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expended 5 inch diameter gun barrel. 

The initial work consisted of developing the parameters for claddinq flat plates; 
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ABSTRACT 

This report presents the results obtained from experiments 
conducted in an attempt to explosively clad a steel liner to the 
inner diameter of an expended 5 inch diameter gun barrel. 

The purpose of this project was to determine the feasibility 
of, and the parameters for, explosively cladding a liner into the 
bore of expended gun barrels such that machining stock would be 
provided for remachining the bore. 

The initial work consisted of developing cladding parameters 
for flat plates of A1S1 4130 steel which is similar in chemical 
composition to that of naval gun barrels. After developing the 
cladding parameters for flat plate, seven experimental tests were 
conducted using expended portions of 5 inch diameter gun barrels. 
These tests proved the feasibility of gun barrel cladding. 

MOSL made two attempts, unsuccessfully, to explosively clad a 
full length 5 inch diameter gun barrel. The results of our efforts 
indicate that additional work will be required to design and build 
a more stringent restraining die and to further our investigation 
to definitely define the explosive cladding parameters. 
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FOREWORD 

This is the final report of work completed under NAVORDSYSCOM'S 
Project Order PO 9-0195 issued to determine the feasibility of, and 
the parameters for explosively cladding a steel liner into the bore 
of expended gun barrels such that machining stock would be provided 
for remachining the bore. This feasibility study was performed by 
the Advanced Technology Branch of the Naval Ordnance Station, Louis- 
ville, Kentucky. Funds were provided by the Industrial Resources 
and Facilities Division of NAVORDSYSCOM (ORD 047) under the Manufac- 
turing Technology Program. 
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i.   injf'pjDucjjM 

1.1. Qjisj_c_ _Ic[ea 

The idea of explosively cladding a steel liner to the inner 
diü.ieter of an expended gun barrel was conceived by personnel of the 
ilaval Ordnance Station, Louisville (NOSL). The magnitude of this 
operation and the tirie required to ultimately deliver refurbished gun 
barrels to the Fleet were well realized. With this in mind, the idea 
was conveyed to ORD 0472 where it was decided that sufficient evidence 
did exist to realize a successful conclusion to the experimental pro- 
ject. 

1.2. Subcontractor 

A contract was negotiated with Aerojet-General Corporation 
for an initial investigation of this project and to indoctrinate NOSL 
personnel in techniques of explosively cladding metals. Appendix A 
is a resune of this contract and a report of the data obtained. In 
February 1963, Aerojet-General proposed an additional program to lengthen 
this investigation into a four-phase program. See Appendix B, a work 
statement of this proposal. Due to the limited funds allotted for this 
program, only Phases I and III were accepted. The former Phase I entailed 
claddinq a steel liner to a 5 inch inside diameter, 36" long gun barrel 
section, while the latter, Phase Undetermined the liner bond h.tegrity 
using non-destructive techniques. 

1.3. Sub-^sca 1 e Model 

An unsuccessful attempt to clad a full length gun barrel by 
NOSL personnel prompted a sub-scale gun barrel cladding program. Results 
of this progran along with other data led to the recommendations of tnis 
report. 

From the foregoing, the work statement has been fulfilled in the 
following manner: 

Investigate cladding a A1S1 4130 steel liner to a machined 
5'' diameter gun barrel. 

Investigate cladding of A1S1 4130 steel plates to determine practi- 
cability of proceeding with project. 

COMMENT: Completed. 

Design restraining dies and investigate restraining materials to 
support barrel during cladding operations. 

COMMENT: Appendices A and B give background material on restraining 
dies that have been used to support barrel sections during cladding operations 

a/LJtt 



Explosively clad a Al SI 4130 steel liner to a 12" length section of 
5" diameter barrel of Rockwell hardness 35 - 40 "C" scale. Proceed to 
40" length section of barrel followinq the established procedures. 

COMMEriT: Completed 

Conduct a non-destructive inspection of qun barrel claddinq to 
vleternine deqree of clad interface. 

COilMEfiT: lion-destructive inspection results as listed in Appendix 3 
'lives every indication that this method may be used to inspect full 
lenqtii barrels. 

Clad a full length barrel and prepare it for machininq. 

COMML'IT: The experiment to clad a full lenqth barrel resulted in partial 
destruction of the q'.m barrel. This failure resulted due to our attempt 
to utilize a minimum size restraining die. If this die had extended aft 
to the slide diameter, the consensus is there would have been no barrel 
failure and successful cladding might have resulted. This program must 
prove the economics of claddinq expended gun barrels, therefore, from an 
overall cost standpoint, it was iiipractical to fully contain the qun 
barrel. Further experimentation was necessary and a request to extend 
the program was granted by ORD 0472. 

IM . The Cladding Program 

The initial study, conducted by Aerojet-General's Material 
Technology Division, was monitored by NAV0RDSTAL0U for a twofold purpose. 
Since the Station was at that time a comparative infant in explosive 
i'iet.alworkinn, it was felt that overseeing the process would in itself 
be useful for future applications. Secondly, should tha liner claddinq 
nrove successful, the process and application would be available to com- 
petitive industries. The final phasesof the program were to be conducted 
by personnel at IIAVORDSTALQU. 

The evaluation of explosive bond quality in a section of 5" 
diameter gun barrel by Aerojet-General's Material Technology Division 
indicated that the process was indeed feasible (Appendix ß). The longest 
clad lenqth of barrel section was 37.83" long: ultrasonic inspection con- 
firned that cladding occurred in over 83% of the barrel area. The explo- 
sive and the set up process left much to be desired if this process was 
to be applied to a full length gun barrel. 

2.2. Explosive Loading 

Cladding cylindrical tubes of short lengths do not pose any 
major problems. The explosive must be packed to eliminate any void which 
may cause the Monroe or "shaped" charge effect. This could burn a hole 
through the tube wall. Also, the charge density must be maintained to 
insure a constant detonation velocity. 
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The previous method v/hich had been most reliable was to weigh 
the amount of explosive charge that is to be contained in a certain volume, 
then tamp the explosive charge into this volume to obtain the desired 
density.    For ease of tamping, this chore was done in increments of one- 
inch of tube length.    This method would be prohibitive for 25 feet length 
gun barrels. 

The above method was satisfactorily used by Aerojet-General 
and NAVORDSTALOU to develop the cladding parameters for short barrel  sec- 
tions.    However, this procedure proved unsatisfactory for lengths greater 
than three feet. 

2.3.    Slurry Explosive 

The mining industry had experienced similar problems when load- 
ing "bore" holes with dynamite. It was necessary to tamp the charge into 
the hole to insure that maximum shock would occur. When slurry explosives 
were developed, they could be brought to the "bore" hole in tank trucks, 
then pumped into the hole and detonated. The "slurry" consistency explo- 
sives are very stable. It can be transported in separate tanks, mixed at 
the site and then pumped into the "bore" holes prior to detonating. 

The Inter-Mountain Research and Engineering Company (IRECO) had 
; been funded by ORD 03 (R&D)  to improve slurry explosive for use in ordnance 

applications.    This firm was very cooperative and readily supplied samples 
to NAVORDSTALOU for eva'uation.    The explosives tested exhibited character- 

f . istics suited to the high energy metalworkinq field.    Some of these charac- 
teristics are: 

a.    A relatively low detonation velocity 

f I _ . b. The mix consistency is suited for pouring, and settling is 
minimal. 

j 

c. The unmixed explosive components can be air freighted. 

d. After mixing,  the explosive is stable and easily detonated 
with a booster charge and blasting cap. 

NAVORDSTALOU obtained a sufficient quantity of the slurry explo- 
sive to develop the parameters necessary to continue the program on short 
barrel sections. 

Cladding experiments which required over one pound of explosives 
were conducted at the Naval Ammunition Depot (NAD) Crane, Indiana, located 
approximately 100 miles north of NAVORDSTALOU.    The explosive forming facility 
at NAVORDSTALOU is within the city limits and about three hundred yards from 
an apartment complex, thus necessitating using NAD's remote ranges for larger 
explosive cladding shots. 

j 

3. GUN BARREL CLADDING 
j 

Following is a report of comparative cladding results obtained on barrel 
sections and a full length barrel by usinn slurry and other type explosives. 
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The results of these experiments have been summarized in Table 1; 
Table 2 lists the characteristics of explosives used for the experiments. 
Of the six samples tested, SI was insignificant and was therefore omitted 
from the data. 

The bulk of explosive cladding data concern flat plates with little 
information which may be applied to tubular configurations. This program 
began on the basic assumption that the parameters involved in tubular 
cladding would be very similar to those for plates. 

