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Abstract. In low-tonnage shipbuilding in the manufacture of hull structures made of alu-
minum alloys, the main method of joining parts is argon-arc welding. However, the high
deformation capacity of structural aluminum alloys causes the occurrence of local welding
deformations that impair the performance and appearance of the structure. Elimination of
residual deformations by editing is associated with significant material and energy costs and
does not always ensure satisfaction of the high requirements imposed on the presentation of
the product. Therefore, the design of such structures should provide for the possibility of their
manufacture with minimal labor input and deformations not exceeding the allowable values.
The developed technique provides for the design of typical hull structures of pleasure motor
yachts according to the Rules of classification societies or ISO12215-5 standard taking into
account technological measures to minimize local welding deformations of thin sheet plating
from welding set. Using the example of designing various types of hull structures made of
alloy 5083H111, the sequence of selecting the thickness of the section plating, the parameters
of the cell of the set, the type and size of welds, ensuring the strength requirements established
by the Rules and reducing the residual welding deformations to the allowable limit, is shown.
To implement the welding technology, an original design of a welding torch with in-nozzle
transverse oscillations of the electrode wire was proposed to reduce the energy introduced
into the weld. The torch can be used for mechanized and automatic pulse-arc welding.

Key words: design, aluminum alloy, technology, welding deformations, low-frequency
oscillations of the electrode.

AHoTanisl. Y MaJIOTOHHXHOMY CyJIHOOYAyBaHHI Yy MpOLECI BUTOTOBJICHHS KOPITyCHHX
KOHCTPYKIIiif 3 aJIFOMiHI€BHX CIUIaBiB OCHOBHHUM CIIOCOOOM 3’ €THAHHSI e TaJIeH € aprOHOTyTOBE
3BaproBanHs. OpHak BHCOKa jgedopmariiifHa 37aTHICTh KOHCTPYKIIWHUX —aJFOMIHIEBHX
CIUIaBiB 3yMOBIIIOE BHHHKHEHHS MICIIEBUX 3BaplOBAIBHHX JedopMariid, o0 HOTipIIyloTh
eKCIUTyaTalliifHi XapaKTePUCTHKH i 30BHIMITHIA BUTIIA KOHCTPYKIii. YCYHEHHS 3aJIAIIKOBUX
Jedopmaliiil MpaBKoO MOB’s13aHe 31 3HAYHUMH MaTepiajJbHUMHM i eHePreTHYHUMU 3aTpaTaMu
1 He 3aBKaM 3a0e3redye 3aJJOBOJIEHHSI BUCOKMX BUMOT, IO NPE SBISIOTHCS 10 TOBAPHOTO
BHTJISITY TPOAYKINii. ToMy IpOEKTyBaHHS TaKUX KOHCTPYKIIi Mae mependadaTi MOKIHBICTh
X BHUTOTOBJICHHS 3 MIHIMaJbHOI TPYIOMICTKICTIO i AehopMallisiMu, 10 HE MEPEBHUIIYIOThH
JIOITyCTUMUX 3Ha4eHb. Po3poliieHa MeToanka repegoadae mpoeKTyBaHHS THIIOBUX KOPITYCHHX
KOHCTPYKIIi MPOTYITHKOBUX MOTOPHHX AXT 3a lIpaBmimaMu KiacuQikalifHUX TOBapHCTB
abo cranmapry ISO12215-5 3 ypaxyBaHHSIM TEXHOJOTIYHHAX 3aXOAiB IIOA0 MiHIMi3arlii
MICIICBHX 3BapIOBAIILHUX Je(hopMalliii TOHKOIUCTOBOI OOLIMBKY BiJI IPUBAPIOBAHHS HA0ODY.
Ha nmpuknani mpoekTyBaHHS Pi3HUX THITIB KOPITyCHUX KOHCTPYKIIH AXTH 31 croiaBy S083H111
MOKa3aHa MoCJiJOBHICTh BUOOPY TOBIIMHHU OOLIMBKU CEKIIil, TapaMeTpiB ocepesKy Habopy,
THUITy 1 pO3MipiB 3BapHUX IIBIB, IO 3a0€3M€4yIOTh BCTAaHOBIEHI [IpaBuiaMu BUMOTH 111010
MIITHOCTI 1 3HIDKYIOTH /IO JTOIyCTUMOTO PIBHS 3QJIMIIKOBI 3BaproBaibHI Aedopmartii. s
peadrizarlii TeXHOJIOTI1 3BapIOBaHHs 3aIIPOIIOHOBAHA OPUT HAIbHA KOHCTPYKIIis 3BAPIOBAIILHOTO
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MaJIbHUKA 13 BHYTPUIIHBOCOIUIOBHMH ITOIIEPEYHUMH KOJIMBAHHSIMH €JIEKTPOIHOTO APOTY, 1110 CIIPHUSIOTH 3HIKEHHIO
SHeprii, Sika BBOAUTHCS y 3BapHUIA M0B. [lapHUK MOXKe OyTH 3aCTOCOBaHMI IPH MEXaHI30BAHOMY Ta aBTOMAaTHYHOMY
IMITYJIECHO-/TyTOBOMY 3BapIOBaHHI.

