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J..BSTR.ACT 

',!e thcds n.re described for r eproducing the conditions existi ng iu tl-,e 
'.,r a :1si. r,ion ~one of a weld by hea t ing smul_ samples to high t a:npf3r a tura s qr.J 
·tu~w":,in5 in liquid baths . The heat treatment, called 11we ld-quench11 i n t.1a 
:'er,vr ·., i ives fa i r r e producibili ty and for i nd.ividuE.u materials quencrmd, 
i:; u,:;•_lal.l y within 90% or be tte r o f attaining the uaxi.itum hardness in : nc 
r_n_,.:.::;i t i<..';n zone of ;qelded plates. Further pc:rfectlon of t echnique and 
e,·.:.1f-:::er: t , e s ,:l~cially au+,01:iatic t,emperature control M d stir rlr,~~ uf t he 
~·:er.:::~i __..,g bnths , 5 Lves ~r o:r:iS•J of improving thn r 0 s u.l ts ~till rur :.!':,➔r . 

S.Xac t ",c .:ipurature-ti:nc c urves for the thcn--ml ·;y(.;l<.: undcr -·onc ~1✓- rr>:: t:i. l 
t .::o tra~si t i on zone h:<lvo be•.:n C)Q•3rimcnr.ally de : ,~r ,,i in__,d, it i s ,'ol i evcd, 

f ·;~ +..,!':~ f irst t lrr~e . Seller.al curves f or t!:.i c the rnn.l \.-yr~ l u Hr... ~ :' .. ~, ~n ted . 
>P S'.1t::::;es tion ls made t r.at :'urt ;1er i nve s t i eot ion o f ur.1ie n , ui , e 'T it.lient~ 
c,r: ., u .~r:nal r:ycles for vari cus degrees of pr ehc1,t ) r:•eeds ,)f ··,,>'. U" <-: and 
:vr: ·"t: \' l a te m&ss ·Nou.ld be desir&cle. T'h'3 re:a.Ll.ts of tmch an i ri •,c._:::::; ,,.iga tio:·, 
,::-0 . i '..iualic:ed. u s the dete r mination of mtr: ir.ium preho~ t and max.L.:u.,:i tt:..: l.d inr5 

_; ;;ct',.: :' r r,m •.he vr1lue s given by s£unple"' of t he mate ri;li '.3 subjecte:.i :.o we l d 
j . w..:r. cri t e s : s . 

i ~- i J ::ie lleve<J to oo t.hc f ir2t : LJne in t.:11:l hi st,or:: o f ar :: ,,-:!lding tr.r, + , 

~ ;-::-10-J of !"rcra r~ tr<.:a. ting h a~ ::;.ccn prcs.:?nted which r ,:1,r od uc~$ :.;ynthcticall y 
· \ e :11e tEt.l i.:l tho t rru-1si tion .:ono of e.~ a.re welsi . ':'hu :.wn-e no v0 l ty L; c l 1:1 ir:ie..i 
:·-:,r ':.:'d.J carves of the wclc ing t.hcr:nal -:::ycl c . 

: ~.e ooJectbe 0rig inrLU / ~;e t tJ:r the Bureau of Engir:eering ;,1hen t.he 
, ro:-ile:-: was ini t i a ted i s bel l eve,:: t,c ~ave been reached ., thus muklnt: possi o.l.e 
:; h:t :J,::.i:-,,a ~.ion of we ldabil: ::.✓ of v;,. rious steels v1ith ..'! :3 imple ..J uenchinp; tc::;t 
;,.:~i.:,; ca..., be made 5t t l ow co::;t. The report describes r oscit.s whicr. show, un ­
·;ue;;t i onably, rJ,".t :,t e e: l s o f good wald.a!:-:ili ty con be picked out '1Y tes t ~ on 
t i.e •,w•lc: :;uench samples a :, -,;e ll as s teelo known to offer diffic ul :y in 
.~':)~ :.\.':~: i.l!',le~s 3pecially +Jr Ga :.ed. It is ec.1sily .vi thin tho pr ovlncc of the 
:e_ : ; er. .fa t;lo values of· per c~n t hurdenabili ty and absolute 1:arun•~ ss increa.s~ 

~•.: ,:;~·t e.i n cd from the tm j r ok2r1 r: :--1ds of the iJ~pac t samples be! ,,:r•J a t1d aft:Jr 
~-,, --· t , e<1 toen t.; t hus t!".'.i en U.ro inf ormation c1 s to weldabilit:,· 1;1c.1/ bo obui. i n ,,d 
,; __ ·_: , _. ·_. t :•,,s:. r : t c a s ingle .v-e lding test. 
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K.Nmm FACTS REAR.ING ON THE PROBLEU 

A. Literature Sources 

7 . 'Ihe French art.icle by A. PortoV'i n and D. Seferia.n re.ferred to in 
'.JRL Report No. W-1258 has been translated b-.f t.ha writer and appears in the 
appendix . A review of the 11 t erature on the e£fect or thtl welding twat in 
tho tronsition zone is in preparation. 

2 . Experimental 

8. From the resea r ch rcportod in NRL Report No. M-130) it wtts ln-
di t:ttted that the average grain size developed in a hal!'-s.lze ( .197" x .39411 

x ..- . 0") Charpy impact specimt:::n, heated for 1-1/2 :ninutos at 1400°c., was of 
ti fair order of tt uo:::ont with the ::ia.JCimum found in the tr.'.Ulai tion :.one . The 
jupli~~tion of microst~ucture had not boon considered in previous r c~t~ 
sinct:: the res&arch had no~ yot devolopod s sui t&ble qucni:hing cycle to re-­
prou·ice in the qu~nched sar.1ples the :!lA.Ximtllil hardnes3 of t.he tro.nsi tio:1 z.ur.e . 

9. T:-ie quench tests reported in the previous report were J:3ade on 
I te.:.iJ l nnd 2 with carbon . 17% and • 25%, respocti vely . Both steels are of 
l ow ,.firdenabili ty and quenching in air 1:.as sho m to produce a hardness 
sli -'ht.ly int'orior to ca.ximUlil transition ~one hardness f or the items . 

~. i,,:!l.1 C,ucnch Tests 

W . For further invtist.i5tttion of tho .-1ut!nchiI1f; cycle t,o duplicate 
:.rms~ ~ion zone hardness, Items ; and 22 were eiuenche\i froru the high tempa:-•i­
t:.ire r:.nd later Itoms J, l?, 18, 19 anu 24 -rere included when the research r,11 .J 
in~icated a suc~e~sful direction for the quenching method~ used. 

ll. Ths first tvst made wi :h the half-size Cha.rpy sample Y"U3 the: .:10 t ~r-
min•1 ti0n of the ~eating !Uld cool.ing rote for an air quench from 1400°c. A 
P~,-P:. ?.L theroocouplc wa::; pushud into the bottom of o. ~10lc in the ::iide of ths 
s a~ple, item 2, terminating in tho c~nter of i:.ass. Th~ thermocouple wire~ 
were in:ru.lated over the entire: l ~ngth . The e.m.f. of the couple was d!:t.0r­
dned :m a Leeds and Northrup potentiometer, while ho:-.ting t o 1J70°c. ln the 
3toel block and durine air cooling . The readings on the steep por ~ion of the 
ctu-va, Plate 8, arc not obtaL'1ed us accurtlt~ly as du.rin[ cooling, but t h0 
: 1.w:i for Liie sample to reach furnace terapera ture is eu:;i ly defined. 

' 
12. This test established the accurncy of t.he p·(.;dictlon made ln ti1.;, 

riruvi0us report that 1-1/2 ml.nu t.0 s heating in the s t0el block woulJ be r e-
1ui red for the srunples to r \;.1ch furnace tamper a tu.re:. ,;,, ti~si~ for s ta.,,.idardi i we 
suns~quent quench tests at 1-1/2 minutes in the furn~c{; ?t·1 ,g <-.hereby provi i~d . 
Th,, next procedure was to atte:npt to incrc:i:: so the hnrJ:1..::u of th.::: S~1lp L~ ,;; 
b:; ~uer.ching in :::. olnst of i..ir. Thls w:1s u.ruucces.:;t1ll due to i ~ i.tlon of tho 
~;:_r!.plc. J t.hur methods of qu(;nci1lng in carbon dio .. :l:.ic -:.:_'1...i ~t·Raen two ~o U, 
:, •.~.., 1 pln tes were also unsuccessful in r~ i~.ing the ha.rdnc i,: . 

13. The next step w·1.::; the use of quenching bh ~h::., r.w.intainnd '! ~ 
co:1:1tant teJ:1peratures . A lead bath quench and other quendu.116 b~t,hs o!' fu~cd 
c-1u:,tic soda (NaOH) were used, the latter be in6 intr0<-:uc•• ·l in order to over­
come the d..isadvantages of the lead bath as regards oxidt,Llon of the batL 
s urface, 3dherence of & lead film and drops of le~d to the sru:iplo, 4nd also 



t o pr0vi de ,, less d r astic quench. For quenches belcr. J l8°C. down to 185°c . 
.,, 1.0 Mol per cent addition of KOH ~as made to the NaOH .in order to br in.g :lown 
the melting point of the Na0H (JlB°C.) to 185° f or the K0H- Na0H mixture . A 
fe·n quenches were made in oll after a firs t quench at higher temper a t ur:J in 
the NAOH bath. A final series of .quench tests was made with throe samples 
of e1,ch i tam quoncbed under the same condition (Table No. 3), the condi t.ion 
bcir.f de~crminod by the opti:r;um roaliz.a tion of the objective of transition 
zono ~uximum har dness in previous t ests of one sample edch (Table No. 2, 
r:arts 2 and 3). In t hese final tests there were included several c oC!lllorclal 
5~~el3 especially designud for good wolding properties in order to determinu 
co::µarative l o ss of impact value with heat treatment. 

11.. It will be no ted that the report covers que"ich tests for three 
types of he ating: (1) in the grap!"Lite resis~ance f urn.ice as wa.3 done for 
!>amples t.reated for t he previous report; ( 2 ) in tr:e Ha~ro:::, Glo~ furnace 
·::hich beca..':'le nvsllabl.:.: through purchase and in which Sfit:plE.:s n(:re first hua tecl 
in u steel block mainu::.ined a t. furnace temperature; (j) in He.y~s, Globar fur­
r:•,cf: without the: use of a steel block for huating. The latter wa s d12clderl 
u;:,or. when i t wa s fotm-:i t:1at the steel block rest.int:-: on tb.:: Carbofrax huarth 
·.1•,s r :cnct ini; ~ith tho refractorJ . A test wi th a No . . W J!iuge Pt-Pt Rh 
:,hermr.;,OU?l G i ndic..i t od that 90 soconds wert3 ug:i.L'1 requir...: c.t to i1oa~ the he l f -
;; L ::e ~~i.::rpy :o 1 350 - 1365°C. 1 t i s believed that in thu case; of ~ou t :Lt1g 
,·.~.m;•l ,;;s .:.n t.hu ~r:iphltc res istance furnace the efficiency of he,,ting by 
r ,,c i.l! ~,ion v.·c!s L:!3S t h.:m in the Hayes f urnoc c using a pr0tectinl .:it.-"!lo sphcr,. 
on t, h? :::,rjurii ing :.;i de of ncutr.J..l ( luminous f'l,1me), tr:e::-eby e:q.,l •!inln~ the 
:· ,c • Uu:; t in the l:Jtter c:,~ie the steel 'block vfftG unne~es::::1r:,,·. 

l : . r met:1od w·is t.hcn J evcloped for Je term.in i.n~ the thenrv.l 
:::,:: 1,:, for the weld t r ansition zone during t.i1e ,,cl d ing (,p,1rntio n. ,~ Pt-P1, :Ir. 
t. .,:.Jrcocouplo, No. 1.0 5nugc wire, w:.s spot 'l:eld-1d i n~.o ·. : m.-o drilled ~:oll, , 
r,0 ; · bt~f:"J ni th r vspect to the weld t,hut t~:~ oo~'.i or t he t.hermocouµLe ,.,:::s l !l 

~htc: t . .:- ,.,r: s i t.io;1 zor10 .08" bel o·,., the pla.tc :;urfrco. Two ;:latcs of ltc!ll 22 1..1, •l 
·A l , o:~ 1te,:. 4 'f'i~)rc- ...-o l de(j 3 t 6 inches 5. minute, us LYJe J /16'' gr:id r.3 El,, Cl n s s 

:--1,~ct r odo~, •~t 180-190 wr.pcres ru,d 25-27 ·1ol t..,; . 'lh...: ch~:ngc in L mrx:r a tur{: 
·i :· :. :.r, t.hermo.:::ouyle b.-::ud ,m.:.; rccorJod on ': moti on 9i.ctur, fil:n i n t ~u c ·.:,:cr:.. 
• •, t: i.rn· ; i.c ture:; of h ::i.1l1ivolt.;:1eter cunnected to the cvu:,le. The f ilm:,; vmre 
·je•:•· L, ;;;, : !ir:.J me t er r ead in6s obtained frOCl tnc projectlor:. of the p1c~,ure~ 
,,e r :, i-:.1t i n. to U:e -:11.r:r?s :.;homt bel ow, Plates lJ,14. ?la t.e 22W5 -1nci 22i¥6 were 
t::, ~, · ,:i.:: i 1. -::cii to find out ,,·:-ie:re t he bead of the thcrmocouplo r-a s at the 
~ • . : _ :. ::-. t ..... mp .. : r a:urE: w'l.s r Ercordud. 'ihls was n0ccss~ily t: ?QS t Qortem 
01•:n r:. L J:1, s i nce the cou;-•l..:.s v;ere oritinal.ly positioned ~o as to be .OJ - .O j 
in ··:,".: Cr o;;: tne fu:.iion line but due to w-arpage of ::.he elec t rodf~ or other 
c •~' :.:• . .., , t::e travel Wf.1:.:: sUg h t ly off center . The posi ~ior; of t he fuslon line 
of :bu hl.'0•1e ::.,a.oples .,,~s predic t ~d by mappL'le_; out t he we ld contour of a \\'J 
'r.'f:l,; .;nmple which ...-as of ti,e same oaterial proviously w;_:ldod undor i den tic:al 
--::or1 ! i •, i on:... 7he re~u.l ts o f t hu sectivni.ng of t ho sa.:iplv~• after wel ding urc 
·.ii 3:·uu.,,.):J bu1ow u."1der t ~1G !l£: 3ding of "fu ta ObWi!1t.d11 • 

i'idJi.:1g '!'es t 3. 

