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Chapttr V 
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The brittlc-coatina mctbod ot cxpcrimcntal """' 
anaJysk cons11n or 9JJP1rlnl a brittle coatina on the 
t11dace of the part to be tested. Crckl in the coatlns that 
_..,,.. ... .,.___._"""~-"'"'· ..,_.. __ for 
direction and mapltudc of the 111decc straina. NonQ!ly, 
.a.he mssms c h, ... ,.. r 111hs to directions or tie 
mnhrum ,,,11. air1. The coatln11 Clll be c:&libraled 'o 
oblllll quantitative atrain 111011Ul'C1DCDt1. 

Brittle coatlnt lw a number of advanta1eou1 
eh&t9clerilUCt. 111 effective Pit lcnath approacna icro; 
It &Iva an owrllll plcturt or t11t aualn lliarlbution aJld 
hlahliahu areas or stress eo11cen1ratlons; 11\d It is appli
cable 10 any mechaniul part of the: 1m1~ure, rqardless 
or material, lhape, or mode of loadlns. 

Commm:lali)I uallable brittle eoatlqs 1te used ror the 
followina purpota: · 

l. Loc:atlnl small area or hip atreaes •. 
i. Dacrmllllllf dlrectlOllS of prllldpal 1trmes. 
S. Meuurills tlic a~c mqnltudc1 or t.uion· 

and compnssion-11rcu concet1U&Llona 1111.dcr atatte leads. 
'· Me .. urlna te1Ulon-11r1111 com:cnu.tionl imecr 

dynamic and lmpKt k>ada. 
s. lndlcatlni l«aliied plutlc ylddlna. 

. Thi prtnclpal uea of briulc ccmlnp aT11 to Qw~kly 
"-" utd CY11l111te the blaJHlreu pa(nu In a dnlsn. 11114 
to obtain prindpal-streu dlrer;tkln.t _ for subsequent 
plffmlall of ~IWICCI ltraill lllU· 

Tbcn are two prlnc:lpal l>'PCI of brittle coallnp 
avallablt. Ona It a a.tries of an1n.sena1uve coallnp .mllde 
from rains diuolved In IOIYa!U so they may be rpni,.ed 
cm the pan, to be stud.ied. Pladiclufs are added In 
~ amounu duriq the fot11111latln& pr- to !l'fOduce 
c:oatlnp with dlffcring fallur~ clwactetlstics. The coatirlp 
aR air dried and dcsisned 10 et11ck a1 araln levels oo &he 

~l.~b-lt<l.W.~~IWYYllri:. 
llYJOOU. 

This chnpter, f iftli in o Jcri~-1 of ei!At, 
u roprinleti from tlie Tl&ird Edilion of 
ihc SESA's Mmwal Oil £:11pcrimerual Strt11 
Analy•il. The remaining ch.apier1 
will appear iti f laUTe issues of E/M 

Brlttle Coatings 
by Ferd/ B. Stem 

onia' of '® to 700 microlirah1. Stniilla or 1500 ,iin./in. 
and ab<M or dOWll to 100 ,.tn.lin. lftd below, can bt 
indioaltd bJ propc: manlpgla1kin of the coatiqt. TClllJIC'o 
1ure bu a llsnll'lcant efter:t on tht sensitivity or the 
cottlllll. Humldlry hu I lam dfa:t. 

ne -.-lllldill are enmlc CllllQI 'ldlldl an lnlCnlllM 
to tempm1atare c11utp up to )OO•C and arc 1vallallle ror 
- Oft iteel ud similar matcria!S. 11le ccatint In Ill 
llqueikd fon11 eooliltt of c:a-amlc p0wdcr wlllch ii 
111ip:Ddcd In a carrier. nlf. -tin a. lfw beinl al19iied 
to 1he llnldUral component, mllll be clar.cd by firins at 
approldnlttety sJO• c ln order to form a CIOlltinuous 
brittle coadof. 

lrtttlHoatln; lfff\nlqu11 
I. &Dfott J'rwplWlloll-OU, anue or any material 

which mlaht alfe1 the 1>oadln1 of Ille min -tines. 
m1111 be remo\ted. Orlndlnl roush Mild castlnu In the 
.,... of ..,.. con=umtom Jmpnm:s the visibility of 
c:Mkod paurna. s.M or pit blanlns b DOrl1lllb rcq11ircd 
for llUI- pNPll'lttOD prior to ccrmnlc c:oatlna. 

