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Technology was developed for repair welding of damages in aircraft engine intermediate cases from mag-
nesium alloy ML10. The technology comprises electrodynamic treatment of welds aimed at reducing the
level of residual welding stresses. It was experimentally proved that treatment practically eliminates residual
stresses in the weld. At charging voltage of up to 200 V electrodynamic treatment operator can perform
maximum 1100 electrodynamic impact operations per shift, and at 500 V voltage – not more than 100
operations, that fully meets the requirements of production cycle of repair welding of aircraft intermediate
case.
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Development of modern technologies of repair
of aeronautical engineering equipment is related
to searching for new ways of extension of service
life of metal structures from high-temperature
magnesium alloys, reconditioned by repair weld-
ing. One of the causes for shortening of the serv-
ice life of flying vehicles are residual welding
stresses in repair welds, which adversely affect
the fatigue strength, corrosion resistance and re-
sidual distortion of aircraft structural elements.
This necessitates investigation of advanced meth-
ods to control the stressed state of welded joints,
one of which is treatment by electric current
pulses [1, 2].

Method of realization of pulsed current impact
on metals is electrodynamic treatment (EDT)
based on initiation of electrodynamic forces in
the material, arising at passage of a current dis-
charge in the treated material [3]. The mecha-
nisms of EDT impact on the treated material are
described in detail in [4].

One of the structural components of the air-
craft, in which the damage is repaired by welding,
is the aircraft engine intermediate case (AEIC).
AEIC purpose is aircraft engine fastening on the
aircraft wing and thermal insulation of the air-
frame structural components from thermal im-

pact of an operating engine. Figure 1, a, shows
AEIC appearance as-assembled with D-36 en-
gine. Conditions of AEIC operation make high
requirements to fatigue and static strength char-
acteristics of the structure at high (up to 400 °C)
temperatures, as well as to its dimensional sta-
bility, determining the aerodynamic and propul-
sion performance characteristics of D-36 engine.
Proceeding from that, static and fatigue strength
of AEIC repair welded joints should correspond
to mechanical characteristics of base metal, and
level of residual welding stresses – to minimum
values. Thus, it is believed to be reasonable to
assess EDT capabilities to lower the level of re-
sidual welding stresses in AEIC repair welds.

The objective of this work is development of
the technology of repair welding of AEIC damage
with EDT application.

AEIC is a large-sized cast structure from mag-
nesium alloy ML10 (Figure 1, b) which consists
of outer 1 and inner 2 cylindrical shells, con-
nected by stiffeners – posts 4. One of the design
features of the posts is presence of inner cavities
in them, through which the coolant circulates,
which is designed for minimizing the thermal
impact of operating engine on AEIC. Outer shell
is designed for mounting AEIC on aircraft wing,
and the inner shell – for fastening the aircraft
engine 3.

The most characteristic damages of AEIC
(Figure 2) rectified by repair welding, are fatigue
cracks, disturbing the integrity of the post in the
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points of their connection to outer and inner
shells (Figure 2, weld 1, view A). Formation of
fatigue cracks on the external surface of outer
shell in the zone of reinforcement for cooling
pipeline flange (Figure 2, weld 2, sectional view
A—A) and on reinforcement for the system of
AEIC fastening to the wing is less common. In
terms of design the assembly of AEIC fastening
to the wing is similar to that shown in sectional
view A—A. The result of mentioned service defects
are a partial loss of the load-carrying capacity of
the structure and violation of leak-tightness of
AEIC cooling cavities.

