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INTRODUCTION

This is the final report on a project sponsored by the
Ship Structure Committee under U. S. Navy Contract NObs-L5470
and summarizes the work done in the period from July 1, 1947
| i i (192939435)
to December 31, 1952. Five Technical Progress Reports:
covered the work completed under this contract.

Three progress reports(l’2’3)

were issued entitled, "The
Fundamental Factors Influencing the Behavior of Welded Struc-
tures under Conditions of Multiaxial Stress, and Variations
of Temperature, Stress Concentraticn, and Rates of Strain',
The major objectives were to determine the relative nptch
toughness of various zones in commercially welded ship plate
steel, and; if such zenes could be isolated to determine the
dependence of the noteh behavior upon material; variations in
the welding process; and heat treatment. Eccentric notch
tensile tests at various low temperatures were used to evsl-
uate the ductility of a small volume of metal from any posi-
tion in the weldment. A summary of the work toward these
objectives is presented in Part I of this report.

(4,5)

Two progress reports were submitted under the title,
"The Effect of Subcritical Heat Treatment on the Transition
Temperature of a Low Carbon Ship Plate Steel". The principal
objectives were to (1) give an insight into the basic mech=-
anism which was responsible for the brittle zone found in the

suberitically heated region in weldments; (2) determine the



)

maximum embrittlement possible in base plate by subcriticél
heat treatment; and (3) suggest possible methods of minimizs
ing or eliminating this embrittiement in base plate which
may be applicable- -to weldments. This work is presented in
Part IT.

The important findings of the two different phases of
the investigation are integrated to show that the quench-
aging mechanism appears to be responsible for the brittle
zone cutside the weld area of low carbon ship plate weld-

ments.
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PART T: THE FUNDAMENTAL FACTORS INFLUENCING THE BEHAVIOR OF
WELDED STRUCTURES

Selection of Eccentric Notch Tensile Test for Evaluating the

Effects of Welding

Numerous investigations have shown that steel struectures
may fail in a brittle manner when subjected to certain service
gonditions. The conditions associated with brittle failure
include multiaxial stresses, stress concentration, low tempera-
ture, section size, and rate of loading.

A combination of these embrittling factors may reduce the
ductility to a low value. The ductility then dictates a struc-
ture's resistance to failure rather than the strength., because
it is known that only a small amount of energy is required to
prepogate a crack through a region of low ductility.

In view of the fact that the number of brittle failures
in ships had increased with the adoption of welding technigues,
it was felt that the welding process altered the properties of
the steel. Many investigations employing a number of different
specimens have shown that the ductility of a weldnment is lower
than the ductility of the steel of which the weldment is made.

In selecting a test for locating zones of lowered duc-
Tility in weldments, a specimen was needed which would con-
stitute a very fine probe (these critical zones were expected
to be Small)SJ and still include some of the previousliy men-
tioned_embrittling factors. ©Such a test would serve to lowef

the ductility of the entire plate to such a point that the



e

eritical regions could be located.

The eccentric notch Tensile test met these requirements
in that a very small volume of metal controlled the reaction
of the speaimeﬂ*g the embrittling factors of eccentric load~
ing, multiaxial stress, and a stress~raiser were presents and
the factor of low temperature could be added.

This specimen was used inm previous investigations to
differentiate among low alloy steels (heat treated to the same
strength levels) which were known tc have different service

W
(6,72 In Pig, 1 the properties of four steels were

properties
compared, at rcoom temperature; by means of concentric and ec-
centric noteh tests., The data used to draw these comparison
curveg were obtalned from Fig. 2, a plot of notch strength
rati~**as g function of ductility. The concentric notch
strengtn seemed to be dependent upon the ductility up to about
two per cent, whereas the esccentric notch strength extended
the dependence of the notch strength upon ductiiity up to ap-
proximately ten per cent by the additicn of another embrittling
factor, that of eccentriec loading.

From Fig. 1, it can be seen that the eccentric notch test

was able to dstect differences in the four steels, and rate

them in the same order as the concentric notch test. The

¥The fiber at the notch bottom was subjecsted to the maximum
tensile stress, and was the fiber in which fracture initiated.

