U. S. DeraArRT™™ENT OF COMMERCE NaTtionaL BUuRrAU oF STANDARDS
RESEARCH PAPER RP1444

Part of Journal of Research of the National Bureau of Standards, Volume 28,
January 1942

THE TEE-BEND TEST TO COMPARE THE WELDING
QUALITY OF STEELS

By George A. Ellinger,
A. G. Bissell,* and Morgan L. Williams

ABSTRACT

A bend test for comparing the welding quality of steels is described in this
paper. Specimens of fillet-welded T-sections of a number of low-alloy high-
tensile steels were bent in special testing jigs at room temperature and at tem-
peratures as low as —20° F. Several criteria, such as maximum load, angle at
maximum load, type and location of fractures, were used to compare the speci-
mens. A special method of statistical analysis, which is described in detail in the
paper, was used to evaluate the data and to compare and rate the welding quality
of the steels.
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I. INTRODUCTION

In recent years there has been a marked increase in the use of
welded in place of riveted construction, particularly for the fabrication
of ships. This change involved more than a simple substitution of
one method for another. The design for riveted construction is not
necessarily equally suitable for welding, and the most effective
use of material in welded construction is obtained only when the re-
quirements for this method are well understood and provided for
in the design.

*Bureau of Ships, Navy Department.
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Furthermore, all steels or other constructional metals are not
equally well adapted to joining by welding. There is no ““best’’ steel
for welding nor a “best’” welding method or technique, but a best
combination of these interrelated factors can be determined for any
metal that is weldable. In selecting the metal best adapted to the
strength requirements of the design and utility of a structure to be
assembled by welding, the welding quality of the metal, within the
limitations imposed by the practicability of the welding method,
is of prime importance.

With proper attention to design and welding technique, little
difficulty need be encountered in welding medium steel by fusion
processes.

In 1933, the Bureau of Construction and Repair (now a part of the
Bureau of Ships) of the Navy Department and the National Bureau
of Standards started a cooperative investigation of the welding quality
of steels considered suitable for mnaval construction. Particular
attention was to be given to “high tensile” low-alloy steels, of which
numerous varieties and types have since been announced by manu-
facturers! 2345 A further requirement was that strong ductile
joints should be obtained by the electric-arc welding process with
low-carbon steel, Navy Grade EA electrodes, and without preheating
or postheating.

The strength properties of welded joints can readily be determined
by well-established methods. The relationships between “ductility’
in a welded joint and the welding quality of the steel were not clearly
defined, and methods for making the mechanical tests of a specimen
from a welded joint to evaluate ductility were not well established.
It was considered, however, that some form of bend test would be the
most nearly suitable for this purpose.

It is generally agreed that ability to bend in the plastic-deformation
range is evidence of duectility in a metal, whether in a weld or in an
otherwise fabricated form. The full ductility of a metal may not be
realized in a bend test of a specimen because of local stress conditions
peculiar to the geometrical shape of the specimen. Free bends and
guided bends in jigs have been used widely for face, root, or side
bends of butt-welded joints. Often the faces of the welds aremachined
for these types of test.

For the purpose of this investigation, it was decided that the most
informative results would be obtained from a guided bend test, in a
jig, of a double-fillet T—welded specimen, without removing any
metal from the face of the welds. Justification for this decision was
had in the fact that this type of joint is one of the most widely used
in ship-hull construction, and furthermore, the ability of the specimen
to withstand bending distortion in the welded areas, without rupture,
is an indication that such a joint can absorb a proportionate share of
the distortion of the structure as a whole.

Ability to withstand severe distortions without premature or brittle-
type ruptures, particularly in the joints, is a highly desirable, in fact
a necessary, feature in ship-hull structures. It is not to be expected,

VH. W. Gillett, Trends in the metallurgy of low-alloy, high-strength structural steels, Role of Metals in New
Transportation Symposium, Metals Tech. 3, 40 (1936). 1

1 Edwin F. Cone, Carbon and low-alloy steels, Symposium on High Strength Constructional Metals, p. 1
(Am. Soc. Testing Materials, Philadelphia, Pa.).
3 Low-alloy, high strength structural steels—An extended abstract, Metals & Alloys ¥, 77 (1936).

4 The present status of the low-alloy, high-strength steels—A survey, Metals & Alloys 9, 243 (1938).
¢ The present status of the low-alloy, high-strength steels—A survey, Metals & Alloys 13, 273 (1941).
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however, that the maximum angle of bend, or any other numerical
value obtained from a bend test on a welded joint, 1s a direct measure
of the amount of distortion the joint can withstand in the assembled
structure. These values were used in this investigation as a means
of comparison, on a common basis, of the welding qualities of a
number of structural steels, as shown by certain properties related
to the service requirements of the welds.

This paper describes the steels and preparation of the welded
specimens and the procedure for making the bend tests, and describes
and discusses the methods for evaluating the welding quality of the
steels from the results of the bend tests and other metallurgical and
mechanical properties of the welds and of the steels themselves.

II. MATERIALS

The steels to be tested included several medium- and low-alloy
“high tensile” steels available at that time. The following tensile
properties were desired for the steels:

Yield-point, minimum: .. 2. L2720 | 50,000 1b/in.?
Tensile strength, minimum_____ 70,000 1b/in.2
Flongation in § in., minimum_______ 20 percent.

Fach steel was to be secured in three thicknesses of plates, %4, %, and
% in., and was to be welded in the as-rolled condition and after
normalizing at 1,650° F. for 1 hour. It was also desired that all of the
plates of each steel should be rolled from the same heat.

The chemical compositions of the steels are given in table 1.

TasrLe 1.—Chemical composition of the steels *

Thick- o B O
Steel T8 Percentage of-
C Mn P S Si Ni Cr v Mo Cu
In.

34| 0.14 | 0.46 | 0.014 | 0.025 0.23
18812005 4 iilie 51 b3 .14 .46 | .013 | .024 .22
34 .14 .46 | L0156 | .025 .23
[ Y .20 .69 | .019 | .036 .20
1895 2 Lo d L, IE 15 .20 .70 .022 1 .036 .20
| % | 19| e8| l020| .03¢ 23
Y .26 .66 | .014 | .030 .22
14000 st A e 14 .26 .67 | .015| .031 .23
34 .26 .66 | .013 | .030 .24
Y| 17| .44 .019 | .030 .16
10 = A ol AR TS N 15 .20 <0017 . 032 .19
3% .20 701017 |- . 032 .19
Y .14 .61 | .011 . 035 .04
3l ol A e 15 .14 .62 .012 | .035 .04
34 .14 .61 L011 . 035 04
U .18 .99 1 .017 | .030 FAT oo .05 .16
Jad. o o LL ,“,_vw_.{ 14 b I 1.25 .033 . 028 1) I i O P .15
% 174 1.25.] -.081 . 027 Ky 18 Bl A Ik Sebubeis 15
274 w10 .75 L011 027 al7 e 1 B ) (R .46 211
1L ¥ A B G A L Lo .08 + 76 011 . 028 .15 7 7 ] sy B .44 .10
3% <17, .83 | .021 | .030 .24 5l elploinieln | el e .44 .12
Y .10 .44 .012 | .023 .16 1.06
JAG. . 2t L 14 +.09 .42 | .014 .019 <17 1. 00
3% .10 .381 .015 1 .019 .16 1.01

* The chemical analyses were made at the Material Laboratory, Naval Gun Factory, Washington, D. C.
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TaBLE 1.—Chemical composition of the steels—Continued
Thick-
Steel 7688 Percentage of—
C Mn i S Si Ni Cr v Mo Cu
In.

%l 011| 0.57]0.015]0.023| 0.15 1.08
14750 14| 14| .57| .014| .025| .14 1.02
3| 14| (57| .014| .028| .15 1.08
ul 1| .76| .106| .02%6| .02 1.74
IS8 oy edrhonny o %) .09| .75| .097| .024| .06 1.63
341 .08| .76 .101| .020| .06 1.76
Yyl .10] .66| .126| .023| .16 1.00
749 BRI N HR %| .09| .56| .112| .023| .17 1.04
34| 11| .56| .109| .023| .17 1.16
Y| .14| .59| .014| .026| .16 0.13
1600s e % | .16| .59| .014| .026| .18 .14
34| 19| .54| .014| .044| .18 14
Y| .15 .98| .015| .026| .21 10
i1yl SR SR KA R RRES 0 .16| .98| .016| .027| .21 L18
34| 15| .96| .015| .028| .22 .10
Y| .14| .45| .082| .013| .02 .56
g1 Dh LM 57 % .14| .45| .079| .015| .01 .58
3| .14| .47| .090| .016| .01 .54
163 { ¥ .10| .72| .o11| .021| .01 1.58
"""" S \RTOR| BRT O[S 70 8 o 118 | BEw 0o e 01 1.50
6B A e % | .09| .59| .012| .o018| .003 1.15
168 { Y| .09| .62| .012| .024| .02 1.08
""""""""""""" 51 .o7| .60| .o11| .023| .02 1.03
b1f 13| .66| .027| .023| .73 0.19
201 clf 12 .70| .019| .023| .77 .20
""""""""""""" blg 13| .67| .020| .020| .84 .09
clg| (13| .69| .019| .027| .87 s

b Plates as rolled
© Plates normalized.

The different thicknesses of steels 141, 144, 145, 148, 149, 150, and

201 were definitely rolled from different heats.