Repair of AEIC damages was performed using
manual single- and multipass nonconsumable
electrode arc welding (TIG) in shielding gas at-
mosphere (argon) in the following modes: Ua =
= 20 V, vw = 1.5 mm/s. Shielding gas was pure
argon of grade A, recommended for welding tight
joints, to which welds 1 and 2 belong (argon
flow rate was 0.25—0.30 l/s). Post repair (see
Figure 2, weld 1) was performed at current of
200—350 A in five passes, repair of reinforcement
for the cooling main pipeline (Figure 2, weld
2) – at current of 200—250 A in two passes.
Joint preparation for welding was performed by
mechanical cleaning of the repair joint to the
width of 15—30 mm from both sides using a steel
brush (stainless steel diameter of 0.2 mm) and
scraping. Time interval between mechanical
cleaning and welding did not exceed 24 h. Filler
rods of ML9 grade of 6 mm diameter were used,
the surface of which was treated by chemical
etching before welding. Preparation of crack
edges was performed with the angle of opening
of 50—70°, with more than 3 mm radius of opening
in the root up to residual thickness of 0.3—
0.5 mm. TIG welding was performed with con-
current local preheating of the welding zone,
which was realized by placing specialized heaters
based on tubular electric heating elements on the
base metal. Heating temperature was equal to
150—200 °C. The first pass was made at minimum
current with the initial and final sections of the
repair weld reaching the base metal. Here smooth
transition of the deposited to base metal was
ensured with welding up of the crater in the mode
of smooth extinction of the arc. At forced stop-
ping of the welding process, because of filler rod
replacement, overlapping of earlier deposited
weld by 20—30 mm was performed. The over-
lapped surface was first cleaned mechanically.

Presence of residual stresses in AEIC repair
welds in a number of cases requires performance
of postweld heat treatment of the item in large-
sized electric furnaces that is a highly energy-
consuming operation. Application of heat treat-
ment is required when repair welding of more

than two AEIC damages is performed. At the
same time, there are cases, when a unit defect of
small depth and length is to be repaired. Then
application of total heat treatment is not rational.
Practical experience of application of postweld
local heating of the repair weld with tubular
electric heating elements used for welding, dem-
onstrated its low effectiveness as a result of high
heat conductivity of ML10 alloy. Application of

Figure 1. Appearance of AEIC (1) as-assembled with D-36
aircraft engine (2) (a) and AEIC (b—f for 1—4 see the text)

Figure 2. Schematic of location of repair welds at service
damage of AEIC in the zone of connection of the post to
the outer and inner shells (weld 1) and in the zone of
fastening the cooling pipeline (weld 2)
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EDT will allow not only lowering the level of
residual stresses in short repair welds without
heat treatment application, but also replacing it
in the future that will lower the cost of AEIC
reconditioning. It should be noted that by the
results of testing by static tension, EDT does not
have any negative influence on mechanical char-
acteristics of AEIC repair welded joints.

EDT influence on distribution of residual
stresses arising at two-pass deposition of weld 1
was studied on samples of 350 × 200 × 8 mm size.
Before bead deposition a cut of the length, width
and depth of 200, 1.6—2.0 and 8—10 mm, respec-
tively, was made with a hand cutter along the
weld by a procedure described above. In order
to reproduce the operations of AEIC repair, two-
pass welding was performed in the cut section in
the mode given above. Here, the geometrical
characteristics of the deposited weld corre-
sponded to parameters of the repair joint made
in AEIC on the shop floor.

EDT influence on the magnitude and distri-
bution of residual stresses when making weld 2
was studied on samples of 300 × 200 × 8 mm size,
containing elements of reinforcement for the
flange of the cooling pipeline, shown in Figure 3
(sectional view A—A). Before deposition a cut of
the length, width and depth of 50, 1.6—2.0 and
8—10 mm, respectively, simulating the fracture,
was made between the bosses, and its edge prepa-
ration was made similar to weld 1. In order to
simulate repair welding performed at damage re-
conditioning, single-pass deposit 50 mm long was
made between the bosses, in the mode mentioned
above. After bead deposition and complete cool-
ing of the samples, EDT of welded joints of the
samples was performed in the modes given in
Table 1.

Welded joints were treated along the weld
axis in the direction from the middle towards the
edges.

Before performance of TIG welding, evalu-
ation of the initial level of stresses in ML10 alloy
was performed by the method of electron speckle-
interferometry on sample surface. After welding,
values of longitudinal component σxx of residual
stresses were determined in repair weld zone be-
fore and after EDT performance. Treatment ef-
fectiveness was assessed by the results of com-
parison of stressed state parameters before and
after EDT.

