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ABSTRACT 

Three method& are in current use for 
obtaining adequate ductility in aircraft steels 
such · as NE 86,30. A study of these methods 
showed that welding both with and without pre­
heat produced a low ductility acicular structure 
in the heat-affected zone and that both isothermal 
postheat and torch 11stress relief" treatments re­
suled in more desirable microstructures and 
excellent ductility. 
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INTRODUCTION 

(A) Authorization 

1. This investigation was authorized by the Bureau of Aeronautics 
Project Order No. 492/43 of 4 January 1943, Reference TED No. N.R.L. 2535, 

(B) Statement of the Problem 

2. During the war aircraft manufacturers used a considerable amount 
of NE 86.30 alloy steel for structur.as ultimately fabricated by either 
metal.lie-arc or gas welding. The three methods of heat-treatment speci­
fied by Navy Aeronautical. Specification PH-11 for producing satisfactory 
properties in the weld area of medi.wn alloy steels are: (1) preheating 
followed by stress relieving after welding,(2) preheating and controlled 
cooling after welding (isothennal postheat-treatment) and (3) normalizing 
after welding. Opinions have been expressed by some in the aircraft in­
dustr y that post~heat-treatment was of little value in improving the 
physical properties of the heat-affected zone and that preheating prior 
to welding was sufficient. Consequently, it was the object of this in­
vesti gation to compare the effectiveness of (1) welding with and without 
preheat, (2) isothermal. postheat-treatment, and '(3) torch "stress relief" 
treat ment in. producing satisfactory properties in too weld heat-affected 
zone of steel NE 8630. 

(C) Known Facts B.:!aring on the Problem 

.3. In welding alloy steels of the air-hardening type, low ductility 
and cracking can be expected when martensite occurs in tha heat-affected 
zone . It has been known for some tiJne that low ductility and cracking 
may be minimized by preheat, post-heat-treatment, or some combin~tion of 
the t wo. H·owev.:!r, a survey of the literature on the weldability of NE 8630 
and SAE 4130 steels end the effect of post-he2.t-treatll"J3nt on the properties 
of weld heat-affected zones in these steels indicat0d that there still re­
mains somu justifiabl\; doubt as to the ndcessity for post-heat-treatment 
after welding whon these .st..::e1s are used, 

4. il previous investigation, NRL Report No . M-2242 of May 1944 on 
the cffuct of isothermcl pos~n~at-treatment on the properties of weld 
heat- affected zones, showed that the proper choice of preheat and post­
heat temperatures:, in most instances, made possible thG wdding of medium 
alloy steels in tho heat-treated condition without loss of ductility. 

(D) Materin.ls 

5. The material used for the ma.in part of this investigation ccn-
sistcd of NE 8630 nlloy steel sheets, plates, and tubes. Sheet and 
plate thicknesses were as follows : 0,028 inch, 0.063 inch, 0.125 inch 
D.n.d 0.250 inch. Tube siz0s ranged from 0.028 inch to 0.120 inch in waJ.l 
thickness and from 1/2 inch to 1-1/2 inches in outside diameter. Chemical 
compositions are given in Table I • . 
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TFST METHODS AND RESULTS 

(A) Procedurc 

6. The ductility of the heat-affected zon0 is largely depcmdent 
upon the cooling rnt0 end th0 post-heat-tre~tm~nt, two factors which 
dctcrmin0 th0 Nsulting tr(!.nsforimtion products. A pr0diction of the 
trruisformntion products may Qe hnd from a consideration of the time­
tamporatur1.: r0lo.tionships for th~ various W13ld cooling conditions to­
gether with th~ continuous cooling trMsformation dio.grnm. lt is to be 
not~d thnt littl0 information is to -00 gcin0d from supcrim_.POsing con­
tinuous cooling curves on .:m isoth,mnnl transformo.tion dingram. Tho 
continuous cooling transformation diagram (Plate 4) for steel NE 86JO 
was detcrmi.neQ with a. high speed dilatometer es describ0d in NRL Report 
No. M-2340 (2). Unfortun::itely, th3 austonitizing tcmp.3rature used in 
estnblishing tho continuous cooling transformation diagrtlm was only 
1600°F because of pr~cticcl. limitations on the furnace of the high speed 
dilo.tometer; whereas, th~ nustenitizing temperature involved in arc 
welding is probably in the neighborhood of 2500°F. This tillllperature 
difference would be oxpoctcd tQ result in longer tir~es for transforma­
tion than ind.icntod by the curve as prlc!santed in Platos 5 lllld 6. 

