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At the E.O. Paton Electric Welding Institute the design and technology have been developed for manufacture of combined
high-pressure cylinders with a mass-dimensional factor M/V ≤ 0.65 kg/l for use in motor-vehicle transport. The cylinder
consists of a pressurized body and a strengthening composite sheath. To manufacture the cylinder body, welded of
thin-sheet steel, a specialized assembly-welding equipment and technology of precision welding, subsequent inspection
and heat treatment of welded joints were developed. Production lines of up to 20,000 and 100,000 cylinders per year
with their safety factor above 2.6 were created.
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The natural gas, namely methane, is one of the most
widely-spread and promising energy carriers on the
Earth. Its explored reserves approach 1012 and pre-
dicted ones (taking into account hydrates) approach
1015—1016 nm3 [1]. Production of gas and its prepara-
tion for use are economically and ecologically less
expensive as compared with oil, and combustion stipu-
lates the lower (1.5—2.5 times) content of oxides of
carbon and nitrogen, as well as aromatic hydrocarbons
in combustion products [2]. Moreover, the gas cost is
approximately 2 times lower than the cost of benzene,
and its application as a motor fuel does not require
the change in design of motors and does not exclude
the feasibility of their service using gas, benzene or
their mixtures [3]. In addition, there are some incon-
veniences in arrangement of additional charge capaci-
ties (high-pressure vessels) on the board of motor ve-
hicle. In this connection, some companies modified
the designs of bodies and started the manufacture of
motor cars with built-in cylinders.

Requirements for cylinders are rather high [4] and
a definite level of technological discipline and mecha-
nization of works is necessary for their production.
This is a premise for organizing the highly-technologi-
cal manufacturing, and the modern rates of motoriza-
tion of the world and consumption of oil resources
allow predicting the challenges for these kinds of
manufacturing. Moreover, about 900 mln of registered
transport vehicles exhaust up to 60 % of all pollutions
into environment. Therefore, at the present stage the
application of gas as a motor fuel will make it possible
to decrease the pollution of environment and to delay
the collapse of automotive industry because of exhaus-
tion of oil reserves, and also to develop the more
acceptable solutions, for example, producing fuel, in-

cluding gas, from recovered sources, hybrid motor ve-
hicles, such as «gas—electric energy» and so on.

The problem of gasifying the motor vehicle trans-
port was considered as far back as last century, but
these were mainly the pioneering projects which al-
lowed gaining the experience and preparing the base
for transition to the wide-scale solutions.

At present, about 9 mln motor vehicles are in serv-
ice using the natural gas, where a compressed gas is
mainly used, as the existing cryogenic tanks for lique-
fied methane do not guarantee its long-term storage
on the board, and most motor vehicles are used at
sufficiently large intervals, i.e. there is no alternative
to high-pressure cylinders.

At the present stage the steel cylinders, manufac-
tured of all-drawn pipe billet by a hot rolling of edges,
found a wide spreading [5]. This technology was tested
earlier on cylinders for technical gases and attracted
manufacturers by its accessibility and simplicity.
However, it was not managed to organize the mass
production of these cylinders in Ukraine, because of
difficulty in producing the tubular billet without lami-
nations and with small tolerances for wall thickness.
Moreover, the formation of bottoms by rolling can be
realized only at a definite ratio of diameter to pipe
wall thickness. This limits the possibility of manufac-
ture of cylinders of different types and sizes with a
stable mass-dimensional characteristic (mass-to-vol-
ume ratio M/V) of not more than 1 kg/l.

The further decrease and stabilization of this char-
acteristic was realized in design of metal-plastic cyl-
inder with a welded body of sheet steel, suggested by
the E.O. Paton Electric Welding Institute and S.P.
Timoshenko Institute of Mechanics [6]. The body con-
sists of a longitudinally-welded shell and two stamped
semi-elliptic bottoms, welded to it by circumferential
welds, a neck is welded-in into one of these bottoms.
As the body is manufactured of low-strength low-alloy
steels (shell of steel 09G2SF of 3 mm thickness, and
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bottom – of steel 09G2S 6 mm thick), it is strengthened
by a load-carrying fiber-glass sheath of a «cocoon» type,
made by a scheme of a longitudinal-transverse winding.
The cylinder has a stable mass-dimensional characteristic
M/V ≈ 0.9 kg/l, safety factor is not less than 2.6 and
withstands up to 40,000 charges.

