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Abstract: To investigate the residual stress and deformation behavior of 40CrNiMoA alloy joints during
the process of cylindrical docking electron beam welding. A combined heat source model of planar
Gaussian and Gaussian rotating body was used to simulate the electron beam welding process of a 6mm
thick 40CrNiMoA alloy rectangular plate. The residual stress and deformation distribution of the welded
Jjoint under two process parameters, low beam low welding speed and high beam high welding speed,
were compared and studied. Under high beam current and high welding speed parameters, a weld seam
with high aspect ratio, small high stress concentration area, and small deformation was obtained; Under
this parameter, the size of the high stress concentration area on the cross-section of the weld seam is
relatively small, with a width of only 84% of that under low beam and low welding speed parameters;
Meanwhile, under high beam current and high welding speed parameters, the maximum deformation of
the weld seam is 0.2387mm, which is lower than the 0.2655mm under low beam current and low welding
speed parameters. The high beam high welding speed process has the characteristics of heat
concentration, low heat input, and high processing efficiency, which is more conducive to obtaining
welds with small stress concentration areas, small deformation, and high aspect ratios. It has more
processing advantages than the low beam low welding speed process.
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1. Introduction

Because 40CrNiMoA steel has good strength and toughness, as well as excellent hardenability and
thermal stability, it is now suitable for manufacturing important parts with high strength requirements
and mainly used in fields such as weapons and equipment, automobiles, aerospace, etc. However, as a
critical component of various types of equipment, the application environment of 40CrNiMoA alloy steel
is increasingly valued and often requires welding before use. The microstructure of various parts of the
40CrNiMoA weld seam varies greatly, which can easily generate large residual stresses. In practical
engineering, adjusting the post weld heat treatment can improve the microstructure of the weld seam,
eliminate residual stress, thereby improving the plasticity and fracture toughness of the joint, and
enhancing its stress corrosion resistancel!l.

40CrNiMoA alloy is a new generation of high-strength alloy material, which has comprehensive
mechanical properties such as high strength, excellent wear resistance, and ductility. It also has good
hardenability and mechanical processing performance, and is widely used in automotive parts, heavy
machinery parts, and tools/?). At present, the commonly used welding methods for 40CrNiMoA alloy are
laser welding, electron beam welding, friction welding, diffusion welding, and other welding processes
with extremely high energy density. Among various welding processes, electron beam welding has the
advantages of strong electron beam penetration ability, high energy density, small welding deformation,
and high welding efficiency!®-¥, making it the preferred welding process for 40CrNiMoA alloy welding.

To solve the stress concentration problem in the electron beam welding process of 40CrNiMoA alloy
and avoid the problem of weld cracking caused by the synergistic effect of stress and brittle intermetallic
compounds, it is necessary to study the influence of residual stress and deformation after welding.
Conventional testing methods have significant limitations in studying residual stress and deformation of
welds, and the detection cost is expensive, making it difficult to study the stress field of the entire weld.
After conducting initial heat source verification and other experiments on 40CrNiMoA alloy using finite
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element method, finite element simulation was carried out to simulate the stress field and deformation
field of the weld seam, in order to study the distribution law of residual stress field and deformation field
after welding!®®],

This project takes 6 mm thick 40CrNiMoA alloy as the research object, uses numerical simulation
method to compare and analyze the residual stress and deformation during the welding process, and
conducts experimental verification, providing theoretical basis for improving the electron beam welding
process of 40CrNiMoA alloy, reducing welding costs, and achieving high-quality, crack free welding.

2. Establishment of Finite Element Model

2.1 Establishment of Flat Model and Grid Division

The experimental material selected is 40CrNiMoA alloy, with the following chemical composition:

C: 0.36~0.44, Si: 0.17-0.37, Mn: 0.50-0.80, Cr: 0.6-0.9, Mo: 0.15-0.25, Ni: 1.25-1.75, S<0.015,
P<0.025, Cu<0.25.

Establish a three-dimensional finite element model based on the size of the test plate. In response to
the non-uniform heating of the test plate during welding, which leads to significant temperature gradient
differences in each region, it is necessary to use gradient grids to partition the finite element model. In
order to meet the needs of numerical simulation, high-precision calculations need to be performed on the
weld area, thus requiring denser mesh partitioning; Due to the fact that the farther away from the weld
zone, the smaller the temperature gradient and the slower the energy transfer, a sparser grid mesh is
required; Under the condition of meeting the calculation accuracy, the transition zone between the near
weld and the weld interval can be appropriately reduced in the number of grids®® .The size of the
experimental model during butt welding is 110mm % 40mm % 6mm. The mesh division of the model is
shown in Figure 1, and a hexahedral DC3D8 mesh is used to ensure accuracy and computational
efficiency during simulation, reducing the possibility of calculation nonconvergence during the
simulation process. The number of solid elements in the three-dimensional mesh is 33120.