:. (J,._1-A~ 111;...°!'"'' dllml Ilia$ 
Miis u 1 ~'!Mel coak;A 'Yillblltty or the 
crack pattcU. No undacc81 11 ·UIOd wttb the eenmlc: 
coatlnp. ). °"""" Sfl«'fla11-Rsl11.twc coatlnt1 ar• Alectcd 
Ot1 the buis or tm1pcl'1tu111 and bWllldlty exptC:tCd at the 
dme of tat. Ccramk COltiftss ere sellcted on the bula or 
• c:octtlcialt or p;penslon of the ma1erill 11nder cat. 
· •. C:O.t/ni Appllco1loll-Prcmire C1111& or air-spray 

pm• are uMd to apply both n:dll·bate l!ld cermnic 
001tinp. Color It the normal pp of costlna thk:ltncas 
with Ille resin ..... ttnp. 

5 • .Dr,-Normal dryillJ time for rain coatlnat 11 on 
- lhc order of 24 h to permit auffklcnt lime fer IO!mit 

rdcuc from 1bc ~ an4 dewlopment or co11in1 
brlttlcllcu. The ceramic coat!Jlp are ready ror we 1ftcr 
they have moled from 1hc fuin11cmpcr1tun:. 

6. ClrNbllrUon-Calibnition bari which have been 

Reprinted tor Magnaflux Corporation, Reprint #ST-37 
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FROM:CALSCNIC 

Fl;. 0-1-canbr.iwr ane •train•'*• 

1'10. w-1rttt1e.oo111no er.cu entianaed by 
aleelrottatic:. clllrge ganlct" 

TO: 

l!WaY'd and dried ~ wllh the tat pant are loaded as 
canilleYcr bcull whh a known dl!Clecdon In 1 calibr&Wl& 
ftlcturc. SUaiu -= are 1tlCD IJIC4 10 m-llJ'e \he stniJI 
• ~ Ille «*lnJ hfsim 10 cnclt. (fl&. S.1) 1be Cllllbr1Wlm 
t~ mud be utel! If quantlt1tivc sulio mcuurcman 
Is rtqllired. TlK calibration devi-~ abo valuabk when 

OCT 1. 1991 2:2SPM #813 ?.05 

one u leamlna \he 1pra)' 1ecblll11ves. Calibruion or !ht 
COllilll allo prcclicU how the COIUnJ on & Jl&R wDJ 
bcha\IC dlUina & cat. h u welUI to oblaln \bis tnformailoo 
before tatilla 1 111:t and lclmtns that !he ~ 
coall111 ii UICI 10ft &nd requires eiteali"e IUain to lniti&le 
cradr: p&ttemJ. Semhlzina and coloria& uehJllquea ~ 
ailo nplclty cval11&ud by gllbntlon, . 

TABLE &-1-MEASIJRING TENSION &'TRAINS 

<Rtturn to ZefO.IOed Tee~) 

~renl &frets 
T"t I.Md l'llttem Loa&llon M1Croe1r1ln (MN/1111 ) 

IKG) (By Area) 11 ~ Load at 21X»KO LOIO 

1000 None 
0 

12&0 A. 1280" ~.8t 
0 

1MO /\growa 10SO 213.t 
0 

1950 No aoctillonml 
petltrnJ 

0 
2e4D Aorowt BU 136.9 

·~ 0 
3050 A.grgws 525 IOU 

a grows 

NOTES ; TllN to reeotl bt.d '" 1n oaut .. •S •• 
Cllltiration lier lcedtd In 45 s. 
Tnrttllald 1trai~OO INCIOIUlln. 
L.oc:ll lt1'9111& ere aA\111181% prgpor11one1 to Jotda. 
MoOutua Of llatiel!Y • 20e.89 7 "4Nlm' 

• (TyplG&I C.ICNlallOI\) (800) ~ "' 1280 

't (T~I Ce~lall0n)(t%llO>C 10'4)x(20e,Wl "' 
264.& 
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Fig. U-!a<"9rlmental atre111naly1l1 ol a truck eq11al1Ztr 
Mddlt by brittle e~11nga 