KurouoBi cjioBa: TPOCKTyBaHHS, aNIOMIHIEBHH CIIJIaB, TEXHOJOTIS, 3BapioBajibHI aedopmarii, HU3bKOYACTOTHI
KOJINBaHHS €JIEKTPOJIa.
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Problem statement. Modern manufacturing tech- | hull’s resistance to movement, but also degrade the ap-
nology of thin-sheet hull structures of ships from alu- | pearance of the vessel as a whole (Fig. 1).
minum alloys provides for the connection of parts using To eliminate residual welding deformations and im-
arc welding. If the design of structures does not take into | part a “marketable” design, such corrective measures are
account the effect of welding and / or no rational man- | often used, such as post-welding thermal straightening
ufacturing process is chosen, then the residual welding | and/ or filling of the section shell [1-3]. However, these
deformations exceeding the permissible values are a | measures, despite their high cost, do not always guaran-
negative consequence. These deformations not only re- | tee obtaining an acceptable result, therefore, the design
duce the bearing capacity of structures and increase the | of new structures should be carried out with regard to
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b
Fig. 1. The appearance of the hull structures of the pleasure yacht made of aluminum alloy 5083H111
after welding: a — shell of deck; b — shell of bottom

Table 1. Deformation of the shell from the plane between the frames, mm

Construction element By Stand?rd [10] (for spacmg 3.00_1000 mm) Factual data
Recruitment Limit value

Cylindrical part (side and 4 8 5-10

bottom shell) 75

Shell 37

Bow and stern 5 5
In the cylindrical part 4 4 10

. 7,5

Design Deck 37
Bow and stern 6 6 5
5-30

Superstructure Deck Open area 4 4 175
Shell of Superstructure Outside area 4 4 Sli

their manufacture with minimum labor-intensiveness
and minimum allowable welding deformations meet-
ing the requirements of the quality standard DSTU 1SO
9001: 2015. Therefore, the development of methods for
designing thin-sheet hull structures, allowing to reduce
the cost of their manufacture is an actual task.

Latest research and publications analysis. It is
well known that when designing ships, compliance
with the requirements of the Rules of various classi-
fication societies [4; 5] ensures the necessary level of
operational reliability of the design under development
[6—9]. However, as the experience of building low-ton-
nage vessels, including yachts made of aluminum al-
loys, even if the sequence of stitching, as provided by
the design documentation, often does not provide an ac-
ceptable level of local deformations of structures after
welding [10].

Measurements of the surface shape of the hull struc-
tures made of aluminum alloy 5083H111 carried out
at the production show a significant excess of residual
deformations over the allowable values (table 1). The
cause of warping of the plating is the loss of stability
of thin-sheet plating from the longitudinal shrinkage of
fillet joints connecting the reinforcing frames with the
plating. The implementation of technological measures

1

to reduce welding deformations requires, as indicated
above, additional costs and time.

