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ABSTRACT
An investigation was made to determine the dependence of zones of low duc-

tility in weldments upon the steel and upon the welding conditlions and heat

tests conducted at verious low temperatures.

A zone of low ductility was found in two low carbon ship plate ateels at a
distance of 0,3 « 8,4" from the weld centerline when the weldments were made
with 100°F preheat and interpass temperature.

A 4OC°F preheat and interpass temperature improved the ductility in the
eritical zone, lowering the transition tempersture from «20%F to «45%F,

* O W L QU . 1L o

A 1100F postheat practically eliminated the zone of

Jower
transition temperature being lowered to ~70°F,

Temperature measurements made during welding showed that the embrittled
region was not heated above the lower critical temperature,

No change in microstructure could be noted between the critical zone and
the unaffected base plate, Microhardness tests showed only slight hardening in
the embrittled region,

The occurrence of the embrittled region is thought to be due to some sube

eritical temperature phenomena which mey be the supersaturation and precipitation

of carbon or carhides




INTRODUCTION

This report summerizes the work completed on a project sponsored by the
Ship Structure Committee and conducted under U, S, Navy Contract {Obse45470
and covers the period from September 1, 1948 to July 1, 1949, An earlier report
SSC=24, (1)* covered the period from July 1, 1947 to September 1, 1948,

Steel structures have been shown to fail in a brittle manner when subjected
to certain service conditions. The conditlons which may lea§ to brittle failure
include multiaxiasl stresses,_étress concentration, low temperature, section size,
and rate of loading, |

The ductility of a structgre ioaded under a combination of these embrittling
factors may be reduced to a low value. Ductility then becomes a more important
~measure of the structure's resistance to failure then its strength, since it is
known that a crack may propagate through a region of low ductility with the
absorption of only a small amount of energy.

Since the incidence of brittle failures in ships had inereased with the
adoption of the welding procéss for fabrication, it was felt that the welding
process must alter the properties of steel, Various investigations employing a
number of différent specimené ﬁave shown that the duetility of s weldment is
lower than the ductility of the steel of which the weldment is made.

The general purpose of this investigation was to establish the existence of

-zonesg of low ductility in commercially welded ship plate by means of a test which
would be sensitive to variations in material and welding conditions., If such
zones could be isolated, investigation was to be made of their dependence upon
material, variations in the welding process, and heat trestement.

The first report (1) showed that & zone of minimum ductility was located at
a distance of 0.3 - 0.4 inch from the weld centerline for a weldment maede from

"C" steel with a 1000F preheat and interpass temperature. The transition

# Numbers In parentheses refer to the bibliography at the end of the report,
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temperature of this zone, as determined by the eccentric notch ;ensile test,
was =20°F as compared.with ~65°F for the unaffected base ﬁlate.
The investigatiﬁn‘was extended to cover "A® gteel aﬁd the effects of pree

heating and post heating on "C" steel,

The shlp plates selected for this investlgation were two of the go=called
"pro;ect steels“ which have been 1nvestig~ted by other groups under the sponsorw
ship of the Ship Structure Committee, Steel BC" was gelected because it has
been shown to have & high transition temperature, and steel "AM™ was chosen be-
cause it has a lower tranaition temperature although it has the same approximate
composition. Both were semi-killed steels and in the "aserolled® condition.

The properties reported for these steels are as follows (2)'s

TABLE I

Properties of Steel Plate

Chemical Analysis

Hanganess silicon

| 'Carggn Phosphorous Sulfur
C Steel  0.24% 0..48% 0,012% 0,026% 0,05%
4 Steel 0,262 0450% 0,012% 0.039% 0,03%
Aluninyp Nickel Gopper Chromium  Moly bdenup
C Steel 0.016% 0.,02% 0.03% 0.03% 0,005%
A Steel 0,012% 0402%. 0,03% 0,03% 0.006%
Iin Nitrogen  Vanediu Arsenic
& Steel 0,003% o.oq% £ 0,02% <0,01%
A Steel 0,003% 0.004% < 0,02% < 0,018
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Mechanieal Properties

Yield Point ~  Tensile Strength Elongation

| - pel | Rer.Cent.

C Steel 7 39,000 67,400 , g_5:.5(8"gage)'

A Steel 37,950 | 59,910  33.5(2"gage)
EROCEDURE

Test Specigeg

lManyr tyros of e
¥ uJyu oI 8

and Welded structuresa Iﬁ order to'establish the existence cf zones of lowered
ductility, a specimen was needed which would test only a small volume of metal,
51nce the ductility gradient would be expected to be qulte steep in a crltical
region. Such a test must also inelude some of the prevlously mentioned embrlttl-
ing factors which serve to lower the ductility of the whole plate to such a point
that the minimum or critieal region can be 1oceted. The eccentrie notch bar
tension test meets unaee require ente_ic't
trols the feaction of the speeimen, that is, the fiber_at the nqtch»bottom ehich
is subjected to the_maximum tension_stress is the fiber in which ffacture initie
ates (and prOpagatee thcough the specimen,) The position of this fiber can be
chosen at will., The embrittling factors of eccentric loading, multlaxial stress,
end a stress raiser are present in the eccentric notch test and Jow temperature
can be added,