A graph, shown in Figure 1, was developed by Bcittelle Memorial Institute. 
These curves provide a means of determining the amrvjnt of explosives required 
to obtain cladding for a given flat plate configuration. According to these 
data, the amount of explosive required per unit erea of material to be clad 
is related to the yield strength, density, thickness of the flyer plate and 
the standoff distance between the flyer and base plates at the time of deton- 
ation. This relationship yields the load Factor B used in the following 
discussion: 

In flat plate cladding (Figure 2) only a percentage of the explo- 
sive energy is used in the cladding process; the remainder is dissipated 
into the  atmosphere. In the tubular case (Figure 3), the confined explosive 
contributes more energy to useful work. Sample S2 was designed to fall within 
the "acceptable cladding range" of Battery's curve for flat platss. Fragmen- 
tation was anticipated in S2 due to the higher efficiency of the explosive 
energy; as a safety precaution, a sulphur-filled restraining die was used to 
minimize shrapnel. As noted in Table 1, fragmentation anticipations were 
correct. 

S3 was designed to have a load factor of approximately 65% of that 
used for 52. Due to material variations, the amount of explosive actually 
loaded resulted in a load factor of approximately 75% of S2. As shown in 
Table 1, cladding did occur and was verified by microscopic examination of 
the interfaces in several cross-sectional cuts. 

It. is noteworthy that different explosives were used for these 
samples to determine which would be most convenient to use. Although using 
TNT, sample S3 did provide a load factor to achieve cladding. It was obvious 
the slurry-type explosive was the most suitable, therefore, it was used for 
all subsequent tests. 

Sample S4 was set up to confirm the independence of explosives by 
using the same load factor as S3 but with the preferred slurry explosive. 
The test was made, and visually, it appeared that cladding occurred. 

As demonstrated by samples S2 and S3, the Battelle curves could 
not be directly applied to the cladding of tubular configurations. There- 
fore, the determination of load Factor "B" now appeared to be of less im- 
portance. 

A   .A.-. .^ 
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For this reason, it went practically unnoticed that, with the 
increase of liner thickness from ,3125 inches on sample S3 to .406 inches 
on tho sa")plo S4, the lo?d Factor B indicated an aresl load increase of 
1.5 grams per square inch. It seems reasonable to assume that some similar 
relation would hold true for tubular configurations. Samnle S4 apparently 
cladded, however, the loading was approximately .82 qm/in^ less than S3. 

Sample S5 was used in the preliminary trial prior to our efforts 
at cladding a full length barrel. The preliminary trial verified the para- 
meters and provided, due to its increased length, an abundance of test 
specimens. Cladding was evident by microscopic and photomicrographic in- 
spection of the liner. The clad portion of the sample was tested by cutting 
a 3-1/2 inch wide ring from the sample and subjecting the edge of the liner 
to a shear force. Partial failure was loted at a 400 ton press force. This 
is the approximate shear stress of 103,000 psi. No difficulties were en- 
countered when the rifling was electrochemically machined in a 12-inch long 
specimen of this sample. 

As in the case of sample S4, the load factors of both samples 
were equal, but the areal loading of sample S5 was approximately equal to 
sample S3. In the case of sample S5, cladding was verified; but one aspect 
that precludes any generalization of the three samples is the fact that 
sample S5 was restrained in concrete, while no restraint was used for 
samples S3 or S4. 

All aspects of the program appeared to be progressing satisfactorily. 
The next step was the cladding of a full length barrel. The assembly for 
sample S6 was basically as shown in Figure 4. The restraint at 4-he muzzle 
end was fashioned from an expended 8 inch diameter gun barrel. The barrel 
section was tack welded as shown and the void uetween the walls filled with 
molten Wood's metal. 

The experiment with sample S6 resulted in the barrel rupturing 
approximately 34 inches in length, originating about 30 inches from the 
muzzle end. The restraint failed in approximately half of its length. 
The consensus was with adequate restraint, cladding would have been success- 
ful; it appeared that the remainder of the barrel had been clad. (See 
photographs Figure 5). 

Subsequent inspection indicated that very little cladding occurred 
and it was believed that when rupture occurred the effective pressure was 
reduced to the point wnere iittle or no useful energy remained. 

i Sample S7 was fabricated to verify this theory. It appeared that 
cladding Had occurred throughout the length of S7, but subsequent inspecting 
proved other than an exceptional press vit; no significant cladding had 
occurred. i 

I 
I 

C 
Alter the trial  sample S5,  stress analysis was made to determine 

the extent or size of .estraint required  to effectively contain a  full-length 
gun barrel.    According  to t^e resultirq calculations,  the die mass and fix- 
turing was outside the realm of practicality. 
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Obviously a more meaningful method was necessary, therefore, a 
subscale barrel test was initiated, in order that some parameters could 
be investigated on a reduced scale. 

A leading researcher in the field of explosive metalworkmg was 
contacted on the matter of restraints. He stated that in his opinion the 
occurrence of cladding was independent of the restraint used. As a test 
for his theory, a flat plate experiment was conducted at NAVORDSTALOU. 
Since the anvil or steel plate backing up the flat plates could be con- 
sidered the restraint, the anvil w^s eliminated. 

Pirst, two plates were clad using the anvil approach to verify 
the load parameter; then two identical plates, using the same parameters, 
were placed on one and one half feet of shock absorbent material, cladding 
did occur. The same parameters were then duplicated on two plates sus- 
pended in air; cladding occurred! Therefore, it appears that the restraint 
plays no significant role in the cladding process. 

4. SUBSCALE BARREL TEST 

Four 10" length sections of A1S1 4130 aircraft quality seamless steel 
tubing with a 3" outside diameter and a 1" wall were used for the subscale 
barrel test. Standoff, the distance between the two plates prior to 
detonation, was varied by machining a .010 inch per inch taper into the 
central 8 inches of the tubes inside diameter. A liner tube of the same 
material measuring 9 inches long by 1 inch outside diameter with a .083 
inch wall was centered in the inside diameter of the larger tube (Figure 
6). 

The tubes were clad using slurry explosive with an areal loading of 
2.5 gm/in^. Detonation propagated from the larger inside diameter taper 
in samples H  and #5 and from the smaller ir.z'ie  diameter taper in samples 
#6  and §7.    This was believed to nofnwlf.re Ihe effects of explosive initia- 
tion. 

The clad tubes were cut radially into eight equal, wedge-shaped sec- 
tions to expose the liner for inspection and testing. The radial sections 
were cut into one inch long specimens for testing on an 0-T shear testing 
machine. A fixture was designed and fabricated to facilitate testing the 
184 segments. 

Before each segment was tested, it was inspected for apparent cladding, 
impact fracture, true length and effective width. These measurements were 
used to calculate failure force per unit area (pounds per square inch). 

Eac.i -.egment was then inspected to determine cause of failure and range 
of force necessary for shearing to occur. Figure 7 is a graph comparing 
the results of the shear test. 

As a result of shear tests conducted on the segments, two critical 
factors were discovered that influenced good cladding. 

J 
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i The end from which detonation was initiated appeared to greatly in- 

fluence cladding.    In the two tubes where initiation occurred at the 
smaller inside diameter, shear figures were roughly 2,000 pounds per 
square inch higher. 

Cladding did not occur in the areas of little or no standoff and 
excessive standoff.    Fracturing of the liner occurred at these locations. 
In the latter case, this was opinioned to be a result of the excessive 
velocity attained by the liner, whereas in the former case momentum 
energy was minimal and the excessive expansion energy fractured the 
material. 

Figure 7 indicated that acceptable cladding had occurred in tube 
ring area "C", which corresponds to a standoff distance of .130 inches. 
The ratio of standoff distance to liner wall thickness for this case 
was  .130/.083 or 1.566.    In tube ring area "F", shear readings rose sub- 
stantially over tube ring areas "D" and "E" in tubes #4 and #5.    These 
readings were less unifon when compared with tubes #6 and #7 and felt 
to be a function of the direction of initiation.    The interface quality 
cf tubes #4 and #5 v/as  inconsistent because of the choking ar.tion imparted 
by the gradually decreasing standoff.    The slight increase in standoff 
as seen by the interface of tubes #6 and §7 allowed a steady uniform 
surface collision to occur which resulted in the stronger bond, 

5.    CONCLUSIONS 
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Considering all the samples and tests, it appears the feasibility 
of gun barrel cladding has been proven with respect to the achievement 
of cladding tubular configurations.    At this time only short lengths, 
up to 36" of a 5" diameter gun barrel, have been successfully clad.    A 
full  length barrel may be clad by using some undetermined type of re- 
straint, or possibly a decreasing explosive load could be utilized to 
lower the internal expansion pressure.    Another possibility is that 
cladding might be accomplished in say six linear feet increments. 

Most gas.erosion of gun barrels occurs In ehe first four feet beyond 
the origin of the bore although some erosion his been noted in the muzzle 
portion.    In the course of the program, sections for cladding were obtained 
from the muzzle portion of expended barrels,    Since this is the thinnest 
wall  section of the barrel, any cladding obtained without restraint may 
be duplicated in the heavier wall sections. 

New barrel forgings are supplied in lengths greater than required for 
the finished length.    These "cropped" ends are removed from the muzzle end 
of the barrel just prior to final machining and are used for evaluation 
of alloy, strength, etc. 

