.

Spontaneous Ignitior. 150 150 1 g() 20
Temperature, aCeI The surface area a' ailable for reacl'Aon is increased greatly by sub-

division of a givc~ mass of material. I-or example, the suritace area on

one gramn of a mate~rial with a density of 2.30 is shown in Taible 11 for
subdivision in c'-bes it'ith an edge length, Z~.

Table 11, Effect of Particle Size on Surface Area'1

26.1I 0t 2 61 .G
lo, 261,000

4. 610. .000

2t, 110 Oo
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Ait th * pu~ mv'a s ~t titoo '34tt ro Nva'ek appre-:~ ably When

~ hv~i- -)ther :Li alies aie fourd s :me additional metal

piope- ty such as -,-,~~s ay have to be to estiniste pyro-

phcr i ci.t Thoriu, r 1so has relativ~ely hiAgh 9reriztivf'r and a hifgh oxide

voluai= Ito t ha~s btt call-ad pyrophoric , bt .s parking Abiity

%AiouLi 15e inv-estigati-d further in the tests de5vribed in this rep~t

Fromn this correlatiott, empirical criteria for -oN.ophoricity we're

tentatively established to det*rmina promising pyropkaovic. mvterials.

The threshold for negative standard free ene~gy of -formation wgas set at

100 since titanium is 101.9 kg c~l/mole/o atcn. Tltaniun 7n bxperiinents

to be described later shows a tendency to spa.rk profusely upv, Lnpa ,t.

The other parameter of interest in the above correlation is the ratio of

specific volumes of oxide/metal, Frori the : a7.j division of pyrophoric

and non'-pyrophoric in the correlation, a specific voioinw ratic of 1.0

was sc1e'cti!d as the threshild. It appears~ necessary for a metal to have

valut.: above both tbreshold crirteria in order to be 3,y-Zopnoric.

Sufficient data were available for 60 elements to esti.,iate their

pyrplor~city according to 1,-hese criteria. Some 14 elements possesi;

properties thit suggest py-rophoric behavior. 11e results are summnarized

in Table IL The elements that fit this pyrophoricity cr4.teria are:

alumiir,~ )ti] Loin1 ceri,.m, hafnium, lanthanrwri neodymim plut in

prsdy :ILLUm !,TMariuno, tharium, titanium, uranium., yttrI.UM, 3a zi.rconium.

11LsAeri-aT5 ! 'hould be testzed furthfiv t. corffrn, their pyrophoric

r-wis Al, ys of pijropho--ic -i h other pyrophoi'ic and pyrc-horic

tI th r yroph,- ± citte-ri a cui. fl o be- cos.4e.od For exami e,

op)Z-'' "n1l'c O.'~ m a t
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TABLE III

Empirical Pyrophoricity Determination
Vol. Oxide Estimated

Oxide Kg Cal/mole/o V-T. ewent Pzrophoricit

Al0 -125.59 1.28 Yes
2 3

AS406  45.89 2.02 No

Sb0 -47 1.44 No
2 4

4Bao 126.3 .78 No

BeO -139.0 2.77 Yes

Bi2 03  - 39.57 1.28 No

r 0 - 94.33 3.06 No
3

- 53.79 1.21 No

Cao -144.4 .83 No

CeO 2  -116* 1.23 Yes

Cs 0 - 75.9* 0.468 No
2 

NCr 0 - 63.6 3.92 NO
2 3

CoO - 510 2. 30 No

Cu.O - 34,9A 1.70 No

Ga2 3 - 86* 1350 No

GeO2  - 64.1* 1 ,23 No

; 23 + 13. ' No

-135.7 1 .62 Yes

-. 74.2* 1.22 No

- 20.1* 8.30 1o

Fe -: 59.0 2.06 No

ia ,t) , 153" 1.11 Yes

"-2 17 1.31 No

L1 2 -- 4 4* 60 No

A,;; 0, 55 7 2.07 N

19 1.32 No

r 1 3 2 S Noit"i

)i S No

U 7,A,



TABLE III

Empirical Pyrophoricity Datermination (continued)