U:, . T~ie we ldint: tc5t.,; he.re reported we re made i r: a ccordance v;ith t ho 
:•:..1:,,.h :-1:i de~-:riucu in l~~ ?..epor t No . ~l-1303 ; e.g., p l a:.cs 6 11 x J'1 of vt-.. rLou :;; 
:Lickne :.; .; ns : .. iiw wn L'1 T11: ,l::'! No . 1. Th,.: pl .cit.cs o.f rol.LeJ :- tceL, 1'7erC! r-our :-1 
·urf!'!caci to r emove sea.le and woro ,vel dc-<l with a bet.d '· l on f t he 611 leng th in 

:.ho :cLiddle of the plate. ln ell cnses , t h o )/16" br r;.cu·1 EA , C1-as~; 2 , hcuvy-· 
r:oLJ. ted <.:: lcct:rodos lfare u~ed 11i th 180- L90 amperes, 25-.i.7 \·ol ts, & t, e. speud 0 f 
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of the materials weldod ::ihown below, page 
'lre sho.,-n in Plate l for a oa.gnific!ltion of 100. 

L7. Prc.'-ress.1 ve h~rdness :.-urvey s 1iere made on a 1/2" oection cut 
:re.~ the welded plate , trans;."erse to the bead, at a distance of 1/2" be •ond 
t.i;r, middle of tbe plate t oward the ~r'i ter ,;her e the weld was co.:ipleted . "'he 
!:ections were polished, etchod, and indented with the dlruoond wrruaid t1t 

~ l ~ad of 10 id.losr-runs, aJ ~as described ~1 Report No. Y- lJOJ . 

18. '!!'la IDBt.urla.ls used for tho mas!; effect tost::; were I tr:ns B 'Uid 
.. , . ;-': . 1 - l,'2 '' a.'1d 1-7/ 8" Jriginal thlcknesc, r t!:Jpectivoly, whic~ re cut to 
n,:· ,0us trudm..:.J:.,es given i.n the do.ta below. The -.elding toBt:. on the:.e 
:, t :ir.l!J .,,ere :r.ad-3 ;;o f!S to de?OSit a bead on the outside face of tho origicw L 
:. 1r 1.: . ev>=r:,.; ~use . The ?i1,tes w•Jre rough surfaced to roC?ove scale he!'ore 
~-n l l i..:·.;•. 

. ' ........ ... 
rne pl!-t.e ..., ,.)f 

L~ .. s to,1 ~urf,i:·cs 
:":11: , .'·l~ -'•.L"t.l ~u..-f:-tC•...;. ·;::L' 
:l; .. :"'~ .. , ... J .. ~o .,-ro/i -:: :n.ree 

:~-: J ~ - :~i~-: -----·-----

..;:1~-: ~: tenl, approxuuit-ely J/4'' t r.ick, were ::-u~pliu•~ 
.,:-:it.::. wBre cles.ne-d with G C L1 and ·."elded on th~ 
~l .:i te., .-.. ~re originHll,y co l.it t0 6u x ?" si 7....: 7,r: ich 
}" x 6" platus f"or welui.'16 tosts. 

:·!1~:.o ' i , . ..•.::;;.- ~:-:~us t1:•: rc~ult., o~·~ :.ne.: i:1 t.r.o hardness 
.,r. , ,_; .,vc-. .. . ,r,,, ·•11:.. f,oir. ~~,e J" :x 6 1

' f,<c;L!:..!J r,lat0:, . The r •.;u.lts !"'.:-

,•.--; ·· i- :•1•r:1 ~, . ·· , :., .•1i , ::(;., J:1 ..... r !) fo r ma:er-i :, l:.; lt v.&::i intenderi t,c; Ln--
• • 4 ••• .:. • • • .-:.• ! :-r- .• ,._ ;-- ... ; ,·r~ • ,;• -,.~.i~:. •ver e re.:e1.·,r ,j too l ate . I .vill t0 

·, , ,.,: ·. ,:. · :•,y l., . }dO .. t:.i6., .i ~ less thb.n •,hP. ·tar.<l!,.;•d, 1/..2" th.id·-'1e.;s 
:· · ··.t: ·t;,::-- ·,;,_l ii r:,; tesL: . ·m·1 u·.c hardnc :.;::: ·,alu.es t7-ivon in the tahle ::ihoul.,l 

• •· ~ _ . ,: .., 1 -:'J :.,:-~- .·v~~~~."' :.e,: p1"1): i b.:.c Vd..li.!c • i.11 tt.:"cnt.hcsis, .1hen coc.p,3_rison: 
... , ··J :t: ,, . :''ir· v·,L:-.., of :- r .,i.,t. b.le:, i1la.:r.l:i:n.:::. :1ardne~.s tor ltem ,~ wa _, ob-
·- :r :, _:. •. ~. ·,e r•f.LX'fa:._1, l to t.ho l1ncar c-w--,c of hurdnu::; s vt:,r:;u::; 

-··- · .'..:, •. · · ! ':;:.~.: '. o, Ito.:.:-< , "lu te 11. All corrt:ct.eJ value~ for Item 4 
, ..• ·, c;.:T1,· J tr:;-,:,·_,1· :-1 :~r01.) tne c0rrcct..ed !Il1iJCimll.'.:.l !w.r:.iness and t1re g iven in 

-: . :,o . 1 i.:; · r.r• ;:r:..rcnfre~es . The value 5 lven in ittblc No. l for ~.el•..: r-.ai-J 
~. · t ·: • • •• <:. .·.•1x :,,_..c.-. for ·,n.rcu .i.:1 10.n:s in the weld a.lon~ t.ne 3b-!!le llne ••~ :.he 
.: :,! ' !. : : : -. t ' .e !:.,n:;i •, ior: i on~ . One indent v:as n:a.dc in the con t.er of tr1e we l •: 

, · ·.e r· : , .. ci~her .11J':! . '.)~ "'..o . 07 inches froi;:. the funlon line. 

:~1~ •:ur·,e;:; .,hon.in,-' pr0grossive ha.rdne.;r, vn.lues aero::;:; the transi ·· 
: .. ·. • •,!'e i•i·,i::,, f r; r t!':! 1/,: b _-::;: ;,r.iL'~: rolle-:: :.;tcels L'1 Plate 9 . The 

:.:~i.r ,•; ~, :·,,, ::ia,~, ~f:~r:•, :.es i., :-.,_re 11w--po ~.;cly f,lot"c,J cl"::;c toge t.t.ur i.n ? ~ate 
~-, i.:·. or '!,1:- to b:-inf' r>u-;. t::c ,:: :,ct ;;gc i.11 (;Ontour witJ1 -.-u.ryin~ t h.ickno :.H, . Hard • 
···-~ ·.,Jr .. .:. ·-~i.,·::-.es-· .:•1r--1ti :· !'or the on:.;s ,;f f(;c:, t.e~t~ u r e p,ivor. in Pl:ite ll . 
>"t· •,,t;l·: in~' t.·J •·or th-~ cc.:; t. .; t,(;:c l s v1~r ,:; m.s.de in dupl1c:1t.e and are repo ,· tu,i 
,:. T-1,lf: :;c . } '. O: •; !\ '•:: · ·, :.t .7.:.· i~ :-..nJ :.he :l\T(:J:· .,e') of :#:,0 tl'"O tests . Tlit.: 
, ;:-.,,_-r,•_: i. ·.-,-. : ,, ::.·. ·;ur-.;,!. ':. .:-e ri;1e~ tor on Ly one 0: :.he duplics.1,1=3 -.:-·,sL :3t,c;=l 

... • :-- .1:. f< ,,. : i :, \:~ •r.•1 •_-;,,, ,~urvc.-; ·:.e.:-P. p•a.;t1,::-:.lly ali.ic'? on con:,,u;· . 

r.: : t·· • , . ':' • · , i! 
·, ;- ;• i / 111[ ' ) I ,-

.. , .... ~ .. , .. _c.L ~~ ... ·ir' . :..!en1::1i~"1[ :~:..:. :-esult.:..; fr,r r:-.e ::",i~· -
• "' • ~ '.I, 1 1• 1 <f' ,:__. ,,. ~ ' ') r ".j • f 1 , ... .-,. r• " j / • • t C" f ... p"\ , ~ I ,. ·,, 

, , .., ,., # •> v .• t,C: , ... ,.lt.'C. •-•...U V • • J.r , - ~, <- m.1nu.e.., nnu : U-· .1 -,.,\! • 1 

_: :.t--,, ,,:- . ".'nc to:,le i .: .i ·:~ i1• l ~hi.:, se, ·eral µ:1rt: l'>'!·j,~" 

ir.~· .. __ ; tit~ t.lo; FA-gsed Lr, 
~h~ t~h l2 . 7~~lc ~o. ] 
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CHFltlCAL ANALySES -
I 

I("\ 

Item C Lin Si Ni Mo I 

OJ .)5 .68 • 23 ( Silicon killed , plain ca-bon steel , rolled . 
4 .44 .65 • 2-4 ( 

- 25 .19 .40 . 18 ) . 6) ( Hough f or~•ed , Nj steels . 
26 .2) .48 .19 3. 55 ( 

J5 .27 .69 , 20 :! .Jl ( Ni stool , rolled. 

Mass Effect Tests 

B .26 .64 .20 ( Grade lit , nul.l pla to, 1-1/2" thick. 

36 .27 .69 .21 2.JO ( Nl s tec:l, l-7/811 t hick . 

Cast St§els 

51 • .31 . 55 .42 ( Cast stools . Casting 611 x 911 x 3/4"• 
52 ,14 , 54 ,54 I Ho ,te-d , uftcr casting, to l600-1650°F. \ 
53 .26 .6J ,413 ( f or l hour, Rir cooled. Roh lJ. t1,rl to 
54 ,43 .61 ,44 ( 1200"F . , h,:ld l hour and furnr.c1~ - 55 . 25 l.26 .6,. ( cool..:d , '.Jurfoces of p.li: tos were 
56 ,40 .73 . 48 6., ( sn.ndbl(.st1..d . . .-: 



summarizes results obtained ey quenching three sampl.es of the same item ac­
cording- to the quench procedure of Test No. 5 ot Table No. 2, part J; bare 
the extent of rep.-oducibility of impact value and hardness is indicated for a 
seri es of samples. Table No. 4 takes the values of impact for the quenched 
samples of Table No. J and compares them with impact value of the original 
material in the "as received" condition. The values for per cant of original 
impact after heat treatment givon in Table No. 4 are of primary interest in 
evaluating the weldability of the materials in terms of toughness, together 
with valuos obtained f or per cont hardenabillty and absolute increase in 
hardnoss. 

23. Tho curves of Plate 17 summarize all the results on hardness sur-
veys of 1/2- inch thick welded plates of rolled materials invest.J.gated thus 
far • . To draw these curves t he data obtained in the previous partial report 
were used, together with tho data on additional steels included in tho present 
report. The chemical anal.ysos have been included below the curves. 

24. The photomicrographs included in the r oport arl:3 indexed on pogo 
(a) and mny be reforrod to for the microstructur~s shown. 

DISCUSSION OF RESULTS 

(a) Facts Eatcblished 

25. Tho data from the thermal cycle curvos, during the welding opera-
tion, of Plate 13 for samples 22W5, 22r,6, and /Ji5 a.re of prime interest in 
establishing the heating and quenching rate of the tra.nsition zone in tho 
neighborhood of t he fusion line as summarized in Table Ifo. 5. The heating 
rate of 11 to 11-1/2 seconds to reach maximum temperature in the transition 
i.one for a 1/2" thick plate i~ easily s oen to be i.mp-0ssible of realization 
for the i70ld quench by the present method of heating the samplvs in a furnace 
maintained at tho dasiroo maximum temperature. The source of heat for the 
transition zone, the arc and weld metal, is at a tempornture around 750<J°F. 
and thurefore this rapid heating to 1400°c. is possible. Other methods of 
rapidly heating the half'- size Char:py samples that are being considered for 
future tests are high frequency induction and high amperage resistance heating. 
However, the information obtained from a comparison of impact values as re­
ported in Table No. 4 may be sufficient to wood out all steels of poor weld­
e.bili ty w-id indicate realtive merits of the welda ble steels. 

26. The maximum r ate of cooling is shown in Tablo No. 5 to increase 
with the ma.xi.mum temperature attained for the duplicate tests Z2W5 and 22fol6, 
thus checking the theoretical results of Portevin and Seferian shown in Fig. 
20 of the translated article in the appendix. However, the cooling rate 
through 725°c. is less for the part of tho transition zone closor to tho 
fusion line by .02" - .OJ" {22W6). A.s a consoquenco there is a change in the 
slope of 22W6 at 625°c., presumably represantin~ a tn.nsformat.ion, while in 
22W5 for the higher rate of cooling through 72':?C., an inflection point shows 
definitely only on roaching 410-400°c. See Pl.at.a 14 for curves of tempera ture 
vs. log. timo. This le interproted as indicating that tho nearer t ho tro.ns­
ition zone o.rea is to the fusi on line, the iaoro rapidly and eff~ctivcly does 
it respond to the wi thdrawal of the arc in its travel, giving a higher iniLi~l 
r a te of cooling. But also, the nearo:r to the fusion lino the gr~t.er is the 
retardation of cooling after the initial drop, due possibly to (1) hea t 
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tra·1eling bock from the arc, (2) heat fro::1 cooling weld metal, or (3) 
blanketing effect of slag coating over dopo3it aroa. 