7, The iongitudinnl bond wal~ bend test was selected as the mst 
suitable weldn.bility test specimen for studying th0 properties of the 
boat-affected zon-:;, The test specimens wero pruparcd by depositing a 
3 inch bead wold along th0 c~nt<Jr lirn~ of a 3 by 6 inch sheet specimen 
with the weld parnll0l to thu 6 inch dim0nsion (Pl~ta 1), Wol~ were 
made with automatic vr0lding equipment using Murcx-Alt.3rnex mild steel 
elec?trode (AW$ - ASTM, Grnd0 E'.6013) :-nd Airco 190 n.lloy steel cl.ectrodes. 
Details of the ,,,elding technique used are li3t-.;d in Tnblc II. R0cords 
were made of thJ welding currents and.arc voltD.gcs by means of Esterline­
ltngus recording.meters in artier to establish th~ cvcrag0 heat-input used 
for welding each specim,m. The majority of' tlN welds were ma.de with mild 
$tcel electrodes since they more consistently produc-.:d weld deposits with 
greater ductility th.::.n th0 h0G.t-aff0ct0d Zone. 

8. l-t. Jig wD.s us..,d to support th0 specimun- nnd. tqe:rmocouplc during 
the w0l.d:ing -'.l!lC: h..:;::>.t-tr-.;::1.ting operations. In th...? pNhoc..t anu. post-heat­
tr0.'.l.tm-.:nts, t-.m.p0rG.turl.!s w0rc satisfn.ctorily mc:.intain.:.Jd by an o.x,y-acety­
lcnc torch. For ,~10~suring th-J t0mpcrature of tho he.::.t-affectcd zone 
during w0lding ~d post~h-.:~t-tr0ntml..!nt opor~tions, chromel-al.Wllcl., th0rmo­
couplc wires wcru fl::-.sh w.::ld0d. to each bead wvlcl bend test specim~ in the 
hoo.t-affectcd zon0 on tho sid.0 of the sp0cim.m opposit0 from tho weld 
(Plat~ 2). It proved s~tisfnctory to wcl~ the wir0s to th0 surface of 
the 0. 028 inch and 0,063 inch spdcim-ms; however, for th0 thicker specimens 
it was necessary to drill holes· in order to plac0 th0 junction closer to 
the weld bead. Cooling from 1800°F to 200°F wns recorded with a L~eds 
and Northrup 11Spccdomax11 , 

9. Bend ductility at the loc~tion of tho thermocouple was measured 
using the jig illustr::i.t~d in Plo.t0 .3 by bonding tho specimen to failure 
ot- to the capacity of th0 jig and taking tho 2.nglc .:it mich failure oc­
curr0d in th0 hcnt-c.ff0ct-.:d zon~ ns the ihdox of weldnbility. If the 
failut-e initiated in the . bead weld, or if the weld and heat-affected zone 
failed simultaneously, the test was regarded as an \lflsatisfactory indica­
tion of t:he ductilit;y in the hea.t-.lff ected zone in the base metal and, there­
fore, was disca~ded. h test specimen was considered to fail Yben a crack of 
i/8 inch length was observed in the base meta.I.. · 
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(B) Piscussion of Rusults 

Th~ effect of v~rious cooling conditions on the microstructurc 
o.nd ductility of th0 h0at-c.ff0cted zonos of Q nwnbor of wolds w~s invosti~ 
gated for thJ v~rious thickncss0s of NE 8630 st0ol sheet. C~oling ~urves 
for s~cimens (1) with no pr8hea.t, (2) with 400°F prohcc.t .:1na (3) with 
600°F preho~t wore dotcrminod nnd thoir rclutionship to the continuous 
cooling tra.nsform~tion curv0s is shown on Pl~tc 6. 

