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ABSTRACT

The eccentric notch tensile test previously employed

in exploring the relative ductility at the midthickness

level of A and C st,eel..weldmentshas been applied to m

evaluation of the ductility at the surface level and at

various positions in the weld metal of a C stsel weldm~nto

at the midthickness level of both A and C steel weldmentso

Low temperature probe tests in the weld m~tal failed t@

detect any zones of low ductili’~yo

In addition? data are presented comparimg th~ notched

strength and unnotehed tensile properties across the welded



plate failed to detect zones of low ductility in the sub-

critically heated plate.

A comparison with other investigations of welded

plate indicates that the eccentric notch tensile test

is not unique in defining a region of minimum ductility

in the subcriticallyheated parent plate and that this

region may play an important role in the fracture be-

havior of welded plate.

iii
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ture

of Multiaxial Stress, and Variation of’
Temperaturej Stress Comxwltratioqg

and Rates of Strain

SHIP STRUCTURE COMMITTEE

Bureau of ~hips
Department of the Navy

This report summarizes the work completed on commercial

plate weldments on a project sponsored by the Ship Stmc-

Cmmittee under U. S. Navy contract NObs-%fi70 and covers

the period from July 15 1X9 to January 15 19500 TWO T=hn~~a~

Progress Reports SSC-24 (1)* and SSC-34 (2) covered the pro-

gress of the investigation to July 1~ 19490

The previous work wasconcerned with establishing the

existence of zones of’low ductility in welded ship plates and

the dependence of these zones upon materials variations in

the welding process? and heat treahwant. The ductility through-

out the weldments was evaluated by

tensile tests conducted at various

notch strength as the criterion.

means of eccent~ic notch

low temperatures using the

* Numbers in parentheses refer to the bibliography at the
end of the repcm%.

.—
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The two previous reports contained the test results

of specimens taken from the midthickness level of ~\%-inch

plate of A and C steelsy two of the project steels which

had been investigated by other groups. A brief summary Or

this work is presented below.

Eccentric notch tensile tests of as-received plate

established a tran~tion t~P~rat~e of -800F far A steel

and -6~oF for C steel. After weldings using a 100% pre-

heat and interpass temperature a zone of minim~ ductility

was located at a distance of 0.3-0.4 inch from the weld

centerline of both the A and C steel weldments. The

transition temperature of this critical zone was .hO?F for

A steel and ~20~ for C steels thus indicating an appreciable

embrittlement in both steels. The transition temperature of

the weld metal was not determined but it was definitely lower

than that of the parent plate.

In order to investigate the possible benaflcial affacts

of preheating and postheating$ weldments of C steel were

made using (1) a %0% preheat and interpass temperatures

and (2) a postheat treatment at 1100% to a weldmsnt which

had been welded with a LOO~ preheat. The kOO%? preheat

improved the ductility in the critical zones lowering th~

transition temperature to .45~. The 11OOOF pastheat

completely eliminated the zone of minimum ductiM.ty9 the

transition temperature being ~owered to -7WFQ



..
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data comparing ‘thenotched
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centerline with two objectives in view:

1.

The

those of

To confirm that the eccentric notch tensile

strength is a measure of the notch ductility

of ship plate steel.

To determine if the ufiotched tensile tast

can be made sufflcisntly severe, by the use

of low temperatures to detect ductility

variations in ship plate steel.

findings of this investigation are discussed with

other investigations of welded plate with particular

reference to the origin of fracture.

MATEBIAL

The A and C ship plate steels selected for the present

investigation were the same two ‘fprojectsteelstfwhich

had been used in the earlier work at this laboratory.

Both were semi-killed steels in the as-rollad condition.

The properties reported for these steels are as follows~ (3)

.

,..

.-
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TABLE I

Properties of A and C Steel Plate

Chemical Analysis

Carbon ManFanese Phosphorous Sulfur Silicon

C Steel G.24 0.48 0.012 0.026 0.05
A Steel 0.26 0.50 0.012 0.039 0.03

Aluminum Nickel CODP er Chromium Molybdenum

C Steel 0.016 0.0!2 0.03 0.03 0.005
A Steel o ● 012 0.02 0.03 0.03 0.006

Tin Nitrogen Vanadium Arsenic

C Steel 0.003 0 ● 009 0002 0.01
A Steel 0.003 0e004 0.02 0.01

M&chanical Properties

Yield Point Tensila Strength Elongation
Psi Psi Per Cent

C Steel 393000 67,4oo 25.5 (8~f Gauge]
A Steel 37,950 59,910 33.5 (2V Gauge)
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PROCEDURE

Welding Procedure

The phtg~ ‘w&r@at Bat)tell&Memorial Institute~

following the same closely contxdled procedure used

previously (2)(2). Details of the plat~ preparation.

and welding procedure am. given in Figs. 1 and 2.

