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Water·town Arsenal Laboratory 
Report Humber WAL 647/9 
Problem Number D-13.4 I r ;, ! 

/ Jr'. r~ r " 
tJ : , r, t h r 1

~ -

25 September 1945 

1 .i ~ tr /, 1 

EEPAIR WELDIHG OF OAS~ ~OR .... ,... ·i ! · .\ .: . 

Determination of Mechanical Properties of Simulated Repair 
Weld DoposHs Ma.d.e with Five CommerciRl Allo~/ Steel Electroclee 

OBJECT 

·, . 
.· .... ·. '! 
.. : . . ~ ~ 
I • • •• · .: .. . •••••• 

I • • • • 
I .. • • ". , . ,, • ~ • • . ... 

1_- ..... . 

t • 
' - .. ·:. . . .. ~ . .. -.... 

'./:>>/:::·1 

r~ .0-t~;-~-Tb co1:1pare the strength and notched bar impnct. to1:gnnesti of wold 
metal deposits m:=i.a.e with the 1rnb

0
iec't electroa.os 1:1.nd test•1d. as··wolded, 

dro.wn aft9r weld~ 11g, and quenched nr!.d drawn ( 6 inch plate thic1rness 
simu.1ated) after '\-:elclingo , 

)~ 
r .. .. ... ~ ... .. - .• • . . . . -

SUMlt.A.J.l1 

1. Strength e.nd impo.ct resistnnce of ·rel:i do:pot'li ts made with five 
cornm0rctal electrodes alloyed to give wo11]. n.,:.tal of roJ.e.tiv0ly high harden­
ability ha.Ye bf.Jen dot ermined ( See TRble II). Weld r:ietr.ls we:r.o t.ested in 
the as-welded, as-weldeci. and. drmm, P..na. que:nchea. am~. draw1°. conditions. 
Welding anc1. her..t treP .. ting procedures wer ,:i chnr;en to simul.:,t.e conditions 
of repairs in 6 inch th1.ck: car,t P.rmor. 

2.. Eased on present ball ii;tic test criteria for repair welded ce.st 
armor it appears that: 

· a. A deposit with .10 - .157b c/\1·bon and rnd.orate he.rden.:'lbilit~r~ 
e.g., 1.8% Mn, .4o% Mo, gi1res best combindirm of strength a.ncl impact 
resistance in the as-welded con~ition. 

b. A cleposit with rola.tively hiph carbon contant and hardenabilitJ· 
giveG liest properties in the as-welded l:'..nd cl.rr.wn condition. J~ better 
combination. of strength Emel toughness was obtrd.ned for this condition th.1.n 
for the f.',s-well\ed c oncli tion. However, US9 of alloys to gain increased 
strength by secondary ht1,rdening at · the te:;1poring temperntures resulted 
in severe loss in irnpe.ct resistance. 

c. RelativGly .hie;h carbon anc. a.Uoy contents are required to 
obtain acceptable strength and imp0.ct res:i.stf.1.nce for repair welds in 
heavy sections of cast a.rmnr qu.enched r.nd tempered after we1(1.ing. Sime 
high preheat and intorpass tempere.tureD, to 1:.woid welcl metr..l cracking, 
are permissible when full heat treatment follows wolcling, increase in 
carbon anc1. alloy content beyoncl. that of the present t9.eposi ts appears 
desirable. 

3• Uo sj,gnifiM.nt directional effects were o'bservecl for specimens 
taken tre,nsverse t'.nd p?..rallel to t,he welding clirection. No appreciable 
temper embri ttlement was observed for welt\ mete.l cl.e:posi ts furnace cooled 

,. ..... ' .· · ,. .. 

. . . . . ... . ~ ~ . 
,- •I, • .... o..;;t• I 

I . 
I • . 
iia;Uf:r.: r nrJtt,t~r an--• 
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from the tempering ter1perature. ____ . .. - .. "' · . .. _. _ .. 
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~.. Non1JalJ.istic test requirements of 200 BHN minimum and 13 ft~· lbs. 
V-notch Charpy impact at -4o0 ~., are suggested for repair weldr- on the basis 
of the 11resent test data and the present balliflt:l.c qualification criteria. 
A decrease in e,llowable minimum hardnes s nee.I' the center of sect:l.on thick­
ness for weld lf.teposi ts in heavy sec t ion o~':' cast armor quenched and tempered 
after welding (e.go175 EHN for 6 inch thicknes s) would be necessary for 
present weld metal conrpositions. The most deriro,ble relation ootwcen 
strengtl1 and toughness for optimum protection ag2,in0t 'ballistic penetration 
and shotk me,y v f'.r':J~ fro1:i. thn.t suggested r~boYe, depending 11pon thickness 
of armor, extent of defec ·t., and nature of anticipated brJ.listic fi,t te,cr.:. 
Further Btudy of this acpect of the probl om appears desirA,bleo 
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n. A. MA.TTH:En·lS 
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r ' Defective armor castings or partia.J.ly fabrica~ed weldments can some- 1 ·;. - .- ·-· •.· .1 

:· .. ·' 11,., times be repe,irod by ·welding, ui th conseg_u•Bnt la,~ge sa,ring in I:1atorie.ls 1 f· _.··. :- .L-- _. ·--

:.-· · ' labor, and time. r'iost fu.brication welding of nrt:ior is done with austeni- ,·- _ ... , · · .··1 

·" . . -

[·.-: 
~ ' • . 
I ·. r-·, ,.·: 
I - • 

,. 
r. 

/. -. 

1-· 

I· . 
r -. 