From the point of view of owners of motor car
transport the cylinders of this design have the exces-
sive mass, and from the point of view of manufacturers
they require increased expenses for formation of a
composite sheath. The further improvement of design
was realized using high-strength steels [7]. Here, the
semi-spherical bottoms were used, in which the oper-
ating stresses are 2 times lower than in a cylindrical
part of the body, thus refusing their additional
strengthening, and providing the equal strength of all
elements of structure by a circular winding of a cy-
lindrical part of the cylinder [8, 9]. This simplified
radically the technology and equipment for the sheath
formation.

The required safety factor of new cylinders is deter-
mined mainly by mechanical properties of steel, which
are preset by an initial structure and conditions of metal
heat treatment [10]. At static and dynamic loading by
internal pressure the problem of equal strength of welded
joints was solved for different levels of strength up to
2000 MPa [11]. However, at a low-cycle loading the
feasibility of application of this solution was not con-
firmed [12]. Here, the negative role was played by the
imperfection of the joint geometric sizes. As is known,
it is very difficult to provide the perfect assembly of
edges being welded in assembly of thin-walled elements
of the body due to ovality of parts after rolling and
stamping. This results in violation of a smooth transition
from the weld to the parent metal and probability of
formation of high local concentration of stresses is in-
creased, thus leading to the development of microplastic
deformation and premature exhaustion of safety factor
of metal in confined areas.

The attained amount of cycles of loading (ST SEV
3648—82) [N] is determined by the expression

[N] = 
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where nN is the safety factor by the number of cycles;
A, B are the characteristics of material; σA is the am-
plitude of stresses; nσ is the safety factor by stresses;
t is the temperature.

The life of welded joints depends greatly on such
geometric parameters, as displacement of edges (Fi-
gure 1, a) and radius of weld conjugation with parent
metal (Figure 1, b). This dependence is higher at a
lower ductility (elongation δ) of metal. The obtained
calculation data are well correlated with results of
hydraulic tests of real cylinders (light signs), in which
the values of edge displacements and radii of conju-

gation were determined after depressurization of cyl-
inders in places of fatigue cracks initiation.

To eliminate the diplanation of edges in serial
manufacturing of cylinders, the assembly-welding
equipment has been developed which allows parts dur-
ing assembly to be deformed elastically, eliminating
the ovality and forming the welded joints with mini-
mum (δ ≥ 10 %) displacement of edges (Figure 2).
Welding in this equipment is performed on one side
per one or two passes (Figure 3, a). During the first
pass, which is performed with a complete penetration
of edges, a load-carrying weld is formed, which is in
compliance with chemical composition of the parent
metal. During the second pass, the optimum width
and weld reinforcement height are provided and, con-
sequently, a necessary radius of its conjugation with
the parent metal. For this purpose, the welding of the
first pass is made in argon using a special activating
flux, which increases the arc penetrability at lowered
currents and provides penetration of up to 10 mm
thick steel for one pass without edge preparation. This
allows preventing the formation of coarse hardening
structures in weld and HAZ metal, as well as defects
of types of pores, lacks of penetration, lacks of fusion,
cracks, and forming the load-carrying welds of I, II
classes according to GOST 23055—78 during the first
pass, which have chemical composition similar to the
parent metal. The second pass is made using a filler
wire and can be used for improvement of geometry,
structure and ductility of the weld metal. The con-
formity of weld to the required class of quality is
evaluated by 100 % X-ray method.

