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Elactric Contact Arcing

Flecrrael conravis ruw be Jamuged by ocing rdat peeccd o
vl ot sltape lescl anrmurdy uied m cempoinms et

1l iang

v. E. Culizrell

fntradustion

Hlectticad contacts mast function properly Ia cuny iypes ot
cumpunents wied in nuczar weapon syslemy, Dealga, acpli
ation, and tesding of these componentsiijuizes detaided
krowlcdze of chemiezl and physal phenumema anocialzd
with stockhpile stueage. sockpile testing. and uperation. In
the past, s invetigainen of these phanumiena hasted to
samificart discaseshs unthe ef (et of sirfyce quntamt
manly, frtctwn and wear, and the mechanks of chosie on
coaldst perfosmance, tntblsaniicle we will Sewcribe are-
cent tavesligation of contact ascing phenomeny whkh 1a-
vealed that, preceding contact clasure, ards nuy oaur i
vwltages lower 1than had been previously known

This discovery is important, since arcing may damnage conr
tacts. ard sepetitive tesling of contacts performed 23 gt
af a qualily aswursnce program might produse qurmulstive
damape that wou'd yield mideading fife-test da1a znd could
preveni proper operation of the cuntzcts al wome time 1=
the future. Thisdarmage ¢ o be avokled by detenninlng the
conditions undzy which arcing occurs, ared ensuring tha)
thewe conditiong sre avoided in cuntact testing

Confact Arcing

I 13 well keown thad openlng of oontacts in p elecisical
cireuil enay reanl? k; an are between Lhe contacis Likewise,
il 3 cuntact bounces alter initial closure, an age may form.
In hoth carcs curzent flawing beiween the ¢lused contacts
results in joule heating af the lag area i cuntyet, which
cavses melling and vapocization of 2 metallic bridge and
fugination of an are 33 the contacts wepatate. On the ather
lurd, when contasts spproach each uther, arcing i1 gener-
ally nut expected priot to closuse unless the potential dif-
[erence o quite high

— ETe e — i —

Melting and buding of centact mutenials e Been oMigrecd
by many insetigaivta at woltages mu?) bawer (haa thy
cormunly aocepied “rminkmiam atying vollager” {ie.. loaee
than {1 to 1N wlts) Aleting and bueding sultages of vun
tavt muterals have been found (o be meddefinsd chuan-
teristny of the rmateib), due to 3 eeitignihiis beimeen
wizge drup tna caeers path comnlition, and ey
{ute incresie caunad by joule heating. For ot cuntadt
rmalerialy, melting 3nd boding vollzges are tens thin vae
wll,

Since fug <ludng conlacis it is posstble fur contact mataal
melting 3od Boding to occus 31 low wlitzze levels, and dnce
the metallic capar iy 3 prerequisie fur wme 1ppey of sy,
it appears pusiihile that conlact arcisg muy be initiztod a
v soltggae, For those tcnsony wy decided to condust ex
porbnerts with common confact raterials to Jeterming
whather ascing durivcvur at applied wollapes luwey 1han
the ufi<ded “minzmur arcing vollages”™

Evperiments

Flecusical ard optical meaurements were made a1 elecirica)
contacts were Yowly cloed with the apperatus shrmn in
Fip ). The flintuze was made vory ripd and mounted on
ribratiun iolators to prevent any unconirolled selative
motiin beiween the contacie The sery cnsitive pisio
electsic mictomesicr provided slaw, accunatr contact dir
placemern “y bending the cantifever arm at about 50 pmfs
Typieal contact closure rates between 0.05 :nd 0.5 m/s
were Al invastigated. Displacemen! wa: proportivral to
the voltage 2aptied ta tiae piczoeleciric clement. Vuliage
across the cuntacis and cusrent dwslng cliste were monk
tored with the circuil down In Fig. 2



Fig 1 Conxt doture SSunlies rrane conductied with &
vor y vl timlure 0 which ey ¢loar e was
frercinied) Dy 3 pugtotlec! 0 mrometes,
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Fig 2 Potenlal acrcis conlacls 20 cuirent yoore
recorded varth owillowoPe CamMerds 33 CONTICY
vty o closeid.

Cantact naierals studicd included copper, tungten, silver,
alumbitem, izon, awlybdenum, akkel, platinum, and gold.
Extrenn iy smwowils pold contacts were prepared by quench-
mg from the melt. Some of these weve reparithedy arced te
jraduce contiollcd wiiface roughnéss. Except foe pofd and
plaiinum, 1he metals oxidize rapidly in air (incecasing wle-
age standofl): therefme freali suafoves were prcpared just
privy to fesling by culting ofl' the ends of reds

Roults

Wien soughened gold comaciz with a poleniial diffever
of 6 volis were closed. it was found that teansient voliz
ard curecnl pulies often preceded fom closure. Figare »a

thowy an owiflowape trace which was triggered by a vuit.
a5 tranuert ek occurred 29 ms Cedore [ caute.
1hese tranusaty were toa Gl $u be cecusded 31 the sweep
speed used fus Frp 32, and a1¢ shown at kighor seeep
specds in Figy Jband L. Thewe (naces thowed 3 £33 diuep
in patentaal, thes a Sow rine, folowed by 3 raz:d, indue-
tively gercrated exrease to create the ascing voltage. Singe
there wete rar indadVions of firm conlat on this st e
scale, it appeared that the betuvior could best be caplalne
in trrgme of an yipetity making initial contact, melting. and
vapaizicg to fures a maosenlaty are prios (o firm ¢lo-uze.

a
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500 nt! Dernion

Fig 3 Ouilloscope traces of the potential across ctoting

gald contacts 31 6 V opencwauit potential, The
uvpner trace, which was iriggeed Ly evinis wush as
thoie shawrn in the lower two photocraphs, tiows
the potentiad drap st the fvm clapusre of the w0l
contacts win mo inditatiom of contact bounce.
The two lovier traces show the diop in potential
assocated wilh asperity contacting, the oy fise
in potential a3 poule heating occurs, ond the rapid
inaeie to the arcing voltage which may ocexr
when the atperity Zontact is pinched o!f by mg-
netic forcer Hote that the post-are condition may
be a trangient open-Circuit or costed-circuit condi-
Lan.



Testr rercaled 1hot tzanuenis indiaative of ascing prun to
closuse couid be obtained wilh atl 1y pes of contzer mate-
rials af epen circait valtage levels enly slightly 2boe the
meftin. wollege. Mistotopte obkenation ¢onfirmed that
atcinz Jid vccur, Figuse 4 shews plotographs of ares ub-
tained at bow swltazes with copper and gold contacts. Ex
smirgtion of coatactsatier testing 2450 showed surface
Jamuze nhich isclanctenistic of arcing (Fig. 51 Table |
wuremsices the reslis of this stuly, showieg the minik
mum are iniltation sultage thal was determined Jur each
cuntact materiaf, as well as the meining and boiling voliages
determinsd by auther imvestigators.

Fig. b Gald splsivon g oold angde arxd gits an a qald
tathode progucod by multiple dics imtatid at
Lgren-circunt potenils of 0.45 V. The damane
i3 e1ientally cquivalent for opening arud closing
contdcts vathout bounce,

TABLE |

tieinng, Bothng, anad Mimemum Are Initutsn
Voaltages for Electrical Contact Hlarenals {V)

Figa 4 Luminous arct occurred at 0.45 V betwven golid Mrimum
clectrodes and at Q.46 V between copper elee- Asc
trodes priors 1o furm contaet cloture. Aeltimg Boilim Ininanon

Moaterial Voitage Voltage Voliage*
Ap 0.37 0.76 0.40
Asperity Ihynamics Al 0.3 0.40
Au 0.43 0.9 0.45

The events that occur between first asperity contact and arc Cu 0.43 0.8 0.26

formation were not all immediately obvious The fnitlal Fe ng (.65

drop in potential after nitl] contact can be interpreted as Mo 0.75 1.1 0.76

cemizet and snelling of the aspeiity. The slow rise ts prub- Ni 0.65 0.68

ably caused by necking down of the maaien asperity by - 0.71 1.4 D.75

electromagnetic {orces, and the arcing could be caused by W R 2.1 1.1

23 inductively generated voltage on plnch-off of 1he molien -

asperity. *This dudy.
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fri the expetiments, the sire ol the asperitizs involved (n
arcing rangrd fom 0.15 to 1.5 pm, bawed upon mictowopic
measurenent as well as upon the sange in times betweep
initial 2ad firm contact closure and the closure rate of 50

amfs. Aaperity stze and cuseent were used to calculate mag-

netic pinch forces. Cemparison of the pinch futce with
surface tenstn forees which uppose pinch-off indicated
that ptach-off 15 possible for aspetity diameters of about 1
um of less in gofd.

The belicf 1hat arcing befure firm contact cle ure was
initlated by contact and vapotization of asperiies was alw
substantialed by experiments with the extremiv smooth
pald contaces. in which ne awing prior to clowre was cb-
srved.

Conclusions

Low vultage, high curtent, sustained, luminous arcs were
{ound to precode fom contacting of electrical contacts tha
closed withuyt bounce. Simultaneous ascitlowops tr2les
of 1the poteniial and the cenent dusing these closures were
interpreied in 1erms of contacting of asperities followed by
melling. magretic pinch-off of the molten meta) bridge. and
the inductivy generstion of the arclng voltage. The melling
vohiapges of ithe contan meials were found to be the lower
titrtits for the initiation of this process. Arcs wese not ub-
served on 1« closure of exceptionally smooth geld con-
tacts. Arc damape 1o cloting contact surfaces is similsr to
that abserved on opening contacts, and could present a
scrious complication in compaonent Lesting.



Deyslopment of «faterials
for Hydrogen Starage and Transport

Thermo-mechanigl proceving or dighe merdifination of
chemical composition con improey the abdity of steds (o
resiss fatfire i fydnigert ersroniestc

.'- f‘-\ E-IDDR.I-. A- I- wﬂﬂ

Introducton

Catastzoghe 30utes resulling from hydrogen embiiitle.
ment of crgineering materkils have ocqusred in sysieins
ranairiz from pipelines and machinesy to spacecraft fuel
tanks. Ingencral, these Gilures have been the result ef
inadequare deslgn of Lmpropey maleria) selection fon the
hydrogen seyvize envitonmand.