*¥Notch strength ratic is defined as the ratio between the
notech strength and the tensile strength.
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ductility of ship plate steel is teco high to show up any regions
of lowered ductility at room temperature, but with the added
embrittiing factor of low temperature the eccentric notch tensiie
test can be expected to detect differences in the various zones
encountered in a weldment.

The spet¢imen design is shown in Fig,. Aul* and the method

of conducting a test illustrated in Fig. A-2,

Studies with Heceptrie Notch Tensile Specimen

The ghip steels selected for study were A and C project
steels because they had besn shown to have widely different
transition temperatures, although of the same approximate
composition. The properties reported for these sieels are
listed in Table B-l. Weldments were made of these steels at
the Battelle Memorial Institute under closely controlled con-
ditions., The details of the plate preparation and welding
procedure are given in Figs, A-3 and A-b, respectively, and
the welding data iIn Table B-~2., All specimens were taken from
the weldments as shown in Figs. A-5 and A-6, sc that the long
axis was perpendicular to the rolling directicn, About one

month elasped between time of welding snd testineg.
D g

Steel Comparicsc:

AR = = =

The first tests were conducted on specimens from the mid-

thickness level of weldmentg of A and C steel made with 100eF

*The letter "AY" or "B" preceding the number refers to the
corresponding Aprendix.
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preheat and interpass temperature. The transition temperature
ranges for the unaffected base plate (2 inches or more from the
weld centerline) are shown in Fig. 3 for C steel, and in Fig. b

for A steel. The superiocr properties of A steel were evident ir

[

a lower transition temperature* (-80°F), as compared to =65°F for
C steel. The same relative rating was found in the results of
other investigations,

For both steels the distribution of eccentric notech strength
at selected low temperatures and at various distances from the
weld centerline showed %the presence of a minimum at 0,3-~C.% inch
from the weld centerline and a maximum in the vieinity of the
weld junction (Cole=«0.2 inch from the weld centerline)}., The mini-
mum and maximum positions can be seen in the distribution at ~60°F
for C steel and at -70°F for A steel in Figs, 5 and 6, respectively.
A comparison of the average transition curves determined for the
position of minimum ductility for both steels, Fig., 7, showed that
the transition temperature for C steel (-20°F) was about 2C°F
higher than that for A steel (-40°P),

More complete data on the C steel weldment showed that the

weld metal and the location of the maximum (0,1=-=0,.2 inch from the

O

weld centerline) did not go through a transition in the range of
testing temperatures which were used. However, the relation be-
tween Transition temperature and distance from weld centerline can
be represented as shown in Fig. 8. The zone of minimum ductility

was definitely defined by its high transition temperaturec.

¥Transition Temperature is here defined as the temperaturs
at the vertical midpoint of the average notch strength curve
{dashed lines in Tthe Tigures).



8a

TS VI G AT AR T AT s

Az T 1 ] ! T : | |
] ‘ | | | | ; \' ;
| i | | : |
e D S S A
% ' | , ‘ !J/f.&‘Z -~ g | |
P i | ) | NI — 0 S A | ‘ (
N —ef I I e
{ | | | | i |
\Q I ——-l—-- ‘ ) I-_ __\ “___'____ | i
o AR R
. ! | ‘ ‘l
h ! |
N L O T T T I T T
\\ ! | i | | \
! | |
'Q | e e e e e
M | ‘ | - .
\ é’ﬂ - _.1: I e i.‘ ._-_._7—‘ ]
Q [ | |
\ ' | ‘
\ T — -
; .
\ | |
% 7 i T
N
N : .
3 S T R
\
& i
77 -2 -s0 - Y o SO0
TEIGING  TEBR e o
S D HTEENTE LTI SIRIET G IR SRR S
SUATE S A IS G TESIE ARSI
N
X LT .
| (
% : _ S ; S R
N | J -,
Vo - SN
! ! [Ferotr o 4 i i
\* . PTG e g gy
N R P Y R VY S R Y
§ VR AALLNTD | RS PRI
N~ — -- -
A ;
S EESGYe [ .
- O i S S
\ oo S i :
c\, | I’ o
3 Ve | M R
:§ ‘1'6 /
[s]
PP ./___ S N I
it
\ R U A
N
¢ e t
e e -5 e PEPS o e