Figure 1. Dependence of cylinder life on geometric parameters of
welded joint: displacement of edges (a) and radius of weld conju-
gation with parent metal (b) at different levels of metal elongation:
1 – δ = 8; 2 – 12; 3 – 18; 4 – 10 %; light signs – real cylinders
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The comparative tests carried out by one of the
foreign companies showed that the micro-alloy steel
joints, made by the above-described technology, are
superior to joints, welded by plasma, electron beam,
laser, consumable electrode in gas mixtures and non-
consumable electrode in argon. They have the higher
resistance against the formation of fatigue cracks at
a low-cycle loading. As to the medium-carbon steels,

hardened with the formation of martensite, so it oc-
curred in a number of factors, defining the resistance
against the fracture of high-strength steel butt joints,
that initial structure of metal of weld and HAZ is
important here, or rather the fact how this structure
can be transformed and approach the structure of the
parent metal after final treatment. It was found that
if, after postweld treatment of joints of steels of
25SNMVFA or 30KhGSA type, to transform the
bainite-martensite structure of weld and HAZ metal,
hardened from welding heading, into a relatively equi-
librium structure of temper sorbite (Figure 4), then
the texture of cast weld metal is disappeared after
hardening and austenite grain is refined in the area
of HAZ metal overheating. As a result of leveling the
differences of structures of parent metal and joint, the
service life of cylinders is increased from 1600—1800
up to 25,000—30,000 charges.

The NDT of welded joints is rather important op-
eration in the technological process. The organizing
of control using X-ray method requires working
places, protected from radiation, financial and tem-
porary expenses, that leads under the conditions of a
serial production to the formation of weak points in
the production line. A challenging addition to the
X-ray inspection in a serial production of high-pressure
cylinders is the new method: a shear speckle-inter-
ferometry, or shearography [13, 14]. It allows obtain-

Figure 2. Equipment for assembly and welding of
bodies of cylinders: a – unit for welding of longitu-
dinal welds; b – unit for welding shells with bottoms;
c – unit for welding pipe connections

Figure 3. Macrosections of single- (a) and two-layer (b) welds
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ing the in-process complete information about techni-
cal condition of object being examined and revealing
the potentially defect-hazardous places, which then
can be selectively controlled by the X-ray method.

The main principle of the shearography is as fol-
lows. The cylinder area being examined is subjected
to loading by the internal pressure or external heating
and then illuminated by a coherent laser beam. The
reflected light flow in the interferometer is divided
with a shear into two wave fronts, converted into an
electric signal and transferred to computer for the
processing. The results are recorded on electron car-
riers and can serve as a target indication for next
identification of defect using standard X-ray methods.
Evidently, this method can be also applied for evalu-
ation of cylinders condition at their periodic inspec-
tion. Speckle-patterns, recorded during initial inspec-
tion, can be compared with patterns, obtained after
a definite period of service and, thus, to determine
the service life of cylinders.

As the investigations showed [14], it is possible to
reveal at elasto-deformed state of the object not only
defects, recorded in X-ray inspection, but also local
concentrations of stresses, usually not-shown on ra-
diograms, but influencing the life and reliability of
the cylinders.

 Basing on the developed designs of combined cyl-
inders, complex of technologies and a non-standard
equipment, a production line of assembly, welding,
inspection and heat treatment of cylinder bodies of
sheet steel (Figure 5, a) and also formation of a com-
posite sheath has been created. The line of this type
allows organizing the updated production of combined

cylinders with a longitudinally-welded shell of effi-
ciency up to 24,000 cylinders per a year. The mass-
dimensional characteristic of these cylinders is about
0.65 kg/l. The production cost of cylinders is 2 and
more times lower than the cost of similar cylinders of
foreign production.

The drawbacks of a longitudinally-welded shell
are usually the probability of location of physical and
geometric imperfections of a longitudinal weld along
the generatrix, and also non-balancing of rigidity and
residual stresses in spite of the fact that the level of
operating stresses from radial forces in shell is 2 times
higher than those from axial forces. To eliminate these
drawbacks, the technology envisages the preliminary
bending of edges, mechanical-heat treatment of joints
and subsequent calibration of the shell. As a whole,
this allowed providing the equal strength of all the
areas of the shell and increasing the uniformity of
distribution of operating stresses in them, however,
leading to the increase in amount of technological
operations.