The different thick-

nesses of the remaining steels were probably rolled from single heats.
Tensile properties of the steels are given in table 2.

TABLE 2.—Tenstile properties of the steels ®

Yield point b Tensile strength Elongation (8 in.)
Steel L

As rolled N‘;;%al' Asrolled | N (i);;llal- As-rolled N?;e"&a]'

in. Ib/in.2 1bfin.2 Ibjin.2 Ibjin.2 Percent | Percent
% 41,700 37,600 62, 400 59, 900 32.5 34.1
138 150 40,800 | 36,100 | 61,100 | 57,900 34.7 36.7
34| 37,700 42, 600 61, 300 60, 300 33.8 37.0
Y| 52,800 46, 800 73,600 66, 600 28.3 25.0
A30NE SR A R 150 52,800 | 46,600 | 73,700 | 67,800 23.3 32.4
3| 44,800 45,400 72,100 67, 200 35.0 30.5
Yl 52,200 43,400 78, 800 74,400 29.5 46. 2
)| e R R 151 47,500 41, 400 73,700 70,400 26.2 30.3
34| 47,700 42, 600 74,900 71,400 | ______ 32.5
41 46,800 37,900 65, 900 60, 100 27.8 27.8
AT, A T 151 51,500 48, 100 73,000 68, 800 25.0 26.8
3 46 800 46 400 73 600 70 100 28.4 29.3

» Tensile-property tests were made at the Physical Laboratory, Model Basin, Washington, D. C.
b Yield point was determined by “‘drop of the beam’’ of the testing machine.
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TaBLE 2.—Tensile properties of the steels—Continued

Yield point Tensile strength Elongation (8 in.)
Steel Thick-
4 ness
Normal- Normal- Normal-
Asrolled izad As rolled 1ged As rolled B25d
in. lbfin.2 Ibfin.? Ib/in.2 Ib/in.2 Percent | Percent
4| 65,700 45, 200 80, 200 62, 700 18.5 1
y 7 T S S S S SO 151 61,800 45, 800 79, 000 63, 600 20.9 28.4
34| 58,300 47, 300 76, 600 65, 000 22.5 28.5
4l 64,200 49, 000 85, 900 71,100 22.3 26.0
044 h e 150 64,000 (... ______ 82,700 |._________ by g 0] R S R
82| 60,100 {u_.cocuail 84,400 |__________ a8kl Tt
b | N, 35, 200 81, 000 60, 000 15.3 27.7
1, PSR e R s 1 1o 43,500 40, 200 65, 600 66, 400 25.8 23.8
34| 50,900 44, 000 79, 700 75,000 24.2 24.6
1| 59,000 | 57,700 | 71,100 | 68, 500 271, 288
B . 10K ST S PO S, TR A B 15 53, 300 55, 900 68, 300 67, 700 26. 6 28.1
3%| 49,200 50, 400 67, 000 66, 100 27.4 28.5
j b7 59, 900 60, 200 75, 300 73, 600 26. 5 28.2
0O B s . S R RN B i 4 15 53, 900 58,400 72, 900 72, 500 25.6 27.0
| 3| 49,700 | 57,600 | 71,600 | 72,300 26.3 26.5
3 TR PO 59, 900 81, 400 80, 500 20.4 20.8
A e L ety 1 57,800 53, 800 81, 000 77, 200 18.1 21.3
A 54, 500 61, 900 82,700 79, 600 14.3 19.1
Y| 59,700 | 58,600 | 69,700 | 73,200 25.2 et
e L RO S, 1 58, 300 57,000 72,000 71, 100 25.0 22.6
3| 54,700 53,300 70, 300 69, 600 28.3 28.6
b 62, 600 51,400 75,100 69, 000 24.0 24.8
10 b Bl Dl LR e % 51,100 47,700 71, 200 68, 900 26.5 27.4
34| 47,300 | 48,200 | 72,400 | 71,500 27.1 28.2
Y| 75,600 57,800 90, 000 62, 300 19.6 29.3
0 A TR, /RO ) 5 61,700 47,000 81, 800 64, 100 19.4 28.3
Y Bl 46, 600 80, 000 65, 200 2.3 28.5
Y 1| S e A5HA400 lror L
117 A B A A S W PO i MR 1 0111 T P
3 70;200° | Ld. .. =«
163 { | 74,700 63, 600 86, 300 65, 400
""""""""""""""""""" 151 60,900 41,800 78, 600 53, 900
200722 Sddesuige] - audin . B 3% 50,800 |- 8% BOQY|L s ciie
168 { 01 B RN D £ 8 R LA B L 70, 400 68, 200
""""""""""""""""" 15 60, 000 48, 000 73, 600 66, 100
201 { 1| 55400 | 51,300 | 77,800 | 76,200
O T T T i 15 51,200 | 54,300 | 78,100 | 78,500

In the as-rolled condition, steels 139, 143, 144, 147, 149, 150, 161,
and 201 complied with all of the tensile property requirements, and in
the normalized condition, only steels 147, 148, 149, and 201 met
these requirements.

The entire schedule of bend tests was not completed on all of the
steels. The results of detailed studies of the nonmetallic inclusions,
vacuum-fusion and residue analyses, and microstructural features are
presented on eight steels only, 141, 144, 145, 146, 147, 148, 149, and
150. Five of these steels were carried through the entire bend-test
schedule. The bend-test schedule was completed also on one plain
carbon steel, 139.
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Typical microstructures in the unetched condition, showing non-
metallic inclusions are shown in figure 1. 'The inclusions were of the
following types:

Steel No. Types of inclusions

7 A Bt Some AlLOj, silicates, sulfides. No complex in-
clusions.

14415y o 2aady Few silicates, numerous sulfides, simple and
complex.

B 159 SO v P Few silicates, dark complex oxides, large com-
plex inclusions with acicular structures.

BAGREE  ANh Few sulfides, complex oxides.

h10: 7 (A WS Few sulfides, complex oxides, very few silicates.

P4 S B Many ALQO; inclusions, complex oxides, silicates,
sulfides.

140x.—_ _ponae Few complex oxides, sulfides.

180 Do s Et Complex inclusions, few silicates.

Steels 141, 144, 145, and 148 were very dirty, while steels 146, 147
149, and 150 were clean.

The amounts of oxygen, nitrogen, and hydrogen in these steels
were determined by vacuum-fusion analyses of samples from the
%-in. plates. The results are given in table 3.

TABLE 3.—Resulls of vacuum fusion analyses

Steel Oxygen | Nitrogen | Hydrogen Steel Oxygen | Nitrogen [Hydrogen
Percent | Percent | Percent Percent | Percent | Percent

4] _ 0.012 0. 004 None || 147 0. 005 0. 005 0. 0002

a1 ¥ e e SR e . 005 . 005 INOHeSHATAN R S8 2ot . 037 Z00B63 |0 = e

JAfBe <l o g . 039 . 004 None (1340 s Lo o __Jo] . 005 . 004 . 0001

¥ 1 L TS . 005 . 005 None Jl o0 - s o b .010 . 004 None

Steels 145 and 148 were very high in oxygen, and there was more
oxygen in steel 141 than is usually found in clean steels. It will
be noted by comparing these results with the microstructures that
oxygen was highest in the dirty steels, 141, 145, and 148. Steel
144 also contained numerous inclusions, but these were largely sul-
fides. Most of the inclusions in steel 148 were Al,O; and most of
those in 145 were complex oxides, probably mixtures of FeO-MnO.
There were some Al;Os; and other oxides and silicates in steel 141.

Residue analyses for Al,O; were made on steels having the highest
oxygen contents. Results of these analyses are given in table 4.

TABLE 4.—Results of residue analyses

I o Oxygen as
Steel |~ Alum im% 0‘\5\{’:"“' 2 other constit-
h | (residue ey “ uents
§ | (calculated) (calculated)
} Percent ’ Percent
| 0.010 | 0. 002
Trace . 039
| . 033 . 004

The results of these analyses confirm the microscopic study of the
inclusions, in that most of the oxygen in steels 141 and 148 was present
as Al,O; while that in steel 145 was in the form of other oxides,

probably FeO-MnO.

Typical microstructures of the %-in. plate metals, as-rolled and after
normalizing at 1,650° I for 1 hour, are shown in figures 2 and 3. In
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F1GUurE 1.—Nonmetallic inclusions; Y%-in. plates; unetched; X 100.

A, Steel 141, manganese-silicon. E, Steel 147, copper-nickel.

B, Steel 144, manganese-vanadium. F, Steel 148, copper-nickel-molybdenum.
C, Steel 145, manganese-molybdenum. @, Steel 149, copper-nickel-phosphorus.
D, Steel 146, copper-nickel. H, Steel 150, 215 percent nickel.
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Ficure 2.—Typical mzcrostructures, Y-im. plates etchant, 1 percent mtal X 100.

A, Steel 141, manganese-silicon, as-rolled. E, Steel 145, manganese-molybdenum, as-rolled.
B, Steel 141, manganese-silicon, normalized. F, Steel 145, manganese-molybdenum, normalized.
C, Steel 144, manganese-vanadium, as-relled. @, Steel 146, copper-nickel, as-rolled.

D, Steel 144, manganese-vanadium, normalized. H, Steel 146, copper-nickel, normalized.
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Fiaure 3.—Typical microstructures; Yo-in. plates; elchant, 1 percent nital; X 100.

