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i, ABSTRAC?T

The purpose of this program was to determine the feasibility of,and the parameters

for, explosively cladding an A1ST 4130 steel liner to the inner diarcter of an
expended 5 inch diameter gun barrel.

The initial work consisted of developing the parameters for cladding flat plates;
later these parameters were expanded to include cylindrical claddina of expended
portions of 5 inch diameter gun barrels.

Seven experimental tests were conducted using expended qun barrel portions. Although
these tests proved the feasibility of qun barrel claddina, two attempts to explosivel
clad a full length liner into a 5 inch gun barrel proved unsuccessful.
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ABSTRACT

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

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

ﬁ 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

j 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.

§

3‘ MOSL made two attempts, unsuccessfully, to explosively clad a
full length 5 inch diameter gun barrel. The results of our efforts

i indicate that additional work will be required to design and build

a 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
FProject 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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1. INTRODUCTION

1.1. Basic Idea

The idea of explosively cladding a steel liner to the inner
dra.ieter of an expended gun barrel was conceived by personnel of the
‘ ilaval Ordnance Station, Louisville (NOSL). The magnitude cf this
operation and the tiue required to ultimately deliver refurbished gun
E barrels to the Fleet were well realized. With this in mind, the idea
:

[ SNSFSSSY

was conveyed to ORD 0472 where it was decided that sufficient evidence
did exist to realize a successful conclusion to the experimental pro-
ject.

bty
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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 resurie of this contract and a report of the data obtained. In
February 19€3, Aerojet-General proposed an additional program to lenqgthen
this investigation into a four-phase program. See Appendix B, a work
statenent of this proposal. DOue to the limited funds allotted for this
' program, only Phases I and I1I were accepted. The former Phase I entailed
t i cladding a steel liner to a 5 inch inside diameter, 36" long gun barrel

= section, while the latter, Phase 1II,determined the liner bond irntegrity
using non-destructive techniques.

[FE

! ] 1.3. Sub-scale itodel

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

Vel y

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

i_ Investigate cladding a A1S1 4130 steel liner to a machined
5* diameter qun barrel.

| 2. ELEMENT OBJECTIVE

i investigate cladding of A1S1 4130 steel plates to determine practi-
j cability of proceediny with project.

COMMENT: Completed.

' 3, 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.
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Cxplosively clad a A1S1 4130 steel liner to a 12" length section of
5" dianeter barrel of Rockwell hardness 35 - 40 "C" scale. Proceed to
40" lencth section of barrel following the established procedures.

CURIENT . Completed

Conduct a non-destructive inspection of qun barrel cladding to
Jetermiine deqree of clad interface.

COIMENT: Non-destructive inspection results as listed in Appendix 8
1ives every indication that this method may be used to inspect full
lengtiv barrels.

Clad a full lenqth barrel and prepare it for machining.

COMLIT: The expreriment to clad a full lenqth barrel resulted in partial
destruction of the qun barrel. This fajlure resulted due to our attenpt
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 proaram must
prove the economics of cladding expended qun barrels, therzfore, from an
overall cost standpoint, it was impractical to fully contain the qun
barrel. Further experimentation was necessary and a request to extend
the proqgran was qranted by ORD 0472.

2.1. The Cladding Program

The initial study, conducted by Aerojet-General's Haterial
Technoloqy Division, was monitored by NAVORDSTALOU for a twofold purpose.
Since the Station was at that time a comparative infant in explosive
metalworkina, it was felt that overseeing the process would in itself
be useful for future applications. Secondly, should the Tiner cladding
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 HAVORDSTALOU.

The evaluation of explosive bond quality ir a section of 5"
diameter qun barrel by Aerojet-General's [faterial Technology Division
indicated that the process was indeed feasible (Appendix B). The longest
clad Tenqgth of barrel section was 37.33" long; ultrasonic inspection con-
firmed that cladding occurred in over 33% of the barrel area. The explo-
sive and the set up process left much to be desired if this process was
to be appliad to a full lenqth qun 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 charqge density must be maintained to
irsure a constant detonation velocity.
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“and NAVORDSTALOU to develop the cladding parameters for short barrel sec-

The previous method which 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 1
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

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

a. A relalively low detonation velocity

_b. The mix consistency is suited for pouring, and settling is
minimal.

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 yaids from
an apartment complex, thus necessitating using NAD's remote ranges for larger
explosive cladding shots,

3. GUN BARREL CLADDING

Following is a report of comparative ciadding results obtained on barrel
sections and a full length barrel by usina slurry and other type explosives.

3
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The results of these experiments have been summarized in Table 1;
Table 2 Tists the characteristics of explosives used for the experiments.
0f the six samples tested, S1 was insignificant and was therefore omitted
from the data.

The bulk of explosive cladding data concern flat plates with 1ittle
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 Battelle Memorial Institute.
These curves provide a means of determining the amnunt of explosives required
to obtain cladding for a given flat piate configquration. According to these
data, the amount of explosive required per unit ¢rea of material to be clad
is related to the yield strensth, 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 cf the explo-
sive energy is used in the cladding process; the remainder is dissipated
into thce 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 Battel™~'s curve for tlat plates. 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 S2. 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, sampie S3 did provide a lnad 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 expiosive.
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,
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For this reason, it went practically unnoticed that, with the
increase of liner thickness from .3125 inches on sample S$3 to .406 inches
on th2 sample S4, the load Factor B indicated an areal Tload increase of
1.5 arams per square inch. It seems reasonable to assume that some similar
relation would hold true for tubular configurations. Samg1e 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 lergth, an abundance of test
specinens. 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 1oted 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 lonq
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
sanmple S5 was restrained in concrete, while no restraint was used for
samples S3 or S4.

