
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD300822

Approved for public release; distribution is
unlimited. Document partially illegible.

Distribution authorized to DoD only; Specific
Authority; 13 FEB 1980. Other requests shall be
referred to Army Armament Research Development
and Engineering, Picatinny Arsenal, NJ 07801-
5001. Document partially illegible.

arradcom per dtic form 55



UNCLASSIFIED

AD NUMBER

CLASSIFICATION CHANGES
TO:
FROM:

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD300822

UNCLASSIFIED

CONFIDENTIAL

Distribution authorized to DoD only; Specific
Authority; 13 FEB 1980. Other requests shall be
referred to Army Armament Research Development
and Engineering, Picatinny Arsenal, NJ 07801-
5001. Document partially illegible.

DTIC Classified Users Only. Controlling DoD
Organization: Army Munitions Command,
Industrial Engineering Division, Picatinny
Arsenal, NJ 07801-5001. JUN 1958. Document
partially illegible.

arradcom ltr 13 feb 1980; 13 feb 1980, DoDI
5230.24 dtd 23 Aug 2012



wmmaKSt 

& 

I 

182 



V 



flrmed Services lechnical Information Agency 
ARLINGTON HALL STATION 

ARLINGTON 12 VIRGINIA 

FOR 

MICRO-CARD 

CONTROL ONLY 

NOTICE.   WH^N GCVERHMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFTNTTLLY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS 
NO RZSOONSlBILfTY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE 
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE 
SAID DRAWINGS, SPECIFICATIONS. OR CTTHER DATA IS NOT TO BE REGARDED BY 
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER 
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE 
USE OR SELL AN"/ PATENTED INVE^IUN^^T.MAY IN ANY WAY BE RELATED THERETO 

i%hgte.> 

^- ^jsmsasPS^?^ 



■■ .;.<:■.■.::...        ■ 
..   ■       . . .     ......   ,,-. ■..   -i   :■.■.■■ . ■-.■..-   ..■..-.      .      .-     ■■   .-..      .    ■ ■ . .... ,,;,,,.: 

■ 

.... ■ ■■.  ...... .. 

•A *fc* 

I 

:, 

TIOIN PäM¥ 

: 

JUS 

LitlMÖfÖ«  ■?,: 
» ■  ■ . 

Affni  riif 
—— ■■--,. : 

JUNE .1958 

'-.• 

■   ■ ,   ■ ■        :.■'..■ 

'■ 

HHBKH 



^This document is the property of the United States 
Government.   It is furnished for the duration of the contract and 

shall be returned when no longer required, or upon 
recall by ASTIA to the following address: 

Armed Services Technical Information Agency, Arlington HaU Station. 
Arlington 12, Virginia 

NOTICE:  THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE 

ii^TONAL DEFENSE OF THE UNFTED STATES WTTHIN THE MEANING 

OF THE ESPIONAGE LAWS, TITLE 18, U.S,C., SECTIONS 793 and 794. 

THE TRANSMISSION OR THE REVELATION OF ITS CONTENTS IN 

ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHTOITED BY LAW. 

/S 



= 

CONFIDENTIAL 

CONFIDENTIAL 
§    ä ö«AÄ 

■■\ 

■ ; 

FRCNTISPIECE: Walsh 750-Pound, 15^, Demolition Bomb, Modified foi 
Gun-Firing Tests by Addition of Two Cloth Tape Bourrelets and an Alum- 
inum Pusher Plate« 



»■^mmmmmt 

*i i    in     ii  ii 

I 

COPY 
■I 

3 

-■■    *-*" " 

■   ■    ■ 



CONFIDENTIAL 

METALLURGICAL TKSTIMG AND PHJETRATIO» PBRFCRMANCE OF THIN-NOSED 

75O-P0ÜHD T5hE3 DQIOLITION BOMBS MANUFACTURED 

BY THE WALSH CONSTRUCTION COMPANY 

OF PCETI^ND,  MAINE 

BT 

¥. E. GRIJ 

PEOJSCT NO: PA-2-1C5 

HKPORT NO: DO-TR:  2-56 

SUBMITTED BT \Jfw£v- 
DpRDÖ" LONGO] 

Ch, Amno B Sect 

JUNE    1958 

HE7IEWED BT: 
H.  D. RUTKOVSKT 
Ch, Anno Ehgr Br' 

APPROVED 
. TANSET, 

Lt Col, Ord Corps 
Chief, I. E. D. 

EDITED BT: J. Sheridan Taylor 

CONFIDENTIAL 

11 



CONFIDENTIAL 

Drawing upon naterial contained in a Watertown Arsenal report 

("Examination of Casings and Lug Insert Weldments from 750-Pound 

General Purpose Bomb, T54E3, Manufactured by Valsh Construction 

Company of Portland, Maine," by C. A. Riddle and W. L, Warner), and 

a U. S. Naval Proving Ground report ("Reinforced Concrete Pene- 

tration Test of 750-Pound Demolition Bomb, T54E3, Ifcnufactured b^ 

Walsh Construction Co., Portland, Maine," by L. E. Wills), is hereby 

duly acknowledged. 
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OBJECT 

VorK described xn tlis report, was designed primarily to detenrlne 

whether the lir^t 66.006 tombs^ with less thai specified wall thickness 

in the eg ire area, MMLfftetar^d by tne Walsh Construction Company would 

meet penef:1-^ ijn requirements of the 750~pound T5/*E3 demolition bombs. 

Another purpose of the eraluation was tc  determine the reason for cracks 

whi-sh appeared adjacent  to the lug insert welds in th? casings of a small 

percentage of the brajre»    TLts  t^estiga^.ion also included evaluation of 

the effectirene33 of  repair welding the cra;ks0 

IVftJUAtiM '.»f thin-ncsed,  ^SO-p^ound,  r54E3 demolition Comt«s made by the 

Walsh Cons Erection Company was a/compILshed tlirough thorough metallurgical 

testing and gui-iiring tests. 