The eccentric notch bar tension test has been used in a number of investi-
gations to differentiate among steels (heat treated to the same strength levels)
which are known to have different service properties (3)(4). 'In Fig, I the
properties of four steels are compared, at room temperature, by means of con=

contrie and eccentric notch tests (3). The data used to draw these comparison
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curves are shown in Fig, 2 where notch strength ratioc® ig plotted for both the
concentric and the eccentric tests as a function of duetility., There appears
to be a relation between the two types of noteh strengths and the ductility as
megsured by the contraction in area for the concentric test. Up to two per cent
ductility, the conééntric notch strength seems to be dependent upon the duectility.
Specimens which are strained over two per cent have lost their high initial stress
concentration which was one of the embritiling agents and consequently the notch
strength becomes independent of the ductility., The eccentrie notch test, however,
extends the dependence of the notch strength upon ductility up to approximately
ten per cent by the addition of another embrittling factor, that of eccentric
loading, ' ' o

It can be seen from Fig, 1 that the eccentric notch test was able to detect
differences in the four steels, The'ratiﬂg was in the same order as that shown
by the concentric noteh test, i.e,, the fwo nickel steels gave higher walues
than the chromium s%éel, with the mangsnese steels showing the poorest perform-
ance, The ductllity Tevel of ship plate steel is too high to show up any regions
of Jowered ductlllty at room temperature but with the addition of the added
enbrittling agent of low temperature the eccentric notch bar tension test can be

expected to detect differences in the various zones encountered in a weldment.

Welding Progedure

A1l of the weldments were made at Battelle liemorial Institute under closely
controlled conditions. Details of the welding process are given in Figs. 3
and 4.

Each weldment was 18" x 24" x 3/4", constructed of two plates 9" x 24" x 3/4%

% lNoteh strengt
8

h ratio is defined as the ratio between the notch strength
and the tensil

- PR T 7Y

i or ultimate Snrengnu-
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in dimensions. These plates were flame cut from the same large plates and 3/4

effect of the flame cutting., The edges to be welded were then machined to a
30° bevel and 1/8 inch root face as shown in Fig, 3.

The plates were tack welded using one Inch tacks at each end and at the
center of the plate, leaving 3/16" clearance between the root faces. A4 copper
back-up bar coated with a thin layer of wollastonite was used for the first weld
pass, | o

No restraint other than the tack welds was uséd on the weldments and éinée |

two inches from each end of the platé'were to be discarded, no runoff tabs were

DC reverse poléfity; The welding date ave given in Table IT.
. TABIE II

Welding Duta

Harnischfeger « D, C. Welder

Electrode 3/16"™ E6010 Reversed Polarity

Current 150 amps Pass 1
165 amps Passes 2«6
letége 25 volts Passes 1=6
Iwel_igg Speed 3.6 in/min Pass 1
Le8 in/min ' Passes 2eb

Electrode Burn
Off Rate 8.5 in/min Pagses 1-6
The weldments were preheated prior to the first weld paes. After each pass
the weld joint was cooled normally in still air until the desired interpass

temperature was reached and then the next pass was made,



Weldments were made using 100CF prehedt and interpass temperature and 4000F

rehest and intermas

p- ™ - P
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b

phase of the investigation,
After completion of welding, the welded joint was sand blasted and then

b et o

radiographed for weld imperfectionsg

Iemperature Mensurements .

Tempilag was used on some of the weldments to determine the 600°F and
1300°F isotherms on-the surface.,

On two weldments temperature measurements were made at the midthickmess of
the plate during welding, These weldments were made with 100°F and 400°F preheat
and interpess temperatures. Thermocouples were placed at varying distances from
the weld centerline so that the range of temperature from 1300°F to 6009F could
be covereds The thermocouple holes were 3/3R% diameter drilled at 300 angle,
parallel to the machined bevel -surface. The holes were staggered so thet the
tomperature distribution was not disturbed in front of -each thermocouple,

Fig. 5 shows one of the weldments with the thermocouples in places

All temperature measurements were made at the midthickness of the plate, the

same region that was tested in the eccentric notch tests., High speed recorders

were used to record the temperatures from the start of each welding pass until

some time after the pass was completed.

Specimen Preparation

Strips, 1/2 inch wide, were cut from the welded plates perpendicular to the
wold, Each strip was etched so that the weld area was visible and the weld
The speeimen locations were then laid out so that
the notch bottom was the desired distance from the weld centerline and so that

the fiber carrying the highest tension load was along the midthickness of the
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plate. The location of such az specimen (away from the weld) is shown in Fig. é.
The notch test specimen is shown in Fig, 7. These specimens had & circumfere
ential 60° V-notch removing 50 % of the eross sectional ares, and 8 root radius

E AT~ 0

£588 La8n 18.4)

1 <
* W& Lilbile

Teglting Procedure
The test equipment and procedure were the same as those used in the first

part of the investigation(l).

1
e~ I S, —

The spec
the center of the plate received the méximum fensile stregs. The initial eccen-
tricity wés set at 1/4", thet is the centerline of the specimen was displaced
1/4" from the line of pull of the tenaile'ﬁachine,‘as shown in Fig, 7.

The specihen ﬁaé cooled to a temperature about.5°F below the desired testing
temperature, allowed tbAwarm up to the testing temperature and then teste&. The
tests were performed at congtant temperature since the testing time was about 30
seconds whereas the warming=up rate was about 1%F/min. The specimens ﬁere cooled

by'méans of isopenténe, dry ice,‘and liguid nitrogen. Tomperstures were messured

¢

by placing & pentane thormometer difectlﬁ beside the spocimens, A1Y of the
were cerried out at a low stfain raté, the crbsshead spéed of the tensile machine
was approximately Q0,1 inch per minute.