A11 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 *he nuzzle
end was fashioned from an expended 8 inch diareter gun barrel. The barrel
section was tack welded as shown and the void vetween the walls filled with
molten Hood's metal.

The experiment with sample S6 resulted in the barrel rupturing
approximately 84 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 clzdding occurred
and it was believed that when rupture occurred the effective pressurc was
reduced to the point wmere iittie or no uscful energy remained.

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

Atter the trial sanple S6, stress analysis was made to deternine
the extent or size of restraint required tc effectively contain a full-lenqgth
gun barrel. According to the resultirg calculations, the die mass and fix-
turing was outside the realm of practicality.




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 metalworking 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 was eliminated.

First, 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 parame’ors 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. SUBSL - E 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
1 { central 8 inches of the tubes inside diameter. A liner tube of the same
material measuring 9 inches long by 1 inch outside diaueter 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/in2. Detonation propagated from the larger inside diameter taper
in samples #4 and #5 and from the smaller irns’de diameter taper in samples

} #6 and #7. This was believed to normali.e the effects of explosive initia-
1 tion.

Luae

The clad tubes were cut radially into eight equal, wedae-shaped sec-
tions to expose the liner for inspection and testing. The radial sections
1 were cut intc 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 claddinqg,
! impact fracture, true length and effective width. These measuremgnts were
) : used :o calculate failure force per unit area (pounds per square inch).

! Eac. -egment was then inspected to determine cause of failure and.range
| of force necessary for shearing to occur. Fiqure 7 is a graph comparing
} 1 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.

ps s




ey —m

[F75ET [ blatinae [=EES] [ 2550

$ e

23

(R~

| 25k )

T T T T N __adiiel

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 Tittle or no standoff and
excessive standoff. Fracturing of the liner occurred at these Tocations.

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 nhad occurred in tube
ring area "C", which corresponds to a standoff distance of .130 inches.
The ratio of standoff distance to iTiner 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 unifori when compared with tubes #6 and #7 and felt
to be a function of the divection of initiation. The intervace quality
cr tubes #4 and #5 was inconsistent because of the choking aation 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

Considering all the samples and tests, it appears tha feasibility
of gun barrel cladding has been proven with respect to the achievement
of cladding tubular confiqurations. At this time only short lengths,
up to 36" of a 5" diameter gun barrel, have been successfully clad. A
full lerath 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 the first four feet beyond
the origin of the bore although some erosion has been noted in the muzzle
portion. In the course of the program, secticns 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 subscalzs 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 gas
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 claddinq of

long tubular lengths, i.e. qun 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" c¢lad then put in service or used
for training. :

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

"~ 6. RECOMMENDATIONS

A recent chanqe in propellant has markedly decreased gun barrel
failures attributable to qas erosion. The problem of fatique failure
from crack propagation is of major concern and is beinqg investinated.

Heat checkerina in the first five feet at breech end of the barrel
is opinioned to be a major contributing factor to fatique failure, there-
fore it is recommended studies be continued with explosively cladding
this portion of qun barrels. The studies should determine which alloys,
exhibiting high heat checkering resistance, are suited for qun barrel
liners. The program scope should also determine if barrels or portions
of barrels can be clad with the selected atloys 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 qun 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 ti2ory and
the remainder was directed to practical application.

3. The Advanced Materials Technology Department of Aerojat-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 similar and dis-similar material types
in various sizes and shapes while under a previous Government contract
and while engaged in Aerojet's funded research.
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ENCLOSURE (1)

‘ PROPOSAZ 25-67M630

STATEMENT OF WORK

PHASE I

Subsczle, heavy wall tubing shall be utilized to establish
engineering parameters suc.. as explosive load, tvpe and
initiation methods. This subscale tubing shall ze lined
with a steel material AISI 4130 similar tc that to be used
on the barrel section. Tris phase will also esteblish the
relation between the 4130 steel liner and the subscale
tubing wall to achieve a uniform inner metallic tond.

Using these developed parameters a steel liner AISI 4130
will be Shockwelded inside a three (3) foot length of a £ull
scale gun tube,

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

© Length = 3 foot

+
© 1Inside Diameter = 5.375- .010 inches

© wall Thickness = 3 Inches, aporoximately

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
droper standoff. The inside diameter will be left as welded.

The samples and barrel section cshall be returned to the
Naval Ordnance Station, Louisville, Kentucky, for final
rmachining, heat treating, and evaluacion witliii cac month
after receipt of an order znd materic..

P OV R T | PNy PRp N




LINING OF A 5'" GUN BARREL BY EXPLOSIVE WELDING

(2) Gun Barrel
The test conditions to which the test program has been planned are
essentially fhe following: . -
Gun barrel: is not heat treated, the liner material to be non-heat
treated 4130 steel. Liner material holds 21 to 22 RC' equivalent
to 103,200 psi tensile strength.
Hardness tests on gun barrel, suppliéd by NOS, give 13.7 Re, as
average of 13 tests, equivalent to 95, 400 psi tensile strength. Gun
barrel to be machined smooth to 5.375-in. ID, subsequently modi-
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 éonducted on the
assumption that no outside tooling is required to prévent perman-
ent expansion of gun barrel. Gun barrel and barrel with liner to
be A— or C-scanned be fore and after welding.