27 . This brings up the question of the cause5 for the flattening ou~ 
of t~e hardness contours plotted for the progressive hardness surveys or as 
occur~ in many cas~s, a greater hardness being obtained .02 inches (approYl­
matcly) from the fusion line than im:ncdiately adjacent to it. Th~ l ower 
cool~ng rate th.rough the critical point f or the material .02 inches (appr0ti­
i::i&tely) frot.1 the fusion line would oxplain the occurence of maximum hurdnosn 
at. a distance slightly removed from the fusion line (see hardness contours 
plo~ted on Plates 6 and 7 of previous report) . This has previously been cx­
pl~ined in the lit€r&ture on th~ tx1jis of diffusion of carbon or alloy into 
t,hi.; weld motol • 

.28. It ::;hould be noted that all quench tests in Table 2, parts l and 
.. , -.,.,1re made proviou!J t.,o obtaining t re thermal cycles for the actual w.Jlllin5 
op(,rt:s. tion . 'i.'he con<li tj on$ of the tos ts wcro progro:;s:i. vc; ly changed on the 
b&~i~ of rosultc oot&lned. o n examination of the micrographic fe~tures of i hP 
~uenc hed 3atnples ~s conparod with the tr~nsition zone of the correq,ondi~6 
•;.,el-ied materi.Jl. Psrt l of Table No. 2 gav~ convincing evidence of a quonch.im; 
rllte in tne ·,·,old t,runsitic)n zone such thnt S"Leols of hi.;hor carbon or alloy 
con ten•. would ha·✓e h split transformation an~ if the tr.<J.nsforma lion .,_ t -:.h~ 
hi~hor tempcru ts;rc. were no t dol~od too much we st.ould axpoc t to finJ i:1 th<· 
t.n.-11~1 t...ion zone products of both the high en<l lo.q tempura turo trun.sforma t i on . 
F..xolll:ination o: the t ransition zono of 1 t,om 4WJ g~vo proof of the spll t t.rans­
:',.,rH••, t, i nn (carbon cont.ant of .w) since ooth pcarlitic ei.nd .:,cicu.11.!r tranz­
:·or-:;;:.-:.i cn , -wuc1.s were :ound. The tests of Tabl1.: No . 2, P1.:.rt 2, ,-.;ore th!.:n 
w.'l~r; .nd l t can be ~ecn that the correct cooline r~te tlu-ough the upper c.r·m:> 
for~LJ.tion rnnge had bsan attained and that the correct cooling re.te througli 
.. ,:-16 Lov,er tr!:iilsfort:2ati-:m ran~e -;vas being approached . As soon, howcve!', 1-..s the 
.:;u, :1~;--LL"lg cur,e:J for tllo 22Vi5, ?.2W6, and 4'fi5 sampld~ were 1-.1V&il&blc:, it bc:.;nr.ie 
~·.:i.Ji,nt thn"t the lower tra.nsformation-cooling rate lilUSt be loss dr.::istic. The 
t0:;t;., :nLtde for T..i.blu No. 2, Par~ 3, then followed, the choice of conditions 
~" i :,~ 51..l.pporu:....cJ. 0:1 fnc ts cst.:1blishcd in previous quench t,tj st~ , :nicrogru.ph.ic 
::1 ·,uJ .1. .:!S of -~uen.:!hc:i and wolded samples, and in tho thc-r::l:,l c:,cle: c urves for 
tnu ;:elds. 7H tn thf;) prtictica.lly co.:ipleto success ob¼i.ncd in Test 5 of TJ.blc 
:10 • -~ showing t1.l.Jnost 100% at taiamont of thu objective f_imcd at (with the ox-
,2er · ~on only of Itom 2;. which is discussad l a t.Dr in tho r e port), lt was '.Je­
~l <Jr: '..i tl:at final proof of s uccess must dopend upon repro<lucibili t~: of r ~Jults 
ob..,1.ined in Test 5 abov-;:: rind close checking of v~ues f or c.t lea.st three snmple~, 
0 : · :- ~-'~ sam-3 materi:.tl. 'l'ho~e results given in Tsble Uo. 4 i.ndica te a hitzh or der 
of .·q,roducibili ty -md t:16Pin tilmost l()()j attuinment of tn:nsitlon zone hardnes- . 
.:.;1 d l further i..=lprovcment in reproducibili t.Y of weld quench re::mlti:; and in at­
ta in~e'1t, of tran:,1 tlon zone lllBXU.U"'ll hardness can be ex~c"t.~c.! wr en t i1e autCQll tic 
tc,rnpcraturo control~, ,ihich 1,c: h.:vu on ordur, have been insti.J.l~J to re ulutc 
th0 'iucnchlng bnth tul!!p<!rnturus. Stirring ~quipment L'l CHCh oc.th -,;i,U bo use-! 
:ilong with ... utomntic to::nporat.urr; cont:-ol. Thc, c o1:1pariso11 of i.wpact valuos 
before: <'nd ofter ;·,0lci.-q1.K.mch, hcr.t treatmen t in T::blc No. 5, which estc:.oli:ihes 
tho .:'~c ts i n respect to prob-iblc mcch~ical properties ·.-:111 be <li.scusncd l~ter 
in r..hlt: repor:., .Jince it is deslr•1.ble at this ti.me to re-.,10·,; the facts o,.;fot­
lisr.co b.:f ~he mic1~0.; r..;ctures . 

2') . 'fhe contlnuous au.crographs at a magnificution of 500 sho1m i n 
Plate ~ arc purposely moi.mted side by sid,. in order to aid ln c o:::roa:ing t:,~­
matcria.l:; for tho differ ont codas of transfor:nation eff.lCt-.!d in tho;n as J 

funct.ion 0f carbon and alloy cont ::1t :u,d of distanco froc th~ fusion l.inc . 
Consideratlon of the latter factor alone for Iu,m 4WJ l o1 t o u pr>dicti0n 
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of tea probable quenching l."a.te' and bow it changod w1th distance fio::i th~ 
fusion line, before the actual t'1er,nal cycl1ts were obtained, and the ac­
curacy of tho prediction is attested by the results obtained 1:n Table No. 2, 
Part 2. Since t he micrographs are at 500 magnification, a ruler can bo lald 
do"t"l and the di stance from the f'u.aion line can be measured on the basis of 
5 inches ::: .01 i nch. The fusion line at this magnification cannot be seen 
!is clearly 9..S et l owor magnification, but its position is probably accurate 
t~ ~ithin l inch, which places it wit hin 2/ 1000 inch of its actual pos ition 
as ::i.Jen at 100 magnification . Keeping this in mind, we can proceed as 
follows . 

.30 . Fi:..cts established by continuous micrographs taken from weld 
through partmt metal at o. distance of .05 inch belo .. wolded faco. Magnifica­
tion is 500 din.-neters. Thlcknass of Pla.tos 2riJ, 22;0, 24WJ was 1/2 inch, 
Plbte 4~3 w~s .38 inch thick. 

Item .2fiJ 

Maximum d isperGion of carbide (directly related to :n:a..ximum hardness) occurs 
I+ in chcs ( . 00811

) from t he fusion line and continues through 8 inches ( .016';) 
This checks wit.h the hardness contour plotted on Plate 6 for t he item in U1e 
pr evious report (NRL No . M-1303} shoring mruti..r.1u.1J11 hardness s tarting near the 
fuo"ion line and dropping off after .02 inch. The large grain size gradient 
in this SMlple from ;;eld to parent metal may explain why maximum hardness 
occurs closer to the fusion line than in tho other sa'llples, it being known 
:h11t an i ncree ao in grain slze retards the start of and/ or the rate of tho 
t r 9.n sformat.ion in quenching. The appearance of t he zone of llllUimum dis­
j.,erslon is sho-:m a t a magnification of 2000 diamoters in Plate J and indicate::­
t~c presence o f fine and medium pearlite. 

Item 4'ff], 

7h~ presence of nodular pearllte growing from grain boundaries and on­
croacning on eruin core ma terial having an ucicular structure is in evidence. 
The appeB.rance of the .fan-shaped pear lt te no<lules and the acicular s tructure 
at high !'lllignification (~000 ~imes} is snown in Plate J . The acicular core 
is believec. to be due to the split transformation of this material which 
forced the i'orm<ltion to take place at a lower temperature. The relati,;e 
hardness of the latter s true ture and the nodular pear lite is s een from Plate 
I. a t 500 times cagni flcation for a hardness test made with the Vickers type 
to,3tor usin£. "no load:: and ~pacing the indents at int ervals of .0025 inch. 
The pictures show several areas where some grains ware caught with three or 
□ore .i ndents and in evory C-'lSO tho core (a.clcular structuru) is harder than 
t he nodular pearlita . 

Item 22 

ThE:i s tructure i10re 
ma nstaotten pattern 
l inod w1th ferritu . 

(Plate 3). 

Item 24 

is partially acicular with u tendency toward tho Wid­
and it will be noted th.at grain boundaries are not out­
At 2000 m.agnif.ication the individual 1.amellae are seen 

This structure i s typically martensitic, indicating a low transformation 
t emperature and the grains have 't;,hi.n envelopes of ferri te. Martensite is 
definitely shown at 2000 magnification for this item in Pl.ate J. Fissuring 
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took pla~e in the transition zone of this material in the w
3 

weld . 

Jl . The series of micrographs shown in Plates 5, 6, 7 supply the 
evi dence of the suitability of tiw final quench procedure chosen for dupli­
cating the transition zone structure next to the weld bead. The structure 
of Item 22 for the weld quench test is the only one which is not r epr oduct:d 
and this is ascribed to the longor ti.mo required to heat the half-size Che.rpy 
samples than is the case for the transition zone of the weld. It is believed 
that the short time at high temperaturo in the latter case is not suffici.:mt 
to put the Vanadium carbides into solution while in the weld quench sample, 
1-1/2 minutes heating apparently puts all the carbides in solution , resulting 
in A harder structure on quenching. The large grains grown in this sample 
would also indicate the loss of Vanadium carbide by solution in the austenit.e 
and thus prolDOting grain growth. 

32. The data on grain size of the transition zone material of the 
various welded items shown in Table 6 are coosidered to be of qualitative value 
due to the arbitrary method used. An accurate method of deter mining gra in 
size of the tran3ition zone would of necessity require a survey of the entirt:: 
heat disturbed area and would involve a statistical statement of the frcquoncy 
with which tho large grains occur for sevoral cross s<:,ctions transverse to the 
bead. The factors of grain size gradient from the bead into parent metal and 
around the bead would have to be usod for weighting the determination of grain 
size. The method employed is there.fore a relatively r apid one which perm.its 
grading the grain size developed into three catagories of fino, medium and 
coarse, and it is intended in presenting the table that closer comparison 
than this should not be mad<:. Furthermore, it would be desirable, whon time 
permits, to cl.leek the values, obtained by simple polishing and etching 
methods, with other method:J such as the McQuaid Ehn test f or grain size (this 
test is now underway). It appears from the grain size data that vanadium, 
molybdenum and columbium decrease the grain size, while carbon and nickel 
increase it; although fi.l'.al confirmation of the conclusions should wait for 
check tests as sugge3t&d above. 

)3. Table No. 4 giving a comparison of eleven materials tested for 
impact before and after the weld quench heat treatment is the mos t important 
data resulting from the investigation. It suggests that steels of poor 
weldability b-/ ordinary methods, without preheat or subsequent treatment, 
may be weeded out on the basis of percentage loss in impact value along with 
a consideration of absolute impact value after heat tre~tment. Such steels 
as Items .3, 22, 24, .28 and .31 show a considerable loss of impact resistance 
and f'Urthor work will make possible tho setting of a definite limit for thls 
figure. It will be noted that Item 2, which gives no trouble in welding, 
suffers litUe loss in illlpact, while Items 27 and JO which are commerciiu 
steels designed especially f or good weldability, suffer no loss in impact. 
In fact, It.ea JO appears the better of the latter tffO, since an improveaent 
in impact resistar.ce is obtained. For the 1i10lybdenum ser1os, Items 17 ~ 18, 
19, the lowest molybdenum. content of .l~ for Item 17 seems to be opt.1.nrum. 
The data are therefore seen to make possible ostabliehing degreos of 
excellence-of-suitability for materials in welding besides indicating where 
the analysis would require ::,pecial methods of welding. 

Welding Tests 

34. · The rosults of welding tos ts as given in tho progressive 
hardness curves, Plates 9, 10, 12, indicntc tho same sit untion as prevailed 
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f or t e sts reported in the pr evious r e port, i.e., maximum hardnefls in generu l , 
o ccurs a ;31ight distance froo t he fusion line. Even whore t he hardness 
appear s t o be a maximum at the fusion line due t o the fir s t indent in t he 
tran:Ji tion zone bei n g a maximum, it will be noted that the ce nter of the i nden t 
had to ~ at least l/2 to 1- 1/2 diametors of the indent f rom the lino, thu::: 
placing maximum hardnc :;s for these cases noarer to the fusion line but no t 
no cossnrily a t the llnv . Tho mass effec t t e s t s are of interest in ~howi n6 
oaxilhum hRrdnuss f or .:i. mild swel, I t em B, to occur at 1- inch thickness whill? 
'.l steel of consider6ble hardenability, I tem J6, does not r each a maximum except 
beyond l - J/4 inch thickness . The l atter , when welded in thin sections 1/4-l n ch , 
develops a low hardenabili ty , but in the region of s ubcritical anneal a t the 
end of the transiti on 1,one , t.h~ hardness drops considerably bel ow pa.rent metal 
hardness . The hardnc~, s surveys for the cast s tee ls are parallel to wha t we 
~ould expect for r ollad s teel of til~ samo compos i tion with the udded mas~ o f 
1/ 4 - inch great~r thi ckne ss due to the cast, plat~s being 3/4-inch thick L~ ~tuad 
o f 1/2-inch e. s for t h~ rollod s teels . 

35 . Thu curves of Pla te 17 su.-mnari zing hardness t ests on all rol led 
steels invc s t i 6a ted lo~c to some in~resting conclusions regarding c o~position . 
I t l s seen that Ite ms v, <l, 6, 9, hove approximately tho srune percentag~ 
h« r dcnnbili ty us I t.om 4 ( corrocted for 1/2-i nch thickness) and ltom 3; tho 
l a~ter tI10 .nave h l 5her co.r bon ~on t un t o.nd l oad t he o t hars in m.:uilnum h&rdnu:JS 
pr oduce.::. In addi tion , I tems a, 21, 6 , 9, s now conslder nbl y lowe r pare n t Jiet~l 
hnrdne es wid an ab~olutc hardnuss i n crease of loss t han 100 units as shown in 
curve B of the snrn,: pln tc . Th,3 curvtJs of Plate 17 ara con sider e d a s proo f o f 
the f allacy of attc=.pting to def ine weldabili ty of :l teel:3 sol ely by means o f 
r.br dness 3urveys of t he t r nns i t ion zone; for ex.anxple, i f we use a tentati •:.:? 
limi t of 65% hard e~a hill ty ~nd in addition a limit of 100 a bsolute units o f 
har dne s s, we would e xclude I t ems ::2 , I.~ and I tems 10 to JJ . We would , ho11cve r, 
inc l'..ldc I te,.-:1 J . On the othe r hand , lf we use tentative limit s a s above lllhi 

l i mi t l oss of impact f or t he Vle l d q ue nct. sample t o not more t han 30% with an 
i mpact val ue not l e ss than 15 f oo t pounds for the h.:i.lf-sizc Charpy sample a fter 
h0a t trc~t ment, t hore i s then no quostion but tha t !tom 3 which might oo OA­
~ c tcd to gi ;rc s c~e t roubl 0 i n welding would bi; exclude-:i . It may be necos.s:,ry 
t o r a i se : he above t entative ha r denabilit y limi t s if it is f ound t hat i t e ms 
~uch us 9, 10, 6 und 21, which are e xcl uded on the a bove basis of hard ena bllity 
Jo not suff er a l os ~1 o f impa ct va lue greater t han 30%. The cu r v o n of Pl n ta 
l':> comparine impa c t vo.lues for ·,rnl.::i quench s n.mpl es of t he mol.tbde num seri es, 
illustr ~tcs t he i nfor;:;a tion wh ich will be a vllilablc f or t he ent ire se ries 1, he n 
t~st& ho ve ooen completed. 

J6 . It should be no t e d t nn t f or th~ J- 1/2% nickd scrius , t he cur ve s 
◊f Pl a t e l '> i ndic.'.l.tC: 1, shur p droi; in maxi:num hardness wit h decrcc;.sc in ca r bon , 
:,.n,j yet Pltne 17 r.!.o,rn thC;sc gr1..dcn 3 0 close a s to l ec.·, e li ttle t o c hoose 
br; t wcen t hem on t ho b.'.l s is of per cent h.:ird ana bili t y . The wu l d quonch imp.:::ct 
~0st3 a re c x pec t ~J t o 5~pLr nte s uch c omposi t i ons .:md purmi t a dctcrMi nnti o~ o f 
aci,;roe of !:iul t :.bil it:; for wcldlnG. 

