DOT HS 820 208
PB 213 20<.

SURVEY OF NON-DESTRUCTIVE
TIRE INSPECTION
TECHNIQUES

Transportation Systems Genter
65 Broadway

Cambridge, Massachusetts 02142

Contract No. HS203

Report No. DOT-TSC-NHTSA--5
~July 1971

Preliminary Memorandum

PREPARED FOR:

U.S. DEPARTMENT OF TRANSPORTATIGN

NATIONAL HISHWAY TRAFFIC SAFETY ADMINISTRATION
WASHINGTON, D.C. 20590



TICHHICAL AEPORT ITANDARD TITLE PFOU

1. Reperi No. veemamTT Yavainmeni &eseanien Nu, T, Nariplent's Caraleg No.
DOT HE 826208 Wﬂz =3 b 204 'Z_..._.._.

. Nitty wnd Wy ' b. a-‘:a:ly “'J.'E?J. .
. - &

gv:::;{qgi.uon Destructive Tirs Inepaction T-‘Tﬂ 'E,"""' S

,,Dl Avtﬂarfﬂn . Litant, R. P. R L ’.:hmiag‘iminﬁu LTI

. ] avery » an + » Ryan a RIN
N, Knable, H: T c.ocscm' ' DOT-TEC-NHTEA-71-B
9. Prlerming Organdiatine Nove and Addiess T4, Work Unit No.
HA203

1.8, Dapartmant of Tranipartation

Transportation Systems Conter T Coniraor or Biant M.

66 Broadway, Cambridge, MA 02142

i 70+ of Report and Pesigd Covared

Preliminary Memorandum
dugust/1970-June/1871

12, Spentering Ageidy Nems and Addras

U.S. Depar'ment of Transportation

National Highway Tratfic Safety Administration

Wathingtan, D.C. 20600 1. Sgeraoring Aquncy Code

R-2402

14, Supplementary Netes

\l&. Abgtragt : T —— ) o
The statua of several promising methods for non-destructive tire
inspection ia surveyed wita the conclusion that radiagraphic,
infrared, holographic and ultrasonic techniques warrant further
evaluation. A program plen 13 outlined to correlate non-dsstructive
tire lnspection date to tixe %ailure data. The emphasis is on
inspection sygtems having sufficient reaolution and discrimination
capability to detect a br:-al range of “anomalies.™ The inapected
tires will be subjected tc Aynamic wheel tasting guch as specified in
Safety Standards 109. Failnd tires will be anslyzed to determine
those anomalies that lead t-. tive fallure and eventually to provids
&4 capability for failure predivtion based upon non-dastyuchive
inspection technigues. S T . -

i
A

17, Kay Worda

Non-Dgstructive Inspection, Tires,
X-Ray, Infrared, Radiography,
Holography, Resonance, Liguid
Crystals C

18, Disnibuiion Statament

unlimitad

Reproducad [rom £
bast available e¢opy. &

20, Saeurity Clossil, {of this pege) 21» Na. of Flpos 22, Prios

Unclassified 64 s

19, Secweity Closaif. (of this repart)
Unclassified

Form DOT ¥ 1700.7 1e.60)




TABLE QF CONTENTS

Paragraph Title Page
INTEQQUCTIQN ] * L] L] [ ] [ ] [ » L] [ ] | [ ] L L L ] [ ] [ ] | ] 1
MATERIALB. o« o v s s » 5 5 v v v 0 0 % 2 v o ¢ & 4

BACKGMMI [ ] Ll ) L ] [ ] 1 [ ] L] L] | ] [] | ] ] [ ] [ 3  § 1 ] 4

LABORATORY FABRICATION OF TEST =T
BPEcIMEuS . [ ] [ 4 » L ] . [ ] L] L} [ ] » [ ] a [ ] | ] a L L ] 9 i

BPECIAL INSTRUMENTATION FOR MATERIAL
BTUDIES « + » s« s s s 2 5 ¢« 8 s ¢« 1 s & s 5 & ll_
PRIMARY NDT METHODS. « ¢ « ¢« » ¢ ¢ % ¢« s + v o o 12
RADIOGRAPHY + o« ¢ ¢ o « o o =« v ¢ 4 9+ s s s 1
Background « « 4 ¢ o« ¢ v v o1 ov o6 s v w o s 32
Labor8toryY « v + 5 5 &« s v 0 4 v b ow v e s 15
" INFRAREDS s = « s = ¢ ¢ & « s s ¢« 34 o v ¢« ¢« « 16
Background + « 4 « ¢ v 4 s 0 ¢ % s e w & o 16
Laboratory Program ., . « « « = =« o« « s » « 16
HOLOGRAPHIC INTERFEROMETRY. o + o ¢ o o« 3 o o a3
Background « « o o 4 4 o ¢ ¢ ¢ ¢ o & « ¢ @ 23
Laborutory Program , . 4 4 4 ¢ « o « =« « » 25
ULTRASONICES . & ¢ 4 ¢ v o ¢ o « ¢ o o s a & 26
Background . . & « ¢ « = v 2 8 o 4 2 s 4 s 27
Priok WOXK + o o o o ¢ & o & ¢ o » v 2 o 2 29
Laboratory Program . + « ¢ « s o o s o o « 31
IPlannad Immersion Scanning System . _ . ., 3§
SECONDARY NDT METHODS. « ¢ v ¢ ¢ « 4 s 2 o 5 o = 42
LIOUID CRYSTALS « o« « o ¢ * o 2 2 s « s o s &« 42

DYNAMIC FORCE AND ACQUSTICAL
) VARIAT ION L] a L ] L] a L] a a * L] - L] - & 2 L] xa L] 4 4

RESOHANCE TESTS - L] - . n L I § - L] LI ] L] . . - 45
MICROWAVE TESTING . « ¢ & v ¢ « 4 « « s « o 46
CONCLUSIONS AND RECOMMENTATIONS,

I 48

CONCLUSIONS & 4 4 4 & 4 2 v ¢ v ¢ o o = & o 4%
RECOMMENDATIONS ¢ . 4 4 4 5 ¢ ¢ ¢ « o « o o« 49
REFERENCES + 4 4 o o 4 & « ¢ ¢ o « ¢« o o « « » 50

Preceding pafger blank:



UST OF ILLUSTRATIONS

Figure . - Page
h Infrared Teet SystaM. « v ¢ ¢ + & o s & o « 18
2 Tire Inspection Vsing Infrared
Tochnique . + & &+ o« ¢ & 5 o & « s 3 2 2 s 20
k] Mgasurement Cocrdinate System , o , 4 2 o+ 20
Rellectiones From Single Layer of
Clrca&fRubber.....-........w.32
5 Raflaction Signal Matched to Tread

Structure of Balted Tire Section
(Ts4) o L 3 L ] 1 ] ® [ ] L L ] L] L ] L ] -* [ ] - [ ] L] 4 L ] - 33

& Comparison of Reflection Signals at Four
Corners and Centar of Slab Sample 3515
{5 MHz Tranaducer, 2" Plexiglas Dalay

Buffer) . - - - L] . - - [ ] L 3 : ] [ ] - a L} L] - L} 35
7 Gatud=-0ut Reflaction (TS84 SMHez

TraN8AUCELE) o & & « o o + « « o & « & « o * 36
8 Raflection Si¢gnm) Matchad to Side Wall

‘Structure (1 MHz Tranaducer, T54) . . . . . 36
9 Reflaction Signal Matched te Shoulder

gtructure (5 MHz Transducer, TS4) . « « + « 37

=iy~



INTRODUCTION

The purpose of the Nondestructive Tira Testing Program
at TEC Lle to apply NOT technology to tho detegtlan of i
faulta in tirves that cuuld lead (o their abrupt fallure, or
at least to ar inability to psrform thaly functlon aafaly.
The initisl sfiort is baing concentrated on quantitative
characterization of tire ancmalies as seen by savaeral NDT
methode, and lnvestigation of the relationships betwuan
such anomaliss and tire behavior.

