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It:l.tRODUCTION

Th. pUt'POle 0: the Non4..truoUv8 Tire " ••U:-lI Program
at Tse ~~ to apply NOT technoloqy t~ tho 41taQt.l.on of
fault. in tir•• that coula 1.a4 to their abrupt failur•• or
at l.a.t to av inability to p$rform their funotion a'fely.
The initial effort i. being concentratea on quantita~iv.

charBctariaation of tire anomalies a. 'Qen by saveral NDT
methode, and inve.tigation of the relation.hip. betw~en

auch anomalies and tire behavior.
The development of reliable d$tacti~n mathed. will

have a significant impact on cQmpliance t ••ting of n~w

tirea. inspection of tirell in servica. ana .l.n.gllcden 0:
remanufactured tina (retread",). Wh.l.lo Nt'l' LnapecUon .l.a
of great i~lortance in each of ~~e.e araa., tha increaeing
costa "Dd limited avallabiUty of f&cilitiu for compliance
tQ~~.l.n~ lend primary importance to applicat.l.on of NOT to
prior screening ~i Qomplianco test sample.. The goal in
this case is to uevelop suitabl~ method. to lingle out
those tires that are most likely to fail the compliance
test. Since only 1-2 percent of ~~e teeted tires fail, an
ND~ method that could reliably predict which tires will
fail could increase the sample size by a factor of 50 with­
out appreciably increasing the cost of compliance testing,
or conversely. could reduce th~ rUrnber of tires to b~ so
tested. Either path pr~sents sUf.f.icient reason for the
performance of this work.

Early in this program, it beQame apparent that the
~elationBhips between specific tire defects and tire fail­
ur~s have not been fully established. clearly some
irrQ~u1arities of construction, which cou1a be identified
as "manufacturing defecto", are benign, and do not res'-Ilt
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11'1 Un : ..111.11:1. Thll "lniUJ. »Z:0ir:&1lI phUo.gphy th.n
r ••olv.d to 4.:~n~v..rLoQ' ty~•• of tire d.flot. tog.thlr
wL"h I\\....UE.'. of ttl.I,1: ••"u1ty, to follow th.il: progru­
.'.lAll ~- : ..U'Ili~, ,,1'14 11muU..n.oul1¥ to <l.vIlop NOT mlt'.locSl
wnLQh will r,J.iably .1'14 .00no1ll10.11y dlt.ot .1'14 oh.ract.l:­
1a. d.flcta. Th. f1l:lt part of thi. problllll, to alfin. th.
typl. a~4 meG.uri' of the ••vII:1ty of tire d.t.ote, rlprl­
IInta the IIna wherl 'mphad. mu.t b. pl.o.d fint. The
Ich,dull fOI: FY72 ~I dirlctld, in the ma1n,
to 1t. Molution.

Th••ppro~ch bl1n; ulld in ~hi. program i. 1) to 1.1••

ourrlFtly availabll ~~T methoda to in.p.ct tire. at var10u•
•tage. of u.e, 2) to Ix.rc1st the tire. 1.1111'1; .ither com­
pliance or rOlld tl.t procldur'l, 3) to pftrfo~ :a11ur.
analy.is on t11:1 'Iotion. at difterent .ta;.e, and 4) to
corrftlate the non-de.tructive inlpaction re'ults, fa11"r.
etat1.tic., and failure analysi. data.

It is an accepted fact that the cord-a4h~8ivl-rubber­

...ire composite compr1dng a 1;1r" is a v"ry complex etruc­
turl. The complex dynamic interaction oi laQh of the ~art•
..l.afw::thU aomplicated by wide vadlltlon.Ln.JUter1ala of
conetruction, the ever-increasing number Qf structural con­
f1gurationu, ~nd use 11'1 a wid$ vllr1~ty of vehicles with
individual Chal:llctaristici.

The MIlt.edale ..ectLan sarv",:."s briefly some (~f the
available backgl:ound information on tire matedale lind
structure ind1cating the neceseity for understandini the
interaction of the tira components a~d the natura and mode
of propa~ation of defects. The section also explains
techn1ques for laboratory f~br!cation of test specimens,

- <1 -



In4 d••~~1b.. In.t~wnlnt~tlQnavall.bl. fQ~ cb'~lct.rl••­
tlon of atcClk. aut.dab and C1Q11ij,}OII1t:"••

The thl~d a.atlan dlacuaa.~ the g.n.~.lpl.n fo~

atuaylni thl gQ~~.l.tiOP of non~'@~J~tlv.,1naplotian datfi
wl.th ti.u failu~. al;al;1It1o' '\ha ~un .n.lysis dat••
Four p~ima~y NOT techniQullls ~ce oonBi~.~ed sUfficiently
p~omi.in. and aufficilntly well developed fo~ aueh evalua­
tion. Thl four tachniquea. RadiograPl\¥. tnfrarld. Optical
Holography. and Ult~••onics. a~. Slvar.tely r1v~.wed a.
to hiato~y. prasent status of development. aJld,p~!!ns fQJ;
implementation fo~ Ivaluation pu~po.e••

The section entitl.d s.conda~y NOT Methods describe.
SQme of the additional techniques which ~111 ba lnva.tl­
\Jatad II. in1al:a.t. time. and funding a11o'", Thasa tech­
niques either measure tire parameter~ that ara not
maaaul:ed by the primary methods, or they ~epresent II lsss
cootly o~ more specific method of accQmplishing a similar
mel~surement.

The final section contains the conclusions and
specific racommendations ~esulting from the work alreaay
done on this frogram.

- 3 -



MATERIALS
, 'A matadab ana WIll :Lnc:lud..d in thb prOirlllll for

the follow:Lng purpo"DI
.!fo !:Ilat. the chemioal, phyll1olll, and m.chanical

prup~rtieB of tn. mllta~illl. of o)nltructlon to
the fllllur. mod.1 lind d.fact. thllt occur in
,~...

a To fahricate apecim.ns of tire fabrio lind rubbur
composite. with simullltad d~£ects to be used for
calibrlltion of the .everlll nondestructive testing
method".

a To conduct varioue tests such .1 temperatur6 of
Q~r., d.gr$~ of cure, tensile strength, and
other phy~lcal and Chemical properties of the
particular composites used in the work on this
program.

BACKGROUND

An understanding of the chemical and phyeical proper­
tie.. of the tire composite is necessary in order to
evaluate fully the failure modes and mechanl.sll\s that occur.
A tire is composed of several diffurolLt typEo" of rubber
(elastomers) both natural and sj~thetic. The cord may
cons.t .. t of l:a1'On, nylon, polyester, glass, c'r llt~llll, and
the tire maj' have cOlllbinatione of two of thestl. In addi­
tion, the following materials are present in significant
quantiti~s, carbon bla~ks, accelerator~, plasticizers,
cure activators, sulfur and SUlfur compounds, antiozonants
and waxes. 'The amount of each type of rubber, cord, and
additive varies with the manufacturer and with tire grade
and size, and is held highly propri~tary.
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Tile types of rWlQU IIled ir.clllde nil.tw:al rl.\J)ber,
polyisoprene, styrenebut.diene, polybutadiene, butyl,

,'C'L ..

c:hloroQ\lt.yl, neu;prene, and BJj>l)M. There •.re special com-
pound requirqments for the different are•• and componente
in the tire. For .x~)le, the tread must have epecial
wear and traction characteristics and muet bs cool-running
for durability. The •• requirements are best met with the
use of two different conwounds selectively distrib'.I1;;ed in
the tread, an arrangement known as cap!base const~uction.

The cap compound furnishes the desirable wear and traction
propertie~, while the bass compound is highly resilient
and cool--running. cap/bas.. construction is used as a
method of reducing the temperature in the shoulder region,
nOl:mally the hottest region _oJ, t1Ul- tire. High operating
tempetatures cause degradation of both the elastomers and
cord materials.

A special resin called formaldehyde resorcinol latex
(henceforth "FRL") is used as an adhesive to in\p>:ove the
bond of the cord to the rubber. This reain daes not adhere
to fiberglass cords, and u new adhesive had to bo developed
for that fiber based on a silane adhesion promoter.

Aside from bruises, it is widely held that tire fail­
ures begin at this cord/adhesive/rubber interface. The

_ r~b~ic Resoarch Laboratories, Dedham, Mass., has been
stUdying this problem ~or several years under con~A~t to
the Office of Vehicles Research. National Bureau of
Standards1• Tire failure may be caused by the propagation
of a small disbond into a large delamination, or may be
caused by breakdown of the cord reinforcement, weakened by

. the combined action of high temperatures, cyclicelly im­
posed deformations. and intermittant shock loadings
encountered in use. Under thes& conditions, Cine 0 .. m"re of

- 5 -



,c, .. -

the compone~ts in thA Iystem o~ Q~r4-Adn~,~ve-ru~e~ under-
goes sufficient dei~adation to i4~t1at. abrUit :A~.url of
the t1re. In an abl:upt. fr,UUl:I, 4t'ilI:~~t1Qn appean to
take placa rapidly without any prior 1n~LQ.t1on of mlQhani­
cal we.kanin", of the Iystem componlntl., Sv.n tho~h the
changes at th_ co~d llv«l Arl not .~tlrn&lly ditlOtlb11,
they neve::thelell loa lI\olIll.Ul:ablll, and tn. u.1.e1mate fallun
of the tire ~ord. while .ppearin9 to ~e .\14d.n in natur.,
is in effect thlll culminll.t.1on of .. <ir.6u~1 dl",ndll"tion pJ:oc­
es,. It If~earg that onca degradation i. initiatld in I
tire 'yltem, total fa11ure i. inevitable, but can b. r.­
tarded. COl:d d.'ill:adilt!.on, per .e, iQ • gl:allu&.... rhiinOtl\lnOn,
but ind1v1.dual £ll111Jll8ntl within nch cord fail oata.troph­
ically. Attention 'houl~ than bs foculed on how e.grlda­
tLon is init.l.atecl, anG som. me&.nl d.v..l~pec< to <:1et.&at. thll
incipient failure at tIli••tav••

