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Circular Grid System 

'"-\ A Valuable Aid for Evaluating 

Sheet Metal Formability 

\ 

A KEY \;'ORiJ in J.:scribing [h<' ;iroJuction of succ..:ssiul 

s;ar:J?ings is ;',)rmability., Th..: term, 1;hich Jenotes the ahil-
} ity o:· merai :0 :..-c Jefr:irm~:J intL1 dcsirt.-'d shatJt.?S, is a CL)m­

:-:1urncation ;.in~ "l,·n,·een ·he user and suppiiL'r of sheet metal. 

T~e 1abricaror ar.km?tS tc' s;iecify J~sired levels of forma­

bio1:y r·or tac!; a;i;iiicarion and th~n tnakes quality conrrol 

ch.:cks on inc~1ing. matdiai. The: :iroduccr 1.;ams w tailor 

his ;iroducrion ~iracticcs ro im?art 1h.: specified level <lf 

formabiiiry inro~1is ;iroJ~cts. Both agree that sheet metal 

shoulJ ;ios~ss maximum formability. 

' Formabiii';y, hm;c1·er, is an elusive quality' ro mt!asure. 

·,;'hi:c our undemanding and techniques are by no means 

com?l"k, r<:c<:nr advances have greatly reduced the prob­

km. One of the cum.:m att<.:m?rs :o m~asurc formabiliry 

is ·he: grid anai.ysis systtem in which grids.composed of very 

\ sma:: diamtrc.:r circks (1:0.:::5-0:05 in.) are used. This sys-

', t<:m ·~·as iirst :mi:-iosd in ~.!a·y l!)ij5, (l?• A! thar tim<.: very 

:imirc<.: :m:ss sho;i c:qcrkncc: "'ith rhc: rcchiliquc had been 

ob rained: :he: hull-: 1Jf the rcsuirs haJ been derivcu from lab-
orarory t.::O:?t:rir.ienu. ~o···•. aft~r n1orc rhan·:wo yt:ar::i 0f 

?toducrion aia:s, a rcc:xamiilation of the rcchniqut: is in 
orJ~r. Our 5oal:;, thc.:rt.:furc, are t(): 

1. 3ric:::>: r·:•:[c,, rh,· <.:Vo!urion anu m<.:chanics elf the: 

·tchniqu·:. 

"'~;ur:.~Jcrs 1n ?CHenCflt:3t:S c.h:signal(:' t~~:ft:.rt.·nf~s at t.:ntl nf 

?aper. 

• .j, Stuart P. Keeler 
Research & Dewlopml'flt. National Steel Corp. 

:.:. Critically assc:ss the prLscnt stare-,,f-thc-an. 

3. Suggest ari!as nf a;111lication. 

A paper hy G. ~!. GooJwin (:.:) ~xamim:s sp..:cific case his­
tories of applying the circular grid' system. 

EVOLUTiqN OF THE PROCESS 

Traditional evaluations of formability arc· hascJ ,,n ho•h 

fundamental and simulative tests. Within the first cat<.!gc1ry 

are tlirecr mca·suremen[S of m~.:chanl.cal prC'PL'rries tlerivcJ / 

from a standard rensik rest, such as yield StrLSS, r..:nsile 
strength, ~k ld point dongarion, and total elongation, anu 

rneasuremcnts uf hardness. (3-8) Property l~vt.·ls rt:quirc:d ··· .... 

for succ.::s~ful stampings arc uctermined either from an ac­

cumulation of many pasr rrial and erwr attem;m c~n similar 

stampings, or from lpng starisrical corrdarions 1,·irh :)r<-"SS 
j)'-'rtormance Jara. · 

Unfartunatcly, the relationshii1 h<.'tw,·<-"n rcsr r"sult; anu 

prt:ss pcrfom1anc.,, Jara is ,1fren unL·kar: s;1,·cifkaricrns so 

o:.:stahlisht:J ar1....~ ~H1ly partially valuahl~ f1...'r 5t2ll..'l'tt..'d :;~.:in1~)in~::;. 

lkccm 1~c>rk hy rnernhers 1Jf the lnt<.'rnational D<-"ep llra.,,,·in~ 

R<.'Search Group (4, 5, ~1-1.:i) has L'.Orllrihutt:d tc' a helter un-

~rsranding or tills prohkm Thrc<' n.cw pr11;i<.'[ty fll<.''1SUr<.:­
menrs hav" ev11lveJ as hdng dirc·ctlj' rdarcu ro ;1r,•ss ;'<·r­

t.ormancc: rh<, codfkknr hf wcirk baru.:ning n (it. harJcnin;,; 

is parah11lic), th<.' cch.:fficknt cif anisomii'Y r, and th<.' l'irck 

arc el1>ngarion '\a· 

ABSTRACT-----------------~------

i;4'\'\': circ.u;ar griJ sys1<.:rn, in "'hicli a ;>ancm 1lt 1J.uS-

1;.:_5 in. Jiarnc:r.:r <:ire ks d.:crr1><:hc:rnicatly rnarkc:J ,,n sht:<.!t 

>?<:cimc.:ns is u.scd, :'ermits a visual dlsplay :ir rh~ 111agni­

rudc: anc! ~irec·ri.,rl •Jt rtic: s1rain from point-tu-po111t ul ii 

sram;iing. )1rain values •Jhlaini:J iro!ll the griJ arc plorteJ 

,,.----~·~--~·-·---, .. --_,__.-... -. 

relative r1> an <:rnpirical failure curvt: tu imlica.I<.' flrciximirv 

of a starrtf)i11g tL' failure. AnalysiS.L>f tlk strain Jistrihuticm 

allc11vs 011.: w reduce th<' die try11ut periL>d, assisr in <'stah­

lishing 111<1ll'rial ;peci.fkations, <'valuat" dk nwclit'icatic'US, 
anJ rnonitur die- variahlcs rbn1ughour pwdt11·ticH\ runs - . ..,. 



vel\.'Plllt.:11t tahl~rati.,riL':i, t'Lt! art . .' n0t s1..·t.:n l·xrc.:nsiv1..:ly- in prn­