Tha davelopment of reliable datectinn mathods will
have a significant impact on compliance testing of new
tiras, inspection of tires in service, and lnspsction of
remanufacturad tires (retreads;. While NTT inapection ia
of great importance in sach of these ayeas, the increasing
costa and limited availability of facilities for compliance
teauing lend primary lmpertance to application of NDT to
prior screening of compliance test samples. The goal in
this cage is %o Jdevelop suitable methods to single out
those tires that are most likely to fail the compliance
test, Since only 1-2 percent of the teated tires fail, an
NDT methud that could reliably predict which tires will
fail could increase the sample size by a factor of 50 with~
out appreclably increasing the cost of compliance testing,
or convexsely, could raduce the rumber of tires to he so
tested. Either path pregents sufficient reason for the
performance of this work,

Early in this program, it became apparent that the
relationships between specific tire defects and tire fail-
uree have not been fully established. Clearly aome
irregularities of construction, which could be identified
as "manufacturing defects", are benign, and do not resalt



in tira failure. The genyial pregram philosophy then
resolved to defing varlous types of tize defeqts together
with msasurez of thalr severity, to follow thelr progres-
sjan Lo falluge, and simultanecusly to develop NDT met'iods
‘whigh will raliably and economically detect and character-
{30 defects. The first part of this problem, to define the
types and measures of the saverity of tire defects, repre-
gants the area where emphasis must be placed first. The
schedula for FY'2 is directed, in the main,

to ita selution.

The approach helng used in this program i{s 1) to use
currently availakle NDT methods to inapect tires at varioue
stages of ure, 2) to exerxclse the tires using elthex com-
pliance or road test procedures, 3) to parfoxm fallure
analyeis on tire asctiona at diiferent stages, and 4) to
correlates the non-destructive inspection reaults, failurs
statistics, and fallure analysis data.

It is an accepted fact that the gord-adhnaiva-rubbar-
wire compos#ite comprising a tixu ls a vary complex struc=
ture, The complex dynamic interaction oY each of the parts
A8 further complicated by wide variations in materials of
comatructlion, the ever-increasing number «f structural con-
figurationa, and uge in a wids variety of vehicles with
individual characteristica,

The Materials fection surveys briefly some af the
available background informatioa on tire materials and
structure indicating the neceswsity for understanding the
iptervaction of the tira components and the nature and moda
of'propagatton of defects. The section also explains
techniques for laboratory fehrication of test specimens,



and dessribes inatrumentation avallable for characteriza-
tion af steock materials and compealtes,

The third section discusses the general plan for
atudying the oerralaticy of nondeatvuctiva inapaction data
with Live fallure atatllticf'inﬂ_falluro analysis data.
Four primayy NDT techniques «re conpidered sufficiently
promiaing and sufficisntly well dsvalopad for such evalua-
tion. The four techniqgues, Radiography, Infrared, Optical
Holography, and Ultrasonics, ars separately raviewed as
to hiatory, pbresent status of development, and plans ﬁo;
implementation for aevaluation purposas. ' '

The section entitlaed Sacondary NDT Methods describes
seme of the additional techniquea which will be invesgti-
gated aa intarast, time, and funding alloe¢. These tech-
nigues either measure tire parametars that are not
meagurad by the primary methods, or thay repressnt a less
coatly or more specific method of accomplishing a similar
measuremaent. .

The final secticn containe the conclusions and
specific recommwendatlong resuliting from the work already
dane on this program.



MATERIALS

'3 materiale amea was lncluded in this program for
the following purposss:
® Yo reiate the chemical, physical, and mechanical
© prupertiea of the matexials of cimetruction to
the fallure mgdes and defects that occur in
~Lires. i
® Tc fabricate specimens ¢of tire fabric and rubbe:x
conposlites with aimulatad dufecta to be usaed for
¢alibration of the several nondeatructive testing
methods. :
¢ To conduct varioue tests such as temperature of
cure, degres of cure, tenslle strength, and
other physical and chemical properties of the
particular composites used in the work on this
program.

BACKGROUND

An understanding of the chemical and phyeical proper=
ties of the tire composgitiz is necessary in order to
evaluate fully the failure modes and mechanisms that occur.
A tire is composed of gseveral differont types of rubber
{elastomers} both natural and synthatic. The coxd may
consist of rayon, nylon, polyester, glass, ¢r steel, and
the tire may have combinations of two of thesw, In addi-
tion, the followiny materials are present in significant
guantities: carbon blanks, accelerators, plasticizers,
cure activators, sulfur and sulfur compounds, antiozonants
and waxes. The amount of each type of rubbexr, cord, and
additive varies with the manufacturer and with tire grade
and size, and is held highly propristary.



The types of xubbet used include natural rubber,
polyisoprene, styrenebutadiens, polybutadiene, butyl,
chlorobutyl, necprene, and EPDM. Theye are special com-
pound veguirsments for the different areas and componentcs
in the tirs. For example, the tread must have special
wear and traction chayacteristics and must be cool=running
for durability. These requirements are best met with the
use of two different compounds selectively distribuifged in
the tread, an axrangement krnown as cap/base constguction.
The cap compound furnishes the desirable wear and traction
propexties, while the base compound is highly resilient
and cool-running. <Cap/kase construction is used as a
method of reducing the temperature in the shoulder region,
noxmally the hottest region Qf the tire. High operating
tempsratures cause degradation of hoth the elastomers and
coxd materials.

A special resin called formaldehyde raescorcincl latex
{(henceforth "FRL") is used as an adhesive to improve the
bhond of the cord to the rubbar. This realn duez not adhere
to fiberglass cords, and @ new adhasive had to be developed
for that fiker based orn a silane adhesion pramoter.

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

_Fabxic Rescarch Laboratories, Dedham, Mass., has besn
studying this problem ior savexal years under contyact to
the Qffjice of Vehicles Reseaxch, National Bureau of
Standardsl. Tirs 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 locadings
encountered in use, Under these conditiona, cne oo mare of



the componante in the system # Eé;d-ndnggtvoﬁruhhnr under-
goes sufficient degradation to iaitiate abrupt failure of
the tirse. 3Ia an abrupt fallure, degtalation appeara to
take placa rapidly without any prior indication of mechani-
cal weakaening of the aystem components, Evan though the
changee at the cozd lavel ate not wrternally dsteatable,
they nevertheless aie maasurable, and the wltimate failuze
of tha tire cord, while appearing to e sudden in naturae,
fe in effect the culmination of a gradual dagradation proc-
esa. It appeaxs that onco degradation i@ initiated in a
tire system, total fallure ils inevitable, but can Ls re-
tarded. <¢ard dagradation, per se, i& a graduai rhencmencn,
hut individual filaments within esach cord fall catastroph~
lcally. Attention should then be focuaesd on how degrada-
tion im initiated, and some means develapet to detect the
inciplant failure at this stage.

Whan the cord and its survounding matrix of rubbaer
and adhesive are placed in axisl teanaion or compreavion,
tha natural radial an€ cirxcumfexential d¢formationa of
these componenta differ, which creates problems whan the
honded three-phaase syatem iz deformed elther atatically or
dynamicalldy. Both aexperimeatal estudies and theory reveal
that the zompressed cuord will tend to lnoerease in diameter
mora than the surrounding rubber matrix. Further, the
adhesivae tends to bond individuxl filaments within each
yarn ply in the cord, cauvsing each yarn to hehave 2a a
monofilament and the coré to hehave either &8 two or thrae
monofilaments, concentrating circumferential cord growth
during cord compreasion at the ply lines. Conaasquently,
dynamic straln ayecling of cord-adheaive-rubber
threg=-phase syateme inducas axtremely high logal
strains civcumferentially in the adhesiva at each ply line.



In addition, the strain deformation of the 8034 tends o
follow very closely the stress applied to the thras-phase
syatem, while the elastomer tends to bs hysteretla, that
is, its strain deformation lage bhehind the applied streass,
Conseguently, during compression and tenajion eycling, very
high normal forces cun be indusad across the adhesive
interface betwean acoid and elcatomer. The effect of these
gtreasss agting acrose and losdlly within the adhmsive
film interfacs can lead to the ultimate degradation of the
curd-reinfcrosd systam.

diven the variations in matexrinls and manufagturing
processes, one aoould axpect that desgradation would pracmsed
at different rates in different tires. It is posalbla,
also, that the response to uitrasonic and other datagtors
will vary.

A litezature ssarch wos inltlatad, and is continuing,
to devealop a background and cto keep current in the chemis-
try and application of the materisls of construction of
automebile tirea. F&or axample, the temperature at which
degradation hecomsa significant, and tiie affect of dwell
times at vazious elaveted temperatures iz highly signifi-
cant. The mode and rate 3f degradation of oach type of
material ara obvidusly different, and thelr interaction
during dagradatior is an integral atep in the fallure of
tha total system, ' : -

Visits wers madn Lo a numbex of tirs manufacturcra,
including Uniroyal, Goodyear, Goodrich, and Armatrong.
Tire maunufacturing prccesses wars cheerved in detail, and
dlscussions were held with company personnsl to try to
determine the principal defects in tires and the efforts
that are baing made to detsct them. GCQuestioning as to the
causes of these defects wes less successful. The materials

-7-



lahoratories were visitad to sae the materlals tesking
esquipment, gamplea of ply materinls were obtainad,
enabling us to fabilonte our own spacimans. We were in=-
formed, howaver, that the axact compoalition of the uncured
rubbexr is propristary and that what wa receivad is not an
actual anmple from gurrent productlon, but is rspresenta-
tive of compounds typically used. .