Each weldment was 18~flx 2kf~ x 3/kw7 COIIStrUCt@

d two plates ~ftx 2%tox 3~~0~in dimensions~. TheSa

plates were flame cut fmm the same large plate and

3/4-inch was machined from tkm edges to be welded in

order to eliminate the heat ~ff’eetd’ the flame cutting.

The edges to be wdded were then machined to a 30°

bevel and l/&=ineh rout face.

The plates were tack weld~d using me-inch tacks

at each end and at the centar of the plate, leaving

3\16-inch clearanc~ between the root faces. A copper

back-up bar coatad with a thin layer of wollastonit~

was used for the ~irst weld pass.

No restraint other than the tack welds was used

on the weldments and because two inches from each end

of the plate wem to be disearded~ no mnncd’f’tabs w~re

required. The w~lding was manual; six passes werm made

using 3/16-inch diamet~r E6010 ~lectmdes with DC r@-

verse polarity. The welding data are gi%m in Tabla 11.

-,

-b

—
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FIG. 1: PLATE PREPARATION

ELECTRODE— 3/16’’ E601 O

PASSES 1,3, 5, 6,: SAME DIRECTION

PASSES 2,4: OPPOSITE DIRECTION

FIG. 2: WELDING PROCEDURE
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~ TABLE 11

Welding Data

Harnischfeger - D. C. Welder

Electrode:

Current

Voltage

Welding Speed

Electrode Burn-Off’
Rate

The weldments

3./16’f E60K) Reversed Polarity

150 amps ~a~~e~P:ss:’l
165amps -6

25vOlts Passes 1 - 6

3.6 in/rein
4.8 idrnin

Pass 1
Passes 2 - 6

8.5 in,/min Passes 1 - 6

were preheated to 1000F prior to

the first weld pass. After each pass the weld joint

was cooled in still air to 1000F and then the next

pass

sand

‘1’est

was made.

After completion of weldingv the welded joint was

blasted and then radiographer for weld imperfections.

SDecimens

The three types of tension specimens obtained from

the weldments are shown in Fig. ~.

The two notched test specimens had 600 V-notches

removing 50per cent of the cross sectional area3 and

a root radius less than 0.001 inch. The buttonhead

notch specimen was employed in the concentric tests

and the threaded end notch specimen in the eccentric

tests.

-.
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The unnotched test specimen had a two-inch radius~

wit~ the same minimum diameter (0.212 inch) as the notch

diameter of the notched specimens.

Specimen Preparation

All of the test specimens were obtained from strips~

l/2-inch widea which were cut from the welded plates per-

pendicular* to the weld. Each strip was etched so that

the weld area was visible and the weld centerline could

be located. The specimen locations for each type of

test specimen were then laid out as follows:

(a) Eccentric Notch Tensila - Th@ notch bottom was

positioned at the desired distance from the weld center-

line and so t~t the fiber carrying the highest tension

load was at the desired distance from the plate reference

surface. For the surface investigation the l?ibercarry-

ing the highest tension load was 0.05 inch from the sur-

fac~o This close approach to the surface resulted in

specimens withaflat on the threaded ends? as shown in

-o A number of specimens wera also prepared so that

the critical fiber was at the midthickness of the plate

(longitudinal axis 0.&8 inch from the reference surf’ace]q

and at selected locations in the weld metalo

(b) Concentric Notch Tensile - The notch bottom was

at the desired distance from the weld centerline with the

long axis of the specimen 0~48 inch from the surface.

.’

..-

* The long axis of each test specimen was, therefore9
perpendicular to the rolling direction of the bas~
plateQ
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REFERENCE SURFACE
\

FIG. 4: LOCATION OF ECCENTRIC NOTCH

SPECIMEN AT THE SURFACE LEVEL

REFERENCE SURFAGE

*
\

\

CENTERLINE OF
SPECIMENS

HEAT AFFECTED

ZONE

/

I

CENTERLINE OF PLATE

AND FIBER IN MAXIMUM

TENSION ON ECCENTRIC

LOADING

FIG. 5: LOCATION OF UNNOTGHED AND NOTCHED SPECIMENS

AT THE MIDTHICKNESS OF WELDMENT
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(c) Unnotched Tensile - The minimum diameter was

at the desired distance from the weld centerline with

the long axis of the specimen 0.48 inch from the sur-

face.

