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Abstract. The paper presents the development of a numerical thermal deformation model of
two-pass pulsed arc GMA (Gas Metal Arc) welding of a thin-sheet welded joint made of
EP718 alloy using the ANSYS package, considering the distribution of temperature fields
from a consumable electrode during transverse vibrations. Experimental verification of the
calculation results showed that the developed thermal deformation model of two-pass GMA
welding makes it possible to predict the stress-strain state of a thin-sheet welded joint with an
error of 10 %, sufficient for engineering calculations. Residual stresses von Mises after
welding according in the weld does not exceed 840 MPa (0.8 6B). The thermal deformation
model of two-pass GMA pulsed arc welding developed during research can be used to assess
the stress-strain state of a welded structure of complex spatial geometry with a large number
of welds.
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Introduction
Gas turbine engine body parts are subject to high requirements for strength and rigidity - they
should provide freedom from temperature deformations of individual elements included in the
body and provide simplicity and convenience in their manufacture and assembly. Usually, such
highly loaded elements are made of heat-resistant nickel-based alloy KhN45MVTYuBR (EP718).
Its use for the manufacture of welded structures is complicated by the tendency to form
hot cracks of various nature, not only in the weld metal, but also in the near-affected zone
(NAZ), as well as grain growth and softening of the metal in the NAZ [1-8,10] One of the
reasons for the increased susceptibility to cracking of the EP718 alloy in the NAZ is the high
level of residual welding stresses [9]. To solve the abovementioned issues, the electron beam
welding (EBW) and manual argon arc welding with a non-consumable electrode with filler
wire (TIG) are used for welding the considered alloy in aircraft and engine building. The
EBW technology (due to the high concentration of heat in the source) makes it possible to
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form a fine-grained weld structure, but its widespread use is complicated by the following
aspects: it requires laborious preparation of edges; it is difficult to apply on curved paths of
welds.

Manual welding with filler material is carried out at low speeds in 3 or more passes
when filling a groove with a metal thickness of 4-5 mm. This leads to repeated heating of the
metal in the weld zone and the NAZ, and, as a result, the accumulation of residual stresses
and an increase in the grain size. Based on the available foreign recommendations, welding of
butt joints with a thickness of 4 mm from an analogue alloy of Inconel 718 can be carried out
by a multilayer GMAW with a constant arc with a heat input of at least 400 kJ / m per pass of
2 mm at a welding speed of at least 24 m/h, a multilayer GMAW pulsed arc with a heat input
of at least 360 kJ/m per pass of 2 mm at a welding speed of at least 15 m/h. Based on foreign
data and our own experience, the use of fusion welding (consumable electrode in an inert gas)
with transverse vibrations will provide a reduction in heat input up to 30 % compared to a
multilayer GMAW pulsed arc, will reduce the grain growth rate, the drop in ductility in the
temperature ranges of brittleness and the minimum level of residual stresses in the NAZ.
When welding alloy EP718, welding wire 08Kh20N57M8V8T3R (EP533) is used. Table 1
shows the chemical composition of the EP718 alloy and EP533 welding wire [1,10,12].

It is impossible to predict residual stress and deformations of a welded assembly with
many welds and with complex spatial geometry using traditional analytical calculations. The
only possibility is to use powerful CAE systems, which allow simulating the stress-strain state
of the welded structure after welding. The Mechanical module of the ANSYS package has
this functionality.

Thus, the development of numerical models of the stress-strain state of a welded
structure with complex spatial geometry after GMA welding is an urgent task, but it is
extremely time-consuming and cumbersome without the stage of some simplifications. The
selection of parameters of the numerical model is much easier to carry out on a somewhat
simplified thermal deformation model of welding of the flat samples, which allows to quickly
correct the mode parameters, followed by interpolation of the results to a more complex
geometry.

Materials and Experimental methods
Material and welding technique. In the present study the base metal EP718 and welding
wire EP533 alloy was used. The chemical composition of the alloy is presented in Table 1.