Samples of both breech and muzzle ends were used to evaluate charge 
loading, standoff, and other parameters.   A configuration was developed 
whereby short liners with tapered ends were "patch" clad inside the ends 
with very little expansion of outside diameter.    The comparative metallur- 
gical  findings are included in Appendix C. 
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The subscale barrel   tests indicated the barrel  lenqth  to diameter 
ratio is a very important parameter when explosives are enployed to 
clad cylinders internally.    Namely, if a cylindrical  charge has an in- 
ternal axial channel,  the detonation is accompanied by the flow of qas 
in the channel;  this strongly affects the detonation process.    The air 
enclosed in the channel  is driven forward by the detonation gases in a 
compressed layer with a high temperature, high pressure and a steep 
shock front.    This layer compresses the explosive before the detonation 
front and, as a result of the increased density, the detonation velocity 
becomes greater than that obtained in an unconfined homogeneous cylin- 
drical charge with the same density.    During the internal  cladding of 
long tubular lengths, i.e. gun barrels,  this appears  to be the dominating 
effect. 

Since this might indicate only short sections of barrels can be clad, 
this leads  to the idea of a cladding process whereby sections of eroded 
or tool damaged barrels can be "patch" clad then put in service or used 
for training. 

It is well  to note that considerable interest has been created through- 
out the industry in the use of a slurry type explosive "pioneered by Naval 
Ordnance Station, Louisville," for tubular cladding. 

6.    RECOMMENDATIONS 

A recent change in propellant has markedly decreased gun barrel 
failures attributable to gas erosion.    The problem of fatigue failure 
from crack propagation is of major concern and is being investigated. 

Heat checkerina in the first five feet at breech end of the barrel 
is opinioned to be a major contributing factor to fatigue failure, there- 
fore it is recommended studies be continued with explosively cladding 
this portion of gun barrels.    The studies should determine which alloys, 
exhibiting high heat checkering resistance, are suited for gun barrel 
liners.    The program scope should also determine if barrels or portions 
of barrels can be clad with the selected alloys and a process established 
whereby new manufactured barrels or barrel portions can be explosively 
clad. 
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APPENDIX A 

EXPLOSIVE CLADDING A 4130 STEEL 

LINER TO A 5" GUN BARREL 

1. Aerojet-General's statement of work proposal  (DP 67M630) for a 
two-phase program was conducted at China Hills, California. 

a.    Phase I included shock welding a steel  liner into a gun barrel. 
Phase II provided a training program for Naval Engineering personnel; 
both phases were performed simultaneously. 

2. This program was under the direction of the Advanced Material 
Technology Department, Aerojet-General Corporation, Downey, California. 

a.    After developing explosive parameters, a steel liner of A1S1 
4130 was shock welded into a three foot length of heavy wall gun tube 
supplied by NOSL.    This justified Phase I of the contract.    Phase II 
was performed simultaneously with Phase I and included forty hours of 
detailed Engineering training in shock welding techniques for four 
Naval personnel.    Twenty percent (20%) of this training was ti.aory and 
the remainder was directed to practical application. 

3. The Advanced Materials Technology Department of Aerojet-General 
has been actively engaged in research, development, and production in 
the high energy shock welding field since 1958.    The department has 
explosively welded a variety of siini1ar and dis-similar material types 
in various sizes and shapes while under a previous Government contract 
and while engaged in Aerojet's funded research. 

18 
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STATEMENT  OF WORK 

PHASE   I 

SxJbscöle/   heavy wall  tubing  shall  be  utilized  to  establish 
engineering  parameters   sue'.,  as  explosive   load,   type  and 
initiation methods.     This  subscale  tubing  shall  be  lined 
with  a   steel  material AISI  4130   similar   tc  that   to be  used 
on the barrel   section.     This phase  will  also  establish the 
relation between  the  4130  steel   liner   and  the  subscale 
tubing wall  to  achieve  a uniform  inner metallic bond. 
Using these  developed parameters  a   steel  liner AISI 4130 
will be  Shockwelded inside a three   (3)   foot  length of a  full 
scale gun  tube. 

This gun tube will be  supplied by  the Navy to the' following 
dimensions: 

0    Length =  3  foot 
0    Inside Diameter -   5.375-   .010  inches 
0    Wall Thickness =  3  Inches,   approximately 

Both the gun  tube  and the  liner will be in  the  annealed 
condition prior  to welding. 

The liner will be furnished by Aerojet. Aerojet will also 
machine the outside diameter of the liner to establish the 
proper  standoff.     The  inside diameter will be  left as welded. 

The samples   and barrel    section  shall be  returned to  the 
Naval Ordnance Station,   Louisville,   Kentucky,   for  final 
r.achining,   heat  treating,   and evaluation withiu cr.t rr.onth 
after  receipt  of  an  order  and materirl. 
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LINING OF A 5" GUN BARREL BY EXPLOSIVE WELDING 

(a) Gun Barrel 

The test conditions to which the test program has been planned_ ar e 

essentially the following: ... 

Gun barrel is not heat treated, the liner material to be non-ht:at 

treated 4130 l;teei. Liner material holds 21 to 22 RC, equivalent 

.to 103, 200 psi tensile strength. 

Hc..rdness tests on gun barrel, supplied by NOS, give 13.7 RC ' as 

average of 13 tests, equivalent to 95,400 psi tensile strength. Gun 

barrel to be machined smooth to 5. 375-in. ID, subsequently mod:. -

fied to smooth bore on 26-in. length, followed by a 2-1/8-in. long 

tapered transition belt and a 7-7 /8-in. long unmachined area 

where the riflings are left intact. 'tests to be conducted on the 

assumption that no outside tooling is r e qui r e d to preve nt perman -

ent expansion oi gun barrel. Gun barrel and barrel with liner t o 

be A- or C-scanned before and after welding . 

(b) Principal dimensions of that part of the Hner which goes into tJ::. e 

smooth bore are: 

5. 050-in. OD 

4. 500-ir.. ID 

Theoe diraensions provide a standoff oi 0.163-in. (see Figures 1 &2 

' bar;-el with liner). Assuming no permanent expansion of barrel, 

the terminal lD of lira:r is calc...Uated as follows: 

20 
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Area: 

(5.050  - 4.500 ); = 0. 785 ' (25. 503 - 20. Z50) I •  '  ^ 
! = 0.785 " 5.253 

Wh,en expanded to 5. 375-in. ,  OD and   X   ID 

-—221 2 
a- S f5.375      -   X    ^   =   'O. 7S5 «■ ^28. 801 -   X I (5.375      -   X    )   =   ;0. 735 ' (28.891 -  X    ) 

4 ! 
■»   '0. TSS" 5.253 

2 
X     =   28.891   -   5.253   =   23.638 

X   =   4,862-in. ,  calculated 

which leaves a machining allowance on the side of 

1/2   ,(5.000   -   4.862)   =   0.069-in, 

It was stipulated at that time that a machining allowance 

of l/16-in,     =    0.063-in.   should be provided.    This re- 

quirement has later been changed to l/8-in. ,  but after 

liner was machined. 

It was desired to avoid substantial welding of liner to the rifling, 

but also to see if such welding would occur.    Therefore,  the 

lov/er 6-in.   of the liner was machined to 4. 950-in.  OD,  to center 

in the barrel with a loose fit,  leaving a standoff of only 0.025-in. 

which waj supposed to be insufficient for welding.    The next 

Z - 1/8-in. was machined to a substantial standoff.    This cuts 

inco the wail thickneös,   and a compromise was made with 0.125--in. 

standoff and        ''.S-in.  wall thickness,   resulting in an OD of 

4.750-in. 

Finally,   over the tapered transition area the liner ia also taper 

21 
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turned a-nd the standoff increaßes linearly from 0.125-in. to 

0.163-in. 

(c)      Subscale Tests 

Four (4) subscale tests were made.    Material was annealed 4130 

eteel, outer tube measured 6. 50-in.  OD and 5. 375-»in. ID.   Inner 

tube wall thickness and standoff arc listed in Table i.    Varia- 

tions are within prescribed machine shop tolerances.    The 

following observations and conclusions were made: 

l-l/2-in.   die wall thickness is insufficient against rupture; 

I 3-l/?.-in,  die wall thickness is sufficient   against rupture. 

Cerrobend extrudes paruy at ends,   resulting in hourrglass type 

deformation of outer tube (grpater expansion at ends).   Concrete 

I 
•i in 6-ln.  thickness is insufficient to act by its inertia (it is obvi- 

ously insufficient by its tensile strength). 

Explosive charge of 75 gm per inch increments did not weld. 

Lower limit for charge :' apparently around 100 gm per inch 

increment. 

■3 

The high-density explosive (EG. 2 grri/in. "^ in Test #3) produced 

local pits.    Apparently ü produces irregularity in the propdga- 

tion of the detonation wave. 

(d)_       Test #5,   Full Scale Test 

Concrete was selected because it is not ductile like Cerrobend, 

and was -confined within a 21-3/8-in.  ID stainless steel cylinder 

i. 

