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ABSTRACT 

The benef.icial · and harmful effects on the notch · 

toughness of weld metal resulting from reheating during 

multiple-pass welding have been investigated. Grooved 

one inch thick plates of A517 Grade F ·steel, a quenched 

and tempered low-carbon, low-alloy steel, were welded with 

a Mn-Ni-Mo electrode by t.he inert-gas-metal are process. 

A comparison of Charpy V-notch energy impact tests 
·~--

of multiple-pass welds made with current levels of 250, 

325 and 400· amperes, travel speeds of 5, 10, 15, 20 and 

.. 25. inches per minute and preheats of ambient temperature 

and 250 degrees Farenheit, has indicated that controlled 

welding conditions are 1i'eeded to obtain a satisfactory 

level of notch toughness. The data showed a critical 

value of heat input of approximately 80,000 joules per 

inch, 9elow which absorbed energy transition temperatures 

were in the ~eighborhood of -90°F, while above the critical 

heat input value transition temperatures were in the neigh­

borhood of -45°F. There was a difference in critical values 

depending on the preheat temperature; the 250°F preheated 

specimens showed a slightly lower critical value of heat 

input. 

A change in the current level or the travel speed 

alone ,ias found not to be a reliable means of improving the 

not·ch toughness. These welding parameters affected the 

notch toughness only to the extent that they affected the 
:.··· 

• ., __ . 1-' . • ~- • . .. ,· "' . ' • 
, ,'4 • • ,,l.,.~, 0,·' ~ ,:. ·-, -.• ,0 L' ,...,.' , .• ,~. L; ,,,,,," ' ' 

, O > ,,.,.,,..,,,. ,., a'"7·,,., •,.-•·a,,•• ·••~• •·'' • 
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heat input~ • 

Lineal analysis tests used to measure the percent of 

recrystallized weld metal have shown the microstructure to 

be directly related to the notch toughness. Above a critical 

value of percent of recrystallized weld metal of ·approximately 

50%, good notch toughness was maintained. ·specimens with 

percentages of recrystallization below the critical value 

were those welded with values of heat input above the critical 

value of 80,000 joules per inch. The critical value of per­

cent of recrystallized weld ~etal for the 250°F preheated 

specimens appears to be higher than that for the room temp­

erature preheate.d specimens. 

\\feld bead width varied linearly with the heat input 

at both levels of preheat with specimens preheated to 250°F 

being wider in all cases. Specimens with a.weld bead width 

above· o·. 76 inches sho,,"'ed high t rA.nsi tion temperatures, heat 

inpt1ts above ao,qoo joules per inch and recrystallization 

percentages below 50. 

The not·ch: toughness found for any welding condition 

is believed to be controlled by the heat input and the effect 

the heat input has on the microstructure. Heat input appears 

to be the parameter lvhich controls the percent of recrystal~ 

lized werd metal. Careful control of heat input during mul­

tiple-pass \itlding \\Ti th low-alloy fill er wires is needed to 

improve notch toughness of the weld metal. 

• 



-~ 

INTRODUCTION 

In the past decade, ·high strength quenched ana temp­

ered steels .have been used in a large number of applications 

including pressure vessels, bridges and ships. Good weld­

ability is a major factor in the selection of these steels. 

However, welded constructions have been called upon to meet 

ever increasing service requirements over·a wide range of 

operating temperatures. These applications have demanded 

strong, defect-free joints which exhibit high yield strength 

and good low temperature notch toughness. 

One of these materials is A517 Grad; F steel, a low­

carbon, low-alloy steel used in the quenched :and tempered 

condition. This steel offers 10~.,0CYO psi minimum yield 

strength, together with. ·the desirable characteristics of 

good notch toughness,. go-.cld :\"leldabili ty, and sufficient duc­

tility to 11ndergo bending· to reasonable radii. Although 

A517 steels have been used successfully in the ·above appli­

cations, certain weldability problems have arisen, partic­

ularly in multiple-pass welds. 

The increasing use of m11l tiple-pass arc l,1elds at 

·· various service temperatures in these quenched and tempered 

steels has necessitated a better understandiµg of the bene-

.ficial or harmful effects of the reheating that accompanies 

the later1passes. The metallography of multiple-pass arc 

welds has been shovm by Stoutland others2 to reflect the 

thermal history of the point in question. In arc welding, 
... 

·-
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characterized by rapid heating_and cooling rates, accicular • 

grain structures are observed in the weld metal. Irvine 
and Picke·ring3 have sho\m that subsequent welding passes 

_cause partial recrystallization of the 1ield metal previously 

deposited in .much the same manner as the base metal heat-· 
., 

af_f ected-zone is altered during single-pass welding. The 

time-temperature distribution will determine the type and 

degree of refinement experienced by any particular point 
in the weld metal. In the unmel ted metal ad iacent to tl1e -
fused weld metal of any weld pass, there are essentially 

four regions that undergo structural change. The region 

immediately adjacent to the fusion line which experiences 

a maximum temperature for the heat-affected-zone undergoes 
grain coarsening. This re:gion has been shoivn by Grossmall4 

to exhibit low impact properties. This enlarged grain 

size diminishes rapidly from the fu··s~:orr line into a regio·I;t: 
{. I 

o.f complete grain .. refinement. This regio~ exhibits an equi',~ 

axed grain structur·e \vi th a minimum in ferrite grain size. 

The ferrite phase has been sho\v"n by Kotte amp and Stout5 

to be the controlling microconstituent in influencing the 

notch toughness. With its small ferrite grain size, this 
-. --

refined region exl1ibits maximum toughness. Bordering the 

region of total refinement and extending outv1ard is a regi-·on 
-of partial refinement. The width of this- region depends 

on the carbon produced by the partial austenitization exper-, 

ienced. The notch toughness controlling microconstituent 

of ferrite is less affected by the .. maximum temperature in 

•.. 

.,.. 

I ~. 
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this region and tends to· approach the or·iginal grain size. 

Tile fourth region is a narro\"1 region of spheroidization 

within which lamellar carbides tend to dissolve on heating 

and re-form as spheroidal particles on cooling. These 

carbides appear as colonies within the areas originally 

pearlitic. The matrix of ferrite remains completely un­

affected by the relatively low maximum temperature reached 

in this region. The ferrite grain size and the notch 

toughness remain essentially that of the base metal. 

Tile problem becomes more complex with multiple-pass 
vii'e.lds since previously deposited \"leld metal i\Till experience 
a series of thermal cycles depending on the number of sub­

sequent t'leld passes. Therefore, ·the weld metal becomes, 

in reality, an agglomeration of metallurgical structures 

brought about by the thermal. histories of partic;ular 
• regions. 

