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INTRODUCTION

The results of the First oxperimentol stuly- by the Bureou of Mines on
L the explosive propertics of metsl powders were published in 1943 ~/ Sinee

- thet time, the oxplosibility of numorous other industrial dusts and powders

‘. hos beon investigated. Peort of this infomation hos been published, ../ to _2/
but most of the dgbta have not been relessed to date.

This poper sumporizes the results of oxperiments on 22 scmplos of
titenium, zirconium, thoriun, urenivm, and hydriees of thosc motals, The
- major port of tho investigotion wos made undor o cooperative agrecment with
the Atonie Energy Coumission.

L/ Hortonenn, Irving, Negy, Jobn, ond Browi, H. R., Inflomebility ana
IExplosibility of Metal Powders: DBurecw of Mines Ropt. of Investigotions
3722, 1943, 44 pp.

5/ Hartuonn, Irving, snd Nagy, John, Inflamiebility ond BExplosibility of
Powders Used in the Plastics Industry: Burcou of Mings Rept. of Investi-
gations 3751, 1944, %8 pp. : ‘

6/ Hertnonn, Irving, end Groonweld, H. P., The Explosibility of Motal Powder

. Dust Clouds: Min. and Met., vol,. 26, 1945, pp. 331-335.

o 7/ Hortmonh, Irving, and Nogy, John, EEfott of Reliof Vonts on Roduction of ;

Prossures Developod vy Dust Explosions: Burcou of Mincs Rept. of Investi- -
gotions %024, 1946, 22 pp. '

8/ Hartnenn, Irving, Pressurc Roleose for Dust Explosions: Nat. Fire Protect.

hssoc. Quart., vol. 40, July 1946, pp. H7-53.
9/ Hertnonn, Irving, Rocent "Rosooren on the lixplosibility of Dust Dispersions:
Infla Iﬂn.g Gflemn, volp L}O HO. 14' ﬂpill «Lg#& 9}% 752"'758-
10/ Hortmann; Irving, The EX@_LOSE.OD. B nzexrd of Motel Powders, cnd Preventive
Mensures: Metals Handbook, dmoriccn Socicty of Metels, 1948 ed., pp. 525k,
11 / Hortmenn, Irving, Explosion and Firc Hezords of Combustible Dusts: Ind.
. Hygicone and Toxicology, Interscicnce Puvlishers, Inc., New York s MY,
vol. I, chap. 1%, sco, 2, 1948, pp. 439-L5k,
12/ Hertwenn, Irving, and Nagy, John, The Explosibility of Sterch Dust: Chen.
o Eng. l\sews ; vol. 27, July 18, 1949, p. 2071.

Py 4

A7 13/ Negy, John, Zeilinger, J. E., ond Hortmenn, Irving, Pressure-Relieving
* Capacitics of Various Diaphregn Motericls: DBurcom of Mincs Rept. of
- Investigetions 4636, 1950, 15 pp. . s

14/ Hortoenn, Irving, Dust Explosions: Morks! Mochmlcal IEngincers® Handbook,
5th el., 1950, pp. 795-800, .

15/ Hortwonn, Irving, Ooopor, Austin R., cnd J &vaSt‘)n , Murray, Recent Stucies
of the Explosibility-of Corn Starch: .Buream of M:Lnes Rop’b. of Investi-
gotions 4725, 1950, 9 rp.
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SUMMARY

The investigetion discloscd that dust clouds of the powders in air
constitute severc potenticl oxplosion hazarls. Some of the samples were pyro-
vhoric; these were stored and preparcd for testing in 2 heliwa ahiosphere in o
special cabinot.

Leyors of uwraniun, ureniun hydride, snd thoriun hydride ignited spontanc-
ously at room temperature within a few ninutes after exposure in air, Layers
of the other powders ignited in air at tomperatuves of 100° to 540° ¢, Iayers
of sovercl dusts ignited at eloveted temporatures in carbon dioxide and in
nitrogen. -

//Bilsi‘, clouds of agw.sﬁ%aaaa, u@ea%m hydride, and Z&%‘@@ﬁi’t&i ignited at roow
tempemture Immodiately upon dispersion.s Clouds of the other powlers ignited

in air at 2600, to 590° O, ‘Some .dust clouds also ignited ot -elevatel temperatures
in corbon dloxide. &1l dmst clouds could bo ignited in zir by weak electrical
sparks. In the prosence of o high-woltogs eloctric spark, dust cl% i of
severcl, powders ignited in @m*laaﬁ diocxide, but nono ign:x.‘cea i ad , BTEDH,
or . -

The energy required to ignite thin layers of the powders in eir by
electrical~condenscer discharge sparks ranged from less than 1 nlcrojoule to 3
nillijoules, and the igniting encrgy for dust clouds renged from 3 to 200
millijoules, -

®

{‘I‘ho lower explosive limits of dmst clouds in air renged from 45 to 300
nidligrans por llt‘GI: {approxinately 0.045 to 0,300 ounce por cubic foot).

‘Explosions, of dust clouds in o laborotory test boub proluccld prossurcs os high

a8 127 s’ Per square inchs. (the abbreviation p.s.i. mm used for” this-
unit); average rates of prossure rise up to 5,100 pgszi, ¥ seopnd and maxizun
retes to over 10,000 p.s ,i, ror sec@m?f

A thin surfoco coating of coppor on titedifm and zireoniun powlers
reduced. the ignition sensitivity somewhat; but, upon ignition, dust clouds of
the w@@%{rma&ed powders produced explosions *bhat were nearly cs strong as
those of the untreatoed powders.’,

The study indicotes the advisability of famgc,ssmg end hondling sevoral
of these powlers when in the dry state under heldun or erédn - I
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& fow saples of titeniunm and zirconiui and one hyoridc of cach wore
obtained through the courtesy of Mctal Hydriuwes, Inc., Beverly, Mass.