Table 1. Chemical composition of EP718 alloy and EP533 welding wire [1,3]
Chemical composition, wt. %

Alloys : X :
C |Si [Mn Cr |[Ni |W Mo |Mg [Nb |Al [Ti Fe B P S |Others
14-1| 43- | 2.5- 0.001-| 0.8- | 0.9- | 1.9- . 71r<0.02;
EP718 | <0.1|<0.3|<0.6 16| 47 | 35 4-52 05 | 15| 14 | 24 Remain<0.008<0.0101<0.015 Ce<0.3
EP533 | <0.1 [<0.3|<0.5 1292 Ocr.| 7-9 | 7-9 - - | %3.3|<3.0<0.005{<0.015/<0.01| <0.1

The geometrical parameters of the welded joint corresponded to type C18 according to
GOST 14771. Edge preparation for welding was carried out by milling. Plates with
dimensions of 100 x 100 x 5 mm were welded in 2 passes by GMA-welding. Sheet blanks
from the EP718 alloy had a thickness of 5 mm as delivered. Filler wire - EP533 (1.2 mm in
hardened state. Welding was carried out with transverse oscillations of the burner relative to
the weld trajectory in 2 passes. The nominal gap between the welded plates was 1.0 mm. The
preparation of the edges to be welded was carried out on a milling machine. Before welding,
tacking was used along the ends of the plates, followed by a selection to a height
of 1.0 £ 0.5 mm.
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Figure 1 shows the macrostructure of a two-pass weld made with filler wire EP533
(Fig. 1,(a)), and the appearance of the front side of the weld after the first (Fig. 1(b)) and
second passes (Fig. 1(c)).

(@) (c)
Fig. 1. Macro section of a 2-pass weld made with filler wire EP533 (a) and the appearance of
the front side of the weld after the first (b) and second passes (c)

The fusion line is clearly visible on the macrostructure (Fig. 1(a)). Thanks to the use of
transverse oscillations of the burner, it was possible to achieve a minimum height of the
facing bead of the seam, as can be seen in Fig. 1(c). At the same time, the conducted
microstructural studies and X-ray inspection of welded joints did not reveal defects in the
weld and HAZ. Figure 1(a) shows the microstructure of the NAZ after the 1st pass. The
microstructure of the NAZ is a partially remelted layer cold-worked as a result of milling, the
grain size of which is 5-7 times smaller than the grain size of the base metal and is 5-10 um.
In this case, the length of the NAZ does not exceed 50-100 um [20,21].

On the first pass of the weld (Fig. 1(b)), there is a large proportion of disoriented
crushed structure, the presence of which can be caused using transverse oscillation technique,
during which the molten metal is constantly mixed or thermomechanical vibration of the melt
during pulsed arc welding. At the same time, the volume of the molten weld pool under
specific conditions is significantly less than in argon-arc welding with a non-consumable
electrode. In the second pass, the weld structure is more equiaxed, which is most likely due to
an increase in the rigidity of the welded joint after the 1st pass and a large space for free
temperature deformation between the welded edges [8,9,12].

Thermocouples were welded to the outer surface of the welded sample by capacitor
welding: the first thermocouple was installed at a 1 mm from the edge, second at a 3 mm.
Thermocouples were located on the line perpendicular to the joint. Thermal cycles during the
welding process were recorded using a CENTER 511 digital 4-channel temperature meter.
Figure 2 shows the places for installation of "K-type" thermocouples on a welded sample
(Fig. 2(a)) and equipment for welding sheet blanks (Fig. 2(b)).

Longitudinal shrinkage of welded specimens was measured using the ATOS Compact
Scan portable 3D scanner for full-size digitization and geometry control. ATOS is a precision
measurement system for digitizing geometric objects. The measurement accuracy of ATOS
Compact Scan is = 0.1 mm. The measurements were taken after welding the root and facing
passes.
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(a)
Fig. 2. Places for installation of "K-type" thermocouples on a welded sample 100 x 100 x 4
mm (a) and equipment for welding sheet blanks (b)

Numerical simulation. The ANSYS/Mechanical package was chosen as a tool for
numerical simulation. The calculation was carried out using the internal programming
language APDL. The solution of the problem of modeling the stress-strain state of plates after
welding was carried out in 2 stages: first, the thermal problem of simulating heating by a
moving source was solved, and the resulting temperature field at the nodes of the model was
converted into a stress and strain field at the second stage.