Vi.hen arc 1.v-elding A517 steel, careful consideration 

must be given to the metallurgical changes tihich occur in 

the heat-affected-zone. For multiple-pass welds, there 

will be a series of heat-affected-zones throughout. previous­

pass weld metal, depending on the number of passes. For 

steels \11Ji th lo\"i carbon and lo,,,, alloy contents \I\Thich have. 

· ·been quenched and tempered -t-o obtain optimum properties, 

such as A517, good notch toughness has been ac·counted for 

according to Nippes6 by the presence of low-carbon marten­

site \ihich has excellent properties in the quenched condi­
tion • 

... 
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Ther.efore, to obtain low-carbon martensite and small 

ferrite grain size in multiple-pass welds careful control· 

of the weld metal composition and therma1 r1istory must be~ 

maintained. The variou·s time-temperature cycles, "'"hich 

make up the tl1ermal history of a multiple-pass weld, are 

controlled by the, common welding parameters of arc current, 

a.re voltage, travel speed and preheat temperature. 

In an effort to obtain maximum notch toughness in 

inert-gas-met al arc-multiple-pass welds, a series of tests 

\~as undertaken on g·rooved one-inch thick plates of A517 

Gr-ade F steel using iU-88 electric. "~eld \\Ti re in an atmos­

phere of argon - 1%· oxygen. Jo vary the thermal histories 

over a wide range, the welding conditions included: three 

current levels, five travel speeds and ti'lo preheat temp­

eratt1res. Current levels \tere 250, 325 and 400 amperes. 

Travel speeds tvere: 5, 10, 15, 20 and 25 inches per minute, 

and the preheat temperatures ,,.,ere ambient temperature and 

·250 degrees Farenhei t--. 

To determine notch toughness, conventional Charpy 

Vee-notch tests ivere conducted on all \\Telds over a temp­

erature range from room temperature to mintts 200 degrees 

Farenhei t. To determine wl1ether adequate tensile prop-
-erties were being maintained, 0.2% yield strength, ulti-

mate tensile strength and percent reduction in area tests 

\vere performed. 

To correlate the ·\\Teld metal microst ructure to the 

weld metal notch tougl1ness, lineal analysis tests i\Te re r1µ1_ 

. . 
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at 100 diameters to determine-the percent of refined weld· 

metal. 

Weld bead width studies using the maximum width of 
~ the last \\Teld pass measured parallel to the· plate surface 

were conducted to determine any relationship between weld 

bead width and weld metal notch toughness. 

This investi:gation is a systematic study of the 

reheating effects of multiple-pass welds. It was possible 

to determine the welding conditions that maximized the 

percent of recrystallized weld metal and improved the v\1eld 

metal notch toughness. 

:~ 

.. 

. . 
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EXPERIMENTAL DETAILS 

Ma:t:·e r.·i_a:1.s-. _._ ... - • .. -·. - . -.- : 

. . 

The base metal used f·or this ·investigation is one 

inch thick pl cite stock of USS ''T-1 '' steel. T-1, or ASTM 

designation A517F, constructional steel. is a quenched 

and tempered low-alloy, low~carbon ste~l exhibiting 

a combination of high yield strength, excellent notch 

toughness, high r~sistance to impact abrasion and good 

weldability. Linde Type Ml-88 electri-c ~eld 0ire was 

~sed as the filler me-tal. The compositions of the base 

·r:net;al and t11eld metal appear in Table I. 

The shiel.ding gas 1ivas Linde argon--1% oxygen. ll,sf1· 

o·:f i:% o:xygen allotved a stable arc to .be mo-re easily 

1.>r:o,du·ceq_. The: g·a.s f lo\-J rate: \'!as f:orty c"ti:bic feet p~r 

.h.o.11r, ·\·1hich \yas measure,d \vhite ·t,fio·roughly pu.rg.ing: t'he 
.· 

system immed:i~te·ly p.,rictr, t·o the: v1elding o.f each s·pecimen. 

~.velding 

All 1wvelding was 1)erforme:d or1 a·utoma·±·i-c:, iii'ert:-g.as-.~ 

meta.1.-a.rc vvelding apparatus using direct ct1rrent and: 

,teve rse p.q_lari ty. The exact. e.quipment iden tif icat.ioti ·i-s 

listed b.e-,1oiv: 

·Linde I)otJe r Supply Type SVI-500 
Li11de Sigma ·~velding Cor1t rol Type SEC--.6 
Linde )!ire Feeder Type s·EH-3 
Linde J.1IG \\Jeldi11.g ~rorch Type ST-12 . 
Linde Electronic Governor Type EC-103 
oxl\/veld P,egulator and Floi.vmeter Type R-502 

·' 
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The three phase r.ectifier current unit allowe·d current 

and voltage controls to be preset. ·1mmediatelv before . ~ 

welding the setting was standardized t6 allo~ for line 

voltage variations. The travel carriage to t·'lhich the tor·ch. 
is attached could be preset to give the desired speed 

levels. The torch \yas tilted t\vo degrees to\1ard the 

direction of carri~ge movement. 

A multiple grounding system was used fo~ all Weld$ 

i:.,n an effort to eliminate magnetic arc bl.01:v:. ·GJ:-ounds 

"'"ere attached to copper studs 011 each end 6.f· the plate 

directly beneath the groove. A third ground VJaS similarly 

attached to the bottom center of e.ach r)late. 

Heat input values in joules per inch were calculated 

·u,sing the f ollovring relatio11ship.1 

Heat Input - £ X I. X 6Q· 
T 

-·. inch of weld deoosited J_ 

E 
I 
T 

--
--
--

voltage across the arc in volts 
current through the arc in amperes 
travel speed in inches per minute 

A complete: set of \\lelding eondi tions and preheat 

temperatures used in this investigation are given in 

Table II. 

Specimen Prenaration 

-Plates six inche·s.- by· e.ighteen inche-$. .. ·t~rere cut from 

ci11e, .. in.ch· T-1 and grooved according to th.E; s·pecif ications . 

shown in Figure 1. A 0~1 inch hole was drilled in each 

plate at a di.stance of nine inches in ~nd 3/4 inches 

do1\Tn fr·om·the top·,corr1er of the specimen. The hole \vas 

three inches deep and allo1.ied -a thermocottple to be [)laced 

- . ' . '\. ·- ··~ - .:.. 

., 
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{ inch directly beneath the center of the groove. The 
ch~omel-alumel thermocoup~e was connected to a Leeds and 
Nortl1rup Spe~domax Strip Chart Recorder Type G an-d vvas used 
as one of the means to accurately de·termine inter1)ass 
temp~ratures. The positioning of the thermocouple· is 
shown in Figure 1. The grooved and adjacent base metal 
areas \Vere cleaned v\Ji th a \~ire brush and acetone to 

remove any traces of machine oil and dirt. Betiveen subse-
-

quent \veld passes, the tveld and adjacent areas ··vtere wire·, 
brt.tshed to remove ~y surf ace deposits. 