Much of the latoratory test work was done by Austin R. Cooper, physical
science alde, and Roger P. Williams, laboratory mechanic, Dust Explosions
Section, Bureau of Mines.

.

DESCRIPTION OF SAMPLES

The test samples were numbered in the oruer of thelr receipt at the
lavoratory. The samples will Dbe designated by these numbers in this report.

Most of the powders were recelved in l-pound Jots; this quantity is usually
enough to conduct all of the tests. Some semplos that arrived in the dry state
were shipped in alr, others were shivped dry under argon gas or in an evacuated
container, and a few veme as a sludge under a liguid.

L
A description of the appearance, analysis, and particle-size distribution
of the samples follows, Unless otherwise notod, the samples were tested in the
filnenoss in which thoy were received.

Titenivm. -~ Seven titanivm vowders, including two copper-coated semples, were
t@st@du
4Q, - Received in dry stete; dark-gray angnlar perticles. Spoctro-

gz‘alohlc analysis indicated 2 to 3 percent motallic impuritics. Ninety-
ninc percent of the particleos were fincr than 100-mesh (Tyler-sieve
scale), 68 percent finer thon 200-mesh, and 62 percent fimer thon 270-
mosh. BExplosibility tests worc mode on the powacr in the finencss in
which it was rcceived, and additional tests werc made on the frection
through 200-mesh, This is the titonium sample reported in Roport of
Investigations 3722. For thc sake of completcness, the informetion is
included in this roport.

No. 864. -~ Reccived in dry state. A4l perticlcs wore fincr then 200-mosh,
and 50 percent werc reporited to bo inor than 325-mesh (45 microns).
Anclysis was given as 68.67 porccnt Ti, 8-9 percent Al, 2.4-2.8 porcent
Si, 0,05 percont C, 3-4 perccnt ¥o, l~l 25 percent Cu ang the balance
alumina {Al20~)

lo. 1555, = Received in moistoned condition. A portion of the szmple
wos drled at 75° C. for 24 hours, giving off 22.7 porcent moisturc. The
tests werc made on the dried powder aftor it ncd beon passcd through o
200~mesh sisve to break up agglomeration, The particle~size distribu-
tion is given in table 1, together with dato for 10 other samples.
Chemical enalysis wes reported to show 96.3 percent Ti..

No. 1556, - Received in dry statc. This is a speciclly propared samplc
(supposedly from the seme bateh as 1555) with o thin copper cocting
on the surfacc of the powder particles. Application of the coating
and heot trostment of the powder are in an oxporimental stoge. Anolysis
wos reported to show 88,2 porcent Ti, 7.0 percont Cu. Assuming
sphoricel particlos of 10 microns &iamcter s & copper content of 2
perceont was considercd to ropresont o thicknoss of copper coating of
1.6 millimicrons.

1}539 - 5 - [ fgm Ea
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No. 1605, - This is en untreated titanium powder similer to 1555. The
sample was received in dry stobte under argon gos. It was used only
for a few tosts. )

No. 1606, - This powder wos taken fron the ssme lot as 1605, but the
particles contained a surfoce cooting of eopper. (Sec also 1556). It
was reported to contain 85.6 porcont Ti and 12,7 porcent Cu. The
semple wes received dry under argone .

No. 1648, = Received in dry state under argn gas. The netal vas
reported to contain 0.08 porcent hydrogen, 0.82 percont oxygen, and
0,062 percent nitrogen. The average particle diameter deteruined by
the subsleve sizer was glven as 10,5 microns, The particlg-size
distritution by the photolometer nethod was reported to e as follows:
2,0 percent, by weight, 0-10 microns; 40,3 percont, 10-20 microns;
35«7 percent, 20-40 nicrons; average, 17.8 microns,

Titonium Hydride (TiHa). = Tho following two samples were tested:

No, 1428. - Gray powder, received in dry condition, Reportedly, over 98
percent of the particles were finer than 325-mesh, with the greater
portion in the 10~ to 25-micron range. The composition was reported
as 95.0 percent Ti, 3.78 percent Ho, 0.1 percent Ca, and 0.1 percent C.

No, 1649, -~ Received dry under argon gas. Analysls was reported to
show 2,85 percent Ho, 0.24 percent Op, 0.071 percent Np, Although
this hydride contained only 70 percent of the theoretical hydrogen
for TiHp, it wes sald to behave in meny ways as & fully hydrided
material. The average particle dleameter by subsleve-sizer analysis
was given as 4.9 microns. Photelometer measurements were reported to
give 88.1 percent particles between 0-10 microns; 10.0 percent,
10~20 microns; 1.9 percent, 20-40 microns; average, 5.2 microns.

Zirconium,., - Seven zirconium powders, including one copprer-coated sample,

wore tested.

Mo, 745, - Gray powder; roceived in a moistened state as a sludge. The
metal contained 2 to 3 percent metallic impuritics. The particles were

- reported to be finer than 325-mesh. ' Thoe test data for this sample
were roported In Report of Investigations 3722,

No, 1028. -~ Received as a sludge. Appavently finer than 325-mesh;
particle-size distribution not known. This sample was reportedly
taken from a wooden keg in which zirconium is stored under water
before it is used for spraying plates and other parts of vacuum tubes.

