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‘why ship plates crack in service, which were not included in the previous
reporfs%(l)(z)on-the same subject, "Cleavage Fracture of Ship Pliates as In-~
fluenced by Size Effect." The testé were based upon the hypothesis that the
cracks begin at points where there are ssvere geometrical stréss~raisers and
that-tﬁe.tendency for the blates to crack increases, for specified geometrical
chéfacteristics, with an increase in the notch~sensitivity of the steel.

| Plates with nominal widths of 72, 48, 24 and 12 inches were testgd.
-The 72-iﬁ. and 48-1in. plates‘were made of three kinds of steelg*% rimmed-steel
E as-rolled, killed-steel D as-rolled, and killed-steel D‘nbrmalized, The
20-in. nlates were made of the same kinds of steel as the 72-in. and 4&-in.
plates with the addition of killed-steel F as-rolled, The 12-in, plates were
made of the same kinds of steel as the 24-in. plates with the addition of
killed-steel G as-roiled and rimmed-steel © normalized. The 12-in. wide plates
were, therefore, made from six kinds of steel. All plates were loaded parallel
to the direction of roliing except four of the 12-in. rimmed-steel £ plates,
which were loaded transverse to the direction of rolling. All plates of each
kind of steel were from the same heat,

The mechanical properties of all steels were obtained from tests

of both flat and round coupon specimens.  Charpy lmpact values, determined by
tests of standard V-notch specimens, were obtained for all steels, except

rimmed-steel i normalized, throughout the temperature range covered by the

% The numbers in parentheses refer to references in the bibliography, page 45

this ronnrt
wilda ICPpOITU,

s

'l

*The letter designations and properties of all steels are given in Appendix B,



tests of the wide plates.

The standard stress-raiser, which was centrally located in the plate,
was a tfansverse slot l/é—in. wide with a hacksaw cut at each end which termi-
.n;ted in a jeweler's-#éw cut 1/8-in, longl For all tests, L/W was eqﬁal to
0.25.‘ The plates were tested at temperaﬁures ranging from -73 to 140 degrees F.

Tests of plates withAother types of sfress—raiser and with various
I/W ratios were reported in the Progress Report.
| The elonzation of the wide plates was measured at all(z) loads with
mechanical gages; the gage length being 3/4 of the gross width of the plate,
The elastic and early plastic stfaiﬁs in the plate at mid-length were measured
withlelectric'strain gages having a‘ILB/ltS---'in;.° gage léngth; the plastic strain
in the same region was measured with meéhanical gages of.l/h;iﬁ. an& 1-in,
‘gage lengths at lecads up to thelinitial fracture. All strains were measured on
‘bo£h sides.of the plate, After failure, the thickness of’the plate adjacent to
the ffacture was measured with micrometer calipers;’and the character of the
frécéﬁre, pefcenﬁagé of shear and cleavage, wés noted. |

| The tests were planned to determine:
V'(l) The réiative energy—absérbing capacity and strength of plates
of thelsix kinds éf s£eelu |

(2) The relation between the width of the plates and their strength.

(3) The relation betﬁeen the témperature of ﬁhe plates and their
strength and energy-absorbing capacity. -

(4) The relation between_fhé typé of ffécture.and énergy—absorbing
capacity of the plates, | |

(5) The correlation of the V-notch impact test and the wide plate

test.

ii




There was a total of 76 wide plates tested. The details of the results
are given in Appendix A of this report and of the previous reports.(l)(z) The

results are discussed on pages ~§ to 40 and the conclusions are given on pages

LO to 43 , inclusive.
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INTRODUCTION

The object of the investigation covered by this report was to de-
termine the factors that influence the formation of cleavage fractures in ship
plates, Because ship plates are much wider than plates that can be tested in

a testing machine, tests were made on plates witn nominal widths of 72-in.,

-

48-in., 24-in., and
3 : s

-in. in order to obtain information on which to base
gxtrapolations that might indicate the behavior of still wider plates, The
information obtained relative to the behavior of wide plates containing severe
stress-raisers may be divided into six major divisions, as follows:

A. The average static strength.

B, The energy—absorbing cabacity,

C. The V-notch impact value of the steels as an indicator
~of the performance of the wide plate test.

" D.  The distribution of plastic deformation at the ends of
the stress-raiser prior to maxinum load,

E. The temperature-elongation relation.

F. The reduction in thickness of the plates,

The standard sfresseraiser consisted of a transverse‘slot 1/2~in.
wide with a hacksaw cut at each end which terminated in a Jeweler's-saw cut

iength of stress-raiser
ratio { width of plate ) of 0.25.

B o

1/8-in. long, and which had an
In order to determine the relation between the behavior of the wide
plates and the mechanical properties of the material, tests were made at room
temperature on both flat and round coupcn specimens cut from.the plates, from
which the specimens were made, to determine the ultimate strength, yield point,
elengation, and the reduction of area, ILikewise, impact tests were made at
variogs_temperatu:es on standard Charpj’vfnotch specimens cut from scme of the

plates.
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The following steels were uysed in this investigation.
Rimmed-Steel as-roiled, designated as Steel E As-Rolled.
Rimmed-Steel normalized, deéignatsd as Steél i Normalize¢%
Killed-Steel as-rolleq, desighated as Steel D As~Rolled.
Killed--Steel normalized, deéignated as Steel D Normélized.%
Killed-Steel as-rolled, designated as Steel F As-Rolléd.
Killed-Sféel as~rolled, designated éé Steel G As-Rolled.

The mechanical properﬁies and chemical compositions of thesé steels

are given in Appendix B,

@KPEEIMENIAL‘HOEK
1. Procedure, |
Thé procedure followed in the testslof this report is described on
pages 3 %o 8 4 and the data for one test, together with a fairly complete de-

scription of the manner in which it was obtained, are presented on pages 13

-

)

o~

to 21 , inclusive, of a previéus repcrt.

A 72~in, plate mounted in ﬁhe testihg méchine is shown‘in the photo-
gréph of Fig, 1. Figure 2 gives the general dimensions of the wide plate
specimens and:the lécation of_thé_elécific'gages gnd of the gage points for the
mechanicalhgages. All widé plate specimeﬁé weré loaded in the direction of
roiling except where noted,

2. Data.

The tests included in this report an& siﬁilar tests in the préviOus
reports(l)(z)are listed in Table I. There were a large number of tests and
the amount of data obtained fof éadh was so great that the ﬁhole is quite

voluminous; and its presentation in a brief but understandable form is quite

* The normalizing treatment is described in Appendix B, Table IIIb, page 7b.
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difficult. The data are presented in the form of tables and graphs that either
accompany the discussion of the results or are given in Appendix A. The tensile
properties and thie Charpy impact values of the plates are given in Appendix B
and in the two previous reports.(l)(z)

The terms used in presenting these data are defined as follows:

The average strength of the wide plates is taken as the maximum load
divided by the original net section. The energr-absorbing capacity is taken
as the area under the ioadnstrain curve for a gage length equal to 3/4 of the
gross width of the plate, Two wvalues are reported. One is the energy absorbed
up to the maximum load, the other is the energy absorbed up to failure.

The percentages of the area of fracture that were cleavage, single
shear, double shear, given in Table II, werc obtained by macroscopic exami~
nation of the fractured edges of the plates, A microscopic exanination would
undoubtediy have revealed small amounts of cleavage in shear fractures or of
shear in cleavage fractures,

Unless otherwise designated, the term, impact test, is used to desig-
nate the Charpy type impact test of a standard V-notch spe cimen made in accord-
ance with 4.5.T.X. specifications, The energy absorption in foot-pounds is

designated as the Venotch impact value, or simply the impact value,



FIG, 1.

72-IN. SPECIMEN IN 3 000 000-LB. TESTING MACHINE,
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TABLE I.

DESCRIPTICH OF SrECIMENS.*

Stress-Raiser: Jeweler's-Saw Cut. LW = 0,25
SPECIMEN TEMPERATURE KIND OF STERL NOMINAL
NG, OF STEEL WIDTH OF
VHEN TESTED SPECIMEN,

Degreeg F, ’ In.

18a-1 141 Rimmed-Steel E As-Rolled 72

134-7 110

CG-1 T4

23="7 38

184-1 59 Killed-Steel D As-Rolled T2

22=1 59

174-7 31

-1 15

-7 0

124-1 &0 Killed-Steel D Mormalized 72

15=-7 32

11-1 15

5-7 0

i~ -38

137 123 Rimmed-Steel E As-Rolled 48

18-8 110

22=-7 84

224-7 38

17B-7 43 Killed-Steel D As-Rolled 4L8

i8-2 39

5-4 32

18- 18

154~-1 42 Killed~Steel D Normalized 48

5‘8&"'2 31

54-5 15

* A1l specimens stressed parallel to direction of rolling unless otherwise
noted.
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TABLE I. (Cont'd)
DESCRIPTION OF SPECIMENS.

SPECIMEN TEXPERATURE _ KIND OF STEEL NOMINAL
NG, OF STEEL . WIDIH OF

WHEN TESTED STECIVEN,
Degrees F. In,

20A-13 ' 111 Rimmed-Steel E As-Rolled , 24

2CA-3 ‘ 89 :

22~9 86

20~-9 -36

18B=-2 58 Killed-Steel D As-Rolled 24

177B=6 37 '

17B=~4 30

178.-5 10

3-1 40 Killed~3*teel D Normelized 24

3~2 23

2-3 16

Al 50 Killed~Steel F As-Rolled 24

A-2 32 ' '

A=1 0

A-3 =40

18-94 128 Riimed-Steel E As-Rolled iz

25-35 109

13A-5B T4

134-54 40

20-24 -73

184-5 78 Killed-Steel D As-Rolled iz

18A~3 59

18B~2 A1

17-6R 41

17-64 A0

224-2 17

22R3-2 -2

S A e e A v S U S R A AW SN A e e e o i o ) e iy S g e W e M S G e e e S O AP S R T TR AW A fub ek B A



TABLE I. (Sonel'd)
DESCRIPTION OF SPECINENS.

SPECINEN TENPERATURE " KIND OF STEEL HOMINAL
NG, 0OF STEEL ) WIDTH OF
WEER TESTED SFECIHEN,
Degrees F. In,
15-54 41 Killed-Steel D Mormaligzed 12
92 30
15-6B 16
104-4 1
13a-10. - . _ 160 Rimmed-Steel E As~Rlolled. 12
Stressed transverse to direction
o of rolling :
134-9 140
1E-"T71 121
18«74 a7
=13 11 Rimmed-Steel E Normalized 12
23~34 78
le-5 50
184-3 30
A~13 104 Kilied=-Steel T As-Rolled 12
A-12 55
A6 20
A-1D -22
B-10 54, Killed~Steel G As-Rolled 12
B-5 «5
B=0 -26
B-6 wh7

e e o = T O ke B o b ) pd W S 4 e A W S W S i UL G S e A e Wk T m bw e A P A e
T A e R e S R R S P W SR AR M e S g S N A W A G e g M S S W e e A ke A e P SR P e e e A P TS A vt S W LA A S MR O M R Gl e W B e e Y A e e
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3. Discussion of Hesulfs

a. Strength:- The stre?gth of the specimens with a jeweler's-saw
cut type of stress-raiser and an % value of 0,25, expressed as the average
stress on the net section at the maXimhﬁ load, is given in Table II, The re-
lation between the strength and the temperature for 72- 1n., 48-in., and 24-in,
platbs made of various kinds of steel, * is shown by the diagrams of Fig, 3,
and for
point of a diagram is the total percentage of ths fracture that is of the shear
tipe. ih general, the strength of the plates increased somewkat with an in-
crease in the portion of the fracture that was of a shear type. For plates
with an all-cleavage fracture, changes in temperature werz not accompanied by
any significant change in strength,

- The relation between the strength and the width of wide plates is
shown by the diagrahs of Fig. 5. These diagrams indicate that the average
strength decreased with an increase in the width of the plate for all kinds of
étéel, but the exact relation could not be determined, However, the tendency
for the strength to decrease with an increase in width beyond a width of 72-in.,
would seem to be definitely established. Moreover, the rate of decrease would
seem to.be nearly as great for widths greater than 48 ins, as it is for widths.

less than 48 ins. The aﬁerage sfrength of 72-in, wide plates was somcwhat

greater than the coupon yield-point strength of the material.

