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Abstract

This paper presents a systematic comparative analysis of the physical mechanisms governing internal stress
generation in structural weldments, evaluates the efficiency of existing stress relaxation techniques, and provides
scientific substantiation for promising dynamic approaches aimed at extending the operational life of welded
structures. The research methodology is based on the synthesis of thermomechanical models of the welding
thermo-deformation cycle, dislocation concepts of micro-plastic metal flow, and an analytical comparison of
thermal, mechanical deformation, and vibratory technologies according to stress relief depth, energy demand, and
structural degradation risks. It was established that conventional post-weld tempering of creep-resistant alloy steels
under prolonged holding leads to the dissolution of strengthening nano-carbides and their boundary coagulation,
resulting in a 4 — 5-fold reduction in long-term creep resistance. Surface plastic deformation methods, such as weld
rolling and ultrasonic impact treatment, induce beneficial compressive stresses but remain restricted to a shallow
depth of 1.5-2.0 mm or require extreme contact loads, whereas standard electromechanical vibration treatment
with monochromatic excitation proves ineffective for thick-walled, high-rigidity structures with natural
frequencies exceeding 200 Hz. Consequently, the transition toward dynamic pulse excitation is substantiated, as it
generates shock deformation waves with steep-fronted rise times, excites higher-order spatial poly-harmonics,
refines primary solidification dendrites by 25—32%, and relieves peak macro-stresses by 60 — 80%. The scientific
novelty lies in determining the physical regularities of multi-mode dynamic stress relaxation within welded
concentration zones through non-linear wave processes and intensified dislocation mobility without prolonged
resonant structural overloading. The practical significance of the obtained results enables the justified selection of
resource-saving stress relief technologies for heavy-duty and thick-walled fabrications, eliminating expensive
furnace annealing while minimizing dimensional distortion.

Keywords: welding residual stresses, thermo-deformation cycle, vibratory stabilization, dislocation
mobility, shock-wave effect.

Introduction

The presence of high tensile residual macrostresses (Type 1), whose magnitude in welded joints frequently
approaches or exceeds the standard yield strength of the parent metal [1, 3, 5, 18, 21], significantly impairs
structural performance. In combination with operational cyclic loads and geometric seam stress concentrators, they
act as the driving force for the initiation and accelerated growth of fatigue cracks [7, 9, 21], induce loss of
dimensional precision and distortion during machining or initial service loading [1, 10, 22], and trigger stress-
corrosion cracking in aggressive working environments [16, 21]. This problem is particularly critical in thick-
walled welded structures and tubular components [10, 15], where inherent welding stresses are superimposed onto
technological stresses from prior forming, creating a complex bi-axial or tri-axial stress state and an elevated risk
of premature failure [1, 18, 19].

Analysis of recent research and publications

Ensuring the operational reliability, cyclic fatigue life, and geometric stability of welded metal structures
necessitates the mandatory implementation of technological measures aimed at reducing or redistributing residual
welding stresses [1, 10, 11, 21, 22]. Depending on the execution stage and the underlying physical mechanisms,
all methods for mitigating the internal stress-strain state (SSS) are classified into thermal, mechanical
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(deformation), vibrational, and combined multi-physical technologies [11, 22, 27]. The most conventional and
standardized method for residual stress relief remains post-weld heat treatment (PWHT), primarily global or
localized high tempering and annealing [11, 13, 18, 21, 22]. In this process, the structural assembly is heated to
temperatures of 600 — 700 °C (governed by the steel alloy composition, such as 670 — 690 °C for 12% Cr creep-
resistant steel), soaked for a specified design duration (1-3 hours or longer), and subsequently cooled at a
controlled slow rate [11, 13]. As the temperature increases, the yield strength of the material (or) decreases
drastically, and the peak residual stresses, upon exceeding this thermally reduced threshold, relax via localized
macro- and micro-plastic deformation mechanisms [1, 18]. Experimental and theoretical studies demonstrate that
over 70 — 80% of stress relaxation occurs during the heating stage and within the initial 1 — 2 hours of isothermal
soaking; further extension of holding time yields virtually no additional reduction in the final level of macroscopic
residual stresses [21].