Sl.JM:.ihRY AN D CONCLUSIONS 

] 7. ,, ::'! :!tno..: o .: h,.; :1 tint: ,.:.no 1ucnc hing h.:il f- :,i z".a Cr.n rp; ~:i.-:ipl c :; !". , .; 
bucn dev,3101,~-1 wr:ich r-: i vc.J ~; ::'·~ f, r o•:iuc:i :.i l .:; r 0 ::i ul t;; ano i n n!:icL the n'lr Jne:;s , 
gr a i n ~il~ :..i.n,..i mi ,:ro ::i t ruc tur0 l s of ·: ~·:, i r o r dtn- o.:.' :. ·•rc.:~mcn t v:i th t he ·.r ,· ·· il 
r.1<.lx i:.1um !'lar d.ness ir. t ile : r a n ..; i t i on :.one of wPlt!ed ~l&mple;; . f r o:;; t ho d& ::, 
o bu1he:i for one co1.i;..iosi t i o :1 , l t..ew :~~, con ♦..t1in ing v,'lr.:..:.:Lm , it a p pe s r :J ; ,,-) ._ -
sib l o thnt co1.lpo :; i t .hns hu.vL:. f; conu .i t-ue n t:, o f Jiffi cul •~ s o lubili ty , c &pb.!, lt.: 
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d ' affec ting hardness on quencru.ng, ·1rl ll appea r Ln a ~orse lif ht with the 
above ·;veld quench method than i s A, tu.ally the case in ~ weld . It i~~ p:ror ->:·e --1 
i.n the report t o investit;i,te core n,p id n:ethods of heatin t:; hi orde:- to ;. ,::·;-c:c~ 
t~c weld 1uench teJt, 

J8 . I t ,:as :.;ho wn :r:at t r.c 1.r. :errUJJte<l •~vrnc.--,, usir.t: two q1y,:,:--,c:-iin,:: 
(lath.; ~t di fferent t i:'mpen.! turec; , wc; s r,ccess.-:1.,,-y i r. orde r to p r oduce t!1€:- :.:-1 ttil 
b .:-ii~n.l ,1ff..:.c t o f ~he actual q u,~n(.:hing cycle of the 'll'•· lJ transi t.1on z . · •'. 
lf " s i ngl e quench 11c r v to be ust':J , it would bu nt~Ces:;,-, r7 to cr..:.r . . _s: <.: th~ ,-or: -­
J i. tion;, for <.:ach :,runple test(!,!. 7h~ in t ,1rrup~ed c;1i..::nd: i. s a c,.,.:1promist: ,.il +.h 
t he e.ct111-1l {_ideal) quench ~ut p r oduce3 t he ·i r:: J ircl'i c•bjer: t ive , i . e., sep, ;--,ti:-1, 
:;,1 !: •.he ::,teel.s of ;'oor wc lJobi.li ty a r,' ! e:,t,atl i. .:hir: .· det,:r ees :.,f wel ,fo'::>i it r,:r 
for th-9 welda ble .steel:..: on t►,e ~!i0i3 o f r,er ~·e rrt r, ··_ .. Jen,tbil! · y , h r,:-!.ne s.,,: i: -
c rea~e, ~nd in~-,~c t l->1? forc ·:!nd !l r ter weLl - q uen.· hin 1;. 

'j ' J. : [11: .•;e .:.c1- 1uc r.ch t.ust i s a ~~ ple on~:, ~1.n(i ch.r. be ::.~ .it: for f: J. u;·.· 
.:OJ : . I_, will h ." no,.::c s :..;;-1r; to preparo t ·,rn or t hrc.0 r.alf- :i i~c ·; ~arpy s iuapi~s 
fo;- :et.erm.innt i on o;' ~,ri. ,;:: i.r: <:l irnp<i.<:;t value before ,,;eld-quenchin~: ; three hulf­
.; i.,:c :_'.:.arp:,· ~-:mpl c r, c m ~-u used to detcrm..inc · t he cf:'ect of :,!',~ "Nuld-q u0nc:1 
or, :he i::1pnct v n..tu-.; . 7h<..' r.ardn,~s ~. bof'or,~ a nd af~,er v1cld-q uunc hing :;9n oo 
•le, e r :r,ined from :,he r•~ma ir:der of t he impact t e st s:: .. .rop.les. Wi t.h such e lo.v 
,:o ; : :'or the t~::•., it ilhouli b..- possibl0 to bpply it t o mcturi«ls from :::i:i.f­
f 1,., r,,!1t he.s: .. , 0 : t,:,e SI.in~ coc::1·o s i tion or cliff t:rcnt plate,; o f th8 s;;.me heet. 
i.-. ~···· c t, ~,i t.h pe rfecti on of : he method to a pply to nn.y a nd Bll compositions , 
i. : ., i,011ld t-e po .:;.;i c~lc to sc~ up th,.] qu0nc hing procedw-c to riupllcate conai L o r:. 
fo:· inc:-er,si n g :;~u.:•L-, of m~lding , preheat, and incre asing .ID[.53 5 t constant 
s;-~t.: l :.nd :.ir: .-'-n s r,c r ~.:i qu;::sti ons of mn.ximum s paed of 71€:ldin{; , prahe11t nvco.:;s:0 :--y 
md '.r,1ximu:n on.r dno:.;s for ::. curts..L'1 cross section cou.ld be ~nswcred by the r<:: -
s~1lr 3 of c1 :.;i:nple wel.c..i-qUC: r,r..: !"': tus:. 

40 . T!ie i.!'l i.'or ::nat.ion supplied by t.he ther::1nl cycle curves for the 
~eldr>rt Plute ~ ,)~:715 , ;:2W6, and. t;iiJ hn.s been shown to be useful ln determ.ir~i n g 
~ :--J: cau:Je~ for the ':'Tide varit.)ty of me t..allurt_; i cal cr.ange::; occurring throughout 
t~1e t r ans.l tior: z.one. It apµcurs desin:blc t o estiiblis h th;} t.nerma l gradient 
.!ir.d : he v;1.riati,)n of tharr..al cycle with dictance f1·om the fusion lin8 fo r· 
.;ev,:ral points in the same sample and this is to ~11.; nttempted for future t e !:its . 
The set ting up of standards as for paragraph J9 above would r equiru that th0 
,-:orre spondin,;; thtilrmal cycles for different wcldini s p,,eds, p r 2hea t tumpera ­
t.ure s ,m d pl!lt{., mo.s3 be obtained at the sturt. 

41 , ,;ctdi tior.al data of the same n1:1tu.re as reported in the previous 
t,F·L r c por·t have been obtnined for hardena bili ty and hn.rdnoss incroase f or a 
mu:ib, ·r of adl .ltion.:cl w.aterials. It has been possible with the new data to 
show the very r s pid i ncrease L"'l bar denabili ty of the 3-1/2% and ;_1, nickel 
s t.eel :; wit.h ::;light in~rease in carbon content and it will r ~ in for t .he 
impnc::. tests of wold quench samples to show whether th.is effect is reflacte'.1 
in , eorrespond in& loss cf impact. The results so far obtained indicate n 
h i gn lo~s of impact value for t he weld quench samples of" high hardena.bili ty 
1nd tr.c stoels of rucognizod good wold&bilicy have low h.ardenabili ty and 
3'..1ffer no loss o :i.' impact value after the weld quench treatment . 

1.:;: . h. corr.pru-lson ol' rolled and cast steels vorsu!J carbon content 
has :~t.0 ¥1 r,.nrdena.billty to run parullel for both ::1 t~,als of s imilar compoci i -· 
u cm , Uu . .: hichor l c ve l of r.ar-dness f or t-he cast !; r.oels boing due to tne ir 
g.re ',• e:r- tr1i ckness . The t wo cast co:npositions o f l.0;•1 u lloy gra do, l t e r...c ','; 
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and <;;.., , may be re~·!:lrded <1:3 :n1orribln ex .. -pl-:?!:! " or w~'lt cA-n be expected i n t r:e 
transit.ion zone of 1Jlloy o,.itings wi :.:: Ii c'.,d·-,n con terit on the hi :;~ :::;ide , in 
cotI?purison with l m,c. c a:-b.··m cast µ i.n te !3 w),ic:1 in•Hcate good weldobility. 

L.J . In ~u,_:,1.:i!lti:: ~.: t e::nt.ative l .i:nit,~; f or harder.a bili t y ar1-1 loss of il:'1-
~act in order to exclude cert6in ~o-:.}-0S1 t.i 0 r. !' of ~tt><.: l s , it must be n o t e d 
~nat whet is intend.-Y-1 to bt'l set up in tho prcnent r tjport i:3 a divis ion of ... ,ht1 
cor.1pos1 tions into tw() 7,r o11JJS. Tho3o ateel:., on th::.. !1c::ccptable sidt of tho 
dividir.t line ar~ to ~ consld~red as of good r el:h1bility bj' ordine ry pro­
redure .,; and t.ho!ic, excluded by the abovu li1,iit .J a.re n o t to be considerod 
mwclJ,~t>l~ , but ra tr.er tha: t.~f'>Y rcqu.ira ~:-vcL:.l n t t en tion in wold.ing. ~he 
t:onJi !.ions under w:.ich the ~.xcluded compos i ~ i ons are ..,cldnble will be det~r­
.:iincd, foll.o·.7in~ ,•;:1lch 1:,.. det,:irmLn'1.ti or, und co:np,,ri::;on of tho toughne5s of th" 
:.r EJn~ i Lion zone c Ln be ro!ide . 

44 . The ,--0 l J-,4 u0.;ic:1 r_ea t t ntr,tmon t , ir.:tlc rL\ .. u- i i n t he ruport is cc n-
:;,(1creJ to b<:! a rvu.,~ ~l c / ~u,_:e oi' th..: suit.a't-ili t.1 o f co:;;po~.1.tlcn of the :. tc'-'l s 
for walding 'in<1s.:uc!: js t~.t: .::.re:.tmt,nt i s m.::.d.:; 1.t :.;uch , .. high t o mpcr utur,] ,: s lo 
~ompletely oblitor:. tu :rny ,,r ..., viou:, tn.:.ir:r.al t re·, t.11~r:t th!: ml.!turi1:.l m~y h ::v \. il~d. 
It sr.ould t.herefor .:. hu of :(, !",Hit value t c the ~t e£:l tr.ill sinct! the ¥lei.a: bi l l ty 
v f t h';! ncn t t.uiy t~ JcturL!inea from bi Uc ;., or- .Jlc.b ::.i, muL,s bef or(l rol ling t,:> 

;.l u te, with the cori ~equcn ,:•~ c-:1:,!. r-.:joctio n :,: t , ~ \.. ·r:; r.1 :J' l<,~ :::t t!1~ :,cldint." site 
;rc1.,. l J b e mude r u100::.~ . 
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Ti,BLE 2 

WELD QIDNCH 'TESTS ON HALF-SilE CHARPY SA1lPLE5 

!-'·~rt l - So:nplos heated to 1400°c. in graphite reslstu."lce furnace f o r 1-1/~ 
::tinutes and quenched as sho.'m below. A = air cooled, Pb = lea<l 
quench, N -= Na.Or! que nch, 0 = oil quench . 

.... 1.: t~nc 1.i'la.. .. 

~L'?r!.t t~~ 

,. .. . . ,. 
\. 
,I ,, 
• 1 

.. 
,t ,. .. 
' . , 

Time 
in 

;_uencr. 

30 sec . 
20 ::;oc. 
10 sec. 

:o St:C • 

l min . 
l Clin . 

min . 

. r:ur: . 
T.i ~ • 

L r.1in. 
l:l.i ti • 

Coole:d 
J. fter 

~ue:nch 

" P. 

0 25°r, . 

:-oo0 c .) . 

A 
0 :,:)Or; . 
J.. 

A 

ful..rdnuss 
Average if✓10 

Itom 2 Item 22 
{221) (Jl2) 
d9 
215 
~17 

228 
228 
228 
219 

260 
254 

245 
; 88 
305 

24.2 
237 
426 

236 
24 0 
27C 
237 

287 
.... ,,.., 
),,,1 I 

34'1 

Hari.lncSS Dif•-
f eronco between 
lt~m 2 and 
22 

23 
22 

209 

I 4 , 

l. ··) , .. ' 
:''>rl • -,n : P 1r- t J - Sa.nr,l,.;s :11..:c:..::d to 13r,0°c . in :-ia.y.)S, Glc:iar furnace wi :h 

prottctivo ~trnosphure. 
ln Part ; · ,:,....,1lplcs were hua t od Lri .: ::..:'..ll block d . furnncG 

L''Tlµ.:rD. t:..u-.:i !.'or l-1/ 2. mioutt.:~; . 
lr. Po.rt ~ ~;~1.ipL.::. heat-t..-<l in furr: 1,_,: o (not in ~tut:l bloc k) 

for l-1/.::: :n inuteG . 

Part .: and ) :w.mp l..:s recci ·10d :J. ,ioualc quoncn. 
~--- ?1c~1 1 wlls t!nOP. for t,i:n•.! nnd t ,.,:.:1.0r,, :.un: ~;>.: c ifi.·.i bclo·.-: . 
';:.~c'1c n _, •,•::is lb.OH to Wilich 40 !::Ol ~,.ir Cl.!nt of KOi! 'fr.~ ..:;. ::.i •.: J , 

·.Le ~;:-,:mp l L b,.;in,:: tr.!.ken out of Qu,..:n;:: n ,l ~nd i !n.ciedl c t,~l:,· t r ::::­
r' r-rc d t o -~lh.!!:Ch ;; for t i:',c :,'.'ld t..:;;;;.;l.:ri°t ure s pee if i ,.; .! :-.,_ l )." . 



Item :i um :)er 

~ran3l tion zone 
r:iax.i.!llllil hard.ne:,s 
for W, weld 221 .,, 

TABLE 2 (Continued) 

3 17 18 

266 230 

Pa.rt 2 (Table 2) 

19 22 21.. 

287 312 50J 

Test No. l - 1st Quench - 550°c. for 12 sec., 2nd Quench - 185°C. for 30 sec . 

i-.v . 'n&rdness, Hv 
10 

hf ter quenching. 191 

Per cent of transi­
tion zone hardness 
Httalned. 87 

243 

93 

256 289 

ill 108 

J33 401 50J 

116 129 100 

Test No. 2 - 1st Quoncb - 525°c . fur 12 sec . , 2nd Quench - 250°c. for 30 se<:. 

:W. h1.t.r rine3:J, Hv 
~ I • 10 at~er qucncn1.n5 . 217 

Per ,·ent "lt•.1ine<l. 98 

240 

90 

222 

97 

261 

101 

Part J (T14ble 2) 

JOB 

107 

418 

134 

496 

99 

T~ s t No.) - 1st Quench - 500°c. for 19 sec., 2nd Quench - 275°C. f or 27 5ec. 