J. 

I 
L 

i 
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with l-3/16-in. wail.    Heavy steel flanges were provided on. ends, 

Figure 3.    .    Charge was 103 gm per inch increment.   The weld- 

ing was evaluated by an A-scan (Figure 4      )•    The lack of welding 

at the upper end is. caused by too short a lead to build up stable 

detonation.    This will be corrected. 

Pits or the inner surface indicates some disturbance in the de- 

tonation.    This is presumably caused by instability in the card- 
r 

board tube that serves as the inner core for the explosion charge. 

A test is under preparation where the inner core is made from an 

aluminum tube welded to the end flange. 

The assembly was measured after the welding.    The. e was a 

slight axial shift in the position of the liner,  only 0.129-in.   down 
i 

at tiie upper end and 0.057-in.   down at the lower end,   resulting 

in a shortening of the liner of 0.072-in.   or 0.2% which is insig- 

nificant as far as diameters are concerned. 

O.D. 's on barrel a.re as follows: 

Location 
Before 

(in. ) ' 
After [Expansion 

D/ D;i Ave. (in. ) 

Upper end 9-236 9.284 9.291 9.288 0.052 

Middle 9.233 9. 336 9. 341 9. 339 0.106 

Lower (rifled) end 9.230 9.278 9.270 9.274 0.044 

It is seen that the pattern of expansion is reversed; maximum 

exp^ndion occurs at the middle.    It is the expansion that absorbs 

a part of,   or all of,   the planned machining allowance,   as 'jhown 

23 
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by the following calculations: 

Upper end: 

Area;   ,- 
/''     (9; 236     -   5.375  )   '=   0. 78,5 » (85.304   -   28.891) 
4 

=   0.785" 56.413 

When expanded to 9.288-in. OD and X ID: 

if      (9.2882    -   X2)   =   0.785 * (^6.267 - X2 ) 

=  0.785" 56.413 

X 86.267   -   56.413   =   29.854 

X   =    5. 464-in.    ID in barrel. 

When liner is expanded,  not to 5. 375-in. ,  but to 

5. 464-in. ,  CD and Y  ID, we get 

Y2   =   29.854 - 5.253   =   24.601 

Y      =    4. 960-in. , ID of liner, 

leaving a machining allowance of 

1/2 (5.00 - 4.960)   =   0.020-in. 

Thus,  we have lost 0.069-0. 020   =   0. 049-in. ,   of 

the original machining allowance. 

Middle  section: 

Area: 

7/ (9.233      -    5.375    )   =   0. 785 » (85. 248 - 28. 891) 
4 

=   0.785 • 56. 357 

24 
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I 

Middle section (Cont'd) 

When expanded to 9. 339-in.  OD and Z ID: 

tj       (9.339      -   Z2 )   =   Ü. 785 ^ (87.217 - Z2   ) 
4 

{ =   0.785- 56.357 

Z      =   87.   i/    -   56.357   =   30.860 

Z   =   5. 555-in. , ID in barrel. 

When liner is expanded, not to 5. 375-in. ,  but to 

5. 555-in.  OD and WID,  we get 

2 
W     =   30.860   -   5.253   =   25.607 

'W   =   5. 060-in. , ID of liner 

leaving no machining allowance,  but an oversize of 

0. 060-in. ,  or approx,  1/16 - in. , on the diameter. 

These deviations can be taken care of by a corresponding i.icrease 

in the wall thickness of the liner,   but should be eliminated when 

expansion is reducedor prevented by better support or higher 

strength barrel. 
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APPENDIX B 

EXPLOSIVE CLADDING A 4130 STEEL 

LINER TO A 5" GUN BARREL 

1. Aerojet-Genaral's statement of work proposal for a consecutively 
four-phase program conducted at China Hills, California. 

a. Phase I - Explosively claddinq a steel liner into a 36" section 
of hardened 30 to 40 Rockwell "C" gun barrel. 

b. Phase II - The evaluation of Phase I and explosively cladding a 
short section (approximately 3 feet long) of steel liner to the inner 
walls of a full length 5 inch I.D. gun barrel. The area selected for 
clacldim was just forward of the breech. 

c. Phase III - Evaluate and establish the necessary standards for 
non-destructive teclw.q techniques used in determining the percentage 
of bond on gun barrel liners. 

d. Phase IV - The evaluation of candidate materials to be used as 
possible bonding liners and the investination of explosively cladding 
materials such as titanium, cobalt base alloy, and various high- 
strength steels. 

NOTE: Due to limited funds, only Phases I and II were conducted. 
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STATEMENT OF WORI< 

DP-68M770 
Enclosure (l) 

'l'h (.~ N<'!V<ll Ordnanct.~ st~tion, Jolllli!.~vi tlc, Kentucky I Hhall fui:nish 
f .< ' .l ~ ., A,.•rojct-Gc ncra.l Corpo r ii LL()n's Chino Uill :: ; Ci.tlifornia 
fad 1 i ty one nhort gun barrel : a~ction not to exceed 36" in length 
\•.i!l i e ll lw :: boer\ pre-bored to a .. t;.o h 0. ¢1etermincd" dimension. 'l'hi~ 
:.:l ' l.:Lion !;~all have a hardness of . approximately 30 to 40 on the 
Rockwell "C" r .angc. Aerojet wi ll then supply the necessary services 
and additional -material to explosively clad· a liner of a type o~ 
~;t·~el :·,i~:·. il ar to the gun to the inner ·walls of the barrel to 
_.pproximate the original size of the · barrel. This effort will 
.L1.clude determination of the necessary parameter~ such as explosive 
l oad, standoff distances and method of initiation to be used. 
Afte: co11~plction of the cladding, the barrel section wi~l be 
subject ed to a non-destructive test to evaluate the percentage of 
bond. This barrel shall then be returned f.o.b., the Chino Hilln 
facility, along with the test data obtained, to the Naval Ordnance 
Stat ion, Louisville, for further evaluation. 

1'hi :.; pr.a s c will be compl(:ted in eight (8) weeks after receipt of 
un ''•:<.k~ J.: and the Navy-fur!)i&hcd barrel section. Return of the 
i ) ;;lrr - ·1 wi th the linur ·added and the test data to the Naval Ordnance 
:-; t ~ll ~ on will be the basis for acceptance and payment for Phase I • 

..:\.::tc·.::- r-eceipt of the Phase I barrel section, the Naval Ordnance 
Stat.iO.il shall furnish Aerojet f.o.b., Chino Hills, a full-length 
5" , -;_m b a rrel pre-bored t .o a "to be d~termined" dimension and 
::J. · .· ;,.:tving a Rockwell "C" . hardness of approxim~tely 30 to 40. 
Ut ·:. ~ - i z in-:; -the parameters established in Phase I, Aeroj et shall 
•..!X_;:·: :..1sivc fy ~lad a ·steel liner to the area just forward of ~e 
b.:uo;:ch -co approximate the orig~nal size of the barrel. This liner 
wil.~ J)<.! ,approximately. three (3) feet lonq and of a steel similar 
to -c~e gun barrel. 
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,\:·t,' t: ,sxplosivt>J.y l~ladding th if: l incr to tlw inner walls of the 
lull-length gun )Jarx-el, tho bca.rrc.•! :.;hall also be subjected to a 
non-d(:structive t.est as in Phase I, and returned f.o.b., Chino 
Hills, to the Naval Ordnanc~ Station, · Louisville, with the test 
d~ta. If support_ toolinq is required for cladding this barrel, 
t he Naval Ordnance Station shall provide to Aerojet without charge 
~ scrap barrel contoured to an inside dimension adequate to accept 
the . 5" barrel. 

l•ha s e II will be. completed within eight (8) weeks after customer 
notic0. t,> proceed and receipt of Navy-furnished ·materials. Return 
o f. t:.h.:- "'..)~•rr.el with the liner added and test oata to the Naval 
ordnancu Station will be the basis for acceptance and payment for 
PhaS\.1 II. 

Phas1.1 III 

i\c.:oj e:t :::hall supply the neces~~~•ry ~;crvices and materials to evalu­
,-,tc th'-~ v a rious Jl'\cthods and types of non-destructive testing 
. ,v,:d. l:tl.il \:~ foe .1 '-~ \:.C! L"lllinin<J the bond COndition Of explOsively Clad 
'JU.i !) ;d:r <:! l co111poncnts. During this phase·, neccsa:::ary standards to 
b< u :.::?d :..n non-destructive tcstin'J to permit dett:;.:mination of 

, t he -,_...~ l:c ..:mtage of bond for ·· short and full size barrel sections 
will :K ~st.ablished. Subscale, heavy wall steel sections shall 
be c ::.=.:Od , c-scanncd or A-scann~cl anc then sectioned tq p:-ove that 
the :;:: ir.~cd readout of the subscale •Standard coincides with the 
act~~~ bond condition. 