To describe the temperature field T(x, y, z, t) in flat samples, a differential nonlinear
heat conduction equation was used [3]:

OT _ 9 (79T) 4 8 (43T\ L 0 (43T
Cp(T) at  ox (/1 ax) + dy (/1 ay) + 0z (A az)’ (1)
where p(T) is the density, kg/m?®.

The dependence of the thermophysical properties of steel on temperature p(T), A(T),
c(T) was taken in accordance with the calculations of the OPENCALTHAD program for the
average chemical composition of the EP718 alloy, since there is no information on the
properties of the alloy in the scientific literature. At temperatures above 1200 °C, the internal
ANSYS algorithm approximates linearly the values of the property function over the last
temperature interval.

The 3D model of the simulated sample consisted of two parts. First part is a plate with
the size of 100 x 100 x 4 mm having a groove of 30° of incline. Underneath it a copper lining
is placed with a size of 100 x 30 x 6 mm, having a groove of 6 mm width and 1 mm depth.
Element type - Solid 70, 8-node hexahedral. The size of the finite elements near the joint is
0.3 mm, gradually increases from 1.3 to 7 mm towards the ends of the plate.

The boundary conditions for heat transfer were set from the outer and inner surfaces of
the plate. Heat radiation was calculated by the equation (2):
q2r(T) = ECO(T4 - Tc4), (2)
where Co is the Stefan-Boltzmann constant, Co =5.67x10% W/(m?deg®); ¢ is the integral
coefficient of radiant heat transfer of nickel; T is the body surface temperature, °C; Tc is the
ambient temperature, °C.

Convective heat transfer was determined by the equation (3):

Q(T) = Ah(T —T¢), ©)
where Q is the heat flux density during convection, W/m?; h is the heat transfer coefficient,
W/m?°C; A is the surface area, m?, T — body surface temperature, °C; Tc — ambient
temperature, °C. The coefficient of convective heat transfer was determined according to the
data of [11] following the dependence: h = 0.68-10T at 0< 7'< 500 °C and h = 0.2317-82.1
at 7> 500 °C. The initial temperature T and the ambient temperature Tc were set to be 20 °C
in the calculations.
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The boundary conditions of the contact "weld sample - copper lining" were considered
as the sum of thermal conductivities of the air gap aair between the microprotrusions of the
contacted materials and the metal contact am. As a result of calculations, the following values
of contact thermal conductivity aair(T)=9100 + 28T were obtained [8].

The welding mode parameters were taken from full-scale experiments. During the
welding of the root pass, the heat input was 147 kJ/m, during the welding of the facing pass, it
was 150 kJ/m [4-8]. To model the heating source, the Goldak double semi-ellipsoid model
was used, the scheme of which is presented in Fig. 3 [8,9].

Heat flux, q(W/m?)

\\ N

Fig. 3. Goldak's double semi-ellipsoid model [8,9]

For a point inside the first semi-ellipsoid, located in front of the weld pool, the heat flux

was determined by the equation (4):
I B e Vo

ae.y2) = S exp (- % -2 ) v 20, @
where ft is the part of the heat flow in the front part of the bath; a, b, ¢ are the semiaxes of the
ellipsoid.

For points (x, y, z) inside the second semi-ellipsoid at the back of the weld pool, the
heat flux was described by the equation (5):

6\/§(er) —3x? 3y2 3z2
Q(X,Y,Z)=me (—x—L—%),x<0, (5)

a? b2
where f; is the heat flow to the back of the weld pool.
In the calculations, fi/fr = 1/3 was taken, and the effective heating efficiency was taken as 0.8.
The specific heat flux was adapted to the equation of uniform motion along a sinusoid,
simulating the transverse vibrations of a welding torch:

q=Q exp (—3 () + () + (X—_Tsri:w))z))’ ©)

where Q is the input power, W; t is the time, s; V is the source velocity, m/h; r; — ellipsoid
semiaxes, m; T — period, s; A is the amplitude, mm. The values of T=1.5 mm and r=2.2 mm
were taken.

