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ABSTRACT

The beneficial amd 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 P'sfeel, a quenched
and tempered low-carbon, low-alloy steel, were welded with
a Mn-Ni-Mo electrode by the 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 needed to obtain a satisfactory
level of notch toughness. The data showed a critical

value of heat input of approximately 80,000 joules per
inch, below which absorbed energy transition temperatures
were in the neighborhood of -90°R, 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 speedwm
alone was found not to be a reliable means of improving the

notch toughness. These welding parameters affected the

notch toughness only to the extent that they affected the
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heat input.

Lineal analysis»tésts used to measure the percent of
recrystallized weld metal héve 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 metal for the 250°F preheated
specimens appears to be higher than that for the room temp-

erature preheated specimens,

- - Weld bead width varied linearly with the heat input

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

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

above~ 0,76 inches showed high transition temperatures, heat

inputs above 80,000 joules per inch and recrystallization

percentages below 50,

The nbtch;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 which controls the percent of recrystal-
lized weld metal. Careful control of heat input during mul-

tiple-pass welding with iow-alloy filler wires is needed to

improve notch toughness of the weld metal.




INTRODUCTION

In the past decade, high st;éngth quenched and temp-
ered steels have been used in a large humber of'applicatibns
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 fo 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 Grade F steel, a low-

carbon; low-alloy steel used in the quenched and tempered
condition. This steel offers 100,000 psi minimum yield
strength, {ogether with the desirable characteristics of
good notch toughness, good weldability, and sufficient dﬁc-
tility to undergo 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 multiple-pass arc welds at

“various service temperatures in these quenched and tempered

steels has necessitated a better understanding of the bene-

ficial or harmful effects of the reheating that accompanies

the later:passes, The metallography of multiple-pass arc

welds has been shown by Stoutl and others2 to reflect the

thermal history of the point in question. 1In arc welding,
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 characterized by rapid heating and cooling rates, accicular

grain structures are observed in the weld metal. Irvine

lelele

- and Pickering3 have sden that subsequent welding passes
cause partial.recrystallization of the weld metal previously
deposited in much the same manner as the basé metal heat-
affected-zone is altered during single-paés welding. The o &
time-temperature distribution will determine the type and
degree of refinement experienced by any pafticular point
in thé weld metal. 1In the unmelted metal adjacent to the
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 region\has been shown'by Grossman®
to exhibit low impact properties. This enlarged grain
size diminishes rapidly from the fusion line into a region
of complete grain refinement. This region exhibits an equfl
axed grain structure with a minimum in ferrite grain size.
The ferrite phase has been shown by Kottcamp and Stout?
to be the controlling microconstituent in influencing the
notch toughness. With its small ferrite grain size, this
refined region exhibits maxi;umtoughness. Bordering the
region of total refinement and extending outwafd is a region
of partial refinement. The width of this region depends
on the carbon produced by the partial austenitization exper-

ienced. The notch foughness'controlling microconstituent

of ferrite is less affected by the maximum temperature in




th1s reglon and tends to approach the or1g1na1 graln size,

The fourth region is a narrow region of spheroidization

e R e ey e e e n o Mg s
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within which lamellar carbides tend to dissolve on heating

and re-form as spheroidal particles on cooling. These

O e e e

carbides appear as colonies within the areas originally
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pearlitic. The matrix of ferrite remains completely un-
affected by the'relatively 1ow7méximum'temperature reached
in this region. The ferrite grain size and the notch
toughness remain essentially that of the base metal.

The problem becomes more complex with multiple-pass
welds since breviously deposited weld metal will experience
a series df thermal cycleé depending on the number of sub-
Sequent weld passes. Therefore, the weld metal becomes,
in reality, an agglomeration of metallurgical structures
brought about by the thermal histories of particular
regions,

When arc welding A517 steel, careful consideration
must be given to the metallurgical changes which 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 with low carbon and low alloy contents which have
‘been quenched and tempered to obtain optimum properties,
suchﬁgé A517, good notch toughness has been accounted for
according to Nippés6 by the presence of low-carbon marten-

site which has excellent properties in the quenched condi-

tion.