Wh.n the cord and 1tl lur,,;,oundinll matrl.lC of rubb!ll:
and adh••ive are placed in IlKial tanl10n or c~rea~1on,

tnil natural ra1ial and cixcumhJ:.enUal d"formation. Clf
theA. component. differ, ~mich creata. problem. When the
bonded th~e.-pha8~ 8y.t~m 1s defo:med eith.r Itatically or
dynllmico1J.y. DOt.il 8Iqlerlrne.1tl1:l. .~udi.. and th.ory uvoal
that the ~ompre'led cord will tend to inol:•••• in diameter
mere t.han the lurrounding rubber matrix. Further, th.
adhllilive tend. t.o bond incU.vidulil filaloants within lilach
yarn ply in ..he cord, clludn<jJ each yarn to behav. II' a
monof1lament and tile cord to bahave either •• two or throe
monofilament., concentrating circumferential cOl:d growth
during cord ~ompre'lion at thl ply linel. COnsequently,
dynamic Itrain cycling of cord-adh.live-rubber
thre.-pha.e ay.tlm. 1nducel extremely high local
.train. circumferentially in till adhe.iva lit .aoh ply linl.

- 6 -



tn ..~I.t.J.on, ill• • t.l:&U UCQI:m&t.i.on ot ';,hI 00;4 \lana. to
follQW v.;y oloa.ly ~. ,t.;.,a appl~'d to ~. t;.h;.I-ph•••

• ~.t.trnl wb~l. the .la.tomel: t..nd. tobl hy.t.'l:,t.l0, thl~

La, ~t.••t.l:a~D clllol:mat~on lag. b'~Ud the IPpll.d at;••• ,
QQn••~utntly, during oorop~••aion and tlnnLon Of~ling, VI;f
~l'iJh nOl:!lllll fOl:c•• Olm g. I.ndlWad. acroll U\. 1l4h••l.v.
~nt..rl&o. D.twe.n cord and .1A.tom.r. Th••ff.ot. of ch••~
.~aa••a aotlnv aero•• and looal~y wlthin ,~ &dnaalv.
lLlm Lnt.rfaci oan l ••d to the ult!mat•.~radat.lon ol th.
ei:lrd-lIl.nle;,ro.el Iy.tllrn.

Gh.n the variationa in ~tul.llla an4 mtuufaot.urlng
pXQc••••• , onl 0010114 .~.ct that d~vradation would procl.d
at 41ff.rlnt rat•• in 41ff.rlnt tlrll. tt L' po••ibl.,
al.o, that the rl.pon•• to u~tr••on!~ anel Qt.hIr ~mtag~.

wl\l vary.
A Uloel:lltul:. IIf\I:Clh '41 lnlt.lat1l4. ancl. 11 aontinu1ng,

to dlv.lop • baQkaround an4~o ~"p currlnt in ~ha ch.mi.­
try .nd applloation of the matlri~l. of conltructicn of
aloltomoblle Urn. i'ol: Gl(lUI\Pla, the t.lII\Puatul:e Ilt wIlleh
dlgradation b.com.. algnificant, and the efflct of dwell
ttm.1 a~ va~lo~~ ellveted t.mperature. ia hi~hly .1gnifi­
cant. Thl mud. Ilnd rat. ~f. d.v~adation.of Qach type of
matl~lal a~1l oDviou.ly 4itf.rln~, and th_ir int.ra~tion

during degradation 11 an 1n~IQral -tlil in thl t.q",r, of
t:hu tetaJ. .y.tem.

Viii''', WI~' mad.. \;1;) to nWl'ol:lIl: of tin manlolfagtlluu,
inoludin; Uniroyal, Goo~y••r, Goodrlch, an~ Arm.trong.
Tin malluflloturing pr.OCl..... win ob.lI:veel 11'1 d.tail, anel
di.ou••ion. wer. hald with company plr.onn.l to try to
d.t.rminl ~\. principal 4efeetD in tire. and the .ffor'.
t.hat are ba11\; mad. too dltect th.m. QUlltloning a. to the
oaull.' of th••• dlflot. wa' 1••••uee••• tul. Thl mat.r1al.

- 7 •



••~r.tori.e. were vi..i.t.~ to ••• the m.terL~ll te.tLng
equipm~nt. Ilmpl•• ~f ply mat.rial. were obtain.d,
.n.~Unll lIa t.o ;I;..~Lo.t.e au); own apeciJRwnl. W. were in­
formed, hO~lv.r, th.t thl exact compoai.tion of the uncur.d
rubb.r i.. pl:orrLet.ry .nd th.t what we rec.ived i. not an
actual a.~l. from current production, but ia r.pr~lent.­

tive of ~ompound. typically u••d.
A viei" ~a mad. to the Tir. Sy.tern. seoUon of the

Nation.l 4ie&~ a~ at..nd.rde .nd to Dr. C.oil Br.nner,
Section Chief. At tbi. inat.ll.tLon, work b.a b.en in
plogn... fel ••veral y.an on mo.t ••pect. of tin dyn.m­
ic•• ana mOJ'. rec.ntly on non-d."truct!.v. te.t1ng. No
mat"r j ala work, por '., 11 bdnc; dOll. Ln thh 'Ilotion.

r ,·ct..llor Sam CJ.ark !U. of Michic;.n T1n Proiram),
the li;hwey S.f,ty R••,atch Inatitut. (Ann Arbor,
Michigan) ...nd the Smithon lAboratory (J\.kron, Ohio), war.
al.o v!.it.~. Prof•••or Clark haa been a con.ultant to
the tire indu.try for many y••r. in the .r.~ of ti.ro dynam­
ic., and h.. .umuitt.e~ • prope••l to Tse for .ddi.tLonftl
work. Th. Highway Safety R•••• rcb Inltltu~e ~k al.o
involv.. tire ayn.miCI a. ~.ll ~. It.udi.u of ~Qt1Qn .nd
wear, Th.y ar••110 collectLng .t.ti..ti.o. on .ccid.nt
ret•• and c.u.... ~he Smith'~1 Laboratory perform. numer­
OU8 t.,t. on tire, from .11 Amari.can and .om. for~i.9n

aompani•• , and pUbli.h~. thL, data p.riodically.
Contact 1'1&1 alia mad. wi.th th. F.bdc Ra....rch

L&b~r.tory whi.ch hal b••n under oOlltrAot to tb. Nation.l
aur••u of Sten4ard. for t ••••rch on fati9u. of th. cord­
adh••iv.-rubb~r int.rf.c.. ~bi. work ha, invQlved moldini
.ingle cord. of the three m~jQr type. into .maLl rubb.r
bloak., whi~n are .Ub••~u.ntly .x.reLled in thQ Qoodri.eb
d~.c compr••• ion te.t.r. A ir••t de.l of i.nform.tion ~n
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the mechanism of Q.egradatic;.n has resulted frOlll th.1.8 work,
and much at it will be qui..e valuabi. to our prQgram.

Since it is anticipated that ~Q~ inlp.~tion will
eventualLy be ueed for validating the selection of old
-~.~~-- .
~llrcalllell for retreadi.ng, the plants of two retr'l~ders were
visited. The ~r~c~du~es for selection, grinding and r8­
t.na".ing were observed clOllel:i as a preliminary for late

ruc01lllllendationll for 1mprovlilllent b:i means of NDT.

LABOP.ATORY FABRICATION OF TEST SPECIMENS

A pr~gram was set up in our laboratory to fabricate
specimQns of t~re ply and covering rubber which would con­
tain &pecific built-in defects. The object was to provide

·~41imulated tire defects to the instrumentation grouP in thio
p~ogram for purposes of calibration of the ultrasonic ana
holographic techniquQs. Materi~ls usnd w~e a nylon cord
ply mAterial 0.035 inch thick (Uniro:ial f~o~k No. U-l~OAl,

and carcalls rUbber coating 'tock 0.Q31 inchell thick
(U-lo,Q). A press with heatsd 4 ~ 4 pl~ten8 was uaed ~o

QUr8 the 8p&Qirneps. typically at 360°" for 20 minutes.
RA~~Qgraphl we~e mAde of each piece, aa well al thiokneaa
and duromete~ rneayu~.mentB.

Tw.nt:i-~Qu~ apecimena were made including the
f;~llowini configurational

e. Two pli31 of U-lOOA (lIIC above)
b. four pliaa of U-100A
Q. Two pUn of ll-lOOA plulitwo of 0-100 .1 top and

bottOlll C:O~'.I:'

Q. 'o~1: plie. of U-lOOA plu. two of U-100
•• A cme-Lnch diamatu dbbonl! 11' type. a. and c.
f. A.onl-inch diama.lt di8bon! b.t~en c~~d plL,.

':I. aneS II in t.fpl d.
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q. A one-inch cord cut in one ply of ty~~ c.
h. AI.'ne-inch cord cut in both plies of typb c.
i. One-half inch and one-inch cord ply overlaps in

type c'
j. An o¥tra half-ply of cover rubber added to type

c. to produce irregular rubber thickness.
Type b. composites had a typical. thickness of 0.120

inch. and type d. was 0.160 inch thick. Shore A hardness
was 60-70. The disbonds were created by precuring the one­
inch diameter areas and did not involve U,O use of plastic
films Which 90uld create spurious signals.