Results and Discussion

Analysis of the simulation results. Figure 4 shows the distributions of temperature fields
from a movable heating source of the type of a double Goldak's semi-ellipsoid. Verification of
the results of simulation of the thermal problem during welding was carried out by comparing
thermal cycles from the nodes of the finite element mesh, corresponding to the places where
“K-type” thermocouples are fixed on the welded sample, as shown in Fig. 2.
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Fig. 4. Distributions of temperature fields from a moving source heating type double semi-ellipsoid
Goldak: 1% pass: t=6,47 s
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Fig. 5. Thermal cycles from thermocouples No. 1 at 1 mm (a) and 3 mm (b) for root

Figure 5 shows thermal cycles from thermocouples and nodes of a finite element mesh
during simulation after the first welding pass, a detailed analysis of thermal cycling of welded
specimens is presented in [5,6].

The thermal cycles from the numerical thermal model of welding reflect the actual
heating during 2-pass fusion welding of the EP718 alloy with an error of no more than 7 %
compared to the experimental data.
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@ (b)
Fig. 6. The width of the weld after a two-pass GMA-welding with transverse vibrations (a)

and an example of the penetration zone when modeling the second weld of a GMA-welding
with transverse vibrations (b)

Figure 6 shows the measurement of the width of the penetration zone after the second
pass of the robotic GMA-welding by measuring the dimensions and bringing them to the
desired scale in the KOMPAS 3D program using 9 points along the axis of the weld.

As shown in Fig. 6(b), the width of one element in the weld zone is 0.46 mm, as the
source advances to the melting temperature, the conditional weld zone heats up by 15.5
elements in width, which corresponds to 7.13 mm in the width of the penetration zone.

Figure 7 shows a range graph comparing the results of measuring the width of the
penetration zone for samples after statistical processing using the least squares method along
the median with significance quantiles Q25 % and Q75 %.

~N ™~
L -

Simulation results

Penetration width, mm

6.4
6.2
6.0
58
56
1 2 3 4 5 6
Samples

Fig. 7. Range diagram of weld width measurement results

As the comparison of the experimental and modeling data in Fig. 1 demonstrates, the
developed numerical temperature model of the 2-pass GMA-welding of the EP718 alloy
makes it possible to predict the size of the penetration zone with an error of 9 % compared to
the experimental data.
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Welded joint deformation and stress analysis. A mathematical model of plasticity
behaviour with isotropic hardening (MISO) was used. The mechanical properties were taken
according to the OPENCALTHAD method data on the average chemical composition of the
EP718 alloy and EP533 wire, since there is no information on the mechanical properties of
the alloys in the scientific literature. However, the simulated mechanical properties are almost
identical to those of Inconel 718 [14,16-19,24].

The strain hardening curves modeled for the EP718 alloy using the OPENCALTHAD method,
are almost identical to the strain hardening curves of the Inconel 718 alloy presented in [11,13].

ANSYS
W51

ANSYS|
R15.0)

(a) (b)
Fig. 8. Fixing a 3D model for calculating the stress-strain state after robotic consumable electrode welding:
(a) Fixing along the OX and QY axes, (b) Imitation of clamps for clamping a sample in a tooling

ANSYS —— ANSYS

. R15.0)

Fig. 9. The results of simulation of displacements (a,b) and residual welding stresses (c,d)
during GMA welding of the butt joint of EP718 alloy after the 1st pass
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The scheme of fixing the plate in the tooling for calculating deformations is presented in
Fig. 8. Fastening along the OX axis is carried out by fixing the movements of nodes along the
line in the middle of the plate; along the OY axis — by supporting along the area of contact of
the sample with a copper lining and by applying the force of = 20 kg for each of the 4 clamps
(200 N / number of nodes on the surface). Figure 9 shows the results of modeling the stress-
strain state of butt joints from sheet EP718 after the 1st pass.