’I‘her.‘ef'ore, to obtain low-carbon martensite and small

ferrite grain size in multiple-pass welds careful control
~ of the weld metal composition and thermal history must be-
maintained. The various time-temperature cycles, which

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

controlled by the common welding parameters of arc current,
arc voltage, travel speed and preheat temperature,

In an effort to obtain maximum notch toughness in
inert-gas-metal arc multiple-pass welds, a series of tests
was undertaken on grooved one-inch thick plates of A517
Grade F steel using M1-88 electric weld wire in an atmos-
phere of argon - 1% oxygen. To vary the thermal histories
over a wide range, the welding conditions included: three
current levels, five travel speeds and two preheat temp-
eratures. Current levels were 250, 325 and 400 amperes.
Travel speeds were 5, 10, 15,‘20‘dnd 25 inches per minute,
and the preheat temperatures were ambient temperature and
250 degrees Farenheit.

To determine notch toughness, conventional Charpy
Vee-notch tests were conducted on all welds over a temp-
erature range from room temperature to minus 200 degrees
Farenheit. To determine whether adequdte tensile prop-

erties were being maintained, O,2%vyie1d strength,»ulti-
mate tensile strength and ﬁércent reduction im area tests
| Qére performed, |

To correlate‘the'weld metal microstructure to the

weld metal notch toughness, lineal analysis tests were run




T

at 100 diameters to determine the percent of refined weld -

.metal.

Weld bead width studies uSing thé maximum width of
fhe last wgid pass measured parallel to the plate surface
~were conducted to determine any relationship between weld
bead width and weld metal notch toughnéss.

This investigation 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 weld

metal notch toughness,




EXPERIMENTAL DETAILS

Materials

The base metal used for this investigation is one
inch thick plate stock bf USS\"T-l" steel, T-1, or ASTM
desigﬁation A517F, constructional steel is a Quenched
and tempered low-alloy, low-carbon s{eél exhibiting
a combination of high yield strength, excellent notch
toughness, high resistance to impact abrasion and good
wéldability. Linde Type M1-88 elecfric*weld.wire was
used as the filler metal., The compositions of the base
metal and weld metal avpear in Table I.

The shielding gas was Linde argon--1% oxygen. Use
of 1% oxygen allowed a stable arc to be more easily
produced. The gas flow rate was forty cubic feet per
,hgur,'Which was measured while fhoroughly purging the

s?stem immediately prior to the welding of each specimen.

Welding_

All welding'was performed on automatic, inert-gas-
metal-arc welding apparatus using direct current and
teVerse'learity. The exact equipment identification is
listed below:

Linde Power Surply Tvpe SVI-500

Linde Sigma Welding Control Type SEC-6
Linde Wire Fceder Type SEH-3

Linde MIG Welding Torch Type ST-12
Linde Electronic Governor Type EC-103
Oxweld Regulator and Flowmeter Tvpe R-502
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The three phase rectifier current unir ailowed current
and voltage controls to be preset ‘Immediately before
weldlng the settlng was standardized to allow for line
voltage variations. The travel carriage to which the torch
is attached could be preset to give the desired speed
levels. The torch was tilted two degrees toward the
direction of carriage movement. '

A multiple grounding'system'Was used for all Welds
in an effort to eliminate magnetic arc blow. Grounds
were attached to copper studs on each end of the plate
directly beneath fhe groove. A third ground was similarly
attached to the bottom center of each plate.

Heat input values in joules'per inch were calculated

using the following relationship:

Heat Input - ExIx 60
inch of weld deposited ~ ~— T
E voltage across the arc in volts

I
T

current through the arc in amperes
travel speed in inches per minute

I | BT

A complete set of welding eonditions and preheat
temperatures used in this investigation are given in

Table 1II.