A vislt yaa made to the Tire Systema Section of the
National axeau of 8tandaxds and to Dr. Cecll Brenner,
Section Chief. At this installation, work haa bean in
progrees for several years on most axpacts of tire dynam-
ics, and more recently on non-destructive testing. No
navcriale wark, por se, ie baing done in thies section.

rvofeaqor Sam Clark (U. of Michigan Tire Program),
the lighway Safety Ressarch Inatitute (Ann Arbor,
Michigan), and the S8mithers laboratory (2kron, Chio}, ware
also visited., Professor Clark has besn & coansuliant to
the tire industry for many years in the aren of tira dynam-
lcs, and has submitted a proposal to TSZ for additional
work. The Highway Safety Ressarch Institute woerk also
involves tire dynamice as well as studiec gf traction and
wear, They ars alac collsuting statlistics on accident
rates and causes. The Smithera Laboratery performs numer-
ous testa on tives from all Amarican and some foreign
companies, and publishas this data periodically.

Contact was aleo made with the Fabric Resaarch
Liboratory which héas been under acontragt te the National
Bursau of Standards for resesarch on fatigua of the cord-
adhesive-rubbur interface, Thim werk has inveoived molding
single cords of the thras major types {nto smail rubber
blocks, which are subsejuently sxerclised in thoe Geodrich
disc compresaion tester. A great deal of information on



the mechaniem of degradaticn has resulted fxom thia work,
and much oi it will be guite valualls t0 our program.

Since it is anticipated that DT inspection will
eventually ba used for validating the selection of o0ld
sarcassea for ratreading, the plants of two retragders were
vigited. The g;ocgdu:es for selection, grinding and re-
trgading were observed closaly as a preliminayy fox latar
rocommendatione for improvement by meana of MNDT,

LABORATQRY FABRICATION OF TEST SPECIMENS

A program was set up in our laboratory to fabricate
spacimens of tlire ply and covering rubbar which would con-
tain spacific built-in dafects. The object was to provide

“aimulated tire defects to ths instrumentation group in this
program for purposes of callbration of the ultrasonic ana
holographic technigues. Materiuls used ware a nylon cord
ply material €.035 inch thick (Uniroyal &tonk No. U=100A),
and carcaes rubber coating stock 0.Q31 inches thick
(U~10Q), A press with heatsd ¢ x 4 platene was usad to
cure the specimens., typlcally at 360°F, for 20 minutea.
Radiggraphs ware made of each piece, as waell as thickness
and durometer measurements. :

Twanty-four apecimens were made including the
following configurations:

a. Two plias of U=-100a (Bec above)

Lhe Four plies of U-1003

¢. Twe plies of U-100A plus two of U-100 ag tep and

-~ battom covers '
d. Four plies of U-100A plus two of U-100
+ %« A one-inch diameter disbond in types &, and c.
~ E. A ene-inch disma.adr disbenl betwsen coxd pliqa
~"land 2 in type d.



g. A one-inch cord cut in one ply of typs c.

h. A one~inch cord cut in both plies of type ¢.

i. One-half inch and one-inch cord ply overlaps in

type c.
3. An ertra half-ply of cover rubker added to type
. to produca irregularx xubber 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 dishonds ware craated by precuring the ong-
Lnch diameter areas and did not involve the uss of plastic
films which gould create apuriovs signala.

A new pvess has been riceivaed which has nine-inch
heatad platens. The 8 in. x 8 in. speclirens which wa hava
bagun to fabricate are nuch moras satiafactory, in that the
defectz deliberately intrcducsd can be igsolated from end
afiacts.

o Work has also bagur on the fabrication of tubular
specimens for laboratory testing. According to the recom-
mendationy of Prof. 8§, Clark, the tubes will be 13 inches
long and will have an outside dizmeter of two inchas,

Thay will consist 0f two pllies of cord material aeparated
a8 well as covered iy all-rubbar skim stock. After wrap-
pang on a mandrel, the composite will be inaerted into a
cylindrical mold, a bladder on thse inside will be infiated
to 100 to 200 pal, and the entire asaanbly will than be
heatad in an oven for cuxing at shout 160°C. To allow
investigating both the rubker and cord characterigstica in

& relatively Ladependent maaner, two differant ply corlenta-
tions are being fabricated. In the first, a bles ply with
equal cord angles (55° from the long axis) wiil ba stressed
in an pagillatory torsional mannar abgut thc long axis to
allow investigating rubber characteyistics, In the secand,
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the plies will ba lald norwal to and parallel to the long
axis and will be stressed in a translational oscillatory
manner along the long axis +o allow investigation of cord
charactecistics. The first ply orientation does not appear
to present any fabrication problams. The ascond configura-
tion will be fabyicated using a apiral wrap of a narrow
atrip of ply material for the diraection normal to the lang
axis. ;

SPECIAL INSTRUMENTATION FO& MATERIALS STUDIES

A Diffursntlal Scanning ¢alorimster has been used to
determine thae cure temperature of the uncured ply material,
This inestrument has tha capability to measure the exotherm
ci a curing reaction on a 29 myg. sample. It can be used to
determine the taemperature range of the curing proceas and
the heat of reaction and can thus detect whather a sample
of rubbher has been fully cured. This will also be useful
when specimens are prepared with weak bonds between plies,

A thermogravimetric analyzer will scon be put into use
to measure the weight-loss of the rubher composite over the
temperature range of intereat, 'This will alsc give sona
indication of the extent to which off-gasing at high
cperating temperatuxes can influence the size of a
dalamination.

A Reichert McF2 metallograph is being used for microu-
sccpic examination of falled areas to determine the preciase
machanism by which cords and rubbes separates, and the
extent of propagation of the separation. A microtoms will
be obtained in ordear that specific areas of interest can ba
sect ‘'aned. The acanning slectron microscops will alro be
usasd for higher magnification, 3-dimensional views of such
areas.

- 11 -



PRIMARY NDT METHODS

This gection describes the fouyp primazy NDT muthods
that are being Ilmplemented initially fay actual tive inspec-
tion. It is anticipated that these m~thods will provids a
detailed visualization of the major ti?é_gpmponants and im-
portant tire material interfaces. Prior to actual tire
inapection, each NDT method will be calibrated on known de-
foects to debermine its characteristic response to rapre-
sentative defects of varying scverity. Thig "aignatore"
data will form ths basls for aubsecueni analysis of tirve
data, to psrmit operator intarpretation and logging of in-
epection rasultg. To allow correlation of regults among the
saveral NDT mathods. techniques ara being devisaed for dater=
mining and comparing the locations of tire anomalies detect=
ed by the various methods.

The operator~interpreted data from cach NDT method. the
pesitional infoxmation, and tire ldentification will be fad
inte a computer-readable data bage, a2nd analyzgd to 4ctar=s
rmine the correlations among various paremeters. For in-
stance, it will be possible to invastigate the frequency of
occurrence of vayioug faults, the positional covrelation
betwaan failuregs and defaects, the propagatiaon of defecte
with servic . and othar rglationships as reqguired.

RADIOGRAPHY

BACKGROUND

X-yay technigques have besn used for ssveral years to
ingpect tiraes. Until recently, thelr use reguired record-
ing the images on film. Film processing. bacause it is both

- 12 -



gxpanaive and time-consuming, hss prohibited the general
application of X-ray tire inspection. Attempts to overcome
this liritation resulted .n the adoption of meYoal ;Lng;g_
geopy equipment. The early attampts using fluorogcope T
screens and dirsct viewing wore generally unacceptablie due
to poor image csntrast. In the 2arly 1960'as, a few plon-
easring systems using image iutensification Lechniques were
made. Thegse gystens were also fuund 1acking in contrast.
This problem occurs because the tire components to ba imag-
ad do not aexhibit significantly different abgsorption of X-
ray photons than the surrounding rukber. "Q enhance the
diffsrential absorptiuvn, cperating energy from 15 to 50 KV
is necessary. Unfortunataly, the convantional & inch and

9 incli imege inte¢nsifiers are made by incorporating the
fluorescent screen inamide tha glass anvelope. The amount
of glass neceamsary to maintain astructural integrity of the
X-r-ay image intenslfiar 18 so thick that moat of the
protong in the primary range of intaxest (15 to 3I0KV) aza. .
absordbad.