To co.npar0 tho 0ff0ct of the v~rious w0ld cooling programs on 
tho ductility of thu h0~t-~ffocted zone, on~ sheet spocimon (0,063 inch) 
wc.s us 0d . ThJ b,.md. cngl-::s of tho 0,063 inch thick plc'.l.te after nn.ving 
bc~n s ubj0ct0d to wold coo:Ung progrruns involving no preheat, 400°F 
prohcnt ~nQ 6oo°F prJhont wor0 63°, 71° und 92° of bond rusp.3ctivcly. In 
orGor to study th..J pro,:~rcss of tr2nsformr.tion upon continuous cooling from 
tho no preheat condition, sp..;cimens wore quonched ~t rogulnr intervals cs 
coolin g proc,NC:,-Jd enc. th..:: corr0sponci.ng ouctility wc.s recorc'.od on the 
cooling curv0 (Plnt0 6). To f~cilit ~t0 int0rprot~tion of thJsc dnta, 
chang.;,s in ductility upon continuous cooling woro plottvd. against quenching 
tcmpor cturo (Pl~t0 ?) . It is to b0 notou thnt thor o is fnir ngrocmcnt 
between tho shnrp rise in ductility and the cnG of tri:nsformation as in-
~ic~tod by tho continuous cooling tro.nsforrru.tion di~grcm . 

Tho effect of isothorm.:u postheating wns investigntod by me.king 
bead weld. tests on 0.063 inch sp8cimons. nrsoth0rmo.l postheat 11 is a 
specia l w~ld.ing tcchni~uc in which co0ling is int0rruptcd at som0 predeter­
mined. kvd n.nG th0 temp.:irc.turc maint ained for n. dJ finitc length of time, 
after which tho weld is al.lowed to oir cool. Tho proccdur0 was similar 
to th ~t described in Rofcrencu (1) with the exception th.:1t thu specimens 
were not prche.:tcd, o. more drastic technique thnn ccllcd for by curnmt 
specif ications . After tho weld was completed, th0 hcnt.affcctcd zone was 
allowed to cool to posthont tamp()ratui~ bofor o addition::ll huat was applied. 
The posthJn.t t0mp0ratuN wns th0n co.refully mo.int.:>in0c. for V.'.1.rious time 
intervals, after which tho specimens were oJ.lowod to cool in air from the 
posthent temperature . Tho Ae1 critical temperature was selected as the re­
fer...:n cc point for tho initin.l time for both tho cooling and. posthen.ting 
periods . The: timc-t0mp.Jr~ture r0ln.tionship n.n<l c;.uctili ty- r0sulting from 
the i s othurm:•l _ _posth-.:i:1t-tr..: atm0nt may be s een in Plato 8. It is to be 
noted th...-_t t. h0 .tim-.:: n .Jc0ssc.ry for maximum improvement in ductility (180°) 
was i n close: ,'.J;I'0mue:nt with the complc..>tion of isothormcl trnnsformation. 
Thus, t ho d~t c obt~n~c substc.ntiatetl tho findings of u previous report 
of thi s l uborntory (1) thnt within n definite contour corresponding to 
th..:: 0 n ~ of isothorranl trnnsformation thur0 exists~ optimum ductility. 