! .. ·, 

tic electrodes of the Mn or Mo modified rn~i Cr - 8% Mi ty-pea, but because 1: . \ _: :: __ ::-_:: ~ 

of the l['.,rgo aroas involvtd in many repair wela.s ~, nd the freg_nent uncessi- ·/:::\·:_-:- ::::; 
ty for heat treati~en-t after welding wb.i~h produces under.lira'bJ.8 cfarb:.de 1 
precipi ta.t:ion at the be.se metal inter:f'E..ce of auston:l.tic w~lds, it is '. :· :-_;:_:_( .~ . 
generally more oconomica.1 ana. 11orc desirable to repair weld. with f8rritic -
electrodes. ~:::-:'-: :: ::·: .-

The requirements for ·· a. repair weld in armor are a . cound cl.eposi t which (</:(<> 
will develop rosistanco to ballistic penetration r.,nd sh,.,c1c t0 a degree 
cotupo,rp,ble to the 'ha.se armor. When defects e.re fou.nd i n ai.l 9.rmor ca.sting 
before heat treatment it is usually desirable to make the repair before 
final heat treatment. When defects such an quench cracks are found after 

heat tre~tment it is desirable to repair without further heat treatment 
or with only a redraw treatment. 

It is well established th?.t resistanco to ballj_stic penetration increases 
with hardness, while resistance to be,llis~ic shock improves with notched bar 
impact energy. Low strength ~old joints in high strength armor may however 
have low shock resistance, even when the welt't mete.l has relatively high 
notched 'bar impact properties, 1iecause hallistip deformation ie largely 
confined to the low strength weld metal. Since 'both ballistic penetration 
and shock performance are controllod by strength and notch bar impRct 
rasisto.nco, these nonliallistic tests may be used to evaluate repair weld 
deposits for cast armor. 

The optimwn combination of strength (strength ancl hardness measuremento 
are equivalent) and toughness may be obtaineii in_ a weld metal which has been 
deposited as . small stringer beads with low interpass temperat_ure or has 
beer. hardened in small secti.on by drastic quenching (cooled rapidly to gi,•·:1 
a. fully hardened ma.rtensitic structure in.either instance) and then temper ~,d 
to the desired strength lev9l. Plain carbon weld depoei ts, espec·ially 
with low carbon content, will fully harden only when cooled extremely 
rapidly. The progrossive addition of ijuitable alloys permits full he.rc1enl l'.1c · 
of the deposit with decreasing rates of cooling. Certain alloys such as 
chromitll'!l and molybdonu.m which form complex carbides have the ac.ldi tional 
effect of retarding the rate of softening upon tempering. 

Considerable ballistic clata are available from firtng records for a 
large nUDber of 2 inch thick cast armor ballistic test plates with repair 
welded simulated area defects of various depths. Post 'ballistic metal11.irgi­
cal examinations of so.me of these plates have been madel, 2. At present, 
Specification AXS-492, Rev. 5 requires that a double I welded ballistic 
shock test plate e,nd an area defect welc'l.8d ba.llisti_c penetration test plate 

l. Watertown Arsef\al Labo1·atory Report No. WAL 647/7, "Repair Welded Cast 
Armor, Metallurgical EJ!;amination of Samples fron Four ]allistically 
Tested Two Inch Thick Plates" 1 A, M. Turke.lo a.YJ.d S. A. Herres, 

2. 

28 August 1944. 
Watertown Arsenal Le,boratory Report No. WAL 647 /8, "Repair Weliled Ca.st 
Armor, Metfil,llurgical Examination of SE'.mples Representing Ninety-Six. 
Two Inch · Thick Ballisttc Test Plates, A. M. Turks.lo and s. ,4.. Herres, 
7 Febri.w.ry 1945. 
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of 2 inch thick cast armor be used for qualification of all repair welding 
procedures for ca.st armor of 2 inch and gren.ter thickness. Any electrode 
which is thus baJ.li~tically <1uaJ.if1.ed ma? be used. for repair welding. 
Ordnt.nce Department, U. S. Army Te11tatj_vc• Sp ec-ifica tion AXS-ll+50 covers 
one type of ferri tie el ec·~ rocle ':rbieh has beon u?ed fo:t mnch of thA repair 
welding of armor c0.s tings o One pu;.•ric.se c.,.r ";L~ a s pe cifica·l,ioP. is to permit 
interc!1r..nce of vari(W:.:i 't:! :.•o.ncle of ·th::~ ,; .'f'·-~< el ectroo.e withou··., (1cq,.:u-.• lification by 
ballist1.c tests. The folJ.owing anPly ri is range :for deposi tocl •l0ld metal is 
specified by AXS-1450. 

C Mn Si ---
.10/.15 .20/.50 

p 

• 035 max, o0)5 max • 

Mo 
.)C/ 040 

This type electrode wr.s originPJ.ly dovelo:pRd hy tho Arcos Corporation 
nnd later adopted nnd sligb.tJ.y mod:i.fifjc1 b;v other electro c1.e r:iam1facturers 
under 1'T,D.R.C. sr,onsorshi:p. It hara lime or lime-tH.?..nium base coating 
of the type used on 18-8 e.ustenitic electrocles, nnd gives a weld deposit 
of lower hyd.rogen content thnn ,-rnl(ls made with electrod13s having the usual 
commercieJ. t~rpe coe.tings for f orri ti.c electrodEH~. The lower hydrogen 
permits weld.ing of arr'lor ste~Jla without dr,ng0r of base metal underbet:>.d 
cracking nnd with less tendoncy toward. genernl hydrogen ombri ttlement of 
the weld. metal. 

This ·type of wclcl 00tal requires a preheat and interpass temperature 
of 200 to l.J-00°F to ·prevent weld metal cracking during welding of a restre.ined 
weld . or a pl11g welc1 in 1-1/2 inch thick and heavhn· gage armor. Recently 
11rmor castings up to 12 inchfl s thick he.ve been made. The cooling rate of 
weld deposits which are made with high preheat and interpe.ss temperatures 
or of welded areas which are reharclened b:y- quenching or part of a heavy 
section casting are relatively very slow. It has been estimated that tho 
1l1.50 type wel(l metal will harc1en only when water quonchecl as a section of 
less than 3/4 inch thickness. The r.eterioration in properties of repair 
welfl.s in hea~,y sections ~re therefore a 1:1atter of consiclerable concern. 