Taree borab ca:-ingsn  one  ,fas forged'' with  "as welded'* inserts, another, 

welded and hea-—trea+ed5  and a third,  repair-weided and tampered, were met- 

allurgi.:all^ tested to establish what propei-ties assjure intact casings after 

target psüetrattan at redu ;ed temperatureso 

T^ie t«st program Included chemijal analysis, hot^aMd micr^e-'-.ohiing, mi- 

,',ros "9pij studyj  teosll« ptvperty che",k:   and hardness stu:'weys of each ogive 

and body, also radiographic examination of lug insert weldsr and micross^opi^ 

examination of welds and cracked areas, 

f|a&MMH»d T^O-pc'.aid.  T54E3 demcliti^n bomt-s mamtifactared by the Walsh 

Construction Company wei e gur.-fired at an average velocity of 1000 ft/sec 

agairs+   reinforced +argets set  a4   15-degree obliquity.    Examination of the 

1 
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targets and bombs recovered behind the targets revealed that the 75^23 bomb 

effectively penetrated both 16-inch single-thickness concrete, reinforced 

with two spaced layers of steel bar lattice, and 24-inch laminated concrete 

in 8-inch slabs, each reinforced v.'ith one layer of steel lattice at the rear. 

CONCLUSIONS 

According to test results, the penetration ability of the Walsh bomb was 

not limited by the thin ogival walls, but rather by the base closure construc- 

tion and insert weld. 

Cracking which occurred at the lag insert velds was associated with the 

stress pattern imposed by welding a relatively massive insert into a thinner 

casing wall, Snugness of the lug insert against the inside of the casing wall 

will affect the strength of the weld. A small space between lug insert and 

wall could act as a "trigoring mechanism" for cracking. The contour of the 

toe of the weld reinforcement -hould be smoothly curved. 

Repair welding was effective, and the tempering treatnent after veld re- 

pair did not appreciably affect tensile properties of the ogive, whereas yield 

and tensile strengths of the bomb body were reduced slightly (about 10 percent 

and 5 percent, respectively), 

RECCMMENDATIOKS 

The lug insert should be made to fit snugly against the casing wall 

during manufacture. The welding process should also be studied and a method 

established which will increase the weld penetration in width. The weld should 

extend to the edge of the insert boss, completely filling the space between 

the lug insert boss and the wall body, thereby eliminating one possible "trigger- 

ing mechanism" for cracking, 

2 
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Tfiera  should b© an imrastigR-cicn of baje olosure  oonstruotioni,   and 

development of a design capable  of withstanding the  impact of the  bomb 

against a  concrete  targot»    Parenthetically,   it should be noted that 

failure  in this area  is not limited to  the  design herein considerede 

It is recommended that repair welding be considered acceptf :,le,  provided 

the repair weld is examined oarefully by radiographic or other means  to 

assure  complete cicgure  ct the cracko 

ACTION TO BE   TA.REN OS RECOMfvEIffiATICNS 

A note will be added to the bomb drawings   calling for the weld of 

the  lug insert boss  to extend tc  the edge  of   the  toss»     The pro-ess  is 

to be qualified and the qualificacion requirements will be placed in 

the specification»     ^h© specification will be changed to permit repair 

welding of cracks and  call for inspection of the x^epair«, 

Ihe  base   closure  construotione has 'been referred to Research and 

Developmenr for investigation0 

•• 
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1.     The '.Vdlsh Construction Corpany of Portland,  Maine,   in early 1954, 

contracted to manufacture  133,600 T5UE3,   750-pounu demolition bombs;  how- 

ever,   the only available supplier of butt-welded tubing did not hare the 

plant capacity to produce a sufficient amount.    Therefore,   the Walsh Company 

used seamless  tubing and  developed a new method to form the ogive and base 

taper.    The new method,   a swAglxg   process,   utilizing one small (400-ton) 

press  instead of the  usual  five heavy presses,   could  produce bombs  nuch- 

faster dnd cheaper than by competing methods, 

2.     Because  the drawings were made for  another manufacturing process 

and the seamless  tubing had a wall thickness tolerance of £ 12=5 percent, 

the Walsh Company was unable to achieve the ogival  wall thickness  specified, 

however,  since special heat treating   and swaging   ot the seamless tubing pro- 

duced bomb casings with 25  percent more structural  strength,  OCO granted 

waivers  for Walsh to manufacture 60,000 bombs with minimum ogival wall thick- 

ness of 1.200,  0.700,  0.$ü0,   and 0.^00 inch instead of tne specification 

dimension of 1.295,  0.786,   0.575,  and 0.425  inch. 

3.    Several bombs,  each loaded by  the maviufacturer with 694 pounds cf 

wet  sand, were dropped   by     a mobile crane  from heights  of 55 and 110 feet. 

No major deformation occurred;  nevertho] iss,   Picatinny Arsenal initiated 

studies to determine the maximum performance  that  could be  expected from 

these thin-nosed bombs 

U.     As the first step in evaluation of T54E3 Bombs,  Watertown Arsenal 

WiS requested to have its  laboratories  conduct metallurgical tests  on three 

5 
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boab Casings,   1 »oi^ej A,  -,   «nd C.     Gisu^ * had *eided  lxm9fP%Mt   out was vitliout 

cubseuu^nt he^t  treat.'.*'it;  B VM  processed through full b«at  trejtmerit   j^d had 

body Wall craCKS adjacent  to tte  inserts;   and C »as sl-nilar  to B,   except  for 

repair-welded craCKS and  subsequent   tempering treatment. 

5.     The 6hree casings were  subjected to cheraical  anal/sis,   hot acid /nacro- 

etching, raicrÄscopic study,   tensile property determination,  hardness surveys, 

and radiographic,  macroscopic,  and micro»copic examination cf lug  insert welds. 

6.    bellowing analysis of metallurgical examination results,   Ju ,7alsh-manu- 

factured bombs were selected at random for measurements  of wall  thickness accoiti- 

iag   to standards of A.   0.  Smith Company,  producers of the original 15^ Bomb 

Casing» 

?„     Of the  JO bombs,   the  10 with  the greatest  variation  in wall  thiCKness 

were chosen for additional testing.    Seven of the 10 were used for gun-firing J 

penetration tests   (Table l);   the remaining boraos were  used to test  the adapter 

booster  Lripact. 