*The letter designations and propertles of all stecls are given in
Appendix B,
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TABLE 1I.

Stress-Raiser: Jeweler's-Saw Cut, LA = 0.25.
Loads in 1000's of 1bs.; OStresses in 1000's of 1b,per sg.in.;
Fnergy in 1000's of in. 1b.

A e SR S A BT W WY N WL P NS MR B e e e W e G e sl W G G P s e o oo S al b e b e S e o e P A i P R SR e S PR ke e e e T D S W e e W RN

SPEC.  THEMP. COUPON ULTI- FRACTUREX ULTIMATE EIERGY
_No..  °R. STRENGTH MATE Percent STRESS ~ __AFSORBED
' | -~ Y.P. Uit LCAD C S8 Ds  ON NET At At
“SECTION Mex, Fail-
L S S e Load __ure__.
' 72-T8. RIMMED-STEEL E 4S~-ROLLED FLATES.
184-1 147 29.8 7.9 1730 --- 73 6 41.4 1898 3585
134-7 © 110 28.8  54.6 76 16 65 - 36.3 2361 3400
CG -1 74 30,5  61.3 1290 100 - -- 31.9 233 250
23 =7 32 32,2 59.9 .. 1360 100 --___ -- 33.6 120 __ 200
72~IN. KILLED-STEEL D, AS-ROLLED PLATES.
184-1 59 40.0  66.9 1722 39 39 - 421 481 2054
22-1 59  37.3  65.1 1927 84 == 16 46.0 2163 2507
174-7 31 39.4  66.0 1890  -- 86 6 45.7 2024 4700
5.1 .15  37.0 63.7 1730 100 = == 41.5 476 563
17-7 0 388 65.4 1789 100 == -- 43.1 174 228
B 72-Ii, KILLED~STEEL D NORMALIZED PLATES.
12041 60 34,8 59.8 1765 == 8L 1 424 2122 4550
15=7- 32 34.8 59,2 1750 -= 55 19 4342 2738 4650
11-1 15 34.4  60.3 1507 100 == == 374 238 298
577 0 36,2 60,9 1614 100 == -- 38,9 210 260
14"7 "38 3595 5907 1541 100 bk - 384-6 179 23‘-’1-
48-IN. RIM‘ED-STEEL E AS-ROLLED PLATES.
21371230 3.1 5901 1095 9 €6 7 40,3 800 1682
18-8 110 30.4  59.3 1008 22 58 .- 36.2 766 1446
224~17 38 3L.3  57.7 983 100 - .- 36,0 61 73
48~IN. KILLED-STEEL D AS-ROLLED PLATES.
178~7 43 39.0 65.4 1276 85 8 7 45.9 560 1081
18-2 39 39,1 65.1 1185 96 2 2 43.5 288 416
5md 32 37.0 63,7 1207 79 24 -- 43.7 890 1110
18-1 18 39.1 65.1 1185 100 == == 43.6 226 304
48-IN, KILLED-STEEL D NORMALIZED PLATES.
154~1 4R 34.9  59.5 1216 - -~ 8l 454 1340 2540
5h=2 31 345 60.7 1098 100 ~- == 40.0 207 227
54-5 15 345 © 60.7. ¢+ 1100 100 == == 40,0 185 229

¥ C = Cloavape, S0 = Single Ghear, DS - Double Sneer.
Portion of width not accounted for was flame~cut,



Stress-Ralser:
Loads in 1000's of 1bs.
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TABLE TI (Conb'd)} .

STRENGTE OF WIDE PLATES;

:Jeweler g~Saw Cut.
Stresses in lOOO's of 1b. vper sq. in.;

L/'{F' - O 25

Energy in 1000'3 of in,lb,

Portion of width not accounted for was flame-cut.

SPEC.  TEMP. COUPON ULTI~ FRACTURE * ULTIMATE EERGY
MO, . OF, STRENGTH MATE . __ Percent . STRESS  __ABSORBED
Y.P. ULT. - LOAD. € 8% Ds - ON WET At At
. S [ SECTION  Max.. Fail-
_____________ Load ure
| 24-IN, RIM{ED-STEEL E AS-ROLLED PLATES,
204-13 11 32,30 59.6 563 98 - 2 410 159 226
204-3 89 32.3  59.6 483.8 100  --' - 35,4 102 135
22-5.. 8  33.9 60.5 486.4 100 ~- -- 36,7 U 125
20-9 =36 29.3 56.8 510 100 == == 37.6 16 21
2/-IN, KILLED-STEEL D AS-ROLLED PLATES.
188-3 58 37,6 64,9 665 - 95  -- 49,7 286 M7
178-6 37 39,0 65.4 618 9¢ 1 1 45.7 112 148
178-4, 30 39.0 - 65.4 653 19 8  -- 48,3 260 656
173*5_~*"_1Q_d_ 37.0. B5.4 643 .vr.,..;. 2. a3 158 188
D Z7=TN. KILLED-STEEL D WORMALIZED PLITRE.
3-1 40 33,8 59.0 633 =~ 49 35 4.4 309 795
3-2 33 33.8  59.0 637 19 49 29 46,3 320 762
3-3 16 33.8 59.0' 588 100 == n- 42.8 102 117
24-IN KILLED-STEEL F AS-ROLLED PLATES.
A~4, 50 34,1  60.8 657 -- 78 15 42,8 344 860
A2 32 341  60.8 655 17 49 3 47.6 351 868
A-1 0  34.1 . 60.8 675 81 10 9 49.9 L0 496
A-3 40 341 60.8 626 98 1 1 45, 124 161
¥ C = Cleévage, 55 = Single Shear, DS = Doubie Shear,
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TARLE II {Cont'd)

STRENGTE OF WIDE PLATES,
Stress-feiser: Jeweler's-Saw Cut. L/ = 0.25
‘Loads in 1000's of lbs.; Stresges in 1000's of 1b,per sg.in.
: Energy in 1000's of in.lb,

N A S00 Are p g —  W  P we VS dn m e d  r  m T gum $ e <P U ke Y S L S A AP S S L e Y e S S S e R
U e S ) O W e kT B R A AR R TP SR U G A S R S e R o S e

SPEC.  TEMP. .COUPON ULT FRACTURE * ULTIMATE ENERGY
HO. Oy _,§_RﬁNGTF MATE _Percent STRESS ABSORBED
Y.P. Ult., LOAD C 38 DS ON NET At A%
: . SECTICN Max, Fail-
. ' Load ure
12-IN. REWMED-STEEL E AS-ROLLED PLATES.

T 18-94 128 30,4 59,3 324.8 6 9, - 49.5 66 214,
23«3B 109 32.2 . %59.9 310.,9 13 76 11 L8.9 60 199
134658 74 287 . 54.6 2548 100 @ -~ - 40,5 40 53
134=-5A L0 28,7 . 54,6 236,2 100 0 - -— 37.6 17 17
20-24 =73 29.2 . 56.8 245 100, == -— 37.9 10 12

12-IN. KILLED-STEEL D ASwROLLED PLATES.
18a-5 © 78 40,0 65,9  342.7 0 10 90  -- 52,9 87,6 240
1843 59 40,0 66,9  350.8 25 49 26 5446 "99 234,
183-2 il 37,6 64.9 312 100 -- - 48.0 27 36.9
17~éB 41 38,8  65.4 346.5 © 10 90 -- 5344 85 22/,
1764 40 38.8 65,4 356.4 100 -- . - . 543 50 56.5
224-2 17 36.6 64,0 37C.1 15 85 -- 54,8 - 94,2 254
22E-2 -2 36,5 64 318,5 100 e e- L84 - - 25,1 35
17454 =50, 39.4 66,0 320 100 - - 47,8 13.4  23.6
12-IN, KILLED-STEEL L NORMALIZED PLATES.

C15-54 41 34.8 59,2 327.6 . 13 66 21 50,5 100 242
9u2 30 35.0. 60,0 336.3 20 49 31 51.9 109 251
15-63 16 34.8 59.2  337.4 5, 31 15 - 52,4, 99 215
104~4 1 35,0 59.4 316,3 100 == -- 48.0 36,3 42.2

12-IN. RIMFED~STENL E AS=-ROLLED PLATES.
Transverse to direction of rolling,
134-310 160 28,7 54,6 3047 -~ 74, 19 47.3 76 176
13.&"9 140 28.? 5406 294—.5 21 5-‘*’& 25 4—504— 3 153
18-78 121 30,4 59.3 319.3 32 41 27 47.8 83 188
18-70 81 30.4 59,3 257.9 100 @ -- - 39.0 22 L5

* G = Cleavage,

83 = Single Shear,

DS & Double Shear.

Portion of width not accounted for was flame-cut.
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TARLE 1T {Concl'd)

STRENGTH OF WIDE PLATES.
Stress-Raiser: Jeweler's~Saw Cut., L/V z 0.25.
Loads in 10C0's of 1bg.; Stresses in 1000's of lb.per sq.in.;

. Energy in 1000's of in.lb.
SPEC. TENP. COUPON ULTI- FRAGTURE * ULTTMATE ENERGY
NO. °F, STRENGTH _ MATE _Percent_ STRESS  _ ABSORBED
: Y.Po + Ult, 104D G SS DS ON NET ~ At At
SECTION Max. Fail-
Loagd ure

A Ty L D e T A A ki e D e W it N e o Y e B A o S T N W e S W ek g it A R W W et o o T e e g B

12-IN. RIMMED~STEEL E NORMALIZED PLATES. .

17-13 115 -- -- 07.4 == 52 40 47 mo 213

0
23-34 78 .- - 306.0 - 093 - 47.5 28 204,
184-3 30 - - 288,2 100 - - 4s0 " 35 1
12-IN, KILLED-STEFL F AS-ROLLED PLATES. .

A-13 104 341 60.8 339,86 -~ 17 73 51.5 107 295
A-12 55 34,0 60.8  348.0 20 49 31 52,3 117 290
A-lo . "22. 341\1 " ‘ 60:8 33100 100 - - 50-0 49 ’ 57
- 12-1N. KILLED-STEEL G AS-ROLLED PLATES

B-10 . 54 41.3 70,1  366.0 10 22 68 58,0 81 243
B-5 w5 413 0.1 37T - 80 -- 20 60,4 106 . 162
B-9 26 4.3 70,1 38l.7 93 7  -- 60,4 85 95
B-6 <47 1.3 70.1 336.2 100 == - 53,2 - 23 3R

* C = Cleavage, SS = Single Shear,. . DS = Doutle Shear.uL.
Portion of width not sccounted for was flame-cut.
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The relative strengths of the various kincds of steel are shown in

Figs, 6, 7, and 8, 1In these figures, the strengths of 72-in,, 48-in., 24-in.,
and 12-in. plates are shown separately,

The average strength of wide plates was somewhat greater for killed-
steel D as-rolled, killed-steel D normalized, and killed~steel ¥ as-rclled
than for rimmed-steel B as-rolled, all plates being of the same width., The
first three steels above had approximately the same average strength for wide
plates of the same width. The average strength of wide plates of killed-steel
G as-reolled was scmewhat greater than the strength of the plates of other stesls.
The average strength of plates of rimmed-steel E normalized was approximately
the same as for rimmed-steel £ as-rolled.