A new p~ess h~8 b~en r4c~ived which haa nine-inoh
hillol.t'id platens. The 8 in. x 8 in. specimens which we have
bequn to fabricate are much more lIat18factol:Y. in that the
defect. deliberately introduced can be isolated from end
e !feet••
•~ ..44-".-'';''''''

Wor.k has alao be9u~ on the fabrication of tubular
specimen& f~r laboratory testing. According to the recom­
mendation~ of Prof. 6. clark. the tubes will bEl 13 inch••
long and will have an outside diamet$r ~f two inches.
ThEil' wilt consl.st oj; two pUllS of Qcrc'l matlu;l.iill illlparated
III well lUI cO\'ered I ,y llll-ruhbar skim stock. Aft.n wl:ap­
p...ng on a mandreL. th" QOIl\PQsite will be insllrt.d int.o II

cylindrical Mold. a bladder on the inddll wil.J. be inflat.c1
to laO to 20~ pai. and ~. entire asa.~~ly w1l1 then be
h&ated in an oven for CUl:Lni at. ahout 160QC. 'l'c allow
invelti.wating both the l'ub};;er llnd Qotd chauctll'1ot1ci in
a t.latively l:1d.pendllnt mll.mat I t ..'Q C11ft.l:~mt ply odenta­
tionl lIl:. bling fabricatld. In the (irat, II ci.1 ply with
Iqunl cord an;l.. (550 from the long axia) will b••tr••••d
ill an olo.l.J,llLtory torsional manr."x; about thc lor"i llxi. to
allow 1nveat19a1:inq rubb.r oharllctol:ilticl. tn the ••cond,
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the plies will be laid no~nal to and parallel to the long
axis and will be stressed in a translational oscillatory
manner along the long axis too allow investigation of cord
characteriatica. Th~ first ply orientation does not appear
to preaent any fabrication problems. The eecond configura­
tion will bo fabricated using a spiral wrap of a nerrow
atrip of ply ~Aterial for Ule direction no~al to the lQ,~i

axis.

SPECIAL INSTRUMENTATION FClt MA7ERIALS STUDIES

A Diffurential Scanning Calorimeter has baan u.ed to
detormine the cure temperature of the uncured ply material.
T.his instrument has the capabiHty to measure the exotherl1l
of a curing reaction on a 2Q mg. sample. It can be uaed to
ttetermino the temperature range of the curinq proc.lI~ ..nd
the heat of reacticm a.nd can thus detect whether a sample
of rubber has been fUlly cured. This will also be useful
when specimens are prepared with weak banda between plies.

A th~rmogravimetric analyzer will soon be put into uae
to measur& the w~ight-loss of the rUbber conlposite over the
tempsX'liture range of interest. 'rhis will also give Borne
indicat.ion Ol: the el<tent to which off-gasing At high
~peratin9 temperatures can influence the aize of a
dellllllina\;. i.on.

A Roiche.rt M"F2 metallograph is being ulied for micro'·
sccpic &xamination of failed areas to determine tho precise
rnachaniarn by which cord~ and rUbber separate, and the
Iilxtent of propagation of tha .eparation. A microtome will
be obt.ined in order that .pecific are•• of intere.t c.n b.
s.ct~Qn.d. ~he .canning electron microBcope will al~o be
us.d for hivher magnific.tion, 3-dimen.ion.l viewB of .uch.r....
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PRIMARY NOT METHODS

This secti,on describes the £0'.... pdma::y NOT m..thods
that are being ;lmplc'mented initi.ally f,o:.;,. actual til:e inspec­
tion. It is anticipated that these mMthoda will provide a
detailed visualization of the major t,~,g9~ponents and im­
portant tire material interfac~~. Prior .to actual tire
inspection. each NOT method will be calibrated on known de­
fects to determine its characteriatic response to repre­
s~ntati"e d",fects of varying severity. This "signature"
data will form the basis for sllb ...c::uent analylllis of tire
data. to permit operator interp~etation and logging of in­
spection results. To allow correlation of results among t~e

several NOT ftIQ~hods. techniques are being devised for deter­
mining and comparing the locations of tire anomalies d..tect­
ed by ~evarious methods.

The operator-interpret~d data from ~~ch ~DT method. the
pod-tiona! information. and tire identification will be fed
into a computer-readable data base. and analyzed to a~t~~

mine the correlations among various par~meters. !~r in­
stance. it wiU'·be possible to inv'ilstigate the f.':equency of
occurrence of various faults. tho positional correlation
betwAan failures and defects. tho propagation of dafect~

w.i.th servin,. ana other nlationah;i,ps as required.

RADIOGRAPHY

BACKGROUND

X-ray techniques have been used for several years to
inspect tires. Until recently. their use required record­
ing the images on film. Film processing, because it is both
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expane1ve alld tims-con(lwu1ng, hu prohibited tha general
api'l:Lcation of x-ray Hre insper:tion. Attempts t'? OVlrcome
this li~itation, rlsultad ~n the adoption of Il\L~ioal,~luQ~

. "'~BeOFY equipment. The early attarnpts using fluoro8~ope

scre'lilns and dirElct viewing wore generally unacceptable due
to I;,oor image c~ntrast. In the o1larly 1960's. a few pion­
eering systems using image illtens1f:l.c:at1on :;ec:1m1ques were
made. These syete~s were also f~und l~c:king in ~ontrast.

Thie problem occurs bocauee the tj,re components to b"l imag­
ed <10 not exhibit si'Ji1!ficantly different absorption of X­
r~y photons than the surrounding rUbber. '0 enhanoe the
differential absorpti~n, operating energy from ~S to ~O KV
is ne,:ossary. UnfortunatClly. l:he conventional 6 inch and
9 incl. im~ge int~nsifier~ are made by incorporating the
fluorellcent screen inside the glass lIInve1ope. The amount
of gla~s r.ecessary to Maintain structural integrity of thlll
X-,~ay imall'e inten,'ifi&r :l.S liIO th:Lck th;:\t mOi1t of the
photons in the primary range of intersst (15 to30KYI ..,~
absorbed.

Considerable work was aone in the mia 1960's on the
substitution of beryllium for the glaas \~indow 011 the tubes.
but the technical ~1..ob1el\l of making a vacuum tight seal on
windowa of th~ size necessary proved insurmountable. Con­
currently, the Old Delft Company in Holland was active in
buil,Ung chaRt photo-fluorograI,hic equipment for Mass chest
X-tay surveys. An a consequence of this work, they devel­
oped an expertise and the necessary optical system to
gather light fror.: a 14 inch x 14 inch screen with good
efficie~cy for photographic uses. In the mid 1960's, their
optical system was COmbined with a high quality CCTV

(closed-circuit TVI system. The resulting fluoroscopy sys­
tam WIlS cal:Led the "Ooloalix." system. Early mo~els used

- 13 -



an ima'iJe orthi<:on. In 1969. an improved model wa. intro­
du<:ed employing an isooon oamera tube. co~pared to the <:on­
vent.l.onal glalls-fac.'od X-ray imagclntellsifiel - CCTV <:om­
bination. the moqliW Delcllltx System offers an 18.7 Urnes
gain in bright~ess at 60 I~ and a 711 times gain in bright­
n_Ullt. 3SKV•. In additioll. the input area is more than
t;,,'~('·.t\8 llll:ge as t.hat. for thQ (,.llde" method. The DelQdix
unit was j,n~r",P.'_"'liil to the tire market tn 197C and has l'!i'1jt1\
accepted as the industry "'~"':"J"r<'l. Whlle film dOGS I'ro',.i.de
hj.'iIhe~spa';ial resolut.l.on and 'ina';o+ C....1';-8I1'. l;ll<' 'l:l~Uty

to manipulate and view the tiL e ~n raal til\\e ulOing til .. "Pl l­
calix \.:ype imaging system makes X-ray tirtt insptlction a
practical method.

The types of tire anomalies and defects that can be
detected by the X-ray te~hnique are those that relate to the
structure of t."e absorbing tire Qomponents or to the pres­
enCe of air bubbles. X-ray absorption is essentially pro­
portional t~ the total mass of matter along the ray path.
5in<:0 delaminations do not chango this total mass along a
ray path normal to the surface. they are not likely to be
datectad unless the view is such that ray pa1;1'Illrun parallel
to the delamination surfaces allowing a reasonable change
in attenuation to OCQur. Even with this limitation. the
&bility to viaw in detail the tire comPonents and their
relative posi~ions provides a good check on the manufactur­
Ell::'S quality control. and. supplies definitive information
on the internal structurE' of each tire for correlation with
other NDT data.

X-l"EI¥ tire inspection systems based on the Delcalix
il'talling ",ystem are manufactured by Westinyhouse Electric
Co~poration and by General Associates. Inc. Units have
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either been purchased ar ~r~ 1n use at COodyear Tire and
Rubber Co., B. F. Good~ich Company, Uniroyal Inc., and Fire­
stone Tire and Rubber COIlll?any.