Flo. ~7-8rttt1e.c:aat1no pauema on • oun Pf'OlluclCI 
during flr1ng 

7. Test-Tim~ required to l'llilCh load ia a prin>c 
eoaaideratton In use or tbe resin coatilliS- The coaunas 
~ rapidly 50 loadina lime ahould be as ahon u 
poalble. Tcmf>UAture chuaea durin1 ·1esu illould M 
minimilcd as this also affects coadn1 Jt11Sltivi17. Oil 
&hould be kept off the put u Ir will atW:k the resin 

····~···- ·······-----

OCT lo 1991 2:2SPM li813 P,06 

Fig, 5-5-Brltlle-coatrno patterns on 1 
JawbonOI 

1:01lin&. These limltadonJ do not apply to th= ccnmlc 
c:oad1115. 

8. Dettt:r Gnd Record Cn1cl; Pattrm.s-Crack pmern1 
in the min c:oatinas are viewed with oblique llshtins (fiJ. 
S.I}. Spread of lhe ~ems .nth~ in IOMI incrcmcal.s 
may be marked 011 the coatlna and phoio1rapned at 
oondl.lalon or lbe ~ u ahown In f(s. 5-2. These boundary 
marhn are c:alled 'isoenu11lcs' alld represent approitimatc 
con11ant·1trtin curv~. The Claekl may be colored with a 
red d,e or they may be bro111h& 0111 by we of an dmro-
1111~hll'led·partlele technique (Fis. 5-J). The char1cd 
panJcla nu111 be ued &o lhow crKkl lo the: ceramic 
cio.dnp. 

9. Poll Clfllll-Tlle resin eoalitlp may be removed by 
scrapina, wire bn111lin1. V&!Klf desrwe or solvet1t5. The 
ccmnic ~ are ben rcmovcct by 111\d or 1rit blutlna. 

10. Computt1r/0111....,.Crad:s !ram the i:alibration bar are 
compami 10 thOJe on the pan wllm Qll1ntltaliw data arc 
required (Fis. 5-4). /\ lypicaJ data sheet and c:omp111&tions 
are 1tlown !n Table ,.1. 

U &lie muimum prlnelpal 1tnu is sub11111tlally larger 
than the minimum prinelpal nnu. and If tlle coa1lna i1 
Cl!lbrared Oil tho - -terial u used in tbe muctutc, 
then th1: •ppucnl·Al'l:N ~alculltions or T•bk 5·1 arc 
sumcienlly accurate. 

More dctlill of brittlo-coatl111 teclmique Ind 11rc1y 
prcc1u&lon1 can bo found hi tht -ul•i:turc:a' opcrat~ 
in1tru.c:fion1. 

Typical A/Jpf/catlons of Brltlle Coatings 
Brittle ooatlnp hive been uMCI on plMl.lcs, wood, 

paper. rubber. alw. bolle (Pis. $.~). as well as metw. 
Tau haYc been cot1d..:&a1 ulin1 1wic loada (Fi1. 5~). 

imp&t'l load.s (Fla. J..7), and d)'llUllc loads (Fla. J.&). 
Cel'llllic coatlncs have been !lied to 1wdy tcni.llc 

11nue1 due 10 thmlW kllda. 
Brilll• co.liilp ba... beCll lllOd to te.t pans In the 

labolatory u wdl u out-or4oora under field condltion1. 

Interpretation of Brlttle-coaUnp Cfack Patterns 
AD operatOr quickly bocomct famlliu with paucms In 

the coatinas thst can occur durinc dryi111 of the c:oatina 
and prior to load application. •0ryiu1 cracks' are ai'lapc:d 
like a valley and aenmUy ocew in thick sections of very 
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Flo. 5.S-Pattern; orOtlucad in a ceramic 
brltll9 coaling on a turtilne dick spun at 
NQlllPHOC 

ro: 

brinle coatinp, 'Cramli cracks' have a random oricntatlDll 
and are caused by exposure af the coatinJ to low 
umperaturcs. 

bolalcd PllllCl'ns o«urrins at low loads In mild-steel 
1iruc:iures can be caused by yieldin& when locked-up 
1trenc1 from weldln& relieve r.he!mdva. 