Therefore, it is advisable at the design stage of the
hull structure to provide for its structural design so that
measures to combat welding deformations are provided
[2; 3]. This should take into account the known recom-
mendations on the appointment of types of welds, con-
tributing to the reduction of residual volumes of plastic
deformations shortening, which are as follows [3].

In the frames welded T-joints with frames and shell,
the seams in which the calculated seam leg exceeds the
minimum, technologically feasible size must be made
continuous.

When seams are assigned by calculation, preference
should be given to continuous two-sided seams. For
joints that are not calculation for strength, a minimum,
technologically feasible joint should be assigned. With
the same minimum seam leg, the use of intermittent
seams is more advisable than continuous.

Ratio of residual volumes of longitudinal shorten-
ing of welded T-joints with continuous and intermittent
equal strength seams [2]

)
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rneV_ uK__—the volume of the longitudinal short-
ening and the legs of the continuous seam, respectively;
V, u K, —the same for intermittent seam.

Volumes of longitudinal shortening are calculated by
the formulas:

for continuous seam

V., =v L=029%gL, )
cp
for intermittent seam
l
V=v-L-—2, (3)
pim

Here v — linear longitudinal shortening; L — length of
the seam; £ _ metal deformation coefficient; g, — linear
heating energy of the welded elements; | u p, — weld
length and intermittent weld pitch, respectively.

And, finally, in order to reduce local deformations of
the shell from welding of the frames, its thickness should
be increased or the distance between the frames should
be reduced.

Separation of previously unsettled parts of the
general problem. The fulfillment of the above require-
ments and recommendations is reflected separately in the
design documentation for the design of hull structures
and in the process documentation for their manufacture.
A comprehensive solution to the problem of reducing the
time and material costs of creating competitive products
in yacht building can be implemented using an improved
methodology for designing hull structures of yachts, tak-
ing into account modern technological recommendations
for reducing welding deformations.

The article aim — development of a design method-
ology for hull structures and superstructures of alumi-
num alloy yachts according to the requirements of the
Rules of classification societies, taking into account the
welding technology, ensuring minimal local deforma-
tions from the welding frames.

Methods, object and subject of development. Dur-
ing the development of the methodology, the calculation
methods of structural mechanics of the ship, the calcu-
lation and design of welded joints, the calculation of
welding deformations and stresses, and the design of arc
welding technology were used.

The object of development are the bottom, side and
deck sections of motor yachts made of aluminum struc-
tural alloy, the subject of development is the thickness
of the sections shell, the type and size of welds connect-
ing the frames with the plating, welding technology.

The basic material (results). For the development
of the design methodology, typical designs (floors) of
ten different single hull motor yachts with a small hull
extension were chosen, i.e. for which the ratioL / B < 6
(here L is the hull length; B is its width) ... For selected
the indicated ratio of the parameters is: L / B = (8,5...
29.8) / (2,4...6,9) = 3,5...4,3. All hull structures are
made of aluminum-magnesium alloy 5083H111 (ana-
logue alloy AIMg 4,5).

smi.nuos.mk.ua | editor@smi.nuos.mk.ua
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Structural design was performed in accordance with
the requirements of the standard [4] in the following se-
quence:

1) determined the design load for each type of floors.
The width of all floors was limited in the transverse
direction by the distance between bulkheads or frame
frames. The length of the floors was taken depending on
the type:

— for bottom floors — half-width of the hull, from CL
to side, with bearing on board and on keel to CL;

— for side floors — the distance from the deck to the
shear with the support on the deck and cheekbone;

— for deck floors — hull half-width — from CL to board
with bearing on board and Carlings in CL.

2) chose the layout of the beams and make up the
appropriate design scheme of floors with the transverse
frames system;

3) the required thickness of shell was calculated;

4) determined the required moments of resistance
and the height of the frames section;

5) chose sections of welds;

6) checked the calculated thickness of the shell for
the absence of buckling deformations.