The property that was measured wés the ecceﬁtric noteh gtrength, maximum

load divided by the originsl area at the notch bottoms



ol Compari;

.. The duectllity tiinimum which was observed for the "C" stesl et a distance of
0.3 = 04 inch from the weld centerline (1) probably would occur in weldments made
of other steels. In order to check this an investigation was mads on AT steel
weldments, These weldments were welded using theuseme_conditione'ea.for the ™CT
‘steel (1) - |

The data for all of the eccentric notch tests appears in the appendix. The

dlstrlbution of valuee for the unaffected baee plate ‘tested at varioug tgmpera»

P

; tures, Fig, 9, was of the same type as that for the WC" steel, Fig, 10, .except
that the entire distrlbution was shifted to 1ower temperatures, the transition
temperature being about «80%F as compared With -65°F for the "C" steels The
range of values for a given testing temperature wes elso smaller, particularly
at the higher temperatures, 1ndlcat1ng that the A" steel was slightly more
uniform. \
| In ofder to compere Qesults for the two steels and three welding conditions,
average curves were drawn (dashed curves in the flgures). These average curves
were_drawn midway between the upper and lower limits of the distributions, A
comparison.of tﬂe average curves for the WA™ and "C" gteel base plates, Fig. 11,
shows the lowering of the transition temperature. The difference in_velues at

the higher testing temperatures is due to the higher tensile strength of the

"C" steel, (see Table I).

* Unaffected base plate specimens were taken at distances of twe inches or more
from the weld centerline and thus wore unaffected by the welding, since the
meximum temperature reached in this zone was less than 600€F for all
welding conditions.

**  Transition tempersture is here defined as the temperature st the midpoint of
the average notch strength curve (dashed line in the figures), which gives
about the same temperature as the knee in the upper distribution limit.
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The distribution of notech properties, determined at =10°%, at various
distances from the weld centefline is shown in Fig, 12, The eccentric notch
strength wes fairly uniform across the plate, However a slight minimum wgs |
observed &t 0,3 = 0,4 inch from the weld centerline snd the slight maxiﬁum at
the weld }unetion Q0,1 ~ 0.2 inch from the weld centerllne. J |

The distribution determined at =70°F, Fig, 13, showed the presenee of a
definite minimum at the location 0.3 = Q.4 inch from the weld centerline, 4
maximum is also evident at the weld juﬂc%ion. The pdsitions of the minimum and
maximum are identical with those found for the "C" steel.

Tests on a number of specimens of MAM stéel from the region of low ductility
were made at verious temperatures, From these tests, Fig, 14, it can be seen
that the transition tempernture 1s about =40°F, A comparison of the average
curve for this position of minimum ductility with a similar curve for "CT" steel,
Fig, 15, shows thot the curves are very simllar, the curve for the MA¥ stecel

being about 20°F lower than that for the "M steel,

Preheat and Postheat _ '
In order to investipgamte the possible beneficial effects of preheating and

postheating, weldments of "CM" stecl were made using a 4O0°F preheat and interpass
temperature, and & postheat treatment was givenlto a "C" steel weldment which hed
been welded with a 100 preheat, The post heat treatment consisted of holding
the weldment at 1100?F for one hour, furnace cooling to 300°F, followed by air
cooling to room temperature.

- The sampling and testing techniques for this phase of the work were kept
the same as previously. (1)

The results for the 400 Op precheet are given in Figs, 16 17 and 18, As was

to be expected, the distribution of values for the unaffected base plate, Fig.
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16, was practically identical to that for the 100°F preheat, Fig. 10, However

the distribution of values across the weld determined at -80°F, .Fig. 17, showed
a definiteﬁ;mprovement, over the lQOOF preheat, in the region of low ductility,
The varia?ign of values in this region is greater snd approaches that of the -

base plate, o

This improvement can alsc be seen in Fig. 18, which shows the chenge of
notch-ﬁtrength with temperature in the zono of low duetility., The transition
temperature has becn shifted to about =45°F gs compared with =20%F for the 100°F
preheat, (see Fig. 15.)

The results for the 1100°F postheat are given in Figs. 19, 20 and 21, The
distribution of values for the unaffected base plate, Fig. 19, showed less
variation than the weldments which were not postheated, Figs, 10 and 16. The
variation of values was less at the higher temperntures and the transition
temperature was shifted to a lower temperature, =75° gg comparedl.with «650F,

The distribution of notch strengths at ~80°F, Fig, 20, shows that the
minimum which was previously observed at 0.3 « 0,4 inch from the weld centerline
has becn practically eliminated, that is, the material in this zone éhows the
same renge of values as the unaffected platea

The elimination of the minlmum shows up as a lowering of the tran31tion
temperature for this region, Figs 21, The transition temperature has been
shifted to =70°F as compared to =20°F for the weldment which was not postheated.

A comparison can now be made on the effects of preheating and poétheating.

The transition curves for the unaffected base plates of *C" steel, Fig. 22,
ghow thats | | |

1) Data for the 100°F and 400 F preheat fit on the same curve.'

2) The postheated plate has 1ess v"rlatlon in values but almost the same
transition temperature as the plates without posthezt.