Nos 1029, - Received as a sludge from same source as 1028, This powder
represents the fine particles that are carried away in the sir stream
of the spraying room.

No, 1‘2;%, - Received in dry state. Reportedly contains 98.7 percent Zr.

Nos 1558, = Received in dry state. This sample was from same batch as
1557 but had a thin surface coating of copper (see remarks for 1556).
Reported to contain 90.5 percent Zr and 4,4 percent Cu. (

No, 1632, - Received under water. Reported to contain 3,0 percent Og.
The average particle dismeter by photelometer meassurements was given
88 3.5 microns.

No, 163%3. - Roceived dry undsr argon. The material was said to contain
0.29 percent Op and 0,025 percent Np. Average diemeter by photelometer
measurements was given as 17.9 microns. This zirconium was prepared
fromits hydride (1658_?

¥y o3
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Zirconium Hydride (ZrHp). = Tho following two samples of hydride were testod:

No, 1429, - Received in dry state, Over 98 percent of the powder reported
to be finer than 3%25-mesh, with the major portion of the particles
between 10-25 microns. The composition was reported as 93.6 percent
Zr, 2,08 percont Hp, 0.18 percent Ca, 0.07 percont Fe, 0,01 percent C,
1.0 percent HI, 0,70 percent Si0p.

No, 1627. =~ Received under argon. Analysis reportedly gave 0,19 percont
O2 and 0,022 percent No. Average particice diameter by photelometor
measurement was 4.7 microns,

Thoriurie

No, 1652, - Derk-gray powder, rocelved in an cvacuatod pyrox bulb.
Roported to contain 0,032 percont H., 1,20 porcont Op, and 0.19 percent
Nse Average particle diamector by subsicve sizor glven as 7.2 microns
and by photelomctor as T4 microns.

Thorium Hydride (ThH,). .

No, 1653, - Greenish-gray powder rcccived in an cvacuated pyrox bottle.
Analysis rceported to show 0.94% percent Hp, 1,07 percent Op, end 0.16
perecent Np. Theorctical hydrogen perccentage of ThHo is 0,86, Average
particle diemctor by subsicve sizer was given as 3.8 microns and by
photclomctor measurcmont as 2,9 microns,

Urenium. C )
No. 1625, = Silver-gray powder, reccived undor argon. Whon the sample
arrived, the upper portion of the powder had beon considorably darkencd.
o important diffcroncc was obsorved . votween the explosibility of the
light and tho darkcned portion, Anelysis was roported to give 0,07
pexcont Op, and 0,008 porcent Np. Average porticle diamcter by photclo-
meter measurcment 10,8 microns.

Urenium Hydride (UHz).
No, 1626, ~ Dark-gray powder, rcceived under argon. No chemical analysis
wes roeportod. Average particle diamotor by subsicve sizor was 3.6
nicrons and by photeoloneter, 3.5 microns.

.

More detalled infomation of the particle-size distribution of 11 of the
above powdors is glven in tablo 1. '

TEST EQUIPMENT AND PROCEDURE

The cquiment and test proccdure werc, for the most part, similar to those
doscribed in Roport of Investigations 3722 (scec referonce yj. Modifications
and improvoments mede since the original construction will be pointed out.

The dry powders wore itested in the fincness and fom as received. To propare
test samples frow the powders reccived as sludge, small guantitics were washed
with alcohol, end the oxcess liquid wes drained off; the resuliing powder was
dricd by slow heating. As somc of the powders were pyrophoric, great carc was
taken to provont fires during storage and handling of the dry samples. They
wore kopbt ecithor in cvacuated containors or under inort gos.

B v,
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TABLE 1. -~ Particle-size distribution oi‘ powders

Finoness, Percent by welghth/ _ Porcent by weighte/
micyons No. 1555 | 1556 ¢ 1557 | 1558 | 1625 | 1626 | 1627 11632 ! 1633 1652 |, 1653
O"‘l 2? 28 15 23 h;Q N lo.b i 10»6 509 i 201 2'8 3«5
1~2 29 20 ol 31 - 27,7 1201 |19.2 L - 6.5 | 10.0
23 22 15 23 23 2.0 | 17.5 ;1,2 [27.3 | 1.5 |13.9 | 28.2
Bl 10 12 13 12 3.1 i 1.9 1 2%.5 {18.7 | 1.2 111.6 19.3
b5 5 1 10 6 5.0 1 85 | 6.3 113 1.5 [10.9 | 1k.3
5 2 Y v & 1 k.8 | 10,7 7.7 8.5 | 2.8 | 8.3 | 9.6
6""8 2 5 7 - 1}*01 ; O-B 2‘1‘“ 593 i 5;0 lu»o 8a7
8-10 1 2 2 3 116.3 ' 2,2 | 1.8 9 7.0 1 7.k Lh
10-12 1 - - S 015.6 ] .6 3.8 1 1.7 1.6 | 5.6 | 2.0
12-1k - 2 - ~ 113.0 { =~ 2.6 - | 7.8 | 6.2 -
1416 Trace | -~ - | - 1 9.8 - 2.2 - 85 | ko | -
16~20 - ‘ - 1 - | 6.0 § - ] 3.7 - 183 |, k5 | -
20-30 - R T e X -2 R B O - 26,8 L1 0 -
50-50 T - 110,01 - 4 =
. 1/ By microscopic analysis.
2/ By photolometer anclysis.
-6 -
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Inert Gas Cabinet