The appcarani:e of the bttnle-coadns 11•1tem alons the 
al1p planes durina a yieldin1 of 1 mild<1tlll cylinder under 
cam_21"mion loadl111 ii sbown ill Fis. 5·9. · 
~ drwlns Oil* spalfiaa of the oDefl1ii"fi\ eomllftiiSiii 

llld llekiaa In !Glsioll u lbowo in Fi&. ~ 
Isolated patterns tometimes occur on the Mlle¢ of a 

l)&rt due to strai concentrations from blow holes. &hdnk: 
cracks, f11i1ue cracks and Oilier disco1u1nutdes. Tb• 
lhould have been dcteeted by "'° or nondcstnlct"o-tcstlnJ 
~prior to tbc cxperiimntal-nreu-~1 -rlc. 

Unique patterns durin1 a brittle-coatin1 lest may be 
cau•Cl1 by I chanp in loadin& Of the itNCtWC. The 
Of191'ator should be alert for this conditlon. 

A. nndom pattern is produced from an oqllll IYO
dlmmuicma.I tension Reid. 

Orthoaonal patterns in the rcs111-b1se coatintJ 11111y be 
proclucccl by firit loadina &he pan to produc:e cneb from 
-Ile lll&ln1. IC &ht load It rewned ta create ~
pc91lon stralru, and the coatina ii ICNltized bY coolina 
wbcft the pan Is under the comptCUlon load, 1 set or 
~teem• normal to the initial ones ean be produced. 

Under iml>aci loadln1, peak tensile llrliN .,. reco!Ced 
by the brittle coatlnas. No time relaticlllblp1 arc pvca by 
U\c c:ollln15, SO other 11J)CS or paes lllUlt be llS8d to 
obwn time rclatlonlhlps of the wave trains. The brl11l~
eoa1ln1 ?&et•ms usist In location of the ca1u. 

Brittle eoatlnaa · wve u a rec:ordill1 strain pge. Tiie 
ac1.u.i cracks in the cot1lna. due to the wains in 1hc 
nructure, live a scrikina. visu.1 picture or the manner In 
•hlch the part is dellecrins. 

Suggested List of Reading References 
I. 0-W- /Niu /'rue. u:sA, (llrlt"- Conf~,iJ. I (J>-3 111. 

0 f/9'1J.IP1JJ. 
J. ""'-'In o/ .II_,, Brill!. Coirnnr• .5ltno AAolt ...... ~ 

0-p., Jnl <dot- l/V71J. 

OCT 1, 1991 2=26PM 1:1813 P.07 

Fig. 6-t-lrtttfe.colllng 11attern1 on 1 mlto-tt"I 
llORllll'H-4DA •pecll'lltlfl di.Iring yleldlng 

Fig. s.10-&pa111no Mid llaklno ol .,nl!MleN llf1t1l1 
coating aue ID 1uoe •trams 
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73. Two Vessels undet E1ternal Pr..,sure.-·All formul•s 
given in TP.ble Xfll for thin vessels llnder uniform prcsrnre. arc 
for inl<m•I p""'811te. Thoy will apply oqu&lly lo caoco or 
ex.\ema.I pressure if JI is given D negative eign, but. the 81.R-&'SCS oo 
round are signilica.nt only wheo the prmsurc in insufficient. lo 
ea use failure through d...tio in.W.1lily, lnal is, through buckling 
tha.t. utarta aL slremcs withi11 lhe proportionnl limU.. "!'his type 
of raltore is not considered here; it is diocmaed in Chap. 14, and 
formulaa for the critical 11ressures or etresseat producillg iL ue 
give11 in Table XVI. 

A ~I o( modcml-c: t.hickncsa may collapse under external 
pressure at •t"""'es above Ille proporlional limit but below Lhe 
yield point, ita beh .. vior being comparable Lo that or a short 
column. The problem of aocerlaining the pr ... ure lha.1 producet1 
(ai1ure of 111is kind is o( apocia.I lnteresL ira counectiun will\ 
cylindrical vessels and pipcu,, aad under Case l a formula is given 
that io a.pplicohle lo this problem. In Ref. 8 chart.a s.re given 
that provide o •olution to this same problem. 