i F LT ICRITTEY FERTETST SR T SR~
LT TS BT RS A RPN 2
ST T i e ST T



pe-. ‘ ‘

-

A A a
| | ‘
|

l ! !
/\ : P LN~ P 2 s, |

AR BTEREISS  TEALUCEN TLLEE
/,-?&’T

O

O O

i - . !
|
/ oo
W) [} i O
f ? o|Q 8 8lo ; &
M T o] T
i
o o |
© o ° 5 o
O— 1o (o]
o o 0 |
bo/ o o o) o]

< g
8/

LELLATASTE” $E7e2s ST E A AT S

aﬁ &S el S <7 =S
LRGN  STFERT PPEL P VL - A TS

STE G LSS ARV L2 LEEEALTIET  AEEIST ST
AT —Ge?

Q

&3 SO T T 1
% N ]

\ | i Sz 4

F\S S A S e e e BUENEA D 2T A A ]
9 MRS | AR AATESRHISS  SEA UL

] ] Jo

\ N :

N . o | C', :

\ 5& \8 J (e} T - =t

g 0\‘-5 © e C{ B ’

R {°c I | |

v 7 T .
N ]

N P (XYY 00 T TS R N
\ | I

N Zo W e TS L S 2

LR TRRIEDT  SLEERNP PR D SRSy —— e,

ATE & S TTETELIERY T LEEECRTTET AR
TSI AT =T <



LTI  ATFE SIS EI e e A

N

=10«

R e P e —t*-/
WA e A

il

< 1 |

I

— L
rd S U S A
oy N e e e
ey S A o Y I
_- | / //7:%
oS A S S

. _ y. 0, A ek
// / &P "f:/ffxv P
_ - _ Pop o _.:"/f’/mé‘"
&
—e7 o = Yo e 7 -7

P T A Tl O

AR ) e M Al < R Tas LA
P VRS 7P Y A P R

P o i oy i

&

A

ﬂé"/ﬂ/%"/l//' ~ AT 5 SDRBEART
LD T DI ST e

-5

\

i
|
]
!

N

A LTRSS

{
N

7 e T

-
/ﬁa

&S
LS TANEYW SFURN  IUELLL LLYIEELANE e VEES

s

AL

o

LS

T Y e Y Yl 2 Vi e e e
PP LSRR e AP AT
L



-1~

Preheat and Postheat

In order to investigate the possible beneficial effects
of preheating and postheating, weldments of C steel were made
using a 400°F preheat and interpass temperature, and a post-
heat at 1100°F to a weldment made with 100°F preheat. A
comparison of the average transition curves for the unaffected
base plate, Fig. 9, showed thats

(1) Data for the 100°F and 4OO°F preheat fitted on the
same curve.

(2) The postheated plate had almost the same transition
temperature (-75°F) as the plates without postheat
(=65°F),

A comparison of the distributions of notch strength acrosg
the welds determined at -80°F, Fig, 10, showed that the LO0°F
preheat brought about a definite improvement, and the 1100°F
postheat a virtual elimination of the region of minimum duc-
tility. The improvement was more clearly revealed in the
average transition curves for this region, Fig. 11. The tran-
sition temperature of -20°F for the 100°F preheat was shifted
to -45°F by the 400°F preheat, and to -70°F by the postheat

treatment.

Spegcimen Size

A smaller specimen than the one used might be expected
to show up greater differences in notch strengths, because the
changes in notch strength were very rapid as the distance from
the weld centerline was increased from zero to 0.5 inch,

To check this, a number of smaller specimens (geometrically
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similar but with the area of the notched section one-half that
of the standard specimen) were taken from various locations

of the A steel weldment and tested at -70°F. These results
superimposed on the results from standard specimens, Fig. 12,
showed 1ittle difference. The small size then offered no

advantage over the standard specimen.