The off..:ct of 11stross r ..oli.Jving 11 wc.s inv0stigLt0<l by mnking 
longit udin~ baud w0lc bond tests on 0.063 inch spocimcns. ~sin the 
cc.s0 of isoth0rmc.l posth00.t-trca.tm0nt, no pr-:;hc,'.J,t was us0d. Aft0r the 
weld was compl-.::t0c.'. .:end c.llow0d to cool to ro .)m t0mpor2.turc, the speci-
men was rdhoc..t0d with 2.n o:xy-uc0tyl ..::n0 torch t o s omo eluvat ed temp\;rature, 
held. at tempera. tur'-' f or ;_: certc.in time , t'.nc. finc.lly cool ed in air.. The 
ductil ity resulting frora th0 v.:rious "stress r0li0f 11 tr0atm,.:nts investi­
gat <Jd ( Pl<!t0 9) inclic .::.t0s th ::.t again u dofini t0 t~c-t0mpcraturc rulation­
ship 0.xists f or opti.uum C.uctility. From th0 r cl c.tiv"ly low tcmpc.raturcs 
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.'.1.nC:. short times involwtl, it is c.pparent th,~.t th..: term Hstress relieving" 
ashore npplfocl is n misnomer. Tho process of torch 11 str0ss rdi0ving 11 

~t 800°F for 3 minutes, for oxomplc, is to :tl.l pr~cticnl purpos0s little 
more than n t0mp0ring trc~tmont of th0 trcnsformntion products. 

Th0 rd;:-.tiv-.::ly low ~gle of b,mcl obs0rv0d in tho prch0ateci spcci­
mon :).S compo.Nd to th.'.'.t of th0 post-h02.t-trvnt0d. spoci.m.on indicD.tcs the 
prclscncc of Q brittlo tr0nsform_ction product. ~ joint considariltion of 
the trunsform,'.tion dir,grnm togeth0r with th0 cxporim,mt.".lly cfoto:nnined 
cooling curves indicc.tos tho tro.nsform.::.tion product to be bninitc in the 
ca.s.;; of both the pNhc.:.tcd Md. unproh.;:atod spocim0ns. In consid.ering 
whether or not mo.rtonsitc rn,.~y be present, it is to be noted th~t (1) the 

· rc:lativo position of th..: cooling curv<ls anc. th() tNnsform:i.ti6n dio.grnm 
(Plat.e 6) indicD.t0 thc.t tr~'nsfornP.tion to bainitc w~s completed a.nd (2) 
the constant b,md nngl.J at t0mperaturcs below 800°F (Plc.tu 7) indicat'3 
that no further trc.nsform~tion took plnce below 800°F, o. t~mperaturc ov0r 
l00°F abov<J the Ms. Thus, the brittle pcrformo.ncc of th.:: specimen may 
be <1ttribut0d to bcinito. How._wor, in the eront thr..t tho ltigher austcn­
itizing temperatures associated with welding mntori::uly lengthen th0 re­
quiraC: t:un0 for tro.nsform.:,.tion, th.m th<J possibility of martansite is to 
be considered. Exoin:i..n~tion of th0 rnicrostructurc for the purpose of con­
firming th0 nb0v0 :).lldysis was inconclusive du~ to the difficulty of 
Gstablishing th0 pr0s0ncc of small qu.'.lntiti0s of mc.rtonsito in~ structure 
thc.t w~s predom:i.n,'.'.ntly lower bcinita (Pl~tcs 10 c..nd 11). 

CONCLUSIONS 

Tho cooling r .'.'.t0s in wdds mntlc on thin sections of NE 8630 steel 
nrc sufficiently r~pid to p0nnit th0 form~tion of .'.'.n QCiculor structure as 
indicated by micro oxamin.~.tivn o.nc. low b...JIH.l ductility. Thus, post-h0at­
trcnto0nt of wclGS is nccoss~ry if ~n optimum ~uctility in the heat-affected 
zone is to oo obtninod. 