:~c:c .::.::.pt b y the Naval Ordnance Station of the test data and Aerojet' s 
.::·_;;;::.;.) r ·t of its findings and recommendations for non-destructive 
·:·.,.;s -~::1<:: s1:u.ndards will be the basis for acceptance and payme~t for 
~) !~~~::: .._, II I . This phase will be completed within nine (9) weeks 
~ : i t '-·t· custon.er notice t9 proceed. 

-~··.-:~~-'":. :....1.'! .. 

·~ .. ..:: : -.lrpusc of Phase IV will be the evaluation of other materials 
~o 0~ use d as possible liners for prolonqinq the life of gun barrels. 
Acr(.:et intends to evaluate the · following five (5) types of material 

· c ~-~ i~~tes ~or gun ba~rel liners: 

(lj 90-10 tantalum 0;020" thick, to be wrapped over, anc 
welded on· to existing (but oversize) riflings in a 
_gun barrel section. 
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(2) 90-10 tantalum 5/16" thick, to be welded into a 
, prebored run barrel. 

(3) H-ll steel, to be welded as in (2) , above. 

(4) Maraging steel, to bo weldod as in (2) , above. 

(5) A cobalt base, high-chconiiuin alloy, to be welded 
as in (2) , above. 

In Lhc. performance of this phase, Aorojet reserves the right to 
substitute other materials for tho-'jo recommended above. 

Naval Ordnance Station shall furnish to Aerojet, F.O.B., Chino 
Hills, six (6) each gun barrel sections not to exceed 12" in lengt; 
for this offort.  One of the sections shall have oversize riflings 
and tV.c other five shall be prcbored.  Before conducting ehe 
intended program, one of the prebored sections shall be tested 
without a cladding to provide control data for hardness and wear 
rests.  Upon receipt of the sections by Aerojet, the necessary 
engineering parameters needed for the explosive cladding of the 
dissimilar materials to the inner walls will bo calculated.  After 
the explosive cladding operation each of the five sections wirh 
liters shall be non-destructively tested to determine effective- 
::eivs and percentage of the dissiniilar material bond. 

These short sections will then be shipped F.O.B. , Chino Hills, 
uo Lh.; Naval Ordnance; Station along with the test data for further 
evaluation.  The receipt by the Naval Ordnance Station of the five 
lined sections and test data will be the basis for acceptance and 
payment for Phase IV.  This Phase will be completed in nine (9) 
weeks af'ccr receipt of the customer's notice to proceed and the 
six (G) short gun barrel sections. 
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4. 

The tooling invesfigafed consisted of steel tubing which had a loose sliding fit 
over the O.D. of the gun barrel.   The annulus between the I.D. of the steel 
tube and the O.D. of the gun barrel was filled with either concrete or Cerro- 
bend metal thereby making the assembly rigid. 

PREVIOUS EXPERIENCE 

4.1   Previous Testing 

AGC was authorized by the Naval Ordnance Station to conduct investigations 
Into the feasibility of explosively cladding steel liners In the I.D. of five-Inch 
gun barrels.   These studies proved conclusively that explosive cladding procedures 
were feasible In this case.   Certain parameters, however, remained obscure. The 
pertinent Information extracted from the previous investigation was In regard to 
the following explosive cladding parameters: 

o  The stand-off dimension which Is described as the annulus measured 
radially between the I ,D. of the gun barrel and the O.D. of the steel 
liner. 

o  Explosive charge physical properties. 

o Tooling material and configuration. 

o Quality of the bond obtained at the chd Interface. 

o  Permanent deformation produced In Both the gun barrel and the tooling 
as a result of the explosive cladding procedure. 

4.1.1 Stand-Off Dimension: 

The stand-off dimension is an important process parameter included In explosive 
welding specifications.   This dimension controls. In part, the impact velocity 
generated at the bond Interface during the explosive welding procedure.   The 
stand-off dimension is the measurement of the space between the I.D. of the 
gun barrel and the O.D. of the steel liner.   The pertinent parameters tested 
thus far, in this regard, are reported in Table 1.   (See Page No. 3.) 

4.1.2 Explosives: 

The explosives investigated during the preceding authorization were constructed 
from Trojan Dynamite Grade GL-70.   For all tests the explosive charge was 
tubular in shape nnd was placed internally In the I.D. of the steel liner with 
the O.D. of the explosive charge in contact with the I.D. of the steel liner. 
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The dimensional measuremenfs and the loading prooerties of the explosive charges 
are shown in Table II. 

TABLE I 
SPECIFICATIONS RELATED TO STAND-OFF DISTANCE 

GUN BARRELS AND STEEL LINERS RECORDED IN INCHES 

Sample 
No. 

Sfand-Off Gun Barrel Steel Liner 
O.D. I.D. O.D. I.D. Wall 

J 0.169 6.50 5.375 5.037 4.50 0.269 
2 0.161 6.50 5.375 5.055 4.50 0.278 
3 0.169 6.50 5.375 5.037 4.50 0.269 
4 0.169 6.50 5.375 5.037 4.50 0.269 
5 0.163 9.233 5.375 5.050 4.50 0.275 

TABLE II 
EXPLOSIVE CHARGE SPECIFICATIONS FOR 

TROJAN DYNAMITE GRADE GL-70 

Sample 
No. 

Density 
Grams/ 
Cu.ln. 

Amount 1            Dimensions in Inches 
Grams/ 
Sq.ln. 

Grams O.D. I.D. Wall Length 

1 16.4 8.85 1500 4.50 3.25 0.63 12.0 
2 16.4 7.28 618 4.50 3.50 0.50 6.0 
3 19.9 6.82 1450 4.50 3.7J 0.38 15.0 
4 16.4 8.01 1966 4.50 3.33 0.59 16.5 
5 16.4 7,3 4635 4.50 3.50 0.50 45.0 

4.1.3   Tooling: 

The toolirig utilized to support the O.D. of the gun barrel during the explosive 
welding procedures was made from steel tubing and either concrete fiiier material 
or Cerro-bend metal filier material.   One test, Test No. One, was conducted 
utilizing concrete tiller material v/hile the remaining four tests were conducted 
utilizing Cerro-bend metal filler material. 

4.2  Results of Test Conducfcd Previously 

4.2.1   General Obssrvations: 

Evidence of a bond between the steel liner and the gun barrel was found as a 
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result of sßvercl tests.   The results of these findings will be discussed in the follow- 
ing Paracraph 4.2.2. 

The tooling utilized thus far, yielded pertinent Information which was used to 
establish tooling criteria for the current authorization.    The finding of the tooling 
investigation Is described in Paragraph 4.2.3. 

4.2.2 Explosive Bond Quality: 

The results of the tests condi cted thus far were examined and the following 
conditions were found a« iu: us the bond between the steel liners and the gun 
barrels is concemea. 

o  Test No.  1 - Large areas were found to be bonded.   Those sectioni 
which were found to contain unbonded areas were attributed to the 
Improper method with which the main explosive charge was initially 
detonated. 

o   Test No. 2 - This sample was 12-Inches long.   The leadinri 6-Inche5 
of the sample was found to contain a bonded area while the latter 6- 
Inches was found in an unbonded condition.   The ieuding end of the 
sample was tested explosively as shown in Table II while the latter 
^lalf was tested with an explosive charge having a lesser amount and 
was also smaller in size.   The specifications for the explosive charge 
utilized for the latter section of this test, was purposely deleted from 
Table-li. 

o   Test No. 3 - Since this test was designed to examine tool performance 
and also gun barrel dimensional stability, the bonds oLtalned in the 
samples as a result of the test were not investigated. 

o  Test No. 4 - The tooling and the gun barrel failed catastrophically 
during this test.   As a result the sample yielded a very poor bond. 

o  Test No. 5 - The I.D. of the gun barrel contained several bore 
diameters which therefore provided several stand-off dimeiisionb. 
Bonding was observed only where the stand-off distance measured 
0.163-inches as reported in Tü'jle I. 

4.2.3 Measurements of Tooling and Gun Barrels Before and After Testing: 

The O.D. of the tooling and the O.D. of the gun barrel was measured 
diametrically before testing and comparisons were made with measurements 
made at the same point after testing.   The results of these findings are listed 

in Table Mi. 

! 
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TABLE III 
AVERAG€ DIAMETRIC DIMENSIONS OF TOOLING AND GUN BARRELS 

BEFORE AND AFTER TESTING 

Tesf 
No. 

Tooling O.D. In Inches Gun Barrel O.D. In Inches 
Before Affer Expansion Before After Expansion 

1 10.333 10.466 0.133 6.500 6.695 0.195 
2 21.025 Same Nil 6.500 6.565 0.065 
3 21.025 Same Nil 6.500 6.596 0.096 
4 —   Failed — — FcMed 
5 23.750     9.233 9.300 0.067 

The amounf of permanent deformation which was measured in terms of expan- 
sion, revealed that Test No. 2 and Test No. 5 yielded the least amount of 
diametric change 0.065-inch and 0.067-inch respectively. 