Inhomogeneity of Plate

To determine any differences due to gross inhomogeneity
of plate, tests were conducted on specimens taken from as
close as possible to the plate surface of a C steel weldment
made with 100°F preheat. The transition temperature of the
unaffected base plate (—60°F) was but 5°F higher than that at
the midthickness, The distribution of noteh strength at various
distances from the weld centerline for a testing temperature of
~-80°F, Fig, 13, showed the same general behavior as the mid-
thickness tests, but the minimum was shifted approximately 0.1
inch further from the weld centerline. This shift was to be
expected due to the geometry of the double-V weld employed.
This same behavior would be expected for the A steel at the

surface level, based on the similar behavior of A and C steels

at the midthickness.

Selected Locations in Weld Metal
In order to investigate further the possibility of zones
of low ductility in the weld structure, a number of probe tests

were conducted at -80°F at the selected locations listed below:
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A. The coarse structure at the weld junction from Pass 5,

B. The coarse structure at the weld centerline approximately
0,03 inch from the plate surface,

Co The coarse structure of Pass 2 at the weld centerline.
At these positions only high noteh strength values were obtained,
which, in conjunction with the high values previously chtained
-at the midthickness and surface levels, seemed to preclude the

existence of low ductility in the weld metal.

Comparison with Congcentric Notch and Unnobched Tensile Tests

To confirm that the eccentric notch strength was a measure
of concentric notch ductility for ship plate steel as had heen
previously shown for low alloy steels (see Figs. 1 and 2), the
results from a number of eccentric and concentric noteh tensile
Tests from the midthickness level of the A steel weldment were
compared.

In Fig. 1% the notch properties of the unaffected base
plate are shown as a function of the testing temperature. The
concentric noteh strength appeared to be dependent upon the
ductility up to a low value (say, two per cent), wheras the
eccentric notch strength extended the dependence ofhthe notech
strength up to approximately 12 per cent., This was in good
agreement with the previous findings.

In Fig. 15 the distribution of notch properties at various
distances from the weld centerline is shown as a function of
testing temperature. The concentric noteh ductility showed

up the region of low ductility (0.3--0.4 inch from the weld
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centerline) in the same manner as the eccentric notch strength,
whereas the concentric notch strength did not define this em-
brittled zone.

Unnotched tensile tests were also made on the same weld-
ment to determine whether this test could be made sufficiently
severe, by the use of very low temperatures, to detect ductility
variations in ship plate steel. For the unaffected base plate,
the tensile strength did not define a transition ranges; the re-
duction in area did define this range but only at very low
temperatures, Fig. 16. The tensile properties at =-110°F of the
zero and 0.35 inch positions were about the same as those for
the unaffected base plate at the same temperature. From this
limited data 1t appeared that the unnotched tensile test was
not sufficiently severe to detect ductility variations in welded

plate.

Metallurgical Structures

A metallographic study of the structural zones at the mid-
thickness level of the C steel weldment made with 100°F preheat
revealed that the weld junction was defined by a sudden large
change in grain size at 0,08 inch from the weld centerline.

With increasing distance from the weld centerline, the
grain size of this structure which was cooled from above the
upper critical decreased. The structure resulting from trans-
formation from the temperature range between the upper and lower

critical merged into the structure of the parent plate at about
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0.3 inch from the weld centerline. There seemed to be no dif-
ference in structure between that of the critical zone (0o3==0.k
inch from the weld centerline) and that of the parent plate when
examined at either 100 or 2000 magnifications. The structures

of the 0.3 inch position for the C steel which were pre and post-
heated, respectively, also appeared to be the same as the unaf=-

fected base plate.

Hardpness Surveys

Rockwell B hardness distributions were first made at several
levels of a C steel weldment with 100Q°F prehegt, Fig. 17. The
maximum hardness at the midthickness level (RB89) oceurred at the
weld junction and was associated with a maximum ductility, whereas
a lower hardness (RB83) was found at the zone of minimum ductility.