Tlle purpos EJ of this report is to rletermine tho relative properties of 
:tepuir welds macle with a:voJ.la.ble commercial el He trod.es both of tho 1450 
an-1 other alloy ferri tic types. Cornpe.:risona ar-e rnad.e for properties of 
cloposits in the ns-welclecl, drawn, and quencb.ed anc1 toI:1pored conditions, 

TEST HATERIALS AND TEST :PROCEDURE -----------
Table I lists the elect:rotle brands names, dia1aeters preheat and 

interpass temperntures ancl curronts o.nd ~ml t~1.ges for the thirteen pad 
deposits included in this in1.r~stigation. Pn(1.. deposits were built up to 
approximately 2-3/11. x 3-3/~- x. 7 inches in 8 :i.nch sections of 4 inch wide 
mild. steel channel beam. Dilutecl i:i,na. surface weld metal was rem(')ve.d by 
ma.chining :,:,acl. to 2 :x. 2-1/l~ x 6 inch cUmensions. All pe.cl a.eposi ts required 
more than 8 hours t0 weld anrl were allowed to cool overnight Rnd then 
torch heated to the dl,signe.tE,d interpass temperature before recommencing 
welo.i;:1.ig. 
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1leld pads Iro. 1, 2, 3, 4, 7, Pond 8 were split transversely; one half 
of each pe.d was drawn and V-notch Clmrpy specimens longitudinal to the 
c:Urection of welc1ing uere obtainecl. from each half of pac.l. Weld pads No. 5, 
10 and 12 were split longi tuo.intilly; one h1.:1-lf of each pad '!!as drawn and 
V-no ·tch Charpy specimens both longituclirml a.net parallel to direction of , . 
,,,elcUng as weJ.l as .252 inch die.meter tensile bars parallel to th•:i direction 
of welding were o1)tained. 

Weld pac1s number 6, 9, 11, and 13 wero water spray quenche,l as ingerts 
in a six inch thick plate. After the quenching, the insert rm,ds were 
removed for Erinell he.rdness survey, and tempered. Charpy . sp0cimens were 
taken transverse to the cl.irection of welcling t,o represent metal near the 
plate met!:l,l surface, at midwalJ,, nnd at center of six inch thick section. 
Clmrpy snecirnens and .252 inch cliamet,er tensi.le 1)nrs wore also ta.l(en 
longitui:1.inal t(i the 8.irection of welti.ing with Mtch of Charpy 'bR.r c\na. center 
of tensile l1ar at miclwall (halfway between en..=t of inr:ert-quenched surface, 
n.n<l center nf insert center of plate thickness). 

:Brinell harrlness rer.dings (1000 Kg loe,d) were taken on individual 
Charpy 'bars E',nd a.pproxime,te tensile strength determinecl. b;,r the hardness 
conversion table given ir. Federai Specification Q,Q, M-151a, Amendment 2 
( Imp2-ct tests wero mm1e on. cluplice,te stant:lo.rd Charpy V-notch 1.mpe,ct test 
specir.rnn~ at test:i.ng tell'l};)erati·.u·es of +70°F c'nd -4o°F). Chemical armlyses 
were rnac1.o of chips and spectrograph he.rs machined from broken Ch;,,rpy 
specimens. 

Heat treatment proced,1res for repair welcl d0posits are governed 'by 
the requirements of the cast ~rm0r. Tho temperature of a draw treatmont 
after welding r.mst not exceecl. the draw temperature of the armor nor shouJ.cl. 
it 'be below ll00°F because of danger of temper embrittloment of the armor. 
A clraw treatment for .as-wolc'l.ed deposits Rt 1175°F~ two ho1.1xs hold, and air 
cool was used in tho present inveatigaUon. · 

In order to determine a method of simulating the cooling rate of wel c1 .. 
cleposi ts as-quenched in 6 inch cast armor sections, reference was made to 
data obtained by the Process HetaJ.luxgy Section of thiH Li:>~boratocy. (See 
Figures la, 2a, and 3a of Appendix A.) It was origtnally proposed to use 
small sections air cooled to simulate large sections water quenched, but 
the data of Figure 3a (Appenclix A) indice.teo. that the simula.ri ty nf 
cooling curves was not adequate tn justify this expedient. Therefore, a 
6 inch thick mUcl steel plate approxir'lately 36 inches square with a 
12 inch square hole was used for quenchj.ng of wela. me-tr,1 pad deposits as 
inserts. 

Mila. steel plates 3/4 inch thick were welc1ea. over this hole and 
the weld pad deposits m8.chinecl to 2-1/4 x 2 x 6 inch '3J.nensior.s were 
inserteo. through 2-1/~- x 2 inch holes in the 3/4 1.nch cover plF1.tes and 
welclecl into position so that the two encls of the pacls were flush with the 
suxfaces of the 6 inch plate ancl 0nly tb.e onds of the 1mcls wore expo·sea. 
to tb,e quenching medi1.1r.1. Two insert pa.els were quenchecl with water spray 
at one time. A thermocou.ple w1:,lcled at the mio.dle of the length 0f one 
pe.tl deposit was used during ea.ch quench to obtain cooling curves which were 
conparecl. with that fer the center of the 6 inch plate (;lrigure la, Appendix A), 
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-- (.. quenching, the insert pads were tvken out 0f the plate, surface ground 
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air cooled. Charpy and tensile speciMens were obtained as describe~. above. . . . . . . 