Plates of rimmed-steel & as-rolled, 12-in. wide, tested both parallel
and transverse to the rolling direction showed no appreciable influence of the

rolling direction upon the average ' strength..
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b, Distribution Across_Plate of longitudinail Strain: The distribution

across the plate of the l&ngitudihal strain was discussed in prévious re?
ports(l)(gg. Similar studies were made of the data ovtained from the tests
described in this report,

Diagrams showing the longitudinal strain at the transverse centerline,
are given in Appendix A, pages 12ato 36a, inclusive, Leasurements were made
with 13/16~in. electric strain gages in the elastic and early plastic ranges;
‘with l1-in., ang 1/4~in. meschanical gages up to the load where the first cracks
‘appeared at the ends of the stress-raisers; and with the mechanical gages
' HaVing a gage length of 3/i %W at all loads and after failure. As noted in the
reports referred to abové‘ the average strain on a 13/16-in
many times gfeater at the end of the stress-raiser than at the edge of the plate,
‘Moreover, as stated in the above mentioned reports, the unit plastic strain at
“the end cof the stress-raiser was very ﬁuch greater on the 1/4-in. gage léngth
thaii it was on the l-in. gage 1ength, for loads up to the load at whicﬁ.initial
fracture at the end of the stress—raisérloccurféd, but the‘uﬁit strains on the
two gage lengths were very nearly equal at the edge of the plates. The strain

¢n the gage lines equal to 3/L W was quite uniform across the plate at low

loads, but in general, it was greater near the central portion than at the

e,  Inergv Abéotption: The energy absorbed to failure by a wide

plate has been taken as the area under its load~elongatioﬁ d':'Lagz'amlfr The curve
showing the relation between the temperature and the energy-absoroing capacity
~of steel plates is made up of three parts: (1) A nearly horizoﬁtal portion at

the left, which correspends to a low~cnergy abséfbing capacity. (2) A nearly

3

The loadwelongatwon diagrams are given in Aopendlx A of this report and of

(1X2)

prev1ous reports,
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horizontal portion at the right, which corresponds to a high-energy-absorbing
capacity. (3) A transition portion extending upward-ﬁo the right and con-
necting {1) and (2). |
The relation between the energy-abscrbing capacity and the temper-

ature for 72-in,, 48-in., 24-in., and 1l2-in plates madé of various steels is
shown by the diagrams of Figs. 9, 10 11 and 12. A1l Specimens had a jeweler!'s-
saw cut type of stressuraiser and an W vhlue o f C.25, These diagrans,indicate
thdt, for the 72-in, plates: (1) The energy-absorbing capacity of killed-
steel D plates in the as-rolled and in the normalized conditions was greatly
reduced ﬁhen the temperature was reduced from 32 to 25 degrees F. (2) ?he
ehérgy;absorbing capacity of rimmed-steel E plates in the as-rolled conditicn
wa s greétly reduced when the temperature was reduced from 110 to 80 degrees F,
'(35 Killed~steel D plates in the as-rolled and in the normalized conditions
hadrvery neariy the same energy-absorbving capacity when tested at the same

‘tehperature for a temperature range from O to 30 degrees F, (4) himmed-steel

~ar
A

v
&
I._I

killed~steel D as;folled platés or kiliéd—steel D normelized plates at temper-
atures frﬁm 32 to 80 degrees F. The ﬁaximum energy-absorption for the rimmed-
steel E as-rolled plates correséonded.to ;‘temperature of the order of 120
degrees F. | _

As stated above, the killed-steel D plates in the as-relled and in
the normalized conditions had very neariy the same energy-;bsbrbing capacity
when testgd at the same temperature for a temperature range from O to 30 degrees

F. But for the killed-steel D normalized plate, the energy absorbed was approx-

steel D as—rolled plate the energy absorbed was. very'much less at 59-degrees F

than ‘at 31 degrées F. Thls latter result was so unusual that Charpy notch
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impact specimens were cut from the unstressed portion of the killed-steel D

as-rolled plate which had been tested at 59°F, The resulting Charpy notch
impact value, the average of four tests, was found to be in line with the values
obtained from other kiiled-steel D as~rollied plates from the same heat, Another
72~in. specimen of killed-steel J as-rolled plate was then tested at 59°F,, and
the results from this test were very nearly the same as for the previous tests
at the same temperature, Charpy impact values for the piate of this specimen
were aiso in line with corresponding values of other plates from the same heat.
Tt would seem, therefcore, that the reiation between the temperature and the
energy absorbed by 72-in, killed~steel as-rolled plates was guite erratic.

The results of tests of 48~in., 24~in., and i2-in, killed-steel as-rolled
plates, given by the diagrams on Figs. 10, 1l and 12, indicate that the same
statement applies to plates of this steel for all widths from i2-in. to 72-in.,

inclusive,
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The temperature-energy absorption relation shown by the diagrams of
Figs, 9 to 12, inclusive, indicate that this rslation was quite erratic for
the killed-steel D as-reclled for all plate widths, but was fairly consistant
for the killed-steel D normalized and the rimmed-steel E as-rolled,

The transition temperature for each kind of steel was approximately
the same for the four widths of plates except for plates of killed-steel D
normalized. For the latter, the transition temperature was lower for the 12-in.
than for the 72-in., 48-in, and 24-in, wide plates. This is the only evidence
indicating that the transition temperature-range for wide plates with the type
of stress-raisers used in these tests, was materially influenced by the width
of the plate.

The relation between the energy absorption and temperature for
various 12-in. rimmed-steel & plates, is shown in Fig, 12, The improvement
of this rimmcd steel by normalizing is indicated by the accompanying shift of
the transition portion of the diagram to a lower temperature range., Tests of
12-in, rimmed-steel B as-rolled plates, some loaded parallel and others transverse
to the direction of rclling, indicated, as shown in Fig, 12, that the trans-
ition temperature is somewhat higher for plates loaded transverse than for
plates loaded narailel to the direction of reolling,

Tests of 24-in., and 1l2-in, wide plates of killed-steel F as-rolled
indicated that, for these widths, this steel had a greater energy-absorbing
capacity and a lower transition temperature range than killed-steel D and
rimmed-steel E as-rolled, This is apparent from the diagrams of Figs. 1l and
12. These diagrams also show that, of all the 12-in., wide plates tested, those
of killed-steel G as-rolled had the lowest transition temperature range, Dlore-
over, the maximum energy-absorbing capacity of 12-in, wide plates of killed-steel

G as-rolled, was nearly as great as the maximum for any of the 1l2-in. plates
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tested. The normalizing treatment improved the l2-in, plates of rimmed-steel

E as-rolled in that it lowered the transition—temperature about 309F., as

shown in ¥ig, 12, These diagrams also indicated that the transition temperature
of this steel was about 10°F higher when tested transverse than when tested
parallel te the direction of rolling,

Tt was observed that the energy absorbed by the wide-plate specimens,
inereased with the amount of shear present in the fragture. This is shown by
the diagrams of Figs., 13, 14, 15 and 16, Moreover, the energy~absorbing capacity
. was many times greater under cénditions that produced a shear-type fracture
than it was under conditions that produced a cleavage-type fracture.

The various energy dlagrams indicate that, for the steels used in
these tests, the relation between the energy absorbed and the percentage shear
in the fracture, did not vary greatlj for any of the four plate-widths tested.
-This was truz even though the temperature corresponding tc a given percentage
-shear in the fracture. differed greatly for the various steels, The results
are especially interesting for the steels tested in the 72-in, and 12-in. widths,
shown in Figs. 13 and 16, since all three steels were tested at temperatures
high enough to give a percentage of shear in the fracture of the order of 80 to
90. And, at these percentages, of shear fracture as well as at lower values,
the energy absorption for the three steels, was approximately the same for
‘e, that the iype of fracture
is a fairly accurate indication of the energy absorbed by the steel up to the
time it failed. This suggests that a visuél inspection of a field fracture
will make possible a fairly accurate estimate of the energy absorbed before

failure occurred.
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d. Various Methods of Determining the Transition Temperature-hanges: -

Four relations for determining the transition temperature-range of the various
steels were used. Three of these relations are based upon the behavieor of wide
plates with jeweler's-saw cut stress-raisers, and one is based upon the Charpy
V-notch impact values, These relations are described in the following para-
graphs,

{1) Temperature~inergy Absorntion Relation

between the temperature and energy absorption of wide plates of
various widths and made of wvarious steels, is presented in Section
3c, and is shown by the diagrams of Figs., ¢, 10, 11 and 12,

(2) Temperature-Fercentage Shear in the Fracture Relation:

The relation between the temperature of the wide plates and the
percentage shear in the fracture is shown in Fig., 17 for the l2-in.
wide plates of variocus steels.

(3) Temperature-plongation Relation: The relation between

the temperature and the average elongation to failure is shown by
the diagrams of Figs, 18, 19, 20 and 21. In these figures, the
ordinates represent the average elongation across the plate on a

gage length equal to 3/4 W, and the absiccas represent the tempera=

ture of the plate when tested,

{4) Temperature V-notch Impact Eelation: The relation be-

tween the temperature and the V-notch impact value for the various

steels is shown by the diagrams of Fig, 22,
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BEach of these four methods utilizes a diagram similar ic the diagram
described in the last sentence of the last paragraph on page 21. The tempera-
ture ranges of the intermediate portion of each of these diagrams, have been.
taken as the transition temperature-range. The transition temperature-ranges of
the various steels, as determined by all methods, are somewhat indefinite.

The values of the transition temperature-ranges, as determined by

the four methods, are listed in Table I1II. These values are o

L]

interest from
two view-points: first, as absclute values of transition temperature-ranges,
and sedond, as values determining the order in which the steels are segregsted.
The absolute values of the transition temperature-range determined
by the Charpy V-notch impact tests differed considerably from the values de-
termined by the wide-plate tests. In general, however, the absolute values
determined from the wide-plate tests by the various methods did not differ

greatly from each other, The values determined from the tempe

=

relation agreed most nearly with the values obtained from the temperature
energy-absorption relation. The range of the transition portion of the diagrams
was much less as determined by the wide-plate tests than as determined by the
Charpy V-notch test.

The segregation of the steels by the Charpy V-notch-impact test and
by the wide-plate test is shown in Table IV. The segregation from the wide-
rature-energy-absorption relation. In this
table, the steels are indicated by the letters D, DN, %, F and G as noted at
the bottom of the table. The sequence of the steels in the order of their
transition temperature~range, is indicated by the order in which the steels are
listed, There are two lines for each plate width. The steels are listed
according to the results of the wide-plate tests in the upper line, and accord-

ing to the results of the Charpy V-notch-impact test in the lower line, The
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arrangement of the steels in this table indicate that, for 72-in,, 48-in., and
24~in, plates,- all steels tested are segregated in the same order by the wide-
plate test and the Charpy V-notch-impact test, but for the 12-in. plates, the
-F and G steels and the DN and D steels are segregated in thé reverse orders of
sequence by the two *esis,

e, Heduction in Thickness of Flates: The reduction of thickness

of the wide plate tests may be found for part of the tests in the previous
reports(lJ(Z}, and for the remainder on pages 37a to 53a inclusive of

Appendix A of this report,




TABLE IIT.

TRANSTITION

TEMPERATURE-RANGES OF VARIGU@ STEELS AS DETERMAINED BY DIFFERENT RSLATIONS.

Relation Used

Transition Temnerature Range, Degrees F.

T Rimmed GKiiTed

for D KilTled D Killed E Himmed K Rimmed F Killed
Determination As-FKolled Nermalized As-Rolled Normalized As-Kolled As-Holled As-Rolled
_ - Trans.
| 12-IN. PLATES

V-Notch Imp. Test ~L0 to 100+ ~40 to 110+ 20 to 140+ ) N <70 te 110 jhO to 120

Temp.-Energy Absorp. 38 to 42 S ts 30 80 to 120 50 to 90 80 %o L0 20 to 55 <40 to 40

Temp ,~Percent . Shear 0 to 60 0 to 30 75 to 120 50 to 100 80 to 160 ~20 to. 55 -40 to 60

Temp.—-Elongation 38 to 42 O to 40 60 to 110 40 to 80 60 to 120 20 to 60 -50 1o 50

- 2L-IN. PLATES

V-Notch Imp. Test =40 to 100+ —40 it 110+ 20 to 140+ ~70 tu 110 )

Temp.—-Energy Absorp. 28 te 37 30 te 40 110 io -50 to 35 w

Temp.—Elongation 30 te 50 15 te LO 85 te 105 -50 to 50 L
H

LB-TIN. PLATES

V-Notch Imp. Test =40 to 100+ ~40 to 110+—-20 to 140+

Temp.~Energy Absorp. 30 tu 36+ 30 to 42 90 te 115

Temp ,—Elongation 30 to 36+ 30 to L2 80 to 120

72-IN. PLATES
V-Notch Imp. Test 540 to 100+ L0 to 110+ 20 to 140+
Temp,-Energy Absorp. 25-to 32 28 te 32 80 to 110
20 to 58 15 te 32 70 to 110

Temp.—Elengatiun
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TABLE IV.