To obtain the hardness distribution at more closely spaced
intervals, microhardness tests were conducted across all the welds
at the center of the plates,_Fig. 18s A number of hardness peaks
were found, the highest one being at the weld junction. The
other peaks were due to the composite heat affected zone caused
by the six weld passes. For the C steel weldments, the overall
level of the distribution was decreased, in order, with increas-
ing preheat and with postheat. The decrease in hardness in the
zone of minimum ductility (0.3--0.4% inch from the weld center-
line) appeared to correlate with the decrease in transition
temperature in this zone brought about by the pre and postheat

treatments.
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The hardness curve for the A steel weldment was similar
to that of the C steel with 100°F preheat, but the peaks were

lower and the overall curve was lower.

Temperature Measurements

The results of the temperature measurements made during
the welding of the C steel (at the midthickness level) are
given in Figs. 19, 20, and 21. In Fig. 19, the maximum tempera-
tures reached during the welding process are shown as a function
of the distanée from the weld centerline for the weldments with
100°F and 400°F preheat, respectively. In the region of low
ductility (0,3-~0.4 inch from the weld centerline) the tempera-
ture evidently never reached the lower critical temperature
(Acl) for either weldment.

In Fig. 20, the complete heating and cooling history is
given for both welding conditions. A comparison of the heat-
ing and cooling cycles for the first pass for the two welding
conditions, Fig. 21, showed that the 100°F preheat weldment had
a faster cooling rate. This difference can be shown for =11

the weld passes.

Subcritical Heat Treatment (Preliminary Work)

An attempt was made to duplicate the embrittlement in the
region of low ductility by means of suberitical heat treatment
of base plate of C steel. Specimen blanks were cooled from
950¢F to give three different cooling rates--air cool, oil

quench, and water quench. The notch strengths determined at
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~80°F for all three cooling rates were low, and when compared
to the spread of values for the base plate at -80°F, Fig, 22,
it was seen that the material was substantially embrittled by

this heating and cooling.

PART TI: THE EFFECT OF SUBCRITICAL HEAT TREATMENT ON THE
TRANSITION TEMPERATURE OF A LOW CARBON SHIP PLATE
STEEL.

The detection of a brittle zone in ship plate weldments
in a region which was not heated above the lower critical
temperature, and the preliminary work which showed that base
plate could be embrittled by subecritical heating_and cooling,
led to an intensive study of the embrittlement of base plate
by suberitical heat treatment. The effects of the following
factors were studieds isothermal solution time and tempera-
ture; cooling rate, and aging time and temperature.

The embrittlement was evaluated by means of the eccentric
notch tensile test, and also because it has such a wide degree
of acceptance as a standard, by means of the Charpy V-notech
test. This work was supplemented by haPdness tests and
microscopic examinationse.

The studies were carried out with C steel because it
was felt that its inferior 'as~received' properties portended
a higher degree of embrittlement., The test specimens were
prepared from the base plate as shown in Fig. A-7. Unless

otherwise noted, all testing was done one month after heat
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treating in order to maintain approximately the same aging

interval as used in the weldment study.

Isothermal Studies

Prior to determining the effects of time and tempera-
ture, a check was made on the within-heat variation in transi-
tion properties of the two different lawge plates which supplied
notch tensile specimens, The transition temperature of Plate
I (=65°F) used in the earlier work on weldments was lower than
that of Plate II (-40°F). Due to this appreciable difference,
the results obtained with suberitically heat ftreated plate have

E
been separated as to plate number .

Air Cooled

The relationship between notch tensile transition tempera-
ture and time at various temperatures in the 7009--1200°F range
is plotted in Fig. 23. With the properties of the as-received
plate as a basis of comparison, the magnitude of the maximum
embrittlement appeared to be independent of the temperature,
amounting to a 10°F increase in transition temperature for Plate
IT and a 25°F increase for Plate I. Time at temperature had
little effect, other than an improvement in properties at very
long times due to a slightly spheroidized structure.

In Fig, 24, the transition temperature--isothermal %time

relationship for impact specimens heated at 1100° and 1200°F--

*A11 impact specimens were obtained from Plate IT.
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indicated no embrittlement at the shorter timess; however, at
*
the longer times a slowly increasing embrittlement was evident ,

accompanied by a gradual softening.

furnace Cooled

Spot checks with impact specimens indicated that no sig-
nificant difference in transition properties can be expected
from specimens comparably heat treated and air cooled. Although
no checks were made with notch tensile specimens, it is believed
that a furnace cool would result in no embrittlement because the
c¢ooling rate would be less than the critical necessary to intro-

duce quench-aging effects.