DATA AND DISCUSSION 

Murax type 90 electrode is intended for welcling with either AC or DC 
current, high strength structural plate in the flat or horizont1:1.l position. 
Its operating chare,cteristics a.re gootl, 'bu.t the relntiYel~r thick slag 
de11osi t might "be cUsaclvant r~ceous for repe,ir welds. N'o visible porosity 
and no cracks were obsorved in pad deposits. 

Shield Arc 100 is an e.11 posi t~.on DC eloctrod.e. Operating chr1.racter­
isticn are excellent anc1 slag light. !To cracks or visible porosi tr were 
observec'I. in pad deposits • 

AW2C is _a DC electrocl.o ,,,ith a lime 1:iase 1,1inoral coating. Opera.ting 
clm.rn.cteristiqs in. the flat anc1 horizontn.1 positions appear to he similar 
to those of a 1;:ood 0:1:i.stonitic (19-9) eloctrode. Ext:rene porosity is 
encountered unless electrocle is used. at relut:i.voly ver? high current. 
Even then it was :founcl. necessal"IJ to J1rehent this electrocl.e ~t arout ll00°F 
shortly before itn use to aYoicl. c0nsic1.ernble porosi t~r near st~,rt of each 

· boad. This wf:l.s the only electrocl.e which was y1rehea tc:id. Ho crack_s were 
obse1·vecl <luring welcU.ng_ of pac1s. 

AW4 has a titanium base coating with low cellulose content. Its 
operating characteristics appear to be similnr to .AW2C. No visible porosity 
w11s 01:lservec't in. pad c1eposi ts, but c'lne pad cl.eve.loper.. a r.evore transverse 
crack when the part:i.ally wel(led pe,d was allowed to cool overnight. The 
crack progressed through successtve layers as the welding was completed. 
The duplicate pad did not crack. · 

Chromend. 2M has a lime base minerru. coating. Its operating character•­
istics appear to lJe similar to AW2C. Slight porosity occurs nee.r start 
of bGads. No crEJ,cks were obGerved in :r.iad c1.e1)osits. 

_Chemical Anal;yses:, 

Chemical analyses of the weld c1evosits were as follows: 

ma. -
3/16 
3/16 
5/32 

5/32 
3/16 

Electro c.'Le C 

AW'2C .11 
A'\·T4 ,o :i3 .07 _ 

Shield Arc .OS 
100 

Hurex 90 .05 
Chromend 2MS.;t2 

Mn 
1.91 

.53 

.45 

Si 

s29 
.2s 
.28 

.05 

s p 

.020 .022 Nil 

• 032 • 018 lHl 

1Hl 

,023 .021 1. 14 

.023 .023 1Til 

Cr 
.025 

2.35 
.20 

.31 
1.79 

Mo V 
.4o Nil 

.47 · 1Hl 

• 75 •. 13 

,63 Nil 

.42 ~Til 

Ti 
trace 

trace 

trace 

trace 

trace 
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Aw•,20 is the only electroc1.e inclurl.ed in this investig?,t:i.on which falls 
wi tM.n the chemical e,nalysis rant,:e includer. in Ordm:mce Department, U. ~. 
Arrey- Tentative Specification AXS-1450. 

He.rdness, Tensile, and Charp,y Tents 

All harclness, tensile, and notchec1 'bar impact test data are tabuJ.a·bed 
in T1:1,ble II. Cw...rpy impact hars were taken both 11ar3,l1el anc'. transverse 
to the clirection of welcling fror:1 a r::iajority of th·e welcl cl.eposits, but this 
vo.rie.ble cloes not appear significant. 

Reference to Report Ho. WAL 647 /83 indicated that the ha.rc1ness nnd 
notched be.r impact ~alues o'tJto.inrit1. for the AW2C cl.opos1.ts welcled at 212°F • 

r:iinirnum interpasa temperature are simHar to those of re1:mir weln. deposits 
in ballistically tested ple. tes pr8pared with the same electrode 'by in­
dustrial fR-cili ties. J3all :i.stic test resul ta indicate adeq_ue.te resistance 
to ballistic penetration a.nr:l sa.tisfl:',ctory resistance to 1.1a.1listic snock for 
large e,rea clefect repair welcls in su.ch ple.tes tested :i.n tho as-weldod 
condition. Resistance to 'ballistic penet,rntion f.alls off with clecroaee in 
harclness of the weld cloposi t heat trenter'l after welding in area defect 
welded test plates. Resistance to 1JO.llistic shock for double I plates 
welded with this type electrode is 1:lorderliae according to the present 
qualification criteria. nnd there · a.re in(licri,t,5.ons 'Ghat oo.J.listic shock per­
formance 0f the weld. l'.letal woulci. fall off more r1:1.pidly than the.t of the 
armor J]la.t,e if plates were testecl P.t higher velocHy of inpr:.ct or at sub­
norr.ial ter.1pe:;:aturos~ 

On this 1)asis of the ballfotic criteria it appea,rs that AW20 has the 
'best combination of tensile and ii.pact properties cf the weld deposits 
tested in the aa-welded condition. Resistance to "ballistic 1-,enetration of 
the two high strength deposits of Aw4 anr.. Chromend 2MS ·should be superior 
1mt it is probable that their resistance to shock would be unsatisfactory. 
Proof of this woulcl reQuire ballistic shock testi11t'°<:• Strength of depoa:l. ts 
ne.d.e with . the higher :;,r1:3heat and interpQ.ss temperature ro.nge is lower, but 
impe.ct resistance is not improved, inc'i.icatbre of the OXJ.'.lected effect of a 
higher preheat J)Toducing a slower cooling rate anc1 giving coarse carbide 
cl.istributiqn. 