Preheat Conditions 

1\\To preheat te-mperatures vJer·e used for thi·s investi-
.r _ga1rit1n:. The first series of eight v1elds 1:.:ere· cotl<iucted 

u::sl-rtg· .ambient 1)rel1eat and int ... e·rpass temperature.~ ]loom 
t.eft'iJJer-ature i\Tas determined by thermoco:t1ple readings. 

The secon·:d series of '.-velds rec:e.ived -a :Prel1eat of 
·2-.5(). ·° F. The s:p~c-irnens ivere cleaned ·:and then l1eated .-fo·r. 
e:ight l1ours in a still air furna.c:e at 260°F. 

\Vere then mounted on the 'vVelding· :table and alloiAJed. t..o 
.c.bol to 250° F before- tvelding. Inte.ri)ass te,m1~erature for .-, 'a. • • ,A.. •• ,' • - ... • ,• • ,, • • 

·1:.:hi·s s.eries ':.ras 250° F. A subseque.nt pa.s·s 1.--r~.-s laid \vhen 
,. 

·-t'.he: 1.veld had co.oled to 250°F as cl1ec}:eo by ~lie therr1ocou1>le 
teading and by a se1ies of Ternpil_sticl~s above.and at the: 
interpass temoerature. All welds were allowed to ait 
cool. 

"':·· 

• 
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Radiography 

Radi·ograms \Vere made of the first three 1.-velds to 
determin~ \vhether any porosity or lack of fusion had occurred. 
The radiograms 1,1ere taken using a \,\festinghouse 150 l\'.ilovol t 

' Industrial Unit and a -~·'iestinghouse Thermax 150 Type 979284 
Unit. The X-ray exposures shov1ed no porosity and no lack 

~~ of fusion. Using these results it ,\Tas ct·ecided tl1at f--urt.her 
X- rayi11g l~1ould be unnecessary. 

Tensile Tests 

1110 tensile snecimens \~er·e·. t·a.ken from each olate l 
. . . . 

~ 

transverse to the T.\Teld direct·ion. 1.,b..es.e sr)ecimens \-vere of 
the conve11tional o. 505 inch diameter t.ype vvi th the exception 
of the \veld metal area \Vl1ich \vas ta.peted ·to in.sur·e that th'e 
failure occurred in the 1;:eld .metal. Testing ·\·Ja$ perfonned 
on an Instron Tensile Testi.;1g f,1a-chine. 

Charpy V-Notch Tests 

Approximately t1.ven:ty :charpy V-not·c:n specimens 1,ve··re 
machined from each welded plate depending ~n the length 
of the t1eld. Nearly ti-·ro i11cl1es at each -end of t-he plate 
1'1ere discarded to ins·ure ·that regions test.e-d 1;~1ou.ld have 
similar heat treatments. Specimens ~.vere cut transverse to 
the ,,veld and notched on the thickness. direction. 

' . . .,· ~ 

Charpy V-notch---t-ests \,1ere conducted over· a temperature 
range from room temperature to minus 200 degrees Farenheit. 
Test ten1perature intervals \:vere 20°F except in the transition 
region where intervals of 5°F and 10°F were used. Each 
spe~imen was held at the test temperature for a minimum ~J 

4 
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'. of f·ive minutes before testing to insure a uniform temp­
erature throughout. 

The experimental data from the Charpy V-notch tests 
fluctuated from a smooth transition curve. This did not 
allow the transition temperature to be determined precisely. 
Ho~ever, the scatter in energy and transition temperature 
data was minimized by accurate control of the notch con­
tours andtthe specimen dimensions. The dimensions were 
contint1ously checked during machining, and metallographic 
examination of random specimens it1as · used to determine if 
proper notch conditions were being maintained. The remaining 
.s:catter is inherent in the test. 

Linear expansion tes·ts \"lere performed on all Charpy 
V-notch specimens t,v-i th a mounted knife-edge dial indicator 
calibrated in- thousandths of c..n in:ch •. · 

Per-cent fibrous fracture t"las determined by v·isual 
a.pproximations of tl1e f ract:ur-e4 s·u·rface of all Charpy V­
notch specimens. 

~.-:: 

Metallography 

Speci~ep Preparation and Observation 

One section of each specimen was sec·tioned ,\Tith 
a ban.d sa\"1 under coolant. Thereafter, the specimens were 
su·rface ground on a fin~ wl1eel and \\Tet ground on 120, 240, 
320 ~..nd 400 grit emeries. Polishing was begun on v1heels 
with 6, 3, and 1 micron diamond paste follo,ied by finish 
polishing on Linde A and Linde B alumina \\Theels. 1'.1etal­
lographic observation was dcJne on a Bausch and Lomb 
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Balphot II Metallograph. 

Etching 
' 

Several etchants including ammonium persulfate, 
picral and nital were tried using various etching times. 
It was determined that a fresh two percent nital solution 
was best for c1early distinguishing recrystallized and 
columnar regions of the multiple-pass lvelds. Swabbing for 
fifteen to tvventy seconds proved to be most satisfactory 
and all specimens were etche.d in this manner. 

Weld Bead Width Studies 

\\Teld bead width measurements were made on polished 
and etched specimens using a table microscope. The weld 
bead \V'idtl1 used in thi·s investieation t.'as taken as the 
maximum width of the last pass l)arallel to the plate sur-
f ace. All readings ""ere taken at a magnification of three 
diameters using a scale calibrat:·e.d to the nearest ht1ndredth 
of an inch. 

Lineal Analysis 

Lineal a.11alysis techniq·~e:.s- _were used to detenn.i-ne 
th·e percent of recrystallized .1Jvel_d· metal in a given cross 
section of a polisl1ed and etcl1ed specimen. A small motor 
\Vas connected to the stage of the Bauscl1 and Lomb Balphot 
II i1etallograpl1., The gear combination used gave a scanning. 
speed of 0.1 inches per minute. Two timers were used, one 
giving total time for tl1e complete scan o-f the t\Teld area 

. .''. ~-
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and the other being separately engaged when recrystallized 

regions appeared during scanning. Five scans were performed 
,· .. ' 

on each specimen at a magnification of lOOX. 

:~ 
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PJ3SULTS AND DISCUSSION 

Charpy V-Notch Tests 

Charpy V-notch test results on weld metal specimens 

cut transverse to the weld and notched on the thickness 

direction appear as absorbed energy vexsus test temperature 

curves in Figures 2, 3, 4 and 5. The forty ft.-lb. energy 

absorbed transition temperature for each weld in degrees 

Farenheit is taken from these plots and appears in Table III. 