Water Quenched

The transition temperature-time curves for notch tensile
specimens quenched from 1100°F and 1200°F and aged one month
at room temperature, Fig. 25, were displaced to much higher transi-
tion temperature than the comparable air cooled curves, indicat~
ing a severe embrittlement, and with the magnitude of the embrit-
tlement amounted to about a 50°F increase in transition tempera-
ture above that of the as-received plate; and for the 1200°F
serles, an average of about 100°F increase in transition tempera-
ture,

With iwpact specimens, Fig. 25, the transition temperature-

*It should be recalled that although embrittlement was
indicated by three different criteria, the upper level of "energy
absorbed" was raised, indicating an improvement in properties at
the higher testing temperatures.
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time curve for the 1100°F treated series was displaced about
25°F and the 1200°F series about 55¢F above their respective

air cooled curves.

Effect of Heating Medium

In the first stages of this investigation, both alr and
a nitrate salt bath were used as the heating medium. It was
noticed that, generally, test speclimens heated in salt had
higher transition temperatﬁres and hardnesses than specimens
similarly treated in air. This anomalous behavior was revealed
in both the Charpy V-notch and eccentric notch tensile data.

Both the impact and notch tensile transition temperatures
revealed that the magnitude of embrittlement accompanying an
air cool from the salt heat treatments was increased with
temperature, and time at temperature, as evident in the com-
parison with the results obtained after heat treating in air,
Fig. 26. The impact data also revealed that the embrittlement
increased with an increase in cooling rate, Fig. 27,

Metallographic examination, chemical analyses, and X-rays
showed the embrittling agent to be nitrogen, introduced by dif-
fusion into the specimens through a scaling reaction of the

metal with the salt.

Quengh-Aging Studies _
In order to determine the room temperature aging effects,
impact specimens were tested after various aging times afier

water quenching from 1200°F and 1300°F. Both the transition
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temperature and hardness increased with increasing solution
temperature and with increasing aging time, reaching a maxi-
mum level, Fig. 28,

To determine the maximum embrittlement due to quench-
aging, and how to minimize it, hardness tests were first made
after water quenching from 1300°F and aging for various periods
of time in the 35° to 1100°F range, Fig. 29. The peak hardness
reached and the time to attain this peak decreased with increas-
ing aging temperature. BSimilar changes were observed with the
impact transition temperature, Fig. 30, when employing aging
temperatures from room temperature to 600°F,

To obtain a quantitative measure of the solid solution
and aging effects as a function of solution temperature from
room temperature to 1300°F, Fig. 31 was prepared. Below solu-
tion temperatures of 650°F, the quench=-aging effects were
absent, but then increased with increasing solution tempera-
ture. The maximum embrittlement induced in C steel by the
quench-aging mechanism amounted to a 90°F increase in impact
transition temperature and 25 points increase in Rockwell B

hardness.

Microstructures

To afford a possible explanation of the embrittlement
obtained during suberitical heat treatment, numerous structures
were examined at 2000X. All specimens which were air or furnace
cooled showed no difference in structure from that of the as-re-

ceived plate except a slight spheroidization which set in at
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the longer times at the higher temperatures., No difference
in microstructure from that of the base plate was detected
in the series water gquenched from either 11002 or 1200°F and
aged at room temperature, again with the exception of spheroi-
dization setting in at the longer times, The first indication
that a precipitation reaction was cperative was obtained in a
series aged at HO0°F after water quenching from 1200°F, which
showed a general precipitation throughout the ferrite grains,
A study of the structures after quenching from 1300¢F
and aging at various temperatures for various times, indicated
that the precipitation from the supersaturated solution was a
two~-stage prccess. At low aging temperatures the precipitate
was detected as a mottling of the ferrite grains; at the
higher aging temperatures, where an 'overaged' condition was

rapidly reached, the precipitate had grown so as to be resclvable.