In the .a.s-welrl.ed plus 1175°F tlraw condition, the AW2C deposit hns 
properties quite stmilar to those as-welded Emel the sane may be said of the 
Murex 90 o.eposi t ·which is lower in strength. Shield Arc 100 has gained 
strongth due to sGcondary hardening brought a.bout by vanadium, but has lost 
considerable ir.1pact resistance and is therefore less suitable. AW4 and 
Chromencl deposits .have d.roppod in strength r.ncl ,!;;a:i.necl in impact resistance, 
and the latter deposit appears to have an e:r.:cellent cor:ibine.tion of strength 
antl toughness. Tho higher strength nnd. ir.ip1:.ct resistnnce of Chromend than 
that of AW4 deposits 1.n both the as-,.,,eldecl, and. drawn cond.i tions must be 
almost entirely due to the higher carbon con tent, ancl. a similar improvement 
would be expected for a Murex. 90 t;irpe ant:>.lysi13 with somewhat higher carbon 
content. 

See footno·l;e 2, })age 3• 
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A plot of i-iardness versus a.istance from the plate-) surface for the 
insert pads as-q_uenched .in 6 inch thick 1Jlate is • hmm in :!figure 1. This 
gives a.n indication of the relative ha.rdenabili ty of the four* weld metals 
undor the particular conditions of quenching of a ,i.relc. repair in n. thick 
casting. It would be exiJected thf.'l. t the order of hard.ncsn woulcl be the sam0 
as that for ·l;he as-welded de:posj_ ts; ao the reversal :i.n lmrd11ess of AW2C and. 
AW4 welcls may be a rosnl t of incomplete solution of the carbides of the 
latter during the a.ust0nitizing treatment. 

The ha.rdnessea of the four welcl rleposHs tomporeo. after insert q_uonch 
n.re shown in Tal1le II. Both rosist·o.nce i;o ballistic penetration of 
industrially welded o.rea defect repair weld test platGs and balli s tic shock 
resistanco of dou.ble I test plates ma~.e with AW20 electrode have been. 
inferior for plates quenched antl tomperec1 after welcling to those test eel. as­
welded or drawn. i3allistic cracking of n double I plr,to mey increase with 
low s trenct:-i of weld a.eposi t, as well as wHh low notch.eel. bar impnct 
res:i.stnnco because deformat5.on clur:i.n~ ballistic testir1g :1.s confined princi­
pally to the weld metCt.l. Accordil1€:1Y, the strength of welcl metal a.eposits 
as quenched L\nd tempei·ed. in heavy sections of cast r..rr.1or shou.1d. have 
strength an.cl j,mpact resistance c.pp:roachir~ thone of AW2C in the ns-welded 
condHion. Of the quenched o.~1d tenperod c.eposi ts, Chror.1end approaches this 
requirement while AW2C is lower in strenrr, th with slightly better impact 
resistci.nco. Murex 90 anc1 AW4 doposi ts o.re infnrior in 'both strength and 
impo.ct renistance, nn t:ixpectel'I. result of tlw1.r rele,tivel~r low carbon nncl 
consequent J.r.ck of hfirclenability. 

When quenched in ar.iall section (1/,~ inch squA.re bo.rs) an(l tonpored, 
the AW2C nnc'J. pr..rticularly tho Chromenrl rleposit ir.iproved narkedly, in 
strength ancl. in1,nct rosista~1co. A cor.iparison of bars · wn.ter-quenched anc1 
furnace coolnd. f'rN:i the ·tempering tren.tr.ient inrUcates tlmt none of the 
weld rc1etals is npprocie-:1:ily susceptible to temper bri ttlen0ss, but as ma:ny 
cast armnr compositions nr0 suscepti"rlliJ 'to ter:iper emlJri ttlo!"\ent 1 it is not 
e,rlviso.'ble to temper repair \•~elcl.ed nl8,tes rielow 1100°F or to cool slowly from 
higher tenperint,: te~oraturos ( Sei~ effect nf streE',S relieving tree.tnents 
WAL Rep0rt Ne. 647 /8 ) • 

GENERAL COMM:Ifil,TTS 

In s2,ecifying reg,uirel!lerits f 0r repair welcting of cast armor, two problen.; 
nust 110 C()ns:i.dored: (1) Properties nl:itr:d.nable in i:leposits nac.e with various 
a.ve.ilo.1Jlo eloctrodos, (2) Propertios required for 1Jallistic protection j_n 
a given n.pplicr!.tion. 

The 0.a.te. here:i.n rAp0rted ir.clicate the .. t the following principles apply 
to tho first problem: (1) In. the as-welc1ed confl.i tion, a deposit with vccy 
low carbon ri.na. very high harde:..1.nlJ .\.J.Hy woul<l. give best conlJination of 
strerigth nna. hardness. J~s it is not practice.l to uso wolding conclitions 
which would. give a rapicl cooling rate (low interpe,ss tenrioro.ture ancl m:iall 

* 

4. 

Shielr.. Arc 100 was not i:.1ci ui1ed tn quench arn.'1. t enp0r tests because 
of its eml)ri ttlor.1ent in tht. 1:u,-welded nnd drawn co ;.1cl.i tion. 