Evaluation of initial stressed state on the sur-
face of ML10 alloy samples before welding
showed that stress distribution on their outer
surface was uniform, while σxx values were in
the range of 4—6 MPa.

EDT of samples with deposited welds 1 and
2 was performed by series of five current dis-
charges in modes corresponding to charging volt-
age U = 200 and 500 V. Sections on the surface
of deposited beads were treated by application
of current pulses with monitoring σxx variation
in EDT zone. Initial and final weld sections of
10 mm length, in which values of initial stresses
are minimal, were treated in mode 1, and the
other bead surfaces – in mode 2 from Table 1.

Initial σxx values in the metal of single-pass
weld 2 before and after treatment were equal to
120 and 20 MPa, respectively. Initial σxx level
in two-pass weld 1 before treatment was lower
and was equal to 87 MPa. This is due to local
tempering of weld metal deposited in the first
pass after making the second pass. After EDT
σxx values did not exceed 6.5 MPa in the meas-
ured zone that is comparable with the stress level
in the base metal before deposition. Changes of
σxx values in welds 1 and 2, depending on the

Figure 3. Change of values of stresses σxx in single-pass 1
(a) and two-pass 2 (b) welds depending on the number of
current discharges n

Table 1. Modes of EDT of welded joints of magnesium alloy
ML10 (capacitor storage C = 6600 μF, discharge ratio tr = 60 s)

EDT
mode

number

Charging
voltage U, V

Charging
current* I,

A

Electrode
pressure* P, N

Discharge
time* td, ms

1 200 1195 2792 1.2

2 500 3080 20461 1.6

*Procedure of determination of EDT parameters is described in [4].
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number of current pulses n are shown in Figure 3,
from which it is seen that the maximum effec-
tiveness of electrodynamic impact is achieved af-
ter the first current discharge (n = 1) that allows
lowering initial σxx values by more than 50 %.

Results of experiments conducted on AEIC
fragments lead to the conclusion that EDT of repair
deposits in the zone of characteristic damage of the
structure allows lowering the level of initial weld-
ing stresses practically to base metal level.

EDT of full-scale AEIC was conducted in the
locations of repair cladding in the areas of post
damage (see Figure 1, b) and reinforcement for
the flange of cooling pipeline fastening (Fi-
gure 4). EDT was performed in modes shown in
Table 1 in the sequence corresponding to treat-
ment of full-scale samples. During EDT cycle
initial stress level was recorded before and after
cladding, as well as after EDT. Analysis of cur-
rent measurements of parameters of repair deposit
stressed state leads to the conclusion that after
EDT the level of stressed state in repair deposits
is close to that of AEIC base metal.

It should be noted that manual tool for EDT
(see Figure 4) enables access to AEIC repair
welds in all the positions. Power source for EDT,
the weight of which does not exceed 3 kg, is
quite compact, that allows placing it on the sur-
face of the treated structure in the working zone
of EDT operator. EDT operators are exposed to
the impact of pulsed electromagnetic fields. This
is related to the fact that the tool, which is the
source of magnetic radiation, is in direct contact
with the operator’s hand during EDT. Values of
intensity H of the magnetic field (MF) should
not exceed limit permissible levels (LPL) speci-
fied by «State Sanitary Norms and Rules of Op-
eration with Electromagnetic Field Sources»
(DSN 3.3.6.096—2002). Determination of MF pa-
rameters, corresponding to AEIC treatment
modes, is an urgent task, related to taking meas-
ures for industrial safety of EDT operators.

The main MF source is a flat inductor, which
is part of the working tool [4]. Amplitude value
of MF intensity at EDT operator workplace de-
pends on pulse current, dimensions and shape of
discharge circuit, as well as the distance between
the performer and field source. Such MF sources
as discharge circuit and capacitor storage module
were not considered, in view of small values of
magnetic radiation.

Proceeding from analysis of amplitude-fre-
quency characteristics of current pulses, applied
at EDT [4], conditions of MF radiation at EDT
are at the lower limit of radio frequency range.
This allowed isolating a frequency range from 1
up to 10 kHz, in which it is necessary to determine
MF level, corresponding to electrodynamic im-
pacts with charging voltage of 200—500 V.