SEGREGATION OF STEELS BY WIDE-PLATE TEST AND

CHARPY V-NOTCH INPACT TEST,

SR T s W P W AN i S P e mr i wnh G ek A D S O SN M Ant UON MU M D S A A A S et ey W e e A G S Y S O N S L A e A L v e e A e i

Plate Kind of Steel
Width, Steels Listed in order of Incressing Transition
In. Temperature-Range from Left to Right,
D DN' E
72 Sequence the same
b D E by both tests
D il B
L8 Sequence the same
D DN E by both tests
F D DN E ‘
24 ‘ Sequence the same
F - D DN E by both tests
G - F DN . D E
12 ‘ :
F G D oH E

Upper line based upcn wide-plate test. Temperature-energy
sbsorption relation,

Lower line based‘upon Charpy V-notch-impact test.

D
DN

E

H

1]

Killed-Steel D As-Rolled.
Killed-Steel D Normalized,
Rimmed-Steel E As-Rolled.
Killed~Steel T As-Rolled, |

Killed-Steel G As~Rolled.
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L. Tests of Plates with Punched Holes and of Plates with Sheared Tdges

e i s e . pka—

As Stress-faisers: 1In the brevious Progress Report,(z) there was reported the

failure of a pullimg plate and of a tensile specimen, both having sheared ecdges,
To further determine the effects of shearing and, in addition, punching two
© 24~in, wide_plates of rimméd;steel E as~rolied with lB/lé-in.rpunched holes, and
one 24-in. wide plate of the same steel with sheared edges were tested. The
holés were punched and the plate edges were sheared in a'bridge shop to insure
standard faﬁricating conditions, and were tested in the as-received condition,
 but after béing stored in the laboratory for several months at a temperature of
TO.tO:SO deérees F, The parallel edges of the plates with punched holes were
méchined to remove poésible cracks which would act as stress-raisers on the
edges, The details of these plates are shown in the upper parts of Figs. 23
~and 2a;' . ‘ . o |

The resulté of these three tests and of previous testszof comparable
specimens with other types of stress-raisers, are given in Table V and shown
in‘Figs. 25 and 26, The energy absorbed per.inch of net iidth was obtained
by diviﬁing the total energy abscrbed to fracture by the net width of the
Specimen on the section through the stress raiser. The net width of the sheared
edge plate waslits fuli widthﬂ The methiod of obtaining the energy per inch of
et width for the sheared édge'plate is explained ocn pages 39 and 40.

The lozd-clongation dlagrams for the plates with punched holes are
shown on page. lla - ;.: of Appendix A of this report. The diagrams of
thickness after fracture, for the plates with punched holes -and for those with

sheared edges, are shown oﬁ-pages 53a to 54a inclusive, of Appendix 4,



TABLE V.

TESTS OF 24-IN. RIMMED-STEEL, E AS-ROLLED PLATES.
Five Types ¢t Stress-Raisers. :

Loads in 1000's >f 1bs.; Stresses in 1000's lb. per sq. in.; Energy in 1000's of in, 1b.

e

ULTIMATE

ENERGY ABSCKBED

SPEC. TEMP. COUPON L ULTIMATE STRESS FRAC TURGE
NO, °F. _STRENGTH W LOAD ON NET SECTION percent: per inch of Net Widthw:
Y.P. ULT. ¢ 55 Ds At Max. At
Load Failure
13 .
IZ~IN. DIAMETER PUNCHED HOLE STRESS-FAISER.
17-8 ~38 30,1 56,3 0,303 644 .0 51.3 00 - ~ 7.5 8.0
SHEARED EDGE STRESS-RAISER '
17-12 ~43 30,1 56.3 - 792.0 bhy 7 100 - ~ - 10.06 %
JESELER' S-SAW CUT STRESS-RAISER
2043 89  32.3 59.6 0,25 483.3 35.4 100 - -~ 5,78 7.66
22-9 86  33.9 60,5 0.25 LBE L 36,7 100 - ~  4.17 7.15
209 -36 29.3 56.8 0.25 510.0 37.6 100 - - 0.92 1.21
_NO. 47 DRILL-HOLE STRESS-RAISER
2048 86 32,3 59,6 0.25 534,0 39,0 .50 47 3 5.68 15,17
20-14 ~40 29.3 56,8  0.25 546,0 - 39.8 100 -~ 3,43 3.63
1/k~IN. DRILL-HOLE STRESS~RAISER
2249 83-954 3L.3  57.7  0.25 - 602.0 L5 .4 13 79 8 11.%0 37.80
204~14 ~37 32,3 59.6 0,25 635.0 4L6.0 1000 - -~ 9,10 12.50

# ¢ = Cleavage, S8 .. Singte Shear,
% Gage Lengths shown on Figs.
# Refer to page 39,

DS = Double Shear
23 and 24.

/ Temperature increased to 95° F. due to plastic deformation.
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The strain distribution across these plates after fracture, is shown
at the bottom of Figs, 23 and 24. It is notable that, for the plate with
sheared edges, the unit elongation on the gage lines“bfidging the fracture is
of the same relative‘magnitude as the elongation on gage lines in the portion
of the plate away from the fracture, and is of the order of 2,3 percent., Failure
of this plate occurred at a temperature of -43°F. with no apprsciable reduction
of thickness and with a 100 percent cleavage fracture,

The strengths of plates with the following types of stress-raisers,
13/16-in, punched holes, sheared edges, jeweler!s-saw cut, llo. 47 drill-hole,
and 1/4-in. drill-hole, are plotted in Fig. 25. The temperature at which a
test was made is indicated by the numeral adjacent to the small circle repre-
senting the results of the test., The average strength of the plates with
punched holes was greater than the average strength of plates with other types
of stress-raisers, while the average streﬁgth of the plate with sheared edges
was aboul the same as the average strength of the plates with the 1/4-in.
drill-hole stress-raiser. B

| The energy abscrptions of the plates with different types of stress-
ralsers are compared in Fig. 26, The energy abscrption of the plates with the
punched holes is of about the same magnitude as the energy absorpticn of the
nlates with No, 47 drill-hole stress-raisefs and less than that of the plates
with l/a-in. drill~hecle stress-raisers, The low energj absorption of the plates
with punched holes may be attributed to the type of fracture, since these
plates had O percent and 9 percent shear in the fracture for tests at tempera-
tures of -38°F, and 79°F., respectively,

The energy absorption of the plate with sheared edggg was nol measured,
However, if it is assumed that the ratio of the product of the maximum lrad

and the elongation at failure to the energy absorption was the same for the pléte




- 4O -
with sheared edges as it was for the plate with punched holes, the value of

the energy absorption at failure for the plate with sheared edges would be
237,000 in/1b, which is equivaleat to l0,0SQ,in/lbs. per inch of net width.
The energy absorption of the plate with sheared edges is of about the same
magnitude as the energy absorption of the plate with the punched holes and of
the plates with the 1/4-in. drill-hole stress-raisers.

Thito + b
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wbtome with 12/
.I.IIHI-?, L%

he plates with 13/1
average strength than the plates with the other types of stress-raisers but had
a low energy abs_orption° The piate with sheared edges nhad approximately the
same strength and approximately the same energy absorption as the plate with

1/4~in. drill-hole stress-ralsers.

CONCLUSIONS

Tests of 3/4~in. plates with widths of 72~in, 48~in., 24-in., and
- . o T i L

12-in, cbntaining a jeweler{s—éaw cut type.of stress—rgiser and with an :
ratio of 0,25, are described in this and previous(l){z)reports? .The resﬁlts
5f-these tests appear to justify thé following conclusions,

| 1, Tor all kihds of steel, the éveragé strength decreased with an
inﬁreasé in the width of fhe plate. Loreo#er, the tendency to dacfease in
streﬁgth with an increase in the width beyond 72~in,, would seem tobe definitely
established. The average strength of 72--in. plates was somewhat greater than
g i tﬁe material.

2. The strength of the plates increased somewhat with an increase

in the portion of the fracture that was of a shear type. For plates with an

all cleavage fracture, changes in temperature were not accompanied by any

significant change in strength,
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3. The average strength of wide plates was somewhat greater for
killed~-steel D as-rolled, kiiled-steel D normalized, and killed-steel F as-
rolled than for rimmed-steel E as-rolled. all plates being of the same width,
The first three steels above had approximately the same average strength for
wide plates of the same width, The average strength of wide plates of killed-
steel G as~rolled was somewhat greater than the strength of the plates of cther
steels., The average strength of piates of rimmed~steel & normalized was
approximately the same as for rimmed-steel £ as-rolled.

he Tests-of 12-in. rimmed-steel # as-rolled plates indicated that,
for this steel, the direction of rolling had no appreciable effect upon the
average strength,

5. The energy-absorbing capacity of plates with severe stress-raisers
was many times greater under conditions that produced a shear-type fracture
than it was under conditions that produced a cleavage-type fracture. It would
seem, therefore, that the type of fracture is a dependable indication of the
encrgy-absorbing capacity of plates,

6. ihen in the form of wide plates with severe stress-raisers, all
of the steels tested, with the possible exception of killed-steel F as-rolled
and killed-steel G as-rolled, had a low energy-sbsorbing capacity at the sub=-
zero temperatures which may be encountered in ship navigation.

7. The transition temperature-range of rimmed-steel E as-rolied
plates was slightly higher when tested transverse than when tested parallel to
the direction of rolling,

8. Values of the transition temperature~range of the various steels
were determined from four relations. The absolute values of the transition

temperature-ranges determined by the V-notch Charpy impact tests differed
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considerably from the values determined by the wide-plate tests., In general,
however, the absolute values determined from the wide-plate tests by the
various methods did not differ greatly from each other. The values determined
from the temperature-elongation relation agreed most nearly with the values
cbtained from the temperature energy--absorption relatioﬁ. -The range of the

transition pcrtion of the diagrams was much less as determined by the wide-

—~ 2 1.

te tests than as determined
9. The range of the transition portion of the diagram was much
less as determined by the wide-plate test than as determined by the Uharpy
V-notch impact test.
10. For 72~in., 48-in., and 24-in, plates all steels tested are
- segregated in the same order oy the wide-plate test and by the Charpy V-notch

impact test, but for the 12-in. plates, the F and G steels and the Dn and D

w

teels ars segregated in the reverse orders of sequence by the two tests.

11. The unit strain at the end of the stress—raiser was many times

greater th up
where ffacture started. This was true for both the elastic and the plastic
- strains,

12. The unit plasfic strain abt the end of the stress-raiser was very
much greater on the 1/4-in, gage length than it wés on the l-in. gagé Llength,
for loads up to the load where fracture started.

13, The fracture of all the wide plates started at the end of the

stress~raiser and at the mid-thickness of the plate.

Tests of 2f4-in. wide rimmed-steel & as-rolled plates 3/4-in. thick

the following conclusions for this steel.
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1. Punched holes and sheared edges were apparently severe stress-
raisers, causing some reduction of .strength and a very great reduction in the
energy absorption,

2. Rimmed-steel E as-rolied plates with 13/16-in. punched ricles
as stress-raisers, failed at room temperature with & brittle fracture and

with a very low energy abscrption.

