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Dear Sir:

As part of its research program related to the ime
provement of hull structures of ships, the Ship Structure Com-
mittee has sponsored an investigation of the performance of
semikilled and rimmed ship plate steels and weldments when
subjected to the direct explosion test. Herewith is a copy of
the Final Report on this investigation entitled "Investigation
of Performance of Semikilled Carbon Steel ABS Class B and
Rimmed Steel ABS Class A under Direct Explosion Test" by G. S.
Mikhalapov and W. A. Snelling.

Any questions, comments, criticism or other matters
pertaining to the Report should be addressed to the Secretary,
Ship Structure Committee.

This Report 1s being distributed to those individuals
and agencies associated with and interested in the work of the
Ship Structure Committee.
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K. K. COWART
Rear Admiral, U, S. Coast Guard
Chairman, Ship Structure Committee
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REPORT ON INVESTIGATION OF PERFQRMANCE OF
SEMIKILLED CARBON STEEL ABS CLASS B AND RIMMED SIEEL ABS CLASS A

i T — S TR =

UNDER DIRECT EXPLOSION IEST

INTRODUCTION
A series of investigations(1) sponsored by the Bureau_of
Ships; Department of the Navy, revealed considerable difference
in performance of welded alloy steel plate when subjected to
the system of triaxial stresses believed to exist in the Direct
Explosion Test. The Ship Structure Committee became interested
in detgrmining whether corresponding differences in performance
would not be found in low carbon steel plate used for the con-
struction of merchant marine vessels. The Committee was par-
ticenlarly interested in determining whether differences in weld-
ing procedure would not result in a marked difference in per-
formence. |
Accordingly, the Ship Structure Committee sponsored an in-

(2)

vestigation‘ wherein two heats, one of fully killed ABS Grade
C and the other semikilled ABS Grade By, both l=-in. thick,

were welded with different welding procedures and subjected to
Direct Explosion Tests. The principal result of this investi-
gation indicated a marked improvement in performance of fully
killed steel when welded with low hydrogen electrodes over the
performance of the same steel when welded with cellulose type

electrodes. The difference in performance of semikilled steel

when welded with the two respective grades of electrodes was
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less pronounced, the net effect being to approximate the per-
formance"qf killed steel when welded with cellulosg type
electrodes. Although considerable scatter was observed to
exist in the_performance of semikilled steel plates welded
with low_hydrogen electrodes; even'the specimens exhibitiné

the poorest performance still appeared to maintain a sub-
stantial, although not spectacular; superiority over the plates
welded with cellulose type electrodes.

Accordingly; it was decided that an additional investiga-
tion ghquld_be conducted to determine the degree of magnitude
of improvement of structural performance which the use of low
hydrogen electrodes produced in semikilled steel and, if pos-
sible, to establish whether it was of real significance. In
addition; a brief investigation of the performance of rimmed
steels under the Direct Explosion Test was also undertaken.

_ However, part way through the investigation it became
apparent that performance of a single heat of semikilled steel
was not uniform but varied very considerably depending on the
particular slab and even plate ugedo' As a result; a secondary
pbjective_of_the investigation developed_9 and an attempt was
made_po establish the degree of variation of performance which
can exist within one heat of steel and to correlate, if pos-
sible, this variation with conventional notched sensitivity

tests, such as Charpy impact and Navy tear tests.
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~ An additional original pbjective”of this investigation was
a comparison of performance QValuation“by_Direct_Egplogiop_Igst
with performance evaluation‘by the Stand-off (Explosion Bulge)
Test as developed by the Naval Research Laboratory. However,
because of the difference in performance existing betwegn'@ifm
ferent plates of the heat of steel_purcpaseq;“the_resuits of

this comparison appear to be somewhat inconclusive.

METHOD OF TESTING

The Direct Explosion Test has been described in a number
of previous reports(1’3)o_ It will be remembered that the test
consists of subjecting a number of identical specimens to a
blow produced by an explosion‘of a cylindrical charge of an
explosive pqwder packed to a desired density. The magnitude
of each charge is progressively increased until an energy
value is reached which just fractures a specimen. The extent
of defqrmation of the specimen subjected to the explosion_of
a charge just below the minimum charge to fracture is noted
and provides an indication of the maximum deformation the
plate tested can sustain under the test condition. =OSpecimen
failure is said to have occurred when the total length of
a;l fractures exéeeds 18 inches. (Actually, in the present
investigation the overwhelming majority of plates which frac-

tured at all fractured into several pieces).

As stated above, two grades of ship plate were procured,
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ABS Class B semikilled steel, and ABS Class A* rimmed steel.

ABS Class B was procured in both l-in. and 3/4-in. thickness,
whereas Class_A was procured in 3/4—ino_thicknesso The plate
identification for these steels is given in Table I, and the
mechanical_properties and typical analyses are shown in Table II,

A complete performance record covering a temperature range
of 70° to -90°F was obtained for unwelded or prime plate, whereas-
most of the comparisions between the performance of plates welded
with different procedures were conducted at 10° and 32°F.

The majority of welds were made with Navy Grade 180 elec-
trodes and with Class E6010 electrodes. Because one of the
original objectives of the investigation was the determination
of the optimum performance that could be expected from & semi~
killed or rimmed steel plate as a result of a specifie welding
procedure, several additional welding procedures were tried.
These included use of Navy Grade 230 electrode, Uniomnmelt
process with #36 and #40 rods, and Aircomatic welding process
with two grades of welding wire. In addition, 4YOO°F preheat
and 1150°F thermal stress relief were used on both Grade 180
and Class E6010 electrode welded joints.