Specimen Preparation

Plates six inches by eighteen inches-were cut from
one inch- T-1 and grooved according to the specifications
shown in Figure 1. A O.1 inch hole was drilled in each
plate at a distance of nine inches in and 3/4 inches

down from the top corner of the specimen. The hole was

three inches deep and allowed a thermocouple to be nlaced
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4 inch directly beneath the center of the groove. The

chromel-alumel thermocouple was connected to a Leeds and
Northrup Speedomax Strip Chart Recorder Type G and was used
as one of fhe means to accuratel§ determine interpass
vtemperatures. The positioning of the thermocouple is

shown in Figure.l. The grooved and adjacent base metal
areas were cleaned with a wire brush and acetone to

remove any traces of machine oil and dirf. Between subse-
qﬁent weld pasées, the weld and adjacent areas were wire-

brushed to remove any surface deposits,

Preheat Conditions

Two preheat temperatures were used for this investi-
gation. ?The first series of eight welds were oonducteo
using ambient preheat and interpass temperature. Room
temperatUre was determined“by thermocouple readings.

The seoond series of welds received a preheat of
250 °F. The specimens were cleaned and then heated for
eight.hours in a still air furnace at 260°F, The épeciﬁens
were then mounted on the welding table and allowed to
cool to 250°F before welding. In;erpass temperature for
this series was 250%F, A subsequent pass was laid when
the weld had cooled to 250°F as chected by the thermocouple
reading and by a series of Tempil sticks above and at the
interpass tempnerature. All welds were allowed to air

cool,




Radiography

Radiograms were made of the first three welds to
determine whether any porosity or lack of fusion had occurred,
The radiograms were taken using a Westinghouse 150 kilovolt
Industrial Unit and a Westihghéuse Therma% 150 Type 979284
Unit. The X-ray exposures showed no porosity and no lack
“of fusion. Using these results if was decided that further

X-raying would be unnecessary,

Tensile Tests

Two tensile snecimens were taken from each pléte
transverse to the weld direction., These specimens were of
the conventional 0,505 1nch diameter tyne with the exceptlon
of the weld metal areg which was tapered to insure that the
failure occurred in the weld metal. Testing was performed

on an Instron Tensile Testing Machine.

Chafpy V-Notch Tests

Approximately twenty Charpy V-notch specimens were
machined from each welded;plate depending on the length
of the weld, Nearly two inches at each end of the plate
were discarded to instre that regions tested would have
Similar heat treatments.A Specimens were cut transverse to

the weld and notChed on the thickness dlrectlon.

™

Charpy V-notch -tests were conducted over atemperature
fange from room temperature to minus 200 degrees Farenheit,
Test temperature 1ntervals‘were 20°F exceDt in the tran51t10n
region where intervals of 5°F and 10°F were used. Each

specimen was held at the test temperature for a minimum

S




of five 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,
However, the scatter in energy and transition-temperature
data was minimized by accuréte control of the notech con-
tours andsthe specimen dimensions. The dimensions wefe
continuously checked during machining, and metallographic

examination of random specimens was used to determine if

broper notch conditions were being maintained, The remaining
Scatter is inherent in the test.

Linear expansion tests were performed on all Charpy
V-notch specimens with a mounted knife-edge dial indicator
calibratedwin~thousandths of an inch. .

Percent fibrous fracture was determined by visual
approximations of the fractured surface of all Charpy V-

notch specimens.

Metallograghz

Specimen Preparation and Observation

One section of each specimen was sectioned with

a2 band saw under coolant. Thereafter, the specimens were

@—usurface ground on a fine wheel and wet ground on 120, 240,
320 and 400 grit emeries, Polishing was begun on wheels
with 6, 3, and 1 micron diamond paste followed by finish

bolishing on Linde A and Linde B alumina wheels, Metal-

lographic observation was done on a Bausch and Lomb

oy - D R

¥
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Balphot II Metallograph.