During the recent investigation oi the last nine powders, a special
¢abinet vas constructed for handling and storing. The cabined consists of a
main chamber (approximately 24 x 24 x 30 inches ) and an airlock or trensfer
chamber (6 x 6 x 8 inches). The comstruction is of 1/hk~inch steel welded at
8ll seams. Figure 1 is a general view of the cabinet. The main chember has a
glass viewing window, 3/b-inch thick and 12 inches sgquare, in the front wall.
In the back wall is a 20-inch square vent sealed with a reinforced, plastic-
impregnated, cloth diasphragm. The purpose of this vent is o relieve pressure
in case of an accidental explosion in the cabinct. The airlock is welded to
the left side of the chamber; the doors of the airlock closc on rubber gaskets,
forming airtight seals. Rjuimment in the maln chamber includes an analytical
balance, a fluorescent light, and tools and jars for working with the powders.
All manipulations in the cablnet are made by an operator wearing special
gloves, which are sealed to portals welded to the main section.

In designing thc eguipment, provisions were made for evacuating the main
chamber and airlock and filling thom with highly purilied heliuwn gas -
obtained from the U. S, Holium Production Co., Amarillo, Tox. Ges and mass
spectrograph analyses showed that, initially, thc systom had to be cvacuated
and flushed with helium three times to attain the dssived incrt atmosphere.
The helium pressure in the cabinct at all tincs woes maintained at betweon
l-l/2 and. 5-1 /2 ounces. per square inch gage by means of a scnsitive proessurc
switch and & solenoid valve. A meroury chock volve was placeod in the systen
to Prevont 6XCosSs PresSsurcs

Following receipt of a smmple, tho originel contalner was placed in the
inert-gas cabinct, and a small gquantity of powder was transferrced in the inort
atmosphere to o 2-ounco screow~top Jjar. The original container was rescaled
corefully and removea from the cobinet for storage until it was noeded again.
The test somplos were welghed in the cebinet ond romoved only a fow minutes
before actual testing.

Tost Procooure

Several tests were perfommed on thoe dusts to dotorminc the sase of igni-~
tion and the various factors that influence the explosion hazsrd, A brief
outline of these tests follows:

The igpition temperature of the dust clouds was determined in a vertical,
electrically heated cylindrical-tube furnace, the top of vhich 1s connected
to o small brass chomber, or dust boat, into which a weighed omount of dust
con be placed. The dust wes projectoed by compresscd alr downward through the
furnoce, and ilgnition was indicated by the cppecrance of o flame at the open
furnoce mouth at the bottom, The electric heating circuit of the furnace
includcs an sutomotic thermostatic control. Tho lowest furnaeco taomperature ot
vhich ignition occurs was considored to be the ignition temperature of the
dust cloud, The furnacc ls shown on the left in figure 2.

Vi~

oy,
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The furnace wes used in o modificd form to determine the ignition
tomperature of dust leyers. In theso tosts .the top was opon, and a smell
amount of dust was placed on an aluminum oxide disc at the center of the
furnace, A slow strom of slr flowed upward through the furnade and around the
heated dust layor. Theo lowest temporaturc at which tho dust ignitos or glows
strongly, or at which 1ts tamperaturc shows a sudden repid rise, was con-
sidered os the ignition tempernturcs

The procedurcs for detormining the ignition tomporatures of dusts in
gosos othor than olr were similar, but before the dust sample wos placed in
the beat or on the aluminmum oxide disk the entire system was flushed thoroughly
with the gas to be investigotod, and the dust was proitected from air through~
out tho tezt.

The relotive flammability of tho powder denmotes the omount of inert dust,
exprossed as the percoentage of the total mixture, required in admixture with
the powder to prevent ignition when the mixture is blown through the cylindri-
cal furnace under e standord sct of conditions. This systom of rating was
originally doveloped for cocl dusts and is significant becousc it gives a
measure of the amount of rock dust required to prevent the propegetion of coal
dust explosions in nmines. The incrt dust used in the laboratory tosts was
caleined fuller's earth. The relative flonmebility of sewrol powders was
determined also in o second test in which a high-vwoltage, low-energy, con-
tinyous ~induction spark wes substituted for tho hoated furnacc as an ignition
source. Tihe pyrex spark tube, with o gooseneck-shaped top cen be scen on the
right noar the center of figurc 2.

To neosure the ninimum cnergy regulred for ignltion of dust clouds oxpori-
ments were conducted with clectrical-condenser discharge sparks., A condenser
was chorged to a definite potenticl, ond the fomction of the dust cloud in
a cylindrical lucibte tube was synchronized with the discharge of the condenser
through the prinary winding of a lunminous-tube step-up transformer. The
ediefey induced in the sccondary circult of the transfommer, produced a spark
betwoen the clectrodes in the dust cloud within the lucite tube. Condensers
of different capacitics were tried to find the weakest spark that would ignite
the semple. Figure 3 shows the spporatus used in these tests. The cylindrical
lucite tube (I.D. 2.75 inches, length 12 inches) is shown on a stand near the
center of the figure. To the right of the tube are & smell conpressed-sir
tonk and & nognotic valve, through which the alr flows to the botiou of the
lucite tube and disperses the dust upward, To the left and slightly in back
of the tube is the luninous~tube tronsformer. On the left of tao figure is o
box containing the electronic tining end control circuits. A variable con-
denser can be seen on top of this box.

In the experimenis on the ignition of dust leycrs, the condenscr wes dis-
cherged, without step-up in woltage, directly through the spark gap between a
Point electrode and a grounded metal disk on which the dust was plased.