When applying thermal methods, an engineering compromise between material toughness and creep
rupture strength must be attained, as thermal activation stabilizes the microstructure via the precipitation of MX(V,
Nb)(C, N), carbonitrides that pin mobile dislocations through the Orowan strengthening mechanism [17, 24].
However, excessive thermal holding periods (exceeding 32 hours) trigger carbide coarsening via Ostwald ripening,
characterized by the agglomeration of M>3Cs boundary particles up to 100 — 500 nm and the simultaneous
dissolution of fine intragranular strengthening nanocarbides (see Fig. 1) [24]. This degradation induces significant
matrix softening and deteriorates long-term creep rupture strength despite maintaining impact toughness [24].
Within an optimal soaking range of 8—16 hours, finely dispersed MX precipitates establish formidable barriers
against dislocation creep; conversely, extending heat treatment past 32 hours results in the near-total depletion of
fine intragranular precipitates and the breakdown of subgrain dislocation networks [24]. Consequently, Orowan
threshold stresses decrease, precipitating a 4 — 5-fold reduction in time-to-rupture under elevated-temperature
service conditions [24].

Multi-pass weldments also exhibit thermal stability inversions: in the as-welded condition, interpass HAZ
regions remain softer due to secondary austenitization [17, 24], whereas prolonged thermal exposure (exceeding
12 hours) reverses this relationship, rendering the HAZ more creep-resistant than the weld center owing to its
refined prior austenite grain size and stabilized carbide distribution [24]. Significant industrial drawbacks of
thermal treatment include: severe energy consumption and protracted production schedules reaching 8 — 12 hours
[11,13, 18, 21, 22]; surface oxidation scale demanding abrasive grit-blasting that reintroduces harmful superficial
tensile stresses [11]; thermal distortion and geometric buckling of asymmetric or thin-walled assemblies caused
by unconstrained thermal expansion [3, 11]; furnace dimensional constraints preventing the processing of large
vessels, pipelines, and skeletal frames [2, 4, 8]; and detrimental carbon diffusion causing decarburization layers
across dissimilar steel weld interfaces [11].

Mechanical post-weld mitigation techniques rely on the artificial generation of tensile plastic strains across
the weld metal and the heat-affected zone to counteract the longitudinal shrinkage force Fj. [13, 22, 25]:

— static loading (stretching, bending): Executed by applying global external tensile forces to the welded
assembly before or immediately after joint completion [1, 13, 22], which reduces residual peak tensile stresses in
the active zone while generating favorable compressive fields near geometric notches [1, 10]; however, this
approach requires massive, high-tonnage pressing fixtures, fundamentally limiting its applicability for complex
3D structures [22];

— weld rolling: Involves localized plastic compressive deformation of the weld crown or adjacent HAZ
utilizing cylindrical or contoured rollers [9, 11]. Introducing through-thickness compressive deformations of
fractions of a percent flattens the longitudinal residual stress profile, neutralizing peak tensile zones or shifting
them into compression [9, 11]. Key limitations include the requirement for excessive contact loads up to 150 —
200 kN for plate thicknesses exceeding 10 — 12 mm, risks of localized over-rolling accompanied by reverse
distortion, an associated 15 — 20% reduction in bend ductility, and physical tool-access constraints along curved
weld paths [10, 12, 13, 24]. Direct weld-crest rolling with a profiled roller induces compressive stresses within the
weld core and eliminates plate angular distortion at lower loads of 25 — 50 kN, whereas side-rolling the HAZ with
flat dual rollers exhibits inferior efficiency due to high transverse alignment sensitivity (see Fig. 2) [25];

—peening and high-velocity impact deformation: Interpass or post-weld percussive hammering of the
cooling weld deposit using pneumatic strikers at impact velocities of 6 — 7 m/s to 25 — 30 m/s induces planar
flattening strains that convert residual tension into compression [2, 3]; nonetheless, it provokes superficial strain-
hardening, exhausts local dislocation plasticity, and demands rigorous calibration of the specific impact energy
(a/é) to prevent cold embrittlement and a 15 — 20% drop in bend angles [26];