AFf 0  Vol.Oxtde Estimated

Oxide Kg l/mole/o Vol.Element Pyrhorcit_

OsO4  - 17.6 6.12 No

rJO - 20.4* 1.51 No

P4 010 - 72.0** 1.75 No

PuO2  -126* 1.96 Yes

Poo 2  - 23.1 . No

K 20 - 86.4* 0.51 No

Pr23 -48.2* 1.12 Yes

RaO -125" --

Re20 42.5* 4.38 No
27

Rh 0 - 22.8* 2.29 No
2 3

Rb 0 - 50.9* 0.49A No
2 2

RuO 2  26.3* 2.32 No

SeO 2  27.5 1.71 No

Sio - 96.2 2.04 No

Ag 2 0 2.59 1.58 No

Na2 0 - 90.0 0.32 No

Sm203  - 103 1.06 Yes

SrO - 133.8 0.69 No

Ta205  - 94.1 2,47 No

TeO 2  - 32.3 1.38 No

Ti 20 - 32.5 1.29 No

T 02 -140.1*** 1.36 Yes

SnO2 - 62.1 1.19 No

['O -101.9 1.78 Yes

WO3  - 60.8 3 40 No

00. -128 3.10 Yes

V2 05  - 68.8 3.17 No

Y 3 _102 1.44 Yes
-fl - 76.05 1.03 No

Zr02  -122.2 Yes
"2alculated from if 0

**Calculated from AHfo in H!.:ndbook of Cheii stry,N. Lt,,igeJ'Al. 9 d 195t).

***'uli-culaLed from ;'.Ffo in handbook of Chemistry, N. Iange Ed. ,9 Ld., 19S6.



III. EXPERIMENTAL

Metal samples were used as obtained from the suppliers. Sponge

(irregular, fractured lumps), solid ro4. and dust samples of zirconium

as Commercial Grade 11 were supplied by Amax Specialty Metals, Inc.,

Akron, New York. Lengths of 3/16" diameter misch metal rod were purchased

from Ronson Metals Corporation, Newark, N.J. Both 75142 (75% rare earths,

23t iron, 2% magnesium) and 954 (9S% rare earths, 5% magnesium) grades

were used. A typical analysis of the rare earths in misch metal is 53%

cerium,24% lanthanum, 161 neodymium, 5% praseodymium, 2% other rare

earths. Pure cerium (99.9%) ingots were purchased from Research Organic/

Inorganic Chemical Corp., Sun Valley, Calif. ar,.1 carefully machined to

the desired shapes. Lump, reagent grade antimony was obtained from

Fisher Scienti.fic Co., Pittsburgh, Pa. Pure aluminum and copper rods

were obtained locally. Irregular lumps of titanium metal were purchased

from Fisher Scientific Company as fused titanium metal, C.P.

IV. METAL TIMPERATURE EFFECTS

A. Misch Metal and Cerium

In order to test the ignition of metal samples larver than dusts,

metal samples ranging in weight from a few milligrams to several grams

were heated to temperatures at and above their reported "autoignition

temperatures." For example, 75M2 misch metal was heated at 2000 in air

for 3 days without glowing, burning, or sparking. It only corroded or

oxidized slower. This is in contrast to Its reported autoignition

temperature of 150-180 C. When the misch metal was heated at higher

temperatures (600-100,0°C) in air it glowed bright orange, but still no

flames, sparks,or bining were seen. In an arson atmosphere the misch

metal did not glow brightly when heated at 850C. The same piece glowed

brightly Tihen .-ubsequently exposed to air. Thus, the glowing t-parent'y

results fr- i xidation reaction.

19



This bright orange glow was necessary for proiase sparks upon impact

with drop weights as will be discussed later in this report. An iron nut

in the furnace servad as a reference for the appearance of glowing

although the pyrophoric glowing was bright enough itself to be easily

distinguished from normal radiation.