Ll\IlORAWR¥ I.'ROGRAM

Of the four prilllarx NOT methods beinq investiqated,
the X-ray techr.oloqy is the most advanced and does not re­
quire any developmental work. ·Our efforts in this a~ea are
designed to make the neceseary tools available to allow
efficient inspection of both laboratory samples and tires.
Laboratory samples and tire seqments are beinq evaluated
with a Faxitr~n Model 804 laboratory x-ray unit made by the
Pield Emission Corporation. This unit will accept flat
BaII1J?les uI' to 12 inches x 12 inches in size. Accelerating

-votta~IiIS range f.rom 0 to 1l0K". This capability is ade­
quate for t,,~ evaluation of the laboratory specilllens •

.1111 X-rAY tire inspection system similar to those offer­
ed by General Associates Inc. ~nd Westingbouse Electric
Corporation is being ?rocured a~ our primary NOT in~o~tion

method. Assuml.ng reasonable delivery time, this Elquipment
should be in-house. and operatinq in September 1971. Equipment
evaluation should take about one month. At the conclusion
of this equipment evaluation, tire inspection will begin.

An interim capability to X-ray tires is being provided
by Lhe U. S. Army Materials and Mechanics Research Center
at Katertown, Mass. Standard industrial X-ray machine and
film techniques are u~~d. The necessity to cut and hold
film against the tire makes this method quite inefficient
and limitB our use of this capability to inspecting a few
selected l;ires.

- 15 -



INFRARED

"BACKGROlIND

Infrared testing of materials ha~ a long and success­

ful history. Based upon this history a~d the belief that
most tir.e failure mechanisms exhibit a char~cteristic

localized heat si<;n:atu~e. infrared hits been cO'lsidered as
one of the most pI'omising nondestructive test methods. The
desirability of remote monitoring of the infrared emission
of tires has prompte~ moot of the major users and suppliers
of tires to investigate this method. InclUded in this
group are the Fi.restone Tire and Rubber Company. Goodyear
Tire and Rubbor coro~any. General Tire and Rubber Company.
Gates Rubber Company. National Bureau of Standards. and the
Department of Defense. The reported results have not con­
clusively establillhed the worth of the infruec1 method for
detec;ting latent faults. Howuvar,. it is generally believed
that just prior i;o fllilure, a tire being exercised does
exhibit a significant signature.

LABOPJITOR\, l'ROGPJIM

'rhlil genera.l art. of :Lnfrued imagery and its attendant
data collsc;tioll and analysLs is well advanced. However.
the scanning /lystGlllB desi9Jl.:ld fOl ima9.lull scenes and sta­
tional:',' oh;J ,'c;t.s are no';, generally Ilppropriate for a spin­
Y01\g tir". an'} the usual i\llllge display is severely limiteci
for quantitative interpretation. On the other hand. infn­
rea sensors 'lith adequate sensitivity and spead of reSp0nlile
are c;ornrnerc;:I.ally available. One such sensor is manufacl;ur-
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ed by Sensor Inc•• and usee room-temperature InSb coupled
to a wide bandwidth amplifier. This 8&naor h. bein.. used
in a 3csnninq system being put together in-house. The
rotation of the tire on a t6st wl\ee1 will provide the hori­
zontal scan and the sensor will be sequentially stepped
about the tire cross section to provide the vertical dis­
placement. A typical system configuration ia shown in
Figure 1. Ths equipmunt ~ill acquire ten~erature readings
from 4000 resolvable elements of tire s~rface (including
tread and sidewa~ls). The matrix describing the surface
temperature vari~tions will be sampled durinq the build-up
of the tire temperature. The data can be stored digitally
on magnatic tape and analyzed by computer for display of
equal-temperature contours, temperature profiles alon) scan
lines. etc., and the time variation of these and other to­
pol0'3ical feat'lres can be ell.amined as the temperature
builds UP. to deter~ine what aepects of the data correlate
best with tire faults. It is hoped that false alarms due
to normal non-uniformities of tire structure will be elimi­
nated by thitl type of examination. We J10pe to automate the
decision-making equipment on the basis of our correlation
studies. Ho....ever. the initial images o~' tharmograms pro­
duced by this system will be interpreted by the operatc)r.

A ssccrJ part of the laboratory program is to obtain
infr~red infol~ation on tires undergoing wheel testing
(suc~ as during compliance testing). The recording and
analysis of the complete time histor~ of the build-Up of
the temperat\~re distribution will ~e~ire use of automated
data reduction. The aimpleet method is to provide an alarm
when the temperature reaches a preset level. While this
may permit shutting down the test before ttle tire failB. it
does not }lp1~ data concerntn~ the rate of temperature
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build-UP and the extent of the build-up ar.a. A periodic
.ampling of the thermal p~ofile resulting from rotation of
the t.ire would provide lome data on the temperature ~uild­

up. lnitially, only the more limited type. of data will be
obtained a.t a compliance "test cen"tGl: and, 1110 IIIQrp. advanc~d

data handling methods become availllbJ.e. additional data can
be Obtained tracing the var~atione in the temperatu~. dis­
tribution during the failure procoss.

Infrsred inspection of tir~. appears to have many ad­
vantages in simplicity of technique and apparatus as wall
as in tl\8 po"tonti&l for detecting the faults arising from a
variety of mechanisms.

Tha busic technique is described in Figura 2. A tire
mounted on a rim i. caused to rotate by preasing a rotating
roller against the tire as shown. The atressa. applied to
the tire are similar to those imposed in rolling over a
road. The tire undergoes peri~dic flexing, &n~ internal
friction generate. heat in the tire structure. A distri­
bution of tempe~Rture develOps, the precise spatial and
temporal variation of which is, of course, dependent on the
distribution of heat gener~tion and on the '~a~1A~1ons in
specific heat, mass densit~. and h$at conuuc:tivity witl\!n
the tire.

A perfect tire may be expected to have a temperature
distribution corresponding generally to the variations in
flexing in different regions of the tire. Except perhaps
for minor modulation due to the tread pattern, the surface
temperature would be independent of the circumferential
coordinate Q corresponding to rotation of the wh.el, and
would depend o~ly on position in the cross-section plane,

Which may be measured by the angle coordinate ¢ aa indicat­
ed in Figure 3.
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Tha d1.t:i~~t1on ot baat ,ant:at~o\ alon; the 1­
aoa~~1nate 1, dMtermLnld QY ~be maal dA~~~~utton ID4 Q~d

GlI1;dl;~toLon. we may expect than, rot a 1004 Uta. that.
tha t~a:Qtu:a prot111 1n th. planl daf1n1nq I will be
ItaUona;y 1n ehlila .. the tenwlutll:1l llul1da up. Vada­
t10nl trom tn1••tat10na;y prof1le may b. oaul.d by t1r..
ill\ilartlClUonl. Th. problem of tb. tr.io1lt dltlOUon with
1ntrarld radiation 1. det1n.d al tollowl'

1. ~at 1. th. minimum dlt.atI1l1. tlll\il.:atllra varia-
Hem?

3. What .padal tamperatun <l1It:11lIlt1ona do Ura
oonltr~ctlon .1nVUlaritla. prodllCla7

S. ~at Qonlt~"'\lOUon dn;ularitie. ar. napont1bla for
th. fdlun?

W. a•• that thor. are ~aally two .eparata p~~bleml.

FiraG. tblra 1. the prOblem of recoqniain; tha tGnpo~~tur•
•1;nll;lI;" of a va~1.ty 01 conltruct1on liniUlaritie••
Saoondly. and quita indepandent of tha datection problem.
:l.a t.ba prObltlll\ of datlm:Ln:Ln\l tha !:elationahip betwaen t1.re
qon.tr~ction lingula:1ti•• and the maohanicl of tire fa11­
urall.

Th. :Lmmad:L..to pr~b1am :La that of dotoedon. The radi­
ation emanat1ni from tho tiro il a maasure of it. temper­
aturo. At room temperature. the pwa~ of tho epectral di8­
tribut.ion lIB obtll:l.n.<l fl:om the \'lien tUlplacament law.}" T •
Q.2Be om. dog •• is about 10 micron.. We must. therefore.
be prepared to det.oct radiation of that wavelength. Inten­
.:l.ty variation. will be adoqu3t~ to e.timato the magnitude
of .mall t8lllJ,lllnture varilll:loHIi. E;:.;per1mentlll E1vic:lenee
allo aaauru UII thllt tampe:~;ltUl:'i \Tar1atil~n. may be expected
to be under soo K. While i~ is cuutomary, in measuring tem­
perature. by radiation .mi.sion. to compare the Object to be
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.e"II&,. wi.l:h UI o1»:leot etl 1uI0M1 ' ......tllr. ltv ...rl.04ifl
ehoppinw ~r~~.... thara i. no nald lor oboppi.nt in I ey'­
tim which i.. revullrly .canned .nd ~h.r. only vlriltion.
fr.'Oll • ul\itor" t.,.rltlln In to 1». oonald.red.
~ con.id.rltion. .r. n.a••••ry i.n d•••~i.nin, th•

•mall••t temp.rltllr. vlriltion. d.t.ot.bl.. Pir••• wk•• i.
t~~ mln~mllm -.ollnt 01 time-varyi.nw ra.i.tion 'ataett,ble in
the pl·....nce ot thl wenel'81 ndi.Uon 01 tho tirl. 'Icon'­
ly. what t~a-vlr'ltion i.. ~'~I" by th. rl9\ll.r tr••' ..I:­

tern I. the til" rotltl'. Th. tir.' qY••'"on 1. .tr.i,hl:­
forw'l'd end w. 1.lrn from ••••I1I'...nt. ~de on Inlb ~.tlc­

to~. th.t they hlVI the ability to 'It••t , ..i.ron 1'1.1·
atio~ .t room t.,lratlirl with. D' 1n ...... 0' a • 10',
Tllh wU1 .11C'", obllrvUlan lwhll I ./11 • 11 of 16,. .f
lOe in II Va'·hoh ar.1 on II tir. ratatin, It I r.ta Iq\Ih.­
lent to to ..ph .p.... Th••anlitlvitv at the det.ctor cln
oe inor..eed by lOa with d'hotor cooUn" Int,.r.Uon or
t:l,. ai9'\al aver mlllt1ple er.n, .1'0 ,nhano•• ttl" .1Inl1.to­
noi ... ratio.