TABLE I 

gall thiekn—«_nj! Bombs Guri-f ired 
atjgaval Prorlflg G^otmd 

Botib 
No. 
9" 

Measurement Position 
NoTl '  

8 

1.350 
1„300 
1.300 
lo300 

1.580 
1.350 
1.400 
1.600 

.700 

.690 

.,690 

.67u 

.720 

.650 

.65^ 

.700 

.45u 

.500 

.450 

.450 

,52u 
,450 
■ 470 
,500 

.350 
.400 
.410 
-370 

.350 

.3/0 

.400 

.400 

11 

15 

16 

1.400 
1.460 
1.^90 
1.450 

1.500 
1.590 
1.570 
1.520 

I.450 
1.450 
1.500 

1.380 
1.390 
1.370 
1.350 

HO,   ^ 

.7UJ 

.660 
".710 
.700 

.75u 

.710 

.710 

.740 

.710 
,750 

.650 

.650 

.670 

.710 

No.   3 No.  4 
.490 .33o 
.490 .390 
.49u .400 
.490 .400 

.480 .410 

.460 ,4O0 

.5^0 . 380 

.470 .380 

.470 

.450 

.450 

.45u 

.480 

.480 
-450 

.390 

.35o 

.380 

.370 

.390 
-39^ 
.350 
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MgrALLURGICnl RESULTS 

8       Visual nuffillUitiaD siiowed the casings were shail^r,   except  that 

Casing A h^d a 0.45-inch WJ.11 thicKriess,  while Casings B and C each had 

0U375-inch. 

9U     Because the catliagi were raonufactured from seamless tubing by hot 

forging,  there were BOtlongitudinal cr circumferential weld joints. 

10.    Che/nical analysis of speci-nens obtained from the body of each casing 

yielded the  following results; 

Casing C_         m Si 5 P        _N i_      Cr Mo j 
A ü„305    008U 0.26 0,020 0,015    nil J Ü31 Trace Trace 
3 0.38   .1.02 0.25 0.025 0,018    nil 0,021 nil Trace 
C 0.37      0.98 U.22 0.032 0,013    nil 0.021 nil Trace 

11, Although Casing A originated from a different heat  of steel than 

either B or C,   all three were manufactured from steel meeting chemical com- 

position requirements  of Picatihny nrsenal tentative Purchase Description 

No. PA-PD-bl3.     The composition 0:' this steel w^s Ixiadequate  to transform 

completely to nartensite in the  iection thickness present  in the casing 

ogives.    This condition was even rorse with tne standard,thicker section, 

12. Macroscopic Examina'.iot.:    Longitudinal sections were machined from 

the ogive and body of each Casing,  then surf ice-ground and etched in a hot 

solution of HC1  ^nd FUO.     The resulting macrostructures  (Figs.  1  and 2) were 

typical of good quality hot-rolled steel.     In Casings B and C the flow 

pattern of the  forged ogive sections  was more  pronounced than in Casing H. 

Numerous fine cracks (resulting from the ogive-forming operation;  were on 

both the  interior and the exterior surfaces of the B and C casing ogives. 

7 
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Cäsxm c - 3Mm?sBw 

Fig, 1; Hot-Acid Macroetched Sections from Bodies of T54 Bomb Casings A, 
1, and G$  Manufactured by the Walsh Construction Corapamr. 

RSTSI'IPSttiD 

Fig. 2, Hot-4cid Macroetched Sections from Ogives of T54 Boxnb Casings A 
Bt  and C, Manufactured by the Walsh Construction Co^any, 
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Figure 3 shov.'s hem  these cracks appeared on the ulterior surface  of tha 

ogives. The aost severe cracks, found in Casing C, were 1/32 i^ch wide 

by 1/8 inch deep. Comparison of the three sections (Fig, 1) showed con- 

siderable variation in the ogive wall thickness of Casings A, B, and C, 

'v^ 

F±gs 3a    Fiew of Interior Surfaces of Ogiires from 750-Pound T54 Bomb 
Casings A, B, and C Mmufacttired hj  the Malsh Construction Compai^. 

13•    Microscopic Examination; Specimens were machined from the ogive 

and body of each casing. In Casing A (Fige 4), microscopic examination re» 

vealed very little difference in the microstructuro in either locationj 

both areas consisted of fine pearlite and ferrite. The structures were 

typical of hot-worked steel, slowly cooled from the forging temperature in 

air9 Casings B and C had structures in the body consisting of tempered 

bainite, with some traces of martensite in B and considerable rejected 
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CASING A 

1100       -A- 
Coarse-Grained Structure of Hot- 
Worked Steel. 

X1000       -B- 
Fine Pearlite and Ferrite in 
Same Area as -A-, 

CASING B 

2100        ~C- X1000       -D- 
Moderate Grain Size.        Ferrite, Bainits, and Fine Pearl- 

ite in Same Area as -G-. 

Fig« 4e Micro structures of Ogive Sections From Casings A,, B, 
and C« 

ferrite in C (Fig. 5). Both casings had similar ogive structure which con- 

sisted of bainite, pearlite, and ferrite. The nose structure was consistent 

for steel of 'the composition employed which would not be expected to quench- 

harden fully through tne heavy wall section at this location. 
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X100 CASIMJ B     X1000 
Fine-Cfrained., Slightly Banded Tempered Structure of Bainite 
Structure« and Some Martensite, 

X100 X1C00 GASIMG G 
Fine Grained Structure with Some Tempered Bainite and Grain Boun- 
Elongated Non-Metallic Inclusion,        dary Ferrite^ 

Fig.  5. I'acrostructoivjs from Bodies of Bomb Casinps B and G W   :■:■ 

1^' Tensile Properties; Specimens for determination of tensile prop- 

erties were taken from the ogive and body sections (in longitudinal and 

transverse directions) of all three casings. Four specimens were obtained 

for each position. Data contained in Table 2 sho« that yield and tensile 

strengths we're higher in the casing sidewall than in the forged ogive area, 

with the difference more pronounced in heat-treated Casings B and C, 
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TENS ILE PftOPCITIES    OF 750-L* T54    00MB    CASINOS 

Location 
Olrec-      Tewp. 
tlen        (»C) Offeet           Offeet 

a 

Teoill« 
Strength 

PSI 
Elon. 

% 
H.A. 