The use of hydsegen asa fulure enerpy source for rehicles
and residential and industela? gpplications adl require mate-
rials that are relatively insensitive to that clement. Fur
both personne] mfety and econemical system performance,
a deiigner of hydrogen storage tanks (pressute vevsels) and
hydrogen transpart systems {pipelines) niceds to under-
riand the limils of specli: matenisls for these kinds uf
hydrogen service. From the financial wiewpoini, a uiccess.
fuf “hydrogen cconomy™ will depend on the use of existing
natural gas pipelines as well as inex pensive alloys for Lhe
construction of new storage 1anks and pipelines From the
technical viewpoint, the understanding of embrittling mech-
anisms in hydrogen will fazilitate the develapment of those
inexpensive a2lloys

Hydrogen Embwittlement

When materials are subjecied to loads in the presencs of
hydragen, perfarmince can range (rom catastrophke Lilure
to no degradation, the degree of embUeitilement usually in-
creasing with pressuze, time of hydrogen expasute, ang the
wress Io which the componenis are subjected.

The behavior ol allays exposed to hydrogen can lake four
forms:

|. Nodegradation — po cifect on mechanical propertics

1

Ducnlsy seduckson  Wight loszes in bah elonzabiun
and frasiure Juctdiny
b Lattice deprafation upidied hy afezfote aneds dhangs
i JIeavazs ar mterpsanudat fsactug

3. Hydride formatien  Jdepadation of propeiizes o auwe
by the formansen of 3 bittle second phase

Althvugh alumzi.cnaltoys appear to be the anly alleys
which exhibil no degradation ln paeous hy droprn. othe
prublems wich as stress corrouan and limued toughnes ai
high strenpih 1ovels urually prevent theep ose Sinve Hliew
slloysard Aluys in Gtepury 4 wsheie iy dnde foanainn
occurs) are sizcceplakbfe (o hydiogen shorape systerm we
wifl emphasize iete the alfuys wiiich exhibar ducnifsty re
Juctions in hydrogen {teg=y ) and Jisuss only hrie(ly
steels that exhihat Bltice degradation Lqategory J).

Austenitic stainlets seels (Caleguly X3 ate the whet of
mon of vur rescarch and developrment efforns beeause of
their desirable mechanical and cur. ~dun propanics and
their mild sensit.. .y to bydrogen enrizonments. Our ap-
proach has been to cdemviy ~=terlls within thus calegury
which have a Jittle ductility Inss in hydiogen as possible.
Hawevez, the techniques used and the kmowledge gaiored
fram these studies are curcently being applied on sllays
ariginally of the tnird Gtegury in an attemnpi ta develop
thewe fosvr<os slloys fur ues @ hydragen systems

White o thoraogh undersianding of hydrugen embnittlement
i3 nut avaitable, research has provided some knowledpe ol
how chemistry, melallurgical stsucture, and thermo-
mechanical prncessing can atfect hydrogen compatibiliy.



Facion Affecting Ductlity in Hydrop:n

We helieve that o an ductility of avieritic stainisis sizel
aluy s 15 Lautcy by interaction of hy«arepen with dislocs.
ens dusing definrmvaten. As ydoosen-Carrying disloga-
nuns encounser wall particles or snelasar wich as 31e
acrmally pressne (0 commescial materuls, they may tangle
wt pile up agsinat the particles or inclusioas. When this
bappens 2 high tucal hydingen cuifent, well in exceys of
the ¢cuilibrinin conlent, is developed. These is evidence
thar this focal hydsogzen, trapped al the inlusivny, could
reduve the milaface strengih, form izl voids at particle,
atid and void growtl: by infepeal pressuse. Al thrae eflecss
a1d ot aceelerate 1he grovzss of (ailure. It oy of pasticular
dzniltcance thay changes in void sire that have been nea-
surcd tn sampies tesied in hydrogen can be related to
Juctilily fowes,

The defurmation mude of 3 panticnlar aftoy can 2lw affec
swnsitivily to hydragen. In alluys where dishowcatiens aze
able to muve ground pagticles by 3 crusedip mechanium,
the dishwatnms divinbatz (he hydrogen eatfice uaniforaily
throughout the lattice. On Lhe other bind, didocations
which zre unable 10 auossalip eznly. end to pile up agains?
the patticles ur buundarics and deposit hydrogen at that
lova! site. This duduecation moticn urder 4iress can efien
ke related (o stacking Muh energy (SFEX A general trend
rwatd increawed wentitivity to hydrogen with lower SFE
s heen ubserved in many alloy svstemns. Alluys that
cross-dip easily have 3 high SFE while 1vboae exhibiling
planar sdip usually havea low SFE.

The microstructure of an alloy has alse been found to be 3
wrsitive vartable in hydrogen ensbrittiernent. A fine grain
siec improvet steength and taughaeas 31 well 23 cesitlznce to
hydiogen embrittlenmtent. Grain orientatinn in the micro.
struclure also yniuences hiydtogen sesistance, with random
aricniatnin uwglly improving resistance. The presence of
brittle second phases such as martensite and Jdelta ferrite
an ause increused sensitivity 1o hydrogen.  Microstrue-
tural vhauzo van cesult Jdicectly from foeming o thermo-
mechanical processing.  For example, the effect of
high-enerpy-rate-forging (HERE Y, which provides a uigh
disfocation-density, fine-grained microstruciure, signifi-
cently improves tite properties of several austenitic stain-
less steels.

Slight chemistry vasiations can have 1 significant elfect un
hydrogen performance. Noi unly can tiese variations
affect the torpration of second phases such as martensile

atid Jelta fereite. but thoy a0 «lw affevt the drfeimation
characteristion  For easmmpie, the tenaile ductility lonies
are much greater tn 3031 than 309 |60°5 vy 1072 meawued
teduction tn a1ea (RA Y] when these alloys ate teuted in
high-pressure hydrogen. We feel that the higher nikke)
cuncentyatian in 309 jacreases the stacking fault energy.
promules clois-slio, and thus decrease. Yizk localured con-
cenirations of hydroge st dialocgtion pile-ups as diwuied
abuve. Siminly. chromicm b concentrations up to 1875
has been obseaved to tnprove hydsogen resistance. Mangs.
nese o conventrathns geater than 355 kas Been fourd to
be defeterivus in ausienitic stainless steels used to contain
gAstous hydregen, whetess $xon appeats Vo Impurve se-
dstance o hydrogen wiucking Thus curnzesin atloy
chemistry cap have Lige eflects o hydsogen susceptibility,
and thould be conidered when additives are pianned fv
improve the teeghnesa or terside characterislics of a piven
sNoy,

ficvelerated Testing (or Hydrogen Embritilerecnt

A1 reom lemperature the decumulavion of hydrozen in the
Litice ¢31 b dlow. However, hizh hydiogen concentralions
resuliing from long-term exposuse ¢an be ceealed moie
quickly by using a thermalchazging technious: exposure to
lizh-pressure fiy drozen at elevated temperature. This tech-
nique preduces the hydrogen coneentsdtion profdes thar
vould be expectzd in a hydrogen siorage vessel or pipeline
after years of service, and allows us to study in 2 timely
manner the effect of internal (inter-lattice) hydrozen on
meckanical properties. Thermolly charged and unchasped
specimens are tensile tested in high-pressure hyd. gea to
«valuste the cffect of both *internal” and “envitotmentat™
Mydrogen. A sensitive indicator of dyctllity lotses in hydro-
gen is the reduction in area {(RA) a1 the point of f1acivse.
Mare severely embrittled alloys exhibit changes in fractuse
mude as well as Lirge RA losses when 1e3ted In hydrogen

Austeniric Stafrnfexs Sterls — Austenitic stairless steel alloys
usudlly exhibit voniy ménot degradation in ductility when
subjected to hydrogen. However, because of their high
cos!. these alloys are usually used only lor very severe en-
vironmenta! conditions, such as highly stressed parts ex-
poscd to high-pressure hydrogen, or where a failore cannot
be tolerated. The most familiar matesial of this kind is
304L. Results of experiments to determine elfects of in-
terna) and eavironmenta) hydrogen an the tensile ductility
of IBIL are shown in Fig. 1. The RA of annealed JD4L
was lowersd almoxt 6075 by both extermal hydrogen (a1 &%
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Crowess 1nvecase 3170 steee sth (e 207 o 413 MPy, bui
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1207 2P 1SR P (415 KPPy Jasba] Lo
sizkd strangth)l vurld wrenjth)  yortd SHrergint yeold oeegth)

Cuctilay of 304L and 21-69 stun’ers steel speci-
men; rzsted i air, :n 69 MPa hydrogen, or aiter
hydsogenCharging, depends upen thermo-
mechanical history, far example, hish-eneigy rate-
fargimg.

Fig. 1

One dissdvantage of materials strengthened by mechan:cal
deformation is that the microstructure sesponsible fas im-
praved properties can be destreyed during welding A
weld region has preperties approaching those of annealed

materaie Seeurwsling e avaly et ovestruotr e il
hyJregen contemient spemy, wellnunt poteeara e i
the v ernponmrit el CRiannnes ponvilatas o by
wioeomtul vaoerateon of the spaan R2lge s weean b thoon,
a3 g el 15 a2 Ay dewhipreny g

Wold cillzns b TOL dapacaily o from 2 e 10

of 3 weound e, e b femrute, b nedage the Feir ooy far
fart wrankesg Yo baae dound that welfi;n UMY enkbiba
dustcdity brses ta the prevnce of exteorg] bt rol tntanl
hydieze. Acsbavaninbeg o Mactgie oar, sb g the

& feante catworh rewdiog s quau-sleane e ppeans:;
fracture compared 1o 3 complelely duyagte donple traauae
tr wmles tested 10 gzt Fhewe sevalls wrzp ot (bt this
quantity of ferrse b2l b2 it d 12 10 el 1t
present weld ceachpng, whoe mitrzeee oy diegiu e
brittlemzrt in Wi weldy
Now Srapifon Stect s The wesri o higier-sirer 2l
muatciils bos Ird v thz ose of emet Lodrectenmstier 2ihened
commeicul aloys (2P and 22-13-5) 502 ) preariistun-
husdzned alny we dorclupad specitndidy Loer by re2e

alluys ate 2aran o Tatle b The victregznstrengthiensd
Aaelz vee) slluys hase been Vhaesuaglgy imesin sed 2ndd
qualifizd dur g an hydrogzn emdonsents Asshwanin
Elz. 1, the Zreczth of 2i-09 0 the anceated coninions,
315 MPa, {abon ywice thal of 3040 ) by unatlected by o
tesmal hydrozen, Arnealed 25.0-9 exfithiirs 25000 35 - lon
in RA due to intesrnd hydrogen. wherenn enly 2 2o - lon
in BA 13 ubsened in the HERFed -onditivns where 3 yield
sirenpth of ~00 MPa can be achieved  22-1 L8 enhihils
little ductilizy loss due to cither interna) or externmal Ly dro-
gen, aed can he HERFd to 1035 MPa yecld stecnzih.