JuniLm slioi's :o dale. ~ 
ln an atkn1;1t t•' d11;1lkak 11wre clPsc·ly actual fMrnin, 

o;ina:iPns .. a s.:rks elf simulaliH' tc·srs havl' c·vt1lv.:d withir 

1:1e tormin~ inJumy. (4, 5. 17) ExamplL's of these rl'sts in­

c·iuJ.c the Erichsen, Olsen, r:ukui, S1-:i ft ancJ hyt!raulic hutge 

:esr;. f'whkms arL' also L·ncountercJ h·irh thes<: r..:sts. Size· 

c·ffc·crs, :u~ricarie1n. resr equipment standardization, and 

ocher r.:;; prc1cc:dures Mrc·n influc:nce rhc resulrs ohtaint:cl as 

much as the matL'ri.al quality itself. 
~ 

Even if tcs:ing piohktm c.1u\u he eliminar..:J, a hasic 

OhStaC.!L' iS ;iresent ill the phiiOSOj)h)' Of coy.::Jating prL'SS 

;1L'ffc,rmanc.: data ,,·irh fundamc·n:al and ~imulativc· test. 

results. This can hes: he explained with ~he assisranc.c clt 

Fig. 1. A sramiiing 0;1dation is com;ioscd of various com­

tiinarions oi srr<::ct1 and ura1>, to 1"11ich hc:nding, buckling, 

and o:h..:r com;1iications arc· aJJd: Clne could imagine a 

:'arricuiar staii1?ing t.o hav<: a s;Kcific comhinarion within 

the br,,ad s2ecrrut;1, as imlicatc·J hy rhe arrow. Each o'f the 

tundar:icn.:ai and simulative· rests can also be ;iosiricmcd 

<Lc'ng this ;,~~crrum, ckiic:ntling Ujlon its rdationship ro com­

i,inacions or' Stre·:ch and Jraw. Ir is c·asy ro understand 1vhy, 

in a ;oarricular instance:, a formahility :csr will com:late 

.dth the: ;ikss :1.:rf •. 1rmance· Jata cli on.:: stam;iing and yc:t 

ha1·c: no Cclrrdatibn 1dth other scam!1ings . 

. .;n L·xct..:ih:nt c.Y•rreiation ht:th'C~n ;ircss performance and 
mar ,·ria '. ?r0j1c:rty ca ta can be· ohtainc:d ii th.: r..: lativc amounts 

·O' strdch and Jra1> in e·ach are matchc·d. These amounts 

ar<: r.or g<::m:rally kno;,·n c:xc<::rt for sorne c:xrrernc· casc.s, 

such as C:<:t:? Jra,•n cu;is anu hyu·raulically hulged d,Jmc·s. 

AJJi:ionai!y, :he .:xact ?Osirion "·ithin the spectrum 1·arks 

·.,ir:1 rnatcriai ;>re>;h:rtic:s, surfac..: roughnc·ss, luhricatinn, 

~:a11k 3izc, Ji~ anJ r)unch raJii, lcn1;k·raturt:, {lrl:SS speed, 

anJ a ;11ui1i:udc: ell kno"·n and unknm>n variahks. To further 

CP!i1j.);ica:t.: tht..: ;)ft'hit..:n1, each llH~atilHl in a c1Jn1;)k·x stan1i1-

ing no: :iniy i.:x;h:ri1..:nct..:S cJifft.:fL·nt an:ounrs o"t s1rctd1 anJ 
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~ l .. l · :--cta.:r11:illc ul •:or11plt:;., ,ur11pu1,_· rurrn·~J !iy ,·01nb111a­

ttu1: u: :.lretl ·r1 ,Jlld dr~11;o.. rurrt1~tlnln;. lwl 111u;,l he tll~tt ... :ht..!J 

l\• L:,c :l,trlll :_1lar .:.l~llnfHH,:..' 111 .._;irJr,;r Lu ctirr~l~Lle \ ... llt1 prc.:>.s 

·crlurl!;....tln. t: J~1L1 

dra~ .. -. hur rh1.: r1.:la~iv1.: arIJl)ltnl . .; t·JiangL· ·w·itL d .. ::1rh a.~ 1h.:· 

sra111ping is f,1rnkd. 

ThL· c .. 1rrL· lat i{1n 11.:clinh{uL~S jusr rn1..·11tltJn .. :1..: ar1.: 3,,;110...:tin1~s 

succc:ssful if Jara ak ,·nllc-ct<.:J anJ analyz,·d llVvr ,.mg prcls 

runs. This, unfortunakiy, is[!()! v.:ry usdui durim; dk try­

ou: ;1,·ri<1ds or initial runs. The: solurion r<> rh.: ;;r,•'•i, ::1 111us'. 

lic' a kl'lrniL[Uc' ,,·llicll ·.viii L[Uickiy amJ al'C'Jlra'dy ::it:awr" 

the ahiiit y elf a sin~k h lank with gi•.'<.!n rna~.,·ria: :.r.1:;dt ill 

tei he f,1rmc·d intn a S[lcTilic sram;1ing under rh,· intluvra:c· 

of thL· existing srarus llf ;1r.:.·ss aml t•iol variahks. 

Th~ first artc:rnjlt "' ~levd'''' su.ch a kchniciuc· · .. :a; ·:,;: 

l in. scrihc:J SL[Uarc' lc'SL (•;, 1:-:) Thi.; ra;>id 111etho·.! (nr .L­

tcrmining material s;ie·cilicarions frnm a rnini::1u111 n11::1h·r 

cif [lkCe'S inVlllWs scribing a hlank \.:ith 1 in. squar-:s, rdrr:t· 

ing th.: hlank, anJ using the· maximum de·te'r~ion in Jm· 
l sq in. 10 esrahiish S'CL'i. requiremenrs. r:or many au'o1:·"'­

rivt? stam;iings. ho1>L"ver. a grid s;1acing ,,r 1 in. is '<>•' .arg,· 
to measure >train distrihurions and ;ie·ak strains at;curak~:." 

(1, :::. 5) r:urrhermore, rhe squares are scldc1T!l orknr·.·c: tn 

indicate directly rhe ;xinci?al (1r maximum srraln. 

scrihe mark can also inrrmJuce srrl.!ss concc·n·rari,1ns as ,,1·i­

Je.nced· hy hrt:akage· along scrihc· lin"s 

The 1 in. scriheu ;quart:, ho1,,·ver, did ;m1viJt: a sr.::i-

.,ping stone from w·hiclt the· analysis elf small Ji:un.<"T.:t c·ir.:·;v; 

evolveu. 