Etching o _ - \

Several etchants including ammonium persulfate,

columnar regions of the multiple-pass welds. Swabbing for
fifteen to twenty seconds proved to be most satisfactory

and all specimens were etched in this manner,

Weld Bead Width Studies

Weld bead width measurements were made on polished
and etched specinens using a table microscope. The weld
bead width used in this investigation iras taken as the
maxinum width of the 1ast bass parallel to the plate sur-
face. All readings were taken at a magnification of three
diameters using a scale Calibrated to the nearest hundredth

of an inch,

:Lineal.Anaiysis

Lineal analysis techniques were used tb determine
the percent of recrystallized weld metal in 3 given cross
section of a polished and etched specimen. A small motor
was connected to the stage of the Bausch and Lomb Ba{ghot
IT1 Metallograph. The gear combinatibn used gave ga scénning-

speed of 0.1 inches per minute. Two timers were used, one

giving total time for the_complete scan of the weld area
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and the other being separately engaged when recrystallized

T€gions appeared during scanning. Pive scans were performed

on each specimen at a magnification of 100X,

-




PESULTS 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 versus test temperature
curves in Figures 2, 3, 4 and 5. The forty ft.-1b. energy
absorbed transition temperature for each weld in degrees
Farenheit is taken from these plots and appears in Table III.

It is clear from Pigures 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 test temperature. Distinct upper shelf

energy values were not found in the temperature range in-
vestigated. The 40 ft.-1b, transition temperatures for
these specimens were high and ranged from =35 to =55°F,
Specimens 2-5, 2-10, 3-10, 4-10, 4-15, 4-25, 2T-10, 3T-10,
4T-10, 4T-15 and 4T-20 showed definite transition regions
with 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\ehows increasing heat input and the 40
ft.-1b. absorbed energy transition,temperatures. ,égere
was evidence of a marked deerease 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
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imprbvement in notch toughness.,

Separating this analysis into the two groupings of
preheating temperatures, room temperatuie 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 preheafed 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 determined, 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 fof

the 2509F preheated specimens. This conclusion is based

on the fact that a 250°F preheat would slow down the cooling

rate and decrease the martensite ahd bainite while increasing

the amount of free ferrite. It has been shown by Irvine

3 that the microstructure of the as-deposited

and Pickering
weld metal made on top of other weld passes has a columnar
structure. With preheat the columnarity decreases and the
amount of ferrite increases. The increaéed amounts of
ferrite present has been shown by Gross and Stout” to be
the main cause of decreased notch toughneés in low-carbon,
low-alloy steels. It must also be remembered,that preheat-
-ing decreaseé-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 would allow a satisfactory level of notch toughness .~
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to be maintained,

Figure 6 éhows a plot of 40 ft.-1b, 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 femperature preheat., It appears that pre-
heating at a temperature of 250°F for A517 steel, in order
to lessen the danger of cracking in stressed areas, would
produce tough weld mefal 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 Tables II, III and IV current is shown not to
be the controlling parameter, since high and low transition
temperatures were obtained at all qpree current levels.
This was particularly noted in the case of specimens 2-5
and 2T-5, which differed only in preheat temperature.
However, specimen 2-5 with a heat input of 78,000 joules

per inch had an absorbed energy transition temperature

~of -95°F, while specimen 2T-5 with a heat input of 82,500

Jjoules per inch had an absorbed energy-transition ‘temp-

erature of =459F,

- Travel Speed Variations

Weld travel speed was varied;from.S‘tosZS inches
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per minute. Specimens welded with faster travel speeds
were found to have better notch toughness, as shown in
Table V. However, this is believed to be true only in so
far as the weld travel speed affects the heat input.