TABLE |

Typical Composition of Stainleys Steet Allos

{masy %)

Allc 4 Ni & Mn Si C N Ti Al Ao Vv B Fe
304L 10 19 15 05 0402 . - - - . Baf
309 14 23 16 0.5 0.06 - . - . Bal
21-6-9 8 21 940 0.5 C.04 0.3 - . - - - Ba!
Z2-13-5 12 22 50 0.6 0.04 0.3 - - 2.25 0.2 - Hal
Commercial A-286 25 15 15 0.5 .06 2.1 0.15 1.2 025 0.005 fat
JBK-75" dJ0 15 M Min 0.03 2.2 0.2 1.2% .25 Miin fal

*Developsd for weldability and hydropen sompatibility, L. §. Patent 3,895 939
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Fig 2 Microstructure adjzcent to fracture turface in JO4L with 308 filler weld; appears different in tes’s uncharged in sir
(a}, and thermally-charged with H, at €3 MPa {h); {c) and (d) show microstructure in planes peipendicular tos
fracture.

11



The decreased d-.. ity tossof 21-6-9 and 22-13-5 aver that
of JOL in hydioger <an be altitbuted to the defosmaiion
process. These two alloys have a significantly hizhey s1ack-
ing fault enterpy (SFE) vtun 3HL. In general the resistunce
ol stainfess sieels to hydiogen increases with incseasing SFE
This is consistent with the fact that dislocations in alloys
having kiglt SFE mich as 309, 216, and 22-13-5, are able to
move 3;0und particles by a cross-slip mechanisia and there-
by distribute the hydrogen more uniformly thraughout the
lattice. On the other hand, dislocations in lower SFE
altoys, such as IHL, are grable o cross-slip easily, pile up
at particles, 3rd deposit the hydrogen at these local sites.
This seguence 1esults in more hydeogen-assisted vold
growth and lower KA values in the fow SFE afloys

In HERF 22.13-5, welds exhibit a yield strength approach-
ing that of azaealed plate {483 MP2) compased will; 1035
MPa in the parent smateria). This sirength degsadatiun in
the weld oft2n Limits the usefulness of the higher shiength
autrix in ar engineering design, In dan atterpt to attain
nigh sirenzth levels in both the parent materiaf and welds,
precipitativn-sirengthenes stainfess sieel alloys were evalu-
ated. However, we found that these commetciaf aljoys
exhibited either poor weldability, poor iydrogen conipati
bility, or both. Therelore, an extensive program was inilk
21ed to develop an alloy which isseadily weldable,
compatible with hydrogen, and ¢xhibits sitenglh supettor
10 the nitcogen-strengthened alloys in the welded and an-
nealed conditions.

Alloys based on commerclal A-286, which detivey .t bign
strangth by precipilation ot a smafl (=19 nm) coherent
phase, y/(Ni, [TiAl]), were studied. Alter an eaddier in
vestigation showed that small chenlsiry moditications
could significanily improve weldability, we copductexd
similar studies to improve Bydrogen compatibility. When
thermally charged with hydzogen, comniercial A-286 ex-
hibils a 50% loss in RA, snu the lo,s is accompanied by a
change in fracture mode from ductile tupture 4o partial
intergranular failure. This Is of particular concerp sinee
fracture mode changes ulten indicate susceptibifity to de-
{ayed britcle fuilure i service.

The effect of slight ajioy modifications op the strength snd
FA losx is shown in Table 1. Increased Nicantent and de-
creased Mn tevel reduced ductility Josses, while increases in
Ti, Al, and Mo increased ductitity losses. Even though Ti
and #specialiy Mo are potent sirengiheners, they must be
used in moderadion to maintain hydrogen compatibifity,
The effect of Alloying elements on (he compatibility can be
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pactially explained by the minor phases formed duiing the
apinpprecipitation process. increxses & Tiand Al reautted
in an excesuy2 amount oY cellular 7 {over-aged 3, NiyThp ot
the qustenile gain boundaries. Inereasing the Mo level 1e-
sufted in formatfon of the x plase, MuiCthc ig: Theie
phases or interfices apprared tu »c embrittied by byl
gen, remulting then in 2 large amount of grain boundary
fallure in hydrogen. However. the forpusion of secomd
pliases other Uuan i caruiot eaplain the ¢ fTects of elements
such 31 Mn and N Uring a ativngle based upon didoc:.-
tion motion and interactiony with the 4 “precipitate. the
behavior e Mn and Ni can be explained. In alloys cuntotn-
ing an ordered, coherent 3 "precipitate. glip is initia)ly
planas becavse disfocations tend 10 cuY or theay 3§ “panuies
and thiereby enfurce confinuad dip alung the Arst planes
which aie gclive. This appears to e the case for A-286 and
tesulty in the transpost  f hydrogen to 1he sensitive grom
boundary region where partlal intesgranutar failuee occurs

TABLE 1N

Tensilo Progertics — A-280 Typce Atloys

Yixitt itimuyte % RA
Susmpih Temulp Lo
{0.3% aruny Suength 1A Fen,
Dewctiplion 1%'Pa) iMPa) %] Chaging
Commercial A-286
{low C ~0.03) o5 1pp 15 48
Very o C g 1My, w 50
Low(C, B 160 116D 43 406
Low C,.55, 8 16D 1180 44 &1
Lomn G, MWin, 5, 08 140 11p0 =100 i
Low C, 35% Ni 10D 1160 48 23
LowC, Mn, S, B,
A% Ni*e 760 (05 &5 It
Low C,Mn, 51, B,
LD N} 05 1035 o} 77
Low C, Ma, 5i. B,
1% Al G5 1100 62 J3
Lovw €, Ma, 56, 8,
2.6% Ti 130 1330 a7 21
Low C.Mn, 5, B,
2.6% Ti, 6% Mo 1055 1375 2] 78

*Conpostion shown In Table 1,
**Shown 35 JAK-1S in Table L.
NOTE: {200 K 2 houry, saterquenchod, aged {6 hours 9940 K-



Comversely, it has been shown {hat wscohierenl preginitates
can act as traps (i hydrogen as hydrogenvanying dis
fucations tengle about the preapilate. For example, a fine
Jispersion o 25 ThQ, in Niaar confer hy-hiogen com-
patibility ¢n tlus material which is otherwise $2verely enr
brittied by hydeugen tansported o the sensitive grain
boundarics.

Particles such as 77 in A-286 will become indoherent

(a vtystallographec iaterface furttis a1 the precipilate baund-
ary ) 2f1er a critical ameunt of s112)n has oecusied, ¥ Wie
strain required (o cuse coherency loss is gnall, the pariicle
interfaves can zct as hydrogen taps before much hydrogen
is lransported to the pmun boundariss, The larger the lat-
tice parameter mismateh between the matrix and 4 pre-
cipitate. the Jess steain ks required to czuse coberency loss
This rattonule ts helplul in explaining why removal of C,
C+B, and C+BSi have e.sentially no effect un RA losses:
these elements have very Jitdle effect on laMtice paruneters
Coaversely, thie macked effect of Mn removal evideatly
anises from 1he rather Lagge effect of Mn oa lattice parame-
ters; the throe lowest RA Jossalloys {Table LI} have the
lattice paramelers they do lagely because o Mn rewuovol.
Additioin of Ni has a weaker effect, but it also reduces
Lattice patameters and thus increases the Iaitice mismatch.

Theretore, pood strengily, weldabilty | and hydtueen com-
patibiliiy requure that commercial A-286 be mudified. Oy
lowerning the Mn and incteasing the Ni conteal. unly 114
lusi in RA ocours Jdue to hydrogen charging, compared 10

3 5070 Toss in KA for commercial A-280, In 2ddition. in
K-75 fracture occdrs by completely ductile void nuclea-
tivn and prowth, compared 1o partial intesgranular failure
tn cammiercial A-286. This new alloy has uit annealed yicld
stregth af 760 M2 and ¢an be HERFed to yield steengths
abrove 1035 MPa.

Doevelopment of Conpazible nexpeasve Alfays As dis
cussed eatticr, 1he economic feasibility of using hydregen
as o primary cacrgy source depends strongly oa the abidity
o use inexpensive matetials 1a contain and transport
hydragen. For cxample, censtrained by hiigh capital cosls.
ane wotlld mot use stainless sweels tor very large storage
vessels ur new pipelines. {n addition {o the birge amount
ol capital ted up in the existing natural gas pipe network,
the nedtly critical shoriages of alloying elements in stain-
less steel (such as chromivm) would prevent the producsion
of sufficient yuantitics, Conscquenily, if is impegative that
technigues be developed for improving the hydrogen com-
palihiliy of inespensive alloys as well as fue clearly

Ll el e o e—— R

delining tre operaling s of exiting compunents (pipe-
lioesh whoh wall eperate in kiydrogen. Knowlidgz of the
materals i we hydropen sarvie will then dztane e
riceds for spevia) griotecisve barsicry such as bieters of coat-
wps o othier eetntorcements which will make fie compo-
nent usable

Our discusseon thus f3r s shiown how «.. 200 procesung
and chemica composition modifications can impsove the
hydrogen compatibility of stainless steels We have seen
11 the poyuse of defornation processes disecy aflegis
hydrogen sengtivity. It was shown that {1Ew Fing im-
proves copipatibdily by changing the dislocobion micro-
structure, and that microstructoral cantrol, such a3 the
addilion of 3 s2cond phase {abpersion vr previpitatiun)
influences an alfoy’s sengtivity to hydropen. Finally, it
was noted that thtough aomall chemisiry changas it ss poy
suble 1o reduce hydrozen sensitivity. Can these punciples
be applied 10 some of the inexpensive alloy s swuscepuble to
Lattice degradation? Qur expetience to daie is that $licse
princlpies and vthers can impruve the useful 1ange of low-
alloy stiuctural steels [ur hydrogen service. At worsl, we
will ke able 1o ¢Iemly deling the vparational inns of such
2{toys and use these datz (o ensute propes mainfenance ansd
quality conirol.