1o Manual weld: 60° double V, 5/32-in. root opening,
0 root face; root pass made with 5/32-in. diameter electrode;

chipped out to sound metal and welded with three passes on

*Class A composition and strength specification rolled
to 3/4=-in. thickness.
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TABLE 1T

CHEMICAL COMPOSITION AND MECHANICAL PROPERTTES OF SPECIMEN STEELS

LADLE ANALYSTIS CHECK ANALYSTIS gﬁgg%ggggg
Steel
Desig- Heat Deoxi- Thick- Plat Yield Tens. Elong
nation Mfgr. Noc. dation ness{{ C Mn P 8 Cu Ni Cr 5i{Code|| ¢ ™Mn P S Cu Ni Cr si Point Str. an
i
AR | C, I11{73U399| S.K. | 1® vll? .72|.018(.036 2 1.19 -80(.014 .030{.04|.02 .02 [,05[ 33500{57800|43%
I % Jf.21}.811.017].038}.04|.02 |.02}.06| 34600]62400[u1%
| | 7 |1.20}.81],017{.035|.03{.02 |.02{.05| 34300|59000 Lo
I 8 [1.19|.80(.017{.03% [.o4}.02 .02 .05 34200(61900{k41%
|
g |I-21].78|.017 |.03% |.o4{.02 |.02 .05 33500 61300 (419
ARX | C. T11f73U399) S.K. | 3/ [1.17].72].028].036 "
AT | Lukens{164¥45 | Rim | 3/ ||.27,.47|.027].037].30].10].0 |- *39'+00 (68100 |24%¢
“ *%38200{64300 {2644

NOTE: Check analyses and mechanical pro
as reported in "Report of Investi

perty data for plate codes 2, 4, 7
gation on the Notch-Sensitivity Ch

s 8 and 9 are

aracteristics

and Other Precperties of ABS, Class B, Steel Plate for Explosion Test Program
Lab. Project %936-90, Parts 1 and 2, Final Re-
3 August 1953, by the Material Laboratory, New

under Ship Structure Committee -
port, NS 011~-043 and NS 011-084"
York Naval Shipyard, Brooklyn 1,

New York.

* Transverse

** Longitudinal

—9—

+ Elongation in 8 inches
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each side, using 1/4-in. diameter electrode. A total of seven
passes.

2. Submerged arc weld: 90° double V, 1/4-in. root face,
0 rpot_Opgning; submerged arc welded (using Unionmelt #20 flux)
with two passes of 1/8-in. elept;ode;hone pass for each side.

Seventy degree (70°) F preheat and interpass temperature
was used in all cases except in case of Grade 180 electrode
where a number of specimens were prepared with 200° preheat and
interpass temperature and, of course, in the case of specimens
subjected to special weld treatments mentioned above.

Two sources of welding facilities were used; one the Baldwin-
Lima-Hamiiton Corporation and the other,the Philadelphia Naval
Shipyard. When it became apparent that the performance of sup-
posedly identical specimens made at the two facilities did not
agree, an attempt was made to check the possibility of the\varia=
tions in welding procedures between the two sources by having
the Philadelphia Naval Shipyard make welds on specimens prepared
from the steel plate used for some of the Baldwin specimens.

The results of tests of these specimens showed similar perform=

ance, and since startling differences in performance of Speci-_

mens made from two different unwelded plates were also observed,
no further attempt to compare the quality of welding of the two

sources was made.

As soon as the difference in performance of unwelded plate

was established, a review of all available steel plate of the
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heat purchased was made. In general, it was found that each
plate was identified as belonging to a certain slab, ingot, and
cut. A slab number appeared to identify a specific cut of a
specific ingot; thus slab #123520 is a first cut of ingot #2,
whereas slab #123519 is the second cut of the same ingot.
Similarly; slab #12352% was the first cut of ingot #4, whereas
slab #123523 was the second cut of the same ingot. However,
three plates; 73 in. by 220 in. in length, were rolled from
each slab; and since these were not identified separately by
the mill, they were givenarbitrary designations of A, B and C.

The available identification of the steel plate used 1is
given in Table I and is referred to herein after by the Code
designation given in this table.

The steel mill was unable to provide any further identifi-
cation of the plate shipped nor was it able to advance any
theories as to why a difference in thelr performance could be
expected.

Complete mechanical tests, including Charpy impact and
Navy tear tests, were originally planned for the identification
of the heat used. Unfortunately, these tests were planned and
completed before the difference in individual plate performance
was detected by the Direct Explosion Test; and accordingly, a
complete test record of all of the plates tested is not avail-

able. However, it will be seen from Table III that Charpy
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TABLE III
RESULTS OF CHARPY V-NQTCH AND NAVY TEAR TESTS ON STEEL AR

Tear Test _ ' '
Location Transition Charpy V 15 ft-1b Transi-=
Plate Code No., in Plate Temperature, °F tion Temperature, °F
2 End 90 o4
T End 80 17
End* oo 30
Center 90 19
Opposite End 70 26
5 Middle — 57
End == 28
7 (unknown) e 25
End S0 23
Opposite End 100 22
8 End Q0 18
Center 100 16
Center¥* - 30
Opposite End 90 22
9 End 90 20
Center 120 20
Center* e 35
Opposite End 110 22

NOTEs All results except those marked with (*) as reported in
"Report of Investigation on the Notch-Sensitivity Char-
acteristics and Other Properties of ABS, Class B, Steel
Plate for Explesion Test Program under Ship Structure
Committee = lab. Project 4936-90, Parts 1 and 2, Final
Report, NS 011-043 and NS 011-084% 3 August 1953; and
Part 3 dated 30 November 1953, by the Material Labora-
tory, New York Naval Shipyard, Brooklyn 1, New York.