'T~ Thick Vessels under lnl...W or El.len>al Pressure.-11 
lhc wall thickness o( • vessel i• more Uisn llboul ooe-tenLh Lhe 
rediua, 1.hc meridional and hoop stresses eannal be considered uni
form Uuoughout Lhe lhicknem of lhe .. .ii. and the radial stress 
cannot be c<>n•idcred negligible. Tliese sl.......,. in I.hick vesocls, 
here called toall 11,...,. ... , must be lound by formulas Lha~anl quite 
dilfereot from lhooc med In finding membrane sl~ in thin 
vessel:!. 

It cao be"""" from the fonnulaa for Caoes 33 and 35 tha.t thc 
stress •• at the inner surface of a tbick cylinder approachea p as 
tbe ratio ol outer to inner ndiu. appn>a<hee infinity. IL is, 
therefore, apparent lhat if the •!.rem is lo be limit«! to some 
specified value•, thepremuremu:st.nnurexteod p =- e, no m&Lt.cr 
how thiek lhe wall is made. Tu u..,tc01ne lhio limitation, the 
material at. and near the' inner nrft.ce must be puL ia•t.G a ztate of 
inilial compression; tbi:!i can 1>c dooo by 11'rioking on one er more 
Jackels { .. ""plained in Art. 11 and io the exam pico bf,lnw), or by 
oubjecliog lhe ,,,,.,.1 io a high iolemal prcaoure thaL st.....,. the 
inner part. inLo the ploa~e range and, when l')&moved, 1.,.v..,, 
residual eomp,....ion there a.nd rt.'lldual 1ension in the outer puL. 
Thia procedure is called aufo/r<l'4go, or ..,([-booping. II many 
"'"'"'"oive jacltel.A aro •Uperimposed on the original tube Ly 
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ehriTildng: or wrapping, lhe re1n.ilLing SC.rucl.IJre is called a multi
/aper v""""'- Such construclion h.., <:er-lain ad.,....tagee, but i\ 
abould be noted that \he formulas for hoop slnmes are bl.!led on 
U1e aBBUmplion o-f an isot.roptc mah:ri.ali io a multUayered vesgel 
lhe elfectivo radial moduluuf claot.ioity iB less \han the \aogen\ial 
modulus, and ln consequenu: the hoop stress. at &nd neu t.he 
outer .,-aJI is le,.. thao the formulo. 11ould iadicate. Come
qucntly, the outer 1.-yero of materiAI eoatribute leM '41 the 
otrcnith ol the v.....,I than might be auJ>llO'IC"I. 

The tabulated formula.a ror elantie membrane 8\.TeatB •rG 
accun.tc for both thin and thick vessti., bu~ UM> fonnulao for 
predicted yield and buro\ing p,.........,, eopeeially the forme<, de 
not alw•y• agree closely with experime111Al resul\B (Reio. 21, 34, 
35, 37, 39). The e1fl<1'0Biooa fo.-p, giYm in the table are baaed 
on Lhe minimum strain-energy theory of elutic failg,.. The 

exprc ... ou fo.- burB~ing pressure p. ~ :i.. (: ~ :). cornmonlf 

known 1s t.be ''mean diamt.kr'' fonnula, ia H:Slelllially tmttirical. 
but is given becaua• it •rreeo ro.•ooably -0 with eirperimfl>' 
for both thin and thick veooele 61>d io oon,..oW..l to uae. For 
very thick v""8CI• tbe fonnuk p. = ._ log. (&/11) i• prefenible. 
o...,..tet a.oeumcy can be obtained by 110iog will! this tonnul& • 
multiplying r..,ior \ha\ t.kes into aeeounl lho o~nio-baideuing 
propertieo o! the mLterial (Re£L 20, 37). Wi\b \he •me objec
tive, Faupd (Re£. 39) preposed (with dil'l"""'t oola\ioD) the 

formula I>• = '3 log.~ (2 - ~} A mlber a\eooin diocmi· 

oion or burating preesu"' is givm io Ref. 38, wbich p..._.ll ._ 
l.aoolaUid eompuW:ln between buMing preaeu,.. u e&Joukted 
by a number of diJrcrent formulas ad aa detennlned by aduaJ 
ewperimen.t. 