A, Steel 147, copper-nickel, as-rolled. E, Steel 149, copp(*rmlck(‘l -phosphorus, as-rolled.
B Steel 147, copper-nickel, normalized. F, Steel 149, copper-nickel- -phosphorus, normalized.
C Steel 148, copper-nickel- mnl) bdenum, as-rolled. G’ Steel 150, 215 percent nickel, as-rolled.

D, Steel 148, copper-nickel- molybdcnum, normal- 11 Steel 150, 213 percent nickel, normalized.
ized.
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the as-rolled condition, steels 141, 144, 146, 147, and 150 contained
some banded structure. After normalizing, some banding was found
in steels 141, 146, 147, and 150, indicating that chemical segregation
was responsible for the banded structure in these steels. However,
the banding found in steel 144 had largely disappeared after normalizing,
indicating that this steel had been finished “cold’” in rolling.

While microstructures from J}-in. plates only are shown in this
report, specimens from the Y%- and %-in. plates were also examined.
In general, in the as-rolled condition, the thinner plates had smaller
ferrite grain sizes than the thicker plates, due to the additional
working which they received in rolling. After normalizing, the grain
sizes for the different thicknesses of plates were more nearly uniform.

The austenitic grain size and grain-coarsening temperature were
determined for some of the steels by a gradient-quenching method
proposed by Vilella and Bain.® Most austenitic grain size studies have
been made on specimens carburized at some selected temperature
(usually 1,700° F) for 8 hours or more. There have been objections
to this procedure due to the high temperature, the long time of heating
required, and to the possible introduction of impurities or foreign
material, which might have a significant effect on the grain size of a
steel. In the gradient-quenching method about % in. of the length of
the specimen (1% in. long by % in. wide by the full plate thickness) was
quenched from a desired temperature into a brine solution. The re-
mainder of the length was allowed to cool in air above the brine.

The quenched end was composed of martensite and the air-cooled
end of pearlite. At some point in the quenched end of the specimen,
the critical cooling rate for the steel was exceeded and fine pearlite
was formed around the austenitic grains, outlining them with black
envelopes. In the air-cooled end, the grains were outlined by pro-
eutectoid ferrite. This method was considered to be much faster than
b}ﬁe carblurizing method and did not introduce unknown variables into
the steel.

Specimens of all plate thicknesses and in both as-rolled and
normalized conditions were heated to temperatures ranging from 1,300°
to 2,400° F, held 10 minutes, and gradient-quenched. There was no
difference in grain size at any given temperature in the as-rolled and
the normalized plates. Normalizing, therefore, apparently did not
affect the grain size nor the grain-growth temperature.

Austenitic grain sizes of the %-in. plates of some of the steels at
various temperatures above the critical ranges of the steels are given in
table 5. The grain-size designations are in accordance with those of
the American Society for Testing Materials Specification E-19-39T.

TABLE 5.—Austenilic grain size numbers of steels at various temperatures

"Temperature, °F. Temperature, °F.
Steel Steel
1,600 1,700 1,800 1,900 1,600 1,700 1,800 | 1,900

6 5 8 8 7,8 | »3and 7
7 7 8 8 8 2
5 2 6 5 4 3
7 14 7 a 7 7
8 | a4and6 7| »5and7 | »3and7 | »2and 7
6 5

s Mixed.

§ J. R. Vilella and E. C. Bain, Revealing the austenitic grain size of steel, Metal Progress 30, 39 (1936).
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Three steels, 139, 141, and 149, resisted grain growth up to 1,900° I
and had fine grains at this temperature. In steels 146 and 147 there
was grain growth at 1,900° F, in steels 138 and 144 at 1,800° F, while
in steels 140, 145, 148, and 150 the grain size apparently started to
increase at the top of the transformation range and continued increas-
ing to the highest temperature. Steel 145 was not completely aus-
tenitic at 1,600° F; some proeutectoid ferrite still existed at this
temperature. Steels 144, 146, and 150 had mixed grain sizes, that is,
while some grains showed growth at higher temperatures, some of the
small grains did persist at those temperatures.

In general, the steels which had the highest coarsening temperature
were those which did not contain appreciable amounts of carbide-
forming elements. Those steels which coarsened at low temperatures,
for the most part, did contain carbide-forming materials, particularly
molybdenum. Three low-alloy steels, all of which contained molyb-
denum, and one plain carbon steel started to coarsen at the top of the
critical range. One other molybdenum-containing steel did not
coarsen at 1,900° F.

All of the steels which coarsened at low temperatures contained
more than normal amounts of oxygen. Two of these steels, 145 and
148, contained abnormally high oxygen.

Most of the steels which coarsened at the highest temperatures con-
tained copper and nickel in appreciable quantities. Two steels, 141
and 139, contained only small amounts of these elements.

MecQuaid-Ehn grain-size tests were made in accordance with
American Society for Testing Materials Specification E-19-39T.
Specimens were packed in solid carburizer and heated at 1,700° F
for 16 hours, then cooled in the furnace to 900° F to permit the rejec-
tion of cementite to the grain boundaries in the hypereutectoid zone.

Grain size numbers for the %-in. plates are given in table 6. These
include both the numbers after gradient-quenching and after car-
burizing for 16 hours at 1,700° F.

TABLE 6.—Grain-size numbers at 1,700° F

After After
After : After H
Steel 131 gradient- Steel fa gradient-

carburizing quenching carburizing quenching
2 6 8 8
¢ 7 8 8
2 5 2 5
7 7 7 7
7 8 4 a4and 7
3 6

aMixed.

There was considerable difference in grain size after the two treat-
ments. Those steels which after gradient-quenching had a small
grain size generally had the same approximate size in the carburizing
test. However, steels which had an intermediate size after quenching
had larger size grains in the McQuaid-Ehn test. This is due most
likely to the length of time at a given temperature and possibly to the
introduction of carbon into the material during the test, thus changing
some of the properties of the material.

In the %-in. plates, steels 138, 140, 145, 148, and 150 had normal
structures, steels 139 and 149 slightly abnormal, steels 141, 146, and
147 abnormal, and steel 144 very abnormal.
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Comparing the two tests, it is found that, in general, the abnormal
steels had the highest coarsening temperatures and those with normal
structures had the lowest coarsening temperatures.

Chemical analyses and tensile-property tests indicated that not all
sizes of plates from some steels were from the same heat. This was
confirmed by the results of the carburizing tests. Steel 141, in the
Y-in. thickness, had a normal structure with large grains, while the
%- and %-in. plates had abnormal structures and small grains. Steel
149, likewise, had different grain sizes, the specimen from the %-in.
plates having small grains and abnormal structures, while those from
the %- and %-in. plates had larger grains and normal structures. Steel
150 had a composite structure in the %-in. plate, in which the edge had
large grains and normal structure while the interior was abnormal with
small grains.

III. METHOD OF TEST

1. GUIDED BEND TESTS

(a) PREPARATION OF SPECIMENS

Specimens from each thickness of plate, in both the as-rolled and
the normalized conditions, were prepared as shown in figure 4. A
12- by 24-in. piece of the plate was cut with the short dimension
parallel to the direction of rolling. A piece 4 by 24 in. of the same
material was attached to this plate by means of double-fillet welds
with the length of the welds perpendicular to the direction of rolling.
The welds were continuous and made in one pass. One fillet was
made and the specimen allowed to return to the original plate temper-
ature before the second fillet was welded in the same direction as the
first, that is, started from the same end.

All welds were made by the same operator, using direct current,
reversed polarity, and organic-covered electrodes from the same
source. Electrode sizes and current conditions for the three plate
thickness were as follows:

Plate Electrode Welding Arc
thickness size current voltage
n. n. Amperes Volts
% % 100 to 105 26 to 28
% Y52 130 to 135 26 to 28
% Yo 160 to 170 26 to 28

Very close tolerances were maintained, and any specimens showing
undercutting, improper weld size, or visible welding defects were dis-
carded.

All the steels were welded when the plates were at room temperature.
To simulate the conditions of welding in cold weather, additional plates
were cooled to temperatures of 10°, 0°, —10°, and —20° F, and welding
was started when the plates were at these temperatures.

Four specimens for the bend test and one specimen for examina-
tion of the microstructure and hardness tests were sawed from each
assembly, as shown in figure 4. There was no further edge preparation
nor were the welds machined in any manner.
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Fieure 4.—Plate layout and location of test specimens.
(b) BENDING APPARATUS

A bending jig similar to that shown in figure 5 was designed for each
thickness of plate. The specimen was supported on hardened steel
cylinders, and the tongue of the T was wedged firmly in the guide,
which moved freely in vertical ways. The specimen was loaded at the
center on the face opposite to the T, through a plunger having a semi-
cylindrical end of the same radius as the supporting cylinders. As the
tongue of the specimen was constrained by the guide to move in a
vertical plane, bending was forced to take place uniformly at the toe
of each fillet. The deflection was measured on a scale attached to the
plunger. The angle of bend (the supplement of the internal angle be-
tween the legs of the specimen) was obtained from a curve showing
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Ficure 5.—Diagram of bending jig, showing specimen in place.

the relation between the deflection and the angle of bend. This curve
was made by comparing measured angles of tested specimens with the
deflections which produced these angles.

For each jig, the diameter of the supporting cylinders and of the end
of the plunger was four times the nominal plate thickness, ¢, and the
distance between centers of the supporting cylinders was 12¢. The jigs
are shown in figure 6.