Considerable work was done in thae mid 1960's on the
substitutlon of berxyllium for the glasgs window on the tubes,
but the technical problam of making a vacuum tight seal on
windows of tha gize necassary provad insurmountabla. Con-
currently., the Old Delff Company in Holland was active in
building chast photo~£fluoreygraprhic equipment for mass chest
X=ray surveys. An a consequence of this work, thay devel=
oped an expertise and the necessary optical system to
gather light fron & 14 inch x 14 inch scrgen with good
efficiency for photographic usss. In the mid 1960's, their
oﬁtical system was corbined with a high quality CCTV

(closed=circuit TV) system. Tha resulting fluoroscopy sya-
tem was called the "Dalcalix.” aystew. Early models used

- 13 -



an inage orthicon. In 1969, an improved model was intyo-
duced employing an isocon camera tube, Compared to the con-
ventional glass-faced X-ray image intensifier - CCTV com-
bination, the moderp Delcalix System offers an 18.7 times
gain in brightﬁeés at 60 KV and a 71l times gain in bright-
_neas zht 35KV. . In addition., the input area is more than
twic ma large as that for tha wldax method. The Delcalix
unit was inire?.zed to the tilre market in 197C and has Legn
accepted as the industry siwcusxd, While fillm does provide
highe; spatial resolution and greater cuxt—aey, tha ghility
to manipulats and view the tire In real time usiug tis Bal-
calix iype imaging system makes X-ray tire inspection a
practical mgthod.

The types of tire anomalies and dafecta that can bhe
daetacted Ly the X-ray technique are those that raelate to the
structure of the absorbing tire componenta or to the preg-
enca of zir hubbles. X-ray absorption is esgssentially pro-
portional to the total mass of mattar along the ray path.
Singce dalaminations do not ¢range this total mass along a
ray path normal to the surface, they are not likely to be
datectad unlsegs the view is guch that ray patha run parallel
to tha delamination surfaces allowing a reagonable change
in attenuation to occur. Even with thisg limitation, the
sbllity to visw in detail the tire components and theiy
relative positions provides a good check on the manufactur-
ar's guality control, ané supplies dafinitive infoymation
on the intarnal structure of each tire for correlation with
othar NDT data.

X-ray tire inspection systems based on the Delcalix
iraging wystem are manufactured by Westinyghouse Electric
Coxporation and by General Asgocliates, Inc. Unitg havae
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gither been purchased ¢r ara in use at Coodyear Tire and
Rubbar Co., B, F., Goodylch Company, Uniroyal Inc., and Fire-
gtone Tire and Rubber Company.

LABOGRATORY PROGRAM

Of the four primary NDT methods being investigated,
the X-ray techrology is the most advanced and does not re-
quire any developmental work. Our efforta in thia area are
designed to make the necessary tools available to allow
afficient inspection of bhoth lahoratory samples and tives.
Laboratory samplea and tire segments are being svaluated
with a Faxitron Model 804 laboratory X-ray unit made by the
Field Emigsaion Corxporation. This unit will accept flat
samples wi- to 12 inches x 12 inches in size., Accelerating
"~ “voltages range from O to 110KV, This capabllity is ade=
quate for the evaluation of the laboratory specimans,

An X-ray tire inspection system aimilay to those offar-
ed by Genaxal Assoclates Inc. and Wastilnghouge Elactric
Corporation is being procuzad zs our primary NDT inspaction
method. Assuming reasonable delivery time, this equipment
should be in-house and operating in September 1971. Eguipment
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 the U. S. Army Materials and Machanics Researxch Center
at Vatertown, Mags. Standard industrial X-ray machine and
£ilm techniques are ussd. The necesslty to cut and hold
film against the tire makes this method quite inefficient
and limites our use of this capability to inspecting a few
selected tires.
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INFRARED

“BACKGROQND

Infrared testing of materials har n long and success-
ful history. Basad upon this history ard the belief that
noet tire failure machaniams exhibit a charzcteristic
localizad haeat signatuxe, infrared has been conaidered as
one of the mogt promising nondestructive test mathods. The
daegirability of remote monitoring of the infrared emiasion
of tires has prompted most of the major users and suppliers
of tires to invegtigate thia method. Included in this
group are the Firaestone Tire and Rubber Company, Goodyear
Tira and Rubbar Cowpany. General Tire and Rubber Company,
Gates Rubber Company, National Bureau of Standards, and the
Dapartment of Defense. The reported rasgults have not con=-
clusively esgtablished the worth ¢f the infrared method for
datgcting latent faults. Howaever, it is generally believed
that just prior o fallure, a tire being exercised does
exhibit a significant signature.

.LABORATORY PROGRAM

The general ari of infrsred imagery and its attendant
data collection and analvels is wall advanced. Howevar,
the scanning syetems designod for imaging scenes and sta-
tionary ohjsct.s are not generally appropriate for a spin-
ving tirs, and the usual image display is severely limited
for quantitative interpretation. On the other hand, infra-
reg sengors with adaguate senasitivity and spead of responge
are commexcially availakle. One such sensgor is manufactur-
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&d by Sensor Inc,, and uses room-tsmperature InSh coupled
to a wide bandwidth amplifier. This sensor ig being used
in a scanning system bheing put together in-house. The
votation of the tire on a test wheel will provide the hori-
zontal scan and the sensor will be sequentially stepped
sbout the tire cross sectlion to provide the vertical dis-
placement. A typical system configuration iz shown in
Figure 1. The equipment will acguire temperature readings
from 4000 resolvable elements of tire surface {(including
tread and sidewalls). The matrix describing the surface
temperature variations will be sampled during tha build=-up
of the tire temperature. The data can be stored digitally
on magnetic tape and analyzed by computer for display of
equal~tanperature contours, temperature profiles alonj scan
lines, etc., and tha time variation of these and othar to=-
pological features can be examinad as the temperatura
builds up, to determine what agpects of the data corralata
begt with tire faulta., It is hoped that falge alarms Gue
to normal non-uniformities of tire structurxe will be elimi-
nated by this tvpe of examination. We hopa to automate the
declision-making equipment on the basle of our correlation
studies. Howevey, the initial images or thsrmograms pro-
duced by this gystem will ke interpreted by the operator.

A gacaord part of the laboratory program is to obtain
infrared information on tires undergoing wheel testing
(such as during compliance testing). The recording and
analysis of the complete time history of the build-up of
the temperatuvre distribution will reguire use of automated
data reduction. The simplest imethod is to provide an alarm
whehr the temperature reaches a preset level., While this
may permit shutting down the test before the tire fails, it
does not yleld data concerning the rate of temperaturas
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build-up and the extent of the build-up area. A periodic
gsampling of the thermal profile resulting from rotetion of
the tire would provide some data on the temperaturs build-
up. Initially, only the more limited types aof data will bae
obtained at a compliance tast centar and, 4s more advanced
data handling methods bacome available. additional data can
be obtalned tracing the variationg in thae temparature dis-
tribution during the failure proceas.

Infrared inspection of tires appears to have mary ad-
vantages in simplicity of technigue and apparatus aa wall
ag in the potential for dstacting the faults ariging from a
variety of mechanisms.

Tha busic technique is degcribed in Figure 2. A tire
mounted on a rim is caused to rotatae by presging a rotating
roller against the tire as shown. The stresasaa applied to
the tire &re similar to thoss imposad in relling over a
road. The tire undergoes periodic flaexing. and internal
friction ganerates heat In the tilre structura. A distri-
bution of tempevature develops, tha precisa spatial and
temporal variation of which is, of course, daepsndent on tha
distribution of haeat generzition and on the cagiations in
spocific heat, masa dansity, and hedt conductivity within
the tire,

A perfect tira may be axpected to have a temparaturae
distribution corresponding gensrally to the variationg in
flexing in different Yegionsg of the titre. Except perhaps
for minor modulation due to the tread pattern, the surface
temperature would be independent of the circumferential
coordinate 8 corresponding to rotation of the whesl, and
would dapend only on position in tha croas-secticn plane,

which may be meagured by the angle coordinate ¢ as indicat-
ad in Figure 3, o .
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The distribution of heat genarzat.®: Alang the J-
coordinate le daternined by the mass dintribution and aoed
Gdiatgibution. We may expect then, for a good tire, that
the tempsrature profile in the plana defining # will be
. stationary in shape as ths temperatura bullds up. Varia-
tions trom this stationary profile may %e caused by tirs
imperfections., Tha problam of tiye fralt detaction with
infraxed radiation is defined as follows:

1, wWhat 1s the ninlmum detectable temperature varia-
tion? |

2. What spatial temperature digtributions do tire
constraction singuiarities produce?

3. "hat constivotion singularities are reasponsible for
tire fallure?