(b) Principal dimen.sions of that part of the liner which goes into trhe
smooth bore are:

5.050~in. OD
4.500-in. ID

Thege dimensions provide a standoff of 0.163-in. (see Figures 1&2
bar_r‘el with liner). A.séuming no permanent expansion of barrei,

.

the terminal ID of liner is calculated as follows:

20
Enclosure (2)
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Area: i

0.785 ¢ (25. 505 - 20.250)

o 2 2
i (5.050" - 4.500 )
4

0.785 ° 5.253

When expanded to 5.375-in.,, OD and X ID:

j — 2 2 | 2
(5.375 - X ) = 0.785¢ (28.891 - X )

]
4 !

+ 0,785+ 5,253

| £ Feady

’
,

72
X = 28.891 - 5,253 = 23,638
X

B 2o 2y

= 4,862-in., calculated

which leaves a machining allowance on the side of

e

1/2 (5.000 - 4,862) = 0.069~in.

|y

It was stipulated at that time that a machining allowance 1
of 1/16-in. = 0,063-in. should be provided. This re-

quirement has later been changed to 1/8-in., but after

i
f . liner was machined,
i _ It was desired to avoid substantial welding of liner to the rifling,
] but also to see if such welding would occur. Therefore, the !
L !

lower 0-in, of the liner was machined to 4, 950-in. OD, to center

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

|
j which was supposed to be_Emsufficient for welding. The next
2 -1/8-in. was machined to a substantial standoff. This cuts
J into the wall thickness, and a compromise was made with 0,125-in.
; stendoff and 25-in. wall thickness, resulting in an OD of

4,750-in.

"L Finally, over the tapered transition area the liner is alsc taper

J. 21
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turned and the standoff increaces linearly from 0.125-in. to
0.163-in,

Subscale Tests

Four (4) subscale tests were made. Material was annealed 4130
steel, outer tube measured 6.50-in. OD and 5. 375-in. ID, Inrler
tube wall thickness and standoff are listed in Table 1. Varia-
tions are within prescribed machine shop tolerances. The
following observations and conclusions were made:

1-1/2-in. die wall thickness is insufficient against rupture;

3-1/2-in, die wall thickness is sufficient against rupture.

Cerrobend extrudes paruy at ends, resulting in hour=-glass type
deformation of outer tube (greater expansion at ends). Concrete
in 6-in. 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.
Loower limit for charge ! apparently around 100 gm per inch
incr.ement.

The high-density explosive {20.2 gm./in. % in Test #3) produced
local pits. Apparently i1 produces irregularity in the propaga-
tion of the detonation wave.

Test 45, Full Scale Test

Con'crete was selected because it is not ductile like Cerrobena,

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

ez




!

i

!
with 1-3/16-in. wall. Heavy stee! 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 on the Inner surface indicates some disturbance in the de-

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

4

Siznos

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

]
| Sresss]

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

2luminum tube welded to the end flange.

The assembly was measured after the welding, There was a

E{ le7=.§

slight axial shif. in the position of the liner, only 0.129-in. down
|

at the upper erd and 0.057-in. dc);wn at the lower end, resulting

!', S.'-,»g

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

v

} nificant as far as diameters are concerned.

O.D.!'s on barrel are as follows:

:'11-“,‘ o«

Beiore After iExpansiorJ_
1 T ocation (in.) D, D, | Ave. ! (in.) i
; Jpper end 9.236 |9.284 |9.291 |9.288 |0.052
}i_ Aiddle | 9.233 19,336 9.341l {9.339 {0.106
) Lower (rifled) end [9.230 19.278 19.270 19.274 0.044 )
)

It is seen that the pattern of expansion is reversed; maximum
expandion occurs at the middle. It is the expansion that absorus

a part of, or all of, the planred machining allowance, as shown

23




by the following calculations:

Upper end:

) Area: ,,-’/ 2 5 .

/' (9.236° - 5.3757) = 0.785 7 (85.304 - 28.891)
1

' = 0.785¢ 56.4l3

-

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

SH 2

I (9.288% - x%) = 0,7856 (86,267 - X" )
= 0.785% 56. 413

X* = 86.267 - 56.413 = 29,854

X = 5.4634-in. ID in barrel.

l When liner is expanded, not to 5.375-in., but to ‘
5.464~in., CD and Y ID, we get {

7 v% = 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 aliowance.

a Middle section:

Area:

0.785 > (85,248 -~ 28, 891)

0.785 ¢ 56,357

T T T T T
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Middle section (Cont'd)

When expanded to 9.339-in. OD and Z ID:
' |

e 2
(/ (9.339° - z%) = 0.7850(87.217 - 2% )
4 ~
= 0.785- 56.357
2 |
Z~ = 87. 1/ - 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 diamecter.

These deviations can be taken care of by a corresponding iicrease

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

expansion is reduced or 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-General's statement of work praposal for a consecutively
four-phase program conducted at China Hills, California.