Since travel speed béars 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°R,
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 shown to be directly related to the

notch toughness,

Number of Weld 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“?he weld metal., Each subsequent weld pass
affects the previous passes by subjecting each area to a
different, heating and cooling cycle. Ail Sections of the
grooves will be subjected to a number of different time-
temperature cyclesldepending on the number of weld passes;
This repeated heating and subsequent cooling determines

7

the microstructure., The specific effect on any particular

weld area will depend on the metal composition, rate of




-10-

heating, temperaturé reached, time at temperature and
cooling rate. The metal composition of each weld pass
will vary slightly, with the passes at the bottom and sides
- of the groove having more mixing with 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 number 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 shows the number of passes and the absorbed
energy transition temperatures, It can be seen that, as
might bé expected, the number of weld passes correlates

with the notch toughness in much the same manner as heat

input.

Tensile Tests

Tensile tests were conducted to determine the rel-
ative strengths of the welds as compared to the base metal.

A complete 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

100,000 psi, while the weld metal yield strengths varied
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from 75,000 to 116,000 psi. On‘the average yield strength
values of the weld metal were slightly below that of the
base metal., Tensile stréngths likewise varied from 89,000
to 130,000 psi, being on the average below the 125,000 psi
level of the base metal, These tests showed that the weld
metal did not have adequate strength to match the base metal.

The weld metal percent reduction in area varied from
a low of 41.3% to a high of 73.3%.. On the average the weld
metal percent reduction in area was 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 temperatures,

Lateral E§Bgnsion Measurements_

Lateral expansion is a measure of the plastic- defor-
mation work done on the Charpy V-notch specimens during
fracture. Lateral €xXpansion in thousandths of an inch is
Plotted against test temperature in Figﬁres 3, 9,'10 and 11,
The 20 mil lateral expansion tranéition temperature values
are taken from these curves and appear in Table III, These

values showed considerable scatter but fell essentially

. into the same two groupings as the absorbed eldergy transition

temperatures. The high transition temperature group showed
a gradual increase in eXpansion with increasing test temp-

erature, while the other group showed a definite transition

region on the lateral expansion versus test temperature

R Y
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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 Aggearance Measurements

All Charpy V-notch specimens were 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 groupings of values With the exceptions.

~of specimens 2-10 and 4-25. These values showed a dirgct
relation to the heat input but were not as pronounced as
either the lateral expansion or the absorbed energy

measurements,

Lineal Analysis

In an attempt tocorrei;te the microstructure found
in the weld metal to the notch toughness, lineal analysis
tests were conducted on the polished and etched weld |
specimens. A series of five scans were run on each specimeg;
three loﬂgitudinal and-twotransverse,.to determine the

average percent of recrystallized weld metal. The re-

crystallized weld metal is distinguished from the as cast

‘weld metal by a fine essentially equiaxed grain structure,
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Figures 16, 17 and 18 show a sample of the 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 R and 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 two tenths of an inch, labeled T1 and
T2 respectively, below and parallel to the plate surface.
The transverse scans started and ended at the fusion lines
between the base metal and the weld metal at opposife sides
»of the groove. The solid lines in Figure if indicate scan-
ned regions. The values shown at the end of each line
indicate the percent of refined weld metal for that partic-
ular scan. Figure 16 shows the location of the Charpy
V-notch specimen in relation to the lineal,anélyéis measure-

ments made on specimen 2-10, Lineal analysis measurements

were taken from the same relative weld area of all specimens.

These five scans were found to give a representative aver-
ége‘value of the percent of recrystallized weld metal.
Accurate values of percent of recrystallized weld metal in
and around the v;notch.of the Charpy specimen were thus
obtained, v |

Table VIII gives the results of the 1inéa1 analysis

measurements on all specimens including average values and
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absorbed energy transition temperatures. Values of Ty
scans were nearly all lower than the average percent of
recrystallized weld metal and can be justified from the
fact that this scan paéses through the top weld passes
which have not had the bénefit of the heat treatment from
subsequent weld passes.