Soe. footnote 2, pa.go 3• 
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beads) carbon cuntent of .10 - .15~;; and :r.1oderate harc1enabili ty (as in AW2C 
deposit) gives moderate strength and im_pe,ct resistance. Hi.gher carbon or 
alloy content f;ives increased strer,1,gth lmt lower impact (as in the Chronend 
dei)osi t). Lrn.,er carbc,n or o.lloy cr.ntent p,i ves decrcasecl strength ancl no 
j.I:lJ?rovernent :i.n :l.T!lf,1.\ct resistance. (2) In the c1.rawn coned t:i.on a deposit 
with rclativoly hir.;h carbon ['..nd. alloy content givos the best combination of 
streni?,th and impe,ct resistance. Use of an alloy eler.ien'G which produces 
seconr1.Rr? hardening at the ter:tporing temporat11re does not appear r1es:i.rable 
because the gain in strength mey be nccm1ipanied 'by a loss in ir.ipnct resistance. 
The clrnw trentm0nt should. be lower t~e.n that usecl in the armor ·,,J.atP- heat 
treatment, 1,ut notr.e'.l,ow llOO°F, because of the danger of temper embrittle-
ment for most cast armor composi tiom1. i•Ti thin this range some compromise 
between J.oss in strength o.ncl c,ain in toughness with increarrnd draw tempera.­
tu.re is posr;ible. (3) In the quonchecl e.nrl tempered con~.iti0n a ~·elatively 
hich carbon content, and su:fficien t allo? for hi,;h ho..rdcnn.bili ty is inc1icated • 
Since high preheat ancl interyiafls temperature is r,er::15.ssible t0 nvoicl we.lc1 
r.10tal cracking, increases ir. both cn.rbon and allo? ccntent beyon<'l those of 
the present n.e:i:iosits is incl.icated. He0,t treatr,1011.t is governed l);v require­
ments of the armor plate composition. 

Hydro~en or.:ibri ttlement does no·i; appear t0 'be a serious prol1lem in repair 
weld · cleposi ts ma.tle at high preher, t Pnd interpass temperatures, e,nd the 
type of eli.'3ctrode coating may not 'be iMpor·~ant fron this point of vi~w. The 
problem of weld r-1etal cracking shou.lcl 1, e ~.1wostigated in the light of recent 

~ .. -
:!3ri tish reoearch? wM.ch inclicates e. very critical sulphur J.imi t to prevent 
crr-.cking of welrl metn.ls with reln.tiYely high carbon, :manganese, or silicon 
contents. 

Hon'ballistic tost requirerients of 200 BHW minimum and 18 ft. lbs. Che,rpy 
inpact minimu.1:1 at -t~o°F for repair welcl d.eposi ts are SU€;G~~ sted l1Y these 
test data and the prosent ballistic qur:,,li:ficP.tion cr:1.t.erio.. A decrease 
based on thickness of section in .::Jinir.n.un harclness aJ. J.owable at the center 
of section thickness for welcl rleposi ts quenched e,ncl tempered after welding 
e. r,. to 175 J3HH for 6 inch section thickness, woulcl ~;e necessary for present 
welcl metal cor.ipositions. Qualificv,.tio:n anc1 routine inspection control 
tests to assure sou.11d crack free wolcl. rep1:1.irs with specific welding pro­
cedures usea. by industrial facilHies woulc1 also be necessary. 

The second problem of establishing properties necessarJr for be,llistic 
j_)rotection with a given tY1)e of arnrir ann. welcl repc.ir requires further 
study. The present 2 inch thick clCJU1Jle I baJ.listic shock ple,te certainly 
does not represent a ballistic test of the nro11erties of weld )~epairs in 
heavy section armor which is quenchecl and ter:ir,erec1. after welding. If it 
is known the,.t the atrenir.:th-impact properties req_u:i.red for c,ptinum shock 
perforna.nce of welcl metal in the 2 inch thick cl.ou'i)le I plate are similar 
to those require~ for repair welds in henvy ~ections, then requirements 
for a nonbE>,llistic test of the lo.ttHr m..':\.;y- be sp ecifiecl .• 

-5---r."-::-In_f_l-,-le-11_c_e_, -o-f-C::ul--h---~·-u-h--h-----,,.-1·--.:i,_-.-l-.-t--f-"-. l-d_S_t_e_
0
_1...,.11--• .. "' p :ur G,ll(L ·- osp orus on ,e. 1.r.l).ul. '.I. y O L' Ll v , 

L. Reeve, Trans. Institute of Welding, Vol. S, 1fo. 2, May 19l+5. 
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The most desirable relation between strength and notch bnr iopact 
resistance for optimuii1 protection .against ballistic penetration and shock 
possibly should T/ary cl.epending upon thickness of armor, extent of weld, and 
nature cf 'ballistic attack antfoiJJate(1 in cor.ibat. Such considerations .r.iay 
determine whether the high strength and low impact resistance of a deposit 
such as Chromen(l. in the as-welded concl.i tfon, would be more c~esirable for 
some o.11plic1.1.tions, or whether the properties of a high hard.enabili t:;r deposit 
in the as-welc'led and drawn conditirrn should be specified whenever possible. 
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TABLE I 

Welcling Procedure Dr:\ia for Weld Pad Deposits 

Weld Current 
Pad Electroc'.l.e Diameter Preheat Interpass DC Rev, Poi, 
no., Mf er, Bre.nd in. oF. oF. 4£ms • . Vol tP:£0 

! 

l Lincoln Electric 5/32 212 212-350 155 ... 160 23-24 ·. 
Shield Arc 100 

2 II II II 5/32 350 350-500 155 ... 160 23.,.24 

3 Har ni s ahf eger 5/32 212 212-350 160-165 22-24 
AW'2C* 

4 II II 5/32 350 350-500 160-165 22-24 

5 II II 3/16 212 212-350 215-220 22-24 

6 II II 3/16 212 212-350 215-220 22.,.24 

7 He tal ce Therr.d. t 5/32 212 212-350 150-155 25-26 
Murex Type 90 

B II II II 5/32 350 350-500 150-155 25-26 

'9 " II II 5/32 212 212-350 150-155 25-26 

10 Harnischfeger 3/16 212 212-350 205:-215 23-21~ 
AW4 

11 II II 3/16 212 212-350 205-215 · 23-21.J. 

12 Arcos Corp. 3/16 212 212-35_0 215 19-20 
Chromenc1 2HS 

13 II II 3/16 212 212-350 215 19-20 

* Tho electrode was preheated to 4oo°F. immediately before weld.ing. 
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Resu.l ts of Hardness, Tensile and V-Notch Charpy 