Preliminary iesting of a 1018 mild steel in the cold worked
amd HERFed conditiuns has revealed some interesting lacts.
As shown in Table H!, culd worked 101K steel {u} o W]
MPa) showed 3 RA deaease fram 475 (o 315~ when tested
in high-pressuic hydiogen. Note alwo that the unfonm
clongation is quite low (~270) even in alr. MERF amples,
on the other hand. exhibited sdightlv lower yield strergth

TABLL 111
Tensite Properties - 1018 Sieel

Unfurm
Yield Uhimate E longs
Stwruagth Suwengpih RA Rign
A)mcaphey g iMPa) IMP) 1'% i)

Cota A (23 22 Aar1 235
Warked IPaM, 617 &M 1D 180

Asr 551 612 246 74
HERF

6.0 NP2 HZ-HE 500 687 341 04
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(551 MPy v 593 MPa) with 3 prester than thiecfold un-
provement in unifoim tlongatior HERF somples u.at
were charged with Hy and teste $0/50 voi%t H,{He
s mixture showed anly a 13% decrense in uaiform clorga-
tion as compared to the air samptes. Thes data, although
skelchy, supzest that beneficial efieets in 1018 steel can be
derived from sheemal-mechanica) processing. We are mak-
ing detailed studies of these effects.

Conclusions
The compatibility of materials In high-pressure hydrogen

has been obsen ed to be dependent on deformmation char-
acteristizs, thermo-mechanical processing, microstructure,
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chemical composition, and 1he presence of welds. Lund
theae concents, we developed a new highstiength anstes
ilic statnless steel alloy for use in hydrogen. A Jetaled
vrderitanding of performance in hydrogen is not yei
zvailable (o facilitate the design of ipaapensive stpuctoral
ma*erials for large scale hydrogen storage and tranymissiun
systems However, numerous specific observations regar-
ing the influence of the above variabics © o hydrogen crack-
ing resistance should permit the aesign of lowcost alloys
having minimum sensitivily to hydrogen envizonmenis
Thuy, improvements of low alloy steels fur hydiggen <21
vice are postible, and the limils of 1heswe steels can be d»
finead to permit ssfe use of these marteriafs for bydiogen
iransparation and sterage.
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Measurement of Thermal Transients

With thernwl sensor response models we cun improve the
ducurucy of medsigerienis from transenr thermal expen-
Tty

N. R. Keltner

Intruducticn

Analysis of transienl 1hermal experiments requires accurate
knowledpge of the temperature and/or heat flux histories 21
the surlaces of 3 test item. When experiments snvalve rapid
changes in temperature or hezt Fux, 1ypical sensars may
not indicate the tree history, and estimates of measusement
crrors become impaortant for data amalysis. For the dala
analysis, exponential approximations have generally een
used to characterire the transient cesponses of the sensors.
Such approaimations can iead (o seclous ertors because the
teansient responsc js vsiafly not exponentiaf: actuaf tran-
stent response is nut indicated by sensor calibration because
calibraticas are at steady-stale or yuasi-steady-state candi-
\ions,

To malie an accurate interpretalion of data from transient
thermal experiments, one musi undersiand thoroughly the
transtenl response characteristics of (he sensor instalfation.
In many cases, the responst characteristics depend not only
upon Lhe sensor ilself but also vpon the specific subsirate
material and the manner of mounting. The development
of thermal senscr response models has allowed us to deter-
mine dala corrections accurately, and thus to determine
acvurate thermal histories in high-lieat-flux test cnviron-
menls.

Response Models

We have studied thermal senser respanse in copfunction
wilh several experimentat programs at our radiznt heat
facility and have used experimental, analytical, and nu-
merical techniques *o develop response models for the
following:

& Foil thermocoup!es (attached to the surface by
flame-sprayed aluminum oxide}.

LR AR T P — Ty e e e, T T e - Syt - srour T tre e

e Intrinsic thermocouples (the thesmoelectric circuit
includes the :nategiad pa which the measuremeni 1s
made)

® Circular-foil heal.-Nlux goges (d radial temperature
aradient, which is propartional to flux, is mea
sured by a uiiferentral thermocouple b2tween the
foil center and a circumferential heat sink).

e Strain gages and olfztinum redstance theimome-
ters (attached by 1fame-spray process).

By experisnens we have established cespunswe models for 4l

of these sensors. measuring response to Known silep of samp
inputs, By using measured responses and mathematical thro-
ry {¢.g., Duliamel’s convolution theorem for linear systems),
wi coufd estimate response for an arbiirary input. For some
of the sensars il was afso possible 1o constryct analytical or
numerical models for the sespornse o ehther step o1 ramp in-
puts, Close agreemenis between the prediciions of the ana-
lytical, numerical, angd empirical models suppart their vulidity.

Foi both foil and intrinsic thermocouples, we v 2d this =x-
perimental procedure for determining ihe step response
model:

¢  The thermocouple was atlached to the
matenial mmple. {(For the intrinsic thermo-
couple. wires were individually attached 1o
the sample.)

s A capacitor bank was discharged 1hiouph

the sample to produce o rpid (less than
50 ps}increase in temperature, and the oul-
put of the thermocoupl e was monitosed

on oscilloscopes.
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e  Aleast-squaresanalyss vy data provided an
vstimate of the transuens response charactes.
1slics,

Figure [ shows resuits for six fed thermovouples. The
spread in the dala is caused by slight diffesences in noms-
nally identical instalfations  #or tids se290f instaliation, we
oblained a best ettimatle of th? tespunse and bounds on the
fastest and sfowest response. Whea theowe respunses are
compared with an exponentizl curve, we see that the at-
sumption ol exponeniial response would grve indecurate
results if used Jv analyze transient dala,

1.0

Q.9
¢.8
0.7
0.8
a5

0.4

03 - Experimentsl daty for ux

Narmglized Sensor Qutpul

®] igenticat {ol) Thermo-
o2 - Coy M Step ternperaiure -
:J cnanges ranged Irom 100 K
0.1 _J (o ZH K -
J.0 ] i ] I
2 3 q L7 6
Tima {4)

Fig. 1 Can.narson of an exponential curve with transient
responssd af foil thermotayale installations on a
carbor composite material shows that the re-
¢ponses cannpt be accurately appronimated by 2
simple pappnentinl.

For the intrinsic thermocouple, we obtiined an analytical
step respc -»¢ model with a technique called quasi-coupling.
This technique was developed 1o solve transient problems
with an interface belween two prometrically distinct re-
gionr, each of which can b analyzed separately by using
appropriate coardinate systems. We developed expressions
f- rshe response of each wire {modeled in Cartesian coosdi-
nates) and the substrate (modeled in oblate spheroidal co-
ordinates) lo a step change in temperatute at the interfzce.
With these exvressions we obtained an explicif e.ipression
for the interface temperature in terms of 3 set of eight
equativns. These equations are uted to determires siep re-
sponse in 3 succesiive malching procedute taf lemperature
anyd 1otal integrated heat Mow across the interface region.
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We found good 3 gocment between the analvtical cerpoase
mad=] amd a ke dufference aunrencal muodel for the (-
tentsic themmuocouple  In Fig. 2 predicioas of 1the analytr
cal ;nod2t are compucd with the expenimenty) Jats uwed
fur the empiricy) model for oae inyallalion. YWhep we
cxamined the response of various intrinsic thermocuouple
installations ae noted that the whstrate gectly affexted
response. (For ane type of thermusouple wite, the time
to 4555 respense 1o a step temperatuze change vaned by 2
factor of 3130. depending upon the type of substraie mate-
nzl.)
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Fig 2 A comparison ol the puiput 0 an intnnue thermon-
cquple predicted by an amalynre3] rexppnse model
owiih experimenial data shovs jood agreemienl.

The quati-caupled wiution technique was alsg ysed to s
velup an apalytical response model for the cireular-foil

< sat-flux gaze. Figuse 3 compares peedictions from chi
analytical mode] with expurimental data ob1aincd ny ex-
posing several pages 1o 3 step change in incideny sadian)
heat flux.

Ve have not yet been able to obtain close agreemen® ae.
fuween empirical and theoretical models (o1 steain gages and
resdstance thermometers We have used empicical madels
succenifully and are trying to improve (heoretical modeling

Applications iz Thermal Experiments

In 2 recent serics of expeiimenty we subjectad oylindricy
and conic! carben/carbon matedal (sumeiimes vied 33 fe.
entry vehicle licatshields) samples to thzemal shock. The
wamples were ppidly inserted imip a cylindrical v.eatee acray



aperaling at temperaiurey as high as 3000 K. We nardzd
Juew;ate valuges af the abiorbed heat (fux at 1he vuter sur-
face (0t thormat stress calculatione.
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Fig. 3 Cucular-foll heat-flux gage cuiputs predicted Ly
on anglytica) model agree vell with experimental

Jata.

In one methed for detesmining wirface Bux, we uwd sur.
face properties, geomalrical factors, 2nd data from cinulye.
(il keas-Rux gapes o calculate absorbed Dicat Mua, In 1~
weond method, we used [oil thermocouples to measuie the
inner-suslzce fempenature history, When the absorbed ficat
Mux was caleutated from chis measurcment by assuming
that the thermovguples responded exponentially, 1hie heat
Mux levels wese 205 to 3075 below the values oblalned
from the Tirst method We cesalved the disciepansy by us
ino thie best estimate of the (ux history (feom heat Mux
gaae mesurcrments) (o calculaie the innes susface temper.
ature history 3nd then numerically convoluted tiat history
wilh the cmpidcally developed thermovvuple responxe
niodel to predict the themocouple outpur (Fig 4)
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Figp 4 1ina cylindrical radipnt hedting axperiment, rear-
wrface foil-thermoccuptet indicated temperatures
were {aaer then comauted {raem hicat-tiux mea
sufements. Ui of the empitical response model
shavm a3 Jeirage 1eponie in Fig 1 gave 8 cor-
rected thermacouple responia that agseed with
e thermooouspie dats.

In znother application, we used the intrinsic 1thermucouple
numerical model 1o analy re 2 pr oy osed pulied reaciot ex.
perimenl 1o deleming phaw «ange temperaturcs and
paramerers of 2 vranium oy, For this experiment, a two-
wire Intiing: Maton thermucoupde Gne mbstsare is a fis
donable matesial) was piopowd. Figure S seveals the Laggs:
difference between the substrate tempeyature and thic teme
peratures at e thermugouple wite attachment points. Be-
cause the temperatuse difference between ihe two unclions
supeests that &ata reduction will be dilficulo (a theee-
clement thaamoelectnie ¢lrcuit with tevo unknown junction
tanperatures), we cecommended that the expesiment be

redetizned.

We have made several ather applications of sensor responye
nodely:

- To study oxcillatory Behavior in 2 heat flun
feedback contrdd system. providing offset
signals (o compensate (og thermal inertia and
o min{rmdre oxcillation.

®  Tocompenmte lor apparent themal strain
tr c1gin pape axuremnents when aeface

temperatuse is rixing 4t cp (0 200 K/s

1?