The ~uctility obt~inoQ in steel NE 8630 using the post-heat-. 
tro~tmonts under investigation indicated that oithcr the isothermal post­
hen.t-trcntia-.Jnt or tho torch 11str<Jss rolicf 11 tr0o2.tmcnt is equally sn.tis­
factory for th..: purpos0 intcnC:.od. · 
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TABLE I 

cmw:c;..r., COMFOSITIOOS OF STEELS USED 

Thickness Per Cont 
~ (Inch~s) C Mn Si Ni Cr Mo 

NE 8630 0.250 .30 .91 .32 .61 .52 .17 

NE 8630 0.125 • .32 .84 • .3.3 .56 .48 .16 

NE 8630 o.063 ,JJ ,78 ,.31 .38 .54 .21 

NE 86.30 0.,028 ,3.3 .?8 .19 .42 • 5.3 .19 

s;.z 4130 0.250 .29 .58 • 29 .Jl ,85 .18 

S..:.E 4130 0.125 . .J3 .43 .34 .14 .91 .23 

SAE 4130 0.063 • .31 ,48 .20 .18 .93 .2.3 

SAE 4130 0.028 ,30 .44 .23 .11 .93 .22 

TJJ3LE II 

WELDING TECHNIQUES USED FOR BEAD HELDS 

Shoot Wolc.ing Arc Spded of i,vg. Hout Eloctrode 
Thickness Curr~nt Volt.'.!.ge Travel Input Diameter 
(inche~) (nmecro.;a) {.volts) Cin./r.d.n) (J oul0s/in) (inches) 

0.125 90/100 19/21 12 9500 1/8 

0.063 70/80 HJ/20 16 5200 1/8 

0.028 40/50 17/19 18 2700 J/32 
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APPENDIX 

. Since Navy Aeronautical Specification PH-11 for prod~g 
~atisfactory properties in the weld area of medium alloy steels lists 
nonnalizing after welding as a satisfactory post-beat-treatment, it was 
felt that cooling curves for normalized specimens of various wall thick­
ness and diameters might be useful in a comparison with ~ooling curves 
for preheated and postheated thermal cycles. 

The tests were made on vmous sheet and tube sizes of NE 8630 
· and SAE 4130 steels. Thermocouple wires were flash welded to the center 
of 6 by 9 inch sheet specimens and t,o the ·outside surface and center 
with respect to length of 15 inch tube specimens, .Cooling curves were 
determined with the 11Speedomax" recorder. All specimens were austenitized 
at 1650°F for 15 to 20 minutes and then cooled iri still .u.r. After re­
moval from the furnace, sheet specimens were suspended in a vertical posi­
tion and allowed to cool. Tube specimens were held in a horizontal posi­
tion while cooling in order to eliminate possible convection of air cur­
rents through the tube. The normalized cooling curves superimposed on 
continuous cooling transformation diagrams appear in Plates 13 and 14. 
After normalizing, two tensile specimens were cut from the center of each 
sheet specimen in order to determine the effect of cooling rates on the 
mechanical properties. Tensile properties and hardness of the normalized 
specimens are reported· in Table III. 

The cooling curves for the tubes were within the same range as the 
sheets and plates; therefore, instead of plotting the cooling curve for 
each tube, it was convenient to compare the cooling rates of the tubes 
with those for the sheets and plates. This comparison and the effect of 
sheet and tube wall thickness on the time required to cool from 1600°F to 
400°F are shown in P•ate lS. · 



TABLE I4I 

MECHANICAL PROPliRTIES OF NORMALIZED SHEETS 

Nominal. Yield Strength Tensile Elong. Average 
Steel Thickness at o. off-set Stren h in 2 in. Hardness - (Inches) 1000 p.s.i. 1000 p.s.i~ (%) (VHN) 

NE 8630 0.250 89/92 118/12.3 19/21 ·258 

NE 86.)0 0.125 98/100 122/124 17 278 

NE 8630 0.063 101/103 123/126 16/17 280 

NE 8630 0.028 108/lll 13.3/1.37 12/15 285 

SAE 41.30 0.250 89/92 118/119 19 258 

SAE 41.30 0.125 103/105 1.31/133 17 285 

SAE 4.130 0.06.3 106/109 135/1.37 15/16 .304 

SAE 4130 0.028 108/111 134/140 12/13 317 