Av.hardness , Hv10 
~fter quencn.ing. 234 

Per cent &ttain0d. 106 

257 

9'7 

218 

95 

237 

92 

258 

90 

379 

12.l 

497 

99 

Te3t No. 4 - 1st Quench - 550°c. for 16 sec., 2nd Quonch - 250°c. for 40 sec. 

Av • hurdne ::rn , Hv 
10 

21J 

Per cent cittainod. 96 

267 

100 108 

368 

14) 

358 

125 

402 

Test No. 5 - lst Que:nch - 525°C. for 18 soc., 290°C. for 24 sec . 

Av.hardn~ss, Hv
10 

231 

Por cunt a. tta.i.ned. 10-5 

259 

9? 

216 

94 

282 

')8 

)66 

ll.7 

Tost No. 6 - 1st Quench - 500°C. for 22 sec., 275°C. f or 45 soc . 

239 

Per cont attained. 108 

267 

100 

2)6 

103 

270 

94 

366 

117 

48) 

97 

479 

95 

455 

90 
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TABLF .. J 

l'fEL!) _g_t.TrliCH TEST.::i FOR REPRODUCIBILITY OF RESULTS 

Beat t.ree,.t.men t of half-s .i. i.e Charpy stungle!, wus 1-1/2 cinutes 11t 1)50°-1360°c . (without u:Jo of steel blo<.:k 
for heating), first quench made a t 530 C. for 18 oocond:;, second quench nt Jl0°C. for 24 ::Jocondu. 
Samplos were then ground down 5/1000 inch e.11 over and prepared ,n. th Ch&.rpy ktiyhole notc h . Hardness 
tests wero made on crosa section a.ft.or impact tctit; tho av.:ruge vfllue for thrue indents i. s givnn ool o,·:. 

Foot Pounds 
- --~-- - --- ----- --- - -- - -----

Ft.lbs. Hli.rdne s s HV 10 Per Cent 0 f Tran~i t i on 
Ime!!ct Vulue Av.Impact Av . for J indents Av.Hard- Zone Hardness Attainvc.! 
Semple for , hreo Samplci ness for &...a.ple 

I tem l 2 ) Saoplos _1 __ 2_ 3 J bnmplos l 2 _)._ 

2 13 16 17 15 217 2~8 .aa 221. 98 103 10.J 
J 1'7- 1/2 12 9 l) 255 260 267 260 <-;6 98 100 

17 24 JO(L) Jl 28 229 • .d8 217 ~21 100 95 95 
18 23 26 25- 1/2 25 245 '] 4'1 2-45 ?.46 9? 97 en 
19 19 19-1/2 21-1/2 20 265 2.71 '2.67 ?.67 93 95 93 
22 8 7 7-1/2 7- 1/2 390 3?2 368 377 125 119 118 
.?-4 2 2 2-1/2 2 441 450 461 450 88 89 9:: 
2.7 30-1/~ 33-1/2 27 JO 210 205 XX) 205 108 105 lO:? 
28 ., 

) 3 2-1/2 J J8? 400 42.6 401. 96 '! 1 L() ·,, 
30 31-1/2 30-1/2 28-1/tt. JO 235 ,') '.i • L.l ,' ]7 ')) ' ) ) ':J '1 
)l 5 6 6-1/2 6 _18) JV1 ) 70 :rr.:. ')7 '):: •)j 

llo t.u l - ( L) a1,0 ·1c, rmd i n Tr. bl.,, no. L. indic,t•.i J .; ·u:.j~Lc v, 1: t c~ opcn,d ur , ·t . l :...rn i n ·it.i un . 

Hotc -

•• 

All imp.'.lc t, sruuples w1,r o pr e pnrod ·,-:1.tJi thu ~" langt i: in 1.h,~ dln:c t.ion or n ,llin,: 
und t.he notch i::i Utf:lrufore trr.nsvorsc to roll inc d ircc t. ior. . 

.. ... 

Avc:n ,ge 
f o:- J 
:.-:iu:o,:lv !3 

101 
"J8 
'17 
()7 

91. 
l.?O 

8') 

l05 
JOO 
91. 
91, 

..... ... 



. n ,_; -~ · 
.... ..-Jo-- -- ·-· -- ---~-

L-'. l r_ .. 

i .. 

, - l. 

.... ~ i, .. - - ~·" .. ' .,~~ •• : ... ~·-' ~ -- --· --- -~--~----

) ~ .. t Y,'•) 

,.mple . 

, ' 

u 

Por Cen-r, c,, ; 

,::1, i..(in.:i.l 
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i·lttte 1 - As rer:eiveu r olled ::teel:, _, Items ) , 4, :::>, 26, )5, 36 , B 
used for 11elrii:1g tests; lOOX magnifica tlon . 

p l.E. tt2 
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THE THERMAL STUDY OF WELDING (Etude Thermique des Sondures). 

A. Portevin and D. Seferian. Cbaleur et Indus·~ie, Vol. 16, 
No. 185• Sept. 19J5, pagee t.09-424. 

'l'ranslated by Walter H. Bruckner, Physical lletaJ.lurg.ist. 
(contract employee)., 

U.S. Naval Research Laboratory, 
Anacostia Station, 

Washington, D.C_. 

DISCUSSION OF TRM1SLATED PAPER 

This papor by Portevin end Seferian ap~~s to present tho best data 
so far offered on the heat effect in welding~ The exporimontal work is 
the importWlt part of this paper, in the wri tor f s opinion, since the 
IDllthematics is only an approximation of the heat offoct due to the author's 
having discnrded so many to~a of the d:U'ferential expression in order to 
obtain solutions. 

The experimental dD.tn, howt>vor, are al.so of an incomplete naturo, 
especially for tho arc welds, since the tbe.rmocouplas did not meo.sure maxi­
mum tcmperat~J of the transition zone. this can be noted f'roa curvee of 
Figure::; 9, 10, ll, U, 20 where it is seen that the nearest the couples came 
to the wel<.l line was about 10 mm. ( .394 inches). Consequently the tempera­
tures in the arc weld ·transition zone had to be extrapolated between approxi­
mately 500°-150°c. and 14500c. The exact conditions of ~ding speed and 
onergy arc: not specified for each curvo, Mlc:ing it difficult to obtn.in 
quantitative values fro.ii thu curves givon. However, if wo use Uw critorion 
suggested by R.G. Cheisingor in his Watertown Arsenal .koport 642.4/1, wa 
can take the figures for currunt and voltage given by Porwvill and SeferiEi.n, 
e .g . , .4 mm. rod used with 115 ampa. and 18 volts, J.J mm. rod used with 
90 amps. wid 19 volts. Assuming a aaanual wolding spcud of 4- 5 inches por 
minute, we obtain 23,000 to 29,000 Joulus/inch as compnrod with approxicDa~ly 
48,100 Joules/inch used for tho mtlding teats rcportod in the present 3rd 
partial r eport on weldability. 

From Fig. 20 of the translation using curve (c) for the 10 • • (.394) 
thick plate, ?re find the authors give a maxie:rum cooling rat.:, of 525°C./sec. 
from 1420°c. as compared with tho maximum rate of lOS°C./sec. from l42(/' 
as for the present N.R.L. partial report. This is about 5 Umtts grooter 
than our value, 1'hile the energy input is about half and further the lesser 
thickness of their plate widens the discrepancy still more. However, the 
plate used for their tests was npparontly about 20 inches squm-e which may 
nccount for th1~ir higher mll.X.i.mum valoos, togothor with th~ fr.ct that theirs 
a.re derived and not actual values. 

It will be noted thnt Fig. 20 shows c linoar relationship to oxiat 
for curve (c) from about 500°c. upwn.rd. If wo applied this linear 
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4', :"' .. ; -- <i,J!.-. :r~ :-'r r li:; 1_1._~2t t (:e .. !.vr.:!,".tl !3t~; U.: :it •~l:~l: poin t , n!; ~ t uJ! 1: t .:. or: 
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\J ~· ·. :-:r,,::- in,~ : '1~H.: ... 1chir.~) , ~~r"~.-.ini , ~e:c:·:..-s+,..;.ll i.:, 1+:.ior.. ov,:r :'J_:: t.,inf ')!° ~~~·;'~i (;~ 

:--- ,_:J ·: .. 0 r •·· • t · ,;.~.:s n L- r ~ .. ; !~...: =--!·octJSJ\..1 :..1 fi.r-.J ~ i...,,.>(·dp .. i r..,t -~• 0 1 ·lnbl.:{t.lcI'l ~-1i·t ...!rr.1in"", 
~:iv:i .. r- -: . .: r "• .! ()rt.;, ?h•..: ; .,,cJ.rj' tv J (.: r'1..,:.,...?G.r·-:;:_ C•~i :. :.e \ ·[trio u~ ~· ~'•Jr.__ 

_,,- ~ :'~ .. i·:, ·w• L •• · · . .- ,! ~!,:.:: ~~. ; ._·~:. :f-: ·;~ic,ns 1;ui~:. :r .. ~ -~iv ::: ir~ t ::.1.s <>r dc! · u::c 
:!:.:..:dr: :..!. j- ... ~ ,: · ~:·· ·1 t · ,.. -~~~un i •..:-1,...,ion b:,, iil._!J~r r., . P•)rtu'/in , ..... !"lj ~e t ~;:r i_,r,, ~u tC.u 

,'1<:._..d, :;·ny _, :' ..... ·· .J,.., r. t!~· :..i, ·1ri'J rrt.:ie:rrt,0a 'tr/ i-!0r:ri L~.: ~lr.J.tL" l.iur. 

·, t' · .. ~•--ir ;"l~·., i..i.~.'.'lti.0n Lhe [\',!",.,)·::)r S &ntll.y.,,e t.1:,· i);'1,_•f!rJ:\P')(_lr) of ~::e~:-,,1 .iist-.i. t..u­
~-1 )~ ir. -::i.o .;r::-. cs..;Ps , t::t,:· • 'r . .:J bring :;:i the ':.:":t!1.;:'•:l::l..'.ul r-e:1~:,:-G:1 t::t 
~1,:1 · •. '· :_; h.:l ·:)( ;:,cri.::).-_!'\ 1 111 stuuy i.ntell i~1,:1t,l) cor.C-Jl'.'ed hf) (! J Yi Llru.l.lj· 
::·•1 ur. :. -:d . 

::'J• l"'.1rlZ'"sC.t rorl\1 :.h-·.- ;,:,;1,~r 'l':i tJ,out Ii l\, ,~·li.1~(; o, ,elll pleii!.U.l'' : j it i:::: h 

·•.nu.i:-:f:;l/ o:<~el ler.t ;,L: c,: ·> ;' ,•iork . 

·~ r.,.J ., ·(,r•: .. ~i c,.l d.c ~_.,r•-.in1_.1 tl,_;n o f ·,-1(; p:; ·nv:n...;:1 .. :,1 :ri ... ,t,,trrJfl i, it:i-11 -.,:1A.ly:.L1 
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-·-~~l, •r .-.•1,., ~·=.:i.: don,: -;,.a.·:, :.f! ""'leg,.!l'1cc ~r,:J :: ~ i <rn t it't c t'"igo:· 11~11 1-:h ~,H~'l ~;om: .. ~ 
: ""'_j:~:.· 1tYi:1 •,,,"} ! ~:f\ :3p lr t ► • 1, ~:it..: infLnito tn i.t . 



THE 'THERMAL S'!TJDY OF HELDrnG 

The t PQperature d.i.'.:l tr ibution in a he!itod. pioce has consi<ier1,bl'":I i m­
portance on tho one hnnd bP.,C.'.13a of t 1,1e r eocltine ~t:.."U,.. ~uro nnd on ~ht: othe!'" 
because of tLu locnl lllCC!'1~nical proport ies, and bo c::m s1:1 o f the u~unl oft't.:cts 
on th& ar;~embly (ilufor:;iat.ion, inturna.1 strains, i'in:;urc:;). 

Thu mechanic d pr op,:rtios ,.;.re thort. fo r ti ~ff1Jc t ud J0ubly l n : t1u G~sembly . 

The knowleJgu of t~0 fuctor2 , ;;:m.x.11:!lu:n to::-o·Jrt...~urc ~t.tld nt,a , 8 .:i:ax., 1.nd 
maximuri.1 q ut:nc hlng ratv Vm porn.i tr, by .mcuri:3 of th:-! ''ciwr&c t.::ri ut i c que nt..:hint: 
curve" (l) tho r.ornµL.:t o soluti.on of the str•1c tur:!l pro\' lom of tt~: f>tuc l use d . 

I n tht.: thor:11al tr0a.tJ1,t)nt of J I!1:l.ll 0-:imµ L J:1, v .. _ .. ·xporl r.1entcr r::,n .l-:-.pos .:.: 
L :1e .. tin,; l:.nd cooling cycle ...:c t,·r:r.in,,-J ir, !l'ivnnc~: ! ,jr olita1ning ,. Ju!i Lrod 
flno.l ·u·uctur~. Th~r ... i.:; no c t,::ipu.ri ::;co ~o:.,;..:on 1,:\c h-.•h~vior of l .:ir re 
mns.:ies { ln5 ot.;) und the loc'.ll i'u::iion ·:;1th th.: r ,:pid notte,ing unci vr: r :; r ·.,µ l •: 
cooling !"t~ te ( wuld:;) ; il,a t.hermt·l cond l tion..; i:.hert.- :·ore t.it:pvno. upon t.h-.: 
n1:1:u.r '-' of Hi~ m~tal, i~s m!ls;.;, etc . [tis int(:r~~t.i.n,_; t o s tudy tr.e ::t:.'.J;·m!:.1 
c,-:1\ 'end to dct,ur-.:iin..: ~, 1H;i ~ff"-lc t of cilf!·arum, f n-:- t.orJ which m:..y i.nt,.-r"Jt,rH: . 

Som..: th..:orutic ,11 3t.~h:i.i<.::; h·,v~ buor. ,indtfft ... i< <.::n t .:, !,olv.: the v · 1 .iou.3 ..:·- ~~'-· :' 

i.r. µr ".c,.icc of t!le thor::nl d i.;tribution in S t.'3~l. .i.nt_;ou; durin(; cor. 1ling 
: C?I'l' ti i:!n t.vd princip:.11/ '-/ t.ho::;0 o f Sci1,c, ..;- ito or. ''TL ., thr;3 r :r,·.l -~ L:}:.:- it,u:1-.:. 
i n i.r. r.;01.. J during coolin1f1 . nu (2) o. ~~oorc:t Lc:. l .vork I.Jr' 6:-<~,. t, int.•. r .::_;t on 
"ln:..~rr,1.i.l cool inf; of ~~);:;t,,;~;:.,ou.:; ond .:.;;o t.1:·r::ric t,1:: le..; 1

• Liy J . Ml.!rr· l·:, n,~ 
P • . ,:: c:-.01.i.lier (} ). 