« ]l »
3) The notch strength at the higher testing temperature was lower
for the posthested plate beceuse of a slight softening of the

material, This was shown also by the hardness tests deseribed
later,

4 comparison of the distributions of notch strength across the welds
determined at ~80°F, Fig, 23, shows the improvement which hes been made, The
4O0°F preheat shows a definite iqprovement and the postheét treatment virtually
eliminates the region of low ducti;ity-

This improvement is even more noticeable in a comparisen of t@e trensition
curves for this region, Fig. 24. The transition temperaturerof‘—zogF for the
100°F preheat wes shifted to =45°F by the 400°F preheat, and to =70°F by the

postheet treatment.

Microstructure
"An investigation was made on the microstructure in the critical zone (0.3"
from the weld centerline) for all three welding conditions on "CF gteel,

In Fig, 25, photomicrographs for the unaffected base plate and the 0,3"
position at 100x and 2000x magnifications are shown for a "C" steel weldment
with 100% preheat and interpass temperature, There seems to be no difference
in the structures of these two locations. |

In Fig. 26, photomicrographs are shown for the 0.3" position for "C® steel
weldments which were preheated at 400%F and postheated at 1100°F, These, also

seem to have the same structure as the unaffected base plate,

ohe Test

Microhérdness tests were made on all of the weldments with a Tukpn Hardness
Tester using & 136°Diamond Pyremid Indentor and 1000 gram load, The inden-
tations were about 0,004 inch (0,1 mm) long and were spaced at intervals of

0,01 inch (0,25 mm),
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Microhardness surveys were made amcross representativb sections of a1l the
welds at the ﬁidthickness of the plates, These results are shown in Fig. 27.
The greatest vpriation in hardness wag shown by the "C" steel weldment with
100°F preheat. A nnmber of hardness peaks were found, the highest one being

at the weld junction. The other pesks were due to the composite heat affected

' zome caused by the six weld passed. To compare this scale with Rockwell harde

ness tests, the maximm hardness of 240 on the DPH genle corresponds to about

Rockwell C20 and the minimum hardness of 150 on the DPH scale corresponds to

sbout Rockwell B80.
The iGN éteal weldment with 400°F preheat had almost‘a flat hardness
distribution with no prominent peaks. '

The hardness distribution curve for the weldment which was posthented was

lowered from a meximm of DPH 240 to DPH 200, Thé overall level of the Wh31e
curve was also lowered indicating some softening of the whole plate.

The hardness curve for the "AW. steel weldment was similar to that for the
fC" steel weldment, but the peaks were lower and the oversll ecurve waes lower
for the "A® steel.

4 more detailed investigation was made of the "C" ateel weldment with
100%p preheats Surveys were made across the thickness of the plate at various
distances from the weld centerline, From these surveys a medel, Fig, 28, was
constructed which shows the overall herdness picture and the complexity of the
heat affected zone, The sketch In the figure shows the position of thé wéldw
ment éﬁd the six weld passes. The effect of each ﬁéid pass can be Seén a8 a

peak in hardness, the zones from each pesk bleﬁding together to give the over-

‘811 picture. The zone of low duetility lies in the region behind the hardness

peaks where the hardness distribution is relatively flat.
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A few sections from the model at wvarious distances from the weld center-
line, Fige 29, show the magnitude of the pesks especially at 0,08 and .12

inches from the weld centerline.

Temperature Measurements
The results of the température meagurements made during the welding of the

WC" steel, as illustrated in Fig. 5, are given in Figs. 30, 31 and 32. ‘In Fige

30, the maximum temperstures reached during the welding process are shown as

aend AOOOF preheats respectively, In the regioh of low duetility (0.3 = 0.4 inch
from weld centerline) the éempefature evidéntLy never reached the lower-critical
temperature for either weldment, |

In Fig. 31, the complete heating and eocoling history of the region of low
duetility is given for both welding conditions.‘ For each weldment the peak
temperatures decrease for the last three weld passes, The 400% preﬁeat welde
ment showed a& higher peak temperature for the first two passes fhan the 1009F
preheat weldment,

A comparison of the heating and cdoling cycles for the first pass for the
two welding conditions, Fig. 32, shows that the 100% preheat weldment has a
faster ecooling rate. This difference in ecoling rate can be shown for all of

the weld passes,

Sgeggmeg Size
The changes in notch strength and herdness were vefy rapid as the distance

from the weld centerline was inereased from zero to 0,5 inch., Consequently, a

smaller specimen than the specimen which was used might be expected to show up
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A few‘specimens were made of M"A" steel with 0,212% ocutside diameter and
0.150" notch diameter, The ares of the notched section was thus one~half of
that of the standard specimen, Tests were taken from the weld metal, base
plate and the zones containing the meximum and the minimum eccentric notch
strengths The specimens were tested at ~70°F and the results are shéwn iﬁ
Fig. 33 supérimposed on the results of the standard specimens (taken from Fig,
13), | -

In the zﬁﬂé of minimum ductility the notch strengths of the smaller speci-
mens fell in the range of values of the.étandard spéeimen. In the other posi=
tions the smaller specimens gaﬁe higher valués. Hoﬁever, a higher noteh
stréhgth‘would be expected in these regions beceuse of the slightly smaller
effective noteh sharpness*, and the regular.section size effect, The difference,
however, was smell, In the region of 16w.ductility the fibér iﬁ maximum,tension
controls the reagction of the speéimen go that the above-mentlioned faotors have -
a negligible.effect; | |