*Results marked with asterisk obtained by Naval Research
Laboratory.
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impact tests were made on four of the slabs used.

DISCUSSION QF RESULTS

Results of the tests are given in detail in Appendix A and
are summarized graphically in Figures 1 through 8.

Figure 1 shows the performance of the two sets of speci-
mens of unwelded plate made from two different slabs, namely,
#123519 (Code 1) and #123523 (Code 6) of the same heat of l-in.
semikilled steel. Performance of each specimen is shown by a
cross indicating a specimen which did not fail and by an 0
indicating those which did fail. It becomes immediately apparent
Q that whereas performance of specimens made from slab #123519 (Code 1)
remain virtually unchanged from room to below -4O°F temperature,
the performance at 32°F of specimens made from slab #123523 (Code 6)
dropped drastically and nearly to the level of performance exhibited
by slab #123519 (Code 1) at ~90°. Since no tests were made at
temperatures intermediate between -40° and -90° in case of slab
#123519 (Code 1) steel and between 70¢ and 32° in case of slab
#123523 (Code 6), the difference of transition temperature is some-
where between 72° and 160°. Referring to Table III, it will be
seen that the difference in performance of these two slabs as deter-
mined by Navy tear tests is virtually nonexistent. However, it
must be pointed out that the tear tests and Charpy specimens were
not made from the same plate of their respective slabs as were the
Direct Explosion specimens. In case of slab #123519 (Codes 1 and
2)y the Direct Explosion Test failed to differentiate between
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plates 4 (Code 1) and B (Code 2)% so that ostensibly the Charpy
and tear tests made on plate B could be assumed to apply to
plate A also. However, in case of slab #123523 (Codes 5, 6 and
7), some evidence exists that plate C (Code 7), from which the
tear apd Charpy test specimens were taken, is superior to ﬁlate
B_(Code 6);of the same slab from which the Explosion specimens
were taken. This indlcation is based on the fact that the Air-
comatic specimens prepared from plate C (Code 7) did not frac-
ture at 32°F until after a charge of 250 grams was exceeded,
whereas at the same temperature the unwelded specimens p:epared
from plate B (Code 6) fractured at as low a charge as 140 grams.
Since it is hard to conjecture that a specimen welded with an
Alrcomatic process would have performance superior to that of
an unwelded specimen of the same plate, it would appear that
some difference in the performance of the three plates (Codes 5,
6,and 7) of this slab can be expected.

Figure 2 shows the relative performance of three welding
procedures-=-Unionmelt, Manual Grade E6010, and Manual Grade
180--on plates A and B of slab #123519 {Codes 1 and 2, respec-
tively). It will be observed that at 10°F the Uniommelt plate
indicates a very appreciable superiority to plates welded with
180 electrodes, which in turn, is very much better than the
plate welded with E6010 electrode. With the exception of
plates welded with Grade 180 where some scatter was observed,

the results are quite consistent.
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Figure 3 attempts to indicate the effect of the slab and
plate on the performance of specimens welded with Unionmelt,
Grade 180, and Class E6010 electrodes. Only the eritical
points, that is, the points at which fracture occurred, are
plotted. It will be seen that performance of specimens made
from slab #123523 (Codes 5 and 6) is virtually the same re-
gardless of the welding procedure used and 1s virtually iden-
tical to the performance of all slabs (Codes 1, 2, 5 and 8)
when welded with Grade E6010 electrode. By comparison; slab
#12352% (Codes 8 and 9) and #123519 (Codes 1 and 2) performed
considerably better when welded with Grade 180 and Unionmelt.
From the data on pages A-4t and A-5 of Appendix A, it can be
seen that, when welded with Grade 180 electrode, Plate A of
slab #123519 (Code 1) performed better than Plate B of the
same slab (Code 2) and both performed better than Plate B of
the slab #123524 (Code 9).

Figure % shows the performance of a plate of 3/W-in.
thick ABS Class A steel (Code 11). The performance of the‘
prime plate is considerably inferior to the performance of
the best of the two semikilled steel plates (Code 1) but
surprisingly enough is superior to the performance of the
second semikilled steel plate (Code 6) despite the fact that
the latter is 1/% in. thicker. It will be noted that at 10°F
1ittle difference in the performance of welded plate is
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gpcountered regardless of whether the welding_is_made by“Upiqnf‘__
melt; Grade 180 electrode; or Class E6010 electrode. Surpfigipgly
enough; at 70°F the performance of Unipnmelt weld is again supe-
rior to that of one made with Grade 180 electrode and is very
similar to the performance of the prime plate. _
_Figure 5 shows the summary of all tests conducted at 10°
and 32°F of specimens madé from slab #123523 (Codes 5, 6, and 7)
with various welding procedures. At 10°F the performance is
uniformly poor with the possible exception of Aircomatie (on
Code 7 steel) and E6010 electrodes furnace stress relief annealed
at 1150°F. At 32°F Aireomatic (on Code 5 steel) is again the
best performer, although improvement over performance of 10°F is
not very great, and virtually no improvement is manifested by
the other welding procedures tried. It is tempting to make a
conclusion that the quality of the plate is so poor that it
completely overrides the effect of welding. The superiority of
Aircomatic must be tempered by the remembrance that the Aircomatiec
specimens were prepared from plate C (Code 7) whereas the rest
of the specimens which compare unfavorably to the Aircomatic
specimens were made from plates 4 and B (Codes 5 and 6) of the
same slab. Furthermore, it must be again remembered that the
performance of specimens welded with Aircomatic on plate C
(Code 7) is superior to the performance of plate B (Code 6) in
prime condition, a fact which is hard to explain except by the