&
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Numerical respanse model wa: used 1o predict
pnciren remperatures in 3 two-aire tniringic they-
mocouple vrith 2 {iscippabde maleria) subjsirate,
praoposed Tor 2 reat1or expoiiment. The largs tem-
perature dilference bethweon the two junctions in-
dicated that the expesiment thould be redasigned,

®  Todevelop 3 oumernicat decanvolution tech-
nigur foy capeiments viing tnhiinak Ltherrmro-
vouples urdr icmpeRiure ranges of wyeral
hundred kelving. Step cerponse infot mation
and themocouple dita are used tv cakulsic
the vue suiface temperatuie istoly

Contiusons

Accurate senor tesponse models can be used Lo improve
the accuracy of measurements {rom a transet thermal
experiment, and provide accurate estimates of dynamic
¢hiots in the 2340 I8 many cases ercor correction farmutas
or procedures wi)) permil secovery of usable Jata frem
olherwise unusable sensor cutpuls. The modsls can also
be used to slect the best sensor for a specilic experiment
application,
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Lithium Niobate Siress Trasisducers

Determinanon of pietaclectric characreristics of fithium
nichate fus led 10 development of new Hransufucers for
memsyrieg furt, high-level siress pulser

R A. Geeham

Introduciion

in the almost one hundred years since the plezoelectsis
effect was discovered, the phenomenon fuas been used in

2 number of devices for 3 wide range of applications Al-
though many dilferent crysials generate piczoelectric
charges when they are comptessed, quariz has been used

as the . :tive element in most piczoclectric applications
since it Aas many excellenl properties, including repro-
ducible, stable ehavior, We have investigated o..'ner
tnaterial, lithium niobate, and found that it s superior to
quartz for many piczoelectsic stress-transduces applications

Piezoelectric crystals hrave orderly three-dimensional struc-
tures, which affect the quantity of charge gencrated at the
sample sueface when stresy is applied in specific directions
For a given direction of strcas, 1he charge generated per
unit area by 1he intemal| polasization s usually directly
proportional to the applicd stress o7 straln. The ¢ nstant
of proporticnality, called the piezoelectric constant, de-
pends upon the crystallographic direction in which stress

is applied and the direction in which the charge is det »cted.
For example, a piczoelectyie crysial could have a2 many o
eighteen piezocleciric constonts 10 define polarization mea-
surements inn aay of three directions for thice different
direclions of both normal stress and shear stress. Thus the
piezoelectric response of a ransducer will depend markedly
on the direction in which the active element is cut from the
crystal.

Common orientations for quartz sample “cuts™ (x-cul,
y-cut, and z-cut) with respect 10 the crystal axes are shown
in Fig. }. For lithium niobate, the most useful ordentations
1or siress trinsducers ape z-cut, y-cut, and Jé-degree-
rotuted-y-cut (Fig- 2).

New transducer performance characteristics are possible
since Jithium niabate has several propertics that ace signifi-
canily different than those of quariz. Lithram niobate has

z-Cut

--------------

x-Cut

............

y-Gut

| |

4
D O Y kR O EE R W W W

[

Fig. 1 The propeniss of amples cut from single crysials
depend markedly an the arientation of the sampte
with respect to the crystal axes. The orientations
of common wampte culs are indicated on this
tkeich of a naiwa! quanz oryntal,

four plezoelecttic vonslants whereas quartz has only twy.
in addition, lithium niobate exhibiis a plecoelectric e
spanse to uniform hydrosiatic pressure, whercas quariz
does not. Furthermore, most piezocelectric constants of
lithium niobate ate much Larger than those of quartz.
Lithiuvm niobate gages have (he polenilal for measuremenis
at higher temperature than possible with quesiz g2ges, since
quatiz goes through 3 phass tnndiloa at 850 K. while
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hthium nivbate remains piezoelec aic up 1o 1500 K. Al
though there have been probiems in the past in growing
govd single crystals of Jithium niobate (the first ¢rysialy
were grown only about fifieen years age), it app2ars that
thuse problems have now been solved.

2-Cut

36 Degree-
Rotated-y-Cut

1
i-'l
r---
]
_"I

- gy W my A o Ey o B gy wy w G R oW

Sinqgte crystals of lithium niobate are grown artifi-
cially in the form of boules, typically a3 1arge s
S0-mm in diameter. Orlentations of ditks most
wusell for transducer apalications are ingicated
a-'at1/0 1o the &rvstal axes.

Fig 2

We previou:ly developed an x-cut quarntz piczoelectic gage®
that could be used for time.resolved s2ecss mezsutements to
10 GP3. This 3sge has pronen eqpeciaily valuable for ma
terials studicy both in the Iaboratory and in the (icld, [1
now appears that with lithinn njobate we can develop
smaller grges, 2nd also reduce problems assoctated with
signal-io-noise tatkos at low stresses. Furthermore, the
unigur hydrostatic sesponse of lithlum niobase provides

a New meayursment capability.

in this article we will describe an investigation of lithium
niobate (or measurements of impulsive steety or preimise

*U!. 5 Parzrmt 3,102,082

a* levels much hizher than required for more convepniunal
piczoclectric applications.  First, if is important tu consadey
;e specia} problems posed by 1he measaremeni of ik
pressure impulsive loads with piezoelectsic crystaly. Stadies
of the piezoclecteic response of lithium nivbale 1o impact
loading and to high staudc pressure will then be dewcribed

Response of Piezoclecines to Impulsive loads

Piezaclectric gages la measute suess or pressire pulses dre
used in gither of 1wo distinetly dilferent modes. the
“curtent-mode” or the “charge-mode.” In buth, the acuve
clements pre piczoelectric disks; however, their responses
provide qualitatively different measurement capabilities,
and the responses must be studied by different technigques

e cutient-mode is used for measurement of the stress
time chiacsatesistics of {aat-sising stress pulses. As indicated
in Fig. 3 the current-rode renulres ciycuils with shos) elec:
trical time constanty, and gages that are thick relative 10 yhe

Current Moda Charge-Mode
Gages Gages
Rite Time Typlcally Typically
e m hundreds of ny
Pulse Duration Typically Typically
or feve ps many ms
Recording Time
Canfiquration R v T
! .
,' I?—hMN : —I | ; |
ek mckh e g
; e N C
. r‘ -ﬂ A
{ l | Al -
Circuit Time
Constant AC < 10" AC > 10!
Quiput Signal i = Stress V o Stress

Fig. 3 Pierodectric g2gey 1o e ¥ impulsive foads may
be constracted in either the current mode ar the
chage made. The mode of operation depenth up-
on elecuical and mechanical tirse constants af the
qigey and crcuils wlich sre salestedd relative 10
aither the sitatime or pulse dviation ol the stress
s THTN



sress pulse. In thus mode the measurable pulse durations
are less than the 1ransit times of stress pulses through the

gages (typically a few ps).

On the other hand, the chasge-mode of operation is ustd
for the measurement of the stresy-time characteristics af
stress pulses of long duration. As indicated in Fig- 3, the
charge-mode cequires circuits witti long electrical tirme con-
stants and pges that are thin celative to the widths of the
siress pulses In this moce the measuratile rise-1imes age
longer than the iransi) 1imes of Tae stress pukses thiough

the gages (typically ~10" us).

The differences between cussent-mode and charg=-mode
gages, snmmarized in Fig- 3, determine \he methods
sclected for studying the suitability of lithium nicbale for
transqucer applications, The current-mode gage is stud:ed
by measuring the piezoeleciric respense to a direct impact,
but the charge-mode gage is studied by measuring the piezo-
clectric response to quasi-static stresses

Under the large stresses oy pressures résulting from typical
impulgve loads, contdbutions from nonlinear piezoelectrc
constants may be significant. Since values for nonlinear
constants ate gencrally not known, the investigation of
piezoelectric crystals for stress transducer appications is
necessasily cancemed with bot't linear and nonflinear piezo-
electtic constants. Furlhermore, the large stresses desiroy
the gage ofier the desired signals have been recorded. This
“onesshot” gage operation prevents direct calibration undes
typical conditions of use: hence, the reproducibifity of ma-
terial constanis provides the basis for confidence In the re-
producibility of the gage output signals.

Response of Lithum Niobaie ip Impact Loading

Current-mude piezoelectyric gage sysiems are ysed to mes
sure sircss prafiles pruduced by Impact, explosive lazding,
pulsed electean-beam imadiation, Qawitched-laser lradia
tion, or intense pulsed x-ray irdiation. These stiess pultes
may have - omplex shapes which change significantly in 2
{ew nanoscconds. Properties of lithium niobate for measur-
ing such stress pulies were determined by subjecting Siaks
to casefully controlled impacts at precisely known velock
tics.

Figure 4 shows a pirzoelectirlc sample mounted at the
muzzle of 3 compressed gas gun. A projeclile faced with an
impactor material is accelerated 1o 3 preselecied velocity,

and impacted directly upon the sampl=. Immediately puor
to impactk, the velecity of the projecuile is precisely mea-
sured. Upon impact, a shock-wave propagates 1thsvugh the
wmple, producing a cuscent in the external cucuit.

Gas Préssura

EEERN

Gun Barrel
63-mm {nside
Diameter

25 m Lo

Gas Seal

Prajoctile

Impactor

0.13 ¥3 Pressure )
Velocity Pins

§

Precision
Lapped
Curface
Piezoelectric
Samplo
Encapsulatian

Luow Lot Coaxal Cable

B5 or 150 MH;»

Cable Termination _
Ouwilioteopo

Fig. 4 Experiments ta study the pleroelectric respanse
of cument-mode gage matwrials are conducted by
accelerating a prow.ctile 1o a preselected velocity.
and maintaining precise alignment hetween the
impactor and the sample. The thotk wave pro-
duced by the impact prapagates thn::igh the tam-
ple and produces g cutrent which is recacded from
a high speed oxcilloscope. Piezoelectric character-
litics are computed from the measyred currant,
and sain is computed {rom the measured impagt
velocity and mechanics) properiies ol 1he impactor
and sample.

The siress or straln input to the ample can be accurately
calcutated from the measured impact velocity and the me-
chanical properties of 1he sample and impactos, The piezo-
¢lechric polasization can be calculated from the measured
current 7ulse, Thuy, by perfetming a group of experiments
over a sange of impact velocities, the polarization can be
determined over a range of steains, and the piczoclectric
canstanis can be obtained (rom the data, Since a new
crystal must pe used for each (est (each experimeni (s de-
siruclive), the data provide direct evidence for the 1epro-
ducibility of the piezoekctric response. The data may also



be wsed to indicate the input stresses abore which the out-
put is no 'onger =eirthle for gage application because of
distortions caused by conductivity and mechanical yielding.

