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RE: TITANIUM-JACKETED CANNON TUBE TECHNOLOGY 

Jacketed cannon tubes have been produced in the past by 
cannon designers throughout the world. Typically, one or 
more steel jackets were shrink-fitted over one another towards 
the breech end of the tube in order to provide thicker wall sec
tions and favorable residual stresses. For the tube being 
described in this paper, however, the intent is uniquely dif
ferent. In Fig. 1, the tube is shown conceptually with the 
diameters having a larger scale than the lengths for clarity. 
Note that the jacket is located at the muzzle end of the tube 
rather than at the breech end. Note also that the jacket 
material is not steel, but rather a high-strength, lower-density 
titanium alloy. This is done in order to fulfill the primary 
function of the jacket in this application: to reduce the 
weight of the tube at the muzzle end while still maintaining re
quired strength levels. 

Large caliber cannon tubes for tanks and artillery applica
tions present some unique requirements, some of which are 
noted as follows: 

• As a pressure vessel, the tube must be capable of contain
ing firing pressures in the range of 69 to 690 MPa for a re
quired "fatigue life" on the order of 103 rounds fired. 

• The length of in-bore travel needed for the projectile to 
achieve its desired muzzle velocity is normally specified as 
a ballistic requirement and is often five or more meters. 

• The energy generated by the propelling charge is not all 
converted to projectile kinetic energy. A significant frac
tion becomes thermal energy which is transferred into the 
tube walls, resulting in temperatures on the order of 
103°C at the bore and 102°C inside the walls. The tube is 
required to function safely under these conditions. 

• The tube must be held by a gun mount in the vicinity of its 
breech end and the assembly must be capable of being 
rotated up and down and side-to-side for aiming pur
poses. The closer the tube's center of gravity is to the gun 
mount's trunnions (two hubs about which the assembly is 
made to elevate) and the lower the tube's mass moment of 
inertia, the easier it is to accomplish quick and accurate 
aiming. 

The foregoing requirements for pressure containment 
capability (which influences wall thickness) and length of pro
jectile travel often result in a tube weighing 1000 kg or more. 
The thermal requirement is typically addressed by assuring 
that: sufficiently thick walls (i.e., heat sink which helps limit 
temperatures) are provided; a material which maintains ade
quate material properties at higher temperatures is chosen; 
and, if required, coatings such as chromium are used to pro

tect the bore. The inertial requirements suggest that it is 
preferable for the muzzle end of the tube to be as light as good 
design practice will allow. This minimizes the need for exter
nally balancing the gun and/or for high power requirements to 
elevate and traverse the gun. 

To summarize, the pressure vessel, projectile travel, and 
thermal requirements normally tend to result in a cannon tube 
having more mass. The inertial requirement, on the other 
hand, usually demands that mass, particularly towards the 
muzzle end, be kept to a minimum. 

Advances in modern cannon design and production have 
brought reductions in muzzle-end weight to their lowest prac
tical limits. The normal material of choice is ASTM A723 
pressure vessel steel which is used because of its excellent 
balance of high strength, high toughness, ease of machining, 
and retention of properties at high temperatures. The use of 
higher strength levels to achieve thinner walls near the muzzle 
of cannon tubes seems inadvisable due to the accompanying 
reduction in fracture toughness which normally occurs and to 
the increased tendency of the moving pressure front (i.e., the 
projectile traveling down the tube followed by pressurized 
gases) to dynamically amplify strains in thin-walled sections. 
Autofrettage is a process frequently used in the production of 
cannon, tubes in which favorable residual stresses are 
(hydraulically, or more frequently, mechanically) put into the 
tube walls. This process can be utilized by designers to reduce 
tube wall thickness while still preventing permanent bore 
deformation at required design pressures. Again, however, the 
use of autofrettage (or a highet degree of autofrettage) to 
achieve thinner walls near the muzzle end of cannon tubes 
seems inadvisable due to the dynamic strain amplifications 
noted in the foregoing and the minimal benefits usually at
tainable by autofrettaging thin-walled sections. 

Because conventional methods of reducing the thickness 
(i.e., weight) of cannon tubes at the muzzle did not appear 
feasible, a decision was made to investigate a new concept 
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which is the subject of this paper. To visualize this concept 
best, one can imagine starting with a traditional all-steel tube. 
First, a significant amount of steel is machined away on the 
outer diameters near the muzzle end (which now serves as a 
liner). A lightweight titanium jacket is shrink fit into place 
over this liner, then the assembly is swage autofrettaged to 
enhance residual stresses in the compound tube wall. The 
result is a tube having the same strength as the initial all-steel 
tube, but reduced muzzle-end weight. Indeed this was the 
original purpose of this design concept as previously stated. 