S M.« f?r6 

«SINS A 

Ogive 
Cgfve 
Ogive 
Ogive 

T            »2« 
T            +24 
T            -65 
T            -C-5 

40.300 
41.000 
55.000 
54.500 

40,300 
41,800 
53.500 
53,000 

77.000 
78.400 
89.200 
90.000 

25.5 
26.0 
27.0 
27.5 

41.5 
47.6 
39.7 
45.1 35            15 

Body 
Body 
3ody 
Body 

T            *24 
T            ** 
T            ♦2« 
T            ♦2» 

44,500 
45. 7i0 
45.750 
45,000 

44,750 
46.250 
45.750 
45.000 

83.000 
82.000 
82.500 
33.000 

26.5 
23-4 
23.4 
29.6 

56.5 
55.0 
55.0 
56.5 

Ogive 
Ogive 
Ogive 
Cglve 

L            ♦2» 
L            ♦2» 
L            -65 
L            -65 

42.500 
42.600 
56,600 
55.500 

42, 500 
43.500 
55.000 
53.750 

78.500 
79.000 
91.100 
91.500 

28.0 
28.5 
29.0 
30.0 

54.6 
55.1 
45. 4 
50.2 31          10 

Body 
Body 
Body 
Body 

L            +2« 
L           +2» 

L            ♦2« 

47.250 
44.250 
45.000 
46.500 

47.500 
43.750 
45,000 
46,500 

85.500 
85.250 
85,250 
85,250 

26.5 
26.5 
26.5 
29.6 

58.5 
59.0 
56.5 
56.5 

asm« i 
Ogive 
Ogive 
Ogive 
Ogive 

T           ♦2« 
T           ♦2« 
T           -65 
T            -65 

75.500 
81.800 
66.000 
88,000 

76,000 
81,800 
84,000 
90.000 

111,700 
114,800. 
124,000 
126, 200 

12.0 
15.7 
13.5 
9.3 

28.3 

26.0 
^6.0 

10            9 

Body 
Body 
Body 
Body 

T            +2« 
T            ■«•2» 
T            +2« 
T            ♦2» 

112.250 
113.250 
110.000 
109, 500 

113.750 
114.500 
111.250 
111.250 

133.500 
132,750 
132. 500 
132, 500 

14.1 
14.1 
14.1 
14.1 

46.3 
«4.5 
46.3 
46.0 

Ogive 
Ogive 
Ogive 
Ogive 

L            +2» 
L            ♦2» 
L            -65 
L            -65 

72.500 
71.COO 
84,200 
84,500 

71,800 
71.000 
82,200 
83.000 

109,000 
107,600 
121,300 
123,500 

20.0 
22.0 
23.0 
ts.o 

46.5 
51.2 
49.5 
47.4 17           15 

Body 
Body 
Body 
Body 

L            ♦2« 
L            +24 
L            +24 
L             +24 

105.000 
104.250 
106,250 
105, 250 

107,000 
105,750 
107.500 
106,750 

127.500 
126.500 
127.500 
127.250 

21.9 
17.2 
17.2 
17.2 

56.5 
56.5 
55.0 
59.0 

CASIifi C 

Dgive 
Ogive 
Ogive 
Og i ve 

T             +24 
T             +24 
T            -65 
T            -65 

81.300 
86.500 
88.300 
84. 500 

82,300 
86,500 
36,800 
84.500 

113.800 
116.000 
126.100 
123.000 

14.3 
17.9 
14.5 
11.5 

31.5 
41.1 
23.2 
14.0 3             8 

Body 
Body 

T            »24 
T            +24 
T            +24 
T             +24 

107.500 
104.250 
98.500 
98.750 

108.750 
105,750 
100,500 
101,250 

127.500 
127.500 
12P,000 
126,000 

15.6 
12.5 
12.5 
11.1 

44.5 
41.5 
46.3 
43.5 

Ogive 
Ogive 
Ogive 
Og i ve 

L             +24 
L             +24 
L             -65 
L             -65 

70.000 
69.800 
85.500 
84. 100 

70.600 
70,000 
83.'00 
82. 100 

106,500 
105,250 
118,000 
120,300 

19.0 
19.0 
20.0 
20.0 

«5.7 
44.5 
39.7 
42.7 17            12 

Body 
Body 
Body 
Body 

L             ♦24 
L             +24 
L             ^24 
L             ••24 

91.250 
87, 500 
90,000 
96.250 

92.500 
88.750 
89.250 
97,500 

126,000 
118.750 
118.750 
121,750 

18.8 
21.9 
21.9 
15.6 

59.0 
60.0 
59.0 
58.5 
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15,     Casing H,   unheat-treated,  had jtifcid ^nd tensile strengths somewhat 

lower in the transverse  direction;  the  opposite was true in Casings  | and C, 

which had been heat-treated by quench and temper operations.     Casing A had 

an average tr^nsversei yield strength of ^1,000 psi in the  Gorged ogive,  ^nd 

45,OOt psi in the body.    Transvei'se sections  of the heat-treated casings 

exhibited 81,000 psi yield and 114,000 psi tensile in the cgive,  and 106,750 

psi yield and 130,000 psi tensile in the body. 

16,     At  -650C  (-840F)   the strength  of the ogive section  showed on in- 

crease over ambient  temperature properties,,     This was more pronounced in the 

unheat-treated casing, which increased 3^ to 35  percent   in yield strength and 

approximately 15 percent  in tensile.    At   the low;,temperature,  quenched-and- 

tempered Casing B increased from 10 to 17 percent  in yield strength and 

from 9 to 13 percent  in tensile.    An increase of 3 to 17 percent  in yield 

and 8 to 12 percent   in tensile strength was  obtained in Casing C when tne 

test temperature was lowered from room temperature to -650C.    No appre- 

ciable effect was noted in the elongation and reduction of area values of 

any of the casings. 
■ 

17.  Hardness Tests: Rockwell hardness readings were obtained on 

surface-grcund longitudinal sections from the ogive and body of each casing. 

Table 3 contains readings on the ogive sections; body section readings were 

uniform and not tabulated., Casing A, as forged, WiS slightly higher in 

hardness at the outer surface of the ogive (8A Rockwell B average) with 

the hardness decreasing toward the interior (81 Rockwell 3 average;. 