It is clear from Figures 2 thru 5 that there were 

:essentially two groupings of· values. Specimens 3-5, 4-5, 

2T-5, 3T-5 and 4T-5 had gradual increases in absorbed energy 

with increases in t.est temperature. Distinct upper shelf 

energy values were not found in the temperature range in­

vestigated. The 40 ft.-lb~ transition temperatures for 

these specimens \'lere high and ranged from -35 to -55°F. 

Specimens 2-5, 2-10, 3-10, ~-10, 4-15, 4-25, 2T-10, 3T-10, 

4T-10, 4T-15 and 4T-20 shoi'1ed definite transition regions. 

,Ali tl1 transition temperatures ranging from -80 to -115°F 

with a grouping of values at -90°F. These specimens had 

clearly defined upper shelf energy values. 

Table IV\shows increasing heat input and the 40 

ft.-lb. absorbed energy transitio~ temperatures •. There 

was evidence of a marked decrease in notch toughness when 

the heat input increased from 79,200 to 82,500 joules per 

inch. There was a critical heat input below which the 
? 

specimen had a definite transition region and a marked 

• 

. i 
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improvement in notch toughness. 

Separating this analysis into the two groupings of 

preheating temperatures, room temperature and 250°F, it can 

be seen by referring to Tables III and IV that the critical 

value of heat input for the 250°F preheated specimens was 

between 76,800 and 82,500 joules per inch. However, for the 

room temperature preheat conditions ·a critical value of heat 

input can not be as precisely determin·ed, since there were 

no welding conditions used in this investigation that 

yielded heat inputs in the range from 79,200 to 120,900 

joules per inch. Regardless, it is very likely that the 

critical value occurs at a higher heat input than that for 

t.h~ 250°F preheated specimens. This conclusion is based 

·9:Il the fact that a 250°F preheat \-JOttld slo\'1 dovm the cooling 

r·ate and decrease the martensi te and baiIJite \~l1ile increasing 

the amount of free ferrite. It has been sho'Wll bv Irvine 
" . ~ 

and Pickering3 that the mi crost rttcture of the as-deposited 

vveld metal made on top of other ,veld passes has a columnar 

structure. \'vi th preheat the columnari ty decreases· and the 
~ 

amount of ferrite increases. The increased amounts of 

ferrite present has been shown by Gross and Stout7 to be 

the main cause of decreased notch toughness in low-carbon, 

low-al}.oy steels. It must also be remembered that preheat-

. ing decreases the enthalpy needed to melt and superheat 

the base metal and the previous-pass weld metal. Thus 

preheating would inherently decrease the maximum heat input 

that v1ould allo\'\T a satisfactory level of notch .toughness ------

• 
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to be maintaineq. 

Figure 6 shows a plot of 40 ft.-lb. transition temp­

eratures versus heat inputs for room temperature and 250°F 

preheated specimens. The dashed curve represents an esti­

mate of the critical heat input region for the specimens 

receiving a room temperature preheat. It appears that pre­

heating at a temperature of 250°F for A517 steel, in order 

to lessen the danger.of c~acking in stressed areas, would 

produce tough \"7eld metal only if a maximum of 76,800 joules 

per inch heat input is not exceeded. 

Current Variations 

The absorbed energy value$ obtained for the welding 

conditions used indicated that the notch toughness of the 

alloy weld metal was not directly dependent on the current 

level. In 1,ables II, III and IV current is sho,.m not to 

be the controlling parameter, since high and low transition 

temperatures were obtained at all three cur~ent levels. 

This \vas particularly noted in the c:,t'se of specimens 2-5 

and 2T-5, which differed only in preheat temperature. 

However, specimen 2-5 \'li th a heat input of 78,000 joules 

per inch had an absorbed energy transi ti.on temperature 

of -95°F, \vhile specimen 2T-5 vJith a. heat input of 82,500 

joules. per inch had an absorbed e:Q(;rgy---t-£an.s~tion ·temp­

erature of _450F • 

. Travel Speed Variations 

Weld travel speed was v.at·i·e·d :·f r.orn ,5· tq, 25 inches 

• 
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per minute. Specimens welded with faster travel speeds 

\,.rere found to have better notch toughness, as sh9wn in 

Table V. However, this is believed to be true only in so 

far as the weld tra:v.el speed affects the heat input. 

Since travel speed bears an inverse relation to the heat 

input, faster travel speeds will lower the heat input, 

thereby improving the notch toughness. Table V shows 

specimen 2-5, with a travel speed of 5 inches per.minute, 
' having an absorbed energy transition temperature of -95°F-, 

while specimen 3-5, also having a travel speed of 5 inches 

per minute, has an absorbed energy transition temperature 

of -35°F. Travel speed combines with arc current, arc 

voltage and preheat temperature in determining the heat 

input .. which has been shoTL,vn to be directly related to the 

notch toughness. 

Number of \'Veld :Passes ------
The total number of weld passes needed to fill the 

grooved A517 specimens varied from three to thirteen passes. 

The number of weld passes required influences the micro­

structure of --the weld metal. Each subsequent weld pass 

affects the previous passes by subjecting each area to a 

different~heating and cooling cycle. All sections of the 

-groovks will be subjected to a number of different time­

temperature cycles depending on the number of weld passes. 

~is repeated heating and subsequent cooling determines 

the microstructure. The specific effect on any particular 

weld area will depend on the metal composition, rate of 
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heating, temperature reached, time at temperature and 

cooling fate. The metal composition of each weld pass 

will vary slightly, with the passes at the bottom and sides 

of the groove having more mixing v1i tl1 the base metal than 

the centerline passes. For each pass there will be a heat­

affected-zone within which a refined zone will be found. 

The extent of this metallurgically refined zone will depend 

on the metal composition and the welding conditions. For 

multiple-pass welds there will be a number of these refined 

regions depending on the .nunfber of weld passes. Figure 7 

shows the cross section of specimen 4-5 at 2.5 diameters. 

A total of three weld passes and the ·same number of refined 

regions are shown for each side of a weld bead. The 

columnar region of the last weld metal pass is also 
~ 

clearly evident. 

Table VI sho\\TS the number of pas·.ses. ·and: the: :absorbed 

energy transition temperatures. It can be seen that, as 

might be expected, the number of weld passes correlates 

\\Ti th the notch toughness in m·uch the same manner as heat 

input. 

Tensile Tests 

1,ensile tests were conducted to determine the rel­

ative strengths of the welds as compared to the base metal. 

A ~omplete listing of the average tensile properties of 

two specimens for each welding·condition is found in Table VII. 