~. ,.oon' oon.i'~'lti.on i. the lil"ll ,rI4l1'~ ~

reglllar varlat10n. in the t1r. (alloh I. the tr••' ,.".rnl •
• nd how thi. b'okwrolln~ arl.ot. the da',otiv1t) or th~ .y.­
t.m. Th. r••pun., ~o .1I0h ~ ,,,"l., flt' ..n ....n~. Wft th.
ai•• at the 'v.t~'e .,.ti.1 rl.o1l1t10n 11"1I\~ In rll.tlon
to thl .patial p.~iod of thll 1'''111.1' ,-ttl,n, an4 on ••­
t.U. of thlit w.illhl;lll!l funot1QII "IUnin, 'I.• "101", ion
d_Inl. ll.nl.ll t~l.tllIent. ar. a', dlu,l•• bIIt "'I ClllII ••a
by rll.t~v.\y .1~pl••r~~nt, th.t for • ~Iu••l.n , ...111­
1:101. tunoHon .nd I IIGdllht 1nll elQtlll or 1I0tl".nc .,."l.,
fr.qlllnoy f, r.hl rl.pon•• a.n ~I wri"enl
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•f IIl'P (*~l 00" (aw,. • II •• +

- .. ,.
JIlCJ (u~1 Ollila taw" • 114...

"
ilF- C [1 + .,Hw 1l,'ell:JCI' (JII]

.howlng that it on. ohoo•••• rft~lwti~n 1.nith ~ Qf.al.l
th.n l/f. t,•• lIICMIIululnn dll. to ,olnninv tIl. tl,. (varying
II 11 not only I _Un &'todo o' tll. tOU\ livr'll~: c

fOf \.f" C, put ~.n b. ~Uu" ...11., thin 'h.t Whlah wuuld
u. obt.in" fra. , Itn,l. trlld p.rl~. .. II' tllkt .n
'l'fl,·oprl.tllV ,i1.."tId UIG1.!UDfI fUlIot ll'll\ w11 1 IIIinl_i.. • t­
r.~t. or , ..ul'r ,~tt.rn. with llttl. 10•• 0' r'fi'lUli"O
t ... r... H ••

I~I' c • r ••~luttPO lenltll
• • In,l. 1I"11.1,,UI "lh1_ 01\ ,ntNlIIr
• .. 4"-V \"ar l.I>'. 4'1'" 1\1 inll I'•• ll....~.•r 110" t· hIt)

i • lpatl.l '.~6R~V

OOLOQlAPHIC INmmOMll"V

IIAC lIQ IIIIU.. II

IlIIa..,.,l'It" int.'..' ...." &II .n. 'f the ",aMpY "11'I'
t.ph"i~u •• ".ln9 i.rl..-nt", ~il ..~~ i. o,pa~a•• f

1t.~.pHnv be.." 1"'11' .nd _11 lIulUh"" I'll .1•••11".··. or
• Ih. wlil"" ,I'" I•• 4nflh,.UII. "r ,u"-."r',,", 1l.,."U ,,11
II a..",1 .H.hum', ,,,It .,...... ~'lr&h.' ...r., ""''''''1 iI., ",·
,URn .n,l "IIr'aJ!" ••••lIf_t.. t:l'n "I •••• ~4 vi ...... 'n
n.l UN.
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~ c~nv.nt~~n.l hDl~gr.pnin interf.rOMetry techniqu'l
II' "aiMI,)nly Ulld in hulugrapht" non-d••t.ruGUVll t.,Un, of
~Lrft., 1) 4DU~1.-• .,olur. notOlr,phia int.r',ro.-try and
l\ r'.4-t~.~ holo;r"hio in~,rr.ro.ltry.

,. dOllb1'-IoIrJlOI"rI 1\0lO9I'1. h conltf\lot~ by Ullin,
t",o '!cpo.un. on the .... FAcnOfrlpllio pl.t. 4n • It.tic
I'CI'~Ulln with the .)Qject )).ln~ IUthtly ,tr...ecl or dh-
,'l .."•.s b.tw.en .~poillrel. A1ty v.rhtionll an the IUC·t."" 0'
• urI \11111 .ho\ll up •• illt'~tfill&'l11'" trln'llD. 'fhh '.oh.
nl't"l' I'rollul", il v"·,,,.nlnt thr••-dilllCll\,lQn.1 re"Drd 0' tha
'lid.,., ..nd ."u, I•• vi'Wld Clr pho'"".,.~1t'l with. canvln­
tlllnl' oMert wtI..n 111wdn.t.1ll whh vhlbl. 1...r 'Idl'-

t I,,·"
In nll··Hllla hQ\nvraphh· intnfer_t.ry•• l;'n4l1,­

a.~l."n hp.lcuJrllIl I ....d. ~n 1h .Ut I (I po.it Ion. A.i tool(

\ ha I'lw'.·()<jUl'hk I' \U, 11 4.....10.,.4, ll\. h010llrlll h u­
....",.'.1 1" h·1 •••". o(4\1in.l fQlil.lon. "!I. Lllt,rhrlll'"
1••1 ..... /1 I h. holoQ.c"phi" ra"onl'I'I,otlid ~ClII'Il1 Ind thl 1•••,­
,u".. t".t,<I orl'"'' i. QI>.arv.l\, MY Y""ht ian o' tha I,lr­

tId. 0' t~. t~r. ~.n ~. ~~.~ 4n ,.a1 ti... ..~..n-n\
noor4. n .nv to"'~~"1I1u \:1.•• Din PI .ad" wHh a IlC'lIlY.n­
t lC\l1I \ IIA.ua. ,."... I\.'n",nphlll ullol'c"n, ,roo"llr... "."
fly.11 .uklllu, tll.,_ ".\'IIlU aAeI '''''II''''II"a1 ot\.uC't"hUoll
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\hl ~v..man'Lone4 .t~IIILnt \IQhnL~.a. the IPplLcat10n
•• ., 5'&l'dll VIOU~ 11&, t.hul til' provM to bl 'chi I~'··

dol' lh~••
A ho~OIraphLo tL1'1 analy.,r ~ pr,,~;~ ,v'~l&Dl, on

tha tIOllIII\uola:L muD'. nLa lnl"\IID'~t. 14. IIlv,alopllcl lly
O. C, 0 .. lnll .. an4 ia ClUuently blLn; avdut..aby .uoh
lIOIIIIanhl aa lA\~rgyal. Go~'lr. and tuuaJ. Motul. Th.
fUlent 000 1n1~t. .volvd 0'1'1' t.h. put tour y....n
Cna IA wionmana \hU &HUed .tl'l" by ohlil;in; thl Un

""11011' to \hI pr••ent. PT-la modll. Tbi. mod,:L 1011" I
,.rt1&l VIg\l1llll III \hi IUUainl IIIlohanllm and holo;nphl
'hi 1ntu1oz 01 Iha \Lr'. u.in; \h11 ,tl"I.1n; t,oRn1~1•
..31 \h, lurtlo. 80'1' \h. i\ll!IUI'IIO' IQlraUona 11 de­
lomed. \hUI ,.4\l;ing t..h, nwu ot tllla dim dvnatW:II.
b101"phl.n; th. in',dCil or thl toil, t.anb til l'Oilu,,;. til..
din I1l1\lt\lllll p~04Il.~'ad br "ora~il\;· and oth.r indlin1­
Ullant ~u lurl".. ,U'OIlI. fh. liZ) JT-U 11 QI"Plb11 ':If

tnaplotin, ~ to 1a tir•• p'lI hO\lr.
",0~iat1on1 .r. now und'I'WIY to proo\lr, O~I of th•••

\ln1\. p that. tM. 1T11~;' an4 tallhnLqu., oan b......1101­
a\l4. HGp.fully. I ~llt' un411'1t.an4in; of thl t.fPI ot
iI,f,otl and In,1~ holo;caphic u1un.turll will bl undl~;tOQ4

"or tht' t.i.IH, \hI tin anl1Vlftl: 1':I1vII.

WClaAl'Oar .1lOCI1WS
LGo..tIl~:i I(oIUvitili h.vI blln dir,c'talS mainly to t~e

oonlt~Q.ion of I holOirlphl0 f,;Llity to inapect in-ho~a••
"!:adau4. Il~r·ool'. IIl'Climlnl. ~'h... I5I.oim.nll hlvf'
_11£,0.\-.111 Mown '1llotl ,nil prov1dl , lnunl lor dat.amLnin;
t\lI t.y,•• of l'IfJtoct.. thl~ a&.'1\ bl c1lt.otad \lain; t.hh teoh­
nlqul. A Itu4¥ ilbain, midi to d.tlrminl thl aivn.tull"
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of varioul defect.. The ,trolling mechaniam being used is
a partial vacuum .0 thrt the atre•• will be 81milar to tha~

placod upon tire. in the QCQ. Ina. tire analyzer.
Double-expo.url holograms have been made of epec~ens

labricated in-h:luee. Th..e apec1mans were atre••ed between
at.ota by hot air heating. The hologl:U1. .how,ad fringe pat­
tern. \~h.r••trQ•••• occurred, but were not o:f good quality.
T••t ••howad that ambhnt vibrllli;ions, air curl:ents, and
other environmental ptll:t'~rbal;ions were responllible for the
l.nfuioJ.' quality of the preUminary holograms. The prob­
l.ma are not ••rioua and are baing corrected.