When designing, the authors took into account the
constructive and technological recommendations devel-
oped by the authors aimed at reducing the residual weld-
ing deformations:
reinforcement frames profile — T-beams (if the
length of the hull of the yacht is L > 12 m) or strips with
a wall thickness equal to the thickness of the outer shell
(ifL<12 m);
the frames is shell welded by the mechanized
method with a solid electrode wire with continuous
two-sided seams (connection — T3 according to GOST
14806-80);
the leg of the corner seams, ensuring equal
strength of the seam and the base metal, is determined by
calculation and is selected according to the Rules [6 — 9].
If, according to the calculation, a leg less than 4 mm is re-
quired, the frames is welded with intermittent 4 mm long
leg chain seams. The pitch and length of the seam sections
are determined in accordance with the Rules [5];
in order to reduce the heat energy of welding,
reduce the volume of longitudinal plastic deformations
and ensure high dimensional stability of fillet welds, the
welding is performed using a pulsed arc method using
standard or specialized equipment, for example [11];
from the condition of ensuring free access to the
welding seams, the smallest distance between the beams
(space) is limited to 300 mm.

In order to establish general design requirements for
the design of typical sections of the yacht, as well as the
development of recommendations for the selection of
parameters of welded joints to minimize local deforma-
tions of the shell, the hull and superstructure of the yacht
were divided into zones within which different register
loads act (Fig. 2). For each of the zones, according to
the Rules, the limiting values of the shell thickness, the
spacing frames, the type and size of the fillet seams of



N°1 (11) 2019

the welding frames to the shell are frames. Each zone
corresponds to the parameters available at the design
and / or design stage, which can be varied to minimize
deformations in the visible part of the hull structure and
superstructure of the yacht.

For each type of sections included in a specific zone,
in accordance with the requirements of the Rules, cal-
culated by the formulas (1) — (3) the allowable intervals
for changing the parameters of the welds of the welding
frames to shell depending on the size of the space and
the length of the yacht's hull and the corresponding nom-
ograms (Fig. 3).

Nomograms also allow you to assign a spacing size
depending on the required thickness of the shell, if there
is no deformation, buckling resistance from welding
the frames with continuous or intermittent seams with a
4 mm leg.

If the calculated seam leg exceeds 4 mm, then the
intermittent seam should be replaced with a continuous
two-sided with a leg equal to the calculated one. In this
case, constructive measures aimed at minimizing weld-
ing deformations are limited to changes in the thickness
of the space, the size of the installation and the ratio of
the sides of the support contour.

For each specific spacing size, with a fixed length of
the welded section, there are maximum and minimum
spacing of a discontinuous seam, which are calculated
using formula (3) and are shown on the nomograms by
double solid lines.

The thick solid lines on the homograms, calculated
on the basis of the Rules, correspond to the maximum
allowable step of the intermittent welding, which has the
necessary strength to ensure the strength connection be-
tween the shell and the frames, perceiving the load spec-
ified, for example, in Rules [5] and etc.

The dashed lines on the nomograms indicate the
minimum permissible pitch of the intermittent weld
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seam, which, with a given spacing and thickness of the
cloth, does not lead to loss of stability of the casing.

All pitch values of the intermittent weld, which lie
above the corresponding curve, are then safe. Therefore,
using the above nomograms, the range of allowable val-
ues can be narrowed when selecting the parameters of a
intermittent weld of the frames to the shell.

The algorithm for the design of a hull structure is as
follows:

If the design of the yacht is carried out in accordance
with the Rules in which the size of space is regulated, for
example [5] or the Shipping Register of Ukraine, then
the calculation of normal space is performed. Focusing
on the size and allowable spacing of the normal spacing
for the appropriate type of floors (deck, side, bottom),
several possible combinations of spacing (usually a mul-
tiple of 10) and its corresponding thickness of shell, reg-
ulated by the Rules, multiple to the rolled stock range
should be determined. Then you should proceed to work
with nomograms.