Cooling Rates

The results of the temperature measurements made during
the cooling of subcritically heated test specimens from 1200°F
are shown in Flg. 32, in comparison with the cooling curves _
assoclated with the zone of minimum ductility for the first
weld pass for the two welding conditions. With an air cool the
impact specimens cooled at a slightly slower rate than the noteh
tensile specimens due to the larger mass of metal, but at a rate
wnich was still slower than that obtained in the LO0°F preheat
weldment. Although the 100°F preheat weldment had a faster coole

ing rate than the LOO®F preheat weldment, the cooling rate for



«35=

| |
LEGEND
TEST SPEGIMENS

1400k—  A....FURNACE GOOLED
B....AIR GOOLED (IMPACT)
C....AIR COOLED (NOTGH TENSILE)
D...WATER QUENGHED F

E...

400°F PREHEAT & INTER-— |

WELDMENT
(0.3 INCH FROM WELD ¢)

PASS TEMP., ST WELD PASS.

...100°F PREHEAT & INTER- |

PASS TEMP.,, | ST WELD PASS.

8:
o

600

TEMPERATURE «~°F

400}

200

0 15 45

30
TIME«—~ SECONDS

60 75 920

FIG. 32. COMPARISON OF GCOOLING CURVES IN THE REGION
OF LOWEST DUCTILITY FOR TWO WELDING GCONDI-
TIONS WITH THOSE OBTAINED WITH HEAT TREATED

TEST SPECIMENS.
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both these welding conditions were intermediate to the alr cooled

and wabter quenched téest specimens.,

INTERPRETATION OF RESULTS

In the weldment study the variations in ductility across
the weld area were represented by the distribution of notch
tensile transition temperature, Fig. 8., It was believed that
the maximum ductility observed near the weld junction wasg
associated with a tempered martensitic structure, whose duc-
£ility was higher than that of pearlite.

The location of the ductility minimum corresponded to a
region which was not heated above the lower critical temperature,
which, coupled with a relatively fast cool, pointed to embrit-
tlement by the subcritical precipitation of carbide from ferrite
(quench-aging). That this mechanism was operative appeared to
be corroborated by the beneficial effects of higher preheat and
of postheat treatment. The improvement of the ductility in this
critical region with higher preheat was attributed to & slower
coocl, allowing less solld solution and subsequent aging poste
heat effects, while the virtual elimination of embrittlement
by postheat was believed due to 'overaging'.,

Due to a difference in the general types of microstructure
across the weld area, the hardness could not be used as a meas-
ure of ductility. The peak in hardness was associated with the
maximum noteh strength at the weld junction, but the minimum in

noteh strength occurred in a suberitically heated reglion, where
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the hardness was leveling off. However, considering the eritical
region which had the same general type of microstructure, the
hardness appeared to be correlated with the ductility, i.e., a
higher hardness signified a higher transition temperatureo‘

From the complexity of the time, temperature, cooling rats
conditions in a multi-pass weldment, it was impossible to deter-
mine the exact quench-aging cycle experienced in the eritical
region. It was believed that each weld pass contributed to the
solid sclution and aging effects, but that the first few weld
passes controlled the amount of carbon initially retained in
sclution, while the following passes served mainly as short
accelerated aging treatments.

In the subcritical work, the investigation of the effects
of solution time and temperature, cooling rate, and aging time
and tempefature revealed significant changes in ductility, hard-
nessy, and microstructure. These changes were largely reconciled
with the quenche-aging mechanism.,

The isothermal studies showed that no appreciable varia-
tion in ductility can be expected by varying the time at tem-
perature with the exception that at iong times at the higher
subceritical temperatures softening set in due to slight spherci-
dization. This stability with time indicated that the critical
region in weldments was not the result of decay of an unstable
condition.

Air ccoling or furnace cooling from subcritical tempera-

tures resulted in little or no embrittlement. The slight
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embrittlement that was obtained by air cooling notch tensile
specimens was about the same as that found in the sritical
region of the C steel weldment made with 4OO®F preheat, and as
was shown in Fig. 32, the cooling rates were about the same.
With an air or furnace cocl, it was reasoned that the degree
of supersaturation was low or nil due to the fact that pre-
cipitation occurred largely during coolings; consequently, no
appreciable change in ductility was realized on subsequent
aginge.