\!EC:IIA:\IC::i l)[' Till: SY:iTl:\l 

The fciundation of th.: c·ircular .grid analysis syskrn i; 

irnprinring rile hlank 1drl1 a grid ,.,,rn;ioseJc>t small Jia:::ek: 

circh:s. (l.'.:, 5, l:l) The· Jiarnc:krs ,11 the· circid cum:ntl:· 

us.cJ vary Imm Li.:.:5-Ll.05·in., Jc:;ie·ndin~ u;1n11 the· strai11 

gradkn!. For ilat arc·as eif lar.g~ rc•of, hooJ, Joc.'r ·and ..;uarr,:r 
jlancls h'ith reia·ively.con;ranr strain i,·v,·1;, .... ~:, ir;. ,!i­

arnL'tt:r.:i drc saiisfacri..'ry. hJr area:> ht:nc 1.'V1.:r .shi.H:h.:r ra1..:ii 

... 1r i"•W1L'h ht.:at.ls, O. lLI in. diarn1..·ri...·rs ar ... : I1hlf1...' a~'~lii1..·.:.i~.~·. 

Some' very shar;i charanc:r tin,·; alhl radii rc'L[llik "":05 in. 

diarnc[cr cir1.:l1.::> fl'f accurat • .- i;.·valuaEilHI l)t dh.: :'i.._·ah: .)rr . ..t.in. 

Fnr gt:n1..:rai ai1i1li1..:ath.n1s 1 ht·,,,,;1....:\'Lr, th"-· 1•. l\i in. Jiar:l.._:r •. :r 

1..:irl' k::; ar ... : us1. .. :J. 
(:ir•.:l't:~ hav~ Ill) prt.·t"1..·rt-'rnial ori1..·11tati\)p Tt11..· din .. ·l·li~)r: 

ot the (lrindpal or 111axirnu111 srrain is l'karly dis;1layc·c! in 

th1.: 1..·llips~ rhar r1..·sulr:; frl)IH 1..kforr_11a;illll •..lt tht.· L·irl·i1.:; it,..: 

r11J.gnit1td .... : is cal ... ·ul.:ir .... ·d dir1...·ctty trutn n11..·a.:>urr.:tllt.'r1!~ i't the.: 

rJ~.jL)f a11t! 111i111.)r d:\1..:s i't thr...' 1..:!li,'sr.·. Th1..'St.: a\....:s .:.irt!: ::11..~..:.ls­

ur1..·tl in 1uut11..·f\'llS .....:ay~~-·- l\H l'l).arsc.· rt\t.:asurL'tllt..'lJT:i, .:.i :·i'"·xii~.L'. 

r1.1~1..· vr .:>pcl:ially 1..ksi~t:1..:J ta;).._· is us1..·d ·,,, irh 1'r ,,,·irh1.Jur. ttl~l.~­

nitic~\th)fl. I >iv ilk rs and a ruk· arv ..:.ds\i l'\lltll:ll)fl. i:('f tnorv 

accura1r.: 1111.:asurt.:rlll'll!S, a t1 1 -j1\1~·1..·r 111J~niti1..·r ..... ilh a 1c"Ct~i­
hrah.:J r1..·ti('!....: is n1I.Uttlt..'fl·ittily av.:iiL.l~ 1 k. 

prc;k,renco;;. l·uur COllllllUll [>:Hlerrt> .1r..; tli'LL;l[.ll<.Ou ll\·:··1,:. 

P:rtlern :\, COtrl[lOSeJ ur it!p:1r:He .L11d clL3[llLl'l c'lrdt:S, ,\iJs lll 

the· visualizatic>ll or ,•rinl'i,•al ;train clirc·c·ti,•ll ditd 111agni­

tud1.: J.S if v.:irit.'.S lfl'[!I pl1inr !l' ;· 1l'ilU. H1.1', .... 1..·v1..:r, (ht..·n· ar~· 

:ipJl"t.::i hL't\ ........ ·t'll 1.:ircks · ..... hich dr1..· lh'~ 1..'IlL"ll!tltJU:i:h·d h~· [hl:· 
;lartt..:rn. Hul!iug 1.·ta·:1:.· . .; ill : 1 drfL~rt1 H h:t1d £,1 h.J.V1..· ..... tdc :ini;:·-. 



at jun,·tion ;mints making m':'·asurc'Tlll'nts rnorl' Jifficult: ,1;1,·11 
spac~ also ,1,·curs in this f)aticrn. Thl' Lw,·rlapping circ!,» 

of pattern C ar,· pL1pular because· all or a given area i; in­

cludcJ in ·at kast ,111,· dr,·k: li<'Kcvcr, some arc:is arc' dupli­

L·atcd in m,·asurcnwnrs <d1ich coulJ influe·ncc strain distri­

butions"-- aJJiti<1nalll', 1·irnali7.ation e1f inJi\'lJual circks 

is Jirfic'uli. The double 01·erln11pin~ in pancrn D prol'iJes 
cross marks 1vh ich an as locawrs r,1r th.: c,'ntL'rs ,,r th,· 

<'(1nuuct ckctricirl'. This "ckctrical stencil" is placl'J on 
the· hlank to h,· griJd<?d (Fig. 3). Then a kit i'aJ soaked in 
('l,•,·rr,1!\'t,·. an ekctre1Je, and a 1Vdght ar<· rhcn ;1laccJ c1n 

in rha: SL'l{Ucnc,·. !'or large ~1 hy ~l in. griJ areas a person 

stanJing ,ma platf,,m1 ;1laccd on ch,· ckcrr,1J,· pwviJe·s the. 

"·,·iglil. ..\ 1·1 \' a-c cum.>nt is passc'd thwugh the' .system 

for appr,1xima:L'ly 5 s,·c. The' .:irnpe'rage re•quircJ is a func­

tion of ll't.:il n1nducting arL'a :111d may re•ach :.'t1t1 an_1p L'r 

circks and av,1iJs 1\id,· lines .:it ium·tion points. more· . .\11 a11,·rnativc' r,·,·hni,(lll' rL'l]Uiring ks~ :1111p<'rage 

In the· i'ast snihing 111e·1i1,1J; J;a1·c· r<»trk1eJ pids :,,s,1uare•s l1 1H111L1re·:i111,·«niliz,•sa feltraJ s,1akl'J in,•kcrrolyte' (i'lac,•J 

h'hil'h can easily h,· rukJ fr<'lll ~'aralkl line'>. Cire :,· :1at- ''ll the >i,'tJCil~ 01·e·r 1chiclt is ;1,rcsse'J a WL'k,·r t)'i''' e·kctwdc 

term grne·r.:illy camlllt hL· snil'e·J. Can you imagin,· gil·ing (Tig. ;J). 