—explosive and magnetic pulse treatment: utilizing contact strip explosive charges or pulsed
electromagnetic drivers propagates an elastoplastic shock wave through the joint, attenuating peak stresses and
elevating cyclic endurance [2, 4]. Wider industrial adoption is hampered by strict explosion safety regulations,
detonation chamber requirements, and inferior technological flexibility [2, 4];

— ultrasonic impact treatment: transmitting high-frequency acoustic oscillations coupled with mechanical
needle impact (frequencies above 20 kHz) eliminates up to 80 — 100% of residual tensile stresses in the superficial
layer (depths up to 1.5 — 2.0 mm) while enhancing fatigue durability [11, 21, 22]; its main drawbacks are the
shallow treatment depth, restricted acoustic source power, and prohibitive labor intensity for heavy, multi-pass
structures [2, 4, 22].
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Fig. 1. The effect of the duration of post-weld heat treatment (at 705 °C) on the microstructure and complex of
mechanical properties of the weld metal of 2.25Cr-1Mo-0.25V steel: a) change in strength and plastic characteristics
depending on the holding time; b) comparative dynamics of impact toughness and long-term creep; ¢) STEM
micrographs of the evolution of the dislocation structure and size of MX carbidonitriles
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Fig. 2. Rolling of a welded seam with a profile roller [25]: a) — three-dimensional diagram of the position of the roller
on the seam and geometric parameters of the profile roller; b) — 2D maps of the distribution of longitudinal stresses ox
in the seam zone at different loads (25, 50, 100, 150 kN)

Vibratory Stress Relief (VSR) serves as an economically viable, energy-efficient alternative to conventional
furnace annealing [10, 11, 20, 22] and branches into two fundamental operational strategies:

1. Post-weld vibratory stress relief: the finished component is mounted on elastomeric isolators, and an
eccentric unbalance exciter drives it at structural resonant frequencies [11]. Cyclic dynamic stresses ovib
superimpose onto existing internal residual stresses ores [11, 14]. In peak tension zones, the microyielding
threshold is surpassed:

cyc
csres + csvib 2 cFT s (1)

which triggers dislocation glide, microplastic relaxation, and elastic strain energy dissipation [11, 22].
Macroscopic residual stresses of Type I decrease by 50-60%, and intergranular stresses of Type II decrease by 40
—45%, establishing dimensional stabilization while cutting energy consumption by a factor of 40 — 50 and process
time by a factor of 15 — 20 relative to furnace heating [11, 22];

2. Vibration during welding: introducing low-frequency dynamic oscillations (f=50...150 Hz, A = 0.5-2.0
mm) directly during arc execution and pool solidification mechanically breaks developing columnar dendrites,
refining the microstructure by 25 —32%, accelerating hydrogen degassing, reducing pore formation, and mitigating
cold and hot cracking susceptibility [11, 16, 18]. As-welded residual stresses are lowered by 16 — 25% (and up to
2 — 2.5 times in localized zones), eliminating the requirement for energy-intensive preheating in hardenable
structural steels [11, 16].

Advanced combined multi-physical technologies also encompass: thermo-vibrational treatment (combining
mild heating to 140 — 210 °C with resonant vibrations, lowering peak stresses by 46 — 50% within 1-2 hours) [22,
23]; magneto-vibrational processing (superimposing a 0.5 — 2.0 T magnetic field to induce the magnetoplastic
effect, achieving a 40 — 60% stress drop) [22]; and pulsed electro-treatment (short current impulses of 103...104
A/mm?2 exerting an "electron wind" force that relaxes microscopic lattice strains within fractions of a second) [22].

Accurate monitoring and characterization of residual welding stress distributions rely on measuring elastic
or released strains, followed by stress recalculation using Hooke’s constitutive law [6, 26]. These evaluation
techniques are structured into destructive, semi-destructive, and non-destructive categories [6, 22, 26]:

— Hole-drilling method (ASTM E837): employs a 3- or 6-element strain gauge rosette coupled with high-
speed precision drilling of a hole (§1.5-2.0 mm, depth 1.0 — 2.0 mm) [6, 26]. This technique is accurate for stresses
within 50-60% of o7; higher magnitudes induce localized plastic yield around the hole boundary, distorting
measurement linearity [6, 26];