The minimum explosive concentration or lower explosive limit of the dust
clouds was found by determining the lowest average dust concentration in ‘the
lucite-tube spparatus in which a dust ignited and propagated flame throughout
the cloud, as indicated by the development of enough pressure to break the weak
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Those engaged in handling the powders and in the actual experimental
work wore protective gloves; all operations were performed in such a mesnner
as to protect persomnnel against dust and fumes. All ignition and explosion
tests were made under closed, well-ventilated hoods, and other necessary safe-
guards were taken to insure satisfacitory health conditions for the experi-
menteirs., '

RESULTS OF EXPERIMENTS -
The data obtained in the explosibility tests are recorded below in tables
and figures, which are largely self-explenatory. Unususl effects moted in
the work and the results of special tests will be discussed bricfly.

Ienition Temporature

The ignition temperature of dust clouds and of undisperscd dust layers,
determined in alr, carbon dioxide, and nitrogen, is shown in table 2. In
tests with dust clouds, the dust (usually 1 gram) was projected rapidly through
the furnace, passing through the hot zone in less than 1 sccond. In tne tests
with undisporsed layors, the dust was kopt at the center of the hot furnace
for soveral minutes (up to 15 minutes if no ignition occured). .

When samples of uranium, uraniuvm hydridc, end sevoral zirconium powders
werc dispersed through the furmace at room tomperature, (approximately 200 c.)
strong ignitions rosulted. In this respect zirconium sample 1633 did not
behave like other untreated zirconiums, and the dust cloud in air did not
ignite below 350° €. Covper-coated zirconium 1558 had a minimum ignition tem=
peraturc of 480° C., comparcd with 20° €. for untreated sample 1557 from the
samc batch. Dust clouds of coppor-coated titanium 1556 ignited at approxi-
mately the same temporaturc as untreated sample 1555 from the same batch, but
coppor-coated titonium 1606 ignited at a temperaturc about 1000 C. higher than
untreated sample 1605 from the samc batch,

Dust clouds of four of the ninc powders tosted in an sctmosphere of carbton
dioxide ignited, but none of the dust clouds tosted in nitrogon ignited.

No ignitions resulted with 1 to 3 grems of uranium hydride cxposed in
layers in air at room tomporsturc; 1 gram of the powder ignited ot minimum
temperature of 1100 €, When 5 grams of uronium hydride was pleccd on a watch
glass at room temperaturc, the surface darkoned immediately and a few bright
spots appearcd; within a few minutes a slight popping noise was heard, a
yellow fleme was seen over the surface, and the ontire mass assumed a dull-red
glow; the residue was black. Three grams of thorium hydride cxposed in air
at room temperaturc ignited within e fow minutes; the ignition was charscterized
by en intense ycllow glow; tho rosidue wes a rowdery white dust. It is quite
possible that other metals or hydrides might ignite spontaoncously if large
quontititos of the powders wore exposcd 1o alr, In fact, uronium powder did
ignite waon a pile of sbout 300 grems waes preparcd for disposal.

0723-019
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TABLE 2, = Ignition temperaturc and relotive flemmability of powders

_of dust clouds, °C. | of dust logors, °C. porcent inort
In furnace Spark

Tenition tomperaturc 1 lgnition tomporaturo | Rolative flammability,

Semplo Air 2 f No | Alr | 00o i 3t 700° 0. apporatus

Ti-740 480 - - LoO T 680 - o)) 775
8k 530 - | - | ko , - - 25 37.5

1555 Y470 - - k80 | - - 90 85

1556 460 -, - | 430 ;o - 90 85

1?02 p w80 - - 1 k60 - - - -

160 590 - 1 = 1 38 - - - -

1648 | 330 n.id/ oo | 510 | 5% . 760 - -
TiHplh28 M0 - | - 540 - - 80 70

1649 440 n.i. [ n.ie 300 | 710 750 - -
Ze-h5_ o 208/ - - 120 | 960 530 90+ 90+

1028 20 - - 1260 - - 904+ ' 90+

1029 20 - - 1250 | - - 90+ 90+

1557 ;20 = =0 - - 90+ 90+

1558 480 - po= 320 . - - 90 90

3.252 20 | 650  n.i, i 190 | 620 790 - -

1 55 H 5‘50 ;n,i. * Nels } 500 § 7}.0 Nele ! - | -
Zrﬂg-iggg * fég n.; . {n:i. i ?Z%g z 6;0 ’ n:i. ! -Eff’ | fo
Th-1652 270 ' 740  ‘mn.i. 280 0 450 500 - -
Thﬁe"l65§ 260 ' Nels n,.i L 20 5&0 ! 550 - % -
U-1625 20 560 'n.i., ' 100 350 k10 - -
UH3-1626 20 720 n.i. 20 1 360 210 - T

1/ n.i, denotes no ignition at 850° C,, thc highost toamperaturc uscd in
thesc tests.

2/"20™n this table denotes ignition ot room tomperature, spproximatoly 200C.
It is probable that in dust clouds this ignition was coused by an eleetro-
static dischaorge within the cloud, although frictionol heat doveloped
during the movement of the powder moy have boon a contributing fector.
Ignition of dust layocrs of ThH, and UHz ot room temdoraturc indicates

their highly pyrophoric charceter,

The ignition temperaturc of en undispersed laycr of copper-cocrted
zirconium (1558} was 100 C. higher than for an untrs-ted zirconium somple
(1557) from the scme bateh. In contrast to this, both copper-coated titanium
semples (1556 and 1606) had lower ignition temperaturcs than the corresponding
untreated titonium powders (1555 and 1605).

At clovated tomperaturcs, dust layors of all sampleos tosted in carbon
dioxide and of all oxcept two of the samples in nitrogen ignited. .