This specimen then offers ho advantages over the standard specimen when

taken from the center of the plates

Suberitical Heating

The temperature messurements that were made indicated that the embrittled
zone for the 100°F preheat weldment wae cooled from about 1000%F in the first
three weld passes. An attempt was made to duplicate the embrittlement shown
in the region of low ductility by‘means of heating gnd cooling éf base platé.
Blanks of "C" stecel base plate wefé.heated‘to 950CF held for 5 minutes and‘

cooled to give three different cooling rates, air cool, oil quench, and water

* Hotch sharpness is defined as the ratio of the radius of the cross
section at the notch to the noteh radius,
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quench. Standard specimens were.made .and tested at =80°F, The notch. strengths
for all three rates of cooling were low, Fip. 34, and when compared to the spread
of values for the base plate* at «80°F, it can be seen that the material was em=
brittled by this heating and cooling. 'The spread in values for base plate tested
at =120 will encompass all of the values so that in effect the transition
temperature appsars to have been raised approximately 40°F by these suberitical.

heating and cooling eycles. This is comparable to the change in transition

' temperature in the ®C" steel weldment where the transition temperature of =65°F

in the unaffected

region, Fig, 15, a change of about 45°F,

CUSS

The temperature measurements which were made during welding on both 100%

A IOAMD
and 400°F preheat w

< e i Pty [ N 4 L1 R =4 PR U T B [ I VO
10GImonLd SOweQ viav vne aong Ol LOW QuCllillly WES

not heated
above the lower critical temperature. Also, no differences in microstructure
could be distinguished in the structures in the criticel zone and in the un~-
affected base plate.

The hardness tests camnot be correlated with the notch strength. The peak
in hardness was assoclated with the meximum in notch strength, but the g;nimum.
in notch. strength occurred in a region where the hardness variations were level-
ing off.  Therefore, hardness cannot be used as a measure of ductility in these
weldments., -

An investigation on the anneeling of low carbon steel (5) has shown that
there are three factors which change the properties of a steel when it isrcooled.
The first of these is the gamma=-alpha transformatiqn which results in a reduced
grain size and higher hardneas. . If the cooling is sufficiently fast a marten-

sitic structure is formed which on tempering still remains relatively hard and

* Sprosd in valuce wng obbtained from Fip. 10.
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has & ductility higher than that: of pearlite. This mgy then account for the
maximun in notch strength which was observed,’

The remaining factora;méy account for the ductility minimum which was observe
ed, The first, the solution effect, is essentially the formation of a supersstu=
rated solid solution of carbon in ferrite which is harder than the equilibrium
 mixture. A4ssociated with this is the other factor, aging. It results from pre-
cipitation of carbon or carbides from the supersaturated solution. The solid
solutlon factor has its maximum effect upon fast quenching from the lower critiesl.
- However, the aging effect would be expected to have s maximm effect at some
eritical point of time and temperature, beyond which. the effects would be
decreased., These factors have been shown to produce en increase in hardness and
an accompanying decrease in’ductility in;iﬁw carbon stesl,

The solid solution and ééihg”effects“cénwoccur simultaneously at the cooling
‘rates found in the fegion'éf iow ductilityJin'the weldments, The heating and
‘coolling curves showed %hat the temperature did not reach the lower critical and
the eooling rates were not fast enough to obtain the maximm solid solution
effect, However, the time-temperature relations which are encountered in the
critical zone for a weldment with 100°F preheat may be those’which would cause
maximm embrittlement.’ The LOOQF preheat weldment had a slower cooling rate which
would permit less of the solid solution and aging effeets and thus explain the
improvement in the critical region. The almost complete elimination of the
critical region by the posthoat treatment would then be sttributed to "overaging®,
that is the aging effect was carried past the eritical point.% According to this
'ﬁyPOthesia, varying combinations of prehéat"ahd postheat would be expected to
“give different degrees of improvement depending upon whether thé solution and
‘nging effects were carried to, or past, the 'critical point,

10

% This effect of overaging was observed for the low carbon steel (5).
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QONCLUSIONS

A sone of low ductility'was dotected in the welded plate, at a
distance of 0,3 = 0.4" from the wold centerline for both "CM
stecl and "A" stecl welded with 1009F prcheat,

A AOOOF preheat improved the ductility in the eriticel zonme,
lowering the transition temperature from «20°F to ~45°F.

& 1100°F postheat practically eliminated the zone of low
ductility, the transition being lowered to «70°F,

Temperature measurements showed that the occurrence of this
region of low duetility is due to some suberitical temperature
phenomena which may be the supersaturation and precipitetion of

carbon or carbides,
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APPERDIX

TABLE I

Data C Steel Weldments 100°F Preheat

Distence Testing Eecentric i Distance Testing Eccentric
from Weld Temperw Notch . from Weld Temper= Noteh

Centerline ature Strength @ Centerline ature Strength

Inches O 0_ps ! hes Ox 1000 psi
0,0 RT 93,5 t 003 . RT 96,2
0.0 RT 98.6 0,3 . RT 108.5
0,0 ~10 105.8 ! 0.3 ~10 Qe
0.0 -10 080 | ol 410 68,5
0.0 ~40 113.0 ' ‘ 0,3 _ =10 1090
O«O -'4.0 111»5 1 OoB “'10 6305
OQ,O "60 89«;2 i 003 "'LO 69.3
- 040 ~60 109,0 ] 043 «40 4L6.7
0.0 ~80 110,0 g 0.3 =40 31.4
0.0 -80 1095 | 0.3 ~4,0 L2244
j 043 ~&0 3.2
Ovl RT 109&0 t - 033 "60 3390
Dsl RT 101.5% j 0.3 ~60 3542
0.1 «10 12705 ! 0.3 “60 3008
0,1 =10 113.0 : 03 -60 38.1
0.1 =40 122,6 | 0,3 .~80 28,7
0.1 «~40 109,7 ; 003 . =80 29,7
0.1 "'60 113"8 ‘ 003 =80 2905
0-1 "60 12300 ’ t O|3 "‘80 3205