— Deep hole drilling (DHD): designed for heavy cross-sections up to 100 mm, involving the precision
drilling of a reference hole through the component thickness, followed by coaxial core trepanning and diameter
change mapping to resolve full-depth stress profiles [26];

— Contour method (CM): involves sectioning the welded part via wire electrical discharge machining
(WEDM) along the plane of interest, scanning surface de-planing contours on a coordinate measuring machine,
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and feeding these displacement deviations as boundary conditions into a finite element model to construct full 2D
cross-sectional normal stress maps [26];

Diffraction non-destructive methods: utilize atomic lattice plane spacings ( d ) @s internal strain sensors

governed by Bragg's law [18, 22, 26]:
nh=2d,,sino , (2)

where represents A the radiation wavelength, and € is the Bragg diffraction angle [26].
X-ray diffraction (XRD) guarantees precision when resolving biaxial stress components (Sin2 @) in

superficial layers restricted to 10 — 30 um [15, 26]. Neutron diffraction (ND), capitalizing on the neutral charge of
thermal neutrons and their superior nuclear penetration, evaluates the full triaxial stress tensor (o, oy, 0z) non-
destructively at depths reaching 50 mm in structural steels and 100 mm in aluminum alloys [13, 24, 26].

Aims of the article

Systematic comparative analysis of the physical mechanisms governing internal stress generation in
structural weldments, evaluation of existing relaxation techniques, and scientific justification of advanced dynamic
approaches based on non-linear hydraulic pulse excitation to enhance the operational durability of welded
assemblies.

Methods

The study synthesizes thermomechanical and dislocation models of the welding thermo-deformation cycle,
micro-plastic metal flow mechanics, multi-criteria analytical benchmarking of thermal, mechanical, and vibratory
stress relief methods based on relaxation depth, energy consumption, and structural degradation risks, as well as
the principles of fluid transient wave dynamics and non-linear pressure pulse generation.

Results

Among existing approaches for the dynamic regulation of weldment stress-strain states, introducing
mechanical oscillations directly during arc burning and weld pool solidification represents the most
technologically expedient method [10, 11, 28]. Low-frequency vibrations excite shear waves in the liquid melt and
mushy zone [11, 28], inducing intense hydrodynamic mixing, dendrite fragmentation, and heterogeneous
nucleation [11, 28]. This transforms coarse columnar grains into a refined equiaxed microstructure (decreasing
average grain area by 25 — 32%), promotes hydrogen desorption, and reduces residual stresses by 16 —25% relative
to rigidly clamped welding [11, 16, 28]. Operational parameters center on a frequency bandwidth of 50 — 150 Hz
(corresponding to the secondary structural resonance mode with peak shear at the joint) [26] and vibration
amplitudes of 0.5 — 1.0 mm [11, 28]. Exceeding an amplitude of 1.2 — 1.5 mm is unacceptable due to molten pool
spatter, shielding gas disruption, and solidification cracking [11, 16].

In industrial practice, vibration treatment is conventionally performed using electromechanical unbalance
exciters [11, 20, 22], which possess severe physical drawbacks:

— Monochromatic harmonic waveform: sinusoidal oscillations transfer energy exclusively at a single
resonant mode, requiring prolonged run times (15 — 45 min) and risking localized cyclic fatigue damage at
vibration nodes [11, 22];

— Stiffness limitations: for heavy, thick-walled, or box-type weldments, fundamental natural frequencies
exceed 200 — 400 Hz, where mechanical unbalance motors cannot generate the requisite dynamic excitation forces
[20, 22];

— Operational reliability issues: unbalance shaft bearing assemblies experience premature mechanical
failure under sustained, severe centrifugal loading [11, 12].

For massive 3D welded components, sinusoidal forces prove insufficient to overcome the Peierls-Nabarro
barrier and unlock pinned dislocation tangles without inducing fatigue [11, 22]. They generate monochromatic
sinusoidal oscillations, transmitting energy exclusively at a single resonant mode; this requires long operating
durations (15 — 45 min) and risks inducing localized fatigue degradation at vibration nodes [11, 22]. Furthermore,
in massive, tubular, or high-rigidity box-shaped weldments, fundamental natural frequencies exceed 200 — 400
Hz, where mechanical unbalance motors cannot produce the required dynamic force amplitudes due to bearing
load failures caused by excessive centrifugal forces [20, 22]. Consequently, despite considerable research efforts,
the issues of effective force action on rigid, large-scale structures utilizing poly-frequency non-linear impulses
remain insufficiently explored, substantiating the necessity for developing novel dynamic methods and drives.