A flat inductor was a source of MF radiation,
and the operator’s wrist located at the distance
of 70 mm from the inductor, was selected as the
zone closest to MF source.

Plate with deposited bead from ML10 alloy
was used for evaluation of MP parameters.

Intensity H of pulsed MF was determined us-
ing instrumentation system GFI-1 (Hall sensor),
the analog signal from which was recorded by
TDS-1002 oscillograph with Fourier transforma-
tion function. Certified sensor and oscillograph
ensured measurement of the spectrum of MF in-

Figure 4. AEIC EDT in the zone of repair cladding of
reinforcement for the flange of fastening the post cooling
pipeline: 1 – reinforcement for flange; 2 – manual tool
for EDT; 3 – power source for EDT

Figure 5. GFI-1 system for measurement of pulsed MF in-
tensity at EDT: 1 – power source for EDT; 2 – Hall
sensor; 3 – flat inductor; 4 – welded joint sample; 5 –
MF intensity recorder
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tensity H from 8 up to 16,000 A/m. Amplitude
values of pulsed current were recorded using Ro-
gowski’s belt by a procedure described in [4].
Three ranges of MF frequency were studied at
capacitor storage discharge, namely: 0—5, 50—
1000 and 1000—10,000 Hz. Values of charging
voltage of capacitor energy storage, at which MF
intensity H was measured, were taken to be equal
to 200 and 500 V, that ensures the charge energy
of 300 and 800 J, respectively, and is close to
EDT parameters, used at treatment of AEIC re-
pair welds. Hall sensor was fastened on inductor
outer surface in the zone of operator hand location
that allowed studying the parameters of horizon-
tal and vertical components H of magnetic flux
at EDT. Recording H values was conducted dur-
ing an isolated discharge of capacitor storage
through an inductor mounted on a welded joint
sample (Figure 5).

Values of pulsed current I and vertical com-
ponent of intensity H of pulsed MF at EDT with
charging voltage of 200 and 500 V are shown in
Figure 6. It should be noted that the ratio of
intensity H values in the vertical and horizontal
planes is equal to 10/1 that allows ignoring the
latter at calculation of MF characteristics.

It is found that amplitude values I at U = 200
and 500 V are equal to 1200 and 3000 A, respec-

tively, and the time of current running does not
exceed 1.4 ms (see Figure 6, curves 1). Amplitude
H values at similar U values are equal to 10,000
and 30,000 A/m, respectively, and time of MF
impact is equal to 2.2 ms (Figure 6, curves 2).
It should be noted that comparison of curves 1
and 2, reflecting the ratio of values of pulsed
current and MF intensity during the current dis-
charge shows that at I attenuation to zero values
residual magnetic flux was recorded in the meas-
ured zone, the period of action of which is equal
to 0.75—0.90 ms. At the moment of I achieving
zero values, intensity H of residual MF at U =
= 200 and 500 V was equal to 4000 and
10,000 A/m, respectively. Presence of MF after
current action in the discharge circuit is over, is
attributable to residual magnetization of flat in-
ductor, as well as running of attenuating current
in a disc from non-ferromagnetic material, incor-
porated into the working tool.

Proceeding from the obtained data, calcula-
tion-based estimate of relative energy load (REL)
in the studied spectrum of MF frequencies was
performed by the following procedure [5]:

REL = 
Hm

LPL
, (1)

where Hm is the MF intensity, A/m (Hall sensor
readings); LPL are the data from standard DSN
3.3.6.096—2002.

Time of operator working top was assigned as
an 8-hour shift, which is equal to 28,800 s. Full
period of action td of pulsed MF, as shown in
Figure 6, a, was equal to 2.2 ms for all the studied
values of charging voltage.

Admissible values of operator exposure tadm
and number of tool switching on operations nadm
in the studied MF were calculated by the follow-
ing procedure [5]:

tadm = 
top

2∑REL
, (2)

nadm = 
tadm

td
. (3)

Data of calculation of MF parameters, given
in Table 2, lead to the conclusion that at charging
voltage of up to 200 V, EDT operator can perform
not more than 1100 actions of thermodynamic
impact per a work shift, and at 500 V voltage –
not more than 100.