Small layers of the nine metal pouders most rocontly tested were exposed
at 850° C. in an atmosphere of 50 percent air and 50 percent helium, by volume.
All dusts ignited within o fow mimutes. The test wos not made gt _other
tomporatures. < ?‘23
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Belative Flepmability »

The results of the relative flemmability tests conducted on many of the
powders are rocorded in the last two columns of teble 2. The lowsst velues were
obtained for dust clouds of the relatively impure titanium povder, 864, followed
by the comparatively coarse titenium, No. 7O, All other powders tested re-
quired a mixture of at least 70 percent, and at most 80-90 porcent, inert dust
to prevent ignition and suppress flame propoagation. A value of 904 percent
indicates thot more than 90 percent inert dust was required for this purpose.

Minimum Energy Reguired for Ignition -~

Table 3 contains the data from the ignition tests with condenscr discharge
sparks. The encrgy value for dust clouds ranges from 3 to 200 millijoules;
that for dust layers ranges from less than 1 microjoule to % millijoulcs. In
tests with dust clouds, considerable preliuinary work wes required to find the
optinmun conditions for ignition. Thoe ninimum igniting cnergy deponds, among
other factors, on the particle size of the dust, the concontration of the dust
cloud, the charecteristics of the igniting circuit, and the tining of the
igniting spark relative to the formation of the cloud. -

TABLE 3, - Minimu electrical igmiting energy and
lovwer explosive limit of powders

Minimum energy required for ignition |
Dust cloud, I Dust layer, Tower cxplosive limit,
Saaple * millig‘oulesi/ f nicrojoules 0Z. DOL Clie Ft.2
TL~740-13/: - - ‘ 9,070 .
740-2 200 - LOL5
86k 120 f 3000 ~ 300
1555 15 ‘ 8 : LOl5 .
1556 ! 10 i 200 . .050 ‘
1605 25 § Lo L0350
1606 30 80 3 »065
1648 25 2L 045
TiHy-1428 60 - L070
1649 60 1600 .080
Zr=-T45 Lo - .190
1028 15 Cuk { .0k0
1029 25 0.8 ; .070
1557 ! 5 1 ! L0455
1558 15 50 i L060
163 | 15 6ok * .04 :
1633 12 240 LOlb
ZrHy-1429 60 520 ‘ .085 .
1627 100 6l | .120 N
Th-1652 5 b i 075 )
Tuil,-1653 3 ‘ 6.1/&/ i .080 g
U-1625 45 L | 060 -
. UH5-166 5 ! solk/ ! 060 i

1/ 1 joule = 1,000 millijoules = 10° nicrojoulcs = 0,00095 B,t.u. =
0.24 graw-calorie.
2/ 1 oz. per cu.ft. is approxinately equivalent to 1 gram per liter.
3/ Ti-ThO-1 is titenium sample No. 74O tested in the fineness azs roceived;
Ti-740-2 is the through 200-mosh fraction of the aboves .
_’f/ In this test less than 1 gran of owder was used. Larger quantities
ignite @gntag%ly without a spark, as has becen montioned,

4529 06723- - 12 -
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Figurc 7 shows the cffoct of dust concontration on the ninimun igniting
cnergy of dust clouds of titaniun powder 1648. "

The ninimu encrgy value for- samples 1555, 1556, 1557, and 1558, shown
in table 3, was determined immediately after rcmoval of the powdors from the
original containers (Ti-1555 wos dricd first). At the sauc tine portions of
these powdors were oxposed im the - laboratory cir-for 6 weeks, out of dircct
sunlight, to detemine the effect of oxidation or other surfacc changes. After
this exposure, the sauples agaln were subjected to ninimmu-encrgy tests.
Table 4 shows a comparison of the data.

TABLE 4. - Effcct of exposure in eir on igniting energy of powders

' Minizmun energy reouired for lgnition, Jjouloes

Dust cloud ‘ Dust layer

, After ! Lfter

Before 6 wocks | Beforo 6 wecks

Sample | .CXDOSUXe _  eXDOSUTQ % exposure | __ exposure
Ti "1555@ 2T4v 0830000 z 0.015 : 0 .025' : &510“6 &{10*6
15560 v esnaens | .010 015 2x10- 1 &10-D
Zr=1557 vsrsansasas 2005 015 1x10-6 ' 1%10-6
1558us.esesnane | LO15 1/ %10-5 | 1x10-D

1/ No ignitions were obtained at 0,025 joule; exact liuit not deternined.

The above values show that copper-conted zirconiunm {1558) reguired nore
energy for ignition than untrected zirconium (1557), whether dispersed in a
dust cloud or as a layer. Dust layers of copger-coated titaniwa powdor (1556)
also werc nore aifficult to ignite then untreated titoniwa (1555); but, when
dispersed in the air, the untreoted powder required e slighitly higher cnergy
for-ignition, possibly owing to' its souewhet agglouerated charncter. On the
other hand, a second copper-coated titoniun powder (1606, toble 3) wes less
sensitive to ignition by sperks in undispersed form, as well e&s in a dust cloud,
than the corresponding untreated titaniunm {No. 16053.

Exposure of the four titaniun powders in air for severzl wecks resulted
in an incresse in the energy required for ignition of the dust clouds. The
energy necded for ignition of cust leyers reaunined the sane for the untreated
titoniwa and zirconiun powders, but the copper-coated powders wore ignited
by sonevhict wonker sporks after CXposurc,

Minirwn Explosive Concontration

The minizum explosive concentration or lower explosive limit of the powders
in air is given in the last colwm of table 3, The expeririental values of
this linit are influenced greatly by the finencss of the dust, the uniformity
of the dust cloud, the naturce of the igniting sourco, cnd other test conditions.
For this reason, dota detormined by differcnt investigotors are rarsly in
conplete agremnent.