Bnmplo 

AL lhn powder ~bcr, Q.e~radiuaof • i-t.. l'W' t.uLoit l.Q in.. 
the outer i-WiU'I l:t 2.425 .... • .... dMiffd to *'int • jac:bl .. um t.De 
., • lo prodtl(lt • ta.Su.I ~ ~ llGbe: Ad Pd;~t vf 78'JG JI, • ..
mq. lo. Tbc ouc.e:r ....UUO- -or U.i. ja.olot. ia 3 l50 m. It ii Nqlliral lo diets-
mine lhoe difJCl'Cllce beLJJ"CJm die ia.HI' ndim o( tJM Jae.Ut u.d die cm.
radius ol the lobe io ord<r lo pn>doce U>e daiil"od ,.-, w -ta U.. 
-IJl-ponwbru-.w..i,...ii....,.....,.the_m_ 
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part when Uric 1111• ill llrcd, gcH..aLiag a pow.Qr ~re of :fl.Ill)) lb. per 

9q. "'· 
&lt1IW.-U1ing Lite fonP111.a::. for<Aao 3-1 1 i\ b la.nd .... LC°" •n uLemal 

pnssqre of 7600 the: .tnm: ""•I the out.er amface ol I.be tube ii -111,430, 
the•'"-•• al ~e inntt' wrf-.ee it -2T,OSO, and 1hcl ot;'-8p la outer raclia 
116 • -0.001385. 1' ;.1 ... d ti..t ior an latomal 11r'""'"""'7GOO 11 ... er ... 
•• at the imttr' ..,1,ce vi the i•44 is + 17,tlall. the .an. •• M \.be oi1t.er 
ou.ro .. lo +10,lllJO, ...i \he ehbp ia in- n.U.. Ad - +O.OOltl&. (In 

motinc •- coltulii'"- llMr ioaa- ndimr ol Do )ldet io -- \0 be 
2.t2• .... ) Tho laillal di-b<l- lhe iaoor ......... ol Ibo Jo<ket •od 
...-..-o1111ellllN> muot i.._.i 1ou..-or11>c .. <llol ,..,_.._ 
ti..,. ou!•, or 0.001:1116 + O.OOllli - O.OU!O. 'l'!Mftf..., the iDiUtl ndl"" 
iaf l.M ;~ t.bo.ld be 2.42.5 - 0.0030 - 2.f22 ... 

The - p<Vd.-1 l'J' U.. powdw .,._.., •re nlculded ••lb• m...
....,..., of Ibo lubo, •L It.. ....,m.,.. """-of tube and~ Ir • Z.-1~) 
.... ot. ........... .r- .. Ilic jeck<:\. ,,,_ .u-... ti- ... .....,....i 
OD~ foQID4f abcrft.. Tb9 C.kal1atiomi .M'O .. klo .. : 
F .. u..;ui..: 

. •• • t:n,ooo (}; ~ ::::) • HMIQ .. -~ 
Fwlalo.udja<kd: 

( I·-) (US•+ 2.~ 
" - +:n,OOCI t:iiii \li.llP - 1.fiiiiii J • +ia.-

. (I-~ (US• - 2.425') 
'• - +:r1.ooo i.i2i.' I \:i.as• i.tiii' - + io..200 

For llle jowtlel: 

.. - +n.-(~~ (:!.' .!~::) - +i3,$()0 

,,,_ .... the_ .... lo the poritr -· 8oJlf!tllllin1 .. _ 
.taowti..oblalc--1>a .... ii.e-•
Alioa.-...rOC1oltobo, 

... -21.ueo +u,uo - +18.-llllllb-i-"'I·•· 
•• - Q +ll2,0llO - 1-#,llOO lb. poroq. ;,.. 

.&1""1trad' ... oltu1Je. 

., • -111,430 + 13,11111 • +411lV l .... por oq. ID. 
11 • +llOO + lo,:DI • +IT,llCOl>.- ... ID. 

&•S-"""-ofJect-. 
.. ,.. +17,0ilO +~ - -t-fl,13111b.peroq. In. 
'• - +1eoo + 10.200 - +11,900 o.. ,.. .... 1n. 

Tl. Desip l'otmalu far Cl:ilm!alloaal Premnire Vessds.-As 
can be....., fl'Olll the l!!Dlllpleor .Art. '12, ~ diocon\inuil-7 .,.,_ 

,, 