Since microstructure is a critical factor in deter-
mining the notch toughness, Table VIII is particularly
usefui 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 increases in absorbed ehergy transition
temperature with increased percent recrystallization with
the slopes being nearly parallel. There was a critical
transition region of recrystallization between 46 and 51%,
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 ﬂot show whether
the microstructural éSpect resul ted from recrystallization
or from various cooling rates.,.In7§ny cése, a critical
percent of refined weld metal was needed to obtain a sat-
isf;ctory level of notch toughness, -

By analyzing separately the two preheat temperatures

used, it was 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 between 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 IX is a comparison of the welding parameter
of heat input and the microstructure parameter of percent
of recrystallized weld metal. There was a direct relation-
ship between these two parameters. For heat inputs of
79,200 joules per inch and below, a minimum of 51.3%
refinement was attained. Specimens 3-5, 4-5, 2T-5 3T-5
and 4T-5 with heat inputs of 82,500 joules per inch and
above showed recrystallization percentages of less than
46. These were the same specimens which had high absorbed
energy transition temperatures, Both heat input calculations
and- percent recrystallization measurements illustrate the
concept of a critical value which is needed to produce
| adequate.notch toughness, .

It can clearly be seen t rom Tables IV and IX and ..
,fr@; Figures 6 and 19 that the tramsition in toughness |
occurs for the parameters of hedt input and percent of

~ recrystallized weld 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 VI it can be seen that when
the number of weld passes was increased there was an 1in-
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 were undertaken to deter-
mine if these ﬁidths could be correlated with the notch
toughness.

The weld bead width directly decreased with increasing
weid travel speeds; the extremes of this can be seen in
Figure 20, Specimen 4-5 with a weld travel speed of five
inches per minute had a weld bead width of 0.98 inches,
while specimen 4-25 with a travel speed of twenty-five inches
per minute had a weld bead width of 0.40 inches. Both spec-
imens were welded with an arc current of 400 amperes.

Weld width measurements, defined as the'maxiﬁum
width of the last pass Parallel to the base-metal plate
surface,(arebgiVéhﬂin Table X¢ It can béﬁséen that in
every case the weld beaﬂ‘&idth was larger for the ZSO°F

preheated specimens than for the room temperature preheated

specimens at corresponding current levels, This is also

indicated in Figure 21 where weld bead width is plotted
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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‘ana approximgtely parallel to the room temp-
erature preheated specimen values.

As shown in Table X, a spé;imen having a weld bead
width equal to or greater than 0.76 inches had a high heat

input and a high absorbed €nergy transition temperature,

A\_gh{ie specimens with a weld bead width below 0.68 inches

had heat inputs bebpw the critical value and absorbed energy
transition temperatures ranging from -80 to -115°F,

It can be seen by comparing sSpecimens in Tables IX
and X that the weld bead width correlated with the notch
toughness in much the same manner as heat input and percent
of recrystallized weld metal. Specimens 3-5, 4-5, 2T-5,
3T=5 and 4T-5 had large weld bead widths, high heat inputs,
low percentages of recrystallized weld metal and high ab-
sorbed energy transition temperatures. These Same Sspecimens
were the ones that had high 20 mil lateral expansion transi-
tion temperatures and high 50% fibrous fracture transition

temperatures.

Summagz

The notch toughness of a low-alloy weld metal was
controlled by the welding conditions, manifested in the
heat input, which in turn controlled thefmicrostruéture,of

the weld metal. | * )

The parameters of heat input, 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 combinatidn 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 speeéed and preheat temperature
did not uniquely determine the notch toughness, The effect
of these parameters on notch toughness was best expressed

by their effect on the main variable of heat input.

-y g AR “_____h




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°F preheated
specimens than for the specimens receiving room temperature
preheat,

4, Arc>cur£ent 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 metal rose from 46% to 51%. Specimens
with heat inputs at or below 79,25@Zj6u1es per inch#;ad
récrystallization percentages above 51%.