Doubl.-expo.ure hc.l.ograms bave aleo been mllde of lIPeci­
menl uling partial .~cuwn atru••ing. Initial ,data indicate
that the technique relpc~d. only wh.re a di.b~ld occurl.
The bi.bonda could be 1nllucla by plunger telts or othor
typal of tr~uma. The data are preliminary and muat be
treated .1 auch. ,~ditional ua~,leB having both pre- and
POI't-fllbricatl.on defect. are being produced in-house to de­
tlrminl the type and sizi of defectl that can be detected.
U~TRASON ICS

Ultrason:Lc non-destructive inspection techniques are
baaed on the propagation of Gllastic wavGls into the object
to", telted. Such waves are refhcted by discontinuities
in phyeical propGlrtiEls, particularly by changes in elast:ic:
modulus or dGinsity. l~erefore, they are specifically sen­
eitive to voids and delaminations. Since the propagation
timlils :!or ult,rasonic siqnals lie in the microsecond regi...""
reflection lignals can readily be resolved in time to pick
out reflectione from interfacee at epacific depths in the
laminar .tructure. H.nc:~, ultra~onic reflection measure­
mont. have unique potential for tosting the status of the
gancil b~tw••n layers. It is also easy to meaeure ths
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-1;Uf"J".x\\l1l1l \Ul:Lfor~I~);,Y .pf tread litock lan~ of tn~d and ply
~u.Q~!!.. Sin~~ ultr~O~Q.~'ilJ.'"l;f,r,:u.8\lI~~.!Iure phy&1cal prop­
,,;j;)... of mllt"d.ls • it is entinly possib:Le that, 1UJa'Il:­
~Qllic lIign~~Br~~L.~ted from.the l~inar interf&QeA_in'tire
:tires will j;'l·s1~'nificl.'l"tJ.y llIOc1ified by fativue pracease"
~h~.;;t.."llralmOWll t-o proCluce subtle chang-fOs in composite
RM~5li,~"tur. a\ld r.1hsmiQl.\l cOl\1POsit:l.on.

. .
A brQ~d s~vey ~f physical acoustic techniques for

non-4.lt~c~ive in3Psction of tire. h•• bean prepared under
th~~ p~ag-ram ana i. heing publiBhed as a separate docu­
men-c. TIle !?ar"graphs to fQJl<:l\l' i'l.UlIlII!ll:'ize the pdncipa:'.
Qe>nclusiQns of thlJ.t lur,!~._ with p.mphasis on high­
naolution rafl1:c,-";;'(l)l ~~Iln.\cr:"Il'. Such techniques will
~rovid. ·tho ~imum rractiuable amount of info~ation to
characterize observed defects. ~d hence are con.idered
most lll'Propriate for the planned effort to corl:elate NOT
results with data from tire sectioll analyses and failuJ;e
experi.ance.

BACKGROUND

U1traaon~.c techniques have been extensively develnped
and widely applied in the metals industries. usually for
the detection of "flaws" (i.e•• small voids and inhomo­
geneities. such as casting bubbles, cracks. etc). The
Nondestructive resting Information Center of the U. S.
Army Materials Mechanice ~4s8~rch Center cites over 6000
references to ultrasonic t~ft~in9 techniques and I:ssociated
technology. but only two of these d"al specifically with
applications to tires. Visits to three of the largest tire
manufacturers (Goodyear. Uniroyal. and B. F. Goodricill re­
vealed that not one of these currently utilizes ultrasonic
inspection techniques. even as a research and development
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tool. much leu fur quality cQntro1. in production. Vadous
indU8try' ~ep~ep~ntative8 indiaated their companies had
"looked at" or "tried" ult~as'Jnics at 80me point. but speci­
fics of the techniques employed and '~be Objectives 80uqht
ware not available. 6i\\c8 u:l.tt"tlIlQniQ tschniques are ordi­
narily carefulLY opttmized for specific applications (throuqb
choice of fra~,ency. wave type. transducer characteristics.
aignal condLtioniny. di.pla~r technique. e'c<: •• ) it is pos­
aibl. tha" some dis~ppoi~tment may havG resulted from cur­
sory attempt~ to apply mets!s-oriQnted techniques which
were far ftom optimum for the tire problem.

One barrier to 1:h8 adaptation of well-elltabliahed
ultrasonic pulse-echo te~~iques to tire inspection bas
undoubtedly been that the fUhdwnentBl data produced. the
original reflecti~n oscillogram \~e~.d.~ A-SQAn presen­
tation) is very complex and is not as ~~8Y to int8t"pret in
terms of structural defects as. for example. an X-ray photo­
graph. In the usual applications. interpr~tation is aided
by image-type graphic displays produced by a fac~imile re­
co~der synchronized to a mechanical scan of the object
being inspected. In a "C-scan" recor1ing. reflection ampli­
tude is plotted as a gray scale (i.e •• print density). ver­
sus two mechanical scan coordinates to produce a surface
mapping of defect locat:.on and severity. In a "B-scan"
recording. on~ axis of ~he Chart corresponds to the acous­
tic travel tirr.e. and hence to the depth below the surface
from which reflec".ionll are received. so that the dillplay
maps a cross section of the object taken along a single
line of mechanical scan.

In efforts to demonstrato the usefulness of Ultrasonic
teChniques for tire inspection. it has not been possible to
fully exploit such display techniques. because of the lack
of a specialized meChanical scanning system capable of
accommodating the nongeometric and variable croaa-sectional
shape of tires.



'rne sllction on futu.ce pllmll will outu'nll,o\,\r approaches
to 4.sign o~ ~n ultrafionic inspection sy~tem whi~ wtL~

produce \'\sefuJ c-scan and a-scan recor4Jngs from tires.
However, ~~ will first briefly review c~rtain prior work
and preaent the principal ~esults and ~onc1uaions of our
laboratory investLgations of the reflection si91Oa1s frOlll
_il~\\fll tJ.rQ sttuct\,\r:es and from rubbet"/cord cClJ!lP0~ite sPeci­
men iii ."ace in OUt" lllboratory •

PRIOR WO~

At Southwest Research lnstitute, under an Air Forc&
contract, an immersion system for inspection of aircraft
tires was constructed. This system measured through­
transmission of pulses from a transducer inside the tire t~

another outside. The acoustic beam axis of this transmis­
sion mealluring system was slowly rotated (through angle ~)

.\l~.~y..t; a ~tral point in the t.i.re orosi-section to scan the
eire surface from bead to bead, while the tire was rotat&d
more rapidly about ity normal rolling axis to scan with
respect to the angle coordinate 9. Automatic gain control
was employed to nullify the v~tiations in transmission
caused by the normal variations in the thickness and struc­
ture of the tire encountered as the ~-ecan progressed fr~m

the tread region to the shoulder, sidewall. and bead areas.
Mora suClden decreases in transmitted amplitude occured as
acoustically opaque regions (attributed primarily to sepa­
rations) were carried through the transmission path by the
9-scan rotation, and detection of defects was based on
counting pulses that dropped below a fixed percentage of
the 'running average amplitude.
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According to Ref. l,there wan poor correlation between
this system's indications and actual t~;e failure exper.i­
ence. Verbal reports indicate that further eXi,r~ence with
thill i1ystem obtained at liaS has been similar.

The SRI s~'stem was designGd on the presumpUon that
the principal fault to be detected was the separated de­
lamination. Their system calibration work makes it clear
they suc~esded in designing a system which would r.eliably
detect such defects down to 1/4 inch in diameter. aence,
the failure to obtain bett3r correlation with tire per­
formance must be ascribed to inadequacy of the initial as­
sumption as tu the dominant role of separations in causing
tire failure.

G. H. Halsey is widely known as a proponent of ultra­
Bonic techniq~es for tire inspection. In busineos for him­
self at th~ Scientific Testing Laboratory. he has sought to
sell testing services and/or instrumentation in this area
to the tire indust.ry. Thus far he has not succeeded in
this endeavor on any significant scale. In conjunction
with Smithers Laboratories, and supported by several rub­
ber companies (unnamed), he has investigated the correla­
tion between ultrasonic inspection results and tire service
performance, but repor~s of this work are being held pro­
prietary by the sponsors.

In a 1967 paper. Halsey discusses certain techniques
and provides a number of useful suggestions. He recom­
mends monitoring the reflection from the tread rubber to
carcass rubb~r interface as a means of detecting incipient
treltd Geparation. He suggest" that time meaeurements on
reflection signals can serv~ tu assess tread thickness
unife,rm.tty and splice quality, and that these factors are
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vital to tire safety as wall as to ride comfOrt. Acoustic
impedance variations as~ribable to changes in cord tension
are said to be detectable.

Laboratory experiments have been performed to explore
the nature of the rGflec1tion signals ret'u:ned from the nor­
mal laminar structure of tires and f~om r~~er/cord com­
posite specimens made in ou~ laburatory. This section sum­
marizes the principal results and conclusions of this work.
incorporating selected data as nec~ssary. This work has
been limited to spot-to-spot observation of reflection
oscillogrsms. Plans for developinq an immersion scanning
facility are discussed in the following section.