Figure 1 Finite Element Model of Electron Beam Welding Process for 40CrNiMoA Alloy Test
Plate

2.2 Establishment of Heat Source Model

Based on the analysis of current research results, it can be concluded that in order to match the high-
energy distribution of electron beam welding and the "wide top and narrow bottom" V-shaped melt pool
morphology, the combination heat source model of Gaussian surface (see equation (1)) and Gaussian
rotating body (see equation (2)) is more suitable for the electron beam welding process of 40CrNiMoA
alloy test plates.
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In the formula: q; and q, are the heat flux densities of Gaussian surface heat source and Gaussian
rotating body heat source, respectively; R; is the cross-sectional radius of the surface heat source; R,
is the cross-sectional radius of the body heat source; His the height of the heat source; Q is the laser
power, Q =welding voltagexwelding current=Q,; + Q,, where the sizes of Q; and Q, are determined
by the heat input coefficient a, Q; = aQ, and the heat input distribution coefficient a can be determined
by comparing and verifying the actual heat source melt pool with the simulated heat source through a pre

qd: (Xv Y, Z) =
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simulation process. In this paper, a = 0.2.

3. Results and Analysis
3.1 Process parameters and boundary conditions

The test panel model is welded with the long side as the surface to be welded. Two sets of process
parameters are designed: (1) low beam current and low welding speed with a welding current of 14mA
and a welding speed of 8mm/s; (2) A high beam current high welding speed with a welding current of
18mA and a welding speed of 12mm/s. The voltage is 85KV.

Due to the fact that electron beam welding is performed in a vacuum chamber, the boundary
conditions for the calculation are set, which means that the test plate (except for the bottom surface) is
entirely used for thermal radiation and heat dissipation, and the bottom of the specimen is used as the
contact heat transfer area. Welding constraints are set to limit the rigid body rotation and movement at
the four corners, and the material parameters of the model are set to be temperature dependent. The
mechanical and thermophysical properties of 40CrNiMoA alloy material are shown in the material curve
in reference [10], as shown in Figure 2.
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Figure 2 Thermophysical and mechanical properties parameters of 40CrNiMoA alloy
3.2 Welding Temperature Field

The temperature field of the weld surface during the stable welding stage of electron beam welding
of 40CrNiMoA alloy is shown in Figure 3.1t can be seen that under two sets of welding process
parameters, the morphology of the welding melt pool at the stable moment of the welding stage is similar
to a "teardrop shape". As shown in Figure 3a, the peak temperature of the weld pool for the first set of
parameters is 3093°C; As shown in Figure 3b, the peak temperature of the weld pool for the second set

of parameters is 2766°C. The reason is that the welding line energy under the first and second sets of
parameters is 1487.5J/cm and 1275J/cm (currentx voltage/welding speed), respectively. Figure 4 shows

the thermal cycling curve of the steady-state weld of 40CrNiMoA alloy. The results indicate that under
two process conditions, the temperature gradient during the heating stage is very close. However, due to
different welding speeds, under high welding speed conditions, the molten pool first heats up and then
rapidly decreases; During the cooling process, the cooling gradient of the melt pool is almost the same
under the two process parameters.

NTI1
NTH +2.7666+03
+1.408e+03
+1.292e+03
+1.177e+03
+1.061e+03
+9.453e+02
+8.297e+02
+7.140e+02
+5.983¢+02
+4.827¢+02
+3.670e+02
+2.513¢+02
+1.357e+02
+2.000¢+01

a Low beam current and low welding speed b High beam current and high welding speed

Figure 3 Temperature Field on the Surface of Alloy Electron Beam Welding Seam during Stable
Welding Stage
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Figure 4 Thermal cycle curve of electron beam stabilized welding section of 40CrNiMoA alloy

As shown in Figure 5, the simulated melt pool temperature field under two sets of welding parameters
(temperature field cross-section corresponding to time in Figure 3), where the area within the fusion line
(gray area) is the melt pool area above the simulated calculated temperature of 1408 °C (material melting
point). The simulation results show that this method can better reflect the microstructure of the welding
area. Therefore, the heat source model proposed in this experiment can accurately reflect the morphology
and temperature distribution of the molten pool of 40CrNiMoA alloy in electron beam welding.
Comparing the shape of the melt pool under two sets of process parameters, as shown in Figure 5a, the
width of the weld pool under high beam current and high welding speed parameters is 0.77mm, which is
smaller than the melt pool width of 0.8 1mm under low beam current and low welding speed parameters
shown in Figure 5a. This is because compared with low beam and low welding speed parameters, the
welding line energy of the heat source will be smaller when the high beam and high welding speed
parameters are used. At the same time, as the welding line energy decreases, the width of the molten pool
surface will correspondingly decrease. At the same time, the size of the beam will significantly affect the
depth of the molten pool. Increasing the beam size will significantly enhance the penetration ability of
the electron beam, thereby increasing the depth of the molten pool; At a higher beam current (18mA),
narrow pool width and high aspect ratio welds can be obtained. Therefore, when other welding process
parameters are the same, using a high beam high welding speed process can achieve welds with narrower
pool width, smaller volume, and higher aspect ratio.
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Figure 5 Sectional morphology of electron beam welding seam of 40CrNiMoA alloy
3.3 Residual stress field