7. A higher percentage of recrystallizéd weld metal-.

was needed for improved notch toughness in the specimens

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

N
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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-notch
specimens showed that a linear relationship existed between
absorbed energy and lateral expansion with lateral expansion
increasinghwith increasing amounts of absorbed energy.

Figure 22 shows a representative example of this relaticnship.
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 Newhouse® 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 1inear relationship.
However, it is noteworthy that each specimen showed a some-
what different slope to the curve. Low pereent“fibrosity,
and 1eW'absorbed energyv at»any'test temperature wOuld be.

considered unsatisfactory since they would offer little

resistance to fracture propagation.
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TABLE I

Chemical Composition of T-1 Base Metal and M1-88 Weld Wire

T-1 Base Metal*

C  Mn p S i~ cu  Ni Ct Mo V
0.18 0.82 0.010 0.015 0,22 0,30 0.87 0.58 0.44 0.04

M1-88 Weld Wire

J

C Mn P S Si  Cu  Ni Cr Mo v
0.04 1.60 0,010 0.010 0.30 0.30 1.65 0.10 0.25 0.01

* Heat Number 73P365
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TABLE IIi

~

Complete Set of . Welding Conditions Used in This Investigation

Current Voltage
Specimen Amperes

Volts

Travel
Speed ipm Deg. F

Preheat

Heat

Input ji

Number of
Passes

2-5
2-10
3-5
3-10
4-5
*4-10
4-15
425
2T-5
“2T=10
3T-5
3T-10
4T-5
4T-10
4T-15
4T-20

250
250
325
325

400

400

400
400
250
250

325

325

400

400
400

400

29.0
27.0

31.0

31.0
30,0
33.0
29.0
27.0
2745
2745

29.5

32.0

33.0

31.0

5

10

S

10

5
10

15

25
5
10
)

10

5

10
15
20

R.T,
R.T.
R,T.
R.T.
R.T.
R.T.

R.T.

R.T.

250
250

250

250

250

250

250

78,000

40,500

120,900

60,450
144,000
79,200
46,400
25,900
82,500
40,250
115,050

56,500

153,600
76,800

52,800

37,200

6

12
5
11

13

10

10
13




Forty Foot Pound Absorbed Energy,
Expansion and Fifty Percent Fibrous

-35-

TABLE III

Temperatures

Twenty Mil Lateral
Fracture Transition

Transition Temperature Degrees F
40 ft, 1b. 20 mil 1lat expan 50% Fibrous Fracture

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

-95
-80

-95
=50

75
-40
-10
-90




Increasing Heat Inputs and Forty Foot Pound Absorbed

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

4-5

4T=-5

-]
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TABLE IV

Energy Transition Temperatures

Heat Input

25,900 ji
- 37,200

40,250
40,500 -
46,400
52,800
56,550
60,450
76,800
78,000

79,200

115,050
120,900
144,000
153,600

Absorbed Energy Transition Temp.

-80 Deg. F
-95
-90
-80

-95




TABLE V
Weld Travel Speed and PBorty Foot Pound Absorbed
Energy Transition Temperatures

Specimen Travel Speed Absorbed Energy Transition Temp.
3T-5 5 ipm | ~_35 Deg. F
3-5 5 -35
4-5 5 -40
2T-5 5 -45
AT-5 5 | -55
2-5 5 -95
2-10 | 10 | -80

/\5 4T-10 10 -80

' 4-10 10 -85 ’

3T-10 10 -85
2T=10 10 -90
3-10 10 . =115
4-15 15 -90
4T=15 15 =95
4T-20 20 | _. =95
4-25 25 | ~80
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Number
Specimen of Passes