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

b. Phase Il - The evaluation of Phase I and explosively cladding a
short sectinn (approximately 3 feet lonqg) of steel liner to the inner
walls of a full length 5 inch I.L. gun barrel. The area selected for
claddiny was just forward of the breech.

c. Phase Il - Evaluate and establish the necessary standards for
non-destructive tesliig techniques used in determining the percentane
of bond on gun barrel liners,

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

dOTE: Due to Timited funds, only Phases I and II were conducted.
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- DP-68M770
Enclosure (1)

STATEMENT OF WORK

PTG

The Naval Ordnance Station, Jlouisville, Kentucky, shall fugnish
"~ f.oub., Avrojet-General Corporalion's Chino Hills, California
facility one short gun barrel :cction not to exceced 36" in length
wiiich has baen pre=bored to a "to be determined” dimension. This
soewiion shall have a hardness of approximately 30 to 40 on the
Rockwell "C" range. Aerojet will then supply the necessary services
and additional material to explosively clad a liner of a type of
steel virilar to the gun to the inner walls of the barrel to
approximate the original size of the barrel. This effort will
inciude determination of the necessary parameters such as explosive
load, standoff distances and method of initiation to be used.
After cowpletion of the cladding, the barrel section will be
subjected to a non-destructive test to evaluate the percentage of
bond. This barrel shall then be returned f£f.0.b., the Chino Hills
facility, along with the test data obtained, to the Naval Ordnance
Station, Louisville, for further evaluation.

This phase will be completed in eight (8) wecks after receipt of

an oucder and the Navy-furnisheé barrel section. Return of the
narr—1l with the lincer added and the test data to the Naval Ordnance
stuvion will be the basis for acceptance and payment for Phase I.

Phase 11

After receipt of the Phase I barrel section, the Naval Ordnance
Statioir shall furnish Aerojet f.o.b., Chino Hills, a full-length
5" ¢un barcrrel pre-bored to a "to be determined" dimension and

wd. - having a Rockwell "C" hardness of approximately 30 to 40.
Url.izing the parameters established in Phase I, Aerojet shall
explousively clad a steel liner to the area just forward of the
breech to approximate the original size of the barrel. This liner
will be approximately three (3) feet long and of a steel similar
to the gun barrel.

34



coabonant o1 Work (Cont.'d). N DpP=-6G8MT770

Aitor explosively cladding this liner to the inner walls of the
full-length gun barrxel, the barrel shall also be subjected to a
non-destructive test as in Phasce I, and returned f£.0.b., Chino
1Hills, to the Naval Ordnance Station, Louisville, with the test
data. If support tooling is required for cladding this barrel,
the Naval Ordnance Station shall provide to Aerojet without charge
4 scrap barrel contoured to an inside dimension adequate to accept
the 5" barrel.

‘Ihase II will be completed within eight (8) weeks after customer
notice to proceed and receipt of Navy-furnished materials. Return
of the Darrel with the liner added and test data to the Naval
Ordnance Station will be the basis for acceptance and payment for
Phase II.

rnase II1

Acrojct shall supply the necessary ncrvices and materials to evalu-
ate the various methods and types of non-destructive testing
waillable for Jdetermining the bond condition of explosively clad
gqua boarroi components. During this phase’, necessary standards to
bc uwuad in non-destructive testing to permit determination of

.the .orecontage of bond for short and full size barrel sections

will o cstablished. Subscale, heavy wall steel sections shall

be cilazd, C=-scanncd or A-scanned and then sectioned to prove that
the srinted readout of the subscale .standard coincides with the
actuz. dond condition.

>t by the Naval Ordnance Station of the test data and Aerojet's
t of its findings and recommendations for non-destructive

:iag s3tandards will be the basis for acceptance and payment for
shase II1. This phase will be completed within nine (9) weeks

zitor customer notice to proceed.

pags IV
“.w .arpose of Phase IV will be the evaluation of other materials

1o oe¢ used as possible liners for prolonging the life of gun barreils.
heco et intends to evaluate the following five (5) types of materizl
‘cerniidates for gun barrel liners:

(i) 90-10 tantalum 0.020" thick, to be wrapped over, anc

welded on to existing (but oversize) riflings in a
gun barrel section.

35
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stcat cmenl of Work (Cont'd) ) i DP-GEM770
{ Phasoe 1V (Cont'aq)
! (2) 90-10 tantalum 5/16" ihick, to be welded into a
« prebored cun barrel.
! (3) H-ll stecel, to be welded as in (2), above.

3 (4) Maraging stecl, to be welded as in (2), above.

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

| X208

1n the performance of this phase, Acrojet rescrves the right to
subgtilute other materials for thosce recommended above.

Naval Ordnance Station shall furnich to Aerojet, F.0.B., Chino

1ills, =ix (6) cach gun barrel sections not to exceed 12" in length :

tor this 2ffort. One of the sections shall have oversize riflings

and th.e other five shall be prebored. Before conducting the |
ogram, one of the prebored sections shall be tested

without ladding to provide control data for hardness and wear

tests. mcn receipt of the sections by Aerojet, the necessary

]
§
’ intended wvr
c
g ¢aginecring parameters needed for the explonsive claddirng of the
%
3

a
.
e,

Cissimiler materials to the inner walls will be calculated. After
the explosive cladding operation each of the five sections with
lircrs shall be non-destructively tested to determine effcctive-
ress and percentage of the dissimilar material bond. :
“oese short sections will then be shipped F.O.B., Chino Hills,

to Lhe Naval Ordnance Station along with the test data for further
ovaluation. The receipt by the Naval Ordnance Station of the five

linec sections and test data will be the basis for acceptance and

iaviment Zor Phase IV. This Phase will be completed in nine (9) :
weaks arcer receipt of the customer's notice to proceed and the :
$ixX {08) short gun barrel sections.