:'he l.'ltter have consi dered very specirdly t ,•e c~::ie of inuu..; tr l r1L Uwr:ni: l 
tre!itcen: of pieces o f various $1:::plo for ·!J:3, !· i atoc o r b!ir s hr·)Ug.i · Lf1 •.ht 
temr•t.ff',t u.,..i:1 of nnne::1 l ( l uOU°C) M.nd cool,!d in ,1 i.r o r qucnchou r,ipi ! i / . 

: :~e .;nrk of A. Jc rJ-t:c tl) l~ a l.Jo cir'-.! i ., ·,v nc f; i : t.- ~J t.!11..: 

"Prac ~. ict..t .;r,lculct.iuns ::if r.on-p-..1 rrn1.mont r....,·,: tr ',.i""ir:,i nn 11 

t.ir.u',u:3 ·1•, rit1 ~i o~~ of h<;.;t.in, · und c ooliu( . 

In ~ ~.; fi. r:ld :,~fi ~, .,,.; '! ! ' 0 ln1,c r ,::Jt<:<l .l.!. Ji!", 

oX:,":1.c,::::.yl,mc r.,: ldi!!.; J f --: . .• P, ini;;s for ... . .1 ,~n .:.__· 
:.nr s 1-,:-1i c r. we.:-"' nv:H.c 1 ." t. onv ,.m, n,)arl/ · , 
~1l : ·se~ \. ·:d ~n:: t r..r:o ,1~·~, i r:(' c uc·v~~ ·.•1;.13 l: , 

lt.: .. t:~::? i :-1 t .,.r_\.. t.t,;::rpc: r ·tLU~,· ; i '; · .. r~~~-=· i .. ·~ 

.:::1 i-: lrilS 
, ;(,1( : -

-.,:· • t, .. ,\Ult . :L ·cul 11 : L...::-" ,. . on.;:, •:- in(.\: .. (,;, i :j ) :" 
--;A;, • • w• • :o- !.l •r. . ."1.,. l Ji:"'•'~• ; !.,h..; ; r ~•; ;; ~ t': 

,. 
1 :1.:.n : _-J;: ~.1:.; ir•. 

. · .m ~ ,·. . ,..,i:..1~•·:· : .i r · . 

.J. , J -r~:' • . 7 ... ; . _; " ~ . . • $: J I I', ! . 

-~j-:·.;..,1~, t• .. :rr•1 •ri·:-~~n:. .L __ 
r;1· .. ,..:_. .:•:1o.1~·.; r tl'.' t": .. ·.ud.v c,.; , r:: · . . 
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?in:tl L;, we call tc., cttentlon a. theoreticul work of out,st&nd.in.~ •:f:il~ 

of J. Pinc ;~o11 (8) or, the thermal distribution in : ... re weld::: for t h1.' .~',Se 01 
ple:es, 3uffi <.:ientl:r thin that the variou~1 points of the normal coimr.01~ -tc, t :-:c-c 
l,Jl:H.,e ar" ~~ t tho S3.IDC t,timpera tur<1 at every ins tnn f-,. 

Thl:: s ·.udy whl.cri we pre:s,.mt is 1.iivid0d ir1to t·--o very distinct pd.rt::;: la 
~-ne f lrst , thooretic" l part 'W:Y con:.;idar t,he rtistrihu t ion of ternpurt Lure f'or 
tht- ca:.o of f lxeu local fusion of an in.: L"li t♦1ly long plate or bar, r.::.8n vr;· 
uX6..rnlned tho problcm for thu whole pla to ;.s t.bi zon0 of fusion movus. Trie 
cu.rv~~ rf:Sul ting from th(, calculu tions r r1pr · :tH..:n i:. t~1c gcnurB. l courtH} of the 
phenomonon. 

In thu socon<l purt i'it.: give our oxpurinu.m•,:.i.l ,0sult:;. Th;;; differ -.:ncc-> ut ­
t.uin..:d bet·,7e.-;,n t !l..:: ,:,r.0ory and pr1..tc tiC1,.; indicrctl,; Lhu r,pi;roxiro.:i. tion :; r:ndu ~o 
a rrlvc o.•: .::, ::wlutlon fo:-· tl:c r.ompl~x diff :rcnti.:.:l :;qur,tions ,;iv0n t/ tho t:ic::c i·,, 

Finttl.ly the ~onclus i ou::: aru~·:n from the cxperi:;i.Ont~l .stud.ies b1·i'1f- into 
,, v.i ,Jence. the eff{•Ct of: ;:,ro<.:~ases u.nd mot110d~ of wE- l dlng, tho natur-: of t i'le 
me~.t:1.l (t.herm.'.ll conduci_bity) und f.L"lllll:,·, the dim..:m::, 'i.onG ::mJ :3ha~ of the 
piocu ~l ( 9) . Th03€l con..;l.usion., have ~on pr~dic.e.olt thoorct.Lc>llly b:,r moi..ns 
of ~ho c; .:.i.lculat i 0~:s &.."ld ex:~ct.ly l;y ,.::,xp~rhmcc . 

Part l 
Thoort:tici.::.l Study 

Th..) tcmpora tur(' di!.ltr i buti011 in plccus as!:0mbl{~1~ by ,,cldinr:; cuH bo 
the on :ically ccr1 sidur•Jd in the; f'ol.lowi.."lg ::i:.mnor . A ;,oin t in the pi dCe rt t 
ambiont tom;,1.:r8.tur<.: i:, r::.1usi.:.J t o rinu r:.ipiclly to t:1<::, fu::;ion temp~;n. turc ef, ; 
n t thi:3 mor..i.enL t'.1(! r.~st so1.!I· c,.! i;, displacod v;ith 3 ve locity V v,::i<.:h we s:1111 
consi der .~:1 cons :.~:..n~ . 

Durin: the cont~n uuu:3 r,!:.; t il lim.:a..r <licplac0:ncnt th<: mov l.l1g po , r. t ,?ill 
bo :?U1in LL Lied ·,-: fusion 1.-.? rup1..:r{ tur-.i • 

. 4 priori, thu resolution of ~{ud, c. problem ls complox. Wo inuot, th..:!ru.fn: 
consider :i much more s i.r.t!") iv c:isc; ditit.ributlon of tempern turu 3.round :i poln t 
brou;,ht to t;. ooint of fuf:ion ~nd t~ c.::i.se of ::. b:.t.r m1..•ltod ~t onr; en~, ·,frtid: 
r..;Jce~ p•J:;dbl~ dotor :ain:. t-ion o f tho li:!!itj of possibility in the treotmcr.t o~· 
t • 10 pr obl,.;.u r, s c1 g, . .me! ,. l one. 

i'ie, i:,nerefore, :trriYe L-1.t thf; conclusion that ti)e t heory cannot give the 

6eneral course of t.htJ µhenom.onon for evorf csse th.et may bo considered, sinco 
for the re :1olution of the Jlffor•:ntiP.l oc~uations obtcincd, w~ in ill tu r o1u.ir,-:d 
~o make certain app::oxirn.ations or to di sregard cort ui.n factors which may 
mo{J ~fy the position of tr:c r~a l curv t1s, "i thout, a ffGcti.ng their gt1ner a.l f orm. 

?i:-s;. Ca:.;c ~ Fusion of ~t·:o o.nci of a long bar. 

im.::.6 ino n long bn r of cros:J section S 1 in ·:rh..ich one of tho ,1no.1~ i.;. 
m.:l•,'-'d ; c i l tho heat flo;,:s to the op ;X)sltc fact.,\ 3 1 which iR a t a :t.t.i~nt 
tunp·Jr,. tu.:-.:.. e0 , just t,s lf it wur~ 5 t u lx, . 



The problem resolves it.u.l.f into a study of the coo] hag at each point, 
as e. flmction of the time. We will neglect losses due to convection and 
radiation as well as tberEl variations accaapanying ol:Jmlpa ot state and 
we will not consider the conductivity Z of the aetal. l e shall apply the 
Fourier theory to constants of heat, which traverses a section A1 Bi at dis­
tance x from the surface AB; t the t.1mo from the start or ooo:Ung, S the 
donsicy of the material, c its specific heat. (See Fig. 1). 

Assume that loss of heat across s. section of the bar is proportional to 
the temperature drop during time, dt. 

There will ontor in Ai Bi. an amount of heat: 

dQ = il 
5x 

dt 

There will now out of A2B2 an amount of b1;;at: 

dt 

and writ ing t hat t he difference ~ - dQ i:,3 proportional to the tomperature 
drop 110 obtain: 

ll 
St 

assuming t hat c ! = 2a2 we obtain a cilfferential equation as a flmction 
of vsriablcs x wid t: 

= 

which is a Laplnce type of equation. 

The limiting conditions are: 

e = er, fort= o. 

The gonarnl solution is: 

(er - e ) _2_ 
0 V1i 

-u2 a du 

-ee-



1n which, 

u= .!...: 
VTi 

The Laplace functions can be detennned from tables ( table 0£ Laplace 
functions c,ui be found in "Erro.rs and Least Squares" b:, 11.R. DelteU, page 
153 (19.30, oditor, Gauthier-Villars). • 

Application ot thetquation to steel& 

a = 25 er = 1500 
C 

a = ,.so 
C = ll8 X 10-6 

n ::: 800 X 10-6 

The rolation: 

</J (u) == 2 

vi, 
• du= 

determines therefore tho variation in e for each valu.t, or x; i.n other words 
at differont distances from the fused surface. · 

Tho c-urvos of Fig. 2 show this thor:ial distribution for a 'tAu- of eteol. 

Tho curves of Fig. J sho1l t.bo offoct ot the nature of tha motal an this 
distribution. They have been calculat.od for the casu of copper. 

ln this caso the difforentl.al. equations roaa1n tr.0 &Sme, tho value of 

a = ~ only, changes (11 = 0.23) as follows: 

Q,23 • X 

'[i.t 
ll = 

which allows us to wr1 to as .tor steel.: 

• du e - 23 
- l".08J - 2J 



• 
SP!!§!d of Cooling 

The nte or cooling is given by tM curve 8 = r {t)s 

V = - il = <er - e ) 
St 0 

These curves are shown for steel in Fi g. 2. 

l! . 
t 

An interesting value to knolf is the mexim.t'UD rate of cooling. This has a 
l ocus for 

.!Y 
dt = 0 J 

d
2

0 = 0 (inflection point of the curve 0 = f(t) 
dt.2 

d20 2 
- (er - eo)-:;- e dt 2 = ,. 

ll 
2t X 

the maximum f or a2x2 = 0.60t 

for steal: a;! = O. 575 

x2 = l.04t (l) 

the locllil of the maximu.n is given by a parabola dr a'Xl ·. fig. 4 i" 
The value of t he maximw::. is given as a function of 

therefor e: 

( V \ 
m' t 

:: • 0 
-0. Y. 

K = t where i . s a co, ., . •: , • . . 

' V ) i s invor sol y proportioned t o tt'._ time con aiderud 
\ I:i t 

for 
660 - t 

- gg-

= 0 



!VE; can express Vm as a function of x by means of relation (1) above, 
giving: 

The maximum rate therefore diJn.inishes ve~J rapjdly (proportionally to 

~ _l_ ) as we go away from the layer superficially fused. 
x2 

For copper ( a = 0 . 23) we obtain 

x2 = ll.Jt 

(Vm)t = ill 
t 

(Vm)x 5,375 -
x"" 

The curves of Fig. 4 a and 4 b give the variations of the maximum rate 
Vm f {t) (hyperbolas of f ig. 4 a) and Vm = ~ (x} {parabolas of fig . 4 b) for 
bars of steel and copper . They show the effect of the nature of the metal on 
the lateral t hermal distribution. 

We can deduce from thesu considerations, the isoclines or lines of equal 
raw of cooling ,,hich pore.it the cstablishmont of tho zones which can attain 
critical temperatures and r a tes, such as for steel whore profound physico­
che.mlcal changes tuk~ placo. 

It will also be easy to doduc~ the form of the ieochronic (equal ti111e) 
curve:::i for t he t:iJ:los t,i t + l\ t . Those curves are normal to tho isother::w, 
thoy •.:,,ill be specified in the experlmenta.l portion of our papor. 

This first example, intentionally si.Clplified, only gives an approx.imnte 
idea of the thermal distribution ln a bar. 

Second Case - Thermal distri bution around a point. 

The therm.al equilibrium in a plate heated at point O (Fig. 5) with t he 
condltion that the point is maintained at a constant temperature, can be give n 
by ~ppllcation of Fourier theory. 

The isotherms aro circles 'cy reason of symmetry, f or which the center 
1s O. 

L9 t x be the distance from tho center of the circle A; l t ho thicknes~ 
of the plato , and Ethe loss of heat by convection. 

Thore will than enter the circle A a quantity of heat : 

dQ = - 2 Ii X t n ~ Jx • dt 

-hh-



n being the conduct! vi ey- oL the metal: 

There will now out or the c ircle B (x + dx) a quanUty o£ heat: 

1 [il .i
2e dQ = 2 n £ ( x + dx) • n 6 x + $ x2 dt 

There will flow out of the lateral face: 

Expressing this as a stationary state, the thermal oquilibrium is given 
by the differential equation: 

X 
J 2e + ti = 
5 x2 6 x 

assume: 

b 
_L 

-= 
nc 

and the equation may be written: 

+ 1 
:x 

ti 
Jx 

E n . (0 - 80) 
nf 

Thi s equation cannot be intograte<l by means of Bessel and Hanckel 
series . 

The genoral solution is of t..he form: 

in which: 

0 = AJ {u) +BK (u) 

u :::; \t _L 
✓ n £ 

• X 

thf..: functions J ( u) and K ( u) are given in tablos; A wid B are conat.8.nts 
which c1n be determined by conditions at tho limits. 

- ii-



These functions have been considered 6.Ild disc\lssed in the work of J. 
'..!erder and P. Mi<..:houlier (J). 

;._ solution of t he problem cannot be 6iven excep t f or particulur case :;. 

~h~rd Case - Welding of a plate of infinite dimensions. 

7ho problem is complicated by tho displ&r.cmont of the source of hea t • 
. .! . ?inczon (8) ho.s given an excellent solution of the problem for thu cast, 
of an arc wold on n thin plat e. Tho conditions imposed for the author's cttl­
-~ation are that tho various points of the normal to th~ two faces are at 
0very instant at the same temperature . In welds this c ondition 1$ almost 
realized for thicknesses of less than 2 !!lill; the nuthor also nagl.octed in 
nis cu.culation3 the effect of radiction nnd convection f rom the exterior 
faces. 

With these approximations, '< point of the coordinstos x, y of thG plnto, 
whon tr.o source advances following the line ox, with velocity v, la reluted 
to the temperature: b-; the diffarentin.l equation: 

+ (A) 

2.a 2 _ C 6 
n is already defined. 