We asa that thars are resally two separate problans.
Firsc, thers l# the problam of racognizing the tampsrature
signatures of a vaclety of construction singularities.
Sscondly, and quite indepandent of the detection prohlam,
la the problen of datermnining the relationship between tire
aonstruction singularities and the mechanica of tire fail-
ures. |

The immediste prchlem ia that of detection, The radi-
ation amanating from the tire is a measure of its temper-
ature., At room temparature, the peak of the spectral dis-
tribution as ohtained from the Wien dleplacement law, \T =
0.288 cm. deg.. i8 sbout 10 micronas, Wa must, therefore,
ba prapared to detect radiation of that wavalength. Intan-
sity variationa will be adoguasce L0 estimate the magnitude
of small teomperyxture variations  Expaerimental avidenca
also amsurams us that temperatuge variationg may be axpectad
to be under 50° K, While i* ig buatomary. in measuring tem=-
peruturaes by radiation emisaion, to compare tha object to ba
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measured with an objsot ¢f known tewperature by a periodic
chopping process, thers is no nead lor chopping in a aye-
tem which ie regularly scanned and where only variations
fronm a uniform temperature are to de conaidered.

Two considerstions aAre neceasary in deatermining the
snallest temperature variatione detecuable. Piret, what ies
th= minimua amount of time-varying radiation detectable in
the presance of the general radiation of the tire. Second-
ly, what time-variation is saused by the regular tread pat-
tern as the tire rotates. The first questsion Ly straighe-
forward snd we learn from measurements made on Ind datec-
tors that they have the ability to deteot Temicren radi-
ation at room temperature with a D* in ssoews of 3 » 16'.
This will allew observation (with a 8/M » 1) of alT of
19C {n A 1/2-inoh area on & tire rotating at a rate equiva-
lent to €0 riph apeed. The sensitivity of the detecter can
pe incremsed by 103 with detscotor cooling, Intagration of
the signal over multiple ancans alsp enhances the signal~to-
nolse ratio,

The second consideration is the signal predused wy
regular variations in the tirs (auch as the treid pastemi,
and how thia background atfects the detsctivity of thy aya-
tem., The responas 0 such N regular pattsrn depands un the
aime aof the aystem's spatial resolution element in reletion
to the apatial peiricd af the ragular pettern, and on de~
taila of the waighting funotion dafining tl.e reselution
elamant, Janazal tisatments ars a.nilshle, but we can sep
by relativaly aimpls argumenty that for a gavussian resolu-
tion, function and a modulating slgnal of conskant epatial
frequanay £, the respoenas can he wiitien:
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shawing that Lf one choomnes 8 vasolution langth © greate;
than 1/f, tus modulation due to soanning the tire (varying
®) is not only a smalles Eatio of the total) signal 1}: C

for large ©, put can ba muuh essllisr than that whioh wauld
be obtained trom & single tread pericd, We ave that an
applopriately shaped resel.ition funotion will minimise af-
tects of vegular pettearne with litzle lams of resclutilon
fus Eaulie.
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T™wd convantianal holograpnin interferomstry techrniques
are comnonly used in holographic non-destructive testing of
tivaa: 1) double-ewpasure holographic interferometry and
1} remi~timy holoaraphic interferomatry.

A double~unposure helogram Le conatructed by taking
two expoaurss on the aame photographic plate +n & static
powition wich the Jbject heiny alightly streswed or dia-~
placed betwesn sxpasuras, Ay varistions on the susfacs of
a tire will show up am inturference fringeg. '[Tis teche
nigue produces 4 parnanent thres-dimensional record of the
surtace and can be viewed or photugyaphed with a conven-
tional oamars whan illuminatad with visihle lassr zadia-
ticn .

In real-tima halngraphic interferometry, a aingle=-
axpuruse hologram ie made in Les statio position, Alter
the phatographic plate is developad, ths hologrwm .a 1o~
placelan tte suaay original yositdon, The interlfarsnce
Lhetween the holographic racenacruoted ‘mage and tha lager-
tiluminated ohisot is cbesrvad, Any variation of ths sur-
tace at thae tive can he viewsd In resl tims, Peimanant
vecords 4t any purtaculay time odn be mAdu wiih a oonven=
tionel cemara, Thaae halngraphic vecording proosdures van
reveal aulimurface Jde'ecks and skructural chaineterintios
or a threardivensional {mage of the tire, When a tise i{»
whrwpand, subipurface anawalias oan be detscted in the sure
vace topal.chy ARd van hie ldentifies by fringe signatvres

The favy comman tauniiquag used f35 scressiny pheus
matio tizea aym 1) applienxion of heat te An Anflated
Live, 23) ohange of air pressure within the tize, 3) appli-
catbon af @AFUIRY vacuuUm tu AR Ll eseuiised tire, and ¢)
natural “ovaup” of the tivre aftar & pressures change, Of



the above=manticned stresaing technigues, the application
02 the partial vacuun has thus fay p:ovon to ba the supe-~
rlar methed.

A hotegraphic tire analyser is presantly lvﬂllablt on
the commerolial mavket: This inatrunent was devealoped by
8, C. O,s InG., snd is currently being svaluate! by such
scopanies &8 Uniroyal, Goodyear, and danersal Hoters. The
pressnt G080 instrunent evolved quer the past four ymavs
fxom an instounent thak applied stress by changing the tire
pressuse t& the present PT-13 modal., This model uses a
partial vaouwn aa the stxessing mechanimm and holographs
tha intexicry of the tire, Uaing this stressing technique,
enly the gurface alave the jubsurfacs asparaticna ig do-
formed, thus redusing the nusbar of falme slarm gighatures.
Rolegraphing the interics of the tire tendy to raduce falae
alars signatured produced by “oreaping” and other insigni-
ficant rubber surface affactbs. The G PT-13 s wtpnbln af
ln;pcctlnq up to 11 tirse par hour,

Nagouiations ara now underway to prouuro ons of thase
units su that this instrument and technique can bs evalu-
ated, Hopefully, a ¢ampleta understanding of the type of
defactas and Thelr holographic wignatures will be under:tood
by the hime the tire snhlysar sirives.

LABURATORY PROGRAM ,

Iaboratory agtivitiss have besn directed mainly to the
eonatruction of a holographie fagllity to inspsct in-house,
fabrigaked, subber-cord specimens. 7Theae specimens have
bult=in know defects end provide a neans for detsrmining
the types of dufects that can ba detected using this tech-
nigue, A study {s being made to detarmine the signaturss

-33-



of varlous defects, The strossing mechaniam beirg used is
& partial vacuum ao th#t the atrees will be similar to that
placed upon tires in the GCQ, Ing. tire analyzar,
Doubla-axposure holograms have been made of gpacimens
Iabricated in-houss. Thaese gpecimens were streseed between
st.ots by hot alr heating. The hologramg showad fringe pat-
terne wherse strogses occurrxad, but ware noct of good guality.
Testa showed that ambient vibraiions, alr currents, and
other snvironmental pertarbationg were reéeaponsible for tha
inferior guality of the praliminarvy holograms. The prob=-
lems are not serious and are being corraected.
Double-exposure helograms have alao been made of speci-
mans using partial vucuum stressing. Initisl data indicate
that the technique respcnds only where a dishond owccurs.
The bilabonda could be induced by plunger tests or other
typea of trauma. The data are praliminary and muat be
treatad ag asuch. »Additional samples having both pre- and
post-fabrication defects are being produced in-house to Ga~
termine the type and size of defacts that can be datected.
ULTRASONICS
Mtrasenle non-degtructive Inspection techniques ara
based on tha propagation of alastic waves into tha cobhject
t0 9 tested. Such waves ara raflacted by discontinuities
in physical propertias, particularly by changes in elastic
modulug or dengity. 7Therefore, they are spscifically sen-
aitive to volde and delaninations. Since the propagation
timag for ultragonic eignals lie in the microsecond regims,
raflection signals can readily be resolved in time to pick
out raflections from Inhterfaces at epecific depths in the
laminar structuvre. Hence, ultranonic reflection measure-
ments have unique potential for testing the status of the
bonds betwaen layers. It is also easy to measure the
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thicknase unifornity of tread stock and of tread and ply
ayticeq. Since ultraaonie tqghn&qnas lngasure physical prop-
's;tdas of matarials, it is entiraly poaaible that witra-~
wonic signale refiected from the laminar interfmcea in tive
tires will k= significartly wmodified by fatlyue proceases
whighwarg_knewn €2 prodguce gubtle changes in composite
Risrogtracture and chemical composition,

A broad asuxvey of physlcal acoustic technicques for
non-deptivctive inapection of tires has baeen prepared undsr
this program and is heing published as a separate docu-
ment. The pavagraphs to follav cwunarize the principal
conclusicna of that gurysy, with emphasis on high-
resolution reflaclson }gﬁhn;q?ae. Such technigues will
provide the wxximum practivable amount of infoymation to
characterize chgarvad defects, and hence are coneildared
rost appropriate for the planned effort to correlate Npy
resulta with data from tire msection analyses and failuye
experlanca.