18„ Near the outer surface of the ogive, th^ other two casings showed 

higher readings (19 to ^8  Hockwell C; which decreased toward the midwall 

(15 to 16 Rockwell C) and increased again slightly at the outer surface (13 

to 21 Rockwell C). 
13 

CONFIDENTIAL 



CONFIDENflAL 

TABLE | 

Ci 

i-4n 

NAJRMCSS RIA £J«taS a 1 QCIVE 

• na  C  fltockMli VJ .infl A (RockMll   -B-J 

ch B«)o«r      * -Inch  0«>c« 

■Mil a B iflOekMlI   'C'J       Cai 

i-lnc h  Pvlo« C*nt*r i-lii Ch  Bfloa *  Inch  tolo» 
Su rfac« Sv rfac« 3tir'/«c« 0« Su rf«c« SH rfac« 

Q«tT lBn»r 2!lilr. Innar OutT Innaf Section Outer Inner SUM Innar 

8J.5 
8J.0 

  80 5 20.0 
le.o; 

19.0 
18.9 

17.9 
17.0 - - - 81.0 80.0 m  m  9B 17.5 r_. III 

C4.9 - - - 81. C 80.5 18.0 21.5 17.0 18.5 ... 16.9 14.5 
84.0 T9.0 82.0 81.0 18.0 23-S 19.9 18.0 19.0 17.0 18.9 84.5 m/.o 81.0 81.5 18.5 21.5 18.0 19.0 21.0 16.5 19.0 
84.0 Z  ~  " 81.0 81.5 17.5 23.0 18.0 19.0 20.0 17.0 17.0 89.9 m m m 82.0 81.5 19.0 23-0 18.5 19.5 20.S 17.0 17.0 
84.5 —   "•   • 81.9 82.0 18.0 23-S 18.0 18.9 21.0 17.0 17.0 
89.0 
84.0 

m m m 82.0 62.5 17.5 24.0 17.9 18.5 22.0 17.0 18.0 
"•   ■"   ~ 82.0 81.5 18.0 23.0 17.9 18.5 23.0 17.0 18.0 84.0 

85.0 
m  m m 82.0   18.0 24.0 18.9 18.5 16.5 20,0 
m m m 81.8 m  »   m 18.5 m   m m 20.9 19.0 m   m  m 17.0 83.0 —   -   — 8L5 »mm 19.0 -    -   - 22.0 18.5 m  m  m 18.0 _    w    * 

83.0 ~   ~   " 82.0 -   _   _ 19.0 m m m 21.0 19.0 m   mt m 19.0 —     ■>    * 

83.5 —   "   "• 92. C   18. .1 .   -   - 21.9 19.0 m  m m 20.C ■»    «»     4M 
82.0 »mm 82.0 m  m  m 20.0 -    _   - 26.0 18.5 m  m   m 20.5 m   m  m 
62.5 -   -   - 82.0 _   _   _ 19.0 m  m m 28.0 18 9 m  m m 20.0 w   «•  «i 
84.0 ■"   —   ~ 82.0   19.5   28 9 18.3 -   -   - 18.5 ■a   «»   « 

21.0 ^   ~   ~ 28.5 19.0 *    •"   " 18.5 -    -    - 

19. Hardness readings obtained every half-inch apart on a section from 

Casing A's sidewall were similar to those obtained near the outer surface of 

its ogive. Headings obtained on sections of B and G casing sidewalls were 

fairly uniform and averaged 25 and 23 Hockv/ell C, respectively, 

20, Radiographic Examination of Cracked Ar"asj_ Radiographs, covering an 

approximate 12-inch by 18-inch casing area, ware  taken of both lug inserts in 

each of the three casings. No cracks or other defects were observed in either 

the rear insert welds (circular inserts) or the forward insert weld of Casing 

A, In G'ising B (visible without X-ray), an 11-inch long crack was shown tan- 

gent to the forward edge of the insert weld and pxtending into the casing met- 

al an equal distance on aach side of the insert (Fig, 6), The radiograph of 

Casing G revealed a repair weld of a crJ.ck which extended into the casing 

metal approv.lmi.tely seven inches to the left and 3/4 inch to the right of 

the insert, A l/4~inch section at the end of the crack on the right side 

of the insert was not filled completely by the repair welding operation, 
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SURFACE 
f XAMI/V£D Swc/Mf/w 

*** 
BOMB A 

SOHFACE 
f XAMIWÄD 81 

*m*V 
BOMB B 

CFACK 

SunrAci 
ExAniNED 

WCLD 

3piciriCN 
Cl 

MACRO OF 
OPPOSITE FACE 
OF SPCC/MC* Cl 

ßoriß^C0 

Fi^, 6, Lug Insert Welds of Test Bomb Casings A, B, and C. 

21, Examination of Ijug Insert Welds; Sections of lug insert v.elds were 

taken from the three bomb casings (Fig. 6} so that in each case the section 

of Specimen No. 1 examined was approximately in the centerline of the lug in- 

sert. Macrographs of these sections are shown in Figures 7 and Ö, As a 

point cf interest^a macrograph of the opposrH face of Specimen Cl is shown 

in Figure 8, 
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Bomb A As Ifelded 

SPEC.114EK Bl 
Bomb B After Quench and Tempej 

CRACK 

(b) x 

Fig, . Lug Insert Welds of Caeinge A and B, 
Showing Cracks In Casing Wall. 

22e A second specimen, 02, was taken from Bomb G to give a cross sec- 

tion of the repair weld and a section of the .Insert weld.  The black dots in 

the iriacrographs indicate approximately where photomicrographs were taken. 
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SFECIMEK Cl 

REPACK 

I 

(a) x 5 

"ftp^Ü 

.-■- 

SPECIMEN Cl 

nn , , -    'If.  | 
X 
';•? f RfPAlR^ 

X 

■f ■ _ ■ 

'^"'■*i 

W| 

kl V 1 
i 

WALL 

(c) x 5 

AFTER 

WELD 

REPAIR 

BOMBC 

PPÖ5ITE 

FACE 

OP 

SPECIMEN 

F±g,  8. Bomb Casing C with Lug Insert. Weld Repaired. 