The l im.i ting cond.i tions are: 9 = 80 for t = O arid x ~ 0, but dlf-­
feren t for v t. Hnd y, entirely: 

X = Vt, y = 0 a.ncl t. > 0 

The general :,olution is given by: 

j~ -4pZ e = 1/2 &r L~ <z + p) + e ¢ ( z - 11) J ¢ ( u) {B) 

for z > 0 

and 

[.-4p 12 I+ p \•I ;q. I+ p) + ¢( !• i - p)] ¢ <u) 

for z <. 0 

the letters z, u and pare func t i ons of the ti.met and the, coordinat e s 
x and y. 

z = 
a (x - · t ) 

VTt 

(C) 



u -· ay 

\J ') t 

The other par t , ¢ (z) is the Lapl ace func t i on: 

¢ (z) 2 

v7 J a:, -z 
• e • d z 

z 

The author ~:.a:J als o s ho-:m tha t f o r the ca!ltt of u very hi gh r11tc of v.-eld l n.'., 
v > 0 . 5 cm./sec . 

Ti".o t!CU.S.tion (B) i ~; ·v:-itten 5 i t.Jpzy as 

C 
-l.p7. 

This ,esult3 in .'.l.'1 erro r i .nposed on t'.'.:e functio~ ~ (..:) :,hi ch det..1.!'cuo~.., +,iw 
r!in_g:) a f ~er;n:;; for the development in n $eries o f this; f uncti on . 

Jy r 0r-lnc in,:: 1,ho l ett.e:rs b:,., -:.heir ·:"1.lucs: 

-- C cf 
• V \ X 

0 -= 6 e 
t' 

·.-:-:let permits <.:ct-<.lr:n.inati or, o.f x for a glv1)r. rit t~ 
1.11d corscqu<.!n:.L:, t-:1e tb.:ir-mal Ji..;t.ribut. i..on !ii.;. d of 
c0a .,.., ..; • 

'.::tudy of t.he i :;ot;ie rmal curves . 

) 

tr.,.: 
.t. iit·t·, .. .:l '<.:nt i,-t =>~• ... r:t.> C1 

v..:.:.1 :it. t:,.__ •.irr.u ·r.•:!ldi.~.,: 

l. for t.he case of locl!.l fus l ,:m ~t- a t" i Xr1c1 ru in: of' tJw :,ur!'·.c~ ot ·,:1 

i_nf1r-i~c -1!lc.e, -r..he i sot!~e:-·.,~ a.re con.::cntric cLr cl, ·2 h · rc-1.;cr, of ·•y=u · r:,- . 
~~.r: r·:dij o f the •;onc;:;ntr ic ,-:i r C L(.;s ..,_:, ,, funt.:!".ion o:· r:.,. t.:rr,pcr'lt1rrt' : ff,) •'.i'-'t:,: 
•:y ·_::c r .... l :.tion 

., 
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2. If th& zon(it of fusion moves with a CCllstsnt velocity v (for 
steel wolds), the isotheI'llal curves are defor.ned, tb$y a.re elongated in the 
direction of the weld. 

The onvelope of the isotherwi.l curvos is given by the parabola: 

2 y = 2 X 

a2 V 

obtained by olimination of t fl-om tho two oquations: 

x = vt and (:r) = ay 

V2t 

The envelopo curvos tNJ:y also be cooics but oot olipsee. 

When tho welding is sufficiently slow there may be established a quasi­
stationary state; the envelope of the isothoras may then bo uro straight 
lines (dcgeneratod parabol.a) parallol tot.ho line or the weld. 

iie can arrive at the genoro.l. toriml.ae of tlw envelope, the direction 
of elo."lgation of tho isotherms when tho velocity of the welding varies. 

Fig. 6 roprosenta the envolopoa of tho isotherms of two Olcy'ncotyleno 
11elde made n th a speed of .04 cm./soc. and at .20 Cll!./sec. 

Those r e sults, prodicted by tho calculatitl'ls, wero obtai.Dod in prnctical • wolding teats oo sand-surfaced platos. '!'he form of th('! isotherms could be 
follo.-ed by the color chzmgllS duo to motal. heat tz-osbaimt. Fig. 7 shows one 
such tost, it iodicatas the form or the isothena for a. plate heated local..l.y 
and the isotherms for a we1d which has not attai.nod tbe qunsi- ate.tionory 
state (elipse) and for ono wold in which the state has beon attained 
(parallel lines). 

We see plainly the et.feet that speed ot welding has on spreading out 
the isothon:lal curves. 

S!COND PART 
Experimental Studies 

The o.xperblenta.l study allo•s us to state precisely the curves for 
thercal distributicm, tho gencro.l trund of which bas boon given b,- tho cal­
culations. 

f{ecipr ocall7 in a nu:nber or oaaeB~ . the thocxt-y- aids UB 1n carr.cting or 
in oxtrapolati.ng a curvo beyond oxperimental llmJ.ts. Thia a~ .baa for 
its gosl t he determination of the otfect of the fol.lowing raotore oo the 
thermal distribution in wolds: 

l. Thicknoss and shape of tho aamplos. 
2. falethod of wnlding, 02T4cet,yleno or aloctric arc. 
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J. Mode of welding "classic" or "backhand". 
4. Nature ct the metal.. 

F.xperimptal method§ 

The experimental mot.hod eaployed was one ot determinaticm of temperature 
with thermocouples at different distancoa from the line or welding, at the 
surface and in the metal mass. 

(a) Thormocouplcs. 

The couples used were wiros or pt and Pt Rh (1.0% Rh} of 0.20 •• 
diameter. Very abrupt changes in tomporature occur principally in the high 
tempe.ra tw-e zone a..-id it was thore!'ore necessary to avoid as much as possible 
the thermal inortia of the wold of the couple. The very small -.aa or the 
weld of the two wires was placed at. tbe bead of a capilJary tube ot silica 
and rnade direct contact with the meta1 plate. 

For determining temperature in the aetal 1118.SB the couples were placed 
into drilled holes of 2 mm. diameter at di£1'erent distances from the axis of 
the wold, depending upon the welding method, the depth of the holes being ooe­
balf the thickness of the samples. 

The couples ware connected to a double mirror galvanometer. The ray 
reflected f rom t ho first mirror was received on a cylindrical drum with hori­
zontal axis (10 cm. diameter) which was actuated by a clock-work motor at a 
speed of 23 minutes per revolution; the drum was supplied with photographic 
paper. The galvanometer and the drum were pl.aced under a light-tight hood. 

The second, auxiliary Iili.rror carried on the eamo suspension wire supplied 
a spot of light which could 'bo followed on a soparate, translucent scalo 

· thus allowing visual inspection of the phenomenon while it wo.s being recorded. 

Study of Different Factors 

l. Method of ,rel.ding, oxyacetylene and el.ectric arc. 

The comparative study of the thermal dist.ribution for welds made with 
torch and arc on samples of the same shape (pl.ates and bars) and the same 
nature (steels). 

The welds were made by following accepted rules, e . g. with specifications 
determined by the torch end a function of the thickness and the form of the 
material. The el.ectrodes used were of industrial cype, and the arc welds 
were 158de with the electrical characteristics which are well defined. 

2. Mode of welding. 

For the. study of this fac tor, we have COUlpared the two methods, "classic" 
and 11 backhand" o~acetylene welding which are practiced with ordin&r7 s·teels 
(Note - r or a description of these methods see in particular "Treatise on 
Autogenous Welding" by Granjon and Rosenberg) . 

The other 51etals and allo-.ts were welded according to their proper 
industrial proceduro in welding. 



~'- 7~i ckne sn and .:r,!lpC" or tho s ar::ipl~s . 

r or th,.. ::Jt.udJ of thnBP. factors weld3 y;e ::-e uwdc : 

(a) ,):, plane plate!: 50 x :0 co. (to avoid r,:-,c ef.-ec~s of the ed.7e8) 
•md · 1c anu ~ ion;. thick. 

( b) on squart· bards 10 m:n on ;,:;ides and r ound hu:'d~ of 10 anci 5 r.o. dlA..:!ctcr . 

For all thE:: s.<unplc3 t.h-.; t cmpcrat.uN o•: till! :::urffiC,), on thu facu 
upµo:.:i !.e to th~ wuld and in th...: mldd.l,.: (halt U-.ickn~s~} ""HbS 1tea~mrec for 
th~ ·.voldr on p lates u..nd ~v·uurc· bars 10 mm. thid:. 

ror do+.,cr :tlni ng s urf::.cc tf.)mpE.:ratur,~ t~.: c-cupl0 ,1ir,:;!:; oi 2/10 ;no . 

<li'' •. ::-i.tor 7;<.;r~ -;-;£:lded dir·.:.-ctJ y to th:: pl,,:u or tx:.1· '.!.lmns of r. .3::l',l! . .;~-o., 
.,,older. 

In tr.0 t::1sc of t he pl·.1 t c s th...: -:, .:::1-:is ;.-.: ru :n:J'::l<.i for ·· length of 20 er;; ., 
the couple being pla ced •:long b perpendlculm· .,o 1.;,u line of the ·.,el c!, 
pas::;ing t hrOU€h the l!l.id-i.113 of the l ine, or 10 r:m : r o1il tl, e $ t.s.r t ing poL t ; 
we call this 11~e line of the coupl es". 

-'• · Nnturc of the metal. 

T~e nat,ur.:? of t he ,no•ul i s d0f ined uy itf •:oo!'f'i.civnt of ht:1.tt 
con 1...i.: tion p 

n 
cs 

c ~ ~pacific boat. 

J = d._msity. 

n = conduct! vi ty. 

To3tS wer0 made on the follor:ing mot.a.ls or nlloys : 

~ild s to-~l, 0 .10 carbon /3 
Austenitic Ni-Cr sto~l (18-8 
Puro copper , wuldablt,, (*); 
Pure aluminum; 

= 0.865 
typ-a} 
P = 9.13 
4=7 

(*) Th0 pur~, weldablo coppur is of complokly dcoxidizcd niaturi~l. l:hon 
it ha~ ~v<m a low 02 content ( . 05;) the 02 is~ factor in th~ un­
wolda bili ty of this metal. 

The wulds on thes~ metals and alloy :; ,Kro !1'!18~fo under toe follo·1ing 
eon di tlons: 

(a} ~elds on ~teels . 

The o:qncety lene wolds on mild stoel -vore Wsd.; ',ith n torch dcliv,•.cim; 
100 11 tors of a cetylene por hour por "=t. thicknes!l of plat(!. The avor"~t.• 
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Sp'9'ld of ·,yeldirig wa !3 

l2 ~ cm. per hour for "classictt weld on 10 mm. tM.ck plate. 
160 C!r. • per hour for ll OOCkhan<l 11 ,;e ld on 10 mm. pl.ate. 
2~0 cm. per hour for 11 cl.assi c ti weld on 5 mm. plate 

The au3teni tic 18-8 steel was welded witl. a rod giving a depoei t of 
m..ild stu$l ~ith s gas vol'U!.Oe of 1000 liters per hour 1n the torch for the 
10 mm. pl8te. 

Tba b1tckhand muthod was used, the .?ulding sp~od ~ing 150 cm. av1::ra6e 
per hou..~. 

The .Jl,..,ctric arc wc,lds on 10 mm. thick plates wcro tilt1d-'! in three beJ-.1d 
runs, the first (at t he botto::i) ,10.s made withe mild oteel, 4 mm. dl~ter 
rod, ~he tv;o otbor beads being r.iade with the eamo rod m£. terinl, but of 3 . 3 
:nr.1 . d i a..,eter . 

T~iP. con ting composition ,n~: 

Fe2o3 

K .O, JSi0 1 .:. ~ 

) 

4 mm. rod;; 
) • } rn,r.; • rodt, 

= 5% 

rcr.l[i indor 

ll5 a.upd, 18 volts 
90 aups , 19 volts 

(h) Oxyacfc:t/lene ;.dds on plates of copper and s.lUliU.nuc. 

For 1M1.kln1:; th,; ·,:cltls on thick platos ( 10 r.i:;.) of copper it aas neccssar:-r 
t ,, use two t.orcr:,:::;; or .c·uvO r.:.nd 2500 li tcrs cnraci ty, the first Serving 8..3 

;1r0-nc-a · ing toreh n.nd t he second for uctual wel1i.ng . 

'ihe do :.erl!lin~. tivn of tc::ipera t ures during pr~-11e .:1 t s howud it to oo 
r:,~•~ossary t0 :.t.tain ,, anifor :-.; tcopcr.:!turu of "bout. 5C-0°C . ov,Jr the v,holc 
·l,.: t,~ i r: order th oo t:.l.:. to s t:Lrt. welding . 

Th..:: wc:l:i~ 0:1 co~,1-cr ncr8 r:::ad 1.; wlt!1 "r,e ,· l r ss ic ::iethod, ti1ct ro ldi:'1g 
·:.=·~11·c!~ being precedoc try +..,he prc:h-.;o. tirtf t.orcn. :'he 3;,eed o f }t!"_;lding, ·:t .L ~ .. h 
tm i '..'or::; ,c,e ltff(i -:.ion ·,1::c::1 100 cm. por r>oll!"', on t he a vcffn8e. 

fort.he oxy:i i.:ec-ylene welds on alwn.irn.u:-:, rre;1ei:,t1", c is (.il .,o neces:,,., !·:_:. 
~;in(le acldi:'l[ t..oreic o f 2000 li ter.i c ·-prlc i t y ~--:e,'' '::l'.'.; !'or :hi·. ,>pe r·,:. tior: . 

:cJr the Mel.Jing it ,'/;:,.::, necessary t,o ,,:,t;tlr.:, tu!ll1•i:· .~ure be t ,·1E:<:· 300° an. 
()°C.:, over t:1,~ Nh-:.;le pbtt:. 
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The wolds were ma.dt.: 'uy the classic method with u spuod of uniform 
accelcrlit:..on. Tho averu~e spo,:}d v.-as 100 cm . per .hour counting the tL'llt! 
of prehl.lnt.:i.ng. 

For ever, te~t it was possible to obtain a curve of O = f ( t) for 
:x a point ot .'.! dlstance x from the ,1eld. 

From these curves we nave obtained other curveo b-.1 graphic con­
struct-ion which permi tt.0d U.e dewrm.in.ation of the offect of diffi;:ront 
factors. In particular: 

(a) 

(d 

( r.) 

The 
tho 

T:i<3 

curves for m~um temperatures projected on the plano of 
thurmocouples 0m = f (t). 
derived curvl)s, V = ~ st 

fhu isochronic curves made possible the determination of the 

curvo E, = f (t)
0 

of the plane passfog through tha line of th..: 

r.'3l d ( x = 0 ). 

(J) Th~ i sothormd corrc3pona1.ng to a position dofinud b-J the torch or 
arc , ana connoq~cntly the fa.mil:,' of isot~eros dependont upon th~ 
displa comont o f tl~ 3ource of heat. 

rrom all these currt.:s ,:;c could :fotcrctine the curves ~ = ; {vm>x 
for variable x which whm1 suporpo:;rod on characteristic quonch.ing 
curves of th.: steel ·Heldcd made pos3i ble the drawing of conclusions of 
importanc.:, us to the ph:,·:;ico-ch~utl.cal modifieh ~ions producod by ;rolding. 