The location of these specimens at the mid thick-

ness level (away from the weld] is shown in Fig. 5.

Testing Procedure

The test equipment and procedure for the eccentric

notch tensile tests were the same as those used previously

(1) (2).

The specimens were placed in the fixturesa Fig. 65

so that the critical fiber received the maximum tensile

stress.

that is~

I/h inch

as shown

The

The initial eccentricity was set at 114 inch~

the centerline of the specimen was displaced

from the loading axis of the

in Fig. 60

specimen was cooled to about

sired testing temperature~ allowed to

ing temperature and then tested. The

tensile machine

~% below ”thede-

warm up to the test–

tests were per-

formed at constant temperature since the testing time

was about 30 seconds$ whereasy the warming-up rate was

about l°F per minute. The specimens were cooled by means

of isopentane9 dry ice9 and liquid nitrogen contained in

an insulated tank. Temperatures were measured by a copper-

constantan thermocouple wrapped around the specimen. All



-13-
, 7isHrx/uN

..

/Av?z&..J ----p+’ Al---



* -14-

of the tests were carried out at a low strain rate; the

crosshead speed of the tensile

0.1 inch per minute.

The testing procedure for

machine was approximately

the Concentric notch and

unnotched tensile tests was generally the same as described

above with the exception that the specimas were tested in

a fixture~ ~. 75 designed to yield an eccentricity of

less than 0.001 inch (4)0 The crosshead speed of the

tensile machine in these tests was approximately 0005

inch per minute.

For the eccentric and concentric notch specimens~

the conventional notch strength was determined (maximum

load divided by the original area at the notch bottom).

Also, for the~concentric notch specimens the contraction

in area at the root of the notch or ‘inotchductilitylf

was obtained by measuring the initial and final notch

diameters by means of a microcomparator (at 20x).

The conventional tensile strength and reduction

in area were calculated for the unnotched tensile specimens.

RESULTS

Eccentric Notch Tests at the Plate Surface

The results obtained from the tests at the plate sur-

face of a lIC1lsteel weldment made with a 100~ preheat

and interpass temperature are graphically presented in

Firs. 8 and 90 For purposes of comparison the previous

results at the midthickness (2] are also shown. The data

.,
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Fig. 7: - CONCENTRIC FIXTURE SHOWING
UNNOTCH~ TENSILE SPECIMEN
IN POSITION FOR LOW TliMFERATU~
TESTING.
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~ “-o TESTS 0.05°

c TESTS AT MI DTHICKNESS (S PEG IMENS OF
.—

SAME GEOMETRY AS AT THE SURFACE)

DISTRIBUTION OF PREVIOUS

RESULTS AT THE MI OTHIGKNESS

-eQ -

/l /-l inn . .

-20—Iuu –bW *2O +60 + 100

TESTING TEMPERATURE –°F

FIG, 8: ECCENTRIC NOTCH STRENGTH OF THE UNAFFECTED

BASE PLATE AS A FUNCTION OF TESTING TEM-

PERATuRE.
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thickness minimums an% no change in structure was noted

between the critical zone and the unaffected base plate.

The same behavio~ would be Expected for tha ~~A1~stieel

at the surface leve19 based on the similar behavior of

A and C steel at the midthickness ~2).

Eccentric Notch Tests at Selected LocationSin the W@ld Y-

In order to investigate the possibility of zones of

low ductility in the weld structure~ a number of probe

tests were conducted at -80% at selected locations in

the weld metal of th~ same ~tCiosteel weldment~ The re-

sults are given below in Table III and the posi.tion~under

test are shown in ~~

TABLE 111

A. The coarse structure ‘atthe junction
of the hardness peak from pass 50

B. The Coarse structure at the weld
centerline approximately CY~03inch
from the plate surface
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At all these positions tand also at the midthickr..ess

and surface levels) only high eccentric notch strength

values wer& obtained9 which would seem

existence of zones of low ducttlity in

Comparison Tests

The use of the eccentric notch tensile test to de-

tect chan~es in ductility tlumughout ship plate weldments

was based on the results of previ~u~ in’~e~tigatiQIT~~q~

~5] which showed that the eccentrj.cnotch strength was

dependent upon the concentric notch ductility for heat

treated low alloy steel at various strength levels. To

confirm this dependency for ship plate steel$ concentric

and eccentric notch tensile tests at various low tempera-

tures were made at the midthickness level of an A steel

weldment t100~ preheat and interpass temperature]~ Un-

notched tensile tests were also made on the same weldment

to determine whether this test could be mad; sufficiently

severe~ by the use of very low temperatures? to detect

ductility variations in ship plate steeld

The data are given in Tables 11 - ZV in tlm Appendix.