4.2.4   Conclusions Drawn from Previous Test: 

Summarizing the results of the investigation conducted thus far, the following 
conclusions were drawn: 

o   Bonding of the steel liner tc the gun barrel was accomplished in Test 
No. 2 and Test No. 3. 

o  The pertinent parcmeters which were uillized for these two tests are 
shown in Table IV and are extracted from Table I, II, and III. 

TABLE IV 
PERTINENT PARAMETERS DRAWN FROM TABLE 1,11, and III 

Test 
No. 

Stand-Off 
In Inches 

Liner 
Wall 
Thickness 
In Inches 

Explosive Charge Gun Barrel 
O.D. 
Expcnsion 
In Inches 

Amount 
Grams/ 
Sq.ln. 

Wall 
Thickness 
In Inches 

2 0.161 0.278 7.28 0.50 0.065 
5 0.163 0.275 7.3 0.50 0.067 

o   The explosive welding parameters listed above will, in all probability, 
produce effective bonds between steel liners and gun barrels, 

o   Snsufficient empirical data has been obtained thus far in order to make 
a projection at this tirno, as to the shape or the type of material to be 
'jtilized for tool fabrication. 
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WORK PERFORMED 

5.1   G eneral 

] 

J 
I 
I 
I 
i 

In all, four gun barrel sections were explosively clad Internally with steel 
liners.   Of the four barrel sections, three were tested to develop the explosive 
cladding process parameters while the fourth gun barrel section, being longer 
by a factor of three, was tested to evaluate the process parameter developed thus 
far.   The gun barrels were dimensionally Inspected before and after each test to 
determine If any resultant diametric change had occurred. *" 

Ultrasonic inspection techniques were investigated as a possible method for non- 
destructively examining the integrity of the bond achieved between the steel 
liner and the gun barrel. 

5.2  Material 

5.2.1   Five-Inch Gun Barrel: 

The gun barrel material utilized during this investigation was furnished by the 
U. S. Naval Ordnance Station, Louisville, Kentucky.   A five-inch gun barrel, 
which was worn in service, was selected by the Naval Ordnance Station and 
divided Into short sections and subsequently bored In the I.D. to remove the 
worn surface.   These gun barrel sections were prepared In such a manner so that 
a steel liner could be explosively bonded In the i.D. thereby providing new 
material In order to restore the original bore.   Four gun barrel sections ranging 
from 11.38-Inches long to 11.94-inches long, and one gun barrel section measur- 
ing 37.83-Inche5 long were tested.   One gurubarrel section. Sample No. 9, 
was utilized for material examination only and was therefore not tested explosively. 
The gun barrel sections as supplied by the Naval Ordnance Station are dimensionally 
described In Table V. 

TABLE V 
SPECIFICATIONS OF GUN BARREL 

SECTIONS AS SUPPLIED BY THE NAVAL ORDNANCE STATION 

[Sample 
No. 

Dimensions in Inches                      I 
I   Length I.D. O.D. Wall    | 

6 1   11.563 5.385 7.339 0.977 
7 |   11.938 5.380 7.675 1.148 
8        1 i   11.688 5.354 8.093 1.370 
9        1 i   11.375 5.368 10,131 2.382 
io     ! !  37.83 5.353 12.673 3.660 1 
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5.2.2  Sfeel Liners: 

The sfeel liners tested during this period were made from AISI 4130 seamless 
steel tubing, heat treated to Rockwell Hardnesses ranging from Rc27 to Rc32. 
The raw steel tube purchased for the first test in this series measured 4.50-inch 
O.D. by 3.87-inch I.D. by 0.313-Inch wall, while the remaining three steel 
tubes measured 5.25-inch O.D. by 4.50-inch I .D. by 0.38 wall.    Subsequent 
to heat treating, the steel tubes were machined to conform to fhe specificatlö'ns, 
as listed in Table VI. Since gun barrel Sample No. 9 was not tested explosively, 
no ste«| liner was provided. 

TABLE VI 
STEEL LINER DIMENSIONAL SPECIFICATION 

Sample 
No. 

Dimensions In Inches 

Length O.D. I.D. Wall 
6 20.00 4.504 3.860 0.322 
7 13.00 5.000 4.500 0.250 
8 12.70 5.000 4.500 0.250 
10 37.830 5,000 4.500 0.250 

5.2.3   Tooling: 

Dies were constructed from steel tubing in order to support the O.D. of the 
gun barrel during the explosive • jlding procedure.   The I.D. of the steel die 
was a loose fit over the O.D, of the gun barrel.   The assembly was made rigid 
by filling the annulus between the O.D. of the gun barrel and the I.D. of the 
steel die with either concrete or Cerro-bend metal.   For the first test, concrete 
was utilized as the filler material while for the remaining tests, Cerro-bend 
metal was utilized as the filler malerial.   The wall thickness of the annulus 
fillfer material varied from test to test because of two conditions; 

1)   Three steel dies were tested each having dimensions which were not 
constant. 

1 
I 
i 

I 

2)   The normal O.D, of a gun barrel is tapered and .therefore each gun 
barrel section had varying O.D. dimensions.   The description of the 
die material and their respective dimensions are listed in Table VII. The 
O.D. of fhe gun barrels are reported as an average O.D.   See Page No. 
8. 
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5.3   Exp^sive Charges: 

The main explosive charges which were tested were made from Trojan Dyna- 
mite grade GL-70.   The dynamite was tested at 16.4 grams/cu.in. density for 
the first test, while for the remaining three tests the explosive charge was tested 
at 20 grams/cu.in, density.   The explosive main charges were tubular in shapsr 
and were inserted in the I D. of the steel liner.   These explosive charges were 
detonated at one end utilizing plain wave generators constructed from Deta- 
sheet explosive PETN, Grade C-l. 

For the first test a wooden dowel having 2.825-inch diameter at one end and 
3.045-inch diameter at the other end, was utilized for the core material around 
which the main explosive charge was constructed.    In so doing, an explosive 
charge was tested which consisted of two individual wall thicknesses.   For this 
explosive charge, and for all the subsequent explosive charges the O.D. was 
uniform since they were all confined by the I .D. of the steel liners. 

The three remaining tests were conducted utilizing explosive charges with 
uniform wall thicknesses.   For these explosive charges thin walled aluminum 
tubing was utilized for the core material around which the main explosive charge 
was constructed.    In all cases, the main explosive charge was constructed with 
a dimension longer than the relative gun barrei.   This increase in length was 
utilized at the detonating end of the explosive to allow for explosive detonation 
pressure wave stabilization.   The specifications for the explosive charges in- 
vestigated are li^ed in Table VIII. 

TABLE VIII- 
MAIN EXPLOSIVE CHARGE SPECIFICATIONS' 

FOR TROJAN DYNAMITE GRADE GL-70 

Sample 
No. 

Amount in 
Grnms 

D irnensions in Inches 
O.D. I.D. Wall Length 

6 1330 3.859 2.825 0.517 14 
450                1 3.859 3.045 0.407 6 

7 2430 4.50 3.00 0.75 13.75 
8 2256 4.50 3.CO 0.75 13.45 

10 6891 4.50 3.00 , 0.75 39 

The explosive charges were constructed in such a manner so as to insure uni- 
form packing density throughout the structure.   This was accomplished by measur- 
ing individually,  the amount of explosive required for each one-inch of incre- 
mentjl length.   The measured increment of explosive was inserted into the test 
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arrangemenf' and pressed to a measured stop.   This insertion of the explosive 
was continued until the total calculated amount of explosive was in place. 

5.4  Stand-Off Dimension: 

The stand-off dimensions investigated during the previous authorization, which 
are reported previously in Table IV, indicate that the explosive bonding may be 
achieved when the sfand-off dimension between the steel liner and the gun barrel 
is 0.162-inches.   Asruming that 0.162-inch stand-off dimension may be marginal, 
It was decided to increase the stand-off distance to 0.441-inch for the first tesf 
conducted during the current authorization.   This large stand-off distance proved 
to be excessive.   For the succeeding tests, the stand-off distance investigated 
ranged from 0.177-inch to 0.190-inch.   These stand-off dimensions are shown 
in Table IX together with the steel liner O.D. and the gun barrel i.D. 

TABLE IX 
DIMENSIONS OF STAND-OFF DISTANCE, 

STEEL LINER O.D. AND GUN BARREL I.D. 

Snmple 
No. 

Measurement In Inches 
Stand-Off Liner O.D. Gun Barrel I.D. 

6 0.441 4.504 5.385 
7 0.190 5.000 5.380 
8 0.177 5.000 5,354 
9 N/A N/A 5.368 
10 0.177 5.000      - 5.383 

5.5   Test Arrangements: 

Two basic test arrangements were utilized for explosively bonding steel liners 
to the I.D. of gun barrel sections.   One test arrangement comprised an explosive 
charge which was constructed In such a manner so that two explosive charge 
thicknesses could be Investigated individually.   Only one fest, namely Test 
No. 6, was conducted utilizing this test arrangement which is shown in Figure 
No.  1.   The remaining test arrangement which is shown in Figure No. 2, com- 
prised an explosive charge which was constructed with thicknesses which were 
uniform throughout.   Test No. 7 and No. 8 and No.  10 utilized the latter test 
arrangement. 