NOTE: The concept description in the previous paragraph 
is provided for the purposes' of visualization; the actual 
fabrication process used will be described later. 

In conjunction with early design studies, various titanium 
alloys were screened for their ability to provide a suitable 
balance of properties for the tube jacket. Of particular interest 
were yield strength, ultimate tensile strength, Young's 
modulus, fracture toughness, and thermal expansion coeffi
cient over a wide range of temperatures ( - 50 °C to + 500 °C). 
Stress relaxation properties were also of special interest 
because of the intention to employ swage autofrettage during 
fabrication. The swage process would result in the titanium 
being in a permanent state of tensile stress during the tube's 
life (during which high sustained temperatures could be ex
perienced). After a literature search of available handbook 
properties, an alloy developed by Reactive Metals Incor
porated (RMI, Niles, Ohio) was selected: titanium alloy 
38-6-44. Under the direction of the U.S. Army Materials 
Technology Laboratory (MTL, Watertown, Mass.), RMI was 
contracted to fabricate several large forgings for use in 
material properties studies, machinability studies, and fabrica
tion of intitial prototypes. Because forgings of this size and 
strength level had not previously been produced, both Benet 
Laboratories (Research Branch) and MTL conducted 
metallographic and material properties tests which provided 
confirmatory data for detailed analysis. 

The design concept has already been described, but will be 
briefly restated here. First, the basic steel cannon tube and the 
titanium jacket (which is about 2.8 m long) are machined to 
exacting dimensions in preparation for shrink fit. Initially, the 
liner's outside diameter is slightly larger than the inside 
diameter of the jacket. Plans envisioned heating the jacket, us
ing thermal expansion principles to increase its inside 
diameter, then slipping it axially into place over the liner. 
Shrink fit is accomplished as the jacket cools. The tube is then 
swage autofrettaged, finish machined, and chromium plated 
on its inside surfaces. In preparation for the foregoing pro
cesses, machinability studies were conducted by the Engineer
ing Support Branch of Benet Labs to assure that Watervliet 
Arsenal (the manufacturer of all large caliber cannon in the 
United States) would be able to fabricate the tube using ex
isting machines. They also designed and fabricated a shrink fit 
tower to allow assembly of the jacket and liner, perhaps the 
most risky process in the entire fabrication sequence. Mean
while, the Research Branch of Benet Labs conducted studies 
to determine whether the titanium would be chemically com
patible with the (emersion) chromium plating process to be 
used. 

The Development Engineering Branch of Benet Labs was 
given the responsibility of coordinating the foregoing efforts 
as well as producing the overall design. Algorithms (both 
closed-form and finite element) were developed which were 
used to predict and establish acceptable stress-strain levels in 
the tube walls, both at various stages of fabrication and during 
firing at all temperatures. Mechanical and thermal analysis 
utilizing all the foregoing inputs indicated that a successful 
design could be achieved which would both lighten the muzzle 
end of the tube (versus a comparable all-steel tube) and main
tain the desired pressure vessel capabilities. 

The basic steel portion of the tube is rough machined to ap

propriate dimensions in preparation for the shrink fit opera
tion. Most importantly, a selected section of the outside 
diameter extending from the muzzle rearward to the bore 
evacuator region is machined to exacting dimensional 
tolerances, straightness (total indicator reading excluding 
droop), wall thickness variation, and surface finish. The inside 
diameter of the titanium sleeve is similarly machined so that 
an interference on the order of 0.1 mm exists between the 
liner's outside diameter and the jacket's inside diameter. The 
extent of the interference and other design parameters can be 
adjusted based on the objectives of the specific tube model 
and the desired working stress level during firing. Shrink fit 
assembly of the steel liner and titanium jacket is accomplished 
by first holding the jacket in a vertical holding fixture with its 
muzzle pointed downward, taking care to keep the jacket as 
plumb as possible. The jacket is then induction heated to a 
suitable temperature (in this case approximately 452 °C) which 
causes its bore to grow by thermal expansion to a diameter 
greater than that of the steel liner's mating outside diameter. 
The holding fixture must be able to accommodate not only the 
radial growth of the jacket, but also its axial growth without 
causing buckling or distortion. Meanwhile, the steel liner is 
suspended vertically above the jacket with its muzzle also 
pointing downward. When the proper jacket temperature has 
been achieved, the steel liner is lowered into the titanium 
jacket with minimum delay until an axial stop shoulder on the 
liner contacts the top of the jacket. A shrink fit is created as 
the assembly air cools to room temperature in a vertical posi
tion. Once the shrink fit procedure is completed, the bore is 
machined to a precision diameter in preparation for swage 
autofrettage. The latter process, whereby an oversized man
drel is forced through the bore, is then performed. Swaging 
causes the steel liner to undergo plastic deformation, while the 
titanium jacket's deformation remains in the elastic range. 
This is due to the differences in elastic modulus of the two 
materials and the degree of interference between the mandrel 
and tube diameters. Because the liner permanently deforms in 
the radial direction and the jacket does not, the result is an ef
fective increase in the interference between the jacket and 
liner, and favorable residual stresses result. The increased in
terface pressure also increases the ability of heat to flow 
radially outward from the steel liner to the titanium jacket. 
Again, the extent of this interface pressure and the residual 
stresses can be adjusted based on specific tube design objec
tives and the desired working stress level produced during fir
ing. After swage, a thermal treatment is applied (approximate
ly 370°C for five hours); this enhances the steel liner's proper
ties while minimally degrading the jacket (e.g., in terms of 
relaxing residual tensile stresses in its walls). The assembly is 
then finish machined and the bore is plated with chromium. 
The latter bore surface treatment is common to many types of 
cannon tubes and presently requires emersing the entire tube 
into various baths while a large electric current is applied. The 
plating process is not harmful to either the titanium jacket or 
the plating baths. After inspection of the final product, 
fabrication of the prototype tube is complete. 