0.1 -80 54wl :

0.1 -80 110,0 : Q.4 . RT 103.5
0.1 ~80 51,1 { Oud RT 104.0
0.1 ~80 118.5 | Oude RT 102.5
‘I Omzb "’10 &500
0.2 RT 95.8 | O:4 ~10 - 86.0
O . 2 RT 10700 ! O n4 . "'10 160-10
0.2 ~10 121.8 ! 0.4 40 89,7
O-2 ~10 12030 | 004 "A-O ?59?
0.2 -0 1242 | 0w w0 %.2
0,2 -4,0 86.5 ! 0.4 =40 £§9.2
0.2 “'60 11858 Ow& "‘60 A2o7
0.2 ~60 109,0 | WA «60 435
0,2 «80 1245 : 0.4 -60 62.3
002 _80 129‘0 004 "80 3702
034 -80 A%.S
Oody -80 3.9
O‘;A -80 2709




A2

Distance Testing Eccentric Distance Testing Eccentric
from Weld Temper= HNoteh from Weld Tempere Noteh
Centerline ature Strength Centerline ature Strength
Inches °F 1000 psi | Inchesg OF 1000 pei
0.5 RT 99,0 1.0 RT 95,8
05 BT, 104D 1.0 RT 94,0
0vs «10 . 78,8 1,0 =10 - 103,0
: 0'5 ) «10° " 9793 100 ""10 \ 10805
045 =10 63,4 1.0 ~40 91,0
. 0.5 =40 83,8 1.0 . =40 - B2,1
© 0.5 =40 62,3 1.0 » &0 86,1
0-5 ""60 56;9 lno "'60 71!-93
0.5 -60 98,8 1.0 =80 49.5
0.5 «80 50,8 1.0 -80 91.8
0.6 "40 59;6 101 ’ "60 71&7
- 0.6 . =40 95.5 1.1 -60 98,5
O¢6 "60 60.6 C
- 0.6 . =60 5545 1.2 =60 - T0.8
N . la2 -60 8530
A. 007 "40 69#3
017 -&0 &95 1.3 '& 1'4-0»8
0,7 =-£0 50.4 1.3 -60 - 86,2
) 0.7 "60 ;9007
: , 1.4 RT 95,0
- 0.8 RT 96,0 1.4 RT 108.5
0.8 RT 97.5 1.4 =10 92,4
0,8 =10 76.4 1.4 -10 - 91.0
O¢8 . =10 8403 104 “40 86.0
0,8 . =40 55.7 1.4 =0 79,0
0.8 =40 60,1 1.4 ~&0 87.0
Oo8 . "60 . 59.8 104 "60 ) 89.0
0.8 -60 - 73,0 1.4 =80 LT
0,8 . =80 46,8 1.4 w80 84..0
. :O..B - =80 2898
ax - _ 1.5 60 " Shalds
0.9 - =40 89,2 1.5 =60 76,0
0.9 =40 86,6 K '
. O. 9 "'60 : 71. 5 1'. 6 --60 50 .L
0.9 ~60 55e4 1.6 wb0 ‘89,5
157 "60 85.0
19-7 “60 8703
1.8 «40 61,5
1.8 =40 86,0
108 '-60 85.7
1&8 "60 92.5




A3

Distance Testing Eccentric Distance Testing Eccentric
from Weld Temper- Notch from Weld Temper~ Noteh
Centerline ature Strength Centerline ature Strength
Inches OF 1000 psi ' Inches °p 1000 psi
1.9 w80 795 440 10 99.0
1.9 -0 93.8 o L 4O C =40 109.0

h ' FAR -0 B3.5
2.O RT . 9402 ' 4.0 : "40 78;3
24,0 RT 95.4 4.0 =40 92.0
2.0 ""10 8903 4:0 "40 921-3
250 ~10 110.2 ' FAN Y =40 8643
2,0 -0 - 61.8 ' 4.0 - =40 733
2.0 “60 . 51A5 4—00 "40 9003
2.0 «60 98,2 40 w0 az,2
2;0 ""60 92*1 4.0 "'40 86.7
ch 80 46-3 . 4—»0 "40 &-04
2.0 =20 524 4s0 «80 723
400 "80 45-0
242 40 91.4 440 =80 68,3
242 =40 61,7 FANS) -80 43,8
4,0 =80 Molﬁ
201& B-T 98. 5 1#90 "80 4—3 oltv
2&4 RT 9&- 0 4:0 «80 71.7
24 -10 96,5 4.0 «80 5365
2‘4 "10 95.0 430 "‘80 82-5
244 =80 60,0 440 =80 578
A ~80 59.1 4a0 =80 4242
FANG, «80 72,1
4.0 RT 98,0 40 «100 IReds
LQO RT 96.5 400 "'100 BLU 3
FAM! RT 2.3 40 =110 30,3
[;,.O RT 93!5 4#0 "110 1&6.3
4.0 RT Yea b
4.0 RT 92.8 549 RT 95.5
4.0 RT 93.3 5e5 RT 95.1
tﬁ-no RT 9205 5»5 -10 98t0
40 RT 93.8 5e5 =10 o3
4.0 RT Qheb 5.5 4,0 8868
A.O RT 86-5 545 "40 9006
4.0 RT a3 5.5 =50 B7.1
4,0 =10 91.5 5¢5 =60 gl.5
4a0 «10 82,3 5.5 60 70.5
4,0 =10 96,0 5.5 -60 88,2
4.0 =10 92,5 5+5 -70 60,9
40 ~10 91.5 5.5 =70 58,8
PRy =10 9645 5.5 «70 58,3
[4- cD "10 97,5 5 a 5 "80 34 v8
FANY; =10 93,3 55 ~98 36,