5.5.1   Test No. One: 

The initial test conducted in this series of tests was designed to examine the 
effect of an explosive charge which was constructed so that the thickness of the 
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.explosive charge measured 0.517-inch23 thick and 0.407-inches thick respec- 
tively.   Tn so doing two explosive detonating pressures could be investigated 
Individually.   The test arrangement which was utilized in this case is shown In 

-, figure No.  1.   The following assembly procedure was utilized and is listed in 
chronological order. 

o   Insert the gun barrel sample concentric within the die cavity, equally 
'., spaced from either end with the axial center lino of the tcrst arrangemen>- 

?n a vertical position. 

o   Fill the annulus between the O.D. of the gun barrel and the I.D. of 
the Die Cavity with Burks cement and allow to cure for four days. 

o   Insert wooden core in the axial center of the bottom plate. 

o   Insert unit assembled above concentrically in the axial center of the 
gun barrel and die assembly. 

o   Install the steel liner within the test arrangemr>nt making '.:MC that the 
liner is located securely in the land provided on the bollom plate. 

o   Install upper plate making sure that the land provided on the lower 
face,  locates the liner concentric within the I.D. of the gun barrel. 

o   A cylinder of Burkes Concrete 12-inch O.D. by 3.86-inch I.D. by 
6-Inch long is placed ccncentricafly over the upper section of the test 
arrangement. 

o   Measure six equal increments 75 grams of Tro|an Dynamite and insert 
each Increment Into the test arrangement Individually.   After each 
Increment of explosive is inserted in the test arrangement, the bulk 
explosive Is pressed to en increment measuring one-inch in length thereby 
producing an Increment of explosive charge having a density measuring 
16.4 grams/cu.in.Insert six Increments of explosive making up the first six- 
inches of the main explosive charge.   The remaining fourteen-inchss of the 
main explosive charge is produced by moasuring fourteen inciements of Trojan 
Dynamite weighing 95 grams each.    These Incremenls are sequentially in- 
serted into the test arrangement and subsequently pressed to increments 
measuring one-inch In length a: described above. 

"o   Fabricate a flat wave geicrator frc.n Dcta-Gheef e>;plo:Ivc grade C-l. 
The flat wave generator consists of a disc of sheet explosive measuring 3, 8- 
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IncHes In diometer ar,d a pellet made frcm the same explosive material 
mentioned previously, measuring 1/2 inch long attached to the axial center 
of ihe explosive disc utilizing plya bond rubber cement. 

o   Place the flat wave generator In contact with the upper end of the main- 
explosive charge. 

.- 

a   The entire test arrangement is suspended In air 12-inches above ground, 
with the axial center in a vertical position. 

o   The main explosive charge is detonated with a No. 8 blasting cap 
firmly attached to the free end of the sheet explosive pellet which is 
part of the fat wave generator. 

5.5.2  Test No.  Seven and Te't No. Eight: 

Test No. Seven and Test No. Eight was conducted with test arrangements as 
shown in Figure No. 2.    These test arrangements were similar in nature to each 
other but differed with the previous test as follows: 

o   For tliese two tests the explosive charge thickness remained uniform while 
for the previous test,  the explosive charge consisted of two explosive charge 
thicknesses. 

o   Cerro-bend metal was utilized in place of cement for the annulus filler 
material. 

o   A vacuum atmosphere measuring 29-in':h2$ of mercury was inser.ed be- 
tween the O.D. of the steel liner and the I.D. of the gun barrel In place 
of an ambient atmosphere. 

The following assembly procedures were utilized and are listed chronologically: 

o Insert the gun barrel sample concentric within the die cavity equally 
-paced from either end with »he axial center line of the assembly in a 
vertical position. 

o   Fill the annulus between the O.D. of the gun bar/el and the I.D. of the 
die cavity wirh Cerro-bend metal. 

o   Attach the botfom plate to the gun barrel and sccuro with pcrmagum 
thereby providing a vacuum tight seal. 

o   Insert the stocl liner cone on trie within the i.D.  of the gun barrel and 
secure to the bottom plate with pennaguni. 
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o  Attach the upper plafe to the gun barrel making sure that the upper end 
of the liner is concentrically positioned.   Secure this unit with permagum. 

o   Install the aluminum core tube in the axial center of the assembly after 
first securing a steel end cover with vinyl tape. 

o   Insert a vacuum hose through the bottom plate and connect to a vacumn 
pump. 

o  Evacuate the annulus between the O.D. of the steel liner and the I.D. 
of the gun barrel, introducing a vacuum pressure measuring approximately 
29-inches of mercury. 

o   Insert the Trojan Dyncmite in incremental amounts and press to a uniform 
density. 

o   Install a plain wave generator on the upper end of the main explosive 
charge. 

o   Detonate the explosive charge utilizing a No. 8 blasting cap attached to 
the upper end of the plain wave generator. 

5.5.3   Test No. Ten: 

Test No. Ten was ast   nbled utilizing the optimum parameter developed during 
the preceding tests.    With the exception that this test was approximately longer 
by a factor of three compared with the preceding tests all assembly procedures 
were similar as those assembly procedures described in Paragraph 5.4.2 with the 
exception of the added length. 

5.6  Test Evaluation: 

Prior to each test the gun barrel and the associated tooling were dimensionolly 
Inspected and the findings were recorded.   Any resultant dimensional change 
which was found,  was compared with dimensional Inspection findings obtained 
prior to each test. 

Dimensional evaluation of the tooling was also performed by comparing resultant 
dimensional changes. 

The bond obtained between the steel liner and the gun barrel was examined 
utilizing destructive testing techniques and also non-destructive testing techniques. 

» 
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One gun barrel section, Sample No. 9, was examined on the I.D. to determine 
If any stress corrosion fractures were apparent prior to subjecting the sample to 
explosive bonding procedures.   This sample was not, however, subjected to 
explosive testing.   The examination described above v/as performed utilizing 
dye penetrant inspection techniques. 

6.0 RESULTS OF WORK PERFORMED 

Five-inch gun barrel sections which were explosively clad internally with heat 
treated steel liners were examined to determine the reliability of the explosive 
bonding procedures developed during this authorization.   Explosively lined 
gun barrel samples were examined, dimensionally, destructively, and ultra- 
sonicaily. 

The tooling developed to support the gun barrel during the explosive welding 
procedure was investigated dimensionally. 

6.1   Explosive Cladding of Short Gun Ebrrel Sections 

6.1.1 Test No. Six: 

Four short gun barrel sections were tested, three explosively, and one for I.D. 
surface fractures. 

The first test conducted in this series is identified as Test No, Six. 

For Test No. Six the stand-off distance and also the thickness of the explosive 
charge was excessive and caused catastrophic results. 

6.1.2 Test No. Seven, No. Eight and No. Nine: 

Two gun barrel sections were tested explosively, namely.   No. Seven and No. 
Eight.   The remaining gun barrel, No. Nine v/as inspected on the I.D, utilizing 
dye penetrant inspaction techniques In search of surface fractures. 

6.1.2.1   Explosive Testing: 

Two gun barrel sections. Sample No. 7 and No. 8 were tested explosively 
utilizing ♦he explosive bonding parameters as listed In Table X. For comparison 
purposes, the explosive bonding parameters which were utilized during Test No. 
Ten Is also listed In this table. 
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TABLE X 
EXPLOSIVE BONDING PARAMETERS 

—?  

Test 
No. 

Stand-Off 
In Inches 

Explosive Charge 
Thickness In 
Inches 

Amount In 
Grams 

7 0.190 0.75 2430 
8 0.177 0.75 2256 

10 0.177 0.75 6891 

Before and after each test, the O.D. of the gun barrel was dimensionally inspec- 
ted utilizing a Pi-Tape.   The dimensions obtained together with the dimensional 
measurement made regarding the tooling is listed in Table X!. 

TABLE XI 
GUN BARREL O.D. MEASUREMENTS COMPARED 

WITH TOOLING O.D. MEASUREMENTS 

DIMENSIONS IN INCHES 

TEST 
NO. 

Outside diameter Wall Thickness 
Total 
a&b 

Gun 
Barrel Tooling 

(a) Gun 
Barrel 

(b) Tooling 

7 
Before 7.675 12.840 1.148 2.583 3.731 
After 7.765 Nil 
Delta-D 0.090 Nil 

8 
Before 11.6S8 12.840 1.370 2.374   . 3.744 
After 11.736 Nil 
Delta-D 0.048 Nil 

10 
Before 12.673 16.030 3.660 1.464 5.124 
After 12.770 16.130 
Delto-D 0.097 0.100 

The dimensions listed in the preceding table show the maximum dimensions ob- 
tained for each test.   For Test No. Seven, the gun barrel sample showed dia- 
metric expansion ranging from 0.043-inch to 0.090-tncb with an average dia- 
metric expansion measuring 0.070-inch.   The sample obtained from Test No. 
Eight showed a diametric expansion ranging from 0.016-inch to 0.048-inch 
with an average diametric expansion measuring 0.029-inch. 