presence of inherent differences in plates B (Code 6) and € (Code 7).
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Figure 6 summarizes data obtained at all temperatures on
slab #12352% (Codes 8 and 9) when welded with Grade 180 and
E6010 electrodes. On this slab a marked improvement in per-
formance of Grade 180 is apparent at all temperatures above
m40°o Unfortunately, incomplete data preclude determination of
the exact degree of superiority of Grade 180 over E6010.

Figure 7 presents all data obtained with Unionmelt on slabs
#123523 (Code 5) and #123519 (Code 1). These data have already
been presented in condensed form in Figure 3, and the main
purpose of Figure 7 is to show the lack of scatter of these data.

Figure 8 presents all data taken on rimmed steel and sum=-
marized in Figure 4. There appears to be considerable scatter
in performance of plates welded with Grade 180 electrodes and
tested at 10°F.

It is interesting to note that the Stand-off Explosion
Test reveals essentially equivalent performance (except possibly
at 4O°F) between specimens made from slab #123524 (Codes 8 and 9)
and welded with E6010 and Grade 180 electrodes(6)o Although as
pointed out above, the exact degree of difference between the
performance of specimens made with those two electrodes on the
same slab has not been clearly determined, a definite superiority
of the low hydrogen electrode appears to be indicated by the
Direct Explosion Test, at least at 32°F, as shown in Figure 6.

It can be concluded, therefore, that at least insofar as per-

formance of those two electrodes is concerned, the Direct
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Explosion Test might be somewhat more discriminatory than the
Stand-off (Explosion Bulge) Test.

A collateral investigation conducted with the aid of the
Naval Research ILaboratory determined the extent of surface
strain apq reduction in thickness of specimens subjected to the
Direct Explosion Test. Table IV shows the comparison of depth
of dish produced by the Direct Explosion Tests with the maximum
surface strain on the back of the specimen as measured by the
Naval Research Laboratory. It will be observed that there is a
reasonably good correlation between the two sets of measurements
and that the maximum dish observed in Direct Explosion testing
does not exceed 20% surface strain on the back side of the plate.
It is also interesting to note that in case of overmatching
electrodes the surface strain of the heat-affected zone is nearly
double that of the weld.

In comparing the deformation produced by the Direct Explosion
and Stand-off (Explosion Bulge) Tests, Pellini and Eschbacher ™)
(See Appendix B) point out that whereas the Stand-off or Bulge
Test produces a reasonably uniform biaxial strain over nearly
the entire specimen, the strain is localized in case of thé
Direct Explosion Test to a comparatively small circulaf area 2 in.
in radius directly under the charge. It is interesting to note
that in the Direect Explosion Test the maximum reduction in thick-

ness in this concentrated area of strain is greater (18%) than
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Table 1V

R ———————— S AR — SR, ————————— w——

Max. Surface Thick-

Welding Depth of Surface Strain ness Re~
Sp. No. Condition Temp, Charge Dish,. in. Strain at Weld duction
AR-0-26(M=6) Prime Plate 70 600 3.68 19.3% - -
-27(M=19) ¢ " 560 3. 54 18.8 18.8
AR-21-20(M31) Gr. 180 500 3.36 15.0 8.0 -
Blectrode .
=27(M38) Gr. 180 - 520 3.35 15.9 6.0 -
Electrode
AR-16-20(M51)  Gr. E6010 400 3.27 16.0 16.0
Electrode
=1%(M57) Gr. E6010 360 2,86 12.0 12.0
Electrode

* As reported in NRL Memorandum Report 190, "Investigation of .the
Performance of Ship Steel Weldments and Prime Plate Material",
by the Metallurgy Division, Naval Research Laboratory,
Washington, D. C. Dated July 1953,
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the maximum reduction in thickness of the Stand-off Explosion
specimens (around 10%). However, the total area under the

curve in the reduction of thickness vs. distance from the

cénter of the plate graph is reasonably the same for both tests.
Thus, the stress gradient in the direction of thickness is much
more severe in the case of the Direct Explosion Test, producing
a condition of triaxial tension not unlike that present in the
root of a notch. This might explain the reason why the Direct
Explosion Test appears to be more discriminating than the Stand-

off Test.

CONCLUSIONS
The following tentative conclusions appear to be justified
as a result of this investigations:

1. Performance of unwélded semikilled steel plate, l-in,
thick, rolled from the same heat of steel appears to vary
widely, depending on the portion of the heat from which the
plate was rolled.