Li.hivm niobite amples, obiained from one supplier, were
sur in three different crystallographic dirsctions The des-
Ignations for the saniple ordentations Investigated are zcult,
y-cut, and 36-degree-totated-y-cut (Fig. 2). Each of the
crystallographic orientations has a different piczoelectyic
response; hence, disks cut in the different orientations may
be potentially useful as gage elemeats for different applica-
{ivas.

Th.: piezoelectric outpuis of z-cut lithium niebate and
X-tut quast? sanples under npact loading are campared in
Fig. 5. The measured piezoelsctric polarizatton is shown
lof various applied campresafve straing for buth materials
Fos small strains, the linear piezoelecttic constunt was
1.83 C/m? for lithium nicbate, compared 10 0.17 C/m? Jor
quariz. For y-cut and 36-degree-rotated.y-cut lithium
niabate Lamgles, the piczoclectiric oulputs were even
greater, and the linearity of output with stresy was good
for al) three materinls. Table | summarizes cliaractesistics
of the different lichium niobate gages and cernpares them
with quartz gage characteristics.

S -y "'—WW
i2k Fits to Experimental Data -

. - st =} inear Exteapolaticns {
10k of Small-Strain Response -

Polarization (mCim?1

o 001 002 003 004 005
Strain [m/m)

Fig. 5 The piezoelectric polarizations observed at various
straing ara shown far z-cut lithium niobate and
campared to previous observatkom on x-cut guarts,
The dashed lines represent an extrapalation of the
linear behavior absarved at small strair and the
solid lines am fits (o the data, The data 'ndicate
that 2wt lithjum nicbate has a much farger piezo-
etectric constant than x-Cul quariz. Unacceptable
distortlon oCcurs at £lrain tevels abave thos for
wich data ate shown,

TABLE |

Curreat-Mode Pueroelectric Gage Characienistica

Lerulvg
Ouipest Opeateg
Retaire NonlLngly D Clreq
Ltiatenial Sengirly (S pet GPal ooctomn® {GP 4
%-Eul qualiey 1.0 +AR 104 4.0
eyt Hihum
niohdtr 4.6 v2 5 163 o ) a4+
vt ity
mohlie 0.5 1.3 1 5% i8
Jrdegrenro-
tated.y-cu1
Isthium
nohaLe $1 B 0 151 oga

*Aallo af fing) currant leval 1o il cutrenl vl dureng frenut of
sirep puls from a Oep Hrvnctlan wnpy),

**Dulianent Luling ressry arp bhsayysd Oriwrahing on 3o Ihxh
note Tha higher linuts ore charecterdtic of thehes gages

The sensitivity of lithium niobate ranpges frem a factur of
1.6 t0 { 1.8 peates than quastz. The signiltcantly Lueger
sensifivity permits meaturements af much fuw . stresses
or much nolsier envirunments than possible with gquarts.
Alternatively, since the output 1igna) varies Jirecily wiih
whe aiea of the electiode, the use uf lithivm niuhate nukes
it powible to significanily decrease the size of 3 curtent-
mode gage.

The peincipal Jisadvantuges of the lithwum niobate gages fie
in their eleciric cusrent distostion and in el lower-stiess
operating limits The dislostiog, an increase in curreny wil
time for constant applitd stress, is Qused by electrical-fo
mechanical cuupling effecis, This behaviur musi oe cor-
rected for in order Lo accurately determine the stress
histosy. We have developed a data ceduction techinigue 1
remove the distartion, so this 4 an nconvenience bur not a
tznllicant evnction.

The upper limit on the operating siress of lithium niobate.
which is a consequence of thock-nduced conductivity,
varies from 0.B GPa to 1.8 GPa, depending upon the ample
thickness. The limit for quariz is 4.0 GPa. The lawes tinit
far Yithtum niobate is 3 cansiderable diadvanlage fos some

applications. However, there are many applications fur
papes It Juwer siress regions, where latger outputsare a

distinct advantage. Since y-cut lithlum niobate hasa firly
high sensitivity. and the highest upper steess operating limit.
it may prove to Be the most uselul of the tliree arientations



Finally. a. important yesult of the impact loading measuie-
menty 15 that the piczuglectric response of all lithium
nivbate samples (eblalned from one supplier) was found to
be highly eeproducible, The measurement emmor associated
with the equipment used ¢ ~ the experiments was 3bout
t].57. The varation in piezoelectric tesponse from
symple-to-sample was found to be much umaller than the
Mecasurement error.

Responte of Lithhum Niobate to Static High Pressure

Lithium niobate exhibjts a distinctive response not found
in quattr- when subjected to hydrostatk pressure, a piero-
elevtrie polarization iy produced along the z-axis To detes-
mine the lineat and nonlineze hydrostatlc plezaelectric
constanis, z<ut samples wese placed in 2 high pressure ap-
paratus, fluid susrounding the sampres was presurizes to
varivus [evels below L[ Gffa, and the resulilng piezoelecirc
pularizations were measured.

The pressuce-induced plezoelectsic polzsleaation was detes-
mined by connecting 2 one-NF capacitor actoas the somple
and measuring the voligge on the capacitor with a high in-
pul impedance elecirometes. The vollage s a direct mea-

sze of the pleroelectslc polaizrion

Figuse 6 shows polarizaticn data for samples from iwo
diffesent crysta) bouley of Sihlum nlohate. The piczoelec-
tric respontes of all amples showed excellent reproduch
billty. The linear hydrostatic plezoelectric constant
detrrmined lrom the measurenents was 6.3) 2 0,014
pU/im? . Pasthe outpul nonlinearity was - 145 per GPL
Althvugh the nonlinearity s significant, it has been weif
charactesized, and can be compentated for In impulsive
DreIgite MEeATuremenie

A few 1ests were 3150 conducted on amples fiom {ous
other supplices. The lnear and nonlinear conslinis were

in excellent agreemenl with those determined fram samples
ol the principa) supplier.

Gagr Development

Data abtained in this Investigation were used to develop
lithium nivbate strem transducers for various Laboratory
peograms. Lithium niobate disks were uied to congtruct
current-mode gages for measering step profdet in dmpac!

foading. pwdwed electron beam, and pulsed x-1uy experi-
ments. A hydrostatic charge-mode gace was develvped
and uted in the spark-drilling program,* and uniaxal
charge-mode grpes developed for siresy measurements in
so0il were used in undsiground nucledr and chemical ex-
plotive teste The high sensitivity and jeproducibility of
lithiwm niobaie have prowen to be key factorns in obtawning
very useful data In these tesis
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Fip. 8 The hydrostalic pierosteciric polarwrations ob-
weeved vaith twa lithlum nlobate somples at variouy
spolied hydrostatic pressures gre typical of the ex-
cellent reproducibility otitained on alt the samples.
The dashed ling I3 an extrapolation of e linear
bBeturvior absetved at low pressure, «rd the sotid
ling is » 1it to the daty. The piezotlectric coefii-
cieni decreased with inGrasing pressure.

Conclusons

Investigation of 'ithium alobate to détermine its plezo-
glectric properties has shown it to be well seited for use

in piezoeleciric stress ignsducers. Gapes were developed
and proven to be well adapied to measurements both in
the laborztory and in the more sdverse conditiens in the
field. From our investigation. It appears that the lithium
niobate family af piezoeleciric sisess Irgnsducers will have
2 majos Impact on our capabilitieato delect and anaiyze
high-fevel tramsiznt sireswes

“Sundls Techoclopy, Summur 1974, . 33
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Sisbility of Liquid Fiims in
Transpiration-Cooiing

Stubility characicristics v, Vguid fifms vn transpiration-
cooled hypersonic velicle ~an be predicied by analyiical
rtcrdels

W. S. Saric?, K. ). Touryun

Introduction

Tiansaisation cocling can be used ta protect a ceentry
vehicle from the clfects of a2zrodynamic heating. ** The
technique consists of injeciing 8 liquid coolant In the
stagnation region and allowing the Jiquid to be swept
back over 1the body. Liquid is remaved by either en-
trainment o evaporation. To achleve maximum
vehicle protecticn, the dominani Jiquid lo<s mechanism
musi be evaporation, since entralnment remiouel pro-
vides no cooling. To estimate the amount ol liquid
entrained by the gas. we need Lo determine the sta-
bitity characierisiics of the liquid/g.s intesface. For
estimating the amount of liquid remiovo] by evapors-
tion, we need to know the roughness characteristics

of the interface: that iy, we need to know the inter-
face wave characteristics such as the wavelength and
amplitude.

Ea:ly subsonic experiments with a ne~sly incompres
sible gas flow showed that iilm insiabilities occurred
and that 1the dominant liquid removal mechanism was
the entrainm at of the liquid by the gas. In evaluating
the concept of transpisation cooling, earty investigatorns
extrapelated the incompressible results to the super-
sonic case, and concluded that {im instabllities would
limit the effectiveness of transplration conling.

A systematic program was planned to develop tech-
niques for predicting film stakHity characteristics and
for determirlng wavelengths and corresponding wave
velacities and amplitades on the surface of a liquid
film for both subsonic and suptrsonic gas flow. Models

*Now with Virginia Palytechnic Institute,
**Techri'cal Reveew, Autumnp 1974, p. 28.
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ol increasing wophiaticatton wese analyzed At each
staze, the anslytica tesults were comparsd wilh expers:
menial absenvalbom, ¥

Lincar Analysis

The motion of the gas paralle’ to the liguid layet produces
Iwo important eftects on the liquid. The fiest (s the exer-
tion of ; shear stiess 9% the liguid pas interface, winch in
turn establishes a welocity prodile in the Liquid. Th-
second is the ex=riion of pressure and shear siress pei-
turbations en the liquid by waves on the interface.
Whereas the former effecl can be stabilizing or de-
stabilizing. depending an 2 number of conditions. the
iatter effect Jeads to instability mechanisms.