Bulk pieces above the Lower Glow Temperature begin to glow at lengths

of time dependent on the furnace temperature. The length of time was

measured from the beginning of heating until the appearance of the bright

orange glow. Figure 2 shows the time to glow as a function of furnance

temperature. Small rods of 75M2 misch metal, 3/16" diameter by 1/2"

length, were set in a combustion boat in the hot furnance and the time

measured for the onset of a bright orange glow. At temperatures below

about 4000C no bright orange glow appeared. This limiting temperature

is the Lower Glow Temperature. Bulk pieces do not glow at temperatures

below the Lower Glow Temperature.

The time to glow for 95M misch metal is shown in Figure 3. Shorter

times to the beginning of bright glowing were observed, but the Lower

Glow Temperature Limit is about the same as that found for 752 within

the experimental error.

Pure cerium pellets with the same geometry began to glow faster than

75M2 and 95N. For example, at 6000C it began to glow in only 27 seconds

compared with 98 second- for 75M2 and 50 seconds for 95M.

B. Zirconium

Zirconium sponge was heated sirilarly, but the time to glow was very

dependent on particle size as shown in Figure 4. As might be expected, the

smaller particles begin to glow in a much shorter time than larger pieces

exposed to the same temperatures. This may be t ue to heat loss fror the

metal particle surface to the interior. This would result from heat

transfer losses to the interior of the metal paticle from the surface.

The oxidation appears to proceed in two steps, giving an orange glow first,

ani then white Incandescence for particles ranging from 018 g up to a

gram. Since the white incandescent state was needed for sparks on impact

!'
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(with zirconium no sparks could be initiated by impact during the orangc

glowing phase) th3 Lower Glow Temperature was 580°C.

The time to glow for zirconium sponge as a function of :'urnace

temperature is shown in Figure 5. Three particles of 0.80 + 06 g were

used in this case. Larger pieces had a much flatter curve with -,uch

longer times to glow. Smaller pieces showed little variation in time to

glow with furnace temperatures, but were either "glow or no-glow" at

temperatures above or below 5800C, respectively.

Pieces of solid zirconium rod in the same weight range showed

dissimilar behavior in that they only glowed orange. They did not pro-

gress to the white incandescent state after heating at 900 C for periods

up to 12 minutes. The reasons for this difference in behavior are not

well understood. Further work with different physical forms of zirconium

may be needed to clarify their behavior. Void spaces in the sponge may

act as insulation and prevent heat loss during rapid oxidation of the

metal since the specific gravity of the zirconium sponge used in these

experiments was measured to vary from 2.4 to 22.9% lower than the

literature value.

C. Titanium

Titanium behaved like zirconium as shown in Figure 6 (9200C) and

7 (8700C). Samples of sponge titanium proceeded through an orange glow

to white incandescence. The piece; did not always proceed to whiteness.

At lower temperatures, even after ten minutes heating, no samples would

go to whiteness. Since the whiteness was needed for sparks on impact, the

Lower Glow Temperature for titanium sponge appears to be 8700 C. As with

zirconium, solid titanium rod woild not go to whiteness after heating at

900°C for long periods.

D. Other Metals

Some metals that are not predicted to be pyrophoric were also he,,ted.

Aluminum only melted when its temperature rose to chc melting point

(6600C) without any sign of glowing, sparking, or burning;. Antimony

(m.p.630DC) behaved similarly. Copper fm.p- 1083C did not glow, spark,

I:
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or burn at temper,.ures up to 900°(.

E. Glow Propagation

Th prip_.-i ior of the glowing was observed with long rods of misch
metal. The bright orange glow wa& -'5served tO propagate down 6" lengths

of misch i:ie,.al rod having a 3/16" daeter, The rods were initially at
22 0 C and weie held horizontal by an asbestos insulated clamp at one end.
The other end of the rod was heated intensely by a propane torch. The

heated end began to glow with bright orange color and the torch was

removed. The giow moved down the 95M rod in air at an average of 2.75

cm/minute leaving a cool, grey, wrinkled rod behind it. The rud gained

4.5% in weight during the glowing. This compares with 25.4% weight gaib
foi complete oxidatien as measured after prolonged heating. Thle rod

increased in length by 47% during the heating. The glow would not

propagate more than one cm down a similar rod of 75M2 misch metal.