If the design is performed according to the Rules
[6—8], in which the packing size is not directly regulated
by the load, immediately after assigning the distance be-
tween the beams of the main frames and determining the
required plating thickness according to the Rules, pro-
ceed to work with nomograms.

The work with nomograms (see Fig. 3) is performed
in accordance with the developed key as follows.

For the found combinations “space — thickness” we
find the areas of permissible values bounded by curves
at bellow (dashed lines), corresponding to the absence of
buckling of the casing from welding of the frames, and
from the top by curves (solid lines) corresponding to the
required bearing capacity of these welds of the frames
for this type floors. The final choice of seam parameters
within the range of allowable values is carried out by
comparative analysis of several suitable combinations,

YACHTS
DESIGN CONSTRUCTION
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Fig. 2. The mnemonic scheme of the design development and welded joints of the hull sections of the yacht, taking into account

minimization of local welding deformations
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Fig. 3. Nomograms for determining the permissible values of weld seam parameters to shell of yachts length of: a —-12 m;

b — 24 m (s - thickness of shell, mm)

bearing in mind that the mass of floors decreases with
decreasing spacing, and the cost of manufacturing — with
its increase [12].

Reducing the deformations to values acceptable from the
point of view of the appearance of the welded structure only
through constructive measures is extremely difficult, so it is
necessary to provide technological measures that eliminate
the need to perform expensive camouflaging filler.

Firstly, according to the accepted technological se-
quence, one should initially weld the vertical seams of

14

the joints of the beams of the frames between themselves
and the adjacent horizontal sections of intermittent seams
of the connection of the frames with the shell. Then, in
compliance with the pitch and length of the welded sec-
tion, intermittent seams are made in the remaining joints
of the frames with the shell [13].

Secondly, local deformations of the shell of sections
can be minimized by reducing heat input to the base met-
al, both by reducing the volume of the weld metal, but
with guaranteed provision of the required weld thickness
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required by the Rules, and by reducing the degree of
overheating of the metal being deposited [1-3].

An effective means of controlling the volume of
the deposited metal and the degree of its overheating is
welding with the use of impulse effects in systems of
welding mechanized and automatic equipment [14—16].
Impulse effects ensure the achievement of two techno-
logical goals: 1) control of metal transfer and related pro-
cesses and 2) control of the thermal cycle of welding and
the formation of the weld.

To implement the technology of thin-sheet structures
of yachts with controlled impulse effects, it is advisable
to use combined systems that include a power source for
pulsed arc welding and a specialized welding torch (Fig.
4) with a device for generating low-frequency mechani-
cal vibrations of the electrode wire [11].

In-loop oscillations of the electrode wire are creat-
ed using two solenoid-type electromagnets, the rods of
which are handedly connected to the current-carrying
tip. Electrode wire is fed to the welding zone through
a flexible insulated metal tube. When alternately ap-
plying voltage from the control circuit to the coils of
electromagnets, the electrode wire together with the tip
performs transverse oscillations with a given frequency.
The amplitude of oscillation is frames by adjusting the
working stroke of the rods of electromagnets.

The oscillator is mounted on the nozzle of the torch
with the ability to rotate 90 ° to ensure maximum access
to the weld.

The advantage of the developed design of the torch
with the in-nozzle oscillations of the electrode, com-
pared with the existing oscillators of the welding tool
(oscillators), is a significant, 40—120 times, decrease in
the oscillating mass. As a result, a proportional increase
in the maximum acceleration of the movement of the
end of the electrode wire does not pose a danger to the
reliability of the oscillator. This creates the acceleration
required for the separation of the drop, and provides the
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welded metal and the geometry of the seam. The disad-
vantage of the design is to increase the transverse size of
the torch, which limits the ability to perform welding in
areas adjacent to the intersection of the frames.