RECOMMENDATIONS FOi FUTURS WORK
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knowledge relative to the relation between the temperature of the stecl plates
and their energyhﬁbsorbing capacity. The curve showing the relation between

the temperature and the energy--absorbing capacity of stecl plates is made up

of three parts: (1) A nesriy horizontal portion at the left, which corresponds
to a low-ansrgy-absorbing capacity. (2) A nearly horizontal portion at the
right, which corresponds to a high energy-absorbing capacity. (3) A nearly
vertical transition portion connecting (1) and (2), The tests necessary to

define the three parts of this diagram within a somewhat limitea range of

T mmim s Frvimem bawrs b
T (9]

smperature have ~in. plates o
as-rolled, killed-steel D as-rolled, and killed~steel D normelized.
Considerable work has already been done to establish the temperature
energy-absorbing capacity of 24~-in. and 4&-in, plates.made of the three steels
designated above but time will not permit the completion of this work. It is
desirabie that the necessary tests be made to complete the temperature-cnergy-
abscrbing curves for 24~in. and 48-in. plates of the three kinds of steel,

rimmed-steel & as-rolled, killed-steel D as-rolled, and killwd-stecl D normzlized.

Tests of killed-steel G as-rolled in 72-in., 48-in., and 24-in., widths
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and killed-steel F as-rolled in 72-in. and 48-in. widths were not made and
would appear desirable because of the high energy-absorbing capacity and low

transition temperature range of these steels,
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APPENDIX A

EXPERIMENTAL DATA FROM WIDE PLATE TLSTS.
ABSTRACT

Experimental data from the wide plate tests described in this

report are given in the foilowing pages.

DESCRIPTICN OF SPHCTIENS.

all of the specimens, the tests of which are described in this Final

Report, are described in Table I, pages 6, 7 and 8, respectively.

RELATION BETYEAN LOAD AND AVERAGE
ELONGATION Ci A GhGE LoNGTH BGQUAL 'O 3/h .

The relation between total load and average elongation on a gage

length equal to ﬁhree—éuarters of the width of the specimen, islshown for all
speciméns on pages la to lla , inélusivec The plastic elongétion on a‘gage
length equal to 3/4 W was measured with a mechanical strain gage with conical
points at both extremities, which éngaged Lo, 54 drili holes on the inner
faces of pins projecting from the specimen on the gage lines 3/4 W apart.
The elongation was read on five gage. lines on each side of the specimen, as
shown on page 13a. 7ihe elongation thus measured includes the opening between
ﬁhe two parts of the plate after fracture had begun, The area under the load-
elongstion diagrams thus determined repreéents the energy absorbed over the
length of the plate equal to 3/4 W.

The unusual shape of the load—elongatién diagram, page la,

specimen 184-1, steel D as-rolled plate 72" wide, tested at 59°F,, would

iia



seem to call for some explanation. The corresponding diagram for specimen 22-1,
page 2a, steel D as-rolled plate 72" wide, tested at 59OF. i5 more typicail.

The difference is the more unusual because the two specimens were geometrically
identical, were made of the same steel, were tested at the same temperature, and
the energy which they absorbed te failure differed by only 20%. The difference
in the shape of the two load-elongation diagrams is believed to be due to the
difference in the fractures. For specimen 184-1,page la , the load increased
steadily up to 1,722,000 1lbs. and then there was a sudden drop in the load
accompanied by a cleavage fracture approximately 8.5 inches long at each end

of the stress raiser. The load was then increased and each portion of the
fracture was extended as a shear fracture until the lead reached a second maximum
of 1,250,000 lbs. after which the shear fracture was extended and the load fell
off, as shown by the diagram on page la,

The load—elongetlon diagram, page 2a , for speclmen 124-1, a 72-in,
steel D normallzed plate tested at 60°Fa, had a somewhat different shape, For
it, the load increased gradually up to 1,76),000 1bs, when shear fractures
approximately 515 in.nlong‘fermed a£ the ends of the stress;raiser. As the
tes tlng-machlne pulllngmheads were stlll further separated the shear fractures
axtended the load fell off and the exten51ons of the plate increased, as shown
on page 2a. | |

The load-elongation diagrem, mee 4a , for specimen 17-6A, 2 12-in.
steel D as-rolled plate tested eél‘LOOF,, is snown on page ALa, -Although the |
fracture was 100% cleavage, the elongation increased considerably before
fracture occurred and there was an abrupt increase in load just before the maximum
load was reached. Fracture was sudden and cleavage fractures extend simultansously

and instantaneously from each ond of the stress raiser to the adjacent edge of

iiik




the plate.

STRAIN DISTRIBUTION ACROSS
PLATZ ON GAGE LeNGTH SQUAL TO 3/k W,

The strain distribution across the plate as measured by mechanical
strain gages on a gage length equal to three-guarters of the actual width of
the specimens is shown on pages i2a to 20a, inclusive, for the tests described
in this report.

STRAIN DISTRIBUTION ACROSS
PLATE FROM BLECIHIC SIRALN GAGES

The strain distribution across one-half of the plate as measured by
SR-~4, electric strain gages is shown on pages 20ato 28a, inclusive, for the
tests described in this report, All electric strain gages had a gage length
of 13/16 in. except one gage of 1/4-in. gage length located next to the stress-
raiser on 24-in. specimens, Strain readings with the electric strain gages
were taken only in the elastic and early plastic ranges of the specimen.

PLASTIC DEFOEMATION ACROSS PLATE
ON 1/4=-IW. AND 1-IN, GAGE LilGTHS.

The plastic strain distribution across ocne-half of the plate as
measured on 1/4-in, and l-in. gage lengthslby mechanical strain gages is
shown on pages 28a to 36a , inclusive, for the tests of this report. ‘These
mechanical gage readings were taken up to the lcad at which the initial crack

at the end of the stress-raiser appeared.

TEICKNESS OF PLATE AT FRACTURE

The thickness and profile of the plate at the fractured edge is shown

on pages 37a to  54a, inclusive, for the specimens of this report.

iva
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~ APTENDIX E.

MECHANTCAL - PROPERTIES ‘AND

CHEUICAL ANALYSES OF MATERIALS. |

TENSILE COUPCH TESTS.

Tensile coupons were taken from each plate used in thig
investigation for the purpose of determining the mechanical
properties of the material. Duplicate tests were made of l¥-in,
x 3/4~in. A.S.T.l. standard flat tensile couﬁoné in the direction
of rolling and 0.505-in. diameter ABS.T.M. standard round tensile
coupons both parellei and normal ito the direction of relling.
The;?ésults of ‘these testiare shown in Tables Ib and IIb.

The chemical compogition of these variousrsteels are given in
Table ITIb.
 The mechenical proﬁerﬁies for plates not given in this.

(1,2)
appendix have appeared previously in previous reports »




2b
TARLE Ibh.

VECHANICAL PROPERTIES OF MATERIALS.*

Standard A.S.T.M. l3=in. x 3/4-in. Flat Tensile Coupons
Tested in Direction of Rolling.

i - — T - AR R e S G A AT SR M R RS e NN R N R S G e A A A G e ko b

L . N A S W i e S SR A M D N S S R M G4 AN M T S T M S W W S A T S A G S A G e W W R WA R W NN S W e T T ST ST W e

PLATE STRENGTH, ELONGAT ION REDUCTTON
NO. _1b, per sg.in. _ IN & In., OF AREA,
ULTIMATE YIEID Percent Percent
POINT
RIMVED-STEEL E AS-ROLLED
16 55 800 30 000 33.5 £9.6
56 400 30 200 29,2 56,3
Av, 56 100 30 100 31.4 58.0
18A 58 000 29 900 33./ 54,7
L. 87 700 29 800 . 30,9 5.7
Av. 57 900 29 900 32,2 54, .7
o . RIMMED-STEEL E NORMALIZED
16 57300 24 800 20.9 55,8
58 10035 400 __30.8 . 55.8
Av. 57 700 35 100 30,9 55.8
' KILIED-STEEL D AS=ROLLED
184 £7 100 20 200 29,7 52.0
66 700 40 800 : - . .29,5 55.1
AV, 66 900 40 000 29,6 53,6
168 65400 38 600 29.7 52.9
64 400 36 500 30,5 52,7
Av, 64 900 37 600 30,2 52,8
22 65 500 37 700 30.7 54,6
64 700 36 800 29,2 55.6
Av. 65 100 37 300 30.0 55.1
224 6/, 100 37 100 32,7 53.4
63 800 36 100 31.0 54,.8
Av, 64, 000 36 600 31.9 54,1
22B 65 300 36 700 30,0 51.8
63 500 36 200 29.3 a2y
Av. 64 400 36 500 29.7 54.1

Kechanical prope%$%ef2?f plates not appearing in this report are given in the
previous reports‘~’? . The normalizing treatments are described on page 7b
of this appendix.
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TABLE Ib. (Concl'd)

MECEANTGAL PROPERTIES OF MATERTALS.

A

- o i ke e A e vy e g W i W R T Al S R S N M A VR WS T MR S b G S A S e R R e e

B e . TED A A T N M e e R R S G R R W TR W e M W W R R S e e e e S e g e R A A e S S S W S A

PLATE - STHEWGTH, - © ELONGATION . REDICTION
NO. 1b. per sq.in. IN 8 In., COF ARES,
ULTIMATE YIELD Percent Percent
POINT

T N O M S TP M LD e B T e G e W G e S G M W W b S T B e s e e T T S P S W e N S D M e MR W T M R e e b e

KILLED-STEEL T NCRMALIZED

3 Eg 700 34 300 ) 32.5 59.0
59 200 33 400 32,/ 59,8

Av, - 59000 33 900 32.5 | 59.4
9 . 60 100 35_100 30,7 58 .4
59 900 3/, 800 : 31,7 60,2

Av, 60 000 ‘35 000 31.2 : 59,3
104 59 400 34 600 29.9 60.1
59400 25 300 31,3 50.4

Av. 597200 35 000 - 0.6 9.8
124 59 900 35 400 31.8 58,5
© 89 600 3J 200 30,9 56,3

Av. o 59 800 31|. 800 ] l!g. 5'70!#

KILLED-STEEL  F AS~RCLLED

A €1 000 33 650 : 30,8 62.4
60 500 34 450 30,3 62./,
Ave B0 750 34 050 , 30,6 62.4

KILLED~STEEL G AS-ROLLED

® 69 800 41 500 N 27,7 55.0
70 300 __ 41100 : 28.0 56,6
Av. 70 100 41 300 27.9 55,8

S e e g T G O T e g AR D A R G W A W P e e o A ek R sl TR A G e e B e e R S N RS A S R o b vl ek e LS
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TABLE IIb.

Ay T h L1
LECHANICAT PROFERTIES OF MATERIALS.*

Ay S e o T " T T 0 S N ) Y 2 o g - S A st S v e A A v S e
T b S e T A v vl Al g ki T O W F U NS A S W N W M Y S A T S0 M R U A WA R U A AR T M PR LB W M Ay mkr et e P e e e v e -

PLATE - ROLILING* STRENGTH, ETONGATION RELUCTION
NO. . DIRECTICN 1b, mer sg.in. IN 2 In., OF AREA,
. ULTIMATE “YIELD Percent © Percent
PCINT

M A e Nle v uh e W W B S S T AR A O S M S W N W e A i oy S e A Y e A b S e A LS e v e e G e A e

RIMMED-STEEL E AS-ROLLED
16"

P 59 800 31 900 36.0 59.0
- P 60 OOO 33 300 3700 ‘;9.6 .