To observe the effects of low temperatures on the bending properties,
bend tests were made at temperatures from +4-10° F to —20° F. For
testing specimens at low temperatures, the jig was placed in an in-
sulated tank containing a solution of ethylene glycol (50 percent by
volume) in water. The liquid covered the specimen when in position
in the jig and was cooled to the desired temperature by adding dry
ice (CO,).
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(c) PROCEDURE

The jig was placed in a vertical screw-power, beam-and-poise testing
machine. The specimen was laid across the cylindrical supports, as
shown in figure 5, and a load of 100 Ib. was applied through the
plunger attached to the movable head of the testing machine. With
this load seating the specimen firmly in the jig, the ‘“‘zero deflection”
of the scale attached to the plunger was read. The load was removed,
and the tongue of the specimen was wedged in the slot of the guide.

The load was again applied to the specimen and increased con-
tinuously until the beam ‘“dropped”, indicating that the ‘“maximum
load” had been reached. The deflection of the specimen was the
difference between the scale reading at this maximum load and the
zero deflection.

If there was no visible crack when the beam dropped, loading was
continued until the specimen cracked or the bending limit of the jig
(about 120 degrees) was reached. If the specimen cracked either
before or after maximum load, the deflection was read and the angle
at initial failure was determined in the same manner as the angle at
maximum load. The specimen was examined without removing the
load, and if the failure was not complete, bending was continued to
determine the direction of propagation of the failure and its extent
at jig capacity.

In addition to deflections and loads, observations were made also
of the kind or type of fracture, whether partial or complete, sudden
or gradual, and of the location, whether in plate metal, bond zone, or
weld metal.

For the tests at low temperatures, the same procedure was followed,
except that the specimen could not be examined without removing it
from the jig. The specimens were brought to the desired temperature
before testing by placing them in the tank for at least 30 minutes
prior to testing. Tests on the specimens with thermocouples in
drilled holes showed that the temperature of the specimen rose only
slig(limly during the time necessary to wedge the specimen into the
guide.

The program called for the welding and testing of all sizes of steels
at the following temperatures.

Plate tem-
perature
before
welding

Testing temperatures

OF OF
70 70, 10, 0, —10, —20
10 70
0 70, 10, 0, —10, —20
=10 70
—20 20,:10::0,—=10,5—=20

With four specimens to be tested under each condition, a total of
408 bend tests was required for the complete investigation of each
steel. As the work continued, it was evident that some steels were
unsatisfactory, and further tests were discontinued in order to shorten
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Ficure 6.—Photograph of bending jigs used for Y-, %-, and

/2%y

showing all essential parts of each jig.
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F1auRE 7.—Location of Vickers indentations on specimens and hardness numbers corresponding to the indentations
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Ficure 8.—Typical macrostructures of the welded specimens.
A, Yi-in. plate; B, l¢-in. plate; C, 34-in. plate.
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the program. The complete program of tests was carried out on
only 6 of the 18 steels (Nos. 139, 144, 146, 147, 149, and 150).

2. HARDNESS TESTS

One specimen for each composition, thickness, and condition of
steel was ruled in millimeters, as shown in figure 7, and Vickers
numbers were obtained for each square in the heat-affected zone.

Results for the six completely tested steels are given in table 7,
showing the hardness of the plate metal before and after welding.

TaBLE 7.—Effect of welding on hardness of plate metals

Original plate After we%dling highest Increase of hardness
Plate Liapae
Steel thickness i,
g , Normal- Normal- Normal-
As-rolled ized As-rolled ized As-rolled ized
In. Vickers No.| Vickers No.| Vickers No.| Vickers No.| Vickers No.| Vickers No.
1/4 153 145 215 194 62 49
139 4 1/2| 149 144 219 214 70 70
3/4 149 145 194 192 45 47
l 1/4 177 154 247 230 70 76
T4 o kY. 1/2 150 159 252 231 102 72
J 3/4 182 152 242 227 60 75
l 1/4 156 155 185 190 29 35
140: - Sl msn 1/2 150 150 198 200 48 50
l 3/4 154 149 206 200 52 51
] 1/4 164 164 251 240 87 76
147 oy 1/2 164 158 238 271 74 113
f 3/4 171 157 223 214 52 57
l 1/4 165 160 208 198 43 38
M - 1/2] 158 156 195 193 37 37
J 3/ 153 152 197 188 14 36
1/4 168 158 224 223 56 65
150 - k. 1/2 152 150 209 229 57 79
3/4 155 157 208 225 53 68

The highest hardness (182) of the as-rolled plates was found in the
%-in. plate of steel 144 and the lowest (149) in the %- and %-in. plates
of steel 139. The %-in. plate of steel 144 also had a low value (150).
After welding, the highest hardness was found in the %-in. plate of
steel 144 (252), an increase of 102 Vickers numbers.

The highest hardness of the normalized plates (164) was found in
the %-in. plate of steel 147. The hardest point after welding was 271,
found in the %-in. plate of steel 147. This plate also had the greatest
increase in Vickers numbers (113) as a result of welding.

None of the specimens hardened excessively, and the ranges of
hardness were comparatively narrow.

3. MACROSTRUCTURES

Specimens from the six completely tested steels were polished,
etched, and examined both macroscopically and microscopically.
A typical macrophotograph is shown in figure 8. The results of these
studies showed that all welds were of proper contour and size, that
heat penetration was normal for the plate and electrode size used,
and that there were no serious defects in the plate or weld metals.
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Microstructures of welded specimens showed that, with the excep-
tion of steel 147, the grains at the fusion boundary were not excessively
large. There were no sharp boundary lines, and the plate metals for
the most part diffused gradually into weld metals. Likewise the
changes in structure in the transition zones of the plate metals were
very gradual.

IV. RESULTS

1. MAXIMUM LOAD

For the specimens in which no fracture occurred the load increased,
with increase in angle of bend, to a maximum and then decreased
continuously without any increase, until the limit of the jig was
reached. Usually the maximum load occurred after the specimen
had bent 60°. The agreement between duplicate specimens, as to
both maximum load and angle, was generally very close.

Specimens from some of the steels cracked audibly or visibly
while the load was still increasing and at bend angles usually much
less than 60°. In such cases the results of duplicate specimens did
not agree, either in load or angle at which cracking occurred. For
specimens from other steels, cracking did not occur until after the
maximum load had been attained and the load was decreasing.
When this occurred, there also was lack of agreement among duplicate
specimens for the load at which cracking occurred, although the agree-
ment on maximum load and angle at maximum load was close.

Because the maximum load on a specimen was affected directly by
changes in dimensions that were indeterminate on these specimens
and could not be reduced to stress values, this maximum load in the
bend test was not considered an important basis of comparison. It
was even more difficult to determine exactly the load, and particularly
the angle at which cracking began, and no attempt was made to use
these as a basis of comparison. The maximum load, with or without
failure by cracking, was indicated by a drop of the beam of the testing
machine similar to that at the maximum load in a tensile test of a
ductile metal. The angle of bend at this load was readily determined,
and also whether the failure occurred before or after the maximum
load had been passed. All failures were in one or the other category,
and those which appeared to coincide with the maximum load were
considered to have occurred under an increasing load.

Although it would not be advisable to recommend minimum
numerical values for maximum load and angle of bend, alone, as a
basis for acceptable welding quality, it was considered that the higher
these values the greater were the indicated strength and duectility of
the joint. These values were considered useful for comparisons of
specimens of different steels welded and tested under the same condi-
tions. The use of values for angle of bend at maximum load is
discussed in the following section.

The average values of maximum loads are given in table 8. In this
and other tables where data are incomplete, the value is followed by
a small “x.”” Since the maximum load is apparently not a simple
function of plate thickness, the values for the various plate sizes
cannot be directly compared; but the rank numbers, which are based
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Table 13 . —SUMsARY OF ALL FaILURES,

Welded and Tested at All Temperatures W&T at 70°F
S;eel Failures 1/4m 1/2% 3/4" A1l Bizes Combined All Sizes Combined Steel
0.
AR N AR N AR N AR N AR N o
%  Rank % Rank %  Rank % Rank %  Rank % Renk %  Rank % Rank % Rank %  Rank

139 Plate 98 0 hg 5 96 0 74 2 57 L 53 s &l 1 by & '8 %
Bond & Weld 2 9 Py 35 Fg 9 9 1.9 0 10 DOy 5; 9 6(7) 18 50 10 »
All 100 @01 Ty < 9 1 ®%.n 58 § 53 5 gC N @ 5 67 4 B8 v AG

144 Plate 100 0 IS 0 6 81 1 2 o] I & 1 & a % & I
Bond & Weld 0 10 13 g 93 9 c9> 10 T =9 33 3 92 9 5; Z g 9 g 9 g
A1l 100 1 a3 2 103+ b €9 g8 6 o 35 4 97 i 62 91 1 25 &

146 | Plate 2577 359 Lg 285 57 I i1 L3 55n 8 & 1
Bond & Weld 27 7 19 & 43 2 28 S ;Z & g 3 29 7 22 ; 8 3 42 5 s
ALl B2 25 225 8 802 %P 66 % 73 53 5355 T 53 6 16 =9 50

147 | Plate 97 “::0 £ e 57 4 i 6 93 0 1572 A28 3 T e BRI 0 10 147
Bond & Weld 10 9 37 6 59 s 72 2 g 25 7 28 7 45 5 50 5 58 n
ALl 107 0 R i iy S 106 O 108 0 100 1 110 0 92 i 108 0 58 5

1lg Plate 9% 0 8% 43 72 2 51 & 66 56 4 T 2 64 3 50225 0 10 1h9
Bond & Weld 9 9 T8 9 9 0. 10 3 2l oy - 127 58 25 7 25 7
ALl 105 0 9% 3 &l 2 57 5 T e 80 3 &5 2 76 3 75 3 25 8

150 | Plate 9% 0 26 28eie 3 2k ﬁ Bl WE=5 Gag 31 6 835 1 2 7 150
Bond & Weld B g DoSi g 6o > 2 52 15 8 6.9 g2 6 E6e Y2 k-5 33 6
A1l o o 48 g 104" 0 76 3 9 1 50 Ge ]2 201750 30 57 5 125 0 5

Determination of Renk — (A1l Failures)

Range

Subdivisions 0-10 11-20 21-30 31-40 11-50 51-£0 61-70 71-20 81-90 91-100 101 & over {| Range

Rank Number 10 9 - g T 6 5 L o 2 1 0 Rank

431173—41 (Facep.15) No.6




Table 14 . - SUMMARY OF RATINGS AND WEIGHTED RANKS - As Rolled Plates.