A consideration of the quench-aging results showed that
the degree of embrittlement was influenced by the subceritical
temperature and the aging time and temperature. The solubility
of carbon in ferrite increased with increasing solution tempera- w
ture, resulting in a greater 'as-quenched' hardness, and, ap-
parently, a greater initial transition temperature due to the
higher degree of supersaturation. Upon subsequent room tempera-
ture aging, the magnitude of the peak embrittlement reached also
increased, the higher was the solution temperature, Fig. 28.

This wgs in line with other quench-aging systems which showed
that a greater change in properties can be expected with in-
creasing solution temperature,

With accelerated aging, the changes in transition tempera-
ture and hardness, Figs. 29 and 30, revealed characteristic
aging curves,; i.e., the maximum embrittlement attained and the
time to reach this maximum decreased with increasing aging

temperaturea.
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From the metalilograpghlc changes that ccecurred during aging,

O

.

it appeared that a two-stage precipitation reaction was opera-

tive, The first stage {svident as a mottling of the ferrite)

was responsible For the greater degree of ewbrittlement, while

she second stage in which a resolvable precipitate was detected,

wWas gssoclated with an improvement in properties corresponding

te a rapid 'cveraged! condition. No attempt at identification

of the precipitate was made; however, the seéuemce of ¢hanges

appeared to be the same as reported in a recent paper (8), The

Tirst stage was identified as the hexagomal g~iron carbide, while

thie sevond stage overlapped the first and was associsted with a

change in the orystal lattice To cementite (orthorhombie Fejﬁ)o
Imsefar as microstructural changes were concerned, the

brittle zome found in the subcritically heated region in weld-

ments was not identified with a precipitation reaction. It

was speculated that because the cooling rate in this regicn was

such that the ferrite was not supersaturated to the maximum pos-

sible a3 in water Quenched test specimens, less carbon was avail-

.ng reagciion and the resulting small

[

able for the subsecusnt agd
anount of precipltation was not detacted.
In regard To the changes in transitlion temperature and

hardness, the results of the suberitical work gave the maximum

L

embrittlensnt pessible by gquench-aging. Any treatment designed

"":

to remeve these effects in base plate should be applicable to
the subecritically embrittled region of weldments "Overaging! or
postheating treatments at about 650°F would minimize the embrittle-

ment. Higher temperaturss would progressively lead to still greates
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improvement if a slow cool were employed; however, another
guench-aging cycle could be initiated upon fagst cooling from

above 650°F,
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TABLE B-1

Properties of A and C Steel Plate*
_Chemical Composition %

¢ Mn 2 B S Al Ni
C Steel 0.24 0.48 0.012 0.026 0,05 0.016 0.02
A Steel 0.26 0.50 0.012 0.039 0.03 0.012 0.02
Cu Cr Mo 20 N A As
C Steel 0,03  0.03 0,005 0.003 0.009 0.02 0.01
A Steel 0.03 0.03 0.006 0.003 0.00k 0.02 0,01

Mgchgniga; Properties

Yield Point Tensile Strength Elongation

Psi Pgi Per Cent
C Steel 39,000 67 4400 29.5 (8" gage)
A Steel 37,950 59,910 33.5 (2% gage)

-

Notes Both steels were semi-killed, 3/4%" plate in the as-rolled
condition. :

*Technical Progress Report of the Ship Structure Committee,
Welding Journal, Vol. 13 (July, 19%8), p. 377s-38L4s.



TABLE B-2

Weldine Data

Harnischifeger = D, C., Welder

Electrode: 3/16 E6010

Cuarrent

Veltage

Weiding Speed

Electrode
Burn Off Rate

150 amps
160 amps
25 volts
3.6 in/min.

‘i\.lg. o 8 in/m'f.n. o

805 in/miﬂo

Notes All welding was manual.

Reversed Polarily

Pass 1
Passes
Passes
Pass 1

Passes

Passes

2=-6
1-6

2-6

1-6
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