2. Based on the limited investigations conducted, the reasons
for the wide variations found within the same heat of steel
are not certain, although they appear to be associated with
a particular cut and ingot,

3. The difference in performance of specimens welded with dif-
ferent welding procedures appears to be very appreciable in

case of the better performing plate of a specific heat of
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semikilled steel tested and virtually disappears in case of
the poorest performing plate of that heat.

Performance of welded joints made with Unionmelt, Grade 180,
and Class E6010 electrodes appears to line up in this order
of performance in case of the better performing plate with
Unionmelt being superior to E6010 by a factor of W at 10°F,
The effect of thermal stress relief at 1150°F is beneficial
to welds made with E6010 electrodes on the poor performing
portion of the heat of semikilled steel tested.

The performance of prime rimmed steel 3/4-in. thick is
very much inferior to that of the 3/%-in. thick semikilled
steel at all temperatures from 32°F down. However, it is
comparable to that of the poorly performing portion (Code 6)
of the 1-in. thiek semikilled steel of the same heat.
Performance of all welded specimens of rimmed steel, 3/4=-in.
thick regardless of welding procedure used, is about the
same and is similar to that of welded specimens made of the
worst portion of the l=in. thick semikilled steel (Code 6)
testedo

The Direct Explosion Test appears to be more discriminatory
than the Stand-off (Explosion Bulge) Test when applied to
specimens welded with Grade 180 and Class E6010 electrodes
and prepared from the better portion of the heat of the
semikilled steel used, though the evidence 1s not too con-

¢clusive since the data on which it is basedare limited.
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6a

The stress gradient, particularly in direction of thickness
produced by the Direct Explosion, appears to be much steeper
than that produced by the Stand-off Explosion.

The difference in performance of different portions of the
heat of the semikilled stgel tested, detected by Direct
Explosion Test, is not generally apparent on the basis of

either the Charpy impact or the Navy tear test conducted.
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Plate
No, Code No,

AR-0~18
~11
~7
]
14

-5
-9
-2
-3
-1

~16
~12
~10
-6
=k

~15
-13
~19
~20
-17

~22
=25 .
=21
=23
=21

AR-0-26
(M~6,grid)
AR=O=27
(M—19:grid)
AR=Ow28
(Mw20,grid)
AR-0-29
(M-17,grid)

1

I

-29-

APPENDIX

Test Results

Semi-Killed Steel AR - 1" Thick

Welding Procedure

None - Prime Plate

Test
Temp Charge Depth of
op Grams  Dish,ins.

Extent of Fracture

0 640 3,541
660 3.5k
660 3.60
680 3.6l
700 -

32 640 3.1
680
680
700
720

0 600
620
620
660
740

W I?J
Lt 1 g

=40 400 2,19

520 2.62
640 2,94
700 —_
760 -

=90 100

120 -
140 -
160 _—
160 —
70 600 3,68

560 354

=40 600 —_—

480 -

None
2" Back only
1" Front-3%" Back
5"
18"

None

None
4 Pieces
2 Pieces
2 Pieces

None
24
9 Pieces
8 Pieces
8 Pieces

None
None
None
16 Pieces
1/ Pieces

5 Pieces
7 Pieces
& Pieces
6 Fieces
6" Front-30" Back
2" Crack Back
None

15 Pieces

12 Pieces
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Semi-Killed Steel M ~ 1" Thick

Test
Plate Temp Charge Depth of
No. Code No. Welding Procedure oF Grams  Dish,ins, Extent of Fracture
AR-(Q=35 6 Prime Plate 70 560 3,251 None
~32 580 3.26 None
=41 580 —_ LOv
~42 600 _— 28" Front-35" Back
-39 600 -— 42" Front-45" Back
AR=0-36 6 Prime Plate - 32 140 1.17 None
=43 140 — 26m
~37 160 - 340
=kl 160 — 36" - 2 Pieces
~45 200 - 340
AR-0-34 6 Prime Plate _ 10 280 -— 4 Pieces
=38 380 —_ 6 Pieces
~40 LA —_— 8 Pieces
~33 520 — 8 Pieces
=46 600 -_— 10 Pieces
AR-24-8 5 Gr,230-70°Prht ,& Intp.T, 32 160 1.17 None
=1 200 1.44 None
-9 280 1.79 None
=3 280 - 38" .~ 3 Fieces
-1 320 — 29" - 2 Pieces
AR-2A-7 5 Gr.230-70°Prht.& Intp.T. 10 100 - 20"
=5 100 .62 4" Back only
=10 120 - 12" Front-19" Back
-6 120 —_ 30"
-2 ' 180 —_— 5 Pieces
AR-7-6 2 U.M.#36 Rod—2Pass-70%rht.& 70 420 2.35 None
Intp.T.
-5 460 2,48 None
=19 500 2.73 None
-3 ¥# ' 500 —_ 2 Pieces
-2 540 2.88 None
* Fracture appearance revealed incomplete penetration welds,
AR-7-1, 2 32 440 2.43 None
=20 L60 2.49 None
-7 460 -_— 7 Pieces
-12 480 - 5 Pieces

-8 480 _ 6 Pieces
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Test
Plate Temp  Charge Depth of

No, Code Ko.  Welding Procedure oF Grams Dish,ins. Extent of Fracture
AR=7-10 2 U.M.-2 pass - #36 Rod- 10 340 1.90 None

-13 70°Prht.& Intp.T. 380 2,08 None

=l 400 2,11 None

=9 420 —_ 5 Pieces

=17 420 — 5 Pieces

-16 2 U.M,-2Pass—#36Rod=70"Prht. =40 80 - L Pieces

& Intp.T.