23, Fhotoinicrographs in Figure 9 were taken from the location on Bomb 

A, shown in Figure 7, to show the "as welded'1 condition. The bomb casing 

wall Has a hot-worked metal with a banded, coarse pearlitic structure, and 

the vie Id .metal had a coarse dendritic structure with some pearlite. Figure 

9E shows the coarse pearlite of base metal in the heat-affected zone was re- 

fined considerably by successive heat applications of the two vie Id layers., 
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CASIliG MALL 

x LOO x 1000 
.INSERT VIELD 

■B- 

f  *—%cT>y   ^ • 

■"   .■.»Si* 

^ T j 

x 100 

FEAT-AFFECTED ZCME 

x 1000 -E~ 
Fig. 9#    Photomicrograplis of the  ,!As Welded1' Condition of 

Lag Insert Section of Test Bomb Casing A8 

^4s    In the quencrv- and temper-treated bomb casing,  the  coarse pearlite 

was refined considerably and had been transformed largely to tempered bainite. 

Coarse dendritic  structures of the weld were eliminated by heat»treatment 

which left a  structure of fine-grained pearlite with some bainite.    The 
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heat-effected zune,  as such,  di-sa^eared,  and. the structure reverted to that 

of the heat-treated casing Wdli. 

25.     Casing C's  mil  exiiioitcd a structure of tempered bairiite  with a 

small amount  of tempered n^rtensite.    The repair weld was dendritic,  siailar 

to  the lug insert welds,  out much finer grained because of alloy content and 

because specimens  for  the photomicrographs  were  in  a layer  of weld metal 

below the surface,. 

26o    Casing C's lug insert weld showed a structure of fine-grained 

pearliLe with some  bainite,   plus a slight   iron carbide precipitation due  to 

tempering.     The repair weld  showed that  the  structure  in the  surface layer 

was not reheatedl by a subse4uent layer. 

27,     As shown in figure 6,  a typical example,  quench cracking occurred 

aPf-roximately at right angles  to th« centerline of the lug insert,  and the 

crack was t jigent   to the weld at  the centerline of the lug insert,    rlxcept 

for a short distance  in the region of tangency,   the crack was not associated 

with the lug insert weld but extended  into the bomb casing away from the weld. 
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28a    All the s'wen bombs fired penetrated their respective targets, 

and all bombs were recovered after firing»    Three were in an effective 

condition and four,  in an ineffective,bursting condition» 

29«    In general, nose ends of recovered bombs were in very good con- 

ditions    Conical nose plugs and the areas around them v/ere only slightly 

deformed«    All impacts were at a velocity of about 1000 ft/sec which rough- 

1;/ corresponded to a free fall from 25,000 feet altitude9    In each case the 

concrete target was at 15 degrees obliquity from the line of fire ( the angle 

at point of impact,  between the line of fire arid the normal to the plate)» 

30,    Tiie first bomb, with a mean velocity of 1C1C ft/sec, was fired 29 

March 1956,  against l6~inch, single-thickness reinforced concrete,  instead of 

the 18-inch requested by Reference B«    An 18-inch target was not available 

-and previous result'-  had indicated that this bomb would not penetrate 20 

inches of concrete and remain effective,    Kose plug and nose area were in 

good condition.    Figure 1C shows th; t the body was uncracked and, except 

for a ISO-degree fold around the base, 

was in good shape»    However, the bomb 

base was torn open, the explosive car-« 

ity exposed,  and the base well broken 

and deformed (Fig.  'l)0 

31» The second bomb was fired on 

k April 1956, against 20-inch, single- 

thickness reinforced concrete at a ve- 

Fig. 10. Target Penetration and      lecity of 1025 ft/ sec„    Nose plug and 
Fold at Ogive Base of First Bomb. 

nose area remained in good condition^ 
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Fig« 11, Ba,se of RecoTered 
Boiabj, Showing Broken External 
Base Eingj, Missing Base Plugt 

and Distorted Fuze CaTitj 
Liner. 

but tins  body fracturou along the weld 

for the railtipl-a lug insert (Figs, 12 

and 13)f  md  a heavy 30O~degree fold 

appeared around the main base of the 

ogive (Fig. 14)«, The  external base 

ring ws partially separated from the 

body of the bomb as shown in Figure 12j 

32, The third bomb, fired 

11 April 1956^ against 20-inch# 

single-thickness reinforced con- 

crete, had a mean velocity of 

1005 ft/sece Nose plug and nose 

area were in good condition, but the body had a fracture along the weld for 

the multiple lug insert and, at the ogive base, two heavy folds, one of 

Fige 12 e Second Bombj, Showing Fold 
at Junction of Ogive and Bocfy, Split 
Aloog Multiple Insert ¥eld5 and Sep- 
-aration of External Base Sing, 

Fig, 13,, Sectioned Multiple Lug Insert From 
Second Bomb, Showing Metal Failure Along Meld« 
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Fig,  14« Photo of Second Bomb FLred, Showing Fold at Base 
of Qgiv® MM! PeofltratioE Throu^a 20 Inches of Concrete» 

which extended 360 degrees around the body (Fig. 15), The external base 

ring was partially separated from the body (Fig. 16}^ and the body section 

had a fracture along the weld for the multiple lug insert (Fig., 17), 

Fig. 15. Third Bomb Fired, fhew- 
ing Heavy Folds Around Body. 

33. The fourth bomb was fired 

18 April 1956, against lb-inch re- 

inforced concrete. Mean velocity 

was 1013 ft/sec. The nose plug^ 

nose area, and body were in good 

condition; the body had no fclda 

\ =-'■■ : ■   ■■—■'■■■ 

■ 
-1 

Fig» 16, Closeup of 3rd Bomb Base 
Showing Separation of External Base 
Ring and Exposed Cavity«, 

Fig, 17. Metal Failure Along Lug 
Insert Weld of Third Bomb Fired, 
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or bilges (Fig, 2B}, The e^ter.al bas© ring in this bomb was brokan and 

defomed, nevertheless, as shown by Figure 19# the explosive cavity was not 

exposed,, The bomb remained affectireu 

Fig« 18, Mose of Fourth BcraiJ 
Appears in Good Condition Fol- 
lowing Target Panetratioa* 

Fig, 19. Base of RecoTered Fourth 
Boob, Showing Broker) Extemal Base 
Ring and Sheared Rim on Base Plug«, 

34. The fifth bomb wa.> fired 26 April 1956^ against 24-inch,laminated 

(three Ö-inch slabs stacked together) reinforced concrete. Mean Telocity was 

988 ft/sec * The nose plug was in poor condition and had been forced into the 

nose fuze well, although the surrounding nose area was in good condition 6 The 

body war not damaged^ except lor a slight 180-degree bulge around the base of 

the ogive*(Fig« 20)« A slight separation appeared between the external base 

ring and the body» 