A promising scientific direction is the implementation of hydraulic pulse drives [27—-33], which convert
high-pressure fluid flow into periodic, steep-fronted shock pressure pulses, fundamentally transforming dynamic
process capabilities [27 — 33]:
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1. Generation of steep vibro-impact fronts: unlike smooth sinusoidal inputs, pressure pulses exhibit near-
instantaneous rise times (At —0) transmitting high-amplitude shock deformation waves directly into the workpiece
[27-33];

2. Poly-frequency excitation spectrum: the non-linear impulse profile simultaneously excites higher spatial
harmonics, relieving low-frequency structural bending modes as well as high-frequency plate and stiffener
vibrations [27 — 33];

3. Energy localization at stress peaks: high impact acceleration gradients cause localized stresses to exceed
the dynamic yield point specifically within stress concentrations (HAZ, fusion boundaries), initiating dislocation
mobility and annihilation without global fatigue overloading [27 — 33];

4. Superior force density: hydraulic pulse systems generate dynamic working forces spanning tens to
hundreds of kilonewtons while maintaining compact modular exciter dimensions [27 — 33].

Conclusions

Based on the analysis of the current state of the art regarding the nature of residual welding stress formation,
measurement methods, and stress-strain state (SSS) mitigation technologies, the following conclusions can be
drawn:

1. Residual welding macrostresses (Type I) reach the yield strength of the parent metal and serve as the
primary factor reducing cyclic fatigue life, promoting stress-corrosion cracking, and inducing geometric distortion
in welded assemblies [1, 3, 7, 21].

2. Conventional post-weld heat treatment (PWHT) provides deep stress relaxation, but it is characterized
by high energy consumption, prolonged cycle durations, surface scaling, thermal warping, and limited applicability
to large-scale or field-assembled structures [11, 21, 22, 28]. Furthermore, prolonged holding times during PWHT
in creep-resistant alloy steels induce the coarsening of strengthening nano-carbides and M>3;Cs precipitates,
resulting in a severe degradation of long-term creep rupture strength [24].

3. In-process mechanical and vibration treatment methods applied directly during welding enable the
refinement of the primary as-cast dendritic structure, lower final residual stresses, and partially eliminate energy-
intensive preheating [11, 16, 28]. However, conventional electromechanical unbalance exciters generate purely
harmonic oscillations, possess restricted force capacity, and prove ineffective for high-rigidity, thick-walled
structures featuring high natural frequencies [11, 20, 22].

4. A promising scientific and engineering direction is the transition toward hydraulic pulse drives capable
of generating high-power, non-linear vibro-impact pressure waves with steep-fronted rise times. This ensures the
excitation of a broad poly-frequency oscillation spectrum, local dislocation un-pinning within stress concentration
zones, and effective peak stress relaxation with minimal energy expenditure [22, 27-33].
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Bakanens /I.B., [Moaimyk B.B. AnHani3 cyyacHMX METOJIB 3HM)KCHHS 3aJIMIIKOBUX 3BapIOBaTbHUX
HaIlpy>KEHb.