a shop man the fo!lc1wing assignmc·nt: scribe J p:i11,·rn or \1'ith L'ithe'r e'!t'L'tr,1d°e•. 11!,· grid patte'rn i> ,·tche•d inr,i 

5000 - l1. It• in. Jiarnde'r circks. ac,·urate' r,, l·~~" 011 ,·ach th..: !1lan], a11J a black Jq'e'>il repJatcJ into th,· griJ lines. 

of six blanks anJ have thc·m rcaJv f,1r tll<' ;1ress !i11,· in 15 The• J..:pth ,1f ,·td1ing is tlr,1pL1rth1nal to Ilic' 1i111,· or applica-

111inutes'.' Such a rc·quir,•ml'tl! J,·manJs s,1mc t}'i'" ,,r i;11-

printi11g sy>te'llL First ane·m;1 1s c,msiste·J ,1f using a ruhht'r 

sta111;1 anJ marking ink. (~tl) [ksoiu1i,1n anJ accuracy ,1f 

griJs pr,·pareJ in this m.:ituk'r ar,· limir,·J and th,· ink mark­

ings ar,· c:asily e·ras,·J. 

A ;1hoc,1gr a phic' ;1r,1c e'SS has a I sn b",. n usc·J. (::Li, :.'1) A 

i·,h0t1..,sc11sitivi.: L'n1ulsion is plac~J l'll the llit:ral shl'L't, 1..~x­

iX1seJ fl1 an il.luminate'J nL'gati\·,·, anJ Jevc1L1;1e·d. \,',·ry 

• fin, anJ accurat,' griJ systems, rnch as h1l1 iin.:·s 1,1 the· ine'.h, 

lf.ive been crl.'a!l.'Ll in :his mann,·r. }l,1h'<?\'cr, ch,· griJ is 
casily re·move·J A;h,·n rnbbing o\•c·r a Ji..: raJius, _anJ rh,· time 

lL1 ;m1Juc,· one griJ can hl' grl'ater than 3ll minutl.'S. In 

addition, the' tt'<'lrniqu,· is gcne·rally a;1plkJ only w small 

pares .:valuate·J in :he laboratory. Similar c,1mme·nrs arc 

applicabk 1,1 silk sc-rc:,·n proct:sse•s r,1r applying grids. 

The' system currently being used ror proJucing small Ji­

amctcr circular grids, or any othc•r partc:rn J,·sir,·J~ )s .:l<'c:, 

crochcmical marking. (l, :::Li, ::::::) In this process, fim used 
co rroducc g~ids by i~. H. llcycr, a nonconJucting shcc't is 

m:att'd ''' that the lines fc1rming the JesireJ pattern will 

~ 
A \ 

II. 
B 

c 
·Fig. ~ - Four ratterns or'commonly used circle grids: A, 
separated: B, butted: C, overlap, D, double overlap 

ti,1n. The· grid remains l'isi_bk aftc·r ahrasit1n, yc·t J,H:s not 

i1Jir,1Juc,· Strt:SS L'l'lke•ntrationS (prl'fcrc!1!ia! railur,• Si!CS) 

A 

ELf,,C TFfuDE 
FE'.LTPAD 
STENCIL 
BLANK 

Fig. 3 .- Schematic of cl.::crrochemical 

flat l'lcctroJc requiring high amp,·ragc 

B, rockt!r .e kctrodt? for lo1c· amperage 

PRESSURE 

B 

markingsystem: A, 
(::'00 amp or more); 

Fig. 4 - Flat blank, imprinted with two 9 x 9 in. patterns 
of 0 .2 in. diameter circles, then formed. Direction and mag­

nitude of principal (maximum) strain is visually displayed 
from point to point 

.,.., 
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crcatc·u hy scribed lines. Since the cquipmc·nt is portahk, 
a grid may he applil'd rapidly at the press line on any prn­

duction_ size blanks. The electrical stencil, po1,·cr SL)urcc, 

anc.J chemicals arc· commercially available' from several 

companies in the marking business. 

An illustration of thL' grid system on an automotive pan 

'is shmvn in .Fig. 4. The grid was applkJ twice· w the· flat 

blank to cov.er an area larger than 9 by 9 in. Subsequently 

rhc blank was lul?ricated and fornJL•J into the' final stamping. 

The grit! remains visible· even .after scv.::re· feirming ope•ra­

tiDns. 

PRESENT STATE-OF-Tl!E-ART 

Thi:· circular griJ syste1n is hL'ing USL'U f\1Jay hy an in­

creasing munhL'r of comiianks in Tht> automoti\'L' and a1)­

pliancc intlus1ry to analy7A' deformation pattern;. There 

arc· prL·scntlj 11vc1 major are·as ,,r utilizati,111: \'isua! Jisplay, 

anJ estimates of failure proximity. 

VISUAL DISPLAY - i\ griuof sma.liJiametercircles \'iSuctlly 
displays the strain state ,,f the f,1m1e·J s1a111pi"I1g. Areas ,,f 
sc·vere Jeforma1ion are reve·alcd 1d1h rl1e dircc1ic1n and mag­

ni1uJe ,,f the principal (maxi111un1) strains graphically dis_­

playc•J from 11oin 1 to pL)i 111:. The· distribution of srrain alS0 

inJicatl'S ho\\· 1L1calizcd the· high strain area may he. \\'ith 

thi.s systc111. s1rains a1 diffrre·ni sragL'S in rhe' t«1rrning prc1ce•ss 

can he me·astIIl'u h)· dcfortlling blanks rci \'arious Jcgrces 

Llf l.'Dlllple:tio11. Thl'Sl' ar'c· then plot1.cJ as a function of stamp­

ing Lkpth ro devdc1p a graphic picrurl' of the· s1rain his1ory 

at L0 acl1 locarion. OncL' critical are•as arc dc·1ermincd, modi­
ricarions in material, di/cicsig11, luhricati,111, e·tc., can bt• 

111ade w 1L11.;cr the· peak strain or redis1rihure rhe strain pat­

tern. 

This visual Jisplay of sr:rain is extrt'llll'ly imporran1 and 

is prescmly the largesr use ()f these fino? circular grids. A 

minimum of special rraining is required for inrc·rpretati()!J. 

This \'isual"display is often sufficknt to suggesr changL'S ro 

1001 and di<: men. In the example sht;wn in Fig. 5, rhe high 

strain is concentrated in area A. Grids also hl'lp \\'hen l\\'Ll 

side·s of a supposedly syrnrn.:trical sramping do not strain 

identically and one side fails. Obscrve·d variations in strain 
distribution can often be traced lL1 unequal die radii, mis­

gaging of the blank, variation of draw beads, anJ the like. 