4539 ~ 13 - 0?25 023



Pressures and Rates of Pressure Risse

The pressure measurements in the 1.23%-liter steel test bomd (fig. L} were
made at concentrations ranging from O.1 to 4,0 ounces per cubic foot. The
test data for 11 samples are given in table 5, and the values for 9 samples
are plotted individually on figures 8 to 16, Comparison of the data in the
last four columns of table 5, which give the test results by the old method of
dust dispersion in the bomb with the results of tests by the new dispersion
technique, shows that the latter explosions consistently develoded higher pres-
sures and higher rates of pressure rise.

For most of the samples plotted on figures 8 to 16 the pressures and the
rates developed by the explosions attained maximum values within the concentra-
tion range investigated. In general, there was n¢ sharply defined optimum
limit at which definite peak values werc reached. As a matter of interest,
the stoichiometric concentrations for the oxides arc indicated near the bottonm
of several figures, although it is not known definitely which oxides are
formed (when more then one oxide exists) in the experimental explosions, or
whether nitrides also are formed. .

In the experiments, the highest pressures were produced by explosions of
titanium hydride and the next-highest by zirconium hydride. The highest
average rates of pressure rise were produced by zirconium, zirconium hydride,
titenium hydride, and uranium hydride. Explosions of several powders developed
maximum rates of pressure rise over 10,000 p.s.i. per second.

Imition by Electric Sparks in Inert Atmospheres

As mentioned above, in the menufacture of highly explosive powders,
operations, such as grinding, sieving, and conveying, occasionally are performed
in atmospheres having a reduced oxygen content. The data on the ignition
temperatures of the samples used for these tests (see table 2) indicate that
dust clouds of some of the metal powders can be ignited at elevated tempera-
tures in carbon dioxide and that layers of nearly all the powders can be
ignited at clevated temperatures in carbon dioxide and in nitrogen. Therefore
these gases would offer little protection against ignition of the powders by
hot surfaces or by flemes. Howcver, in many industrial processes, electric
sparks of static or other origin constitute the principal igniting sources.

To study the prevention of ignition by electric sparks, experiments were
made with dust clouds of nine powders in various mixtures of alr with carbon
dioxide, nitrogen, helium, and argon. The clouds were formed in the prescnce
of a high-voltage electrical~induction spark in the spark tube shown
schematically in figure 6, The results of ‘the experiments are plottcd in
figure 17. As illustrated, ignitions by electric sparks of dust clouds of
the metals and of uranium hydride could be prevented most effectively in
atmospheres containing mixturcs of air and helium. Tho limit mixtures in these
atmospheres contained more oxygon than the others. Mixturcs of air and
nitrogen and air ond argon were about cqual in ceffectiveness, and carbon dioxide
was not effective in preventing lgnitions.
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TABLE 5, - Meximum prossurces and rates of pressure rise developed
in explosions of several powders

Data with new method of dispersion, Data with old mothod of dispersion,

concentration, 0z./cu.ft. goncontration, o0z./cu.ft.
S@mple ¢ Ogl ! O 2 ' O 5 i l 0 Oal Qog Ot5 i l»o
" Part A Moximum prossurcs, P.Sei. |
Ti=-T40-1 - - - 15 25 40| L3
740-2 = - - 26 4 Ly 52
864 - - L6 65 - - 33 45
1555 43 56 & 86 - - - -
1556 %6 56 78 8 - - - -
TiHp-1428 30! 62 96 2 18 by 66, 71
Zr=Th5 - 1 = - - 1k 31 k2
1028 281 43, 59 68 20 34 hpi 50
1029 22| k2 57 2 16 @ hif k9
1557 | 4 55 66 76 - - - | -
1558 1+ z30 A 60 8 - - - -
ZrHp-1429 | 29l 46" 69! 901 19 ko 57. 65
; } ; Part B: Average ratos of pressurc risc, P.S.i. /sec,
Ti-740-1 ' - 1 - | - , - £ 100 200 750, 500
ThO-2 © ~ | . - ? - . 250 Loo 750} 750
864 - ! : 250! 700 - - 100! 250
1555  11,70002 800‘ 3,400/ 3,500 - - - -
1556  11,%00, 2,500‘ 3,100, 3,500 - - - -
TiHo~1428: "hooi1 850 5,850 2,800 250 1,050 2,100 1,250
Zr-Th5 - | \ - -~ 100 350 600
1028 1,750, 2,700§ 3,900 5,100 400 1,350 1,450, 1,450
1029 , 50,2 090’ 5,150* h,goo 130 750 1,000 1,250
1557  2,h00! 2, 6001 2,750 3,050 - - - -
1558 1,k00 2,550 2,350 3,050° - ' = - -
ZaHp-1h29 800 2 1901 4,000 L,000. 250 1,100 2,700, 3,800
i | Part C: Maximum ratos of Drossurc riSc, D.S.1./50C.
Ti~ThO~1 - i - f‘ - - . 150 koo 1,100, 1,200
wo-2 - - - - ©oL50 850 1,100 1 650
8h - - 550 2,300 - - 200 | 500
1555  4,150:7,600 jover 10,000 jover 10,000| = - - -
1556 3, 850!7 600; 10,000 10,000 f - -
TiHo-1428 600 i 300! ovor 10,000 9,000 ueo 2 l50‘over 5,000% L 050
zr-T45 - | - - - 50[ 1,600 2,600
1028 1&,500 6 1}003 9,500 lover 10,000 1,250, 2 -‘4;{}‘ 5,800 over 5 000
1029 1,350 15,100 7,100 9,5001 L400,1,300i 50' 4, koo
1557  +5,70017,600] 8,800 lover 10,000 - & - | - -
1558 '” 750‘6 300* 8,800 over 10 OOOx ‘ |
ZrHp-1429 | 1,600 15, 200, 8,800 9,;00 uﬁo ) 250 over 5,oootover 5,000