Ir.ipact Tf,sts for_ Weld P..:q,d Deposlts in As-~Tel(led, 

Drnw~;1,i.11:l _ _r;i;t;10:1ch c~ r. :.\nn. Ti_~r .... :1:i_e_,r_·E_'cl_. _O_'o_n_,l_i_t_:i._o_n_s 
l1.s-Wel0.wl 

Tensile Tests Appro:dmP..te 
TS Convr.rtec1 
irom BHH"' 

YS Charry V-No tch** 

SA 100 
5/32 11 · i1nmeter 
212° F Prt')hea t 

SA 100 
5/32 11 d1c1,me t e r 
3500F Pr r1 he:.=tt 

AW20 
5/32 11 diameter 
2l2°F Preheat 

A":·120 
5/32 11 diameter 
350°2 Preheat 

AW2C 
3/1611 diame ter 
212°F Preheat 

90 
151-,,211 
. I - diameter 
212°F Preher,t 

90 
5/32 11 dinmeter 
3500F Preh,~ut 

AW4 
3/1611 di r.,meter 
2J.2°F Preheat 

ChroJ11cmd 2MS 
3/1611 dio.:neter 
2J.2° F Prehs'.':l. t 

1'HN 

?.Q9. 
227 

1s5 
209 

200 
218 

~ 0 

].Jg 
193 

111 
185 

-psi. -

_10, 500 
101,500 

_,2b500. 
102,000 

S3 500 ...:::'.;:.'..!.....,,_ 

1010500 

8G_.j_QQ 
95,000 

gr5,ooo 
90,500 

TS 

105,000 
109,60c 
112, ooc 

12.s,000 
136,000 
115, 01)0 

11.10, Eoo 
143, C•OO 
1-3g, coo 

psi. 
14 BA ct 

-••,.L_ _!:LJ!? 

88,000 
96~500 
99,000 

115,000 
123,000 
no,ooo 

124,ooo 
125,ooo 
126,000 

62.8 
64.s 
63.2 

21. G 
47.0 
14-.0 

11.0 
41.0 
19.s 

Ft. Lbs. at 
_!IQ -llQ 

311 191 
431 171 

291 
391 

4o1 
5r-:1 .. :.; 

391 
471 

62L 
t1.61 

GOT 
60T 

441 
1111 

46L 
471 

131 
171 

24T 
17T 

231 
191 

171 
161 

.161 
151 

141 
221 

181 
221 

191 
221 

221 
261 

Q1 
f~1 

71 
61 

*According.to conversfon table givc.:in L: Fe\"l_eral Specifi.cation Q,Q, M-15ln, 
Amenc1men t 2. 

**1 OharP'J i:npnct specimen taken parallel to directio·11 of wo:l.ding. 
T Chal'})Y i1:ipact srucimen ·t;aken transverse :t;o direction of welcling. 
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T..U31E II (CONTINUED) 

.ti.s-WeJ.ded and Draw 1175°]', 
Apr,ro:x:ino.te 

2 hrs. ,_Mr Ocol 
Tensile Tests 

YS 

SA 100 
5/ 32 11 a.iaI:1eter 
2.1.2° F Preheat 

SA 100 
5/3211 diameter 
3'.i0°F Preheat 

.AW2C 
5/ 32 11 ditu::ieter 
212°F Proheo,t 

AW2C 
5/ - •,:,II ., • t jc.. r.1.1a1:1.o er 
350°F Preheat 

AW?C 
3/16 11 diameter 
212°F Prehen,t · 

90 
5/32 11 diameter 
21-2°F Preherit 

90 
5[32 11 diametor 
3:10°F ?reheat 

AWl.1-
3/1611 d.iameter 
2J.2°F ?reheat 

Chro:r:1ena. ·2. IV7· S 

3/1611 cliameter 
212°F Prehent 

:Bmr 

~ s 

2G9 
218 

209 
218 

200 
209 

U:5 
193 

TS Convertec1 
From EE1.~ 

psi . .. , _ 

J.9:itOOO. 
ns,500 

J.OJ:..t.5.00 
102,000 

10 J:.a.5S?..Q. 
102,000 

93, 50Q_ 
101,500 

90,?00 
95,000 

9.Qi.590 
95,000 

TS psi. 
.. _-!1% !}A ~b _ .. .J?.::~ 

101+, 4-00 
105,Eoo 
101+,ooo 

J.14,200 
1.15,200 
106,000 

12D, Q()f ) 

115,600 
117,y,o 

91,500 
93,000 
92,000 

104,ooo 
105,000 
101,000 

104,000 
101,000 
103,000 

57.4 
41!-. 6 
59.9 

5ti-. G 
32.3 
26.3 

65.5 
62.G 
63.2 

0.har:i;iy V-Netch 
Ft. Lbs. at 

+70 -l+o 

211 
26L 

661 
551 

751 
701 

78T 
69T 

4t~L 
43L 

301 
331 

29T 
31T 

561 
551 

2;~T 
69T 

151 
4L 

5L 
71 

221 
271 

221 
191 

221 
201 
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T.AJ31E II ( do1i!TnroE:t>) 

. . . 
• --· - • • _ .. .... .. .. _;; __ ... · - •• ... !" .. _ . _ -- ... _ .. _ .. _ ••• _ 

• 4 
I·/ 

!
.t' \, . 
.) L.,.-

Spray Qp.enched as Insert and Temper at 120Q°F, 2 hrs., Air Cool 

Approximate 
TS Converted 

Distance fro~ From ]ID! 
______ Plate Surface EHN psi. 