-11 120 —_ 6 Pieces

=15 160 —_ 5 Pieces

=14 200 9 Pieces

~18 240 - 5 Pieces
AR~15-5 5 U.M.-2Pass-#40Rod=70%Prht. 32 80 A8 None

&Intp.T.

=6 100 —_— 12" Front-20" Back

-8 120 —-— 28" Front-37" Back

=9 140 —_— 27" Front=32" Back

=7 160 e 250 Pront-26" Back
AR=15-14 5 10 4O .05 17" Back only

=10 &0 - 22" Back only

~11 80 - 12" Front=21" Back

~12 120 —_ 3 Pieces - 36"

-13 200 3 Pieces - 637
AR=16~21 8 E6010—70°Prht. & Intp.T. 70 240 1.69 None

-12 280 1.82 None

=11 320 2,04 1"Crack weld only.Transv,

=15 360 2,26 None

=13 400 2,34 None

=14(Grid )* 360 2,86 None

=20(Grid 3+ 400 3.27 None

* Reinforcement removed from weld both sides.

AR-16-25 8 32 340 - L, Pieces

=2 380 - L Pieces
AR=-16-54 ) 32 80 —_— 9" Back only

=50 100 — ™ Front~17" Back

=51 120 -— 22" Front-26" Back

=53 140 —_— 26" Front-29" Back

~52 160 - 34" Front and Back
AR=16-7 2 10 120 - L9" Crack

) 120 —_ 45" Crack

=9 120 - L2% Crack

=10 120 -_— LaY Crack

-6 120 - 2 Pieces



Plate

No., Code No.  Welding Procedure
AR-16-17 8 E6010~70°Prht,.& Intp.T.

-16

~19

-18

-5 1

-1

-2

-4

-3

-2 8

..23

AR-21-20% 9 Gr.180-70%Prht & Intp.T.
(grid)

—27%
(grid)

-32-

# Weld reinforcement removed from both sides,

AR-21-21 9 Gr.180-70%rht.& Intp.T.
-19
-18
~16
-17

AR=-21-14 9
-15
~11
-13
=12

AR=21-69 é
-68
-65
~66
~67

AR-21-64 5
=63
«59
-60
-57

AR-21-3 1
=2
-
-1
-5

Test
Temp  Charge Depth of
op Grams  Dish,ins,
10 80 31
100 54
100 «50
100 -—
10 60 .09
&0 —_—
g0 —
100 -—
120 —_—
=40 40 +05
50 -
70 500 3.36
520 3.35
70 360 2,22
400 244
0 2,63
480 2,70
520 2,86
32 320 1.96
400 2,30
L80 2,51
520 2.7
560 -
32 140 95
200 1.39
200 1.38
200 -
280 —_—
32 140 -
160 1.10
160 -
200 -
280 -
10 180 1.4
200 1.31
200 -
220 -
240 -

Extent of Fracture

None

None

None
4 Pieces

None
10" Back only
3-1/2"Front=-17" Back
22" Front=32" Back
5 Pieces

None
18" Front-39" Back

None

None

None
None
None
None
None

None
None
None
Nonhe
5 Pieces

HNone

None

None
3 Pieces
4 Pieces

22" Front-25" Back
None

35" _ 2 Pieces

37" Front=-39" Back

51" - L Pieces

None

None
3 Pieces
5 Pleces
4 Pieces
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Test
Plate Temp Charge Depth of
No, Code No,  Welding Procedure °F  Grams  Dish,ins,  Extent of Fracture
AR=21-8 2 Gr.180-70°PI‘ht-& Intp.T. 10 180 1.18 None
-10 180 1.17 None
-9 180 - 3 Pieces
=7 180 - 3 Pieces
-6 180 — L, Pieces
AR=21~21; 8 10 160 1.01 None
=25 9 160 — 6 Pleces
=23 9 160 —— 5 Pieces
=22 9 160 — £ Pieces
=26 9 160 -_— 5 Pieces
AR~21-T7L 3 10 140 95 None
=70 140 .90 None
=72 140 91 None
=Tl 140 1,00 None
=73 140 -— 12" Back only
AR-21-62 5 10 140 - 39" Front-45" Back
—61 140 - 3 Pieces
=55 140 - 4 Pieces
-58 140 - 2 Pleces
=56 140 - 3 Pieces
AR-21-29 9 =40 40 0L None
-28 50 - L Fieces
=30 60 —_ L Fieces
AR=22-14 6 Gr.180-200°Prht +&% Intp.T, 32 140 ) None
=12 200 1.35 None
~17 260 - 2 Pieces
=11 280 1.77 None
=13 280 - 3 Pieces
=15 320 — 2 FPieces
=19 6 32 180 1,22 None
=20 180 - 17"(in plate 2-3" fm weld)
-18 180 - 39n
=16 180 —-— 39n
AR=-22-5 3 10 80 «35 None
=3 120 —_ 3 Fieces
-2 140 - 3 Pieces
-1 160 —_— 4 Pieces
=l 200 —_ 6 Pieces
AR=22-23 6 10 120 .73 None
22 120 — 301
=21 120 — 27% Front=33" Back

=21 120 - 43" = L Fieces



No,

AR-22-9

=10

-6
-8
=7

AR-27-1
-3
-4
-2

AR-28-/
-1
-2
~5
-3

AR-32-5
-2
=4
-3
-1

=10
=7
-6

AR-39-2

-1
-6
=10

AR~39-8

-7
-9
-3

Plate
Code No,

Welding Procedure

Lo W W

\h

\n

Gr.180-200%rht & Intp,.T.