Av, 5¢ 900 32 600 36,5 59.3
16 N 59 800 31 200 33.5 56,6
N 59900 31100 33.0 567

Av, . 59 900 31 200 - 33.3 56,7
184 P 60 400 31 400 35.5 594
P 60 100 - 31 800 3405 5905

Av. 60 300 31 600 35.0 59.5
184 - W . 59800. - . 333100 35.0 57 o,
N 59 600 31 900 35,0 5744

A, 59 700 32 600 35.0 5744,

RIMMED~STEEL E NCRMALIZED

16 P 62 600 L1 800 34.5 59.5
P 62 200 40 700 35.0 60,1

Av, 62 400 41 300 3.8 59,8
16 N 62 200 42 300 37,0 57,4,
N 62 200 38 700 35.0 56,2

Av, 62 200 40 500 36.0 56.8

* lechanical properties of pTa?gi not appearing in this report are given
in the previous reports (27, (2 . The normalizing treatments are described -
on page 7o of this appendix.
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TABLE IIb. (Cont'd)

YECHANICAL PROPERTIES OF MATRRIALS.

. T P M A I A W e e A S M A M e Y PN A A M A 4 A NS AR MR P R M M g U M O e T e 0 N Y e W T U T O R R A e e O o v O

. W . G S P A SR P UMD e N e S ap O S A M VIR AV A AR T N AR T M U R S A A W S g S WD s B G O e e e e i A e e e

PLATE ROLLING STRENGTH, ELONGATION ~ REDUCTION
NO. DIRECTION* 1b. per sg.in. - IN 2 In., OF LREA,
ULTIMATE YIELD Percent Percent
POINT
KILIED-STEEL D AS-ROLLED
184 P 68 200 41 700 | 33,5 55,6
P 68 200 A 400 35,5 £9.6
Av. ' 68 200 L1 600 34,05 57,6
CA8A - LN 67 200 41 800 31.5 53,9
o N 67 500 4d, 000 33,0 55,0
Ave 67 400 42 900 32,3 54,.0
188 P &7 200 4O 800 36.5 63.1
P . 61600 4Y 300 35,0 61.9
Av. 67 400 21 100 35,8 62.5
188 N 67 300 41 200 3405 53.4
B &7 500 41 700 33,5 55.8
Av. 67 L00 41 500 34,40 54,6
22 P 67 900 40 600 346 61,9
- P 62 000 38 600 33.5 o 61.6
Av. . 68 000 39. 600 34,0 £1.8
22 N 67 500 38 400 32,5 57.5
N 67 500 37 800 33,0 56,0
AVe 67 500 28 100 32.8 56,8
224 B 64, 500 37 800 35.5 65.5
P 64, 200 37 900 35,0 614
Av, 64 400 37 900 35.3 63.5
228 N : 64 500 39 000 35,0 57,4
_ N 64,700 37 500 35,0 58.5
AV, 64 600 38 300 35,0 58,0
228 P 67 100 38 300 35,0 61.0
P 67 100 38 100 35,0 60.0
Av, 67 100 38 200 35,0 60.5
228 N 66 900 38 40O 35.0 57.7
N 67 100 38 200 32.0 57,8
Av. 67 000 38 300 33,5 57.8



TABLE IIb {Concl'd).,

MECHANTGAL, PROPERTIES OF MATERIALS

e WV e e AT T S G g S D P D MR A A b b G Y N NN e 6 R A M 4 A e U e b S A e S AR s AR e R T A A M M e e e e
A U S G A L T R S T W S A S M S M G S L S B e ke e G W R A M S W R A Sk B e A b i e e

PLATE ROLLING STRENGTE, ETCNGATION REDUCTION
NO, DIRECTIUN* 1b. per sg.in. IN 2 In., CF AREA,
ULTIKATE YIELD - Percent Percent
POINT

O S T AL e S e e A A N G R P M M e T W S W et S e A o Ty T M N W N W e R e S S e e S i U R e

KILLED-STEEL D NORMALIZED

9 P 63 400 38 400 36,5 63.3
| P 63 700 38 700 37.0 6.2

Ave o 63 600 .38 600 36.8 63.
9 N 63 200 37 200 37.0 61.8
N 63 400 37 800 34,5 61.2
AV 637300 "37 500 5.8 61.6
104 p 62 600 77 100 35.0 61.6
p €2 500 37 300 35,5 60.4
Av. %2 600 37 260 35.3 51.0
104 N 62 700 37 600 3.5 57,0
N 62 700 37 400 35.5 58.0
Av. b2 700 37 500 35,0 57,5
124 p 62 500 37 500 35,0 62.5
P 63 000 37 600 35.0 63.2
Av. 63 000 37600 5.0 52.9
124 N 64 200 37 800 36,0 59,0
N 63 100 37 900 34.5 56,7
Av. 53 700 37 800 35,3 57.9




TABLE IIIb.

CHEMICAL ANALYSES OF PLATE STEELS.*

KIND OF STEEL CHEMICAL ANALYSIS — Per Cent
C Mn P S 8i Al Ni Cu Cr Mo Sn v As N
Rimmed-Steel E
As-Rolled «20 33 013 ,020 01 009 015 .18 .09 018 ,024 .02 .01 .005
Killed-Steel D
As-Rolled 22 .55 013 J02y .21 L,020 .16 22,12 022 ,023 .02 .01 .OO%
Killed-Steel D
Normalized 19 .54 011 024 .19 019 15 22 W12 021 ,025 .02 .01 ,006
Killed-Steel F e
As-Rolled .18 .82  .012 031 .15 .054 .CL .05 .03  ,008 .021 .02 .01 .0C6
Killed-Steel G
As-Rolled + 20 86,020 ,020 .19 .O4L5 .08 .15 04,018 .01z .02 .01 .006
HEAT 1REATMENT OF NORMALIZED STERLS.
Killed-steel D normalized was normalized at the rolling mill at & temperature of
1650 degrees F. The length of time at the normalizing temperature is not known.
Rimmed-steel E normalized was normalized at the University of Illinois. It was

held at a temperature of 1650 degrees F. for one hour and then ccoled in still air,

% Data furnished by Dr. S. Epstein, Bethlehem Steel Corporation.
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ATPRNDIX G

TENSTLE PROPERTILS OF MATHRIALS
AT DIFFERENT ToMPIRATURES

In Appéndix B are-described tensile coupon tests at room temperatgre
made with 0,505-in, diameter A.S.T.&. standard round tensile specimens. Tests
of the same type of specimens at different temperatures ranging from approxi-
mately 150°F. to -100°F. are described in this appendix. The tensile coupons
for these tests were taken from one plate fof cach kind of steel and were made
for all the kinds of steel covered in this Final Heport.,

1. Procedure: Specimens tested below room Lemperature were immersed
directly in-the refrigerating liguid, while specimens tested above room temper—
ature were heated with infra-red lamps. The specimens were brought to the |
testing temperature, mounted in the testing machine, and then kept at the
Lesting temperature for about twenty minutes to insure uniform distribution of
femperature; A thermocéuple*iﬁ intimate congact with the Specimeﬁ was used
to measure the specimen temperature, An attached extensometer with an initial
gage length of 2-in. measured the elongatiop.'

2., Data: The mechanical properties of the different kinds of steels
are tabulated in Table lc and plotted in the diagrams of TFigs. lc to 5c,

inciusive, The fractured specimens are shown in Figs. éc, 7c and 8c,
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TABLE Ic

TESTS OF 0,505-IN. DIAMETER TLUSILE COUPONS AT DIFFERENT

e vk e e e e v A o i B o B i N et S A A A R N A e S W e e e e vk T e U e 7R W O e R R e e e s R ol R e G
Y i ke S P A A A P R R G A e T v U L S M M R A e g A e A T A R U G e i S v e e o R A R

PLATE TEXP. STRENGTE, YIEID POINT ELONGA-  REDUCTION
ne. . °r. 1b, per sg.in. TLT. STRENGTH TI0N I OF ARFA,
TITINATE YTELD 2 In.,
. POINT Percent Percent  Fercent
RTNED-STEEL E AS-ROLLED
200 - 151 61 600 34 000 55,2 34,0 56,7
| 151 61, 600 33 800 54,5 33,0 50.3
AV, 151 A1 600 23 900 55,1 33.5 55,1
204 0, 65 000 34, 900 53,7 15,5 60.6
| 75 64, 500 36 900 57 2 3.5 56.5
Av. 745 64 800 35 900 554, 35.0 58.6
204 0 &7 800 36 000 53,1 6.0 50,4,
1 68 400 35 800 52,4, 34,0 56,8
Av. 20.5 63 100 35 900 528 35.0 57.6
204 «l9 0 800 40 200 56.8 39,0 56,1
50 0 600 243 100 61.0 36.0 53,0
Av. T =49.5 70 700 41 700 58,9 37.5 54.1
204 08 w5 500 48 600 6444, 26.5 5204
-102 75 900 50 400 6.4, 3%.5 56,5
Av. =100 75 700 49 500 65./, 26.5 5445
KILLED-STEEL D AS-ROILED
18 146 63 500 39 000 6l.4 24.0 62,9
147 63 500 20 100 63,2 6.0 64..0
Av 16,5 63 500 29 600 62,/ 35,0 63,5
18 70 &6 200 39 600 50,8 36,5 60.8
75 66_500 40 500 60,9 35,0 624
18 -1 70 200 41 200 58,7 37,0 61.5
25 69 900 42 400 60,7 36.0 60,8
Av. +2 70 100 41 800 50,7 36.5 61.2
18 -4 72 900 Li 400 61.0 29.5 62.9
-50 71 900 /8 100 6.9 34,0 61,1
18 2101 77 630 51 800 66.7 39,5 62.4,
=103 77 300 50500 65.3 3845 50,3
Av, =102 77 500 51 200 66,1 39.0 60.9
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TARLE Ie (Conttqd’

TESTS OF 0.505-IN. DIAMETER TENSILE COUPONS AT DIFFEREN

AT i Bk T e M % M

TENPERATURES FOR THE VARICUS %XINDS OF STEEL.

DR T T TT IR TS NN MR MRl w R ar m e M R SRR M VS S P S e e e e e g Ak W M AR P AR AT AP R Al e kN e mi D N s e B e M T W et U e A W M W A
e e e e R e T T T e e r - ittt 14

PLATE TEMP. - STRENGTH, . _YIELD POINT  ELCNGA- REDUCTION
NC. °F. 1b. per sq. in. ULT. STREXGT: TION IN OF AREA,
ULTINATE YIELD 2 In.,
POINT Percent: Percent Percent
. KILIED~STEEL D NORMALIZED
54 148 60 100 36 800 61,2 36,0 67.3
145 60 000 36 400 60,6 36,0 673
Av., 16,5 60 100 36 600 60,9 36,0 67.3
58 7% 62 000 . 26 900 59,5 37,0 64.5
"/ 62 000 37100 . 5949 3650 65,5
Av. 74, 62 000 37 000 59.7 36.5 65.0
54 o 66 700 41 700 62.5 37,0 646
-2 66 700 42 700 6000 40,5 65,5
Av. -1 66 700 42 100 63.3 38.8 65.1
54 =49 69 300 42 500 61,3 £1.0 5642
“/{9 '70 100 A‘; 6GO 6500 291.0 6235
Av, -49 49 700 44, 100 63.2 35.0 59.4
L =100 74, 400 51 700 60,6 1.0 61.9
=99 —— 13 900 50 600 67:4 38,5 5949
Av, -09.5 7/ 200 51 200 68,3 39.8 60.9
KIZLED-STEEL F AS~ROLLED
A 151 58 400 34 600 59.3 38.0 69.0
. 152 58 100 35 700 61,4 39.0 64,8
Av, 151.5 58 300 35 200 60.4 38.5 66.9
A 76 61 300 3/, 800 56.8 26.5 62.9
75 60_800 36_500 60.1 37,5 67.5
Av. 75.5 61 100 35 700 58,4, 37.0 65,7
A -4 64 400 35 700 5544 37.5 62,7
2 64_2C0 26 800 57,3 39.0 67.6
Av, =1 64, 300 36 300 56. 5 38.3 65.7
A ‘.-['9 67 000 39 9:00 50.6 3!'.0 6109
=48 67_200 32000 560 40,0 6620
Av. ~h3e5 67 100 39 500 52.9 37.0 64.0
A «100 707 700 L5 400 64,2 36.0 YA
-99 71 500 44, 300 61.9 43,0 65.4
Av. =99.5 71 100 44, 900 63,2 37.7 65.0
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TABLE

- Te {Conel'd)

TENPERATURES FCR

THE VARIOUS XINDS OF STEZL.