The expansion of misch metal during oxidation can be seen in Figure
8. A rod of 1/16 inch diameter was heated to 650 0C in air in a themnal

analysis ceramic cup. The cinder-like residue was more than twice the

bulk voluame of the metal. rod.

V 'NERATION OF PYROPIORIC FRAGMENTS

The dror weight impact apparatus that was used to generate py-rophoxic

sparks and fragments from the glowing samples is shown in Figure 9. The

dimensions of the apparatus are shown in Figure 10. The recovered

fragments varied in shape and were generally less than 0.1 gram in weight.

The sparks wert directed at a 45 inclined stainless steel plate which led

to dfn enclosed tray where texminal ballistics experiments were carried out

to stUdy- fragment properties and ignition of combustible materials. Inese

experiments will be descrihed in later reports.

The order of magnitude of kinetic energy necessary to initiate snarking

iin t e glowing pellets was determined from different drop heights. Photo--

.. gmph of sparks from 10. 20, 30 and 39.1 cm drops are shown in Figure i1.
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These heights copspoid to 0.166, 0.332, 0.50 and 0.65 newton meters

with a drop weight of i69 grams. Upon falling from a height of 39.1 cm

as is the case in most runs, the impact velocity is 276 cm/sec.It seems

Shat a kinetic energy of at least 0.332 newton m is needed for extensive

sparking. In some tests glowing pellets were merely dropped from 30 cm,

In these tests some sparking occurred, but it was not as dramatic as

those generated in the impact apparatus.

High temperatures alone did not cause sparking in the poilets, but

the combination of both heat and impact in the ranges discussed herA

gave profuse sparks. Although either extremely high temperatures

(>1000°C) or very high kinetic energy impacts alone may lead to sparking,

the point to be emphasized is the iresence of thresholds of temperature

and impact for sparking in the sensitive laboratory conditions described
here.

It was shown that an oxidizing atmospiiere s necessary to the park-

ing process by heating a pellet of 7SM2 misch metal in ai-. at 7000C.

It was glowing brightly when it was placed on the anvil of the impact

apparatus which was in a covered tray filled with argon After impact,

small glowing particles dispersed from the impact apparatus, but they

were not sparking fragments. They wire not bright and cascading. Thus,

the misch metal was sufficiently softened at 7000C to easily breakup

upon impact. The hot frag"ents did not "explode" or spark in the inert

argcn atmosphere.

High ,j.ed motion pictures of free flying fragments after impact

show '. eroding type of breakup of the larger pieces during flight. The
fragments had velocities between 1,000 and 2,000 cm/sec.
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VI. CONCLUSIONS

A search of the chemical and physical properties of metals

revealed that a combination of two properties - the free energy of

formation of the metal oxide per oxygen atom and thc ratio cf mktal

oxide to metal specific volume - furnished a distinction between known

pyrophoric and non-pyrophoric metals. Using these nroperties,

fourteen elements were predicted to possess pyrophoric sparking

capability. They have both high reactivity and high oxide volume

ratio.

A simple test was developed using heat and impact to experimentally

test materials for pyrophoricity. When pyrophoric metals were heated

above their Lower Glow Temperature they began to glow brightly and,

upon impact with a small standard weight, gave a profuse shower of

sparks. The order of Lower Glow Temperature found was (misch metal

and cerium) < zirconium < titanium.

Pyrophoric and non-pyrophoric metals were tested as above. The

two known pyrophoric metals, cerium and zirconium, sparked vigorously.

The two potential pyrophoric metals (according to the above empirical

criteria), aluminum and titanium, were tested and while the titanium

sparked, the aluminum did not. Th,-ee non-pyrophoric metRls (iron,

copper, and antimony) did not spark.

From these exploratory results it appears that the high reactivity

and high oxide expansion criteria are necessary for a metal to be

pyiophoric, but are not sufficiently limiting. Additional criteria

may be needed to further reduce the field of potential pyrophoric

metals,

The thermo-impact bench test can be used to screen n-w metals and

alloys for pyrophoric behavior. It is planned to further study the

initiation of pyropherc behavior and to utilize the sparks generated

from the impact as ignition sources in controlled expriments.
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