Unaffected Base Plate - In Fig. 11 the distribution of

the concentric notch strength and conceni~ic notch duc-

tility of unaffected base plat@ is shown as a function

of the testing temperature. For comparison purposes the

results of the eccentric notch testsq previously reported

[2) are also shown.
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EGG ENTRIG TESTS

(PREVIOIJSLY REPORTED)

I
—

#

CONCENTRIC TESTS I

P
8 0

0
0

0

0

-340 –260 –180 –loo -20 60 140

-,

TESTING TE-MPERATURE—” F

FIG. 11: COMPARISON OF THE ECCENTRIC AND CONCENTRIC
NOTCH PROPERTIES AS A FUNCTION OF TESTING
TEMPERATURE* MIDTHICKNESS TESTS OF “A” STEEL
BASE PLATE.
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It can be seen in Fig. 11 that the eccentric notch

results define a relatively narrow temperature range in

which the strength values decrease rapidly with decreas-

ing temperature The concentric notch strength values9

howevera are relatively constant over this same temper=

ature range9 and only at -321QF is there admrease in

notch strength. Thusj the ductile-bri’ttltitype of be-

havior or transition curve is not defined by the con-

centric notch strengthq at least down to -321~. On

the other handg the concentric notch ductility (per cent

reduction in area at the root of the notch).decreases

continuously with decreasing temperature~ but with no

definite upper level as in the eccentric notch strength

distribution.

A closer examination

concentric notch strength

of these curves shows that the

appears to be dependent upon

the ductility at low values. Specimens strained over?

say two per cents hawe lost their high initial stress

concentration~which was one of the embrittling f’acto~s~

and consequently

dependent of the

howeve.raextends

the concentric notch strength is in-

ductilityo The eccentric notch tests

the dependence of the notch strength

upon ductility up to approximately 12 per cent by the

addition of another embrittling factors eccentric load-

ing.
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slow bend test passed through a

heat affected zmne in all cases

curred during welding at various distances from tlwawEM

emterline in arc welds of 1/2 inch duninm killed

steel plate. TM results of th~ impact tests showEN5that

.,

I
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T~ansition curves from these tests show an increase in

transition temperature over those found for the same

specimens without the wdd bead. Higher heat inputs

preheata and postheat have all been shown to reduce the

embrittling effect caused by the laying of the weld bead.

Studies of the origin and progress of the cracks leadi-

ng to fracture have shown that the cracks usually origi-

nat~ eithe~ in the weld metal or In the coarse grained

stmcture adjacent to the’weld deposit at bend angles

of only a few degrees~ regardless of’the test tempera-

ture. It has not been determined whether these girst

indications of failure are of a ductile or brittle type.

In one investigation (12)~ the notch in a Lehigh

specimen was cut so as to eliminate the coarse grained

structure but the first cracking was found to occur in

the structure heated above the critical at the same bend

angle as when it started previously in the coarse grained

stmcturea and the transition temperatures were the same

for the

In

made in

two types cd?notch.

a paper ~Y FO~ntain and stout (13) tests we~~

which the notch depth was varied so that the

-.. . .

structure at the notch bottom under the weld bead varied

from weld metal - coarse grained structure - structure

heated above the critical - structure heated to the range
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CCINCLUSIONS

1. At the surface level of a C steel weldment a

zone of minimum ductility was located at about O.]+inch

from the weld centerline.

20 The @acentric notch tensile tests at the plate

surface showed the same behavior as previous midthfckness

tests$ thus el~m~nat~ng any difference due to gross ~n-

homogene~ty of’ the plate.

30 The zone of low ductility T72S ti~’ko,;definedby

means of concentric notch tensile tests at low temperature.

k. The wrnotched tensile test was not sufficiently

severe to detect variations in ductility across welded

plate.