. T e T W S T T T A e g o e ok A e AL e Al M A T IR N e S e e o e W B U G S el D S U R W RS NA n

L e s s o Y Wy S S P M NP M A T R e e e il S o) A S M WA e e TR U S S S A S g R

PLATE TELP STRENGTE, _YIELD POINT FI ONGA-  REDUCTION
0. CF. 1b, per sd, in. ULT. STRELGTE TION IN OF AREA,
ULTIMATE YEILD 2 In.,
POINT Percent Fercent Percent
' KIILED-STEEL G AS~ROLLED
B _ 150 68 700 43 400 63,2 34,0 6.0
L 152 68 900 40 500 58,8 31.5 622

Av. o 151 68 800 42 000 61.1 32,8 63.1
B 75 75 700 42 500 56,2 34,0 59,2
1A 72 400 42 900 59,73 33.0 62,3
Av. 5 74 100 42 700 57,7 33,5 60.8
B -10 76 200 45 200 59,0 34,.0 60,0
22 I 5 ALY, 45 100 59.8 33.5 61,2
Av, =4 76 100 45 200 59.4 33.8 60.6
B =49 78 800 49 500 62.8 28,5 61,2
=49 79 400 50 800 63.9 35,5 50,5
Av, ~49 79 100 50 200 63.5 37.0 60.4
B ~100 84 100 56 000 66,4 36.5 57,0
-102 83 500 51 100 61,2 35.0 60,2
Av, -101 83 800 53 600 64,0 35,8 58,6
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3. Discussion of Data: As shown in Figs. lc and 2¢, the nominal

ultimate strengths of all five kinds of steel increased about 22 percent when
the temperature was reduced from approximately 150°F. to -100°F,, while the
yield points increased between 27 and 4O percent for the same reduction of
temperature. The ratioc of the yield point to the nominal uitimate strength
increased as the temperature was decreased as shown in Fig. 3c. The percentage
n 2-in, was about the same for
in area decreased slightly with decrease in temperature.

The nature of the fracture changed as the temperature was reduced.

The shear cone present in the specimens tested at room temperature gradualiy

disappeared until at ~100°F. no evidence of a shear cone was visible,
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FRACTURES OF TENSILE COUPON SPECIMENS TESTED AT DIFFERENT TEMPERATURES,
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APPADIX D.

HARDNESS SJ;*;J;";L&; ND BLHGY~ABSORPTION
AFALYSES OF FRACTURAD oIDE PLATAS.
SYNOPSIS

The fact that plastic elongation of a metal increases its hardness
is well known. Moreover, the greater the plastic deformation, the higher the
hardness. T'urthermore, since energy must be expended to produce plastic de-
formation, and theréby an increase in hardness, it is possible to determine
the relation between the amounﬁ of energy absoroved and the increase in hardness,
This)relation between energy absorption and increase in hardness has been used

1 of energy absorbad by o
L O oy o

'stréined 1::].&’:,5:'5“-4'L

The method outlined in the previous paragraph has been used to de-
termine the energy absorbed by three wide-plate specimens with jeweler'!'s-szaw
cut stress-raisers which were tested statically to failure in tension. The
three specimens were ali fﬁom the same heat of killed-sﬁeel D as-rellad. The
thickness was 3/L" énd the length of the stress-raiser was.one—fourth cf the
width of the plate for all speéimens. The application of this method involved
the following studies:

Part I - Hardness surveys of wide plates tested to failure in tension.

Part II- Hardness surveys oi control specimens and energy absorpt;on
determination of wide plates.

It was of interest to compare the maximum hardness near the fracture
for the wide plate specimens and for the tensile coupon specimens. This com-

parison is made 1n Part III, Vickers hardness studies of fractures in wide-plat

# The suggestion that the energy absorption of a wide plate could be studied
in this manner was made by Dr. E, K. Parker, University of California,
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specimens and standard tensile specimens.

PART I. Hardness Survey of wide Plabes Tested to Failure in Tension

The specimens used in these tésté.Were made of 3/4" killed-steel D
as-rolled plates ard all were from the same heat, 'They all had a jeweler 's—saw
cut stress-raiser with a length equal to one-fourth the width of the plate.

The specimen numbers and widths were as follows: 174~54, 12" wide tested at
~50% , ; 14-1, 48" wide tested at 18OF.; and 17-7, 72" wide tested at O°F,
Thésé plates had all been tested in the series of wide-plate tests and thé
energy absorﬁtidn to failure had been determined from the measured elongation
of 8 gége lines over.a length equal to 3/4 % (width of plate). The enefgy
absorptioﬁ to failﬁfe for these three wide~plate specimens, as determined from
the elongétion on a gage length =qual to 3/4 W, had values of 23,6C0 in./lb;,
304,000 in./lbs., and 228,000 in./lb., respectively. All three plates failed
with a 100% cleavage fractufe.

| Values of the energy absorption of the same plates, bésed on a hardness
surﬁey of o;ennuartér
The four‘quarﬁers into which each plate 1s divided by lengitudinal and trans-—
verse centerlines are geometrically similar and were similarly loaded. A
general hardness survey was made of one4quarter of each specimen, using a
Rockwell B indenter, The hardness indents were made on planes normal td both
the plane of fracture and the rolled surfaces of the plate. One guarter of
each wide-plate specimen was sawed intc strips as shown in Figs. 1d, 2d, and
3d, for specimens 1l7A-54, 18-1, and 17-7 respectively. The sawed surfaces
were ground with a ccolant and finished by polishing with a No. 1/2 grit

metallographic polishing paper.
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Before the hardness tests were made, the strips sawed from the wide-
plate specimens were hested in water to 212°F. for two hours. This procedure
was followed in order to age the plastically deformed metal to a condition in
which no further change in hardness would occur at room temperature.

The strips cut from the wide-pls
were then tested for hardness as indicated by the indents shown in the lower
part of Fig, 4d. These indents are on a plane normal to both the fracture and
the rolled surfaces of the plate. The location of the indents relative to both
the fracture and the rolled surfaces of the plate is shown in the upper part of
Fig, 4d, The hardness indents on a line perpendicular to the rolled suffaces
gave closely similar hardness values, and the average of the three was taken as
representative of the region. Hardness indents similar to the ones shown on
Fig. 4d gave the hardness at points at various distances’from the plane of the
fracture and at various distances from a longitudinal'plane normal to the reclled
surfaces of the plate and tangent to the outer end of the stress-raiser. The
hardness variation from the fracture to the outer end of the 3/4 W gage lengths
is shown, for each of thc various strips of the l2-in. plate specimen 174~54 by
the diagrams of Fig. 5d. There are six of these diagrams, The numeral in the
circle ai the right of each is the distance in inches from a longitudinal line
tangent to the outer end of the stress-raiser teo a longitudinal piane on which

the hardness was measured. The upper left diagram labeled "-1/2" is for a

Lot ad

longitudinal plane 1/2" inside of the outer end of the stress-raiser. The

distance of any point on a digram from its left end is the longitudinal distance

from the fracture to the indent from which the hardness in question was determined.
The iso-hardness contours for specimen 17A-5A, shown in Fig. éd, were

determined from the hardness diagrams of Fig. 5d. The iso-hardness contours for

specimens 18-1 and 17-7, shown in Figs. 7d and 84 were determined in a similar
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PART II. Hardness Surveys of Control Specimene and Energy Absorption
Determination of Jdide Plates

Ton maredoen o IR TR S, + .
1ii oruer o 1 nvs inw

hardness increments
was necessary to know the relation between a hardness increment due tp plastic
deformation and the energy required to produce that plastic deformation., Both
ten&ion anhd eompression tests were used in this determination, and in the follow-
ing manner. |

For the compression tests, the specimens were 3/4% cylinders B/AH,
high witn axis pérallel to the direction of rolling. The flat ends of the
éylimders were made parailel planes by surface grinding. Their length and
diamgﬁer were carefully measured with micrometer calipers before and after
A series of'nine specimens were pulled to give pre~determined residual plastic
strains fanging from 1% to 30%. After straining a specimen, a piece about 3/4
long w;s cut from its center and the Roclwell B Hardness was determined on one
flat end after the ends had.been prepared as previously described for the com~
pression testsi‘ The cylinders were then aged for two hours at 212°F, and the
.hardness ﬁas determined on the end opposite to the end used for the M"as-strained”
hardness test.

The load-strain for these small cylinders are given in Fig, 10d for

hardness-strain curves are shown by the dash lines in the same figures,

The hardness-energy curves for the compressiqn and teqsile calibration
tests are shpwn in Fig., 12d and were derived as fqllows:

l. A strain corresponding to a particular hardness value was se-
lected on the hardness-strain curve,

2. The area under the lpadvstrqin curve was integrated with a plani-

meter from zero strain to the selected strain. This area was the energy
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absorbed in inch pounds in the volume of the specimen bounded by the initial
gage length.

3. This energy was converted %o inch pounds per cubic inch of
specimen volume, |

L. The hardness in step 1 was plotted against the energy per cubic

inch and a point on the hardness-energy curve-was thus determined.

A repitition of this procedure determined the other points on the
curve,

The energy absorbed to fracture in 1/4 of each of the wide plate
specimens 17A-5A, 12 inches wide; 18-1, 48 inches wide, and 17-7, 72 inches
wide, was determined by integrating the area between consécutive iso-hardness
coﬁtour lines, converting the area to plate volume, and multiplying the plate
volume by the energy absorption corresponding tc the average hardness as de-

1> A Tle
LEe il 411

L]

guarter of a wide plate specimen surveyed was then muitiplied by 4 to give
the energy absorbed in the whole specimen., This procedure was based on the
assumption that the energy absorbad in one-quarter of the specimen was 1/4 of
the total energy absorption.

Tables Id, IId, and I1Id give the total volumes plastically deformed
to each of several different hardness levels and the energy abscrption corres-
ponding to thesé total volumes and hardnesses. The corresponding energy ab-
sofbedz given in Tables Id, IId and I1Id, is based on both compression and
tensile tests. The total energy absorption is shown at the bottom of each
éf the two right-hand columns. These energy values are compared in Tab;e wd
with the corresponding values obtained from the strain gage readings.

The data in Table IVd indicates that, for the limited number of

tests made, the energy absorption determined by means of hardness surveys and
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by means of strain gage readings differed considerably. For the i2-inch
specimen, the energy absorption determined by hardness surveys was less than
the energy absorption determined from strain gage readings, while for the 48-in.
and 72-in. specimens the reverse was true.

A review of the possible sources of errors in determining energy
absorption by means of hardness surveys shows the following to be of -significance,
the width, 1ches,
temperature, ~5OOF., were such as to produce an extremely small region of high
energy absorption. The Hockwell B hardness indentations could not be spaced
- sufficiently closely for the 12-inch specimen to record higher values than
the maximum of 82 Rockwell B, If a Vicker's hardness tester had been used, a
more accurate hdrdness survey could have been made in the regions of greatest
energy absorption.

2. The uncertainty of extrapolations of the iso-hardness.contours,
as shown by the dotted lines in Figs. 6d, 7d, and 8, may have contributed
large errors to the energy absorption evaluation, For the 72-inch specimen,
No. 17~7, the largest contribution to the total energy absorbed was made by
the large areas of low hardness for which the hardness values were determined
largely by extrapoclation,

3. The assumption of symmetry of plastic behavior with respsct to
- the vertical and horizontal central axes of the specimen may not be entirely
correct. For the 12-inch specimen 174-54, the quarter portion taken for hardness
surveys had a somewhat lower elongation as determined from strain gage readi
than the portion on the other side of the vertical centerline, as shown by
the diagrams on:page 1l5a. It would, therefore, be expected that the energy

evaluation from hardness surveys might be low for this 12-inch specimen.