BACKGRQUND

Ultrascnl.c techriques have been extensively develaped
and wlidely applied in the metals industries, usually for
the detection of "flaws" (i.a., small voids and inhomo=-
geneities, such as caasting bubbles, cracks, etc). The
Hondestructive Tegating Information Center of the U, S.
Army Materials Mechanics Feseurch Centex cites over 6000
refarences to ultrasonic tesLing technigues and rgsoclated
tachnology, but only two of these dcal specificaily with
applications to tires. Visits to three of the largest tire
manufacturers (Goodyear, Uniroyal, and B. F, Goodrich) re-
vaaled that not one of these currently utilizes ultrasonic
ingpection technigues, even as a research and development
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tool, much less for quality contxol in production. Varlous
industrv repvesuntatives indicated thely companies had
"looked at" or "tried" ultrasunics at some point, but speci-
fica of the technigues employed and the objectives aought
ware not available. Since ultrasonic techniques are oxdi~
narily carefully optimized for specific appiicationa {through
choice of fraquancy. wave type, tranasducar characteristics,
gignal conditioning, display technigue, euc.,) it ia pos-
gibla tha: some disappointment may have resulited from cur-
sory attempts to apply metals-orionted techrigues which

ware far fiom optimum for the tire probhlem,

One barriar to the adaptation of well-establisghed
ultragonic pulse-echo technigques to tire inspection has
undoubtedly baen that the fuidamental data produced, the
original reflaction oscillogram (‘ermed an A-gcan presen-~
tation) is very complex and is not as cﬁsy t0 interpret in
torms of striuctural defectg as, for example, an X-ray photo-
graph. In the usual applicationg, interprotation ig aided
by image=-type graphic displays produced by a facouimile re-
covdaex synchronized te a mechanical scan of the cbject
being inspected. In a "C-scan" recording, reflection ampli-
tude is plotted as a gray scale (i.e., print density}, verw
sus two mechanical scan coordinates to produce a surface
mapping of defect location and severity. In a "B-gcan"
recording, one axis of the chart corresponds to the acous-
tic travel time, and hence to the depth below the surface
from which reflections are received, so that the diuplay
maps a crogs section of the object taken along a single
line of mechanical scan.

In efforts to demonstrate the usefulness of ultrasonic
techniques for tire ingpection. it has not been possibla to
fully exploit such display technigues, because of the lack
of a specialized mechanical scanning system capable of
accommodating the nongeometric and variable crogs-gectional

ha f tires.
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Tha saction on future plans will outlins our approaches
to design of an ultrasonhle ilnspection system whigh will
produce useful C-gcan and H-ecan recordings from tives.
However, we will firvst briefly review certain prior work
- and present the principal results and conclugions of our
laboratory investigations of the reflection signals from
agtual tirg gtiuctures and from rubber/cord composite speci-
meng kade in our laboratory.

PRIOR WORK

At Southwest Research inatitute, under an Alr Force
contract, an immersion system for inspection of aircraft
tires was constructed. This system measured through-
transnisgion of pulaes from a transducer inside the tire tc
another outsgide. The acouagtic beam axis of this transmis-
aion meaguring system was slowly rotated (through angle ¢)

shout a gentral polnt in the tire crogas-section to acan the
tire surface from bead to bead, while the tire was rotated
more rapldly about its normal rolling axis to scan with
respect to the angle coordinate 8. 2Automatic gain control
was employed to nullify the variations in transmiseion
cauged by the normal variations in the thickneas and struce
ture of the tire encountered as the fP-gcan progresgszed from
the tread region to the shoulder, sidewall, and bead areas.
Mora sudden decreases in transmitted amplitude occured as
acoustically opaque regions (attributed primarily to sepa-
rations) were carried through the transmigsion path by the
B=gcan rotation, and detection of defects was based on
counting pulses that dropped below a fixed percentage of
the running average amplitude. T
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According to Ref, l,there wag poor correlation batwaen
this system's indications and actual tire fallure experi-
ance. Verbal reports indicate that fuxthar ex,arienca with
this system cbtainsd at WBS has been similar,

The SRI system was dasigned on the pregumption that
the principal fault to be datected was the separated de-
lamination. Their aystem calibration work makes Lt ¢lear
they sucagaded in designing a system which would reliably
detect such defects down to 1/4 inch in diameter., Hence,
the failure to obtain bettar correlation with tire per-
formance must be ascribed ta inadegquacy of the initial as-
sumption as tu the dominant role of separations in causing
tire failurae,

G, H. Halsey is widely known as a proponent of ultra-
sonic technigaes for tire ingpection. In business for him-
gelf at tha Scienlific Testing Lahoratory, he has sought to
sall testing services and/or instrumentation in this area
to the tire industry. Thus far he has not succeeded in
this endeavor on any significant scale. In conjunction
with Smithers Laboratories, and supported by several rub-
bar companies (unnamed), he has investigated the correla-
tion between ultragonic ingpection results and tire sexvice
performance, but reports of this work are being held pro-
prietary by the gponsors.

' In a 1967 paper, Halsey dlscusges certain techniquas
and provides a number of useful suggestions. ¥He racom-
mands monitoring the reflection from the tread rubber to
carcass rubber interface as 2 meansg of datacting incipient
treud separation. He suggestp that time measuraments on
reflaction signals can serve tu agsess tread thickness
unifermity and splice quality, and that these factors are
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vital to tire safety as well as to rida comfort, AcQustic
inpedance variations ascribable to changes in cord tension
are sald to be detectable.

LABORATQRY EROGRAM .

Laboratory experiments have been performed to explore
the nature of the raflection signals retixned from the nor-
mal laminar structure of tires and from rubherx/cord com-
posite specimens made in our laboratory. This section sum-
marizes the principal results and c¢onclusions of this work,
incorporating selected Jdata as necussary. This work has
bean limited to gpot-to-spot observation of reflaection
ogcillograms, Plang for developing an immersion scanning
facility are discussed in the following section.

Ona objective was to make an experimental agaessuent
of factors determining the optimum test freguency. Using
highly dampened transducers shock-excited by a narrow DC
pulsae, representing the pregent commerclal statg-of-the-
art, the duration of the acoustic output pulse is about
twice the natural pexiod of the transducer. Allowing for
the itwo-way trawgl delay., raflections in a laminar structurs
can be clearly resolved, provided the reflecting inter-
faces are separated by a distance approximately equal to
the acoustic wavelength. In tixe rubber, the wavelength is
approximately 1.6 mm (about 1/16 inch) at a frequency of
1 Mdz, Figure 4 demonstrates clearly resolved reflections
from the front and back surfaces of a 0.0B3 inch {2.1 mm)
thick sheet of carcasgs rubber, abtained with a 1-MHz trans-
ducer., Figure 5 shows reflection signals obtained in the
6=ply tread region ¢f a double-belted tire, using l-MHz and
§~MHz transducers. In either case, the echo gignal is of
generous amplitude (measurable in millivelts) for the
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raeflaction from the ingide suxface ¢f the tire. (The auou-
gtlic pulme must pass twice through the entire thicknesgq of
' the tread reglon. Thug, gven the 5-MHz tranaducaer frag-
~uancy is not too high for practical usfe; acwavar, most