One full-size prototype cannon tube has been fabricated in 
accordance with the method described above and then sub
jected to a 95-round firing test program by Combat Systems 
Test Activity (CSTA, Aberdeen Proving Ground, Md.). The 
following results were obtained: 

Ballistically, the tube performed well, delivering projectiles 
on target with good dispersion characteristics. 

Structurally, the tube appears to have sustained no damage. 
The bore size has increased as much as 0.05 mm in some areas, 
but this would not be unusual for any cannon. Chrome losses 
at the bore were also within acceptable limits. 

Thermally, the tube achieved a maximum temperature at 
the outside diameter of 250°C during firing with no apparent 
harmful effects. It was noted that at elevated temperatures the 
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steel liner expands axially more than the titanium jacket due to 
differences in thermal expansion coefficients. This causes the 
steel liner to protrude slightly beyond the jacket by varying 
amounts during test, but again no harmful effect was noted. 

Dynamically, the tube exceeded expectations. When projec
tile velocities are low, all pressurized tubes dilate radially by an 
amount which can be calculated from Lame thick-walled 
cylinder equations. At higher projectile velocities, dynamic 
amplifications of this dilation can be significant (in some cases 
on the order of four to five). For this prototype, amplifica
tions were unexpectedly low (approximately two). Dynamic 
finite element analysis indicates the reason is related to the 
ability of the steel liner and titanium jacket to move axially 
and radially with respect to each other. These initial results im
ply that jacketing may be one way to attenuate dynamic strain 
amplifications. 

Prior to firing the foregoing hardware, four test cylinders 
were fabricated by the same techniques previously described; 
however, the length of the cylinders was foreshortened to one 
meter to allow hydraulic pressurization tests to be performed 
by the Research Branch of Benet Labs. Results of those lab 
tests were also significant and are summarized as follows: 

In the first tests, internal pressure was increased until the 
cylinder burst. The "strain versus pressure" and "burst 
pressure" measurements compared very favorably with 
analytical predictions, indicating that the design precepts are 
well understood. 

In the second and third test, the cylinders were subjected to 

multiple high pressure pulses in order to assess fatigue modes 
of failure. The second cylinder was tested "as fabricated" and 
the third was intentionally notched at the inner diameter to in
itiate an early crack. In both cases, the fatigue crack emanted 
from the inside diameter (as expected) and grew outward to 
the jacket-liner interface. At that point it was necessary to stop 
both tests because of leaking hydraulic fluid. This leak-before-
break mode of failure is considered very favorable. 

In the fourth test, the cylinder was shot at very close range 
with a 0.30-caliber armor piercing projectile. The projectile 
completely penetrated the titanium jacket stopping at the steel 
liner. The cylinder thus damaged was subjected to a hydraulic 
fatigue test and withstood 388 pressure cycles before failing by 
axial rupture of the jacket. The implication is that the tube can 
still be safely fired for a significant number of rounds, even 
after sustaining severe ballistic damage. 

The technology program described in the foregoing has 
resulted in a successful method of making the muzzle end of 
cannon tubes lighter while still providing an adequate pressure 
vessel. Other methods are being investigated and will be the 
subject of future papers in this forum. 

R. Hasenbein and E. Hyland 
U. S. Army Armament Research, Development, and 

Engineering Center 
Close Combat Armaments Center 

Benet Laboratories 
Watervliet, NY 
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