35 e The sixth bomb was fired 2 May 1956, against 24-inch, laminated 

(two 12-inch slabs stacked together) reinforced concrete» Mean velocity was 

1016 ft/sec Although the noss plug was in good condition, the surrounding 

area was fractured (Figs 21) e The body was badly fractured but the bomb base 

was in good shape, and no cracks appeared near the insert weld (Fig, 22)e 
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Fige 208 Fifth Bomb Fired, Showing 
Penetrated Target and Buige Around 
Base of Ogive, 

36, The seventh ^onb was 

fired 10 May I956, against 24- 

inch, laminated (three 8-inch 

slabs stacked together} rein- 

forced concrete. Mean veloc- 

ity was 973 ft/sec. Nose plug 

and ogive were in good condi- 

tion, except for a dent thit 

Fig. 21, Sixth Bomb Fired^, Showing that Area Sur- 
rounding Koss Pl^ug was Fractureds Although Plug was 
in Good Condition and Target waa Penetrated. 

"•■'' '^S^tSSSSS 

Fig. 22. Sixth Bomb Fired with Base in Good Condition 
and Lug Insert Weld Area Free from Cracks, 
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resulted from secondaiy intact (Fig, 23), The base of the seventh bomb 

was in good condition and so vas the body. However^ as shown in Figure 

24, a ISO-degree fold appeared at the base of the ogire. 

Fig, 23, Seventh BOä Firedf 
Showing Dent from Secondaiy la- 
paot^ 

Fige 24.    Photo Showing How 
SaTenth .BOä Penetrated. Targst,, 
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37.     although  flwtOil   Jii-tiysis  indicated iriconplete  trjjisforn^tion  to 

narter.site (refer to p.ar,   11),   a .fully martenlstic structure  ,v^s probably 

not  essential for use in the T5UE3 Boob. 

38      It  appears  that  in Casing a,   fabricated fron  .45•"inch-thick tubing, 

the flow pattern was less distinct than in Casings B and C because less 

forging was  required to increase wall  thickness  from  »A5--inch  to  the required 

dimensions  of the nose,, 

39.    Microscopic examination indicated that  the  ogive and body structure 

of Casing A was consistent  with the mechanical properties  of the casing which 

had approximately a 55-percent yield to tensile strength ratio.     The structure 

of the bc4y of Casing C  indicated that  the austenitizing treatment was not 

perlormed with as drastic  a quench as  employed ^r Casing B.    This  accounts 

for the ferrite rejection.    Again, the yield to tensile strength ratios  are 

consistent with the microstructures of Casings B and C. 

40.,    The lower ogival  strength levels  in the  unheat-treated casing,   shown 

by tensile strength tests,   resulted from slow cooling from the forging tem- 

perature.     In the heat-treated casings,  lower strengths in the ogives were 

attributed to insufficient  hardenability of the steel  composition employed and 

the  slower cooling rate  in the thicker sections during quenching. 

41.     The variation in hardness (,shown by Rockwell tests)  existed from 

both the  interior and exterior surfaces   to the  center of the heat-treated 

ogive sections.     It demonstrated the Xack of "through-hardening" qualities 

of the steel employed,  and also revealed that  the  casings were  cooled on 

both the exterior and interior surfaces  during the quenching operation. 
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'■   appeared *ha,t  tte  ir'e- .-r q^encr, was aore effi-, lent  thaj> the exterxor5  be- 

••ajse of  h.\gher ^arcLiess values obtained ^ear the  interior, 

42,    The slightly higher readings in the sidewall of the heat—treated 

casirgs (refer to p^r. 18) resulted from the mere rapid cooling of the thinner 

sections durang qaenchmg from the austenit izang ten^erature.    Because of their 

UBiferaity.  individual readings ottaimed on the sidewall sections were not pre- 

sented, 

u}o    The repair weld on th?. lug insert   showed that the structure in the 

surface layer wa? not reheated by a subsequent  layer.    This indicated that 

tne tempering had a negligible effect on weld meti-l structure, 

44«    Re-i'iew of lug insert examination resu.lts indicates that the lug in- 

sert did not fit the opening in the caamg wall accurately enough to fit 

snugly against the inside of the casing wall prior to welding.    T^is condition 

caused a tendency to the root cracking of the weld metal,    A root crack was 

present  in tne first,  or root  layer of weld metal.    The peculiar nature of 

tne v.'elding process was also a contributing factor to the root cracking be- 

cause the prciess gave a penetration great  in depth out restricted an width, 

Tn^s condition resulted in a constriction cf the we^d metal^ at the root of the 

joints where the poor  fit of the back-up prodaced a s'iarp re-entrant angle on 

the side cf the  -.aoing wall5 that  was believed to be a contributing factor to 

root  tracking upon cooling of the weld, 

45.    Root  Cracking was not asscciatied with cracking of the  casing wall 

during the neat ♦■reatment  :yjle, since the casing cracked through the heat- 

affected zone, contiguous to the toe of we^d reinforcement and away from the 

bond liner  over the inner hali  of the casing wall thickness.    This indicated 

that  cracking was  '-triggered'   by restraint of the lug insert mass and weld 
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reinforcfcrnent,   upon cooling fror, the quench,    Snull v^ricttions  in snugness 

of fit  of the Iti,; ;.nsert  against  the  inside  of the casing wall,   the  height 

of weld re?-vcrceraenc,  or contour of the toe weld can Cause "triggerüig". 

46»     It will be noted that  quench cracking occurred approximately at 

right  angles  to the centerline of the lug insert,   tangent  to the weld at 

the centerline of the insert.    Except  for a short distance in  the region 

of tangency,  the crack was not associated with the lug insert weld but ex- 

tended  into the  bomb Casing away from the weld« 

47.     It  is possible  that quench-cracking of the bomb casing (about  one 

percent  of production) was associated with the stress pattern  imposed by the 

relatively massive insert welded solidly into the thinner casing walli    The 

weld reinforcement could  act  as  an effective stress raiser from longitudinal 

shrinkage of the  bomb casing during the quench.     It was not evident  that 

variation in welding techniques would affect the incidence  of craCKing,  ex- 

cept,   possibly,  insofar as  the amount  of weld reinforcement would be  affected 

by such  variations,, 

48. The first  bomb fired was  considered ineffective  because the base 

closure  failed,     A body fracture and resulting exposure of the  explosive 

Cavity made the second bomb   ineffective.     Separation of  the external  base 

ring  from the body,  exposure of the explosive cavity,  and a fracture along 

the wejd rendered the third bomb ineffective. 