Correction of these variations will be re!lecred by changes 

in the strain distribution patterns. Similar pattern changes 

can also be observed when changes in material and lubri­

cation occur. 

ESTIMATES OF FAILURE PRO.XIMITY - When a stamping 

tears in the press, it is obvious that some change in material, 

lubrication, or tooling is required to produce a successful 

part. Frequently, how<'Vf'r, a stamping will not fail during 

die tryout because rhe diernaker often uses slow presses, 

exc~llent matt;rials;hand lubrication, and properly set dies. 

If a sramping has not yet failed bu{ is extre,mely close to 

failure, the s1arnping is said to be critical. In production, 

however, conditions other rhan optimum may exist and break­

age of these critical stampings may occur. Reworking the · 

S. P. KEELER 

dic·s c.Jming rhis i'e'riod 1,·oulc.J cause' cc1s1ly do1.;mirne. It 
1vnulc.J therefore he cxrre·rnely \'aluable to identify, during 
Jie 1ryo.11r, rhosc stampings h·hich arc.critical and rpake 

necl'ssary modificarions. 

Such an idc11tificatiL1n is po.ssil~!c· by combining rhc infor-

, mation obtained from 1hc small diamL'ter circle grids 1\'ith 

a failmc• curve' h'hich has hL'e'n c'mpirkally de·velopcd for 

the more common Juctile melals useu lil the '1uro11wri\'e 

inJusrry. 
\\'he•n a Slil'Ct l'f tl]('tal iS StrCiChe'U \1\'L'r a ['lJflCh, the• 

srrain incro?ases .. lf the srrctching limir of 1he 111a1erial is 

reached. rh.,; starn11ing tears. First. ltoh«.'Vt'f, a 1rough of 

vcr\· loL·a!izeJ Lkfnrmation LH lcical shear heccirn.cs .ividenr 

on ;he stufacc': if puncl; load mcas11rements arc being re­

corckd, an arre•sr in rhL' load rc·L·,1rJ "'''ulJ h.: de1cctcJ .. frac­

ture is more rcalisrically ddine·J in rhis pape?hy thescev~nts 
than by thL' usual L·once·;11 ,,f ;1hysical separa1ion or t<'aring 

of thL' mat.:rial. Strains have· be•en ITle'asureJ ar the onscr 

or this fracture b,1rh in lahoralclry s11ecime·ns l)i an.nc:a 1<.'d 

tou~h-pitch copper, lh•v alwnirrnm, /u, ~;u brass and alwni­

num-killeJ steel \11) anJ .on proJucrion autornoti\'e steel 

stailli'ings. (1. l~l). Thc·s.: r.:sults are plotrcd fo Fig. C. 
The y axis cif the· graph is the· larges! pc•rcenragc strain 

founJ ,,n rhL· surfaL·e· of the stamping. With a circular grid 

sysre·m, this h'OUIJ he· the· maj,or axis 11f the' resulting ellipse. 

The· x axis is the· surfaCL' strain pL'rpendicular to the' largest 

srrain, or rhe• minor ax~ of the. same· L'llipsc'. Th.:· hand dra1vn 

tt;wugh these pciinrs separates failure anc.J nonfailurc· c11ndi­

tfons and is lahdc·c.J the· critical strain kvcl. By lllc?asuring 

thL' srrains cm any given stami1ing and relating them ro Fig. t;, 

rhe· i'r,1ximity ;o fail~rc: may he· Je1ermincJ for c·ach region 

Of rtre· Stanljling. 

Fig .. 5 - Hook portion of a bumper jack (A) showing local­

ized area of high strain parallel to free edge. The 0.1 in. 

pattern was electroche,mically marked on blank prior to 

two-stage fonping operation 
........ 
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,\ nc'\\' C<'ll~.) ias 1;1c·re•f,ve· he·c·11 e'stablish~·s: l1nc· c·an f,,r a lo\>'e'r ;'e·a1' s:rain and the' humpc•r faikJ at that lt,-

110 i<'I~r ar~th< srcc'l A \\'ill strc•tch more 1l;an s1ccl B, cation. 

o~ that-'.Wrass.~dl l strc•tc.1 t}10re' than siecl. The maximum Ll\IITAT!ONS - The circular griJ system 1dllJ1ot presently 

Strains, llll'aSUfeJ in ::I SlllaiJ ~ngth, are iJenliCa[ f'or L'qUa[ SO[\·e a[[ f,)flllillg pr<'bic-111S: llOr is ir prohahie it ,h'i[[ UO SO 

pe•rpenJil'ular strains. Inst~ad, on~ 111us1 evaluatL' ho1,· wl'll. in the' fulllfe'. The• 1eclmique, even after l.lvO years, is just 

eal'l1 material J.istrihute•s tllL' strai6 in the· presence •.11 a stre-ss. in irs Lnfancy and is in use' h1· onl~· a limited number ,1f 

graJknt. ' 1e that :he emphasis has changL'.J fwm "·J1ich c·0mt1a1iks. :.,f.1rL' ('Xt('T'Sive trials arc' re·quircJ. SL1me of 

rnatcri::il \\il ~ rl'lcli 111orc re) \\'hich matcri::iJ 1,:ill hc'tfL'r the· succcsse'S anJ failnr.::s achic'\'c'J hy various c111Tipanks 

rain. \lnJifil'ation of marc·riai pr,1pc·rtic·s 1i;;ing this tc-chniqllc' ha1·.:: not. ye't ht'l'n rqlortL'd. 

i> 1101\ iust ,11 c of :I1a111· rnc·thL'Js 1,-hkh arc· a1·ailahk :ore·- 1 .... i The critical strain le\'e'l has hee·n in1·c~stiga!L'd f,,r c1niy 

Jisrriht;tc' the· rain lllc;re· 11I1if,1rrnl\· andJ:he·rc·f,,rc· ;ie·rmi~ \\" a fL·"· <'•'lllfllon Juctil\ nJL'tals. l1nc' wonJ.;rs lw<• hwad is 

a JL·c-pc·r >tar~i11g l'e·f,)rc' failure· ,,r prc·1·c·nt failuri: at a thL· base' ,1f a('plicarhm; anJ arc' till're' similar curves at lowl'r 

givt!n Jc·prh cif 1,1rmation. (:!tanging I11atL·rial i'r,1pc·rtks, lc'\"c'ls f,1r kss Juctik llle'tals? lkcasic'naJ excq)tions to 

ho<\"t'\'L'r, ma\' llcll ht" rite· he'S! S<'lurin!l. Sliglttmodificati,1ns the· cun·e· have· hcc·n notc·i.I. Eve·n rhnugh 1dck ranges ,,f 