The simulation results are summarized in Table 2. After the first pass, the equivalent
stress level is 836 MPa (= 0.6 og) and decreases to the level of 783 MPa (= 0.56 og), while the
transverse shrinkage increases to 0.055 from 0.157 mm after the first pass, which is primarily
caused by an increase in the stiffness of the samples after the first pass and the heat input
during welding, as well as a decrease in the free volume for plastic deformation between the
edges in the second pass. The level of plastic deformation increases from 0.0056 to 0.063 %
also due to an increase in the heat input during welding.

Table 2. Simulation results of the stress-strain state of butt joints made of sheet EP718

. Transverse Longitudinal Maximum equivalent | Maximum equivalent
Condition . . )
shrinkage, mm shrinkage, mm stresses, MPa strains, %
After first pass 0.055 0.048 836 0.0056
After second pass 0.157 0.125 783 0.063

Verification of the deformation problem using ATOS. The verification of the stress-
strain model (section 3.3) was performed using the ATOS. The ATOS system is a coordinate-
measuring topometric system for determining the geometric parameters of surfaces of
complex shape. One of the samples with marking points in the ATOS Compact Scan system
is shown in Fig. 10(a) - the displacement of points corresponds to the transverse shrinkage of
the sample. Figure 10(b) demonstrates a 3D model in ANSYS with points corresponding to
the location of the markings on the welded samples.
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Fig. 10. Movement of points on the outside of the weld after the second pass,
measured with ATOS (a) and the corresponding points on the 3D model in ANSY'S

The developed numerical thermal deformation model of 2-pass GMA-welding of the
EP718 alloy makes it possible to predict deformations with an error of no more than 10%
compared to experimental data. And the mechanical properties in the elastic and plastic
deformation region for EP718 alloys and EP533 wire, modelled by the OPENCALTHAD
method, are suitable for use in the developed thermal deformation model [11,13].

In a number of studies, the same 3D scanning method was used with the ATOS 2
system to evaluate the deformations of welded joints of bimetals obtained by explosion
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welding (EXW). Data analysis showed that the scanning accuracy is sufficient not only to
assess not only the deformations of welded joints, but also to detect external defects with a
size of 0.25 mm [14]. The paper [15] considers the 3D scanning method as one of the options
for assessing the deformation of welded joints obtained by arc welding methods - TIG /
GMA. However, there are no data on measurement errors in the work.

Verification of the thermal and deformation models with sufficient accuracy for
engineering calculations provided the formation of a knowledge base for finite element
modeling of the thermal deformation state of a flat sample during and after robotic welding,
which makes it possible to synthesize a similar welding model of a real aircraft engine
assembly with a large number of welds.

Conclusions

1. A thermal model of welding has been developed that reflects the actual heating during 2-pass
fusion welding of butt-welded joints 4 mm thick from the EP718 alloy with transverse oscillations
of the burner with an error of no more than 7 % compared with the experimental data.

2. A thermal deformation model of 2-pass GMA-welding of EP718 alloy of 4 mm thick butt-
welded joints with transverse torch oscillations was developed, which makes it possible to predict
deformations with an error of no more than 10% compared with experimental data. Verification
of residual deformations of welded samples was carried out using the ATOS system.

3. Based on the results of numerical simulation of 2-pass GMA-welding of butt-welded joints
4 mm thick from alloy EP718, it was found that the level of equivalent residual stresses
according to von Mises in the weld does not exceed 840 MPa (0.8 oB).

4. The thermal deformation model of 2-pass GMA-welding developed during research can be
used to assess the stress-strain state of a welded structure of complex spatial geometry with a
large number of welds, provided that the parameters of the heating source and the parameters
of the finite element mesh of the 3D model of the structure are constant.
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