of the high-frequency content of the 5-MHz signal is taken
out by the first ply reflecticn. and enhanced rggolution 1s
obtained only in ths tread-stock ragionihhnad nE th;g_re—
flection. In neither case are tha raflectione from tche
deeper ply layers clsarly resolvad from each cther: how-
ever, a separated delamination would give a reflaction sig-
nal large in amplitude compared to ply signals at the same
depth. In this event, the depth resolution would cerxtainly
be alequate to detaernine which intexface had coma apart.
Figura 6 1llustratea thias point foir a disbond in a tuc-ply
slab gpecimen, Figure 7 showa how & reflection from a
selacted depth can be gated out in ovder to monitor it fox
evidence of poor bond at ths corresponding interface. Fig-
ures 8 and 9 confirm the expacted fore-ghoxtening of tha
time scale and gross changes in amplitudes for reflection
signals cbserved in the thinner sidewall and in the mora
gtrongly curved shoulder regiona. In scanning the entire
surface of a tire, such changas in amplitude must scan-
programmed or accommodated by AGC. Alsgo, the time windows
employed for gating out the reflactions from interfaces of
interest must be refereticed to other reflectiona, or even
to the reflection being examined. While thess necessitles
introduce additional complexities not commonly provided for
in commercial ultrasonic ingtrumentation, the required
alactronic techniques arae wall-known and stralghtforward.
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i & slbple Yahasatory enpuriment, the feasiblility of
deoualle tmpedance makehing to the cread rubbher was Aeman-
steatewd unting & weah solusion a! pplvprapylene glyosd (n
whloms an Lhw scoust be wouplbing £laid Ao adiunting the
cai-shtsar bun, Lew seflsctlon 4t the (ntarface hetwesn the
gl vl wabudcdan and the tresd subbar wie sanlly made to
dlauppudr cokplately., wWhile ceyts.. ebvieus practioal
quenttan i smuive (nvastigation (guch as the degres of

asi=biltty of tvead rubbiar impetances, stabllity and coa*
vE eeseis letally gultabile molutlons, ete,) It is sspacted
thet st oacsnsl oo thpedanvs aatching will veiduoe the lavel
of inkarfucance fiom aurfewen raliaf featucres such as Lhe
thwad pactern annd salduwall letteiing. Makohing aleo whould
halp 40 reb g vapiattuny o the retleciion sanplitudes in
thy abvuldul teylain wheie vive normal ta the ply layeras paes
thnaghs the auter ousface of the tire at & vcangidaranls

ativyle,

PEANKGE" FMMFHA [ tH HCAHK NG HYBTEM

A tmueialon scabbing syatesm Por ultrasaonio tire
tnwpect b im planned that 1) diftar in several impore-
it rampacl s Pram systems previously reparted,

Lo The vive wall i Lald rlat 1 the harjgontal plane
ey Lidtally sulunmryec, 1t Lo enpeated that this procedura
woll aliminate Jifricultion dvw te antraining air bubbles
in the Liead peatiarn ssported ta hiave hesn & problam whan
Wt Eibm Lo maunted verilually and rolled tnto and out of
thu aubling Tiguid,

oo Na e Lo techiudyues sigloysd will pupindt apecifie
o i lilmitaces b0 the tire abtiucture to be monitored for
Land bnteyrity and fatigue degradations, Por the small
chegus bn acuuebie tmpedence assumed to be agaooiated with

- 1% -
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wedk oz degraded Lunds, Teflention measurensnts are inher-
ently more sensitive than tranamizsion uneasuremsnts. Tha
impadance transitiono in & tire structurse ars small to be-
gin with) therefors, at any given intexface, the reflection
onefficient R is small, while the transmission coefilclent
T » }=R is luxge. Under these circumsetances, & R/R will
genarally be much greatar than A T/T,

3. Tiras will be mounted and inflated for taating,
cffaring the possidility that d¢fecta in cord structure may
be detectable through changes in zcoustic impedance with
aord tension, as suggested by Halsay. Purtharmore, an in-
flated tire cffars an increased likelihcod of observing any
delaminntions induced by (or aggravated by) leakage of air
intc the ply structure.

4. The syster will includs a C-acan capability with a
proportional gray-scals indicution »f dafect severity, It
will thus not be limited to a prior decision as to a sever-
ity oriterion for defect detection. It will he poassiblae to
obaerve subtle indications of dolfects, mnd to search for
correlatlona with service perfarmance.

S« A B=moan vapability wiil be provided that gives a
simultanecus indication of the thicknoss uniformity of all
layer elementa in the tire structure,

The piesent plan is to design aud assemble a tirzae
scanning syatum utilizing commercially availabla subays-
tams and components. A conventional submarsibls turntabla
will be adapted to hold thu tire submarged in a horizontal
plane, and to rotate it about its usual rolling axis. A
mechaniam will be deaigned for scanning from besd-to-bead.
The transducer will move arzound the cutside of ths tirve
geotion on a C-~shaped circular rail, the center of which
coincider with the center of the tire ocross-section. The



spot on the tire surface being examined will be defined by
angle coordinatas § and 6. The spaclal @d-scan mechanism
will be dasigned tc mount to this manipulator aystem, 8o
that the linsar tranalation motions it provides can be used
to position the center of the primary arc in the desaired
relation to tha tire cross section.

A facsimile type graphic racorder can be synchronizad
with the 8 and # motiong to produce a C-gcan presentation.
Tha facsimile recorder printa a tona ghade denaity pro-
portional to the current passad through & damp alactrolytic
papar.

Tor the C-scan pressntation, the hovizontal motion of
the atylus will be slaved to the @-rotation of the tire,
and the chart paper advance will be slaved to the F-scan,
The printing current (and haence chart tone density) can dbe
made to correspond to any singie paramatar derivable from
the A-scan reflaction asi¢gnal, For aexample, the chart den-
glty can bha made proportional to the amplitude of the re-
flection from soma interface {(e.g.., tread/carcass. flrst
ply, ete.)., or from the reflection amplitude within the
whola ply region.

The unit could also be used in a B-acan mode whaere
the horigontal line-swaep of the recorder gtylus will cor-
raspond to the acoustic round-trip travel time, and hence
to the depth of the raflacting interface. The chart papex
advonce will corrsspond to one of tha mechanical acan co-
ordinatec on tha tire, tha other being hald fixed. A B~
scan veraus @ ‘with # = constant, for exampla, at tread
centek), should produce uniform parallel lines for a per-
fact tire., Any non=-unliurmities in tread thickness or
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poor splices will be readily apparent. A 3-scan versus @
{with 0 = constant) will show a £lattened cross-section
diagram from which one can asscas aldawall thickness, belt
centaring, and symmetry of other components,



SECONDARY NDT METHODS

This section deacribes sevaral ad?.ticnal NDT methods
to recelive a lower priority of invesiigative affort, 1In
comparison to the previously deicribed primary methods,
they either measure additional ti. e parameters ¢r show some
premise of measuring the same parametaers more eceonomically.
They are not considered as pivotal to the prime task of
defining the anomalies or defects that correlata with tire
failure, but it is felt they have potential benaefit to the
program.

LIQUID CRYSTALS

Liguid crystals, as their name implies, are a claas of
materials that exhibit the characteristics of a ligquid and
have the order of crystalline materials., The heat-censitive
cholesteric liquid ¢rystal molecules are used for thermo-
graphy. The operating temperature range of thermal sensi-
tivity is adjusted by properly compounding several different
materials. Throughout this tnermally sensitive range, the
liguid ecrystal material is highly bi-refringent. This gilves
rise, through aelective reflection, to the characteristic
coloring of red, creen, and blue, representing the low,
medium, and high parta of the thermal range. One distinct
advantage of liguid crystal techniques over infrared
imagery is the elimination of possible wvariation in emis-
sivity of the surface.

Whila the application of liquid crystals to thermo-
graphy ia a rapidly expanding area, only on= instance of
its applicatioh to tires has been reported. This sarly
wotk by the Goodyear Tire and Rubbar Company was discourag-
ing. The liquid crystal material used was found unaccepta-~
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ble because »f ite inability to remain on the tire during
exarcising.