Of illl'riC:JliO;l L'r.,tLl<1i a111J.'dk gc·~111lt'tr\" arc: Pfkll 111LlrL' c•ffc-c·- !lll.r!llal l''.,·an]inl'SS Jo Iil't aff~l't the• CUrVl", \'C'I)' lar~ incJu-

til'c in Jistrihuring tile· strain nwrc unif,,rmly :ban large ;i<1ns 11r ,,1hcr im11e•rfc'L't!<'ns l'an lcllvc'r tl1c· failur.c >train. 

chariges,in tl!alL'rial ;1r\'i'crtic's. G0t1J"·in ('.:) anJ lkyc·r '(lC) Thc· critiL"al strain kn~I "·as ,1htainc·d f,1r aJrnc·akd and lightly 

als,, discuss tltis ;··•'illi\ ski11-;1asscJ 111.11,·rials: cc1IJ 1\"c'rk of the lllL'.tal is known to 

·. An imc·rc·sting katu/"c· ,,(lite· L'llf\"e• is tha1 the· ni~til',d 11)\\e'r the· n1r\"c'. l'rc'>c'ntly the' nitical srraip kvl'i is well 

srraiu k1·c·l slc1;1c·; uJ;w1ard. Frorn~is it '"'ulJ >e·c·m that . Jefin'-'J f11r ,111ly >trains 1d1il'i1 ar'-' 1..:11sio11-tensio11, althouc:h 

Lllh: '.l'tlU IJ rc·stric" I rtktai n,,....,. pc·q~·uJar h' 1hc· maxi- Goc1J1dn ( '.:l Jl!Snihes preliminary \\"Ork for the tension - -

mum strain Jirc·c1ic1n t\' inc' re· a;,· max·imum al 101,.ahk strain ,·,1m(1rc·ssic'n cc1mhination 9f strain,, The' strain must also 

hl'f,1rc· lrac·111rc·. Ir al;-c1 mc·ans tha1 1h~. lcKatic1n ,,f !llaxi- not l'c' rc·versc·J, such as a tension strain (i11poscd on a ma-

mu!ll strain ri1ay Ill'! he: the· fra,·:urc· si~c'. As an ilh1srrari.,n, te·rial ('rc·1·h,usly cc1rqprL'SSc'J. 

the cc·9:rai i'''rti_,,n cif an aut.'I1l<'lil"c" hUill('e·r haJ a r.1unJc·J [\',·n 1dth the'SL' liriµitarions, tlk' griJ analysis sys!L'm is 

J,1mc·-Jikc nose· 1;hich had biaxial IL"nsik s1rains of 5-V:· a raluahk aid f,1r .,·w\.Juating she•c·t lllL'ial formability. 

hy :w·:".. This strain lc·1·c·I (>h<)h"D as:\ in Fig.,;) "·as nL·ar 

l'titiL'al hut had nLll c·a1LSc·d failure· hc'C.lllSc' ,,f the· high 11cr­

(lc·nJicular strain. At :i ],,cari.111 sc111fc·<-·har rc•mo\-..1cl frc•m 

the· <:L'ntral ;1orti,1n "·as a shar;' characre·r iirw 1,·irh a strain 

11f ·I'.:':»- a.:rc1,;; the· ,;har;' riJge· anJ no s:rain·al11ng !he· ridge· 

(jltlint n in Fig.,;), Critical l'c1nJiri,1ns h'c'rc' satisfied here 

, ~rL' metal flc11" mc·ans 111.:tal flc11dng in fr11m thL" flange 

arc·a. RL"stril'tillg 1!1c·tal t'lc1"· l>'ill im:rc·asc' the· s:rain O\"L·r > 
the· punl'h. 
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Fig. G - Summary of fracture strain measurements. Data 

values indicated as dots were obtained from laboratory bi­

axial stretching experiments for various annealed materials, 

punch geometries, and lubrications, while values indicated 

by X were derived fro~ mea_surements of production auto­
motive steel starppings :· · 

EXA\!l'U: l)F GRID Al\ALYSIS 

(1l'l'asiLrnally a prohli.:m is found, such as an auromotivl' 

111stnunent panel motuHin~ plate. h·hich is ideally witcJ 

_for piJ analysis. Certain lots of electro-gall·anizeJ steel 

e·11c'•'i:t11L.'r se1·...:rc hrca1'.i~c for this parr. ,\ gridJ~d starnp­

in,S is sho1"n in l'ig. i; the area ot interest is shown within 

the JasheJ lines. The breakage location is indicated by the 

solid bJack line. An initial conclusion might be that the 

Fig. 7 - , Section of instrument ~nel mounting plate shGwing 

failure location indicated by solid black line; dashed line 

area is .sJ:iown enlarged in Fig. 8 
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meral is restricteJ in the blank anJ that the maxim wn strain 
direction is perpendicular to the failure. 

An el<ami11a1 ion of tlie grids within the critical area in­
dicates L!llitt': an oppositt: cnnuition (Fig. S). Thl' maximum 
strain liiri:ction is uiagon~.l across the flat anu at ·15 Jcg tn 

thl' failure. This is characteristic ,,f t~e failure founJ in 
a tcnsi9n specimen. ~laxi1:1u111 snain values arc· '~o·::. 

along the major axis anu -:;5•;:. ah1ng the minor axis. ThL' 

ratios of thL' 11,.0 s1rad1s arc idc·mical ''' tlWSL' founJ in a 
tcnsion tc·st. This stamping is, in facr, pulling a tc'nsik 
.1cs1 along axi~ A - C. Ikea use the· strain values arL" tL·nsinn­
comprcssion, Fig. G is not af~hk. lloh'c'\'L'r, thL' strain 
is critical based 011 thL· tL·nsi1~n-ct)I11j'rL"ssion curvL· ,,f Good­
win. ('.:'.) 