Steel Number 139 14k 144 147 149 150 Ranges of Ratings
Best Worst
Basie of Rating Weight | Plate || Rating Rank Wtd.| Rating Rank Wtd.| Rating Rank Wtd.| Rating Rank Wtd.| Rating Rank Wtd. jRating Rank Wtd.
Factor| Size Ho. Renk No. Rank No. Rank No. Rank No. Rank No. Renk ||Rating Rank |Rating Rank
Steels Welded and Tested at Al)l Temperstures -20°F to 70°F
Angle at Maxi Load 1/40 9 NS 2 0 [} 21 2 1 b 12 2 0
ngv:r:ge sng‘;:mtor g 1/ 26: 2 6 20 4 12 22 g 24 2'4 Z 12 ng 6 18 2; g 12 gg % géx 2
all specimens tested 2 2{’&" 63x ﬁ > | ;’t 1 ‘25 gld» 6 £$ 20 s 12 4 1 ;8 R g g‘# ? g‘) 1
v 5923x 2 5.3 i 541 7 2 2.0 5 30 1 i 2 9.0 2 £5.7 55.3 2
Total Wtd. Renk 15 60 27 105 i 66 57
Deviations Below £0° 3 1/ 3L6x 6 18 832 Y 3 28 9 27 50 9 21 284x 7 21 457 5 15 28 9 832 3
of individual angles 3 1/2¢ 700x 3 2 202 K 21 {7 9 27 1;1& B 2 197 -] 24 209 7 21 ;7 g 700x 3
at maximum load. 3 3/40 129x & 2! 567 12 3 9 2 213 2 21 291 7 21 347 6 18 3 9 567 4
= 100E(60°-4) /N 6 | A 380x 6 6.1 533 o2 26 LI 132 8 kg | 256 p M P 6 36 2% 9 533 4
Total Wtd. Rank 15 7 60 135 120 108 90
Plate Fail 2 /4" 98 0 0 100 0 o 2! 14 0 0 0 0 L3 0 0 2 100 0
;e:ua:t g;e:pecimenn 2 1;3" 96 0 0 99 (o] 0 42 é 10 9; 4 8 ?[gx 2 i gs I 1% 22 7 99 <]
tested showing fail- 2 3/4 51 I 8 81 1 2 7 8 3 (o] 0 66 6 sl 2 27 93 0
ures in plate metal. 6 All ] 1 6 93 [o] (o} 5 30 82 1 4 77 12 69 3 18 3 5 93 0
Total Wtd.Renk 12 14 2 [+ 14 22 34
All Failures - Percent i) /4 100 ol 1 100 -} 1 52 5 5 107 0 0 102:: 0 0 98 b, 1 52 5 107 [¢]
of specimens tested 1 i/2" 99 % 1 103 (] 0 &9 2 2 114 o (o] & 2 2 104 0 0 &1 2 114 0
showing failures in 1 3/4¢ 58 5 E 88 2 2 73 3 3 108 0 0 7 3 z 99 1 1 & 5 108 0
plate, bond, or weld 2 Al 86 2 97 1 e b 3 6 110 0 o 8 2 101 (¢] 0 ;2 3 110 0
Total Wtd. Rank 5 11 3 16 0 9 2
Maximum Load (! 1740 3860 2 2 | 5400 10 10 | ¥210 s & | Y430 5 5 | 4620x 6 6 | 4550 5 5 5400 10 3860 2
Average for all 1 1/2° Al 2 2| 820 & 8 | 780 5 5 | 77% 6 6 | 7490 5 5 79%8 7 7 #120 8 6430 2
specimens tested T 3/40 98 5 5 | 20660 9 9 10690 9 9 (11150 10 10 |10420 & 8 95 3 3 111%0 10 9500 3
Total Wtd. Rank 3 9 aF 18 2% 19 15
Total Weighted Rank 10 1/4v 3 14 n i 1 1%
for allgt;ntmg 10 1/2% ;6 i 68 g gg %? ES 18
factors combined. 10 3/ 4" 60 28 65 a 50 3 65 28
sy S & k. i = E e #
) - zes i
Retative Order No. (%) ) ® )i @ (3 oo -
Steels Welded and Tested at 70°F (Room Temperature) only.
Angle at Maximum Load 3 /40 -— 8 24 61 15 65 7 21 60 L3 12 60 4 12 0 L 12 I
i 3 /2" 70x 9 2 56 g 5 5 10 73 10 30 69 9 2 gs & 2l % 10 5“; 2
o AN ) 00 68 Simsia 51 0 0 62 5 15 63 6 18 67 83 '8 50 0 0 68 50 0
6 A 69.0x 9 54 56.0 2 12 67.3 ] (3 65.3 bl b2 65.3 7 b2 59.3 4 ol 69.0x 9 55.0 2
Deviati Below 60° 1/ - 10* 2 (] 10 0 2 150 & 24 | 1 & 24 0 10 1 8
b e i % 172" 0x 10 % 533 2 1; 0 10 %o 58 1(9; 3g 5o 10 30 73 10 30 8,30 5c7>g 5
3 3/4n [¢] 10 30 25 0 Q (o] 10 20 0 10 30 0 10 30 1000 [¢] o3 0 10 1000 (o]
6 A1 0x 10 &0 3 5 0 o 10 60 17 9 5l 50 9 54 392 6 36 0 10 he3 5
Plate Feilures - % 12 A1l 67 3 36 83 1 12 g 9 108 58 L3 Lg 50 5 60 a3 y 12 & 9 83 2§
411 Failures 5 Al 67 4 20 91 i 5 16 9 4s 108 [s} (o} 75 3 15 125 ] [} 15 9 125 o]
Maximum Load 1 759 1 1| 5100 8 8 | 3968 2 2 1 3 3 | 4745 b3k 4 4 100 8 1
1 1/2n 2510 0 0| 7570 [ 6 2962 L L8 7120 L & | 7062 ﬁ E 7253 7 T Ej1850 7 23?3 0
X /4 9450 3 3 10210 7 7 {10300 7 7 {10600 9 9 [10100 3 6 | 8975 o 0 10400 9 8975 0
fotal Weighted Rank 50 Total 9 ik 430 0 i 1 4 RS
Relative Order No. (*) (2) o 5) i (1) % () = (3) o (5) i . 2
431173—41 (Facep.15) No.T



Table 15.~ SUMMARY OF RATINGS AND WEIGHTED RANKS- Normalized Plates.

Steel Number 139 144 g 147 143 150 Ranges of Ratings
Beat Torat
Basis of Rating Weight| Plate [| Rating Rank Wtd.|Rating Rank Wtd.! Rating Rank Wtd.| Rating Rank Wtd.| Rating Rank Wtd.| Rating Rank Wtd,
Faotor| S8ize No. Rank No. Rank No. Rank No. Rank No. Rank No. Rank || Rating Rank| Rating Rank
Steels Welded and Tested at All Tewperatures -20°F to 70°F

Angle at Maximum Load 3 1/ 65 ey 61 %o A 65 T H 6 18 58x 3 9 62 e NSIE o] 65 7 58x 3
Average angle for 3 1/2" 65x 7 21 66 i 21 68 8 24 68 8 24 64 6 18 sl 6 4Ls 68 g 64 6
all speoimens tested 3 3/44 63 6 18 61 5 15 &4 6 18 62 5 15 60 e A3 62 - SERA g4 5 50 &

6 A1l 6. Tx 6 36 62.7 5 0 66.0 7 42 647 6 35 60.7 & 24 62.7 5 0 66.0 7 60.7 4
Total Wtd. Rank 15 96 81 105 53 63 78

Deviations Below 50° 3 | 1/uw 4 - o B 8 oL 37 Sis LT 3 CART P 5 15| 209 JENi Ry i 9 Mex 5
of individual angles S 1ae 257x y ARt - o 9 27 52 B 2 9 27 | 209 7 21 | 19k 8 24 o4 9 257 7
at maximum load 3 /4 158 & 24 | 110 8 ol 17 9. 2 0 9 2 193 8 24 | 110 e 17 9 193 8
=100%(60°-4) /N 3 11 135 8 ug | 107 8 us 35 a8 3 9% .5 248 Toaniei e 85 ke 35 9 268 7