1
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The tooling investigated consisted of steel iubing which had a loose sliding fit
over the O.D. of the gun barrel. The annulus between the [.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 ossembly 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 1.D. of five-inch
i gun barrels. These studies proved conclusively that explosive cladding prccedures
were feasible in this case. Certain parameters, however, remained obscure. The
.pertinent informetion 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 1.D. of the gun barrei and the O.D. of the steel (
‘L ) |iner. . R . 1
}
o Explosive charge physical properties. _
W i o Tooling material and configuration.
i o Quality of the bond obtained at the clud interface.

o

Permanent deformation produced In both the gun barrel oad the tooling |
as a result of the explosive cladding precedure.

[0 )

4.1.1 Stand-Off Dimension:

3 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 |.D. of the

[E5555 ==
1

¥ gun barrel and the O.D. of the steel liner. The pertinent parameters tested
b } 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
2 tubular in shape «ind was placed internally in the 1.D. of the steel liner with
the O.D. of thz explosive charge in contact with the |.D. of the steel liner.
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The dimensional measurements and the loading prooerties of the explcsive charges
ore shown in Table Il.

TABLE |
SPECIFICATIONS RELATED TO STAND-OFF DISTANCE .
GUN BARRELS AND STEEL LINERS RECORDED IN INCHES

Sample Stand-Off Gun Barrel Steel Liner
No. O.D.|I.D. |O.D. | I1.D. [ Wall
] 0.169 6.50 15.375(5.037 | 4.50 | 0.269
2 0.161 6.90 |5.375]15.055 | 4.50 | 0.278
3 0.169 6.50 15.375]5.037 [ 4.50 | 0.2469
4 0.169 6.50 |5.37515.037 | 4.50 | 0.269
5 0.163 9.233]15.3755.050 | 4.50 | 0.275
TABLE |1
EXPLOSIVE CHARGE SPECIFICATIONS FOR
TROJAN DYNAMITE GRADE GL-70
Sample Density Amount Dimensions in_Inches
No. Grams/ Grams/ | Grams || O.D. | 1.D. Wall Length
Cu.ln. Sq.ln.
| 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 | 3.75 1 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 3.501 0.50 | 45.0

4.1.3 Tooling:

The tooling utilized to support the O.D. of the gun barrei during the explosive

welding procedures was made from steel tubing and either concrete fiiler material

or Cerro-bend metal filler 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 Conducied Previously

4.2.1 General Observations:

Evidence of a bond between the steel liner and the gun barrel was found as a

38
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result of several tests. The results of these findings will be discussed in the follow-
ing Paragraph 4.2.2.

The tociing 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 conducted thus far were examined and the following
conditions were found o i +is the bond between the steel liners ond the gun
barrels is concemea.

o Test No. | - Large areas were found to be bonded. Those sections
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 leading &-inches
of the sample was found to contain a bonded area wtile the latter 6~
inches was found in an unbonded condition. The ieuding end of the
sample was tested explosively as shown in Table Il while the latter
half was tested with an explosive charge having a lesser amount and
was also smailer in size. The specifications for the explosive charge
utilized for the latter section of this test, was purposely deleted from

Table di. .

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

o Test Ne. 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
diai:eters which therefore provided severcl stand-off dimerisions.
Bonding was observed only where the stand-off distance measured
0.163~inches as reported in Table I, ’

4.2.3 Measurements of Tcoling 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 {lI.
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TABLE I
AVERAGE DIAMETRIC DIMENSIONS OF TOOLING AND GUN BARRELS
-BEFORE AND AFTER TESTING

Test Tooling O.D. In Inches Gun Barrel O.D. In Inches
| No. || Before After | Expansion || Before | After Expansion
1 10.333 | 10.466 | 0.133 6.500 | 4.695 0.195
2 21.025 | Some Nil 6.500 | 6.565 0.065
3 21.025 | Same Nil 6.500 | 6.596 0.096
4 - -—- Failed --- -—- Fc'led
5 23.750 -— -—- 9.233 | 9.300 0.067 :

The amount 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 0.085-inch and 0.067-inch respectively.

4.2.4 Conclusions Drawn from Previous Test:

j Summarizing the results of the investigation conducted thus far, the following 1
conclusions were drawn:

o Bonding of the steel liner tc the gun barrel was accomplished in Test

No. 2 and Test No. 3.