FUTURE WORK

As one approach to the problem of embrittlement of

steel when weldeda this laboratory is at present engaged

in an knwstigation in which ag-received C steel plate

is being subjected to various subcritical isothermal

temperatures for varying periads of time and employing

various rates of cool. Tests to date have shown thati

the transition temperature can be raised by this meansa

even higher than the highest transition temperature pre-

viously found in welded plates of C steel. It is hoped

.
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that this investigation will give an insight into the

basic mechanism which is responsible for the embrittling

of steel when welded and suggest possible methods of im-

proving or eliminating this condition.
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APPENDIX

Table I

~ rface eIffllt
ALa

Steel.JleltieDt100% Preheat

Distance from
Weld Centerline

Inches

0.0
000
O*O

O*1
0.1
0.1

0.2
O*2
0.2

0.3
0.3
0.3

0.35

0.4
O.k
0.4

0075
0.75
0.75

1.0
1.0
1*O

Testing
Temperature

OF

-80
-80
-80

4!:

-80

-80 ~
-80
-80

-80
-80
-80

-80

-80
-8o
-80

-80
-80
-80
-80

-80
-80
-80

-80
-80
-80

Eccentric
Notch Strength
1000 Psi

116.8
118.5
114.3

121.3
11806
117.3

11809
117.4
12009

11009
11007
114. ~

10000

36.8
35.3
37.0

49.8
38.7
43.9
4800

3206
35.4
3S02



Distance from
Weldl~c;J~line

2.0
200
200
200
2*O
200
200
2.0
200
2.0
2.0
200
200
2.0
2.0
2.0
2.0
2.0
200
200
2*O
2*O
2.0
200
200
2.0
200
200
2.0
200
200

4.0
400
4.0
400
;.:

4:0

9=38-

TABLE I (Continued)

Testing
Temperature

RT
RT
RT
RT
RT

~~

-40
-40
-40
-40
-40
-40
~-

-60
.80
-8o
-80
-80
~-:

-80
-80
-110
-110
-110
-110
-110
-110

-20
-20
-20
---

-60
-6o

Eccentric

90.4
87.3
89.1
9701 *
96.0 *
::.; *,

67;3
68.7
74.3
7337
73;1
76’07
68mi
70,6
71.2
6000
&:

46:8
37.1
58.9
4308
58.1
31.0

86.7
87.3
81.6
74.3
80.3
62.0
8001

* Specimens of same geometry but
taken from the center of the
plate.

.
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TABLE II

Unnotched Tensile Data at the Midthiekness

Distance from
Weld Centerline

Inches

0.0
0.0

0.35
0035

4.0
4.0
4.0
4*O
.4.0
4.0
4.0
4.0

Test
Terngerature

-110
-110

-110
-110

Z
-80
-80
-150
-150
-321
-321

Tensile
Strength
1000 Psi

88.2
87.9

91.5
88.5

68.7
68.5
83.2
82,4

Reduction
in Area
Per Cent

4300
63.7

56.5
5605
~207
52.3
50.8
49.0

1.5
101
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TABLE III
.

Distance from Test CQncantrle Concentric
Weld Centerline Temperature Notch lfqtchDuctility
Inches Strength

0.0
0.0
0.0

?
11 -,
11

=-110
-110
-110 124

128
1.24
129

10.1
900

19.2

0015
0015
0.15 ‘

-11O

-110
-110

:.;

6;7
3*O
1.2

‘1*1
Q.8
1.0
1.2 i
0.3

JkO
-40
-40
-40
-110
-110

112020035
Q,.35
;0$,35
0635
0035

109.6
112*1
&7

o
109*
1100
102.

1102.
920

0.35
0.35
0.35
0.35
0.35

-110
-110
-110
-110

1069
3.46
2.30

97*3O*5
005
0.5

-110
-110
-110

14*2
10.4
10.2
1:.;

‘$;4

97.7
96.3
;;*;

“196~7
9408
92.1

0
0
-40
:$< ‘“

-80 “
-8o
-80
-110
-110
-110
-no
-110
-145
-150
- ‘$2
t
8
,5

k Q

2.0
200
2.0
2*Q
2.0
200
200 ,,,
200
200
2.0
200

“; 2*O
200
200
2.0
2.0
2*O
2.0
2.0
200

$.6
4.9
5.4
2.8

91.0
93.0
92.7
92.3
9007
94.0

102 s
1020

3.2
4.98

99.4
10308
96.0
93.4

0 96.$
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Distance from
Weld Cente~line
Inches

2.0
2.0
200
2.0

6.,0
600
6.0
6.0

RT
m

-?0 “

Concentr~C
NQt7ch
Strength
~ooo Psi

6800
8900
620k
950

0.0

m

..”. -, - — —.
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TABLE IV

Eccentric Notch Tensile Data at e Midthickne~
~ Steel Weldment 100oF Preheat

Distance from
Weld Centerline
Inches

O*O
O*O
0.0

0035
0.35

Test
Temperature

==110
-110
“11O

-110
-110

Eccentric
Notch Strength

1000 Psi

11901
11601
122.2

34.4
47.4

,.
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