While the strain gage measurements on the wider plates, 48 and 72 inches wide,
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show essentially uniform elonga%ion on‘both sides of the vertical axis of the
specimens, these strain readings'gavé no indication of the symmetry of plastic
behavior above and below the horizontalléxis of the specimen,

4. The réproducibility of Rockweli B hardness values in uniform
material is considered by the manufacturers of the hardness testing machine to

be * 1 Rockwell B number., It was possible with careful attention to testing

blocks for hardness testing supplied by the company. The averégé base hardriess
of our as-rolled plate may vary as much as 2 or 25 Rockwell B numbers over
pofﬁioné of a large platé of killed steel as-rolled. loreover, all three wide
pléfe specimens were from different parent plates, Inasmuch as the increment
in hardness due to the plastic strain was small, a small error in the basic
hardnéss would cause a relatively large error in the energy absorbed as de-
termined‘by hardness increment,

5. The three wide plate specimens could not‘be sectioned and surveyed
for base hardness values before being tested. The assumption, therefore, of
the same base hardness, 73, Roclkwell B after aging 2 hours at 2120F., for the
three wide piate specimens may have been in error.

A determination of the energy absorbed by a ﬁide plate plastically
deformed would seem to be possible from a study of the hardness increment.
lowever, so many factors appear to be involved that the procedure to be foilowed
should be developed in tests under conditions which perait of a.careful control
of all the factors

Alfhough the energy evaluation by means of hardness surﬁéys.did not
produce a successful measure of the £otal ernergy absorbed, the iso-hardness
contours nevertheless are of value in showing the manner in which the strain

is localized at the stress-raiser.
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PART I1I. JVicker Hardness Studies of Fractures In Vide-Plate Swecimeng and

Stgndard Tensile Specimens.

Tests were planmned to detefmine ﬁhe hardness near the fracture of
steel specimeng that‘had been loaded to failufe in tension. Two types of
specimens were used. (i) Plates with severe geometrical stress raiseré that
had been used in the wide-plate tests. (2) Standard round 0,505" tensidﬁ
specimens. Speciﬁenslof both itypes were studied which had been tested at
various temperatures fgnging from -100° F. to ¢150°F. The hardness tests
wéfe made with a Viekers hardness tester in order that the hardness conld be
measured at poinﬁs negr the fracture. With this instrument, using a load of_
10 kilograms, tre hardness could be determined with confidence at a distance
from the edge of the plate.of 0.02 in.

The wide~plate specimens used in these studies were: 4dll of killed
steel D as-rolled, the plates for all specimens being from the same heat.
These specimens were as follows: 17A-~54, a 12«~in, plate tested at a tempor-
ature of ~50° F.; 17-7, a 72-in. §1ate tested at a temperature of 0° F.;
and 18-1,’a 4L¥-in. plate tested.at a temperature of 18° F,

Vickers hardness studies were made on longitudinal planes‘normai to
the rolled surfaces of the plate and 1/16 inch outside of the outer end of
the jeweler's-saw cut stress-raiser. The selected planes represented a
surface having‘for its width the full 3/4-inch plate thickness and a length
of aboﬁt 1-inch measured from the fracture surface. This surface was given
a metallographic polish and lightly etched. The hardness tests were made
with a load of 10 kilograms on lines parallel with the rqiled surfaces.

The first Iine was spéced 0.02 inch from the nearest rolled surface and the
lines thg;eafter were spaced 1/16 iqch apart. On each of these mutually
paralléi.iines, the indenté were sﬁaced C,02 inch from the fracture and

thereafter 0,02 inch from each other up to a distance of about 1/2 inch
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from the fracture. Bevond the 1/2 inch distance from the fracture the indents
were spaced at 1,/16 inch intervals,

The 0,505-~inch diameter tensile specimens¥® were prepared for hardness

" tests by cutting the cylindrical spediﬁéns in half along the diametral plene

Tomn Ve md
1 Ll .LU[].ESJ.

i

heated for 2 hours to 212° F., to promote ranid aging, After being mounted

in a block of Wood's metal, these longitudinal sections were then ground and
polisbed for Vickers hardness tests. The hardness indents were made slong the
centerline of the flat, polished surface at intervals of 0.02 inch from the

fracture to a distance of about 1/4 inch from the fracture; beyond this point

.the indents were spaced at 1/16 ineh intervals,

_For the five 0.505" tensile specimens, the variation in Viekers .

hardriess with distence from the fracture is shown in Fig. 13d. The maximum -

L TR, VS - N M IO I o mmmmd s ma ot wmmm s . ~ A atavmn o~ - 3=
hardness on the cenerline of the specimen occurred at a distance of approxi-

o
N

mately C.08 in. from the fracture. The maximum hardness increased slightly

with a decreasing temperature of the statie test. The actual values were as

.shown below:

. . o o . g o M T M e A e e R MR N e o AN A AR S W SR MR e T T e R A S P SR e o (  ea T R Sy Sy TS S G i

o o o 0
Temperature of 146" F. 75 F. -1~ F. -50" F, ~100° F,

Static Test
Maximum
Vickers R15 215 216 222 224,
Hardness

The average minimum hardness of all specimens in the pnrtion surveyed

was approximately 180 Vickers.

The results of Vickers hardness tests made as previously described,

are given in part in the iso-hardness contours shown in Figs, 1l4d, 15d, and 16d.

#See Appendix C
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The maximum hardness values found were as follows:

e mar m———

A X IMUM

SPECTMEN WIDTH, TRMPERATURE OF VICKERS

NO. IN. FRACTURE TEST HARDNESS
17A-5A 12 -50°F, 211
17-7 72 0°F, - 206

18-l L8 18%p, 244

 er—— s -

Fer the tensile specimens shown in Fig. 13d, the meximum hardness
ocecurred at a small distance from the fracture.

A comparison of the maximum hardness of the wide plates with that
of the 0,505" tensile specimens shows that, for the 12-and 72-inch wide
specimens, the maximum hardness found was about ten Vickers hardness numbers
lower than for the 0.505" tensile bars at corresponding temperatures. However,
the 48-inch specimen had a maximum herdness value of 244 Vickers, which is
considerahly above the maximum hardness of any of the 0.505" tensile bars.

The iso-hardness contours across the thickness of the plate given
in Figs, 14d, 15d, and 16d, sihow the contour line for 170 Vickers hardness
at a progressively greater distance from the fracture as the testing temper-
ature of the wide plate specimens was increased, and thereby indicate that fhe
volume of plastic deformation at the end of the notch increased directly as .

'the_testing temperature,
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TABLE Id

RESULTS OF HARDJESS SURVEYS AND EHERCY EVALUATION

OF 12-INCF WIDE PLATE SFECINEN NCG. 174-5A.

ROCHWELL B VOLUUE OF . _ENERGY ACSOBTD.  Inch Pounds

HARDNESS PLATE CCLPRESSICN TENSION

RANGE | B ARDENED CALIBRATICN CALIBRATION
cu, ins,

£1-82 0.55 6770 776
80-81 0,73 87, 1056
79-80 0.59 562 © 668
7879 2,23 1650 1472
7778 6,66 3296 3068
T6=77 9492 3470 4460
7571 8.8 194/, 3012
7415 6.08 730 1520
73-7, 29,64 /A 4188

TOTAL 65.24 14 137 20 220

N S A A T A A e e ek B W g W e R T Y W R e A S S R e e W AU W R W M e M s S N W R e MR e AL W e
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TABLE IId

RESULTS OF PARDNESS SURVEYS AND ENERGY EVALUATICN

OF 48-INCI WIDE PLATE SPECIMEN NC. - 18-1,

T o e U e A e et Y e o A S S Wy T R A Y wm e Ty WYk e T A 4 T —

ROCKVELL B VOLUME OF  _  ENFRGY ABSOREED, _ Inch Pounds
HARDNESS ‘ PLATE " TCCMPRESSICN  °  TENSION
RENGE HARDENED, . CALTBRATION - CALIBRATICN
cu.lns.,

90 « 0.12 1730 1360
£9~90 0.12 1086 1043
8889 0,16 1214 1160
8788 ' 0.16 o7 976
86-87 0.39 1853 | 2030
8586 1.25 4540 5130
84,-85 471 13830 15040
3-8, 4405 8980 9800
82-83 5.34 9720 10240
£81-82 4e98 9330 8480 )
80-81 20.55 24670 29800
7950 11.65 30060 35750
78-7 107.40 | 79600 70900
7778 201.90 105800 92800
76-77 62.22 21750 28000
7576 40,79 9000 13860
74175 122,22 14660 30500
737, 149425 3730 20900
TOTAL 757 .26 340 530 377 769

e i e e e R R I S A G e S R e e W e e e T A G W S g e g 7S S ey i e S T A M W S S e e S L o A W



TARLE ITId.

RESULTS OF BAEDNESS SURVELS AND ENFRGY EVALUATION

OF 72-INCI VIDE PLATE SPECIMEN NC. 17-7.

i e A i

Ak i o W WA R S M A P i ol e S e B e b o ol e AP D T N A wm e e S W R S 4 W T D g M P R N S S A W M A TN TR S e E e e e e re e e

RCCKVELL B VOLUME CF ENERGY ABSORBHED, Inch Pounds
HERDNESS PLATE CONPRESSION TENSION
RANGE - HARDEINED, - CALIBRATION CALIBRATICN
Cl.1ns8.

87-89 .08 557 541

85-27 .28 1154 1300

84-85 .35 1029 1120

83-84 .69 1532 1670

8283 C1.09 1970 2100

g1-82 1,42 2110 2430

80-81 2.5 3015 3640

79-80 32.40 30800 36600

7879 91.20 - 67500 60200

77-78 135.90 - 72400 62500

P67 159.30 55750 71700

75-76 | 252,90 | 56800 85900

Ti="75 1233.00 148000 308000

73-17, 696.00 1700 97400

T e B WS P O Y o o WA g ol ol ke G S N S G P g P A R A e P M L e e e e U NN TR EA A AR S A W e
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TABLE Ivd.

COMPARISCH OF ENERGY ABSORPTICK DEIERMINATIONS FOR

REGION BOUNDED BY GAGE LENGTH OF 3/4 .

SPECINEN WIDTH OF ENERGY_ABSORRED, _ Inch Pounds
NO. SPEC INEN CONMPRESSICH TENSION STRAIN
o TEST TEST GAGE
CALTHRATION  CALIRRATION
17854 : 12 In. 14 137 20 220 23 600
18-1 .8 In. 340 530 -3 769 304 000
17-7 72 In. 459 017 735 101 228 000
DIFFERENCE BETYEEN ENERGY ABSORPTION DETERNINED FROM
STRAIN GAGE VALUES AND HARDNESS TESTS.
SPECTMEN . WIDTH OF CONPRESSION TENSION
NO. SPECIVEN TEST TEST
CALIBRATION CALTIBRATION
174-54 12 In, -0 % - 14.3 %
18-1 : 48 In. 212 % + 2L.2 %
17-7 72 In. +101 % 2202.2 %
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SUMMARY .

Iso~hardness contours based on Rockwell E hardness surveys were
drawn for three wide plate specimens. The evaluation of energy absorbed
obtained by integration of the iso-hardness contours and based on hardness-
energy calibration curves did not correspond with the values of energy
absorption obtained from strain gage readings.

Although the energy evaluation by means cf hardness surveys did
not produce a successfui measure of the total energy absorbed, the iso-
hardness contours nevertheless are of value in showing the manner in which
the strain is localized at the stress-raiser.

Vickers hardness surveys on a longitudinal plene normal to the
rolled surfaces of three wide plate specimens 1/16 inch outside of the
outer end of the stress-raiser gave hardness maxima which were compared
with hardness maxima for 0,505" tengile specimens tested at temperatures
in the range of -100° F. to 146° F. Tor two of the wide plate specimens
the maximum Vickers hardness was only slightly below the maximum hardness
of the tensile specimens tested at corresponding temperatures, while for
the other the maximum hardness exceeded the maximum value obtained in

any of the tensile specimens.