A4

~-Distance .. Testing : Eccentric

from Weld .. Tempers Notch
Centerline ©  ature @ Strength
Inches op . 1000 psi
6.0 ~108 31.7
6,0 =110 45.2
640 ~110 3443
. 6-0 "'110 3440
. 61,0 "'120 31-2
6,0 -120 35.5
6,0 «120 39.2 -
6.0 =120 3705 o



AS

TABLE II
Data 4 Steel Weldments 100°F Preheat
Distence  Testing Eccentric ! Distance  Testing Eccentrie
from Weld  Temper~ Noteh from Weld  TPespere Notch
Centerline ature  Strength Centerline ature Strength
Inches °F 1000 psi Inches O 1060 _psi
an "'10 11102 008 "10 95'8
0.0 «10 110,0 0.8 -10 95.5
0.0 ‘70 116!5 098 "'?O 5238
0.0 «70 85.0 0.8 ~70 69,6
0.8 =70 95.5
0.1 =10 113'5 0.8 -70 70¢0
0.1 «10 110,7
0 ol ~70 11900 1 04 =10 87. 3
0.1 =70 114,0 1.4 ~10 91,3
1.4 =70 Tle6
0.2 "10 102 .0 1.[;, =70 7803
0.2 =10 105.3 1.4 =70 62,3
0.2 "70 119&5 1.4 ‘“70 9501
0.2 =70 122.0
2.0 - RT 87.5
0.3 «10 92,0 2.0 RT 87.9
0.3 =10 Tl 240 RT 88.1
Og 3 "’10 101|2 230 RT 87‘:4-
0 .3 -'10 106.9 2.0 "'10 88.2
OQB "'70 51!7 2.0 “10 92 05
0.3 «70) 58,3 2,0 =10 87.0
0.3 =70 7545 2.0 «10 0.0
2.0 =10 9.2
0035 RT 101.3 2-0 "10 90e7
0.35 RT 104,0 240 =10 0245
0.35 #20 104,,2 2,0 =10 90.5
0.35 #20 104,9 2.0 =10 9% o8
Os 35 "!0-0 89.8 2.0 =10 93&5
0-35 "40 1c0 .2 2.0 "‘II-O 93 510
0035 """}G 9017 2«16 "'l.l-o 9205
0435 ~100 39.7 2.0 =0 91.4
0.35 =100 ) 529 3 260 <40 73.7
. 240 =40 887
0.4 «10 103.5 2.0 =40 1,3
Oad =10 9l.5 260 =40 907
0.4 «10 105,2 2,0 =40 92,7
YA =70 55.0 2.0- AV 92.5
0.4 -70 . 377 2.0 =70 66.0
Omip "'TD 5111 2.0 "70 K 8183
2,0 =70 93,2
005 =10 93.1 2(.\0 "70 77a6
0.5 =10 98,3 2.0 -80 85,4,
0.5 «70 724, 2:0 =80 53-8
0.5 =70 50.5 2,0 =80 5443
0.5 ~70 101.8 :
O 5 '“70 9‘?.1




A6

Distance Testing Eccentric
from Weld Temper- = . . Notech .
Centerline ature Strength
Inches - - O 2000 pai
2.0 "80 '?807
2.0 ~80 L 932
2.0 “80 8807
2e0 -80 86,7
2,0 -80 93.3
200 '80 78-:0
2.0 ~80 60,0
2,0 «80 85,1
2,0 . =80 . 59,0
2,0 =80 - : 85,7
2‘0 “110 l . &001
2.0 "110 ‘ 4-403
2.0 . »110 L2.c4,
230 v '110 . 4338
2,0 f "}.30 . . AS;B
2.0 «130 . S AT7.0
2.0 . #1730 42,2
2.0 =140 . 34,8
2,0 =140 . : 39.2
400 : BT ' 84.8
4.0 .. RT 8443
FAR RT . 84.8:
460 60 ‘ 50.0
4'00 : . "’60 8940
440 " =60 . 9545
4.0 =60 ) : ' 90,0
2 Ay " . "—!89 ‘ L Call
FARD) e L =80 ' 83.5
15.,0 . "’80 : . 4500
40 -0 | 82.8
4s0 ~30 : 59.8
4.0 «100 . 5100 .
490 : «100 £1.8
AN : - «100 . 65.2
4.0 : =100 - L1.6
4o =110 C 54,0
4¢0 "110‘ ’ : 62,8
440 ~110 : 4644
4,0 =130 . 3440

