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Magnetic-thermal-mechanical coupling simulation for induction welding process
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Abstract: Carbon fiber reinforced thermoplastic composite( CFRTP) is increasingly utilized in aerospace and automotive manu-
facturing sectors owing to its exceptional specific strength, strong toughness, and weldability. Induction welding stands as a pivotal
method for fabricating typical CFRTP components. However, the intricate interplay of magnetic, thermal, and stress coupling
during the induction welding process, along with its evolution and distribution characteristics, remains unclear, significantly
impeding the cost-effective, efficient, and high-quality production of CFRTP components. In this study, a magnetic-thermal-
mechanical coupling simulation model is developed for the induction welding of CFRTP stringer skin structures. This model is
employed to investigate the distribution and evolution patterns of the magnetic field, temperature field, and residual stress field. The
results show that under the influence of an alternating electromagnetic field, the magnetic field strength peaked at 1.45 mT in the
component’s edge region. Notably, the simulated magnetic, temperature, and stress field all exhibit significant edge effects, which
are intimately tied to the skin effect induced by high-frequency eddy currents. During welding, asymmetric and nearly elliptical high-
temperature zones emerge on both sides of the skin’s bottom, with temperatures in proximity to the stringer area notably higher than

those farther away. When the current frequency increases from 150 kHz to 250 kHz, the maximum stress of the induction joint
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increases from 637 MPa to 778 MPa, and the asymmetric stress concentration area at the welding interface expands accordingly. The

measured temperature field and stress results are in high agreement with the simulation outcomes, effectively validating the model’s

accuracy and applicability. This study offers theoretical backing for process optimization and quality control in the induction welding

of intricate CFRTP components.

Key words: thermoplastic composite materials; magnetic-thermal-mechanical coupling simulation; temperature field; stress field;

magnetic field; induction welding
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Table 1 Details of material properties for air, induction coil, and mica plate

. Relative Conductivity/ Relative dielectric ~ Thermal conductivity/ Density/ Specific heat capacity/
Material .. -1 -1 - -3 -1l
permeability (S:.m ) constant (Wem K ) (kgem”) (J-kg K )
Air 1 0.01 1 1.4
Induction coil 1 5.998x10’ 1 400 8700 385
Mica plate 1 2.01x10" 6 0.5 2900 830
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Table 2 Detailed parameter values of CFRTP thermal expansion coefficient
Vi v, EJ/GPa E,/GPa He Hm /K u /K /K
0.6 0.4 230 89 0.2 0.28 5.5%x10° 0.232 1.08x10° 3.07x10°

Notes: V;is the fiber volume fraction; ¥V, is the matrix volume fraction; Eyis the fiber Young’s modulus; E,; is the Young’s
modulus of matrix; u;is the fiber Poisson’s ratio; u,, is the Poisson’s ratio of matrix; a is the matrix thermal expansion
coefficient; u is the Poisson’s ratio of laminated panels; a; is the coefficient of thermal expansion in the fiber direction; o, is the
coefficient of thermal expansion perpendicular to the fiber direction.
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Table 3  Attribute details of induction component and CFRTP stringer skin structure

Thermalll . Thermal Specific heat .. . Relative
. expansion  Density/ .. . Conductivity/ Relative . .

Material coefficient/ (g - o) conductnj:ty/ L capaclty{l L (Sem™) permeability dielectric

! (Wem K ') (Jekg <K ) constant
Induction component a,=a, 1.53 k=54 1387 0,=4000 1 4

a,=ay k=54 ,=4000

0,=0 k.=0.5 0,=0.33
CFRTP stringer skin  a,=a; 1.53 k=5.4 1088 0,=4000 1 3.7
structure a,=ay k,=0.5 0,=0.33

0,=0, k.=0.5 0,=0.33
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Table 4 CFRTP elastic matrix parameter details( elastic constants/GPa)
Dy, Dy, Dy; Dy, Dy, Dy, Dyy Ds;s Dgs
141.34 3.35 3.35 10.25 2.83 10.25 4.52 295 452

Notes: Dyj, Dy, D3, Dy, Dy, Dsz, Dy, Dssand Dgg are the elastic coefficients of the laminated board in the 11, 12, 13,

22, 23, 33, 44, 55 and 66 directions, respectively.
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Fig. 8 Distribution of temperature field in CFRTP joints

(a)temperature field of the overall structure; (b)temperature distribu-

tion on the central longitudinal section; (¢ )temperature distribution on the right side surface; (d)temperature distribution on the
left side surface; (e)temperature distribution on the upper surface; (d)temperature distribution on the bottom surface
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Fig. 9 Temperature evolution curves at different positions of CFRTP joints

(a)different points on the induction component;

(b)different points on the side of the vertical stringer
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Fig. 10 Stress distribution of CFRTP joint  (a)stress field of the overall structure; (b )stress distribution on the central longitud-
inal section; (¢ )stress distribution on the upper surface; (d)stress distribution on the bottom surface;

(e )stress distribution on the left side surface; (f)stress distribution on the right side surface
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Fig. 12 Comparison of simulated temperature field and experimental joint morphology under different coil current intensities
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Fig. 16 Simulation results of stress field of CFRTP skin under different current frequencies
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