The ineffectiveness of carbon dioxide is not surprising., Past work with
other metals, including magnesium and magnesiuvm~aluminum alloys, and the
Present oxperiments in the furnace hawve shown that dusubclouds of highly reactive
4539 - 15~ /:29
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powders can ignite and explode iIn carbon dioxide. The greater offectiveness
of helium evidently is due to its high thermal conductivity. Helium-air
nixtures sre definitely more effective in preventing explosions of these five
metal powders and uranium hydride than are argon-air mixtures. Even with
helium~air mixtures, however, the oxygen content of the almosphere had to be
7 percont or less to prevent ignitions, and it is guite likely that in most
applications it might be more practical to maintain an atmosphore of pure
helium rather than attempt to preparc helium=-air mixburcs.

On the other hand,cerbon dioxide-air mixturcs were the most effcctive
portection against ignitions of dust clouds of thorium, zirconium, and titanium
hydrides., Tosts also were made in carbon dioxide~-air mixtures with titeanium
hydride 1428 and zirconium hydride 1429, The oxygen limits worc detemined
to be 13,0 and 8,5 percent, respectively., Helium-air and nitrogen-air mixtures
were nearly cgual in effoctiveness. These findings correspond closely to
the experimental data for methanc gas, as roported by Coward and Jones .}.é/

The greator offcctivoness of carbon dloxide is probably duc to its higher
speccific heat per unit wlume. Helium has high thermal conductivity, but its
gpocific heat is less than half that of carbon dioxidc. Tho specific heat of
argon is slightly higher than that of helium, but its thermel conductivity is
vory much smaller than that of helium.

REDUCTION OF FIRE AlD EXPLOSION HAZARDS

The investigation has shown that the firc and cxplosion hazards incident
to the manufacture end handling of large quantitics of the subject powdors can
be considerable. The hazards are comparable to, or even oXceed, those en-
countored in the manufacture of finely divided magnesium or flaked-aluminum
powders. It is suggested thot laboratorises or plants contomplating production
of thesec powders on an important scale should consult and follow, insolar as
is possible and pertinent, the recommondations outlined in the Codes for the
Prevention of Dust Explosions in the Monufacture of Aluminum Bronze Powder
and of Maganesium Powder or Dust, published by the National Fire Protection
Associatlion, Boston, Mess. Importent recommendations include eliminating all
ignition sources near dusty processcs, reducing the production of finc dust
as much as possible, god housckeeping to prevent disscmination of dust in the
plant, and the use of inort-gas atmospheres wherc practicable. Whenever
Possible at least some, if not all, of the momufacturing operations of the more
hazeardous powders should be performed in atmospheres of helium or argon.

An important safety messure against structural damage by explosions is

the provision of pressure~rolief vents in cquipment and other affected structures.

The functlion of these vents is to release gases during the initial stages of
cn explosion, thereby preventing the dovelorment of high prossures.

Recommendations on storing, shipping, cxtinguishing firee,and other control
measures for zirconium powder were published in a Safoty Digest by the National
Safety Cotncil, Chicagp, Ill., Some of this information is also spplicable to
the preparation and handling of the other powders described in this report.

16/ Coward, H. F., and Jones, G. We, Limits of Inflammebility of Gases and
Vapors: Bureau of Mines Bull, 279, 1939, fig. 22, p. 54.
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Max. press.=BC=90 p.s.i.
Aver. rate of press. rise= B'__C/ AB=1,400 p.s.i./ sec.
Max. rate of press. rise=EF/ DE=4,000 p.s.i.” sec.

100+
C
'.-..
Z 80 - 4 e
. @
% F/ RN
Wi 60~ T e
m
X f
& 40- Sample No. 1633
8 Dust concentr.=1.00 oz. /cu. ft.
o
o 20—
D/—— E
--“‘-.-o‘--%-.0[0.....|...
0.05 0.10 0.15
TIME, SECOND

Figure 5. - Pressure-time record of zirconium powder explosion
in laboratory test bomb.
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Figure 6. - Spark apparatus for testing dust flammability in various gases.
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Figure 7. - Minimum electrical energy required to ignite dust clouds of titanium.
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Figure 8. - Maximum pressure and rates of pressure rise developed by explosions

of uranium.
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Figure 9. - Maximum pressure and rates of pressure rise developed by explosions

of uranium hydride.
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Figure 10. - Maximum pressure and rates of pressure rise developed by explosions

of zirconium hydride.
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Figure 11, - Maximum pressure and rates of pressure rise developed by explosions

of fine zirconium.
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Figure 12. - Maximum pressure and rates of pressure rise developed by explosions

of zirconium.
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Figure 13. - Maximum pressure and rates of pressure rise developed by exnlosions

of titanium.
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Figure 15. - Maximum pressure and rates of pressure rise developed by explosions

of thorium.
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Figure 16. - Maximum pressure and rates of pressure rise developed by explosions

of thorium hydride.
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