E6010-400°Prht .& Intp.T.

E6010-~70%Prht & Intp.T.

3w

Test
Temp
Op

10

10

10

Specimen furnace stress relieved at 1150°F

W [se e R VLI AN

Gr,180-10%Prht .& Intp.T.

Aircomatic-#L Rod-70%Prht.
& Intp.T,

10

10

32

10

Grams

60
60
60
60
60

80
120
160
200
240

120
220
220
260
260

120
120
140
160
180

100

80
80
80

200

280
280
320
360

160
200
200
200
240

Charge Depth of
Dish,ins,

Extent of Fracture

.06
04

il

5

HHE
~ =3
W

1.16

1.33
1.36

None

None
3" Back only
5" Back only
3" Back only

18" Back only
3 Pieces
3 Pieces
5 Pieces
5 Pieces

None
None
None
L4 Pieces
L Pleces

None
4 Pieces
None
5 Pieces
L Pieces

4 Pleces
5" Back only
3" Back only
5" Back only
4" Back only

None

None
None
55" - 3 Pieces
50" —~ L Fieces

None

None

None
5 Pieces
3 Pieces
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Test
Plate Temp Charge Depth of
No. Code No, Welding Procedure O Grams  Dish,ins, Extent of Fracture
AR=-40-10 7 Aircomatic-#2 Rod~70°Prht. 32 200 1.34 None
& Intp.T.

-k 280 1.79 None

-5 360 2,12 None

-7 400 —_— 28"Front-32"Back-2 pcs.

-6 480 -— 52" = 3 Pieces

-8 7 10 200 1.33 None

=3 240 1.51 None

-1 260 1.67 None

-2 ) 280 1.79 None

-9 320 — I Pieces
AR= =3 5 Gr.180-400%Prht & Intp.T. 10 &0 — 9" Front-18" Back

-2 5 120 wen l; Pieces

-5 6 160 - L Pieces

-1 5 200 ~ 5 Pieces

=4 6 240 — 5 Pieces
AR=45-5 6 Gr.180-1150°Furnace Stress 10 140 1.00 None

Relief

-2 160 -— 2 Pieces

-3 . 160 - /y Pieces

=1 200 -—_— 5 Pieces

=1 240 - T Pieces



No.

ARX~O=ly
=5
-2
=3
-1

-8
-6
=10
-9
=7

~12
-13
~17
=14
-11

-15
=16
-18
=20
-19

~36-

Semi-Killed Steel:  ARX— 3/4" Thick

Extent of Fracture

} Test
Plate Temp Charge Depth of
Code No, Welding Procedure oF Grams  Dish,ins.

10 None - Prime Flate 70 560 Le55
560 4,60

580 4,63

580 -—

600 —_—
32 580 he52
580 4459

580 —_—

600 —_

600 -

0 520 4,11

560 430
560 4423

580 —_

600 —_
=40 300 2,72
420 3.37
540 3.96

580 _—

620 —_—

None
21"

3 n
L3

L2m ~ 2 Pieces

None
2"

2 Pieces
60"

4, Pieces

None
None
None

6 Pieces
12 Pieces

None
None
None
17 Fieces
17 Pieces



No.

AT-0-11
-5
-8
-15
-7

=3
-9
-16
=14
-13

-18
=10
-19
=17
=12

-2
=4
-1
-6
=20

AT-7-11

-8
-19
=17

=20

-16
-l
-5

-9
-2

-15
=10

-18
=14
-13
-6

=12

" Plate

Code No.

-37-

Rimmed Steel AT — 3/4" Thick — Code No, 11
Test
Temp Charge Depth of
Welding Procedure °p Grams Dish,ins.

11

Bxtent of Fracture

None — Prime Flate 68 L0 -—
4,60 Lo40
460 4.30
480 -—
500 -

32 340
380
380
400
420

10 240
260
280
280
300

LSS AL
. ®
-3 -
= ~0

o o
L1

.
o0 o
O Fauli &

W M
LI
jaRNe]

=40 340 -
420 —
100 -
180 -
260 _—

U.M.-#36 Rod=2 Pass - 70 300 3453
70°Prht & Intp.T.

380 3.68

420 3.90

LL0O 3.90

160 -—

32 180 2,20
200 -—
240 -
280 -
320 —

10 80 .76
100 1.09
100 -
120 -
120 —

50 07
&0 —_—
60 —_—
60 _

1-1/2" Back only
None
None
5 Pieces
3 Pieces

None
None

9 Pleces
12 Pieces
6 Pieces

None
None
10 Pieces
None
None

11 Pieces #
17 Pieces £
2 Fieces
10 Pieces
16 Pieces

None

None
None
None
7 Pieces

None
5 Plieces
6 Fieces
8 Pieces
9 Pieces

None
None
6 Pieces
L, Pieces
l, Pieces

None

None
3 Pieces
2 Pieces
2 Pieces
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Rimmed Steel AT - 3/4" Thick - Code No. 11

Test
Plate Temp Charge Depth of
No. Code No. Welding Procedure Op Grams  Dish,ins, Extent of Fracture
AT-16-4 11  E6010-7Pass-70°Prht.& 10 80 —_ 3 Pieces
Intp,T.