1 . Maximum tomp~rature curvos. 

The recorder producod the curve 8 = f (t)x by definition for the 
plane pas3ing t hrough x and parallel to the wld l ine. Whon t.~a source is 
displaced with a constant velocicy, this curve is di3placed with the same 
vol oci ty ir1 the plane nnd remains 1n the plane. 

For every valuo of x, tho curve e = f ( t) passes through a temperature 
maximum. This maxL:!UJL is c.twinod when the fusion hont source has passed 
beyond the line of th€: thermocouplos, moreover, this orud.anmi is displaced 
ri th x following n doffai to laYI x ..:; ¢ ( t) • ConsoqucnUy the curve of 
tcQper:iture inaxioa for the entire procedure is .:.i onG sided curve, defined 
by the f'unc tion~ 

8~ = f {t,x) and X = ¢ ( t) 

Tha curves x = I (t) obtained expcril::ontnlly, fixed with respect 
to t he source of boat in referenco to the line of t he thorcocoup1~s ot 
the ooment v1hen thE> m&x.imum t.P..mpornture is uttainod, arc the horizont.nl 
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jTO_;oc ,.ion!J of the or.c !, ideu curve s o f t.~o t eu1po :-1.t,u.ro ma.xi.ma; for the 
::.w:.i prc,ces~;e;; o f we.:).dir •. ~, ox.:,,nc e :;:,y l.e:10 ( ,:).as .1 ic rmd bac~and) c......,d t>llst:tr i c 
·~r-~, t.'..e :;c; curvi.;~ ar0 rr::pr c::;en t-e<l .in Fi~; . 8. Tho::; project. ion of th,.; 
curv.:: '.; f ~.:,.: tt:mp. i;1Ftxir.rn on tr.e plane norma l tc ~.h.a line of Nu1di:, i:; ;,- i.v , .; 
t.:,c.: ,·1.u-v;:::; 0 :;; f (x), th~tx, madt:: possible <lr6",'iin g the flr3t conclu::j,_.n::; 
H:.: to t he i .nfl 1...1ence or tr:, i vrir.i.ous factor~ whic L we propo s o d to stud:,- . 

ThL: curves of fi g~: . 9 , 10, 11 :;how the tr,;n-::l. of ti,8 cu.rv-;)!;, 8m ::.. r (>) 
for O~'!lC<: tyh:nc wclrJ.:; m~de by the cln:;r,ic me t hod on plate$ and bars nf 
:.;t,:.:C;l and copp.:·r and alt.L':li.nurr. of diff e r t!n t. thi.dcn, __ ,:;s 1;.nd ::;hape . 

r' ii.;. 1.2 ::i !wws :h8 ~•,•:L<..i curvus f or '.l.'1 clz:t~ t r l ;- c1r i: we.ld on or(1in,11J· 
:?.: Li s i. t:eL 

U . Curves or Sp,w,1 of Coolint:• 

5 \} 
-:'hr:: c ur .. .;<J~; of si-,h.--.i o :· c ool int{ V ·_: :Pt wer· con:;tru:- :..,:d g r , 1 v · l.C'" :. l 

-:.·./ :.t,,, :not;:od of t.,;;.ng-.;:·, i. :; ( rnut,hoJ uso·1 by f. - ,;i.ev.-1. ·~r d , -:: f' ; diL: +,om(.; :;-i.--
_·,r: ·.l·, ::; L: of r!l~, t.::iri.11 :;_i b\' Ulmod P:~.:-is, l ';!.:C/). For deturmi nin.,;· <' t:;o i n~. ("1 1 : 

t~ ... ~Lr i 'IC;U curve ~ ; lin~ ia dr.:-:wr: f rom t;,, : o:-i., in p:,.r 't llcl t,r, r..i., · ot 
: :,n r;ent ;, :. 0- du sired 1x) i.n:.. ot' the curve U :.:. r ( ~,j ,,1:ich .J~termi n ,, :; P r: ·.r:y 
:c,;_.r- i(ri t. Linu p-1r.::.llsl !..o thv tJ u.i. r . ..i scc.nc::-:n f or 1cich th<:! ·r, l u.: (_, 

~ . ) 

CH:,.. ine r rojuct. i o :-; 0 L t.flis ~e:gn.!,..:n: un the or.l i:"!, ,.t,_ of :.!lL" tKd.n r t _. L Jt.. .. 

5 t. 
., fvi.n t o n t~\) dcslr.: ·~ ,·Lu-vc: c.,f c;,,:, Llni; s poe:d . 

111. 

!ht, cr:. lcul0.t L ,, i;.; L ·, i.L:-tv : :,:it. :,l~- the i~;c;r,:,>.Jr:-;:.u.l. c urve: .\ '.rt 
,- il/ uf p,,r!.l.uuLJ.~ ( :'t'?-'.t L CJ!' aege1:,3rate) :,ervin~; ,i;; envelor~:-; for :.h•~ 

1...o U,crr.1::; f o r '1 · ie:·i :ii. ,. pusitl, ,n -'.)f' the ~o r c l. 0; · :,re de pen·.lcnr. u;lor, t.ht: 
;;.,:~r,.1 uf' ;1d·;anc ewent.. T: ~-..! r~ur .. ..rt.: ~~ !~Or w:1ic!-1 t ht: ~•t1r~ bolS !I a r =--..; r:nvl: Lof 1·~.; 

r.:"t .: li ~; s~s w!~ i_r-! : -.;.c~ ~:0rnpleti..:l,/ ,:f,fin ._·d by t. ~1t.~ !"" t,•,70 J:__X,c: ~t .. 

:-~:t; :afl Jo r !.~xis · > _ l ~ : 

,.~ _·: c .... ( t ) for tr1c ~- .L ·.·; # 

o f Fi~ - lJ for the~ . 1~-
L., ' ' I" I C ! !'"'; C " ·- :._ I ;,_) • 

J :;other:r: f"or which (: i.. . ; :.~ i V<..:n by the •.:u.rvc.: 
t.~<: welr:i l t,c, l:,n c"l,~'- i,, -;qu..;l 1.,0 ~;1,w 'men t ,, ' · 

t; Tile :nino r a:-t i .::, i.s Jut a 1·rn incd bv ~'.',€ f' ~ .,I 

~ .,~ ,· ir.,t c ur-;, _ -- ' , ( : ) .i :.; obt:iincn t=y • .. ,., tn1po l.,.r L in of :,, .. , 
• ;:· : ,:..5 •.! - r (t.) J,: ·-.. :ni..i,,: ,i e Xfh.:rl:1.ent,.•dl;; :·or ~;i ;' fer» nt v•1luu!3 o f x. 
: :: i_~ t.:Xt.r1ipOl".!t-1i~:--i ·r;·L 1· : ~:/ ri1· ~;t'l1"ing t he i ~(J:-~:--~J"()n ic curves f or :,hf; 
f, i."1 ·· :- •~ , t.. +l : ;. t ... . . .. ·u r to th~ir intc .M:.:(?t~t ion with t!:>::: p.L: n,· 
Y._ ~' ~. r, .Lant~ 1): .. t~::.: ,. • . L : ) " 

:n(· t. :-.o··~) ;·or :.~ p0i:1t i 7 {:l :-1 .. .J 0~3 r,n tn ,.. ... ! .i n .: u: 
!r- .:1 :.tH;- ;o l,loi:ir~ .. ¥ ' ='J::,~ l :!3 l~;r..~: 



2. When the source of h&at is displaced with velocity v. the 
family of isotherms at the inst.ant tare displaced at the same speed. 
The envelope of the isotherms at dllferent given instants gives the 
family of the isotherms when the source has been displaced tor a length 
equivalent toy= v.t The upper pa.rt of the diagram (Fig. 16) r,pre­
sents the isotherms of an oxyacetyleno wold when the torch has moved 
f'rom A to B. 

J. For the same procedure anq same method of wo.lding, if the 
speed of advancement of the source variuG, tbe isotheraa obtained for tho 
different speeds are bomothetic curves, the relation of homothety being 
the same as tho rolation of tho speed of welding. 

Tho diagram of Fig. 15 ropresoots the isotherms for an electric arc 
weld for a plate 10 mm. thick. The very different thermal distribution 
of the two welding processes is evident not only far the lateral thormal 
distribution but also along the lino of the weld i tsoJ.f, whore the steep 
temperature drop o.head of the wel.d is indicated when the electrode is 
brought to rest. 

The lower part of Fig. 16 represents the isotherms for o.n .:uectric 
arc weld between two poin ta. 

Results 

The results of tenpera ture measureaen ts make it possible to repre­
sent the tberm&l distriwtian in a plane of a surface 8 = ; (x,y) such 
as are given in Figs. 17, 18, 19 the thermal displaceaent of this surface 
follows that of the thermal source responsible for the fusion of metal. 

On such surface wo have drawn: 

(a) the exporimontal curves 8 = fx(t) for the different values of x. 

(b) the isoehronic curves 8 = ft(x) for different. values of temperature 
from this curve was dotermined a particular curve e = .f0 (t) for 
tho plane passing through the wold lintt. 

(c) the 1sothome 8 = cte, the intersection of the solid by tho 
horizontal planes. 

After an exam:inaUon of these sur.faces the fact.ors which appear to 
have a propondorant infiuanee on the tharlllal state ares 

(1) The mot.bod of fusion, src or torch; the a.re (Fig. 18) produces 
a 1DOre rapid heating, e.g., as dotermined by the temperature 
iJ"Bdients, and speed of cooll.ng which aro far in excess of that for 
the caso of the ox;yacotyleno sselding process (Fig. 17); 

(2) The thermal conductivity of the motal and the initial prohaat 
tolllperaturo before wolding, it the latter is necessary. 

This is the case for the therm.l conductor cet.alsJ copper (Fig. 
19) or aluminum, for whieb the .infiuonce of the cOG.ft'iciont of 
thoroal ccnductivity is in evidonco by tM widonod .fora of the 
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~,J111 ~ :,n or a bar o f ateol nnd oopptH',, cu1vre • oopper) 
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:, ~~ . 5 - ~."'r--:~l "qu111br 1um 
ln a heat ~d plate. 

F'1i.6 - Effect o~· sp~od of ·,'telH n~· c_, , 
,11strl b·it'..:>n Jf' lsothi,:•ms. 

_,, .r.··:·•-:nal enval ,, pas 
~;3tJ ;- , • ;; ,.i f or ,Hffer-flnt 
;:;r r..-, · 1~a1 /)!!.SOS or f,is ! on. 
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~ .. , .:. 1. .,.l t ~.a ·· ... H:1 t e :.;;--,e~'" 11\· u~us . 
:: :: r f1 i !" f" er "~ .... ... w 6 l :1. ~ ... -.~~ -~d tho ·l i 

~ ..cri,,n· i :ue·,• 1~ ly dete ·· d .m·d . 
t~.) f; t r- ,~t..11t:! , ar ~ ~;)ack...\--inn:1-

... ; ,-1 :J , ~ :. \\ ~ , l : - ,: !l d ljJ ,~ • '! i nf. ) • 
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9m•/(1-)eur,rea tor ox-:--aoa~yla:ie ·•e'l.,1!~f of mild steel 
(classic method). 10 ffl"ll. thick pla~en with temperature 
measured at m1d-th1ckneae (a),and ~eaa~red at the aur­
taoa (b), & am. thick plate (d), 10 !!ml. square b&I", 
te!!!perature ta!<en at m1d-thicirn~9s :~, an1 at sur~ace 
(d), 10 -:nm. and 5 mm. round oa.:-, (t,c ). 
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?ig.10 - 8,,,sf(~) curvaa tor oxy-acatyleoe weld.log or copper. 
Plates 10 mm. thiok with temperature taken at mld­
th1okness (a), at the •urfaoe (b), 5 mm. thick plate 
(d), 10 mn. aquare bar (o,e), 5 mm. ~ound b&l' (t). 
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~ ·!.~ : ;," ,;)/ .,1. ) c:,u .. v~;; f vr el~ct :·~ -.:. A!'-; ~ tt l ~'l1 n.g. ,Jf ~.111.i 3 t 01:i .- . 

~ •'- "~ lU t.:r •• t:--.i:i k , ti, ':tfHl:-~t• . ..t·e ta~en at :ni d - t~1c;.: :vH o1 
t.~ 1 ., s. ~ t ~ e a tt r fa v e { b ) , o ~n • p l a t e ( c } , l O tD-'Il . s q u e. ~ a l. ill'" .. , " ) . 



IX 

~1g.13 - Metho1 or determining isotheros. 
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- : s -:,ther m.s at a gt var. 
1ns t4nt ! or oxy-scetylene 
•elrt 'ng (olassio me thod) 
,1f l U m::i. thick ,mild ateel 
~l~te . Projection or the 
is )therrn.s on t h6 plane of 
:h plate . 

Pig.15 - !sother m! at a given 
instant, f or the elec­
tric arc wel-11ng of 10 m.--n. 
t~ick, mild steel plate. 



:' l~ .l ~i - I:soth,3r ,oal a::\·ol-_.>p aa fer oxy- ailatyli= r.s ( ~;pp ar curves) 
,ul:H ng at t-;, .., g i v~n instants ; •qu1llur1um hkv1ng been 
e~t~bliahed pravl~¼~ly. 
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F L, . l., - . ,:,, r rr_al s nr(H~,:, .r ·, r- ::>xy - a ~e tyl°'n·i ;rnlHn.:; of 10 :run. th l ~k, 
1: llJ steal plate ( t 6mporatura r.naas t:rad at rui.j -tt1i cknea!t) . 
Too surfs.co oonta1 na the experimental cur·11,a fJ .. ]11.("f} , t he 
isoohronic curves ; the maxi mum temper~itu ~e c urv6 9,., =I ( '.{, 'J) , 
its projection on the plane X•r/J ( 'j ) and tne isother?lls. 
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?10 .!d - 1'her::.al eurtacd for electric a.re we 1i ·n, ~r 10 :nM. 
th1c~. ~111 st,el plate. 
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r!g. ]9 - T'neraal eurfeee tor oxy-aoetylene welding or copper 
plate 10 mm. thick. The preheating temperature is 
ind1oehd by an anom.aly or the &• fe {':f) cur Yo at ooo0 c. 
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400 800 

r' tg. ,~.J - '-~f~) ourv1u obta 1ned. trou the therna l aur.fsces, 
0.3 n funat1on of m&.Ximum te:::;:,erature and max!.i::u m 
S?oo..1 or cooUng; oxy-aoetylone .,.,11!.ng o f 1 0 i:i"!l . 

t'l!.ck plnt A o~ ateol (a) ., 1 0 Cllll. square et ~o l bar 
(b); elect.:-1c 11rc we l ding or 10 mm. th1ck,stael 
~lat~ (c i , 10 i:-:a. aqua.re bar ( 6 ). 