One objective was to make an experimental assessment
of factors determining tho optimum test frequency. Using
highly dampened transducers shock-excited by a narrow DC
pulse. representing the present commercial state-of-the­
art. the duration of the acoustic output pulse is about
twice the natural period of the transducer. Allowing for
the two-way tra?~l delay. r.flections in a laminar structure
can be clearly resolved. provided the reflecting inter­
faces are separated by a distance approximately eqcal to
the acoustic wavelength. In tire rUbber. the wavelength is
approximately 1.6 mm (abollt 1/16 inch) at a frequency of
1 Mdz. Figure 4 demonstriltes clearly l'(ISolved reflections
from the front and back s·';rfaces of a 0.083 .inch [2.1 11\11\)

thick sheet of carcass rubber. obtained with a l-MHz trans­
ducer. Figure 5 shows reflection signals obtained in the
6-ply tread region of a dOUble-belted til:e. using l-W1z and
5-MHz transducers. In either cAse. the echo signal is of
generous llIIIpli tude (measurllblo in mi:.livolts) for the
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reflection from tbe inD~•.•urf.a~9# the tire. (The a~ou­

.1;.11:: puhe must pa.. twice through the entire thicknes8.Qf
:l<lJ,liL j;raadxe\Jion. 'l'hua., Ilven the 5-_ t.rllna(lIlQar ft<lq­
u~ncy is not too high for practical ume, nowever, most
of the high-f:i:Elq~E'ncv CQn1;flI'It of the 5-MH~ 8191'al is taken.
out by the first ply refl.c~icr.. and en~~ced resolution 1.

obtained only in ths tread-stock region ahead n: th+sre­
flection. In neither cas. are the refle~t~ons from ~.~

deeper ply layers clearly resolved f~om each otherr how­
ever, a separated delamination would \Jive a reflection sig­
nal large in amplitUde compared to ply signals at the same
depth. In this event, the depth resolution would certainly
be a~equat.e to determine which interface had come apart.
Figure 6 illustrates this point fOl~ a di.bond in a twc-ply
slab specimen. Figure 7 shows how a rsflection from a
selected depth can be gat~d out in order to monitor it for
evidence of poor bond at the corre.ponding interface. Fig­
ures Band 9 confirm the expected fore-sho~tening of the
time scale and gross changes in amplit"de8 for ~eflectton

signal. observed in the thinna~ sidewall and in the more
strongly curved shoulder regions. In .canning the entire
surface of a tire, such changes in amplitUde muDt scan­
programmed or accolNnodatad by AGe. Also, the time windows
employed for gating out the reflections from interfaces ot
interest must be referenced to other reflsctionA, or even
to the reflection being examined. While the•• nece"iti.,
introduce additional complexities n~t commonly provided for
in commercial ultrasonic instrumentation, the required
electronic technique. ars well-known and straightforward.
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III • lu... I. I.l......~nr.........d ....nt. III. hlldbLHt.y ot

••.• ,... 11.' I",p_',.". '1II~"h&nv til tt••• t ••1t tll"".r "•• "_n-·
., ••"..1 ".'''11 • "' I,,~llln al IfOlv"rowl.na 1I1V""1 Ln
... , •••• III••.' 1.' " .."t-Un'. rl ,I,' II,: ."jlll""'iI the

I 1.~11. &lIlt. £4,1"'1 t ll'w •• t 1.1~,.!un "t- 'h. &nt',II' fa",. b.t\f••n U....

.,1",01 ."1".1,,,,1,,01 Ih. n ••a l.I•• ~ "'" •• IILly "'.". ~u

.tI ........~.,· '''''''I'IH,.L~. WId I.. " , .... "viall. ""ClrLaal
'I" •• ' l;lf· I '.'1,,11'1' lnvOInl\l"llnll (.ud, I. til. ltaQta. Cit

4, j~I.ll \ly .. , 'r.a4 rill•.,., l",pao1.,,"a., .tahlllty .,,,1 co.­

.' ",.... 1.,.11'.· lulla.,l .... llIth>n••• t~.l it lo. allp• .,tad

11111I1 itll I. ".Iolll.l •. - t"I.'.11.n~ •..'.t,~hlh" \lIl11 I".'SUO. thu 1.\1.1

,,, ,,,1M' I .. , .,". '''ll1I .lIrt ..". ,.Il., t."I,a•••ULlh .a lh.
11 •••.1 , .•. ,,,',, .".1 .1.1 .... 11 1.1I •• lr"f· "'1"111"., al.o .hl"tuld

tudl' III ,p.'li 'f! t'~. ttl' hl'\'!1 III the r.t'.~\tf)" aupllt.udua 1n

,t,w "h~u l.ltu ~'.u h_h "'h.... \ i,. nnJ'Ma t to th. ply lay.". p••e

'llt.Hiljl. 'h. n\lt.l" l'I11rr.~·. ur th. l"". At • ~Dn.td.r.hl •

•1I1~,IIf.

1'1"'",1" '~II'~rll"N rl('AIlI/lfill rlYWI'I'M

All "MuIII'nu .".nnlnff _veteHI to.' ult r ••onill tLru

,,,.'.... 11." I. I'lann.,' Ih.' ,Ill IUtf., In Ilv.r.l 1ll\Port-
.,.1 , ••,,".'1. Ir..", .y.t I'r.yloollllv r.porl.d,

L "h~ II .II l'Il'l rhl I" 'h.. hu,lo.un~,,! pL,na

.,,·1 11"""\' .1I1 ..h J.'l. It I ......."1... tlla~ thl. prooedllr..

.... 11 "11 .. 1,,., •.Utrl".. ltl •••11-. , .. an',.lnln'4 1I1r \'>ubbl ••

,,, Ih. '1 •• <1 u.r" •· .....n .•il 'n h.v. h.an a probl"", ",h.n
'I Ill" I "', ••'1 v.I'll-,.lly A~," luLlad Intll and alit ot

Ih u"l'lln~ 11~1I1"'.

N~l. Itull 1'''111.111''....R.. luV..... "'Ill p.","1\. .p."itl,.

I ..... 1" ••• 1.,.•• III Ih. lir•• lr""lur. to ba ",onltor.d tor

l'If,,,1 1"I''1d'V A,"1 'Allyll" ""uradatio"•. I'D' the .mall
, ,.> II')'" 'Ii Al.uuell'; ""1J.'1.n'1e •••u,,,.d t n b••••oLli..ted wi.th
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~..k or do,rado~ ~nd., rotlo~t~on ~ooaureaanta aro inhor­
_tobo 1II0re alMlai.t.iva Ulan tr&n8l\\1ul<l1'l 14""\WeMeuta. Tho
~inoo trana~tionG in a tiro attuoturo are .mall t.o be­
91n with, ~,orotoro. at any ,iv.n 1nt.~fac., tho r.fl.ction
o~tt1oLont a L. amall. whil. tho tranami••ion eo.fi1ciont
'I' • 1." .... l&1'g.. Under th... cbcW1IlItanc•• , A. R/n will
'IIen.rally bo m\\ch Cjlroatotr thanA. T/T.

S. Tir•• will b. mounto4 and 1ntlat04 tor to.tinq.
otterin, tho po.aibility that d.f.ct. 1n cord .trwctur. may
b. d.t.ctabl. through chanq.. 1n acou.tic lmp04anc8 with
aard tan.ion. a••ugi••t.d by Hal.~. Purthsrmor•• an in­
flat.d tiro ~ff.r••n incr••••d lik.tihood of ab&.rvin~ any
dolamilllltion. ir.duc..d by (13r aggravatoa by) l ..kll.ge (Jf au
into tho ~ly .tlucturo.

4. Tho .y.tore will include a C-.can capability with a
propol't.l.onal vny·ocalo incUcl.t:1on ')! detect .Iverity. It
will thUR not b. limited to • prior decision .0 to a ••ver­
1ty oritarlon tor dot.ct d.t.ction. It will h. poa.ible to
abaorvo aUbtlo indioation. at dotoctll, and to ,olil'oh for
ool'rolaUono with .orvico porformancli.

~. A I-.can ~apability w1Ll b. provid.d that give••
dmult.aneoull indicaUon of tho thickn"" unitorm1ty of all
lay.r .1.ment. in the tiro .tructure.

Tho ,naOllt ,lan 10 to doaJ.vn a\lll ...ombl. a tin
aOlnn1n; .y.t,~ ~tl11.in; oomm.l'oially available .ubny~­

toma and oomponont.. A oonvontional .ubm.:aibl. turntable
w1U bo Id.pted to hold th" Un .ubmu,.d 1n a horhont'll
,lin., and to rotato it about it. u.ull rOlling ax1a. A
mlohln1am will ~I dOlilfted for acann1nv from bOld·to-bold.
Thl t'lnaduoer will moVI Iround thl out.ido ot tho til"
HaUon on I c..ahlpld G1rouur rlU. tho oantu of wh10h
••inoid., with thl oentar of tho t1rl cro••• ••otion. Th.
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.pot on the tire .urfac. b.ing .x&,in.d will b. d.fin.d by
angle coordinate. , and i. Tb. special I-scan m.chaniem
will 'be d.eigned to mount. t.o thiB manip'llator ayut.em, so
that t.he linear t.ranslation motions it provide. can be used
to pOlition the C8nter of the primary arc in t.h. desired
relation t.o the tire cro.s section.

A facsimile type graphic recorder can be synchronized
with ~he Q and I motions to produce a C-scan pre.entat.ion.
The faceimile recorder prints a tone shade density pro­
portional to the current pas.ed through a damp eleet.rolytic
paper.

ror t.he C-scan pre.entation, the hOl:izontal motion of
the stylua will 'be slaved to the Q-rotation of the tire,
and the chart paper advance will be slaved to lh. _-scan.
The printing current (and hence chart tone density) can 'be
made to correspond to any single paramet.er derivable from
t.he A-scan refhction signal. For lilXll1llple, the chart. den­
sity can 'be made proportional to the amplitude of the re­
flection from some interface (e.g., tl'ead!carcass, firfllt
ply, etc.), or from the reflection amplitude within the
whole ply region.