If the external gas can be represented os ipviscid and
subsonic, flowing parafiel 1o the vndistosbed surlace
with a unifonn mean velocity, the pressure pertus va-
tion s 180° out of phase with the surface wave, In
this case, the gas pushes down at the troughs and sucks
at the ctests of thy wave, thereby feeding energy to the
disturbance in the liquid layes. In this model the ef{ect
of the axial componeni of the pressure pesturbation is
canceled. A different situation arises if the externa)
Now is supersonic. In this case, the axial co.nponent
of the pressure pertfurbation pushes at the sde of the
wave, giving rise to maximum energy tranaler from

the g3 10 the liquid {supersonic wave drap).

t5ubsonlc flow experiments were supported in part by
the Fluid Dynam;~3 pregram af the Office of Myval
Reswrarch,
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we ansly red o defferent bacac models. T shie firat
moadel, the exterpal gas w3’ assumead to be inviwad and
the solutiun was obtanedin the form of an eapanuon
for sieal! wave numbers {reciprocal wovelengthsh In
the second madel, the efiects of the gas yiwosity and
ltlow profile were taken into account. The distutbed
bouauary Lsyee tesslting rom the waves was aviumed
o be wonisined in the thw lamarar lay2: of the gas
How. The solution was obtamed with a combinaiton

of a numerical technique and the “meiksc o1 cv=poiite

cr ot aon” which includes the variabls leagth-kales in
th problem. The results of both models s s well as

uther linear analyses indicated 1that a liquid fdm adpcent

to a swpersonte stream 15 much more unstable than a

liquid film adjacent to a subsonic stream, « linding which

is in qualitative disagreement with available data from
¢xperiments

Dewription of Experimenlis

Four separate experimentzl programs were conducted
1m our Hypersemic Tunnel and in the New York
LUnsversity Hypetsonic Tunnel. Flow conditions for
these programs are summarized in Tabie L.

TABLE )

Hypetwnic Tunnel Experimeat Conditions

1

Test
Series Boundary Layer Gas Flow
i Laminar Mach 5
2 l.aminar Mach 7.3
3 Laminar Mach B
Turbulent BMach &
.| Laminar l Moach 0.5 0 095
and Mach B

Turbulent ‘

The mode! configusanon for the expeniments (F:z 1y
was a sphere/vone with a | 3-mm-riadus hemisp’ .erwcal

noswetip of parous stacaless steel. The liquid was forced

through the tip by a high-pressute expulsion syslem,
the pressuye drop across sthe tps being miisined be-
tween 35 and 140 MPa to prevent twancd Muctuations
and the spherical preseure disteibution feom aff2cing
thie Mow fates

Thermocouple «
25 ‘
&0 T '
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Fig 1 instrumented models viere yted in hypersonic
tunnel exerimenis to investigate stability of

higuid films on surizces ol rampitdtion-cooind

vehicles.

The liquld Mow rales were measused by recording the
pressure drops aceoss orifices that had been calibrated
for fuids of different viscosities. To evaluate the ga«
flow cenditions, we conducted tests on a dry mode!

before each Lest serict. The pressure and lemperature
measutements on *ne dry model permitted us to esti-
mate the properties of the mean gas boundary layer

and provided inputs to beundary layet camputer sades

for deteeminiag the characteristics of the mean liquid
layer.

A: four locations on the model, the temperature of
the liquid was measured disectly by th -rmocouples
while at two ottier locations, the thickness of the
liquid layer was measured by an "end-¢ffect” capaci-
lance gage developed specifically for these experi
ments. The ovtput of the gage was yecor-'2d on tape,
digitlzed, »nd then an2lyzed to obtain the mean depth
ot the film and {he amplitude and {requency charac-
Leristics of the waves (Fiz. 2}
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Fig. 2 For a free-stream flow of Mach 6, wave amplitudes

on liquid films vary wih linuid flow characteristics
for both faminar and turbulent air flow. The liquid
Heynolds number is a dimensionless paramater that
includes velacity, viscosity, and film thickness.

Spatk microphotographs of the wave patierns were
taken at a muagnification of 100 tines aciual size to
¢xamine thie wave prafiles aad to detect any liquid
drops entrained in the pas boundary layer. Top and
side hiph-spred framing camoras wete used to observe
response of the gas-liquid interfave. Wave velogities
and wavelengths were determiined irom the film
evords,

Int the supersenic flaw experiments, waves were ob-
seived o forps on the surface of 3 stable liquid Him
This was tsue for all liquid Reynolds numbers, and
for both faminac and turbutent boundary layers

(Fig. 3). No snteainment was obseoved and the mean
depth measuced by the capavitance gage was approat-
mately equal to that predicted by the boundary

layer code, assuming ne entrainment.  Furthermore,
the mean amplitude decreased as Lhe g1s mean shear
stress increased. For the very high shear stresses the
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wave ampliledes wene between Mo and 5% ot the
incan depth. The waves were not only stablc in the
sypeswnic case, bul they were not Lage enough

(2 am) to be colled rouphness elements These
experinzntal vhservations ace in disagreeaent with
the hinear stability thearies. which predict instahility
i he supetsonic cosr.

Waves on liquid fiims were faund to have stexdy-
stato amplitudes for supersonic flow canditions.

Fig. 3

For the subsanic flow experiments. linear stability
parameters {lzininar and wrbulent boundary layers,
mterface shear, gas dymaaiie pressure. and liquid
Reynotds number) were elie same 3s in the supee-
soniv flow experiments. [t was observed 1hat no
liquid remained on the budy in any coherent
manner. The 1005 entralnment observed was
vastly different from that in the supcrsunic ow
expesiments, wheie fo enttainment . ad becn ob-
wrved.

Nonlinear Analyses

The experimental vbsevatiuns can be explained
by vur nonlinear unalyswes, wherein the motion nl
the g5 is coupled to the motion of 1he imerfoce

and the ligquid film. Four models of increasing
sophistication weze anjlyzed:

In the fitst model, the liquid film was assumed (o
be quiescend and the gas vyas assuniad to be ‘nviscid,
of near-zero densily, and moving with a2 upiform
velocity parallel ‘o chic {iquid filme The resuits of
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this model sharered that for supersonic flow, unstable
tincar distorbances did not grow inds{initely but
altained steady-state amplitudes, while in subsonic
Mow the unstable linear disturbances cuntinued 1o
be unstable as the apmplitude Laceeased. Boih be-
haviors were consistent with experimentul obegva-
Lhons.

In the second model, 1he density of the gas was
mvluded. The resulis of this moedel showed that

there exists a critical gasfliquid density ratio above
which unstable iincar dbhuibances cotrespond 1o
timte-amplitude stable waves and below which un-
stable distmybances conlinue tv be unstable as the
amplitude increases. Thus, if a gas flows subsonically
parallel to a liguid susfzce, conditions exist for liquid
cntrainment by the gas according to the nonlineas
theory, in qualitative agreement with Lhe experimenls.

The inirial quicseent liquid assumpiion was removed
m the third model by taking into account the liquld
velocity prafile {ie., the mean shiear stress exerted
by the pas un the interface). However, the pressurc
and shedr periurbations exesied by the gas on the
liquid film {caused by the appearance of waves) were
calvulated by assuming the gas to have 2 uniforin
velocity parallel to the mean liquid lilin. Again, the
results of this model shawed that unstable lincar
disturbances achieve steady-state amplitudes in the
supeIsonic case, in qualitative agreement with the
¢xperimental observations.

In spite of the success of the third model in predicting
the existence of the experimentally observed periodic
waves, it cuould not quamitatively predict the observed

wavelength and its comnresponding amplitude. Thezclore,
this model was improved by inciuding the effects of gas
visgosity and mean velocity profile In calculating the pres-
stre and shear perturbations exerted by the g2s on the gay/
linuid (nterface. The disturbed boundisry Liyer was 25
sumed to be conlaingd i (ke mean laminar sublayer. The
distuthance equations weee salved using 3 numerical-
pesturbation technigue. This pew mode) predecis the
existence of strady-state pertodic waves. The predicied
wave numbers are found to be in good agreement wiil
those observed over wedge- and cone-thaped modsls

in [aminar supersonic wind tunnels. Although the

present analysis cannol predict the observed amplitudes,
we fecl that this can be done by removing the limitation
that the disturbed layer be contained in th2 mean

laminar sublayer.

Concludions

The stability of liquid Hlms adjacent to compiessible
styeams has been tnvestigated both analytically and ex-
perimentally. Linear theoties predict that (ilms adjacen|
to sugersocic sireams are much more unstabie thaa those
adjocent to subsoni: sireams. This is Ir qualitaiive dis-
agreement with experimental gbservations. Althaugh
stablity paranteters were matched in the subsonic and
supersonic experiments, it was found that films adjarent
to supersornic strcams are stable, while those adjacent 1c
subsonl; sireams are unstable, 35 evidenced by the entrain-
ment of the Uquid by the gas. These experimental ob-
servations can be explained by our nonlinear theorics
whick predict that linear uneiable distusbances achieve
steady-state amplitudes in the supersonic case and con-
Hnue to be unstable in the subsonic case.
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Accident-Resistanl Containers
for Nuclear Weapons

To prevent detonction of ftigh explasives in aceldents dfur-
mg transportation of nuclear wegpons, we have developed
a practice! rechnology for design of accldent-resistant con-
fainters,

R. E. Berry

Intraduction

We are develaping systems for improving safety and security
duriag surface ar air transpottution of auclear weapons.

Fur surface Lransportation these poals are being accom-
plished with Safe-Secure trailers and railcars, special sscort
vehicles, and a dedicated digital communications system.

Ai1 tRnsportation accidents generate the severesl impact
canditians and could, potentially, result kn detonation of
high explosive (HE) and dispersal of fissile materizl. An
acciden*.resistant container (ARC) has been developed thal
not only pretects wezpons in such accidents but ¢an also be
used to fursher improve surface transportation safety. A
smaller helicopter accident-resistant container (HARC) has
been developed spacifically for helfcopter transport of smal)
tacticel weapons in forward areas, Both designs also pro-
vide substantial protection from {ayments and projectiles.

Initizl design goals are summarized in Table 1.

Accident Environments

Statistics on the dominant environments, impact and [ire,
are shown in Figs. ! ond 2, respectively.

An analysis of Fig. | led to the selection of an 84 mfs im-
pact normal to an unyielding surface as the design environ-
menl. This severity would be exceeded only in accidents
such as direct flisht into a2 mountain face, Simlarly, Fig, 2
shaws that attainment of 2 three-hour lire capability gives
excellent protection in fixed-wing aircraft, helicopter, and
rruck accidents and even provides good protection ip long-
duration rail tr.: ~port ires.
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TABLE S
Accident-Resistant Container Design Goals
Minimize prohability of HE detonation from-

* High-yelocity impact of the ARC

o Extended exposure ta fire

+ High-velocity fragment/projectife impact
on the ARC

s Deionation of HE in adjacent ARC

Container design shaulfd:

o Brp compatible with mast stockpile weapons

+ Be compatible with current trantportation
carriers {air - truck - rail|

» Ensure that vreapan will not be domaget in
normal transpariation

Additiona! design consderations:

e Special handling not yequired
e Lomy-term use
* Minimum maintenanca and cost

The combined probability model of severity of impacl va-
loc'ty and fire duration is shown in Fig. 3, with point *A™
fhustraing that the avainment of the above goals woulsd
provide protection in at least 93% of fixed-wing cargo air.
craft accidents.
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Fig. 1 Severity of impact in transportation accidents. For
example, the impact velocity is smaller than 43 m/s
in 75% of {ixed-wing aircraft aceidents, in 97% of
helicopter and truck accidents. and in 100% of train
accigents.
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Fig. 2 Severity of fire exposure in transportation accidents.