Base metal yield strength was in the vicinity of 

ioo,ooo psi, while the weld metal yield strengths variea 

I h 
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from 75,000 to 116,000 psi. 0n .the average yield strength 
values of the weld metal were slightly below that of the 
base·· metal. Tensile strengths likevvise varie~ from 89,000 
to 130,000 psi, being on the average below the 125,000 psi 
level of the base metal. These tests sho\·1ed that the weld 
metal did not have adequate strength to match the base metal. 

The weld metal percent reduction in area varied from 
a lo'li of 41. 3% to a high of 73. 3%. On the ave rage the weld 
me·tal percent reduction in area "\;vas greater than the 50% 
level of the base metal. 

There was no significant repeatable difference in 
the yield strengths, tensile strengths or percent reductions 
in area for specimens having high or low absorbed energy 
transition temperatt1res. 

Lateral .Ex12ansion ~1easurements 

Lateral expansion is a measure of· the~ pl a·s·t.ic- defo:r~· 
mation worlt done on the Charpy V-notch specimens during 
fracture. Lateral expansion in thousandths of an inch is 
plotted against ·test temperature in Fig_ures 8, 9, 10 and 11. 
The 20 mil lateral expansion transition temperature values 
:are taken from these curves and appear in Table III. These 
values sho\"7ed considerable scatter but fell essentially .... 

.. into the same two groupings as the absorbed erlergy transition 
temperatures. The high transition :temperature group showed 
a gradual incxease in expansion with increasing test temp­
erature, while the other group showed a definite transition 
region on the lateral expansion versus test temperature 

'f •• 
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plots·. These data can be directly related to the heat 

input. Specimens with a definite transition region and 

upper shelf value on the plots of lateral expansion versus 

test temperature had heat inputs equal to or less than 

79,200 joules per inch. 

Fracture Appearance Measurements 

All Charpy V-notch specimens we.re examined to deter­

mine the level of fibrosity of the fracture. Approximate 

percent fibrous fracture is plotted against test temperature 

in Figures 12, 13, 14 and 15. The fifty percent fibrous 

fracture transition temperature values were taken from 

these curves and appear in Table III. Once again there 

were essentially two grouping.s of values with the exceptions 

. of specimen·s 2.~10 and 4-254!1 ·These values shoiied a direct 
' 

relation t.o the heat .input but were· not as pronounced as 

either the lateral expansion·o:t t:lte· absorbed energy 

·mea.surements. 
~-

Lineal Analysis 
·-· 

In an attempt :to :b.orrelate the microstructure found 

in the· weld metal tt> the notch toughness, lineal analysis 

tests were conducted.on the polished and etched weld 
r6 

specimens. A series of five scans were run on each spec.i.me·n, 

three .longitudinal and tt\To tra,nsverse ,. to determine the 

average percent of re.c:rystallized \'\reld metal. The re­

crystallized \'7eld metal is distinguished from the as cast 

weld metal by a f irie ·essentially equiaxed grain struc.ture. 
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Figures 16, 17 and 18 show a sample of th·e technique 

used. Figure 18 is a photomacrograph of specimen 2-10 at 

a magnification of 3.5 diameters. The overlay of Figure 

17 shows the location of the five scans. The three vertical 
' 

scans were located at the weld centerline and one tenth of 

an inch to either side, labeled Rand L. Measurements 

started at a point parallel to the base metal and ended at 

the fusion line between the weld metal and the base metal. 

The two transverse scans were located at a distance of one 

tenth of an inch and t,,vo tenths of an inch, 1 abeled 1,1 and 

T2 respectively, below a.nd parallel to the plate sµrf ace·. 

The transverse scans sta.rted and ended at the fusion lines 

betvveen the base metal :and the v.reld metal at o_pposi te sides 

~of the groove. The solid lines in Figure 17 indicate scan­

ned regions. The values sho,\Tn at the end of each line 

indicate the percent of refined weld metal for that partic­

ular scan. Figure 16 sho"',s the location of the Charpy 

V-notch specimen in relation to the lineal an·alysis measure­

ments made on specimen 2-10. Lineal analys-.is measurements 
-

v\.Tere taken from the same re·lative vveld ar~a 9f all specimens. 

These five scc.tns 1i1ere foun:.d to give a represent~~ive aver-
. !! - . 

age value of the percent of recrystallized weld metal.· 

.Accurate values of percent of recrystallized weld matal in 

:and around the ,;:~<notch of the Charpy specimen 1vere thus 

obtained. 

Table VIII gives the results of the lineal analysis 

me·:"as1.vrements on all specimens including average values and 

---
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absorbed energy transition temperatures. Values of T1. 

scans were nearly all lOl\l'.er than the average percerit of 

recrystallized weld metal and can be justified from the 

fact that this scan passes through the top \tleld passes 

v1hich have not had the benefit of the heat treatment from 

subsequent weld passes. 

Since microstructure is a critical factor in deter­

mining the notch toughness, Table VIII is particularly 

useful in describing its correlation to Charpy V-notch 

impact data. Figure 19 shows a plot of the absorbed energy 

transition temperatures versus the average percents of 

recrystallized weld metal. Linear curves were used to 

approximate the two separate groupings of data points. 

Both show gradual in.creases in absorbed energy transition 

temperature with increased pe~cent recrystallization with 

the slopes being nearly ,parallel. Th-ere ,A.Tas a cri.tical 

transition region of recrystallization between 46 and .5-1%·,. 

above which absorbed energy transition temperatures were 

in the range from -80 to -115°F. This indicates that the 

notch toughness depended on some aspect of microstructure. 

The results of this investigation did not shoi·r whether 
'• 

the microst·ru'ctural aspect resulted f rorn· re cry st alliza tion 

or from va·rious cooli.·n:g rates.,. In any ·case_, a critical 

p~rcent of refined t-1e-ld metal was needed to obtain a sat-

isfactory level of notch toughness. 

By analyzing separately the two preheat temperatures 

used, it \\Tas seen that the critical recrystallization range 
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for the room temperature preheated specimens. was between 

43 and 51 percent, while the specimens preheated at 250°F 

had a transition range bet\\Teen 46 and 65 percent. Real­

izing that the higher preheat temperature would produce a 

slower cooling rate and change the morphology of the micro-

, structure present; it would be expected that a slightly 

higher percentage of recrystallization is needed before 

satisfactory notch toughness is attained.in the 250°F 

preheated specimens • 
., 

Table TX is a comparison of the ,,relding parameter 

<l"f h·eat input and the microstructure parameter of percent 

o:_f recrystallized ,~eld metal. There \\fas a direct relation­

·ship between these two parameters. For heat inputs of 

79,200 joules per inch and beloi\T, a minimum of 51.3% 

refinement was attained. Specimens 3-5, 4-5, 2T-~ 3T-5 

and 41'-5 i\Ti th heat inputs of 82,500 joules per inch an.ct 

above sho\-1ed recrystallization percentages of less than 

46. 111ese were the same_: .specimens which had high absorbed 

-en_e.rgy transition temperatures. Both heat input calculations 

,and-· pe.rcent recrystallization measurements illustrate the 

cbncept of a critical value which is needed to produce 

adequate notch toughness. 