Increasing Number of Weld Passes,
Weld Metal and Forty Foot Pound A

% Recrystallized
WNeld Metal

TABLE VI

Percent of Recrystallized
bsorbed Energy Transition

Temperatures

Absorbed Energy
Transition Temperatures

T B Ty A LA Sy ot i, oy
AR S e B o e

e
ST

4-5
3T-5
4T-5
3-5
2T-5
4T-10
2-5
4-10
3T-10
4-15

2T-10

4T-15
3-10
2-10
4-25

4T=20

3
Y
4
5.
5
5
6

7

10

12

13

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

-40 Deg. F
~-35
=55
-35
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TABLE VII

Average Yleld Strengths, Tensile Strengths and Percent
Reductions in Area

Specimen

0.2% Yield
Strquth

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

79,300 psi

89,000
105,200
108,000
116,300
4,450
100,100

90,400

76,900
90,900
75,750
83,200

85,050

100,200

" 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

A

%vRed? Area

55.4
64.5
69, 4
66,0
41,3
72.4
65.1
6845
71,2
73.3
71.8
47,7
71.1
70.5
71.2

6242
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Specimen

2-5

-40-

TABLE VIII

Lineal Analysis Measuremen;s

. ~ Abs. Energy

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
AT-15
4T=20

o8

C-L R L T1 Tp Avg. Trans, Temp.
56.4% 46.4% 57.5% 46.6% 55.5% 52.5% =95 Deg. F
52.9 50.9 56.8 44,2 51.5 51.3 -80

37.7 26,5 35.7 28.1 42.6 34.0 -35

47.9 54,5 69.6 60.5 79.7 62.4 -115
40,3 42.0 61,3 34,3 39.3 43.4 -40

69.9 72.3 67.0 55.3 70.7 67.0 -85

69.4 75,5 69.4 63.7 67.9 69.2 -95

55.3 44.9 61.8 51.7 54.9 53.7 ~80

43.7 43,7 43.5 35.8 61.5 45.6 -45

67.4 4.4 71,6 50.7 72.8 65.4 -90

20,3 21,0 31.4 22.1 35.9 26.1 -3

64.5 73.1 68.5 53,3 74,5 66.8 -85

47.9 38.4 39.0 35,5 52.2 42.6 -55

66,6 58.5 63.8 68.7 76.6 66,8 -80

73.6 64,2 80.4 61.1 69.4 69,7 -90

51.3 82.0 76«48 67.1 74,9 70.4 -95
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TABLE IX

Increasing Heat Inputs and Percent of Recrystallized
Weld Metal

% Recrystallized

Specimen Heat Input Weld Metal
4-25 25,900 ji 53.7
AT-20 37,200 70.4
2T-10 40,250 65 .4
2-10 40,500 51.3
4-15 46,400 - 69,2
4T-15 52,800 69,7
3T-10 56,550 66,8
3-10 60,450 62,4
4T-10 76,800 66,8
2=5 78,000 52.5
4-10 79,200 6740
2T-5 82,500 45,6
3T=5 115,050 26.1
3-5 120,900 34,0
4-5 144,000 43,4
4T-5 42,6

e e P AR e AT L by e Sl a1 £ T R
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TABLE X

Increasing Heat Inputs, Weld Bead Width Measurements and
Forty Foot Pound Absorbed Energy Transition Temperatures

Weld Bead Absorbed Energy

§B§cimen Heat Input Width  Transition Temperature
4-25 25,900 ji 0.40 in. -80 Deg. F
4T-20 37,200 0.50 ~95
| 2T-10 40,250 0.62 A -90
2-10 40,500 0.43 -80
4-15 46,400 0.49 -95
3T-10 56,550 0.67 -85
3-10 60,450 0.41 ©_115
4T-10 76,800 0.68 ~80
2-5 78,000 0.67 95
4-10 79,200 0.66 _85
2T=5 82,500 0,78 45
3T=5 115,050 0.97 235
— 3-5 120,900 0.76 -35
4-5 144,000 0.98 40

4T-5 153,600 1,06 -55
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