49. although  its external base ring broke  and deformed,  the fourth 

bomb was  considered effective because  its  explosive dvity was not exposed. 

The  fifth bomb was  also  deemed effective because the body remained in good 

condition with the explosive cavity unexposed. 
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50. A badly fractured body made the sixth bomb ineffective; hwever, 

it should be noted that this bcmb j/as fired against a target heavily rein- 

forced (in a cubic fashion) with 3/S-inch bars on six-inch centers. 

51. The seventh bomb was in an effective condition because both body 

and base were in very good shape, 

52. Examination of recovered bombs indicated that two areas lacked 

adequate strength; the weld for the multiple lug insert, and the base 

closure.  Only one bomb out of seven failed because of body fracture; the 

other failures were results of weld or base construction weaknesses. Re- 

fer  to Table 4 for complete data. 

i 

Date 
fired 

Uli* 

5/2 

5/1C 

TAEL£ I 

Summary of Flrjny. Ccn iltion;: and Result5 

Inert 
2omb  Filler veloc 

Spec.   lty 
-irav 
1.71 750 

St/Sec' 
1C10 

Xarget 
Thick- 
ness 

I2E£ Inches 
s       K 

776 

775 

775 

7« 

751 

7'*9 

1.73 

1.72 

1.71 

1.76 

1.76 

1.7* 

1025 

1005 

1013 

988 

1016 

97° 

S 

s 

s 

I 

I 

L 

20 

20 

16 

8+8+e 

12+12 

Through 
Cpr-nlng 
Inches 

n x 3i 

U x 27 

25 x 27 

26 x 2« 

22 x 28 

22 x 31 

Con il * ior. 
Cf 3onb 

InoffecMve 

Inerfectlve 

Ineffoctive 

Eff^c*iv<r 

Effective 

Ineffective 

Effective 

*    Figures li«ted are striking velocities obtainei;  bomb vas designed  for 
NOTE 1: Inder Tdrget ?■/»»• ■ ■    «ingle-thickTiess, L " laminated. 

target,  and all targets were at 15° obliquity. 

rget Type"  S = 
:X7£ 2; Al: bopibs penetrated the 

R^nark« 
roiy tefciiMdi ''■"■(• ring broken 
off;  explosive cavity exposed. 
body deformed and split along 
veii;  base ring loose. 
"olv teforwd  an-   split  along 
weld;   ra^e  ring broken. 
Hoiy Intact;  tare ring broken, 
but explorive cavity unexposed. 
Body slightly- deformed; base 
ring loose. 
rody bally fractured; base 
ring intact. 
Body deforrri;   bum ring intact. 

a velocity of 1000 ft/s«c. 
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iasaumai CF T^ST SUBS 

5J*    Haish Curipaiiy V5w-pound d«BaIifeioa bombs-used in the gun-firirig 

tests .«ere identicii to the T54£3 Bomb shown in Figure ^5,  except that the 

ogive wall  thickness was  below specification requirements.    The Walsh burab 

had a naxlmu/n diameter of i6.13 inches  and  an overall length  of 50.94 inches, 

ill lug inserts,fuze ohargl 13gtubes,  and fuze wells were included in the 

bombs.     Sample  bombs were  prepared from seamless tubing,   with  the ugive  and 

base taper formed by a swaging process,     The lug inserts were  formed 

separately and welded into  the bomb body. 

54      The bombs were  in^xc-loaded with  a mixture of Pearlite (volcanic 

glass,   specific   gravity 0,125/.   ftortlftBdl cemented water to simulate the 

density of tritonal high explosive      This  inert filler Was allowed to harden 

a minimum of ten days  before firing,* 

55-    To increase the diameter of the bombs to gun  bore diameter and seal 

against  the  escape of propellant gases,  an aluminum pusher plate (Fig.   26)  and 

a fuur-inch cloth tape bourrelet were placed on each bomb.    The pusher plate, 

attached with  four Joinch bolts, was designed to strip off upon target  impact 

without  damage to the bomb oody.      The bombs were provided with regular 

conical steel nose plugs,  and the faze wells were left empty.» 

TEST E^UIPiffiNT 

56.     nn 18-inch/4417 UK A.  No.  11 (Rifled Borej  gun was used to fire the 

test bombs.     The propellant.   Index SPDN lü^o.   in 4^-pound charges, was  used 

♦   NOTEs Bomb labeled  'lermxuAxtc'  on Frontispiece typifies description in 
paragraph 55, and does not pertain to loacLijr»g described in paragraph 
54» 
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famjL 
4 HOLES  £U?Niy SFVCFD 

MATERIAL ^4 ST AL ALLOY 

Fig, 26.   Pressure Plate for .750-Pound Bcob. 

with Combination MK 15-2, Lot 71Q.0, 1952, primer.    The powder was packed 

in 6-^01^52, three-section, raw silk bags.    Targets were of various 

thickneises of reinforced concrete with 5000 psi compressire strengt.h. 

Refer to Table 5 for complete details. 
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57.   MUr a .fata, of u, „^ ,„ oariat or the ^^ f.iier) the 

inum pusher plate, 

».   Ea:,n b«*.   ^Ud U7.5 trchea ft« fhe ^nw- faM ,f the 

closed bree-h. blsek af fh*» i« ^-w ■i  the  18-T.r„,h  im9 was fired ^ a ^^^ adjusted to 

^^.   .T,, sec.    The raiige was approximateIj- 45 

.a..g6 f secured at    -.degree obliquity in a butt 

backed fcy a lugg amour.t of sand, 

5f.    Velocities «r. .easvred by c^ter chronographs, and pressures, 

by copper ™nerwvliride. gage8.    Af.e. ea.h bo.b .a., f^ed,  it was re- 

corered,  exarjuaed, and phct.g-aphed. 
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