The unit could also be used in a l3-scan mOde whsr.
the horizontal lin.-.we.p of the record.r stylus will eor­
ra.pond to tha acoustic round-trip tr_vel time, and hence
to the dapth of tha reelecting interface. The chart paper
I!d'V~"'c:e will corra.pond to one of the mechanic:al scan co­
ordinate.. on the t1:l:e, t1111 othu b.ing held fixed. A B­
ecan v.r.ua Q !with ~ • con.tant, for exampla, at trea~

c.nt.r), .hould pro,'uce uniform parallel lines for. per­
f.ct tir.. Any non-unit~~iti.. in tread thic:kna.s or
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poor .plica. will be r ••di~¥ ~p.~ent. A '-.can ver.us _
(with e • constant) will show • flattened cross-a.~tian

diaqrsm from which one can .a.ca••idewall thioknes., b.lt
centering, and -rmmetry Of Other components.
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SECONDARY NOT METHODS

This section describes se~er.~ .d~ition.l MDT methods
to re<:llive a l"wer priority of .in~es\.:l.9'ati~·e effort. In
comparison to the previously d~.crt~ed primary methods,
they either measure additional ti:9 parameters or show some
promise of measuring the san~ parameters more economically.
They arB n~t considered as pivotal to the prime task of
defining the anomalies or defects that correlate with tire
failure. but it is felt they have potential benefit to the
program.

LIQUID CRYSTALS

Liquid crystals. as their name implies, are a class of
materials that exhibit the characteristics of a liquid and
have the order of crystalline materials. The heat-sensitive
cholesteric liquid crystal mOlecules are used for thermo­
graphy. The operating temperatllre range of thermal 8en&1­
tivity is adjusted by properly compounding several different
~aterials. Throughout this thermally sensitive range, the
liquid crystal material is hiilhly bi-refringent. Thts gives
rise, through selective reflection, to the Characteristic
coloring of red, green, and blue, representing the low,
medium, and high parts of the thermal range. One distinct
advantage of liquid crystal techniques over infrared
imagery is the elimination of possible vari~tion in emis­
sivity of. the surface.

Wh.i.le the application of liquid crystals to thermo­
graphy is a rapidly expanjing area. only ong instance of
its application to tires has been reported. Th is early
work by the Goodyear Tire and Rubber Com~any was discourag­
ing. The liquid crystal material used was found unaccepta-
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ble because 'Jf its inabUiW to t'emllin on t~a tire dUrin~,

exercising.
A limit~ci investigation into the applic~tion of liquid

crystals· for tire thermography was done in our laboratory.
Flat rubber/cord samples with disbands were coated with
liquid crystals to deta~ine the method's ability to detect
the disband 1ll'lId to date~ina thE> affect of rubber on the
liquid crystal compound. Heat applied either behind the
sample or in front of the sample was adaquats to demonstrate
that disbands were e.~ily detected. Contamination from the
rubber lunited the lifstime of the liqUid crystal. At least
twe possible solutions exist to this problem. nle most
desirable is to use encapsulated liquid crystal material.
T~e second is to provide an Unpermeable membrane between the
J:ubbsr and liquid crystal l~aterial. The lattsr approach was
implemented by means of both thin teflon tape and polyvinyl
fluoride film. The liqUid crystal used during these experi­
ments was compounded using two parts (by weight) of cho!es­
teryl nonanoate to one part cholesteryl olyel carbonate.
This compound provided a mean temperature of ope~tion of
4SoC. with a range of SoC.

EI:capsulated liquid crystals Wl.th an operating tempera­
ture of 8soe. and a range of lOoe. are being procured for
routine visualization of the temperature distribution of
tire3 being exercised. The tire being exercised is easily
viewad and photographed in stop motion by using a strobe
light synchronizI'd to the tire rotation. It illI intended
that this approach be used as a backup to the infrared
method.
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DYNAMIC FORCE AND ACOUSTICAL VARIATION

Most of the non-dest~uctive test methods conside~ed ftre
capable of measuring a limited number of ti~e structure
characteristics. None of the tests attem~~e to meas~re the
dyn8lllic characteristicr at typical hiqhway speeds and
deflections. Since tires cannot be considered as truly
linear devices, it follows that high-speed characteristics
may provide a us~ful insight into tire mech~nics. This
method is being considered in work at the ~ational Bureau
of standards, Where the dynamic force variation of tires
operating at designed loads and speeds up to 70 mph are
being determined. If this work continues to bear results,
data obtained from it correlated with data obtained by other
NOT methods will be beneficial.

Current force variation measurements a~e made by
measu~ing the variat~on in the radial and tangential force
on a roller as the tire rotates. The total for~e,

measured by a suitable transducer, and its harmonica are
recorded for one tire rotation. The radial component can
easily vary by more than 3% of the static force. At high~r

rotational speeds, part of this ene~iY must be emitted in
the acoustical spectrum. ThU3, relatively inexpensive
acoustical detection and analysis equipment may provide an
alternative method of measuring relative fo~ce variations
caused by nonuniformity of tire otructuree. ~lli~ approach
would have the distinct advantage of being usabl$ during
wheel or road tests. In addition, the aUdio method would
be usable at higher frequencies than is practical for
currently used systems for Which the frequency response is
limited by the mass of measuring system components. Investi­
gation of this method will determine its feasibility. The
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n.c....ry .quipment to rotate the Un to 20 mph .nd to
coll.ct and analyze the .coustic.l data is avail.bl••

RESONANCE TESTS

Pr.liminary investigations into tire r.sonance testing
were perform.d by Jam•• Weigl at Masaachuaett. Inetitute of
Technology in parti.l fulfillment of th~ maeter's thesis
requirement, under the technical direction of Professor
David Wilson. The reported reeults that cord cuts of 1/4
inch and larger were detectable in either bias or radial
tires is of ~~rticular interest. In addition, it wa.
reported that the resonance fr.quency and 0 are functions of
inflation pressure and tread depth. The results, while very
encouraging, must be considered as inconclu.ive at this tL~e

because of the limited number of tires so far tested.
Based upon the pr.liminary work and upon discuesion

with rrofessor Wilson, it appears that a properly developed
teat could be made selective eith.r by controlling stune of
the independent variables, or by eecondary measurements.
This would allow sel.ctive .valuation of such factors as
cord integrity and rubber/cord hysteresis, provid.d such
parameters as tread depth and inflntion pressure were sepa­
rately measured or controlled. ~\e promise of reBonancs
testing and the lack of acc.ptable methods for rapid non­
dest.ructivs evaluation of cord integrity a.,d rubber/co,rd
hysteresis make this an important area for future work.

A limited project is being supported ,by MIT ~ ~1~th.r

investigate this test:,ng method. The investigation will
involve designing and building the necessary experim~mtal

test equipment to minimize the effect of experiments" vari­
ables and to perform the necessary experiments to obtain
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a better underetanding of the technique.
this ar.... ,,",11 depend up"n the results of

MiCROWAVE TESflNG

Future efforts in
the current phase.

Microwaves have :..een used for some tim. in non­
destructi~~ testing of materials. The efficacy of teia
method depends to a large extent on the dielectric
properties of the structure that is being inspected.
Interfaces between materials of different dielectric
cvnstants cause reflection ot the signal. and may thus
~e used to indicate anomalies in constructio~ or imbedded
objects or imparities.

In one method of microw~ve testing. the sample is
placed in one arm of a microwave interferometer. and phase
and intensity changes in the reflected signal are detected.
Tn.s technique is limited in that slowly varying non'
uniformities that are not defects are difficult to diatin­
~uish from smaller. more s"n9~lar defects. In addition.
irregularities of ahape produce si9nals simi.1ar to those
of small singUlar defects. J?rd.iminary measurements made
at 50 GHz suggest that these t.echr.iques usinq an active
source are limited in their ap9lication to tires.

A second ~echnique is the Qse of IRicrowave radiometry.
As the microwave frequency decreases. the skin depth in­
creases. '!his rnables one to i~crease the meaningful depth
of penetration. In infrared radiometry. a major problem
lies in the necessity for the internal friction to chanQ8
the surface temperature of t~e tire. since the rubb.r i.
opaque to the. infrared radiation from the intB1~al Boure••
We must then distinguish bev~een ir~o9ular\ti.e in friction­
al heating occurrin9 very close to th. Bur face. and
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irr.gulariti.. in h.ating due to taulU in the dl.per L\'1.lljJ

cord .tru~tur.D. A hybrid .y.t.. would u•• a .iarcwave

radiom.t.r at 10 CIII. to llI.t.at the h.at tral in ten..l

.oura... Hel'l , the til'. i. r.latively tran.parlnt t~ "',J
radiation, and one can d.tlct tho radiation Pr'Cl,Jut.",· " U,fl

faul t as cOIllpar.d to th" 1••••1' int.n.t ty radJ" , .,c,,', p"O'"

duced at the lUI. depth tn the nal'lll&l tirt ,.' ,·\,l(,tur.. tit"

tlquipnent fc>r th18 .lCperim.nt h in-hOlJI''' .or," ...~: 1 "" \ ..~ ••.~

to determine the f.a.ibUity of th18 '\\C'l'r",.,t:!h. 'l'lI. """",',

tire ex£rci~.r uI.d 1n infrared t~.t'n9. \l be ••ploye~
Thh equipnent 11 capabl. of ~ __.d.ng th'l tiro tu 51H) ,"""" \ ,

at 20 mph. Tire d.neaUoll. equ1valtont to .1,111 10." In.

obtained by deoroa.1n9 til'. inflation ~r.ulur•.
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