A similar analysis for helicopter accidents produced design
goals of 43-m/s-impact and 90-:uinuie-flire-duration. A
graph similar to Fig. 3, but constructed for helicopter ac-
cidenl environmenis, shows that these goals, il atiained,
would provide protection in more than 98% of helicopter
accidents. Such a contai,er would stdl provide protection
in 8075 of the fixed-wing accldents, a3 shown by point “if"

in Fig. 3.

Technology Programs

The primary objectives in ARC and HARC activities were to
successfully bring together the experlise and technology to

analyze probatle transportation accident environments, to
determine the protection necesury to prevent HE detcns-
tion in weapons, 1o select promising materials and conlig-
urations for providing the required protection at the lowest
long-term <241, and to demonstraie that the desizn goaiy
coutd be effectivelv ~nd economically achieved.

These objectives have been successfully atiained. Protoiype
hardware of possible ARC and HARC designs has been con-
strucled, tested, and evaluated.

‘5',-,':’ 0 40 G0 120 160 |20 240 720

b 180
Fire Dustion {(miryte)

Fig 3 Some desipn {eatures of accident-resistant con-
talners involve tradeo!fs bebween impact resisipnce
and fira resistance. A fire and impact accident
modet, repretented by the curved surface, was de-
valoped from analysis of fixed-wing cargo aircraft
accldents to aid in design aptimization. As an ex-
ample to oid interpretatlion, detign for B4 m/fs im-
pact survival and 180-minute fira gurvival can be
rapresented by point A on the surface. That
point falls at a leve!l of §.93, which indicates that
93% of accigant situations will involye severities o
no greater than B4 ms and 180 minutes for impact
and fire, respectivety. Point YH" indicates that the
wmnall HARC designes for lasi-severe helicopter ot-
cider.*s pravidos substantial protection even in .
fineckwing aircraft accidante

ARC Deggn ;
Protection of a nuclear weapon from crushing requires a
rigid inner containey Lhat maintains its shape under all

accident conditions. Tkis rigid inner contajner Is surrounded
by an cnergy-absorbing structure, and enclosed in a tough
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stee] outer shell. In the protulype desizn (Fig. 3) redwood
is used for cnergy absorption, because redwood has oot voly
excellent energy-absurption charuzterisiics dusing crush.

bu? also has low thermal conductivity and good charning
characteristics when *xposed to fire. When crushed ina
direction paraltel 1o the grain its strengrh is 37 MPa; per-
pendicular to the grain, its strength is 7 MPa. Grin or'snta-
tion in the prototype is selecied 1o give proper absorpion
for all impact ariertations. Two aluminumn collars are
placed in the 1edwood structure to help srestrain motion

of the inner confainer wien impoet is not directly parallel
ar perpendicular to the axis.

Fig. 4 An accident-resistant containgr (ARC) for a nu-
cleac weapan has ctructural features to atagrb
energy and protect the weapon in sr.ere trans-
portation accidents.

The inner containet, of 7075-T73 aluminum, has 3n inside
diameter of 0.52 m, an inside length of 1.54 m, and a wall
thickness of 77.5 mm. Each weapon payload to be placad
in the container would have adaptive hardware that includes
additiona! shock-mitigating material.

The outer container is HY-80 aliay steel which has a yield
strength of 550 MPa, elongation of 22%, and very high
fracture toughness With the addition of a bolstey, tiedown
fitlings, and shear attachment pads, the mass of the com-
plete ARC is about 3400 kg. The overall structure provides
some additicnal transporiation security because the size
and mass of tl.¢ configuration make diflicult the quick re-
mcval of the weapon withut prooer equipment,
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The BARC dewpned fus hehicopier tampon 13 uf umitas
rlesign. a3 thown m Frg 5. bul uses 6061-T051 ) tumuenum
foe the inner cuntatneg, 3nd 304 stainless sieed fus the outes
containel. The muss of ithe HARC, with bulsier, 13 550 kg,
Since the dosign thickeews of the inner convutnzs that v as
adequate Tor rigidity was twfficient to provent pecsirdinm
by 7.62-mm {calibes 3C  1rmwe-piicing (AP) projecidss,
thy thickness was increased to 35 mm. To axumcyrlate
payluads, 1he innzs cuglaines has an imide diametes of
0.406 m and an inside lerngth of .03 m.

Anfettd £ nepy Abssbar
ol Fire Barvin

Outwr Cover

Fig. 5 Anaccidentresivuant container (HARC) for smy!)
taciical weapons ¢y be transportied by helicr 2ters
in forward aren.

ARC Tesling

ARC evaluation tests have included high-velocity mpacis
at various impact angles, fuel-fire exposure, tadlant-heat
exposwte, and some projectile-impact and explosive-
destruct expesimentis. Most of these (esrs were with
quaricr-scale mode] hardware, Impact evalealion of
eipht full-size prototype ARC™s has shown thay 1he de-
sign will survive the high-vclocity impact environmenl.
Models in bire tests indicate that the ARC will also survive
the design fire environment. Full-scale tests with 7.62 mm
and 12.7 mm (caliber .53) AP grojectiles Impacting fla1
panels indicate thot nelther will peneirate the ARC.

A full-scale test for sympathetic detonation between ARC's
was conducted with 3ctual weapans (less fissile material).
Intentlomt detonation of the HE jn one ARC yeaulied in
Ltile damage to the weapon In the edjacent ARC,

-—-



One waiksid devpn with wrnulale I Mk was calaatsd s
five fullescalz prototy oe ARG fmpact tests ar dilforeny
st angles. In fuur afl the (e teats, pescils indigted
that tve HE wouZd norhave detonated. One of 1k
yvernies war d1epest of sncatlicr tead 1hat kad indicated
adefivieacy i the adaptive hapdwaie Sevign which e
wihreguently comedted.

The prefersind ungentateon g ARC dipmoent s with the
larrpitudual axng pavallel ta the agraft longitwdinad axin
Hhis srttertation would rewl: in end -amt intpest i st
avordents. Nuclear weapony, in generall are mure resis
tant 1o dmpadt Along thelt Longitudingd axts than alung
ticts Lateral ases. The Girward end of the nudear neapan
warkead i3 pobially e eeantant ho impaey than the

210 enad and therefore, an ARC with a furward-oriented
weapss offees the tughest probahalily of washead HE
suis1nal in an atteradl avvident.

tie HARC fas alw been evaluated with naxdel handuzre.
trapact and fiee tests tadicate that HE woald not be

detenatow for e ot vedialics 08 ) 1233 203 Toe Jurs
tops of fuo oo Fud-wee sestions succeisictly pre-
vented penttraen of A2 2 AP pYCintiie. A 1353
of tvaluatioes teats of fulbacde IPARC 13 31ems iy being
wmpletad.

Conclurions

We bare saconully devgrrd acontaines ¢ ART )uhich
wild prevest, 7 90375 of fined-wing qargo 2ucran arcrienn.
detomation of cudlrar weapon hgh eaploshes. A smdar
comiaings Seupn (HARC) can ptotest weapans i 9075 of
helicopter acsilenty The dovign Irzde-of (s ase safitcienty
urlersiund to serm 11tz of the devizn to proasd

sny approprhte tevel of protestion, The ame tecknoleg)
t» <t applicable to norscapon containers fur specal
ruddear materals, This Iechnulogy i3 now on-the-dhelf
and nadahle ta greatly improve wfety in both atr and
aieface transantalion.
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METRICATION

The Synims laternstional 0’3 dids (S1) & 2 moderniaed metric yystom that Is the wordd's comumon Lo guage
lor expisssimg sciom:iie snd techaical dets. 11 Is 5 correat system thet wses seven buge units: metre () for
length, kilogram (kg) for mens, econd (1) for e, keivia (K) for thurmodyaamic temperature, ampere (A)
for electric current, mole {(mol ) for emowat of sebelance, asd candela (od ) for Miminout intessity, Two
sopplomen lacy waits soe defiged: radisn (r2d) for plane angle snd sierndian (o) for solid angle. Many derived
units ore defland fross e bass and sppleman lacy waits. Thees include newtion ([orce), jouls (tnergy, work),
pascal {prespure, siress), bartz (frequency), wat (powet), snd mapy slectrical and photometric ualts. Below
are corversion factors for quastities of special interest.

LENGTH 1 . = 254 mn (nilligatres) = 0.0254 m
if = 03040 m (metres) = 048 mm
1A = 0.) am (nasometre)® 1x10°'"m
MASS 1bm » 0454 kg (kilograms)® = 454
FORCE I bof = 4448 N (mwions)®
ENERGY 1 cal = 4,184 ) (joules)
} eV = 0.160 ) (femtojoules)® = 0.160x107'%J
1 Biu = 1054350 1 (Joules)* = 1053 1)
PRESSURE | pol = 5095 kPa (kilopascaks)® = 6895Pa
and }torr{mmHg) = 0133k (diopaxals)' = 133Pa
STRESS | bar = Q.1 MPs (megapascals) = 1 x10*Fa
PFOWER 1hp = 745 W (watly)
VOLUME 1yd? = 0.765m" (cubic metrer)*
1 gl = 3785 R (Utres)* = 0.003785m?
DENSITY 1 gfem? = | Mg/m® (megagram per cublc metre) = 1 x 107 kg/m?
3 bm/i? = 16018 kg/m’ (kilogram per cubic metre)®
IMPULSE 1 ktap (1000 dyn - sec/cm®)
= {).1 kPa-s (kiloptscal -seconds) = J0Ps.s
TEMPERATURE °C = K-273.15
*Rounded to three decimal places.

5] includes g set of prefixes that can be combined with the names of the units 1o Indicate mulliples and
submultiples.

E{exa) =10" M(negm) =10° n{uano) =10~
Pipeta) =10'° k(i) =10° pl{pico) =310°%?
T(tera) =10% m{nli) =107 f{femio) =10°'s
Cilgy =10° micro) =078 aatto) = OI%

The use of ¢ (centi) for 1077 while allawed tn SI, Is discotrzped,