-5 80 —_ L Pieces

-3 8o - 4 Pieces

=2 80 - l; Pieces

=6 60 W63 None

-9 60 - 4" Front-9" Back

-7 70 — 2 Pieces

=10 70 —_— 2 Pleces

-8 80 - 3 Pieces

-1 80 —— 5 Pieces
AT-21-15 11  Gr.180-7Pass-70°Prht.& 68 180 2.23 None

Intp.T.

-1 220 2,54 None

-8 240 2,56 None

=6 260 2,70 None

-2 260 — L, Pieces

=4 32 180 - None

=14 200 —_ 6 Pieces

-5 220 —— 16" Crack

=20 220 —_ 5 Pieces

=16 240 —-— 6 Pieces

-9 10 120 1.50 None

=22 120 - L Pieces

=17 130 154 None

=10 130 - 4 Pieces

~19 140 — 5 Pieces

=3 100 1,21 None

=24 100 - 4 Pieces

-21 100 - L Pieces

=25 20 1,08 None

=23 90 —_ 4 Pieces

=13 =40 4O 45 None

=12 L0 - 5% Front-18" Back

=11 4LO —_— 5" Front-18" Back

~18 60 ~— 3 Pieces

=17 60 - 4 Pieces
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APPENDIX B

STRAIN STUDIES OF DIRECT EXPLOSION TEST SPECIMENGS*

The nature of the strain conditions developed in the Explosion
Bulge Tests has been described in a previous report(3)° Briefly,

a cireular area of 1 1/2" to 2"‘radius at the center of the bulge
shows essentially uniform strain for a prime plate bulge of 10% or
less thickness reduction (approximately a 4" deep bulge). This
signifies that bending is minimized and a céndition approaching
simple biaxial straining is developed in this region; also that
the strain developed in a weld located at the center of the bulge
is not greatly in excess of that of the adjacent plate material.
Unless this condition is approached the weld would be tested at
the disadvantage of being located in a position of naturally
higher strain level than the édjacent plate material.

The Direct Explosion Test method utilizes a 6" diameter charge
placed in contact with the test plate and therefore produces a
condition of concentrated loading. Strain grid studies were con-
ducted to determine the nature of strain conditions developed in
Direct Explosion Tests. The plates were surface ground to provide

a flat, smooth surface required for photo-gridding. Fig. B=1

*This discussion and associated figures are verbatim re-
productions of Part II in the report "Investigation of
the Performance of Ship Steel Weldments and Prime Plate
Material," NRL Memorandum Report 190, by William S.
Pellini and Earl W. Eschbacher, July 1953. The permission
of the authors for use of this material is appreciated.
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presents a typical strain grid record obtained by measuring the
stretch of individual .050 inch grid squares. Readings were ob-
tained in one radial direction only, as indicated on the figure.
Figure B-2 illustrates the results of the various strain deter-
minations for 3 prime plates and four weldments (welds ground
flush)s a typical surface strain plot for the Explosion Bulge
method is presented also. Thickness reduction measurements for
specimen M19 (Direct Explosion) and P2 (Explosion Bulge) are
shown at the top of Fig. B-2. Fig B-3 shows cross sections of
‘M19 and P2, It is evident from these various figures and plots
that the Direct Explosion tests results in pronounced deformation
gradients and bending conditions. Within a 3" distance from the
center of the Direct Explosion cup the surfacé strain falls from
approximately 20% to essentially nil values and the thickness re-
duction from approximately 18% to nil values.

Since El + Ey = ] (sum of biaxial surface strains (positive)
is equal to thickness strain (negative)) as dictated by constancy
of volume considerations, it should be expected that simple biaxial
straining should be characterized by a thickness reduction equal to
the sum of the surface strains. Specimen M19 shows that the thick=
ness reduction is only half the biaxlal surface strain total and
accordingly’ that the inner surface must have strained considerably
less than the outer surface. In simple terms, pronounced bending
conditions must have been developed so as to produce high strains

on the outer surfaces and low strains on the inner surface. It is
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EXPLOSION BULGE SPEC. P-2
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SPEC.  THICK. TEST COND.

MIT 924 480 GMS -40°F
MI9 924 560 GMS TO°F
M6 924 600 GMS TO°F
M3l 888 500 GMS TO°F
M3 914 520 GMS T0°F
M5l 844 400 GMS TO°F
M5T  .909 360 GMS TO0°F
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—TYPIGAL SURFAGE STRAIN GRADIENT EXPLOSION
BULGE TEST OF .700" SHIP PLATE
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- Comparison of deformation conditions developed in direct
explosion and explosion bulge tests




A

LATIC T

JILRTIREAN
»;‘m{‘m

e

- Cross sections of specimens direct explosion specimen M19
(top) explosion bulge specimen P2 (bottom)

Figure B~-3
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concluded that the stress mechanics resulting from Direct Explosion
loading entail highly localized biaxial bending conditions.

The strain plots for the Direct Explosion Test weldments show
a strain deconcentration for the high flow strength (overmatching)
G180 welds and a strain concentration for the lower flow strength
(undermatching) E6010 weld. It should be noted that this effect
is obtained only in a transweld direction and that strains (but not
stresses) are equivalent in the weld longitudinal direction. Such
strain and stress conditions should be expected in biaxial tension
irrespective of the degree of bending involved. This subject has
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been discussed in detail in a previous report 0