The number of electrodynamic impacts per
one item does not exceed 20—30 discharges. Thus,
production cycle of AEIC reconditioning, includ-
ing EDT, provides safe working conditions for
EDT operators under the condition of charging
the capacitor storage up to maximum voltage
value of 500 V.

Figure 6. Amplitude values of pulsed current I (1) and
magnetic field intensity H (2) at charging voltage of 200
(a) and 500 (b) V

Table 2. Spectral composition and relative energy load of MF at
AEIC EDT (discharge time td = 0.0022 s)

Charging
voltage U,

V

MF REL
Admissible
discharge

time tadm, s

Admissible
discharge
number

nadm

Frequency range, Hz

0—5 50—1000 1000—10000

200 0.64 4197 1705 2.45 1100

500 8.35 51968 13426 0.22 100
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CONCLUSIONS

1. Technology of repair welding of damage in
AEIC from magnesium alloy ML10 was devel-
oped, including EDT of welds to lower the level
of residual welding stresses.

2. By the results of EDT of full-scale AEIC
fragments with characteristic damage of the item
reconditioned by repair welding, it is established
that EDT allows eliminating residual stresses in
the weld.

3. Experimental procedure was developed, on
the basis of which the influence of charging volt-
age on magnetic field intensity at EDT of welded
joints of magnesium alloy ML10 was studied.

4. It is established that at up to 200 V charging
voltage EDT operator can perform not more than
1100 actions of electrodynamic impact per a

working shift, and at the voltage of 500 V –
not more than 100, that supports the production
cycle of repair welding of AEIC from magnesium
alloy ML10.
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PROCEDURE FOR CALCULATION
OF DIMENSIONS OF NOZZLES IN WELDING

USING TWO SEPARATE GAS JETS

V.M. BELOKON and A.O. KOROTEEV
State Institution of Higher Professional Education «Belarusian-Russian University», Mogilyov, Republic of Belarus

Advantages of the process of welding without short-circuiting with double gas shielding of the arcing zone
are shown. The arc is shielded by argon, and the weld pool – by carbon dioxide gas, fed through two
concentrically located nozzles. Calculation of arc radius in its largest cross-section was performed. Calcu-
lation of weld pool length allows determination of the diameter of nozzle for carbon dioxide feed. Application
of higher welding parameters requires increasing the diameter of nozzles, which can be calculated by similar
procedures.

Keywo r d s :  arc welding, consumable electrode,
shielding gases, separate jets, dimensions of nozzles, cal-
culation procedure

Gas shielded welding finds wide application in
production of various structures. At that CO2
welding or welding in its mixtures with oxygen,
argon etc. are often preferred. Welding without
short-circuiting with double gas shielding, i.e.
welding arc is shielded by Ar and weld metal by
CO2 is presented to be promising method. This
method allows significantly reducing losses for
electrode metal spattering, expenses for cleaning
of near-weld zone from spatters and shielding gas
costs [1—4].

Main parameters of each jet of shielding gas
were experimentally determined by a number of
domestic and foreign researchers and recommen-
dations were provided for selection of dimensions
of welding torch nozzles [5 et al.].

The aim of the present work is a development
of procedure for calculation and determination
of dimensions of nozzles (for Ar and CO2) in
reversed polarity current welding with two radial
jets of shielding gases.

An electric arc consisting of three areas (an-
ode, cathode and column) is used as a power source
in consumable electrode welding. The anode and
cathode areas have small dimensions. Anode spot
in Ar welding can cover the whole end surface of
the electrode and transfer to its side surface. At
that transfer of electrode metal takes place in a
form of small drops or jet that has positive effect
on process of the electrode metal transfer, reducing
spattering and splashing.

Argon shield of the cathode and anode areas,
as well as arc column, can provide welding proc-
ess, connected with positive effect of arcing in
argon in welding with two concentric gas flows.

Putting of arc column to homogeneous chan-
nel with uniformly distributed within it tempera-© V.M. BELOKON and A.O. KOROTEEV, 2012

11/2012 33