To select the working parameters of the transverse
oscillations of the electrode, a diagram has been devel-
oped (Fig. 5), which also allows to predict some indica-
tors of the automatic welding technology.

In the diagram, the numbers indicate three charac-
teristic regions, within which the oscillations of the elec-
trode wire lead to the following results:

1 — control of the weld seam is provided by changing
the welding arc trajectory. Control of metal transfer is
not possible.

2 — it is possible to combine control of the geome-
try of the weld and the type of metal transfer with the
selected ratio between the oscillation frequency f and
amplitude A_for this diameter of electrode wire d_;

3 — unstable arc burning and deterioration in the
quality of weld formation due to excessively high speed
of oscillating movement of the electrode wire.

It is obvious that the area of effective use of the torch
with inner-nozzle oscillations of the electrode (WTINOE)
isthe area 2, inwhichatf >f . d <A <e, control of metal
transfer and welding process productivity is provided,;

atf <f_ . e, <A —control of weld geometry without
the need to change the welding arc oscillation trajectory.

In area 2 also, for comparison, the corresponding
hatching also indicates the ranges of vibration mode pa-
rameters, which are implemented using known welding
tool oscillators (WTO) and metal transfer control devic-
es (MTCD) [17].

The technology of automatic welding using the torch
WTINOE provides for the possibility of its installation
on a self-movable welding carriage (Fig. 6).

Discussion of the results. The proposed method of
designing standard sections of motor yachts made of alu-
minum alloys and the technological recommendations
for the welding of a frames with plating allow to take

L

PR r]

-
A
BLELA

§ e 5
| %'
HLLLLLLLLLLL LU N,

Fig. 4. The design of the torch for automatic welding in the environment of protective gases with intra-nozzle oscillations of
the electrode wire: 1 —nozzle; 2 — tip; 3 — electromagnet; 4 — stock; 5 — insulating tube: 6 — electrode wire; 7 — spiral metal

tube; 8 — hinge
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Fig. 5. Diagram for selecting the parameters of the mechanical oscillations of the electrode wire: e, — weld

width without oscillation; d — nozzle internal diameter limiting maximum oscillation amplitude; f

ctm

minimum frequency of controlled electrode metal transfer

into account the features of the construction of the struc-
ture. At the same time, the choice of plating thickness is
made not only on the basis of the calculation according
to the Rules, depending on the size of the spacing, but
also taking into account the minimization of local defor-
mations from the welding frames.

To implement the welding technology, it is necessary
to preset the parameters of the oscillation mode of the elec-
trode wire by selecting them using a nomogram (see Fig.
6) in area 1 or 2, depending on the technological purpose
of the impulse effect. Straight-line sections of the weld
(continuous or intermittent) are performed according to a
predetermined cycle of the welding installation within the
free access of the torch to the welding point. The peripher-
al areas of the connection at the intersection of the frames
must be welded in a pre-mechanized way. This technology
will provide an increase in the quality of welds, a reduc-
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Fig. 6. Appearance (with the half-nozzle removed) of the burner WTINOE (a) and the variant of its
installation on the self-moving welding carriage (b)

tion in the labor intensity of the section manufacturing
and, in general, the cost of building a yacht.

CONCLUSIONS

1. To meet the increased requirements for the ap-
pearance of the hull structures of aluminum alloy yachts,
the use of only constructive measures to reduce local
deformations in the design is insufficient, which necessi-
tates the implementation of costly post-welding editing
and camouflaging works.

2. The developed method of designing typical hull
structures of yachts, taking into account technological
recommendations for minimizing local welding defor-
mations of the shell of sections from welding the frames,
allows you to select the optimal parameters of welds that
meet the requirements of the Rules of Classification So-
cieties, and ensures the implementation of mechanized
and automatic welding technology.
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3. To reduce the thermal energy introduced into | the electrode wire was developed. The torch can be used
the seam when welding a thin-sheet plating frames, a | in installations for automatic gas-shielded welding of
torch design with in-nozzle mechanical oscillations of | ship structures made of aluminum alloys.
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