|



A7

TABLE IIX
Data C Steel Weldments 4OO°F Preheat
Distance Testing Eccentric Distance Testing Eeccentric
from Weld Temper=~ Notch from Weld = Temper= Notch
Centerline ature Strength Centerline ature  Strength
Inches °F ' 1000 psi Inches °F 1000 psi
0.0 «80 114-31 102 "'80 4—1#8
0,0 =30 112,5 1.2 «80 35.8
0.0 =80 113,0 1.2 «80 T0.5
0.1 w80 118.0 1.4 -80 67.3
0.1 -80 107.1 1.4 =80 67,0
0.1 =80 109,7 1.4 «80 71.8
03 G 5.3 260 RT SRad
0.3 0 104,0 2.0 RT 93.8
0.3 0 105,0 2,0 RT 93.2
093 "AO &5"& ) 2‘0 RT 93.0
Ou3 ‘AO 6302 2e0 RT 95&3
0.3 =40 102.3 2.0 RT 90,0
003 "40 5[0».6 2.0 RT 88¢0
0.3 =40 62,5 2.0 RT T2
0.3 w0 92,0 2.0 Q 8467
0.3 =40 8L.5 2.0 0 93.4
093 "& 72;0 2-0 O 96&3
C.3 ~60 9242 2.0 «40 8545
0.3 =80 42,2 2,0 =40 87.5
O < 3 "“‘80 41.4 2.0 -"-,J-O 66-9
0.3 ~-80 4702 ! 2.0 4,0 90.6
0.3 =80 IR 2.0 0 87.5
0,3 »80 41.6 2,0 =40 97.1
003 "'80 66.7 2.0 “40 72@7
0.3 ~80 46,9 2,0 =40 5444,
0,3 ~80 Lia7 2,0 =40 The3
0.3 =100 46,0 2.0 -£0 T2e2
0,3 *10‘0 37.0 290 "'60 9013
003 =100 3804 24,0 ~60 7653
2.0 "'60 73.6
Oud «80 49.2 2.0 =80 A8.7
0.4 w30 39.1 240 ~80 68,9
0.4, ~80 53,8 200 =80 67.9
0.4, 80 39,2 2.0 #80 88,2
260 -80 7.8
065 w50 37,6 2.0 -80 89.7
0.5 «80 8402 240 -&0 81.9
005 ""80 42¢0 250 "80 A?né
: 2,0 =80 61,2
1.0 =80 56,2 2.0 «80 36,8
1.0 =20 80,2 2.0 =100 31.8
1.0 -80 63,2 2,0 -100 37.2




48

Distance Testing .. Ececentric
from Weld - Tomper= . Noteh
Centerline ature  Strength
- Incheg % 1000 psi

2,0 =)00 4461

260 - =100 32,2

2.0 =100 3716

200 : "'120 510 7

2,0 -~120 40,2

200 . : "120 3800

200 o : "-14-0 3606

2.0 VA 45,1

200 -1&0 33‘0

2,0 RN

~140 3hod



A9

TABLE IV
Data C Steel Weldments 100°F Preheat, 1100°F Postheat
Distance Testing Eccentric Distance Teating  Eccentric
from Weld Temper= Noteh ™ | from Weld -Temperw - Motch
Centerline ature Strength | .Centerline ature Strength
Inches °p 1000 pel -} = Inches op 1000 psi
0 =80 112.2 A 2,0 RT 03,0
O “& 1l7o5 2:0 RT 92¢l
0 ~80 112.7 2,0 RT 1.1
2.0 RT 91.2
C.l -80 112.0 2.0 RT 92,2
0.1 =50 115.7 2,0 RT 92,7
041 =80 117.8 2.0 RT 91.8
240 RT G0.1
0,2 =80 117,21 2.0 RT 02,1
0.2 =80 102.7 2,0 0 93.1
O.Z "'80 10309 250 O 92.2
2.0 0 91,7
0.3 G 92.6 2.0 0 9448
0-3 0 10092 2-0 "'40 85,8
0.3 w0 67,3 2,0 =40 QL7
0.3 «40 99.5 2,0 =40 85.4
Oa 3 ""40 9208 2.0 ""40 86.7
0.3 =40 102.9 2,0 ~40 90,0
0,3 =80 0544 2.0 =40 92,2
O . 3 ""80 295[& 2QO -I..O 9104
0.3 «80 92,9 2,0 «60 62,6
0.3 .120 35.4 290 "w 64-03
003 ‘120 43¢0 290 ""éo 6007
043 "'120 2706 2.0 "'60 9105
2,0 =80 8l.5
0.4 -850 40,7 2.0 =80 88,6
O.lp "80 89.4 2.\0 "'80 73,[}
O .1‘- ‘80 481: 3 2:0 '80 83.‘9
2.0 -80 84.1
005 . .80 Aool 2\!0 "'80 63.8
0.5 -80 773 2,0 -80 40,7
0s5 ~80 85,0 2.0 ~BO 58,0
2,0 =100 4344
0.75 *80 7936 2:.0 ~lOO 34.1
0.7% ~80 5846 2.0 =100 40,3
0;75 ""80 40‘:9 2.0 "100 4006
2.0 ~100 38,8
1.0 ~£0 76.8 2.0 ~100 572
1.0 "'80 88 -6 2@0 "100 3894
1.0 =50 67.7 2.0 =100 40,7
200 ~12G "-3'4»
2:0 =120 32.8
2.0 =120 427
2.0 "120 36a9




4 10

Distance Testing Eccentric
from ®eld . Temper~ Noteh
Centerline - ature Strength
Inches . - Of 1000 psi
2,0 . =140 29.4
240 R0 33,1
2.0 =10 34,6
2.0 3544