In <lrJc•r 1<' evaluate' 1vhc·1hcr Jk <'r blank cllangc·s <'an 
~cJucc• frcakagc', it is !lL:'ccssary I<' unJL·rstand rhcc.mctal 
flow. )'artia! Stagl'S of formation arL· nul a\'ai\abk to gen-

) ~he strain histPr\·. The JllL:ta\ 1·1,11~·. hnh·,·1·L·r, can lw 

~~imulatcJ by lorcin).'. ;1 shcc:.tof polyetltyknc 01"t::r the stamp­
ing. This SIIL:L'l of polyL"rhylL'llL' rL'['rl'SL'!11S the· ,1rigihai flat 
shc·c·t ,,f Sll'l'l. ·A serks pf ink circil's arc· srampc·J l'n the 

"·polyeth)'lene sheet to hdp 1·isualizt.: thc Jcfom1ation. T1"0 
Jl.ieces of thick l':lrhoarJ arc cut to the horizomal pro­
fik ol the siJcwall; these Ju11Iicatc the Jic r::iJillS anJ 
lmldd,11c11 plate·. Till· pofyl'thyknL' is sa11d1dcliL'd hL·t\\'L'l'll 

the· '"''' ''c·arJh,1arJ diL's" and thL· l'Llil1j'tlSitL' is i'lllkJ Ut)\\'11 
the• sidewall: thL· P<'lyc·thyk1h'· i> allLH\'c·d r,1 sli;' hL·th'L'L'n 
the carJhoarJ Jks. At thl' hotrmtl po~ititlll, 1hc· polyc·thylcnL· 
l1as strL·tcheJ (e!onga1eJ circles) alc1ng thL· diag,1nal A - C 
anJ L'11mprcsseJ in111 wrinldL·s along B - 11. ThL· polyL·tliyknL· 
modc·I Juplil'atc·s tt1 SOlllL' dc·gn·L: llll' dL·f,1m1a1ion rL·quirL·J 
Ofthl'Stecl. 

The dcf<mnation pattern lJf thL· pt1lyc·1hyktlL' l':ln lw ;.i.na­
lyzcd anJ simplilkJ. Fig. fl illus1ratl'S rhe results. A sec­
ti0n of till' blank A' 13 P Q' is m<~rL'ly folded J,11,.n IL' form 
tlie wall A B I' Q; strain within this area is approximatl'I\· 

~ . 

Fig. S - Maxirnwn strain direction A - C in critical area 
is 45 deg to the failure, indicated by solid black line. Origi­
~ grid pattern. was 0.1 in. diameter circles 

S. l'. KEELER 

zcw. There is, oi comSt.', a bending anJ unbcnJing of the 
steel in this sc·ction as it passes fwm the blank over the 
di°e a11J then flattens Ollt into the \"all.· !-101,-L'VCr, the initial 
and final states m::iy he visualizc·d l'iy th,· flap being folJeJ 
J<l\\'11. A similar prl1cess tah·s place tt' form wall C D ~IL. 

To 1tlai11tain ge,irnerrkal CL'llli11ui1y of thL' hL:ink, rne miJ­
Jle S<'ctiL111 ·A' !l C ll' must thL·rd,1re Jcfl1rn1 w fill spaCL' 

ABC ll of the final t1art. 
r:mther visu::ili;:::ition 1\"ill sht11" rhat lip..: A' - C 1>'ill l'lon­

gate tti hl'c"<1mc· Jiagona I A - < ·, Ill<' axis of maximum c l\111-
gat io11. Fn1m gl'OITIL'tn·, a s1rain <'fl•:..'::. is calcula1c·J for 

iinL· A - C:. This agrL"L'S C:XCL"t'tionally 1,·c11 "'ilh an avc'rage 
srrain c1f l)~l'> l!ll'asurL'd'h,·th'L'L0 n A anJ C l1n the s1ami1ing. 
The tJthL·r Jiagonal B - ll has a c·all'ularL·d strain of<:..'::. 
anJ a m,·asurl·J strain ,if -:.:r;•::.. BL·cause th,• strains arc g(·n·­
L·rakd L1nly t'rL'lll 111a1.:rial being f,1rceJ l<' n1nf,1rn1 to lhl' 
,Te<'ml·rric sha;1L" d1arwc;s in Jk raJii, blank size, lu];>rica-o 0 / 

ti11n, e!t'., \\'OlllJ llt'I raJil'ally afkct till· prc'SS ;1criL1fl1JanCL'. 
Changl'S in ;'art dilllL'llSitins, ht11,"L0 \'L·r,·,,"L1uld hav,: a VL'l")' '\. 

gr,·at dfcct. 

A;1arr frl'lll any gL·oni'L'Uic c<1nsiJL"ralit1ns, rhcrc' remains 
the pwhlem of vari,1us l<llS L,f m::iterial g..,n,·raring radically 

Jilfrrcm hre.:ikagc statisrics. From the previous analysis, 
it can he JL·lL'rminL'd that ihl' sram11ing is actually tc•nsik 
ll'Stin~ thl' SIL'L'I alL111g axis A - C. Therl'f<Hc', 11rcss ;Jer­
f,1m1am·<· J::ira nn thl· various lots ,,f sr,·cl shoulJ hL· in Jircct 

L'L1rrL·lati<1n lLl tiIL' StrL'ldling ability '.lf th<· stcl'l, a> .:·vi­
lklll'L'd hy a StL',·p strcss-srrain curve, a high rensiJc-1,1-
yklJ strL·ss ratit' (TS/YS), anJ ;:i high uniform L'lc1nga1ion. 
:;uch a matl'•;al wou!J fL·nJ t11 Jistributl' rhL' strain more 
unif,1rmly in thL· prc·scm·e <lf a strc·ss graJiem. The• mechani-

Fig. 9 - Schematic depicting deformation mo.de in insuu­
ment panel mounting plate. Two shaded flaps bend dpwn, 
forcing material A' B C D' to conform to area A B C D ,, 
in final part. Average strains along A - C and B - 'o can be 
calculated from this model 
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cal pwpc'rt\· rc·sulrs in Tahk 1 c~firrn the rdariPnship. In 

this parti<:ul •. caSL'. rhe mechanical properties required fo'r 
a succl'sst'ul ;,.in1pi11g arc· noh' c.letermined. 

SUGGESTED Al'PLICA TIONS 

REDUCTJC.1N ('IF DIE TRYOUT - The most opportune time 

to employ the grid analysis technic.iue is during die tryout. A 

simpk, sihgk. blank test h'ill idenrify crirical srampings. 

Efforts can rhen be dirccr-:d ro1,·ard reducing the peak srrain 

by rt:distriburing t}lc' strain more uniformly throughout rhe 

srami1ing. 

\!any moJificarions can be made to the c.lil: and blank 

geometry. By numerically comp~ring srrain Jisrributions 

measured from finc:ly gridded blanks formc·d before am.I after 

the modificarions, much guesswork and opinion 1>1ould be 

remo\'cd. Somc·rimes modifications unintentionally increase 

rhe peak strain inst.:ad of reducing ir. This result and othc~r 

effects of changc·s may not be ohservable without grid meas­

urements. 