Total Wtd. Rank 15 120 123 135 135 102 17

Plate Fail 2 | /4 4 10 6 6 18 71 A &3x 2 2 7 1k 9 d1x 1
Biniet ob Boeoaneas'] B | AU 7 2 %] 8 i & o 7 oul &2 & B8 boE| 3 g Sl a3 w3
tested showing fail- 2 /40 53 u 2 32 ﬁ 12 L5 5. <10 5 2 4 5 4 8 A 5 10 32 [ 7 2
ures in plate metal 6 | Al 57 4 24 55 o4 25 T e 7 5 30 64x 3 18 n 6 ;6 25 7 6 3

Total Wtd. Rank 12 9 is 8l 58 36 v;

All Failures - Peroent 1 1/4" 47 6 6 83 2 2 22 8 8 68 4 4 96x 1 1 4g 6 6 23 8 9%6x 54
of specimens tested 1 1/2" 83 2 2 £3 4 & 66 4 & 106 (o] 0 57 5 5 76 3 3 57 g 106 o
showing failures in 3 3 /44 53 5 5 35 E 7 3 5 5 100 < 3 20 3 3 50 6 3 5 7 100 1
plate, bond, or weld 2 All 60 5 10 62 8 7 6 12 92 1 2 76 3 6 57 5 10 7 6 92 1

Total Wtd. Rank 5 23 21 29 7 15 25

Maximum Load 1 1/4¢ 3840 2 2 | k70 6 6 | 3840 2 2| 470 3 3 | 4610x 6 6 | 384 2 2 4470 6 3840 2

Aver:ge for all.d i 1;‘%: 6430 2 2 SZOO g 6 15253 5 5 y;lzgg 6 6 1(7)260 5 o 7{00 By 5 7700 6 6430 2
test
ap;gg:fn;t d?sagnk 1 3 9580 3 ; 0 15 $2% i/ 11 9 12 30 7 1; 9170 1 ; 10680 g 9170 1

Total Weighted Rank 10 /4 66 53 76 64 33 58 76 33
for all rating 10 | 1/2" 50 64 4 69 5 64 74 50
Factors combined 10 3/Un 58 60 67 56 5 56 67 54

20 | A1 118 110 150 122 90 124 150 90

Total - All Sizes 50 292 267 367 311 234 302 367 234

Relative Order No. (*) (%) (5) (1) (2) (8) (3)

Steels Welded and Tested at 70°F (Room Temperature) only

Angle at Yaximum Load 3 1/4n 65 & 21 72 10 30 61 5 1 62 5 15 6% 2 24 69 9 72 10 38 5
5 1/2" 68 -] 24 68 8 24 14 g ZE 69 9 27 &9 9 27 68 8 gl 69 9 &7 8
3 |3/ 65 i 21 gk 6 18 66 To an & 6 18 66 Vel 66 Yy 66 iz 3 §
6 All 66.3 7 42 68.0 8 4s 4.7 6 36 6%.7 13 36 67.7 8 hg 67.7 8 4g 68.0 8 647 6

Deviations Below 50° 3 1/4" 0 10 30 0 10 30 500 5 15 200 8 4 o] 10 ) 0 10 0 0 10
; 1/2" 0 10 3% 0 10 30 0 10 0 10 go 0 10 5’8 0 10 go 0 10 503 lcs;
3/4" 0 10 3 25 9 2 0 10 zg 0 10 go 0 10 0 0 10 0 0 10 25 9
6 | A 0 10 %0 8 R 167 8 67 9 4 0 10 &0 [ 10 &0 0 10 167 2

Plate Failures 12 | an 58 4 hs 17 8 96 8 9 108 0 10 120 0 10 120 25 7 & o 10 58 4

All Failures 5 All 58 5 25 25 8 40 50 6 30 58 5 25 25 8 4. 58 5 25 25 58 5

Maximum Load 1| ame || 3687 1 1 [kess 6 6 | 3603 o 0| 3%08 2 2 | b3 b b | 380 PR o

1 1/2" 6162 1 1 | 7655 6 6 | 6825 2 R 7288 5 5 | 6710 3 3 ;112 i I 7652 6 216%3 1
1 3/40 9088 X 1 |8962 0 0 | 9738 10050 3 6 (10050 3 6 | 8962 o 0 10050 8962 0

Total Weighted Rank 50 Total 334 49 () 92 Yy

Relative Order No. (*) (%) (2) (5) » 1 (3) ? (1) ? (%) = " o
431173—41 (Facep.15) No. 8




Tsble 9 . - ANGLES OF BEND AT MAXIMUM LOAD.

Plate Size /40 1 /2" 3/4% 411 Sizes Combined Size
§g?ei %g;; . Weld Temperature, °F Sy Weld Temperature, °F Sk Vield Temperature, °F i W& T at 70°F | W & T All Temp. Xng?eé :
gond.| oF ||70° 10° 00 -100 -20¢ 700 10° 0° -10° -20° 70° 10° Q° -10° -20° Ave.  Rank | Ave. Rank || Cond. |
1 0 ||-- 47x 56x 64x 59x | - |70x 56x 57x 59x 63xf 9 |68 66x €5x 6G4x 67x | & 69.0x 1
2!9% IO 66 54 61 56 52 66 65 62 60 < Zg
0 || 63 65 58 57 55 & &3 66 6L
=10 || 65 6l 5¢ 43 50 2.% 65 52 66
=20 |} 60 5L 55 55 56 2 €0 60 63
Ave. || A11 Temperatures 59x i 56x| 2 63x| 6 59.3x 3
139 0 ||656 6 66 65 67 7 68 Tix 67x 70x 62x| 8 |66 66 6% 62 6 56 1
;: :Zo 66 : @ 65 g 69 63x g2 64 62 i ? 4 13!9
o || é4 63 68 63 67 £3 67 63 6&
-10 || 66 65 66 €7 52 70 &7 56 5
-20 |1 68 66 70 L s 62 €3 €3 54 64
Ave. || A11 Temperatures 66 7 éxl 7 6% I3 6. 7x 13
bR 70 % 53 47 58 54 5 56 5% 56 60 57| 2 |51 50 48 ug 51 0 56.0 2 ihk
R | 10 ||k 48 2 5¢ fs] 3 57 €0 59 AR
0 2 kg ; 63 63 62 58 56 58
-10 [153 22 go g1 59 63 55 géf 5
Zz20 || 2 g1 & 59 62 €
Ave. || A11 Temperatures 52 0 6 | 4 g% 1 55.3 2
14 70 |72 66 66 65 63 10 68 60 66 67 6 g4 58 B8 g0 gl 3 6£8.0 & 1l
N 10 1 2 gz G4 g é% 63 33 gg ¥
0 e e B iEe Ty B g
-1 3
-20 (156 % g2 o 67 62 58 Bt 58
Ave. || A11 Temperatures 6l 5 66 | 7 61 b 62.7 5
148 70 ||65 =— 66 65 65 7% 67 67 69 69110 |62 65 6% 66 6 . 67 8 g
ar | 1o || €3 70 g:f - 1@ ' 6 e & : AR
o |6 69 63 * 6 64 €5 63 é
=10 || & 59 63 13 63 65 66 68 63
-20 |} 66 63 6t 2 70 63 62 63 67
Ave. || A11 Temperatures 65 7 68 | 8 &% 6 65.7. v
14g 70 (|61 671 65 66 66 5 67 69 68 69 63| & 166 65 65 63 64 7 64.7 [3 146
¥ 10 || 68 70 61 7e 69 70 64 62 62x ]
o || 67 68 65 70 70 67 64 €6 66
-10 || 66 g & 7 53 72 o G4 64
-20 || 69 66 72 61 134 70 59 I3 68
Ave, || A11 Temperatures 66 7 68| 8 &t | 6 66.0 7
1 o |l g o g a l1 . 56 s s ho |f g @ alls €5. 1l
g RIR 2 K * & g% & 2 g & g i
0 (|62 61 61 6 67 69 €5 [3 63
-10 || 60 g2 €3 6 €0 56 g2 5 &
-20 || 61 g 69 65 o 62 54 ]
Ave. || A11 Temperstures g2 5 6 6 60 i 62.0 5
14 0 |62 6% g% 6+ ¢ 69 67 62 64+ 6519 163 63 e+ 66 62 | 6 €47 3 14y
x| 18 || % £ 6§ 4T s é8 5 & & ¥
o |68 £ & €3 €5 0 g1 59 62
218 2 ‘af um o vrl 5 8
Ave. || A11 Temperatures 6& 3 62| 8 62 5 6.7 6
1 0 || 60 8 8 L leg 62 64+ 63 62| 9 |67 66 60 65 6 8 653 7 ik
Ahg Io 60 2 20 2t 28 66 51 4 58 62 62 5 AR
0 |- & 59 55 65 0 58 62 1
=Jo5 s =% 70 59 L 60 59 5
oy s 56 58 71 61 52 56 55
Ave. || A1l Temperatures 59x & 631 6 59 i 60.3 4
1k9 70 ||68 63 65 61 64 & 69 65 63 63 63| 9 |66 66. 0 61 64 7 67-7 8 1o
Kili10 = 65 60 69 66 5 67 62 53 5
0 ||=-- 62 e 63 65 6 60 6L 60
-10 || -- gé &0 68 &5 56 59 58 52
20 || -- i n 58 5 57 54 57
hve. || A1) Temperatures 58x | 3 7 0 | & 6.7 b
150 70 ||60 55 % 54 60 4 68 59 63 56 53| 8 |50 64 66 65 63 0 59.3 i 150
sl wls ol aniie g g #
Lig. a8 4l B2 BlW & -
ave. || 211 'l'mperalures 27 3 ? ? 6215 & 3 i 59.0 i
150 0 |1 69 £y 6 60 u9 9 €8 61 ¢ 62 & 166 €4+ g4 ot 68 T 67.7 & 150
; Io 70 3 ;2 69 66 73 ﬁé &7 €2 61 ¥
o || 68 67 59 vk 72 ch 62 61 59
$p 3 &P 0 8w e LE 4
Ave. || £11 Temperatures 62 5 68 | ¢ L0 62.7 5
Determination ¢f Rank
Renge Under 53~ 55~ 57- 59- 61~ 63— 65— 67- 69- 7i- Range
Subdivisions 52.9 54.9 5649 58.9 €0.9 62.9 &4.9 66.9 68.9 70.9 & over Subdivisions
Rank Numbers s} i 2 3 b 5 6 7 & 9 10 Rank Numbers

431173—41 (Facep.15) No.2



Table 11. PLATE PATLURES.