It can clearly be seen from Tables IV and IX and __ _ 
.. 

·f1~.om Figures 6 and 19 that the tra.Ilsition in toughnes-s 

o·ccurs for the parameters of heat input and percent of 

recrystallized i.veld metal. This further indicated that the 

notch toughness of the weld metal is directly controlled 

. . .· --··_--·- .. - •-
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by the welding conditions, manifested in the heat input, 

which in turn controls point-to-point variations in chem­

istry, thermal histories and microstructures. 

By referring to Table tt it can be seen that when 

the number of weld passes was increased tl1ere was an in­

crease in the percent of recrystallized weld metal. How­

ever, this increase was not uniform, which indicated that 

increasing the number of weld passes did not directly in­

crease the percent of refined weld metal. 

Weld Bead Width Measurements 

Weld bead width studies vvere undertaken to deter-
.. 

mine if these 1vidths could be correlated \'1i th the notch 

toughness. 

The \\Teld bead width directly dec17.e .. as··ect: -,1\i'i th. i:nc:_re·asing 

weld travel speeds; the extremes of tt1is can be se.e-rt .it1 

Figure 20. Specimen 4-5 with a weld travel speed of five 

inches p~r minute- had a weld bead width of 0.98 inches, 

\rvhile specimen Ll-25 with a travel speed of twenty-five inches 

per minute had a weld bead width of 0.40 inches. Both spec­

imens \ve re welded with an arc c11rrent of 400 ~pe res. 
-

Weld width measurements, defined as the maximum 

\Vidth of· the last pass parallel to the base-metal plate 
I 

Ip 

surface, gi ven--··in Table X': . It be that 
. 

are can seen 1n 

every case the \\Teld bead ·width \'\TaS larger for the 250°F 

pr~heated specimens than for the room _temperature'· preheated 

specimens at corresponding ~urrent levels. This is also 

indicated in Figur·e 21 ,ihe re \ield bead i,.ridth i.s plqtt·ed'. , 

"" 
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against heat input. Both preheat temperature levels showed 

linear plots of increasing weld bead width with increasing 
heat input, with the 250°F preheated specimen-values being 
displaced above .and approxim~tely parallel to the room temp­
erature preheated specimen values. 

As shotrn in Table X, a specimen having a \'1leld bead 
\\Tidth equal to or greater than O. 76 inehes had a high heat 

input and a high absorbed energy transition temperature, 
/ 

\Jh'ile specimens ""i th a ,~eld bead \vidth below 0.68 inches 
had heat inputs be1fw the critical value and absorbed energy 
transition temperatures r~ging from -80 to -115°F. 

It can be seen by comparing specimens in Tables IX 

and X that the weld bead width correlated with the notch 

toughness in much the same rr1anner as heat input and percent 

of recryst:allized weld met al. Specimens 3-5, 4-5, 2T-5, 

3T-5 and 4T-5 had lar:ge weld bead widths, high heat inputs, 
low percentages of recrystallized weld metal and high ab­
sorbed ene~.gy transition temperatures. 11les·e same specimens 
,.vere the ones that had high 20 mil lateral expansion transi­

t.ion temperatt1res and hrgh 50% fibrous f.racture trans.ition 
-t~mpe ratures. 

Summary 

The no·tc:h toughness of a low-alloy weld metal was 

cont rolled by the vJelding conditions, manifested in the 
heat input, \'1l1ich in turn controlled the microstructure of' 

the,weld metal. •· .. 

The paramet.:e.r.s: of h·¢·at in.put, percent of recrystal-

.. · . ' 
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lized weld metal and weld bead width displayed critical 

values as related to the notch toughness. Specimens with 

a combination of low heat input, high percent of recrystal­

lized weld metal and small weld bead width had good notch 

toughness with transition temperatures in the range from 

-80 to -115°F. 

Arc current, travel sp,e:ed and preheat temperature 

did not uniquely determine the notch tougl1ness. The effect 

of these parameters on notch toughness, was best expressed 

by their effect on the main variable of he:at, input • 

-~· 
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CONCLUSIONS 

The conclusions reached and the observations made 

during this investigation may be summarized in the following 
statements: 

1. The heat input was the most significant parameter 
to the notch toughness of a Mn-Ni-Mo alloy steel weld metal. 

2. Charpy V-notch tests showed that specimens with 

a heat input at or below 79,200 joules per inch regardless 

of the preheat condition had energy transition temperatures 

ranging from -80 to -115°F. 

3. The critical value of heat input needed to obtain 
adequate notch toughness was lower for the 250°P preheated 
specimens than for the specimens receiving room temperature 
preheat. 

4. Arc current and travel speed are interlocked 

variables in their control of notch toughness of weld metal. 

5. Tensile tests showed that the weld metal did not 
have adequate.strength to match the base metal. 

6. Lineal analysis measurements showed that a rather 

sudden gain in notch toughness was obtained as the percent 
. of recrystallized weld met al rose from 46% to 51%. ,Specimens 
. , . 
. ,,{" with heat inQ_uts at or below 79 ,2(J(fx joules per inch had 

recrystallization percentages above 51%. 
-7. A higher percentage of recrystallized weld metal-

was needed for improved notch toughness in the specimens 

preheated to 250°F than in those welded .. at room temperature. 

" .. -,- .... ---·-······-,---~.~-'T' .---.--... ""\··'-·· -- . --·· ----~. '. ---·· ·--h·-----···-·- .. . . "-.,. .. . ,, 
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8. Weld bead width decreased with increasing travel 

speeds and increased linearly with increasing heat input. 

9. Weld bead widths were larger for the 250°F pre­

heated specimens than for those receiving room temperature 

preheat. 

10. Weld bead widths of 0.68 inches corresponded 

to the critical levels of heat input and percent of re­

crystallized weld metal, at which a marked change in the 

notch toughness occurred. 
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APPENDIX 

During the course of this investigation, two relation­

ships were verified that have been previously reported in the 

literature. 

Lateral axpansion measurements of the Charpy V-notcn 

specimens showed that a linear relationship existed between 
I 

absorbed energy and lateral expansion with lateral expansion 

increasing with increasing amounts of absorbed energy. 