/" Progress made during Jie tryout can he quantitatively 

~ recorded. Some master mechanics carry portable electro-
l -

ch..:micai marking units when visiting various die shops in 

order ro evaluate the current conditions of the dies. 

Finally, numbers are available ro substantiate requey: . 
for engineering changes. I( rhe best marerfal available hows 

a.critical level of strain, then luhrieation and/or die ch ng:s 

are rhe only available avenues remaining. 

SPECIFICATION OF .INITIAL MATERIALS - Analysis of the 

circular grid is use<.! toe.lay ro specify properties (or a commercial 

grade of steel) for stampings. First, a rrial blank 1virh a 

grid on the surface is formed into a finished stamping: ten­

sile properties are also obtained from a second blank. The 

maximW11 or peak strain in rhc formed stamping is· meas-

, .. J 

ured. lf this peak srrain is 1vl'll helmv rhc criric'al srrain 
lcvc·I shcllvn in Fig. ti, the mechanical pwpdtks of the· trial 

blank arc consic.kred to be the pro perry specificatio11s of the 

material. These properties, in tum, inJicatc the graJt:: and 

c.iuality tLl :'e usc·J. If t6e peak strain in the stampings is 

ar the' cFitical kv.d, a matl'dal .l'lith a highc·r tensile-w­

yield srr..:ng.rl• rario and uniform ~longation is suggesrcJ, er 

Jie and press variahks must be changed. 

Emphasis must be plaeec.l on knowing tht: propertks nr 

qualiry of the blanks useJ for th..: circular grid test. Small 

changes in propertks can crt:~ 1Videly t.!iff<:rcnt pwss per~ 

formances: the same ;1rnpds'fy changes also affect thl' strain 

dfstribution. One, rherefore, must identify rhc measurc·d 

peak srrain ·and strain distribution with a given sec c1f proper­

ties. The rcsr blank must be identical w rhc• steel inrendcd 

for the specific joh. A blank with Jiffercnt propl·rtks ,,.ill 

have a c.lifferent strain Jistriburion anJ will rcsponJ differ­

ently in the press. 
Similar tests can evaluate lubricants. Each lubricant is 

used to form a gridded blank of a standard material. The: 

lubricant which shows maximum reduction of the peak strain 

belmv the critical strain level is•thc best--econbmic factors 

being equal. 

MONJTOR PRODUCTION RUNS - Die con<.litions often 

change <.luring an exten<.leJ pro<.luction run. Optimum <.lie con­

Jitions may then ·vanish, causing the peak strain to a pp roil.Ch the 
critical kvel. .Pcriodi)!checks would forewarn of rhc im­

pending Janger. Altefnarively, rhc peak strain may move 

away from tire .critical strain level to increaSL' rhe safety 

fac ror •. 

"The safety factor is tai<~o .~~c rhe difference be1wc:en 
rhe crirical s1rai11 level and r ·actual strain level in the 

sramping. '}safety factor of 0 'nclicates a critical stamping. 

Table 1 - Physical Properties of S.ampks Used in the· 

lnstrumenr Panel 1v!ounring Plate 

Per Cent 

Per Cent Yield, Tensile, TS/YS Elongation Rockwell (a) -(b) 
Breakage --2:!._ psi Ratio in ~ in. B n r __... 

0 L 25,500 44,500 1. 75 44 44 0.'23 1.80 

T 2G,HOO 44,HOO l.G7 43 44 0:'.!3 

50 L 2G,500 42,000 1.5\) 4'\ -. 43 o.~~ Ul~ 

T 2K ,500 45,000 1.5H ,41 43 0.:2~ 

100 L 31,500 v 45, 100 1.43 41 47 0. '.2~ 1.50 

T 34 ,600 46,000' L33 40 48 0.'20 

~ 
(a) 

Calculated by the Nelson - Win!Ock method. 

(b) -
r + 2 r + r 

r = u deg 45 deg '.JO deg 
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Sometimes sudden hrcakage occurs and it is not known 
whether the matcria.1 or die has changed. By maintaining 
a library of standard m·aterial, a "check bl'ank" with a. grid 
could be rapidly formed and measured. If the strain di~rri­
bution remained the same, then the tools most likel.y did . 

not change and the material would be suspected. If, on 

the other hand, the main distribution had peaked to a higher 

strain, then tool or press variables should he investigated. 
This 1vould he especially helpful information when resetting 

tools back into a press after removal. 

Experimental steels could be rapidly evaluated with only 
a few blanks by comparing the strain distributioo obtained 
from the experimental steel with that fow1d in the produc­

tion steel. 

SUi\IMARY 

l. Current formabiliiy measurements derived from fund_a: 

mental and simularive tesl dara ofren do nor correlate 1vi°rh 
press performance results. ·The formabiliry value obrained 

i~ usually influenced more by rest procedure than by the 
quality of the material itself. Amounts of stretch and draw 
in the stamping do not always match those of the formabiliry 
resr. 

~- Strain .distributions and maximum strain values are 

measured from a grid-type pattern composed of small di­
amei.cr (0.'.::5-0.05 in.) circles, 1vhich indicate directly the 

princi ral (maximum) strain direction and magnitude. The 

grids arc impr~nted on }he blanks by a rapid and accurate 

clccfrochemical marking system. 

3. The grid creates a visual display of the high strain 

areas,. which can provide a clue for eliminating_ failures. 
4. A failure analysis can be conducted whieh will indi­

cate the proximity of a stamping to failur.e. The empirical 

failure criterion is the larges! allowable (critical) strain in 

ti1e surface of the sheei. The level of this critical strain 
· increases with increasing surface stq1in perpendicular to the 

largest strain. Failure is anticipated for strain conqitions 
above this critical level. · 1: 

5. The crirical strain level is presently limited to an­
nealed and lightly .skin passed steel, copper, brass, and alumt-o 
num subjected to tensile-tensile su.rfacc strains .. Studies are 
being conducted on the effecr of cold work and on tensile­
compressive strain states. 

G. A report of an instrument panel mourtting plaie illus­
trates one example where analy~.is of the circul.ar grid pro­

vided a solution to the breakage problem. 

7. Strain distribution analysis may be us;ta ro detect 

critical stampings, reduce production breakage, monitor 

·die modifications, and ev.aluate materia 1 specifications. 
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