AW2C 1foar Surface 192 
3/1611 cliarneter 

94,500 

212°F Preheat 
Midwall 178 88,500 

Center 165 83,000 

90 Hear Surface 192 94,500 
3/1611 diameter 
212°]1 Preheat 

Micl.wall 165 8~,000 

Center 163 82,500 

AW4 Near Surface 187 91,500 
3/1611 diameter 
212°F Preheat 

Midwall 159 so,500 

Center 154 78,000 

Chromeno. 2MS Near Surface 200 90,500 
3/1611 diameter 
212°F P:ceheat 

Midwall 193 95,000 

Center 1S5 90,500 

Tensile 'l'ests Charpy 
YS V-notch 

TS psi, Ft. Los. et 
jJSi• .1% RA % .±1~ -4o° F 

q6rr 42T ., 
4oT 87T 

90,400 69,soo 6s.4 100~ 38T 
Bs,200 63,ooo 69.s 99T 39T 
90,200 68,500 67,8 931 351 

931 501 

89T 47T 
105T 55T 

41T' 13T 
48T 15T 

77,800 66,200 63,8 51T 16T 
82,800 66,500 63.8 54T 9T 
so,4oo 64,500 58.4 51L 121 

551 41 

54T 23T 
55T 5·r 

82T 25T 
50T 15T 

85,000 57,000 49,8 61T ST 
64~000 56,500 64~8 61T GT 
32,000 55~500 53.0 6oL 201 

631 181 

56T 25T 
51T 28T 

96T 3GT 
97T 32T 

9lk,OOO 66,soo 72.2 GaT 33T 
91~.000 66,500 70.6 . g T 21T 
96,000 66,500 6o.4 611 351 

581 241 

106T 34T 
GOT 39T 
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Water Q,uenched as 1/2 inch Square ;Bar.§_?~~d 

AW2C 
WQ, from Temper 

FC from Temper 

90 
WQ from Temper 

FC f:r.om Temper 

AW4 
WQ, from Temper 

FC from Temper 

Chrom8nd 2MS 
WQ, from Temper 

FC f.rom ':Cemper 

BHU -
248 

248 

227 

227 

272 

272 

Approximate 
TS Converted 
From BmT 
__ psi. 

118,500 

118,500 

118,500 

118,500 

108,000 

108,000 

129,000 

129,000 

Charpy V-i'Jotch 
Ft. Lbs. at 

+70 -4o 

5~T 29T 
4 ~ 24T 

48T 16T 
30T 20T 

22T 6T 
25T 14T 

20T 13T 
24T llT 

39T 21T 
39T 14T 

~t~ 
21T 

5T 

78T 40T 
73T 39T 

7BT .prri ~·· -
70T "f{T 

.·, 
. .. 

• .. . . , .... -, ... :· . . · .· . .. ;, 
I ' . 

-... · . 
t:·:· . ·,:- . · :-. ·: . ·1 

1 ..... - ,~ 

. .. . ,. . . -.. ' . .. - ' .. . - ._ . . 
• • • •. - .· _ ,.• . .. 

• •• _1 . - ~ . .. . .. - . . , 
. . ' 

.. - ... 
.._ ..,_ ... ,....~; .... ;nn- • 

f. • , ~ • I 
• • • • •.. • • " • • • I . -.. . - -. -. 

• • • ~ - 0 h - • • .. p • • •" 0,. 
I'. • .. .. •. • . 

. -- . . ·_ - · ...... 

. . . . -
I • • • • . ... ... . _ · .. -. ' · . 

• 

. - . ' .. ' .. > .~ 
I ' • .... .. • . .• • 

-.·_ ..... .... . ·.· .. ·_· .. ·. 

· ... . : .... -- ... -· .... · -.: 
- ---~ . ·~-~'--- . . . . . . . . . . . . . . 

%\~.% ><:~I:&@:_J@:i:I\E%~\@: \kT@lliiESD\L\L:I1f f tE .. ill.~L>iAJt?::e 



,_ 

.1. · 
1.· 

1..-: 

... 
· .. 

• 

j _• · ., 
) \ .. _ 

• 
' ' 

I • • 
:r. 

,, .. , 

.,: 

• 

,. 
' 

.·1 

I.. • • 
.. ,. .. ~r 

• 
.· _, 

. .... . . :· ~ ~ ... .. ".. .. . 

.. 
' ... -

• • • • • • • • • • • • • • • • • 

~Illillil.it'..faLii~I@itl@ILBILt~~-@~l@~::i};/i\\Ufo@:@@/%\l;&U1 



: ~: '·, .. : :~. ';·, •. '· .':':1: ::r J: ~':~ •:~-~ :;~-:~-=~;t;1t:--~ ~=·~~-~~•::r.·=-:".'.~'.".~"'.1--:": ~~:'.'-'r::':!~':'":":';-:~::''7''. -~"'."~::-"'.:-~r:"."'":c~'":;'"-~:-~ ·. -. '-ry"_~:"."'-'"_v:·~;~-~ -"":':·~ ~ .. ·· :-:.""= :".""':~·,-,'.~~':":. ;~:~:! 
, . ...... ' 

1 •• 

""".: .~. 
.. --..: 
·~ ..... 

]' 

f . 

• 
T,. _• 

r, . ...... 

. ' 
, . . . 

. -' ' . 

.-.· 

' -
•:• I 

... ... 

,., 

APP:mlrDlX A - ··--

Cooling rate clata. obta::.ned by Process Metallurgy Section 
Watertown Arsenal Laboratory. 

Figure la Cooling curves at various locat:i.ons in six inch armor 
plate during immersion water quench and water spray. 

Figure 2a Temperature Distribution r.ur:i.ng water immersion quench 
of six inch armor J)lcto. 

Figure 3a Cooling curves from center of plates • 
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