A spirally-welded shell is subjected to the influ-
ence of the above-mentioned factors to a less degree,
as the vectors of radial stresses are not normal to the
weld plane, and the zones of an increased rigidity and
elasto-plastic deformations are not concentrated in one
plane [15] that eliminates the required calibrations.
Besides, the combination of operation of formation
and welding of butt in a single mechanism allows
eliminating the bending of edges and intermediate
transporting operation.

To shorten further the cycle of manufacturing, to
reduce the cost and to increase the rates of manufacture

Figure 4. Microstructures (×300) of metal of weld and HAZ after welding (a, b) and local heat treatment (c, d)
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of cylinders, the production line of the second type is
also offered (Figure 5, b), the distinguished feature
of which is the possibility of application of high-effi-
cient method of high-frequency welding [16].

Equipment has been designed and passed trials in
welding of special-purpose pipes. The equipment ar-
rangement into the line of cylinders production makes
it possible to combine up to five technological opera-

tions in one unit, including formation, welding and
heat treatment of tubular billet and to refuse three
more operations as being not required. As a heat
source, the welding arc can also be used at a some
decrease in speed of tubular billet manufacture. This
will allow balancing the load of all the elements of
the line under the conditions of small-serial production
or instable demand for products. Under the conditions

Figure 5. Technological line of manufacture of cylinders with longitudinally- (a) and spirally-welded (b) shells
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of a large-serial or mass production, it is rational to
apply the high-frequency welding, the main charac-
teristics of which are given in the Table.

At present the industrial technology has been de-
veloped and designing documentation has been
worked out for the equipment for welding of spirally-
welded pipes of diameter from 75 up to 700 mm under
the shop conditions. Mock-ups of bodies of different-
purpose cylinders, manufactured of these pipes and
tested, gave a positive result. The appearance of the
mock-up of the cylinder body after tests using internal
pressure is presented in Figure 6.

The main technical characteristics of equipment in
the condition of high-frequency welding are as fol-
lows:

Welding speed, m/min ......................................... 30—40
Speed of pipe output, m/min .................................  8—12
Efficiency, kilometer of pipes per shift .................. 1.0—1.5
Power of generator of high-frequency
current, kW ....................................................  160—250
Capacity of electric drives, kW ....................................  8
Length of pipes, m ..................................................  any
Voltage of electric equipment supply (50 Hz), V .........  380
Materials to be welded ..........................  steel, aluminium
Area occupied by welding line, m

2
 ......................  150—200

It should be noted in conclusion that the design,
technologies of welding and heat treatment, as well
as non-standard assembly-welding equipment devel-
oped at the E.O. Paton Electric Welding Institute,
make it possible to manufacture combined welded cyl-
inders with a stable mass-dimensional characteristic
M/V = 0.65 kg/l and service life of more than 15,000
charges. According to TU 28.2-05416923-072:2005 a
series of cylinders was manufactured with a safety
factor (ratio of pressure of depressurization Pdepr to
operating pressure Pop) equal to more than 2.6, which
is preserved stable after 15,000 charges.

To organize the serial production of cylinders with
a longitudinally-welded shell, the production line of
the first type can be used. When necessary to provide
the mass production of cylinders, it is rational to use

the line of the second type, based on manufacture of
a spirally-welded shell.
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Figure 6. Appearance of mock-up of body of spirally-welded cyl-
inder after tests using internal pressure

Diameter of pipes being welded depending on thickness and
width of billet strip

Pipe diameter,
mm

Wall thickness,
mm

Strip width, mm

75—100 0.5—1.5 (2.5)* 100

100—200 0.8—2.0 (3.0) 100

200—250 0.8—2.5 (3.5) 200

300—700 1.0—3.0 (4.5) 200, 300, 500
(depends on unit type)

*At 260 kW power of generator of high-frequency current.
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