Figure 22 shows a representative example of this relationship. 

A linear relationship is expected since increased absorbed 

energy during the test should produce a corresponding in­

crease in plastic-deformation work. 

The impact energy in the temperature range within 

which fracture undergoes transition from brittle to ductile 

fracture has been shown by Newhouse8 to be linearly related 

to the proportion of fibrosity with percent fibrosity in­

creasing with increasing absorbed energy. Figure 23 shows 

examples of this relationship. All specimens which exhibited 

transition regions in the absorbed energy versus test temp­

erature plots were found to have this linear relationship. 
-

However, it .. is ·noteworthy that each specimen showed a .some-

what different slope to the curve. Low percent ·fibrosity. 

and low absorbed energy at any ·test temperature would be 
,, 

considered unsatisfactory since they would offer little 

resistance to fracture propagati~n. 

.:.· .. 

.. 
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TABLE I 

Chemical Composition of T-1 Base Metal and Ml-88 Weld Wire 

T-1 Base ~1etal * 
C Mn p s Si~ Cu Ni Cr Mo V 0.18 0.82 0.010 0.015 0.22 o.3o 0.87 o.ss 0.44 0.04 

Ml-88 Weld Wire 
J 

' C Mn p s Si Cu Ni Cr Mo V 0.04 1.60 0.010 0.010 o:.3o 0.3·o 1.65 0.10 0.25 0.01 

* Heat Number 73P365 

. ' 
.... ~··· . 

I 

,:. 
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TABLE II 

Complete Set o(~:i Welding Conditions Used in This Investigation 1· 

'"7°'· 

Current Voltage Travel Preheat Heat Number of Specimen Amperes Volts Speed • Deg. F Input • • Passes 1pm J1 
2-5 250 29.0 5 R.T. 78,000 6 

2-10 250 27.0 1,0- R.T • 40,500 12 . 
:~ 

3-5 325 31.0 5 R.T. ·120,900 5. 
3-10 325: 31.0 1·0·: R.T. 60,450 1:1. 

--l 

4-5 400 30. 0 5- R.T. 144,000 3· 
~4-10 400 33.0 10 R.T. 79,200 7 
4-15 4_o·o· 29.0 1.-s·:- R.T. 4·-6,400 9 

4-25 4.0·0 27.0 25 .. R.·T. 25,900 13 
2T-5 '45.·0: 27.5 5:: 2·:.50 82,500 5 

-·2T-10 ·250.: 27.5 .10 25iO 40,250 1.0: 
3T-5 3·.?.5, 29.5 ,.:5.: ,2.s:0:- 1 . 

115,050 4 . ·.·. - .. · -~ . 

3T-10 3.2_:5:: 2·9:.·0 1:0· 2'50 5.6,500 7:, ••. I •" 

4T-5 .40.0· ·3-2: :o :-:··. : ·_ ...... 5 25:.-0 153,600 :4 
4T-10 4-00. $2,-•. 0 10 :2·5:C) 76,800 5. 

4T-15 4-0:0 3.3:·.-0 15 ·250 52,800 10 
4T-20 ·4-0:0; ·3,1 0 20 25·0· 37,200 13 

' .. 
. . ' . ' . 

.- . ,• ~ . 

:~ •. 

• ... = .. 

. ., 

.......... ,....,...,.·m~~": 
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TABLE III 

Forty Foot Pound Absorbed Energy, Twenty Mil Lateral 
Expansion and Fifty Percent Fibrous Fracture Transition 

Temperatures 

Transition Temperature Degrees F 
Specimen 40 ft. lb. 20 mil lat ex2an 50% Fibrous Fracture 

2-5 

2-10 

3-5 

3-10 

4-5 

4-10 

4-15 

4-25 

2T-5 

2T-10 

3T-5 

3T-10 

4T-5 

4T-10 

4T-15 

4T-20 

-95 

-80 

-35 

-115 

-40 

.. -85 

_9:_5: . . . 

-80 

-45 

-90 ~· 

-3.:5· 

-85 

-55 

~-s:o· 
.. 

~-9·0 
'.f 

: .. :9.5· 

-95 

-50 

0 

-105 

-10 

-85 

-85 

-60 

-60 

-90 

-30 

-80 

-65 

·-.75 

-85 

-95 

-75 

-40 

-10 

-90 

-15 

-8·0·· . ·. . · .. 

~-60 

c5 ,-J.· ... · 

·-so 

-85 

-50 

-95 

-55 

-80 

-85 

-85 

.·: 

C' ) 
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TABLE IV 

.... 

Increasing Heat Inputs and Forty Foot Pound Absorbed 
Energy Transition Temperatures 

Specimen Heat Input Absorbed Energy Transition Temp. 
4-25 25,900 • • 

-80 Deg. F J1 

4T-20 - 37,200 -95 
2T-10 40,250 -90 

2-10 4o~-~oo ·_: -80 

4-15 46,400 -95 

4T-15 52,800 -90 

3T-10 56,550 -85 

3-10 60,450 -115 

4T-10 76,800 -80 

2-5 78,000 -95 

4-10 79,200 ... 
-8:5·.: ; . . . 

2T-5 s2 ,s-oo . -~4,$ 

3T-5 115,050 ~-.3-:5:: 

3-5 120,900 '3·5· ·~·;.· ... -,.:· __ . 

:~· 

4-5 144,000 : .... ·4to-: 
4T-5 153,600 -55 

,..:.·..::.::.." 

.. 

,· 

.,,. 
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TABLE V 

Weld Travel Speed and Forty Foot Pound Absorbed 
Energy Transition Temperatures 

• 

Specimen 

3T-5 

3-5 

Travel Speed 

5 ipm 

Absorbed pnergy Transition Temp. 

·4.-'5· 

·2T-5 

4T-5 

2-5 

2-10 

4T-10 

4-10 

3T-10 

2T-10 

3-10 

4-15 

4T-15 

4T-20 

4-25 

·5 

5 

5 

10 

10 

.'1.:0 

10 

10 

l·O· 

15: •, . 

. 1.5 

:2·0··. 

:-2:5. 

·:,..: 
', 

·--- -35 Deg. F 

-35 

-40 

-45 

-55 

-95 

-80 

-80 

-85 

-85 

-90 

-115 

-9() 

·- 95·, .. :·_·,_ .. ·.:: 

-9·5 

-80 

·.-~ 

·~ 

•'i 

• 6: 
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TABLE VI 

·? 
Increasing Number of Weld Passes, Percent of Recrystallized Weld Metal and Forty Foot Pound Absorbed Energy Transition 

Temperatures 

Number 
Specimen of Passes 

4-5 

3T-5 

4T-5 

3-:5 

2-T-5 

4T-10 

2-5 

4-10 

3T-10 

4-15 

2T-10 

4T-15 

3-10 

2-10 
,,, 

4-25 

4T-20 

• 

3 

4: 

:s.. 