Under two sets of parameters, the longitudinal residual stress distribution obtained through simulation
is relatively similar (as shown in Figure 6), but the high stress concentration areas are different under
high beam current and high welding speed parameters and low beam current and low welding speed
parameters At positions 2.51mm and 2.98mm respectively, the former is only 84% of the latter. This is
because during the welding process, the volume of the molten pool varies. Under low beam and low
welding speed parameters, the volume of the molten pool is larger, resulting in a relatively larger
distribution range of high stress areas.

The longitudinal residual stress distribution of 40CrNiMoA alloy electron beam weld under high
beam current and high welding speed parameters is shown in Figure 6b. The residual stress value at the
center of the weld is OMPa, but as it moves away from the weld in the vertical direction, the residual
tensile stress value rapidly increases, reaching the highest value of 158.3 MPa at a distance of 2.51mm
from the weld. However, at the positions of 2.51-7.5mm, the residual stress value rapidly decreases,
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rapidly transitioning from a high tensile stress state to a compressive stress state of 59.1 MPa; Afterwards,
as the distance from the centerline of the weld increases, the longitudinal residual compressive stress
gradually decreases to 5 MPa.
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Figure 6 Longitudinal residual stress distribution curves at different distances from the center of the
weld seam

3.4 Post weld deformation field

As shown in Figure 7, the cloud maps of the post weld deformation field of 40CrNiMoA alloy under
two sets of welding parameters are presented. By observing Figure 7, it is found that the distribution
pattern of the post weld deformation field under the two sets of parameters is basically the same.
Comparing Figure 7a and Figure 7b, it can be seen that under low beam current and low welding speed
parameters, the maximum deformation value is 0.2655 mm, while under high beam current and high
welding speed parameters, the maximum deformation value is 0.2387 mm.
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Figure 7 Deformation field of electron beam welded joint of 40CrNiMoA alloy

+2.387¢-01
+2.188¢: -0]1

+7
+5
+3,
+

9c.02
+0.000¢+00

Based on the above, it can be concluded that under high beam current and high welding speed
parameters, the welding heat input value is low, the width of the high stress concentration area in the
weld seam is narrow, and the volume of the welding pool is small. As a result, the residual deformation
of the joint after welding under low beam current and low welding speed parameters is greater than that
under high beam current and high welding speed parameters. Based on the above experimental and
simulation results, it can be concluded that under high beam current and high welding speed parameters,
the initial stage of the temperature cycle curve during the cooling phase has a large amplitude of change,
which leads to the generation of significant residual stresses after welding. Therefore, we can observe
that the maximum longitudinal residual stress under high beam current and high welding speed
parameters is greater than that under low beam current and low welding speed parameters. Under high
beam current and high welding speed parameters, the weld pool volume is smaller, the aspect ratio is
higher, and the width of the weld pool is narrower, resulting in a smaller transverse heat affected area of
the weld. Therefore, under high beam current and high welding speed parameters, the higher stress
concentration area of residual stress in the joint is smaller than that under low beam current and low
welding speed. At the same time, due to the total heat input of low beam and low welding speed
parameters being 1.17 times that of high beam and high welding speed, the heat input is high and there
is a large welding pool volume, resulting in a greater residual deformation of the joint after welding under
low beam and low welding speed parameters than under high beam and high welding speed. Based on
the above analysis, it is found that when the welding speed is appropriate, the parameters of high beam
current and high welding speed have the characteristics of relatively concentrated heat, small heat input,
and high processing efficiency. They can obtain welds with high aspect ratio, small high stress
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concentration area, and small deformation, which have more process advantages than low beam current
and low welding speed parameters.

4. Conclusion

1) This project takes 40CrNiMoA alloy as the research object, and uses a combination of Gaussian
rotating body and Gaussian surface heat source method to numerically simulate the electron beam
welding process of 40CrNiMoA alloy. The error between the welding residual stress results obtained and
the experimental results is within a reasonable range.

2) By comparing the residual stress field results under two sets of process parameters, it was found
that under high beam current and high welding speed parameters, the width of the high stress
concentration area of the residual stress in the joint was only 84% of that under low beam current and
low welding speed parameters.

3) When other welding process parameters are the same, using high beam and high welding speed
process parameters can result in narrow melt pool width, small volume melt pool, and high aspect ratio
welds.

4) The maximum deformation under low beam current and low welding speed parameters is 0.2655
mm, which is greater than the 0.2387 mm under high beam current and high welding speed parameters.
Therefore, the welding deformation under high beam current and high welding speed parameters is
relatively small.
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