=
[ 32F %771}

i o The pertinent parcmeters which were utilized for these two tests are ,
# ) shown in Table IV and are extracted from Table I, |, and I1l. ]

' TABLE IV :
PERTINEINT PARAMETERS DRAWN FROM TABLE [, 11, ond ill

i ™
;i_ : Liner Explosive Charge Gun Barrel
Test Stand-Off || Wall Amount | Wall O.D.
‘ No. In Inches Thickness || Grams/ Thickness || Expcnsion
4 In Inches || Sq.In. In Inches || In Inches
Y 0.161 0.278 7.28 0.50 0.065
x 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 Insufficient empirical data has been obtained thus far in order to make
a projection at this time, as to the shape or the type of material to be
utilized for tool fubrication.
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. WORK PERFORMED

5.1 General

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
for. The gun barrels were dimensionally inspected before and after each test to
determine if any resultant diemetric change had occurred. ' -

Ultrasonic inspection techniques were investigated as a possible method for non-
destructively examining the integrity of the bond achievid 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 ond subsequently bored in-the [.D. to remove the

worn surface. These gun barrel sactions were prepared in such o manner so that

a steel liner could be explosively bonded in the |.D. thereby providing new
material in order to restore the original bore. Four gun barre!l sections ranging
from 11.38-inches long to 11.94-inches long, and one gun barre! section measur-
ing 37.83-inches long were tested. One gun.barrel 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 Dimensions in Inches
No. Length I.D. 0.D. | Wall
é 11.563 | 5.385 | 7.339 | 0.977
7 11.938 | 5.380 | 7.675 | 1.148
8 11.688 | 5.354 | 8.093 | 1.370
9 11.375 | 5.368 | 10,131 | 2.382
10 37.83 5.353 | 12.673 | 3.660
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The steel liners tested during this period were made from AlS| 4130 seamless
steel tubing, heat treated to Rockwell Hardnesses ranging from R 27 to R_32.
The raw steel tube purchased for the first test in this series I L
O.D. by 3.87-inch [.D. by 0.313-inch wail, while the remaining three steel
tubes measured 5.25-inch O.D, by 4.50—inch 1.D. by 0.38 wall. Subsequent
ta heat treating, the steel tubes were machined to conform to fhe specificatisns,
as listed in Table VI. Since gun barrel Sample No. 9 was not tested explosively,

no sterl liner was provided.

TABLE VI
STEEL LINER DIMENSIONAL SPECIFICATION

Sample ; Dimensions In Inches

No. Length O.D. {.D. Wall

6 20.00 4.504 3.850 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
wuos a loose fit over the O.D. of the gun barrel.

+ 2lding procedure.

The |.D. of the steel die

The assembly was made rigid

by filling the annulus between the O.D. of the gun barrel and the 1.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
The wall thickness of the annulus
filler material varied from test to test because of two conditions:

metal was utilized os the filler material.

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

constant.

2) The normal O.D. of a gun barrel is tapered and .therefore each gun

barrel section had varying O.D. dimensions.

The descrlphon of the

die material and their respective dimensions are “listed in Table VII. The
O.D. of the gun barrels are reported as an average O.D. See Page No.

8,
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5.3 Explosive 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 shape
and were inserted in the | 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-1.

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 wos 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 [ .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 consiructed. 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 explo:ive to allow for explosive detonation
pressure wave stabilization. The specifications for the explosive charges in-
vestigated are licted in Table VIII.

~

TABLE VIiI - .
MAIN EXPLOSIVE CHARGE SPECIFICATIONS
FOR TROJAN DYNAMITE GRADE GL-70

Sample || Amount in Dirmensions in Inches
No. Grams O.D. [.D. Wall Length
I3 1330 3.859 2.825 0.517 14
450 3.859 3.045 0.407 6
7 2430 4,50 3.00 0.75 13.75
8 2256 4.50 3.0 0.75 13.45
10 68¢1 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-
mental length. The measured increment of explosive was inserted into the test

44
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arrangement 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-Qff Dimension:

The stand-off dimensions investigated during the previous authorization, which
are reported previously in Table 1V, indicaie that the explosive bonding may be 1
achieved when the stand-off dimension between the steel liner and the gun barrel
is 0.162~inches. As:uming that 0.182-inch stand-off dimension may be margina!, !
it was decided to increase the stand-off distance to 0.441-inch for the first tesi
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 1.D.

TABLE IX
DIMENSIONS OF STAND-OFF DISTANCE,
STEEL LINER O.D. AND GUN BARREL I.D, 1
Semple |- Measurement In Inches
No. Stand-Off Liner. O.D. ‘Gun Barrel |.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 o 5.000 - 5.383
5.5 Test Arrangements:

Two basic test arrangements were utilized for explosively bonding steel liners

to the 1.D. of gun barrel sections. One test arrangement comprised an explosive ,
charge which was constructed in such a manner so that two explosive charge
thicknasses could be investigated individually. Only one test, 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 i
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‘explosive charge measured 0.517-inches thick and 0.407-inches thick respec-
‘ tively. In so doing two explosive detonuting pressurus could be investigated
individually. The test arrangement which was utilized in this case is shown in

i +., 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

o spaced from either end with the oxial center ling of the test arrangement-

in a vertical position.

o Fill the annulus betwezn the O.D. of the gun barrel and the 1.D. of
the Die Cavity with Burks cement and allow to cure fer four days.

o Insert wooden core in the oxial center of tha 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 arrangement making e that the
liner is located securely in the land provided on the botlom plute.

o Install upper plate mcking sure that the lard provided on the loveer
face, locates the liner concentric within the 1.D. of the gun barrel.

o A cylinder of Burkes Concrete 12-inch O.D. by 3.86-inch 1.D. by

6~inch long is placed cencentricaltly over the upper saction of the test
arrangement.,

o Meusurc six equal increments 75 grams of Trojan Dynamite and insert
each increment into the test arrangement individually. After each
increment of explosive is inscried in the test arrangement, the bulk
explosive is pressed to cn increment measuring one-inch in length thereby
producing an increment of explosive charge having a'density measuring
16.4 grums/cu.in,insert six increments of explosive making up the first six-
inches of the main explesive charge. Thz remaining fourteen-inches of the
main explosive charge is produced by measuring fourteen increments of Trojon
Dynamite weighing 95 grams each. These increments are sequentially in-
serted into the test arrangzment and subscquently oressed to increments
measuring onc~inch in length az described above.