A limiteda investigation into the application cf liguid
crystals for tire tharmography was done in cur laboratory.
Flat rubber/cord samples with disbonds ware coatad with
liquid crystale to detarmine the matheod's ability to detact
the disbond xa¢ to detexmine the effect of rubber on the
liquid crystal compound. Heat &pplied either behind the
sample or in front of the sample was adequate to demonstrate
that disbonds ware adsily detected. Contamination fzom the
rubber limitad the lifatime of tha liguid crystal. At least
two possible solutions gxist to thie problem. The mosat
desivrable is to uze encapsulatad liquid crystal material.
Tha sacond is to provide an impermeable membrane between thea
xubber and liguid crystal naterial. Tha latter approach was
implemented by means of boath thin teflon taps and polyvinyl
fluoride film. The liquid crystal used during these sxperi-
ments was compounded using two parts (by weight) of choias~
teryl nonanoats to one part cholesteryl clyel carbonate,
This compound provided a mesan temperature of operation of
45°¢. with a range of 5%,

Ercapsulated liquid cryetals with an operating tempera-
ture of 85°C. and a range of 10%. are being procured for
routine visualization of the temperatura distribution of
tires being exercised. The tire baing exercised ie emsily
viewaed and photographed in atop motion by using a strobe
light synchronized ko thae tire rotation. It is intended
that this approach bhe used as a backup to the infrared
mathod.
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DYNAMIC FORCE AND ACOUSTICAL VARIATION

Most of the non-deatructive test mathods conaideraed ara
capable of measuring a limited number of tire structure
characteristica. None aof the tests attempta to measure the
dynamic characteriatics at typical highway apeeds and
deflections. Since tires cannot bs conaidered as truly
linear devicea, it follows that high-spead characteristics
may provide a useful insight into tire mechanice. This
method is being coneidared in work at the Naktional)l Buresau
of Standards, where the dynamic force variation of tires
operating at designed loads and speeds up to 70 mph are
being datermined. If this work continues to bear resultas,
data obtained from it correlatad with data obtained by other
NDT methods will bs baneficial,

Current force variation measuremaentas are made by
measuring the variation in the radial and tangential force
on a roller as the tire rotates, Tha total forca,
measurad by a suitable transducer, and its harmonics are
recordad for one tire rotation. The radial caomponent can
easlly vary by more than 3% of the atatic force. At highar
rotatichal speeds, part of this enargy must he emitted in
the acouatical spectrum. Thua, relatively inexpensive
acoustical detection and analysis aquipment may provide an
alternative method of measuring relative force variationa
caused by nonuniformity of tire gtructures. 1%hia approach
would have the distinct advantage of being usablae dQuring
wheal or road tasta. In addition, the audio method would
be usable at higher fraguencies than is practical for
currently uséd systems for which the frequency responsge is
limited by the mass of measuring system components. Investi-
gation of this method will determine its feasibility. The
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necaessary equipment to rotate the tire to 20 mph and to
colliect and analyze the acoustical data is availabla,

RESONANCE TESTS

Preliminary investigations into tire raesonance testing
wars parformed by James Weigl st Massachusetts Institute of
Technology in partial fulfillment of the mastaer's thesis
reguirement, under the technical direction ¢of Professor
David Wilson. The reported results that cord cuts of 1/4
inch and larger were dstectakle in either bias or radial
tireg is of particular interest., In additiocn, it was
reported that thae resconanca fraequency and Q are functiona of
inflation pressure and tread dapth, The results, whila very
encouraging, muast be considered as inconclusive at this time
hecauge of the limited number ¢f tirea so far tested,

Basad upon the preliminary work and upon discussion
with Profeasor Wilson, it appsarse that a properly developad
test could be made salective sithar by ccntroelling soma of
the independent variables, or by secondary memssuraments.
This would allow salective evaluation of guch factors as
cord intaegrity and rubber/cord hysteresis, provided such
parameters as tread depth and inflation pressure were sapa-
rately measured or controlled. The promise of reaonance
testing and the lack of acceptabla methods for rapid non-
destructiva avaluation of cord integrity aad rubber/cord
hysteresis make this an important area for future work,

A limited project is being supported by MIT to further
inveatigate this teating mathed. The investigation will
involve designing and building the necsessary g¢xperimental
tast egquipment to minimize the ¢ffect of experimentar vari-
ables and to perform the nacessary experiments to obktain
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2 better understanding of the techniqua. Future efforts in
this ares 1] depend upch the results of tha current phase,

MICROWAVE TESTING

Microwaves have L.ean used for some time in non=-
destructive testing of materials. The efficacy of tkis
method depends to a large extent on the dielactric
properties of the structure that is being inspected.
Interfaces batwean matarials of different dielectric
constants cause reflection of the signal, and may thus
»e used to indicate anomalies in construction or imbaddsd
cbjects or impurities.

In one method of microwave testing, the sample is
prlaced in one arm of a microwave intarferometer, and phase
and intensity changes in the reflacted signal are detectad.
This technigue is limited in that slowly varying non=
uniformities that are not defects are difficult to distin-
cuish from smallar, more singular defects, In addition,
irregularities of shape produce aignals similar to those
of small singular defaects, Prelimihary measurements mads
at 50 GHz suggest that thase techuigues uwsing an activae
source are limited in their apnlication to tirea.

A second cechnique is the uge of microwave radicometry.
As the microwava frequency decreagses, the skin depth in-
¢reases. This rnables ona to increasa thae meaningful depth
of penetration. In infrared rzdiomatry, a major problam
lies in the necesgsity for the internal friction to change
the surface temperature of the tire, since the rubbar is
opaque to the infrared radiation from the intsrnal source.
Wa must then distinguish between irvegularitiss in friction-
al heating occurring very close to the surface, and
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irregularities in heating due to faults in the desper lyiug
cord strurtures. A hybrid system would use a miorcwavm
radiometer at 10 cm. to detect the heat from intarnal
sources. Here, the tire ia relatively tranasparent tn ti.a
radiation, and one can detect the radimtion proauc ¢ 1~ ..e
fault a5 compared to the lesser intensity rad:e. 1. pro-
duced at the same depth in the normal tire .t ucture. [ha
equipment for this expsriment is in=houss ard will oe vsad
to determine the feasibility of this niprorch. The naar-:
tire axtrcimer used in infrarmd t=miting + 1l be employod
This equipment is capable of l-ading thy tire tu S00 poundy
at 20 mph. Tire deflactious aguivalsnt o gfull load ars
obtained by decrcasing tire inflation vreasurs.

Reproduced from
best available copy

o 47 -



MCOMMINDATIONS

™he paragraphs below outline pisns for spacifically
recampanded furthey wosk (n » prog.am dedlpied Lo BaaaNe
the pontributions that ran-deavry Live inepection methoda
aan maks to tive anfetry:

1. An itnepevtion progsam will ba varried aut on naw
tivesr that will then Le sk -Cted oo vhael and road testa,
Non-deet ruct ive Laspactions will Le g cfirmed by radio-
graphis . vinual, infearad, ultrasanta, and rolographip
muthoue, Fatled Lives will Ve Analyssd Lo Auterming the
caunes af railure, ‘he purpose of this proguiwm Le to
Fusnish Jompasative date islatiag indioktjone af the sams
ringulatitior by adoh of Lthe non-destiuative inapsation
moitwle, and ko furnieh date Felating Adtual Lige defents
Aand Lire tallures Lo sueh indieations,

d. vthey promiwing non-destvuetive teating methode will
ba devalapad (0 sugment or replave sxiating methods, Pri-
Wkety will be pianed on methods sultable for sarsening tives
Priay o compliance renting, and foxr inspsosion giioer e
recapping,

Y, Mmoo undacecanding of tife materiali will ba de-
velopsl and idintained, Llaburatory aamples will ba falri-
vatsd and tasind to peiwmit atudies ! defect propagat iun
A0 tixe ERLuEe,  BUIh waia will pEuvade the NededBary
baukgsnund faF meaningful fatlure analysin on previauasly
inapacied ARA esarsiasd tLEmnE,

by A dnEsnsed avhsus will Le inacalled andd maintained
A i vl ABIES LeEL wehies Lu study thae ahanges (n infra-
Pl algnabaFse Ehat oecur Auring wnssl tesstlng,

%, The waafuliens of radiogiaphis cnepaciioy fur sample
BLitehilyg And Jual ity assesament (n eniiaeotion w th vime
plianaes tesving will b Invast.qaten,

Reproduced from
- 49 - best available copy




REFERENCES

Mittarwarth, 4 A. M, '. "Falluse
Flhohiiond b Tiow B8ihTwiuing Sydbame.
Vaper peasnitod at & spsting wf the
ARsnn blay hroup, Inu., Fenuasy
$¥3. e,

Grugary, B, K. and magtreldyt, & W,
"huhdes b Live tukpest buh Teuhulyus Fos
Astvialfl Tiswe. " B0k hvunt Iun--54h
Tnetliute, Bah MLIA a, Toudd
TR 6B 11, M) 1064 [Ap nignxlr

Htll-y. @, H, "Tha Yun-dustruubive Taallnyg
o Fannangyr Flean. " vapss proseniod b4t
th- Iou? Wasional vunvarbion ol Phy
s b Nadleby fus Mun-deatsnukive
r1't‘"!5 clavaland, 9hin, =& har
by

Reproduced from
best available copy

B 1!