1/4¢ 1/2* 3/4" A1l Siges Combined
g?_“i ;:;;_ Weld Temp. °F Failures Weld Temp. °F Failures Weld Temp. °F Fallures Weld Temp. oF Failures w;ldod & || Bteel
s sated Bo.
Gond- | °F N 20 10 0-10-20 | Tot. & | 70 10 0-10-20 | Tot. % | 70 10 0-10-20 | Tot. % |70 10 0-10-2 | Tot. % % 70°F
4 #x 100 b 2 4 4 1 5 0 3 -] ko 8 i i 3
o B A O S B § §11% B2 % & 1.7 .38 % & il
b ietleaRi e R RS e Beoe e 2TE s B |
ot 2 | i i |12 18| i ¥ |12 18] 3§ i ;148 B i &
Total Feiled|l 15 % 20 2 20 | & 20.-.2" 208729 |65 B e T 10 | 39 87 9 56 & W9 1&g 8
Total Tested x 65 68 68 02 12
4 Failed 95 100 100 98 | 100 100 95 96 | o &0 50 57 | 78 93 82 84 67
Renk 0 0 b 1 3
70 L S D T 2! y 2 X 11 5 0 .02 3 i 20 T 20 3 1
) S N 1 18 22 Pt i 3|n %8| 2 z 2l 6 % 23 & b
0 2 1 g 5 2 2 a 3 8.5 61 g Z E 13 g7 21 Zg
: :28 3 % ol § ?% % s £ | 52 1 3 s B 6 % 72
Total Failed|| 9 o0 21 1 10 | 3 18 ~ptagi#ry 13 | 50 T v=00as 16 | 36 2.2 ke 2 3 lll
Total Tested 68 68 68 20 12
Failed 45 55 50 4 | & 9 €5 1 35 €5 80 ‘52 53 70 65 Sz 58
Bank 5 2 b
S 4 20 1 [ L | 2 4 i L A &5 | 10 P
- e il | A i H i | ¥ 38| 2 3 : sl g 3 ?;é pri
0 4 4 4 | 12 100 - 4 4 12 100 4 2 0 43 3N
=10 4 i 4 | 12 100 i 4 § |12 200 2 z 4 9 75 33 92
a L3 4 it 12 100 4 L i 12 100 3 i 3 92 35 97
Totsl Failed|| 20 4 20 4 20 68 20 IR 197k 20 67 15 8 16 19 55 53 12 55 11 59 |19 10
Totsl Tested 68 68 68 204 12
% Failed || 100 100 100 100 | 100 95 100 9| 65 80 95 &L | 83 92 98 93 83
Rank [ 0 1 i} i
i (°] (o] 4 4 14 (4] o 4 4 1 7 B, "2 0 it 20 2 2 4k
N Io 3 7 3 ? 4 11 72 1 i 2 3 7 58 0 0 1 1 g %9 §§ N
0 0 2 P; 5 2 1 L 2 7 58 [¢] 0 0 0 0 12 33
-10 Iy 2 10 . 831 b b I 3 i 1 & 67 27 TZ
«20 2 - ) § L 33 2 L3 i ko 83 i 1 9 75 ¢
Total ganeg g 3% 3018 !:g Bl 905 5% 15 Gg 9.:40::.10 3 gg 23 7 W43 ¢ 3 gzi g
Tohhaiteqc? || us 65 ) 65| 25 100 75 6| 5 50 L e o o) 72 57 5 i7
Rank 3 3 3 8
1 0 ST TR R 1 01,5050 0 %0 0 0:4 4050 0 0 0 1 1
Aursz Zo 0 2 (o] Zx 7 2 2 1 5 e 2 3 0 & 50 1? 32 né
0 0 1 1 2 17 2 b 2 g 67 L 4 L 112 100 22 61
-10 0 1 3 P asayl U, i L 9: - an e 8.3 E I T 43 2 58
-20 1 2 2 & 42 % 2 It 9 5 3 L 11 92 25 69
Total Feiled 2hox 10 ORI it £lro12. 30 V13 31 12 0 15 12 39 220 30027 86 1
Total Tested ek 68 68 200 12
% Failed 10 50 20 25 | ko 60 55 46 | 60 75 €0 sz 57 62 5 53 8
Rank 7 h - 5 9
146 70 000 80 0 Q Bl o S N b ety 0 6 o 0 0 1 1 2 146
N 10 A 0 0 1 o e 1 1 3 254000 2 1/2 3x 30 T8 b
0 0 0 0 0 0 0 1 0 1 8| 0 4 3 7 58 8 22
-10 o ) 0 0 0 i 3 3 o Vbl 53 “d a 9 215 16
-20 i 0 0 1 8 2 3 2 1 a8 3 11 92 19 53
Total Failed|| 2 0o O 0 O 2 By B 0.006 15 G 0¢ L3 11 30 i3 0521 0~ 27, 51 1
Total Tested 68 \ 68 x 66 202 12
% Failed 10 [¢] 0 3| 25 4o 30 28 | % 65 61 45 | 22 35 29 25 &
Rank 9 ¥ 5 7 g
TR S 20 100 A0 00 i, F2 3 2 Lt Ul i X & i >
A R R e g £
19 it i i |1 18| % i Bl £ 3 i § | 1§ '8 @ sk
-20 " 3 4 111 92 4 3 11 FH & i 4 12 100 34 9l
Total Failed|| 20 % 13 4 13 66 b b TR « A I R A 1 39 17 4 20 13 63 s & 52 21 U9 | 2188 7
Total Tested 68 68 68 0% 12
% Failed || 100 95 95 9ti55 65 55 51 85 100 95 93 | € 87 82 82 59
Rank 0 0 1 i
147 70 0o o 3 0’2 5 51 R T e U 2 10 0.2 h 2 11 55 0 18 @ 147
N 10 1 1 6 50 1 0 1 2 17 2 4 2 & 67 16 ®
0 0 1 0 1 g 2 1 1 4 33 3 4 E 10 &3 15 b2
-10 1 2 2 2 u2 L : 2 T 58 E b YL 92 23 (43
-20 0 3 ! 33 4 X 8 67 i E 11 92 2 6l
Total Failed 250 130 W 21 Ay A é - (G 23 Q2% 2 00 1 51 25 3 38 L 25 | o 0
i Tfsnd 10 6 i 5 2 25 # U | 60 100 70 o 5 | 2 3 L] = iy 15
Failed 7
Ra.nke 2 - % 4 % 36 '3 . 5 10
1k L ENE e TR S 20 100 b R S, R i 35 47080 0 1 6 o8 Iy 149
Aga Ig 4 2 L | 10 8 3 Iy 3 10 a1 Iy 3 E 10 s;j 20 57 AR
0 - s s & 10 2 L E 9 75 L § 12100 29x 9
Sl oy ER S R R g R B3
Total Fasged|| 3 4 1 b 5h- 23 B o1 2 1K | B Pk 70 13 15 ke 42 38 % 47 g U wgx 2 ¢
Total Tested x 56 68 68 X 192 12
Failed || 100 90 100 96x| 65 80 70 72 | 85 65 75 65 | 79 74 82 7; 50
Rank 0 2 3 )
149 0 O 4 4 4 16 801 00100770 0 OfE#0:"0: .0 1 1 0 3 28 i
N Io - 1 i 5x 63 0 2 E é 50 1 3 s g ?' 1;:: 59 39
0 = z 4 = -8z 3 11 32| 3 Z 2 8 67 26x &
-10 L E X 8L 3 4 L 11 92 3 E 10 &3 28x 88
-20 - L 8x 100 3 4 y 11 92| 3 4 11 92 0x g4
Total Failed o 4% 16 4 19 43 g .50 25 "0 35 39 1 0 1% ik 38 19 4 45 4 g |120 0
Totel Tested x 52 €8 58 x 188 12
% Failed 0 & 95 83 U5 b, o SK 50 70 70 56 | 43 75 & &4 0
Rank i s 3 10
150 (o] & 4 4 18 90 POt 00 & ' 2 4 & 3 1 & 10 b1
AR Io i 3 4 3 10 8| 0 0 0 ) o| 2 2 3 g 55 %2 é‘g 2%
0 i b jliye 0 o 3 3 nes lia b e ) 7% 2% g
~10 k s 4 | 12 100 0 3 2 5 2 Z i ¥ 1l 92 o8 78
=20 4 i i 12 100 1 2 ke 7 58 4 4 12 100 1 86
;gtﬂ ;’aned 20113180 AT 62 65 OB 0% 19 22 12 b4 18 i9 2; 37 7. 483 815 éoh 10
ted 12
$Faited |10 1200 s | al s 25 % 28 | & % 95 & | 62 72 7 6 85
Rank 0 i 3 3 b !
1 0 iiBetue. o INE dlig 0 AR T e o 1 0S8 0 1 3 R 1
§ ofg 0 0 i R E B 0 R o il 2172 e 7
0 1 1 1 2 25| 0 0 1 } i i o 2 50 1 o8
-10 1 0 el 17 0 2 2 4 33 3 R E 9 75 15 42
-20 1 0 1 e 3 1 3 7 58 3 11 92 20 56
Total Failed 3. - it ovi g 18 B 0s . O} 16 B 0% T g 30 X7 ko8 2Py 6l 3
Total Tested 68 68 68 20k b |
Failed 15 5 4o 26 | 30 15 35 ok | ho 70 4o 4 | 28 30 38 3% 25
Rank 7 7 5 &
Determination of Rank
Rerge Subdivisions 0 1-10 11-20 21-30 31-40 -50 51-60 61-70 7180 81-90 91-100 Rarge Subdivisions
Rank Humbers 10 9 & 7 3 5 & 3 i 0 Rank Numbers
431173—41 (Facep.15) No.4
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on the range of values found for each size, afford an approximate
basis for comparison.