Subsequent to dimensional inspections the sample from Test No. Seven was 
sectioned perpendicular to tha axial center line at two places, thereby remov- 
ing a section measuring one-inch long.   This one-inch long 5ection v/as sent to 
the Naval Ordnance Station for furfher evaluation. 
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The sample obtained from Test No. Eight was bisected perpendicular to the axial 
center line.   The exposed surfaces were machined to RMS 63   finish and the 
bond interface between the steel liner and the gun barrel was examined utilizing 
dye penetrant inspection techniques.   No evidence of voids at the interface was 
observed.   However, fractures were found to exist in the gun barrel steel adjtfcent 
to the bond interface.   These fractures measured approximately 0.093-inch long 
and extended radially from the bond interface toward tl.e O.D.   The fractures 
did not appear to traverse the bond Interface nor did they appear to penetrate 
the steel liner.   Therefore, it was assumed that those fractures were Inherent 
in the parent gun barrel material prior to the explosive testing.    In order to 
evaluate this assumption, gun barrel Sample No. Nine was examined on the I.D. 

'utilizing dye penetrant Inspection techniques.    No evidence of fractures were 
observed, however. 

6.2   Explosive Cladding of a Long Gun Barrel Section 

A gun barrel section measuring 37.83-inches long was explosively clad internally 
with a steel liner having a 0.250-inch thick wall.   This test Is identified in the 
preceding tables as Test No. Ten. 

Initially, the gun barrel section v/as dimensionally inspected and the findings 
compared with the measurements obtained subsequent to the explosive bonding 
test.   The results of the dimensional examinations are listed in Table XII. See 
Page No. 17. 

Referring to Table XI I, the following observations are presented: 

o  The end of the gun barrel adjacent to the point of detonation was 
elongated diametrically less than the opposite end. 

o  The major diametric elongation occurred near the mid-point of the 
gun barrel. 

o Linear measurement made along the O.D. of the gun barrel, L-Dimension, 
exhibited no change as a result of the explosive procedure. 

o  Material was extruded out of either end adjacent to the I.D. of the gun 
barrel.   Thq end of the gun barrel adjacent to the detonation end M- 
Dimension, exhibited less metal extrusion than the opposite end, N-Dtmension, 

6.2.1   Bond Evaluation: 

The gun barrel sompic which v/as obtained during this final te;t was inspected 
ultrasonically to determine the integrity of the bond betv/cen the steel liner and 
the gun barrel.    Figure No. 3 illustrates the results obtained from the ultrusonic 
testing.   The following observations are presented. 
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TABLE XII 
Measurem-.nts of Gun Barrel Section, 37-lnches Long 
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12.672 

12.672 

12.672 

12.673 

12.673 

12.675 

12.675 

12.675 

37.830 

12.712 

12.709 

12.715 

12.742 

12.7SR 

12.7^ 

12.770 

12.766 

12.750 

12.720 

12.725 

37.830 

0.093 

0.140 
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0.041 

0.037 

0.043 

0.070 

0.nP,A 

0.097 

0.093 

0.075 

0.045 

0.050 

-N; 

0.093 

0.140 

Adjacent to flio point of Detonation 
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o The major portion of fhe total area meajurlng approximately 83% appears 
to be bonded.   The remaining 17% of the area is divided into two areas 

as follows: 

o Ten percent exhibiting sporatic bonding. 
«V 

a  Seven percent exhibiting unbonded area. 

o The major unbonded areas were found adjacent to either end.   Figure 
No. 4 shows the explosively clad gun barrel ultrasonically tested. 

7.      CONCLUSIONS 

Based on ths results obtained during this authorization, the following conclusions 
are presented. 

o Five-inch gun barrels have been explosively clad with steel liners v/hich 
were heat treated to hardnesses ranging from R 27 to Rc 32 Rockwell and 
having wall thicknesses measuring 0.250-inch thick. 

o Explosive bonds between steel liners and gun barrels have been produced 
comprising 83% of the total area. 

o Major unbonded areas appear to lie adjacent to either end. 

a  An explosive charge made from Trojan Dynamite measuring 0.75-Inch 
thick and pressed to 20 grams.cu. In. Is a candidate for explosively 
cladding steel liners to gun barrels. 

o   Further testing of tooling required to support the O.D. of the gun barrel 
* during the explosive welding process is Indicated by the resultant elonga- 

I 
tlons observed in both the gun barrel and the tcollng. 

8.0 FUTURE WORK 

Observations made during "ihe current authorization Indicate that further examina- 
tions of explosively lined gun barrels are imperative.   The permanent deformation 
I Introduced Into ths parent gun barrel steel is apparent!   The magnitude of the 
residual stresses should be Investigated and recommendations for corrective action 
should bo Investigated. 

! 
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8.1   Work Proposed 

8.1.1   Gun Barrel: 

The gun barrel structure should be examined before the worn surface has been 
removed and compared with the structure after the worn surface had been removed. 
Several inspection techniques are suggested as follows: 

o Penetrant ». 

o Magnetic Particle 

o Radiograpf-.ic 

o Metallography 

o Micro hardness traverse 

o Ultrasonic ihear wave techniques 

o Holography 

The gun barrel structure should be investigated to determine its stress corrosion 
qualities before explosive cladding and compared with the structure after explosive 
cladding.   This can be accomp.lished by examining the I.D. of the gun barrel with 
the worn surfaces intact by utTlizing the inspection techniques described above. 
These same inspection techniques can be applied subsequent to the removal of the 
worn surfaces by machining.   This will provide a known surface condition prior 
to explosive cladding.   Upon completion of the explosive cladding procedure the 
investigation of the gun barrel structure would be divided into two categories as 
follows: 

o  Fracture investigation 

o. Stress level analysis 

8.1.1.2   Fracture investigation: 
j 

The explosively clad gun barrel cap be examined both destructively and non- 
destructively to determine if any flaws or fractures are apparent in the structure. 
Any section containing apparent fractures may be removed from the gun barrel 
and examinined metallographically at high magnifications. 
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8.1.1.3. Stress Level Analysis: 

Since permanent deformation was found to exist in the gun barrel subsequent to 
the explosive cladding procedure, the stress levels should be investigated.   The 
resultant gun barrel can be investigated utilizing holography in order to express 
the stress levels quantitatively. 

8.1.2  Steel Liners: 

The steel liners should be investigated structure-wise to determine the effect 
of the explosive cladding procedure.   The corrosion properties, the wear pro- 
perties and the mechanical properties of the steel liners should also be establish- 
ed. 
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FIGURE NO.4 

FIVE-INCH GUN BARREL EXPLOSIVELY CLAD 
INTERNALLY WITH A HEAT TREATED STEEL 
LINER 
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APPENDIX C 

EXPLOSIVE CLADDING A 4130 STEEL 

LINER TO A 5" GUN BARREL 

METALLURGICAL FINDINGS 

I 
I 

L 

L 
I 

The following tests were conducted by the Metallurgical Laboratory 
at NAVORDSTALOU to determine the chemical properties of inner bore 
material in new and used 5" gun barrels. 

1. The metallurgical test was performed on three used and two new 
gun barrel sections. The age and history of the used gun barrel 
sections are not known. The two new gun barrel sections had not been 
fired. 

2. The chemical analysis of all sections were similar except the new 
lined section were lower in nickel. 

3. The microstructure examination revealed no difference between the 
inner and outer structures. However, there is considerable difference 
between the microstructures of the used and new gun barrels (see Figures 
1 through 4). It is not possible to determine if the structure of the 
used gun barrels is due to original treatments or was changed by service 
use. 

4. The microhardness traces revealed no change in hardness from inner 
to outer surfaces. However, the hardness range of the used barrels was 
33-37 Rockwell "C" and the new barrels were 40-44 Rockwell "C". 

5. The tensile test results are as shown in Tabulation of mechanical 
test data (Table 1). As you can see, there are considerable differences 
between the new and old gun barrels. 
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FIGURE 1 APPENDIX C 
PHOTOHICROGRAPH OF STRUCTURE 

OF USED GUN BARREL  (ID,  TO x METAL ETCH) 
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FIGURE 2 APPENDIX C 
PHOTOMICROGRAPH OF  STRUCTURE 

OF USED GUN BARREL  (ID,   100 X METAL ETCH) 
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FIGURE 3      APPENDIX C 
PHOTOHICROGRAPH OF STRUCTURE 

OF NEW GUN EARREL (ID 10 X METAL ETCH) 

FIGURE 4     APPENDIX C 
PHOTOMICROGRAPH OF STRUCTURE 

OF NEW GUN BARREL (ID. 100. X METAL ETCH) 
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