5 

,5 

6 

.. 

·7 

·7 

't) 

::1:·0. 

:1.Q: 

'1.1 

.. 1::~ 

1,3·· 

:1.3 

% Recrystallized Absorbed Energy 
Weld Metal Transition Temperatures 

43.4 

26.1 

42. 6 

34. 0 

45 • 6 

66.8 

52.5 

67. 0 

66.8 

69.2 

65 .4 

69.7 

62.4 

51 • 3 

53 .7 

70.4 

'I 

• -· 

-40 Deg. F 

-35 

·-::55 

, .... 3-5: 
""'::-· 

:-:4·5· 

80 -.. 
.. 

-:9.5. 

-.85-

·s·s .. ~.--·.··: .. ,. 

~;95 

-90: 

9·5· """'·. :._·-.: 

· .... ·:i.1.5: 
.. , 

---8-0·: . '. ~' . . 

-80 

-95 

•• ' ........ 1 .. , ,. · •• , •• 
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TABLE VII 

Average Yield Strengths, Tensile Strengths and Percent 
Reductions in Area 

Specimen 

2-5 

2-10. 

·3.--:5, 

3·-·to 

4-5 

4-10 

4-15 

4-25 

2T-5 

2T-10 

3T-5 

3T-10 

4T-5 

4T-10 

4T-15 

4T-20 

.1'!.. 

0.2% Yield 
Strengt_h 

79,300 psi 

89,000 

105,200 

108,000 

116,300 

84,450 

100,100 

.1,os,.000, 

7:5•,2:0-0 

:9.-_o ,4oo 

76,900 

90,900. 

75,750 

83,200 

85,050 

100,.20:() 

Tensile 
Strength 

89,400 psi 

95,000 

109,100 

112,000 

129,400 

95,000 

108,700 

113,700 

92,500 

102,300 

95,250 

104,800 

95,400 

101,000 

99,100 

110,050 

,.,.· 

~,.· Red. Area 

55.4 

94.5 

69.4 

66. 0 

41.3 

72.4 

65.1 

68.5 

71.2 

73.3 

71.8 

47. 7 

71.1 

70.5 

71.2 

62.2 

1)1 



-~· 

. , . 

Specimen 

2-5 

2-10 

3-5 

3-10 

4-5 

4-10 

4-15 

4-25 

2T-5 

2T-10 

3T-5 

3T-10 

4T-5 

4T-10 

4T-15 

4T-20 

\ 
I• 
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TABLE. VIII 

Lineal Analysis i1easuremen~s 

. .,. 

C-L R L T1 T2 Avg. 
1 

56.4% 46.4% 57.5% 46.6% 55.5% 52.5% 
" 

52.9 50.9 56.8 44.2 51.5 51.3 

37.7 26.5 35.7 28.1 42.6 34.0 

47.9 54.5 69.6 60.5 79.7 62.4 

40.3 42.0 61.3 34.3 39.3 43 .4 

69.9 72.3 67.0 55.3 70.7 67.0 

69.4 75.5 69.4 63. 7 67. 9 69.2 

.. 55. 3 44.9 61.8 51.7 54.9 53.7 

43.7 .Li3 • 7 43.5 35.8 61.5 45. 6 

67 • L!- '-64. 4- 71.6 50.7 12·.s 65 .4 

20.3 21.0 31.4 22.1 35.9 26.1 

64.5 73.1 68.5 53.3 7 L~. • 5 66.8 

47.9 38.4 39.0 35.5 52.2 42.6 

66.6 58.5 63.8 68.7 76.6 66.8 

73.6 64.2 80.4 61.1 69.4 69.7 

51.3 82.0 -~16~8 67.1 74.9. 70.4 

•. 

Abs. Energy 
Trans. Temp. 

-95 Deg. F 

-80 

-35 

-11.5. 

-40 

-85 

-95 

-80 

_45· 

-90 

-35 

~s:s .ii' 

-55 
·\' 

-80 

-90 

-95 
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TABLE IX 

Inc,reasing Heat Inputs and Percent of Recrystallized 
~~eld Metal 

Specimen 

4-25 

4T-20 

2T-10 

2-10 

\ 4-15 

4T-15 

3T-10 

3-10 

4T-10 

2-5 

4-10 

2T-5 

3T-5 

3-5 

4-5 

4T-5 

f 

Heat Input 

25,900 ji 

37,200 

40,250 

40,500 

46,400 

52,800 

S6 ,550 

60,450 

76,800 

7.8, 000 

79,200 

82,500 

115 ,oso 

120,900 

144,000 

153,600 

% Recrystallized 
Weld lvletal 

53.7 

70.4 

65.4 

51.3 

69.2 

6:9.·7· 

66.8 

62.4 

· 66.8 

52.5 

67 .o 

45.6 

26.1 

34.0 

43.4 

42.6 

!' ·:. 

····· •.. >y·.: :.-·,~'}~:1>f jW,;i/~:}},if'.}t~\ 
..-... !;',· 

.ii 

.•. 
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TABLE X 

Incre~sing Heat Inputs, tveld Bead l.\fidth Measurements and 
Forty Foot Pound Absorbed Energy Transition Temperatures 

Specimen 

4-25 

4T-20 

2T-10 

2-10 

4-15 

3T-10 

3-10 

4T-10 

2-5 

4-10 

2T-5 

3T-5 

3-5 

4-5 

4T-5 

--:..· ... 

Heat Input 

25,900 ji 

37,200 

40,250 

40,500 

46,400 

56,550 

60,450 

76,800 

78,000 

79,200 

82,500 

115,050 

120,900 

__ i44, 000 

153,600 

Weld Bead Absorbed Energy 
Width Transition Temperature 

0.40 

0.50 

0.62 

0.43 

0.49 

0.67 

0.41 

0.68 

0.67 

0.66 

0.78 

·o 97 •• 

0.76 

0.98 

1.06 

• 1n. 

- ·~ 

-80 Deg. F 

-95 

-90 

-80 

-95 

-85 

-115 

-80 

-95 

-85 

-45 

.. ·3 .. 5 

-.:3'.5 

-.40 

~_5:.5 

'c<: 
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Figure 1 Schematic of Specimen Design and Thermocouple 
Positioning 
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TEST TEMPERATURE °F Figure 4 Absorbed Energy versus Test Temperature for 
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Columnar Structure 

Three Weld Three Passes Refined 
Regions 

Figure 7 Photomacrograph of Specimen 4-5 showing Weld Passes and Refined \Veld ~1etal Regious 2.5X 
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