To determine the rank numbers, the total range of the property
under consideration was divided into 11 subdivisions, which were
given consecutive rank numbers from 0 to 10. A rank of 0 was
assigned to the subdivision at the least desirable end of the range
and a rank of 10 to that in the most desirable end of the range of
values. High rank numbers then indicate the best steels, as judged
on the basis of this particular property. The rank numbers also
afford a means for comparing the effect of testing conditions, such as
temperature of welding and testing, plate thickness, and heat treat-
ment, since all of the rank numbers for any property were based on
the same table of range subdivisions, except in tﬁe case of maximum
load (tabie 8), in which different ranges were used for the different
plate thicknesses.

These rank numbers for a particular property are used to indicate,
by small numbers, which are easily compared, the relative merit of
the steels under different conditions. These rank numbers are used
also in the determination of the weighted rank (tables 14, 15, and 16),
in which several rating factors are considered.

The maximum load usually increased with increase in thickness of
the plate. The maximum loads for the normalized steels were gen-
erally lower than for the specimens of corresponding steels in the
as-rolled condition.

The data of table 8 are shown graphically in figure 9, in which the
average loads of each of the three thicknesses of plates are shown
by means of the lengths of their respective bars.

Figures 10 and 11 show, respectively, the variation of maximum
load with testing temperature and with the temperature at which
the specimens were welded. The three groups of curves in each
column represent the three plate sizes, %, %, and % in., reading from
top to bottom. The data given in figure 9 are also shown in these
figures by the double circles in the left of each column. The small
“x’ indicates that the data are incomplete for these points.

These two figures indicate that the maximum load increased as the
temperature of testing was reduced from room temperature to —20°
¥, but that the relation between maximum load and the temperatures
at which the specimens were welded was entirely random and in-
dependent of the testing temperature.

2. ANGLE AT MAXIMUM LOAD

The angles at maximum loads for each of the six steels under dif-
ferent conditions of welding and testing are given in table 9. The
values are the average angles for four duplicate specimens tested
under the same conditions. In each of the large boxes under the
respective plate-size headings, the average angles for the respective
welding temperatures indicated in the top box are read horizontally,
and the variation with testing temperature, given in the second column
of the table, is read vertically. The value in the upper left-hand
corner of each box represents the average angle for the four specimens
welded and tested at room temperature. The average angle for

431173—42 2
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all speclmens of one size and condition (mormally 68) in the 17 com-
binations of welding and testing temperatures is given in the lower
right-hand corner of each box. The relative rank of the steels is
indicated in the columns headed ‘“rank’; the rank for the room-
temperature tests is found at the top of each small box, and that for

[STEEL] TEST |COND- [PLATE, MAXIMUM LOAD PLATE |COND-| TEST |STEEL
NO. |TEWP. |ITION | SiZE THOUSAND POUNDS SIZE |ITION |TEMP. | NO.
T T T T T T T T T T T T T
o ' 2 3 4 H 6 7 8 9 10 i 2

139 | ALL | Ar

70°F| AR 174" | AR | 70°F

144 | ALL | AR 174" | AR | ALL | 144

70°F| AR 174" | AR | 70°F

4y | AR | ALL | 146

70°F | AR AR | TO°F

147 | ALL| AR va' | AR | ALL | 147

70°F| AR w4y | AR | 70°F

149 | ALL| AR 174" | AR | ALL | 143

T70°F| AR val| AR | 70°F

144" | AR | ALL | 150

T0°F| AR

Figure 9.—Maximum loads.

Double cross-hatched bars—as-rolled plates, all combinations of welding and testing temperatures. Double
black bars—normalized plates, all combinations of welding and testing temperatures. Single cross-
ha(tichetie t()iarst—7g§-§)lled plates, welded and tested at 70° F. Solid black bars—normalized plates, welded
and tested a s

the average of all combinations of welding and testing temperatures,
at the bottom of the box.

The average angle and the rank for the three plate sizes combined
are given in two columns at the right of the table, for the specimens
welded and tested at room temperature (70° ¥) and for the average
of all temperature combinations.
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The principal data of table 9 are shown graphically in figure 12.

For specimens welded and tested at 70° F, the bending angles for
all thicknesses were approximately the same for the as-rolled and
normalized conditions. One outstanding exception was steel 144, in
which the angles were considerably greater for the normalized con-
dition than for the as-rolled condition. From tensileland microscopic
studies it was believed that when rolled this steel had been finished

STEEL NO. 139
vesT Tewerl| 70 10 0 -i0-20

149 150 STEEL NO.
0 0 -0-20f 70 10 0 -10 -20||TEST TEMR *F
et e fe L

MAX. LOAD

MAX. LOAD
POUNDS

POUNDS

LEGEND

11500 11500

—— a5 ROLLED ——
~—~NORMALIZED ==~

iatady o wewoeo at 70 of [F11000

© WELDED AT -20°F ‘s

AVE- WELDED ATESTED || ||
@ » | || AT ALL TEMPERATURES 10500
O ©R @ON
A 7
!

10000

10500 -

10000

9500 - r 9500

9000 F 9000

8500 o 8500

8000 8000

7500 7500

7000 7000

6500 6500

6000 t 6000

5500 5500
5000 4 |- 5000

4500 r 4500

4000 F 4000

3500 5 I 3500

TEST TEme || 70 10 0 -10-20 70 10 0 -10-20{ 70 10 0 -10-20| 70 0 0-10-20| 7 10 0 -10-200 70 10 0 -i0-20)| TEST TEMR
STEEL NO, 139 144 146 147 149 150 STEEL NO.

Ficure 10.—Relation of mazimum loads to testing temperatures.

“cold.” This apparently contributed to the great differences in
bending angles in the two conditions. The different sizes of plates
were rolled from different heats of steel.

The %-in. plates of steel 149 and the Y%- and %-in. plates of steel
150 likewise bent to greater angles in the normalized condition than
in the as-rolled. The plates were rolled from different heats.

Steels 139, 146, and 147 had uniform bending angles in the as-rolled
and normalized conditions.

The variation in angle at maximum load with testing temperature
is shown in figure 13, in which are plotted results of tests of speci-
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mens welded at 70° I and at —20° F in both the as-rolled and the
normalized conditions and tested at different temperatures. These
results show that the trend is toward lower angles at lower testing
temperatures. This tendency is less marked in steels 139, 146, and
147 than in the others, indicating that testing temperatures have
less influence on the angles at maximum load in these steels than
on the other three.

STEEL NO.| 32 144 K6 147 149 150 STEEL NQ.
WELD TEMRF|| 70 10 0 00 T 10 0 -10-20{ 70 10 0 -10 20| 70 0 0 -0 -20] 70 0 Q -10-20) 70 10 0 -0 -20IWELD TEMR ¥
MAX. LOAD MAX. LOAD
POUNDS POUNDS
LEGEND
.
11500 < R BT - 11500

@R @N

I 10000

95001, ® |- 9500

® i == ~NORMALZED = ==
11000 - .t © TESTED AT 70°F O [+ 11000
. ® /\/‘ * TESTED AT -20°F o
- OGNS | e
10500 - o b0, . AT AL rorearmes | 10500
DL o
2]
S
el
9000 -
8500
8000 - 8000,

b 7500

P - 7000

6500

5000+ - 5000

4500 - b 4500
4000 r 4000

3500 - I 38500

weLo Tewe || 70 0 0 -0-0f 70 0 0 -0.20 70 o 0 .0-20f T © 0 -0-20[ 70 0 0 -10-20| TO0 10 0«10 .20 || WELD TEMR
STEEL NO.| 139 144 145 147 145 150 STEEL NO.

Figure 11.—Relalion of maximum loads to welding temperatures.

The variation in angle at maximum load with welding tempera-
tures is shown in figure 14, in which are plotted results of tests of
steels welded at various temperatures and tested at 70° and —20° F
in both the as-rolled and the normalized conditions. These results
show that there is a slight tendency toward lower bending angles
at lower welding temperatures, although the trend is not well marked.
In general, low testing temperatures appeared to have more effect
on bending angles at maximum load than the temperature of the plates
before welding.
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