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Effect of Mechanical Vibration on the Microstructure and Mechanical Proper-
ties of 16 MNDS Submerged Arc Welded Joints for Nuclear Power Applications
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Abstract: To address the challenges of residual stress concentration and microstructural control in submerged arc welded
joints of low-alloy high-strength steel 16MNDS5 for nuclear reactor pressure vessels (RPV), this study proposes a mechanical
vibration-assisted welding process and systematically investigates the effects of vibration on weld microstructure, mechani-
cal properties, and residual stress distribution. Vibration welding experiments (98-100 Hz frequency) were conducted, and
the contour method was employed to reconstruct the residual stress field of welded joints through reverse analysis. Micro-
structural characterization and mechanical testing were performed to reveal the evolution of microstructure and properties.
Results indicate that mechanical vibration promotes the formation of acicular ferrite (AF), suppresses granular bainite (GB)
formation, and achieves grain refinement. The peak longitudinal residual stress in the weld joint is significantly reduced and
uniformly distributed, while yield strength and hardness exhibit slight decreases. Notably, elongation and low-temperature
impact toughness remain unaffected. Mechanistic analysis reveals that vibration enhances the cooling rate of the weld pool,
modulates the under-cooled austenite phase transformation pathway, and releases lattice distortion energy through disloca-
tion slip, thereby synergistically alleviating residual stress and optimizing microstructure. This study demonstrates that
vibration-assisted welding effectively improves the stress state of thick-walled nuclear components without additional post-
weld heat treatment, offering theoretical and technical insights for advancing manufacturing processes of RPV critical welds.
Keywords: nuclear reactor pressure vessel (RPV); submerged arc welding; weld metal; residual stress; contour method; vi-

bration welding
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Fig. 1 Experimental setup for vibration welding tests
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Fig.2 Schematic diagram of the macroscopic morphology and testing

location of the weld seam and the size of the tensile specimen
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Fig. 3 Diagram for low-velocity cutting position in welded specimen
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Table 1 Chemical composition of weld metal (wt. %)

TZ C Si Mn Mo Ni Cu Fe
SAW 0.10 032 1.77 054 092 0.02 Bal
Vibration-assisted SAW  0.10 0.32 1.81 0.53 0.93 0.02 Bal
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Fig. 4 Microstructure of Mn-Mo-Ni weld metal
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Table 2 Tensile properties of the weld metal with and without vibration

T Ry,/MPa R /MPa ZI%
SAW 578 752 25
Vibration-assisted SAW 537 (=7%)  771(+2%)  26(+4%)
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Fig. 5 Strain-stress curves for weld metals with and without vibration

450
—o—SAW

400 — - Vibration-assisted SAW
350 ‘

> A

z 300

5 2501

=

R = e
150 b ERHERGEMARG REERK EIIRG  RER

16MND5; ; ; {16MND3

100
distance

Elo BiEEINEESH

Fig. 6 Hardnessdistribution ofwelded joints with and without vibration
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Table 3 Charpy impact toughness of the weld metal at —20°C with

and without vibration

T LAAMIE/) SEEME rhidE O
SAW 154,136,147 145 JREETL
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Fig. 7 Impact load-deflection and energy curves for weld metals with

and without vibration
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Fig. 8 Contours for longitudinal residual stress of weld joints
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Fig. 9 Schematic diagram for overall welding direction and velocity of

weld metal and weld pool under the vibrating condition
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Fig. 10 Schematic diagram for microstructure evolution of weld metal

before and after introducing vibration
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