-0 Fabricate a flat wave genzrator fren Deta-Sheet explozive grade C-1.
The flat wave gznerator consists of a disc of shzet explosive measuring 3.8~
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inches in diometer and a pellet made frem the scme explosive material
mentioned previously, measuring 1/2 inch long cttached to the oxial center
of 1he explosive disc utilizing plya bond rubber cement.

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

. =

o 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 whichis
part of the f'at wave gznerator.

'5.5.2 Test No. Seven and Test No. Eight:

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

o For these 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 mctol was utilized in place of cement for the annulus filler

material.

o A vocuum atmosphere measuring 29-inches of mercury was inser.cd be-
tween the O.D. of the steel liner and the |.D. of the gun barrel in place

of an ambient atmosphere.
The following assembly procedures were utilized ond are listed chronologically:

o Insert the gun barrel somple concentric within the Jdie cavity equally
.paced from either end with the oxial center line of the assembly in a

vertical position.

o Fill the annulus between the O.D. of the gun barrel and the I.T. of the
die cavity with Cerro-bend metal.

o Attach the bottom plate to the gun berrel ond secure with permagum
thereby providing a vacuum tight seal.

o Inscrt the stee! liner concantric within the 1.D. of the gun torrel and
secure 15 the boltom plate with pennagum.
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o Attach the upper plate to the gun barrel making sure that the upper end
of the liner is concentrically positior.ed. 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 viny! tape.

— RMELS [TEE

[

’ ] o Insert a vacuum hose through the bottom plate and connect to a vacuym
E = pump.
i o Evacuate the annulus between the O.D. of the stzel liner and the |.D.
“ of the gun barrel, introducing a vacuum pressure meosuring approximately

29~inches of mercury.

! ' o Insert the Trojan Dynzmite in incremental amounts and press to a uniform
[ density.
= o Install a plain wave generator on the upper end cf the main explosive
. charge.
]
B o Detonate the explosive charge utilizing @ No. 8 blasting cop attached to
1 the upper end of the plain wave generator.
E ) 5.5.3 Test Ne. Ten:
| 7
l _‘ Test No. Ten was asc mbled utilizing the optimum parcineter developed during
i : the preceding tests. With the exception that this test was approximately longer 1
| 1 by o factor of three compored with the preceding tests all assembly procedures
: 1 were similar as those assembly procedures described in Paragraph 5.4.2 with the

] exception of the odded length.

5.6 Test Evaluotion:

[ = |

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

[ SRSy

i prior tc each test, -
E]
Dimensional evaluation of the tooling was also performed by comparing resultant
| ] dimensional changes.

The bond oblained 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, Somple No. 9, was examined on the |.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 was performed utilizing
dye penetrant inspection techniques.
/ 6.0 RESULTS OF WORK PERFORMED . .
i Five~inch gun barre! sections which were explosively clad internally with heat
g treated steel liners were examined to determine the reliability of the explasive
- bonding procedures developed during this authorization. Explosively lined
i gun berrel samples were examined, dimensionally, destructively, and ultra-
3 . sonically. ]
i ' The tooling developed to support the gun barrel during the explosive welding i
|

procedure was investigated dimensionally.

6.1 Explosive Cladding of Short Gun Berrel Sections

6:-'1':‘}. Test No. Six: : |

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

: i The first test conducted in this serics is identified as Test No. Six. “
i For Test No. Six the stand-off distance and also the thickness of the explosive ;
L charge was excessive and caused catastrophic results.
| 6.1.2 Test No. Seven, No. Eight and No. Nine:

| i Two gun barrel sections were tested explosively, nameiy, No. Seven and Mo.

Eight. The remcining gun barrel, No. Nine was inspected on the 1.D. utilizing
dye penetrant inspzction techniques in search of surface fractures.

by
\ 6.1.2.% Explosive Testing: -
' Two gun barrel sections, Sample No. 7 ond No. 8 were tested explosively
} | " utilizing the explosive bonding parameters as listed in Table X. For comparison
. purposes, the explosive bonding purameters which were utilized during Test No.
. Ten is also listed in this table.
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TABLE X
EXPLCSIVE BONDING PARAMETERS
Explosive Charge
Test Stand-Off Thickness In | Amount In
No. In Inches Inches Grams “
7 G.190 0.75 2430 9
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 obtainad 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 Outside Diameter Wall Thickness ‘
NO. Gun (@) Gun | (b) Tooling| Total
Barrel Tooling Barrel a&b
Before [l 7.675 12.840 1.148 2.583 3.731
7 | After 7.765 Nil . '
Delto-D|0.050 | Nil ' J
Before [|11.688 | 12.840 1.370 2.374 | 3.78F ;

8 | After |[11.736 Nil
Delta-D|| 0.048 Nil
Before |[12.673 16.030 3.660 1.464 5.124
10 | After [12.770 16.130
Delta-Dj| 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 barre! sample showed dia-

metric expansion ranging from 0.043-inch to 0.090-inch with an average dia-

metric expansion measuring 0.070-inch. The somple dbtained 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 inspectins the sample from Test No. Seven was
sectioned perpendicular to tha axial center line at two places, thercby remov-
ing a section measuring one-inch long. This one=inch long section was sent to
the Naval Ordnance Station for further 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 barre! 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 adjacent
to the bond interface. These fractures measured appioximately 0.093-inch long
and extended radially from the bond interface toward the 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 these 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 1.D.

‘utilizing dye penetrant inspection techniques. No evidence of fractures were

observed, however.

6.2 Explosive Cladding of a Long Gun Barre! Section

A gun barrel section measuring 37.83-inches long was explesively 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 was 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 X11, the following observations are presented:

o The end of the gun barre! 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. R

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

6.2.1 Bond Eveluation:

The gun barre! samgie which was obtained during this final test was inspected
vltrasonically to determine the integrity of the bond between the steel liner ond
the gun barrel. Figure No. 3 illustrates the resulis obtained from the ultrasonic

testing. The following obscrvations are presented.
1
i
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g > TABLE XIl .
Measurem nts of Gun Barrel Section, 37-Inches Long

) | { ! ] ] \ '| !
M_I ,i / i / __/ / :___gi___: ;ﬂ' 5
Aewom T o e
' — S T - a — A S R -

] , y

MEA:URENENTS IN INCHES

LOCATION ;l}_‘ BEFORE ACTER i NBEL‘T_A-—H :_;
A | 26 12.712 ll 0.041
8 nen o270 | 0.097 ”
e Ty T e T T s T T Taem
b N ez 240 0.070
}—-—-————---——-—.—-_-.E_-.--A_- — e —— . _._-.--:t —— e o e oo 4
E i 12,672 s ] o.oms
CTF T T2e T Tz T ooes |
V¢ T T2enn T 1 ez s o007
___H"“'“,:IJ"~ 12,673 Mf""l‘?_ %6 1 C0.093
L 2.675 '| 270 ll o075

e i 12.675 12,720 L 0.045

12.675 S5 ¢ 0.0%

—— M O

| 37.830 37830, N
M i --- 0.093 L 0.093
N [! ] om0 010

* Adjacent to tih2 point of Detonation
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o The major portion of the total area measuring approximately 3% appears
to be bonded. The remaining 17% of the area is divided into two areas
as follows:

L]

o Ten percent extiibiting sporatic bonding.

o 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 the results obtained during this authorization, the following conclusions
are presented.

o Five-inch gun barrels have been explosively clad with steel liners which
were heat treated to hardnesses ranging from R_27 to R, 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.

o An explosive charge mode 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 weiding precess is indicated by the resultant elonga-
tions cbserved in both the gun barrel and the tcoling.

8.0 RUTURE WORK

Observations mede during he current authorization indicate that further examina-
tions of explosively lined gun barrels are imperotive. The permanent deformation
introduced into the parent gun barrel steel is opparent? The magnitude of the
residual stresses should be invectigated and recommendations for corrective action

should be investigated.

53
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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 bean
removed and compared with the structure after the worn surface had been removed.

Several inspection techniques are suggested as follows: -

o Penetrant

Magnetic Particle

(o]

Radiographic

o

Metallography

[

o Micro hardness traverse

o

Ultrasonic shear 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 accomplished by examining the I.D. of the gun barrel with
the worn surfaces intact by utflizing 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
foilows:

o Fracture investigation
o. Stress level analysis

8.1.1.2 Fracture investigation:

The explosively clad gun barrei can be examined both destructively and non-
destructively to determine if any flaws or fractures are apparent in the structure.
Any section containing apparent fractures inay be removed from the gun barrel
and examinined metallogrophically at high magnifications.

- —— T wﬂ"""'
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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 clodding procedure. The corrosion properties, the wear pro-
perties and the mechanical properties of the steel liners should also be establish-
ed.
{
| ‘
{ 1
|
|
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-
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FIVE-INCH GUN BARREL EXPLOSIVELY CLAD
INTERNALLY WITH A HEAT TREATED STEEL
LINER

L
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FIGURE NO .4 57




— AR Y -

APPENDIX C
EXPLOSIVE CLADDING A 4130 STEEL
LINER TO A 5" GUN BARREL

METALLURGICAL FINDINGS

T
[ DoESS ] Lhu.:a:j

E : 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.

[F1S555
: [

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 barral sections had not been
fired.

L

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

3. The microstructure examination revezied 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,

[ITRETeNY (AR

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".

[rsstesy [

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

PHOTORICROGRAPH OF STRUCTURE
OF USED GUN BARREL (ID, 10 x METAL ETCH)

FIGURE 2 APPENDIX C

PHCTOMICROGRAPH OF STRUCTURE
OF USED GUN BARREL (ID, 100 X METAL ETCH)

59




»
.
]

bociiag [SFF 55 [BES= 6 [[>5E20 [P [R= ST samaecy [revaey bisag ficsmes
t \ . . : ““‘&‘. ,”5—-4

feas

R

FIGURE 3 APPENDIX C
PHOTOMZCROGRAPH OF STRUCTURE
OF NEW GUN EARREL (ID 10 X METAL ETCH)

FIGURE 4 APPENDIX C
PHOTOMICROGRAPH OF STRUCTURE
OF NEW GUN BARREL (1D, 100, X METAL ETCH)
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