Y poboTi TpoBeNeHO CHUCTCMHHMHA MMOPIBHILHUN aHali3 (QI3WIHUX 3aKOHOMIPHOCTEH 3apOKCHHS
BHYTPINTHIX HANpy>XeHb Y METaJOKOHCTPYKIIISX, OMIHEHO e(DEeKTHBHICTh ICHYIOUHX CIOCOOIB iX penakcarii Ta
HAyKOBO OOTPYHTOBAHO MEPCIIEKTUBHI AMHAMIYHI ITiIXOIN JIJIS i IBUIEHHS €KCIUTyaTaliiHOTO pecypCcy 3BapHUX
BHPOOIB. MeTOI0IIOTIS TOCIIPKEHHS IPYHTYEThCS Ha y3arajJbHEHHI TEPMOMEXaHIYHUX MOJIeJIeH 3BapioBaIbHOTO
TepMoiehOpMaIiHHOTO ITUKITY, TUCIOKAIIHHAX KOHIICTIIIISIX MTIACTHYHOI Tedii METaJIiB, a TAKOX Ha aHATITHIHOMY
3iCTaBJICHHI TEPMIYHHUX, AeDopMamiifHuX Ta BIOpAIHHAX TEXHOJIOT1H 32 KPUTEPIsIMHU TTTHOMHU 3HATTS HAIPYKCHb,
CHEProOBUTPAT 1 PHU3HUKY CTPYKTYPHOI Ierpanaliii MaTepiany. BcTaHOBICHO, IO TPaUIIIHHUN MICIA3BapIOBATLHUI
BIJIYCK TEIUIOCTIMKUX JIETOBAHUX CTaJicil 3a TPUBAJIOi BUTPUMKU CHPUYHMHSIE PO3IYMHCHHS HAHOPO3MIPHUX
3MILHIOIOYMX KapOiliB Ta X KoaryJssililo Ha MeXax 3epeH, 3HWKYIOUH OMip TpuBasiil moB3y4ocTi y 4 — 5 pazis.
MexaHi4HI METOIU MOBEPXHEBOrO IUIACTHYHOTO JIeopMyBaHHs (MPOKATKA, YILTPAa3BYKOBHH HAKIICH), IMOIPU
e(eKTHBHE CTBOPCHHS CTHUCKAIBHUX HANpPyKEHb, OoOMexeHi rmmbunHoro mii 1,5 — 2,0 mMm abo BHMarawmTth
HaJIMIpHUX KOHTAKTHHX 3yCHJIb, TOAI SIK CTAHJApTHA €JIeKTpOMeXaHiuHa BiOpooOpoOKa MOHOXPOMATHYHOI aii
BHABIIAETHCS MATOS(PEKTUBHOIO JIJIT TOBCTOCTIHHHX 1 JKOPCTKHUX 000JOHOK i3 actoTamu moHaa 200 I'm. 3 orsimy
Ha I1¢ O0TPYHTOBAHO JOMUIBHICTE TEPEXOAY 10 AMHAMIYHOTO IMITYJIbCHOTO 30y DKEHHS, sike POpMye yaapHi XBUIT1
nedopmarii 3 KpyTHM (POHTOM HAPOCTAHHS HaBaHTAKCHHS, 30Y/HKY€ CIIEKTP IPOCTOPOBHUX IOJITAPMOHIK,
MOPiOHIOE IEPBUHHI JEHIPUTH KpUCTami3alii Ha 25 — 32% i 3a0e3medye penakcaito MKOBIX MaKpOHANPYKEHb
Ha 60 — 80%. HaykoBa HOBH3HA TOIIiTa€ Yy BCTAHOBJICHHI (DI3MYHHUX 3aKOHOMIpHOCTEH 0araToMoI0BOTO
JMHAMIYHOTO DPO3BAHTa)KEHHS 30H KOHIGHTpalii 3BaplOBAIbHUX HAIPY)KEHb LUIIXOM aKTHBalii HENiHIHHUX
XBHJIOBHX IPOLECIB Ta iHTEHCHDIKaIil TUCIOKaliHHOrO pyXy 0€3 TpHBaIOro pe30HAHCHOTO NepPEeBaHTAKECHHS
MeTany. OTpuMaHi pe3ysibTaTH KOMILICKCHOTO aHalli3y MaloTh MPAKTHYHY 3HAYMMICTH, OCKUIBKH J03BOJISIOTH
OOIpYHTOBAaHO 00MpaTH pecypco30epiraroui TEXHOJOTIi 3HATTS HANPYXKCHb JJIA BEIMKOrabapUTHUX Ta
TOBCTOCTIHHMX KOHCTPYKII{, BUKITIOYa0YH AOPOTHI MIYHHUHK BiANaJ i MiHIMI3yIOUH 3aJIMIIKOBE KOPOOIIECHHSI.

KoarouoBi cioBa: 3ayiuIIKoBi 3BaproBajibHI HANpyKeHHs, TepMmoaehopMalliiHui LUK, BiOpamiiiHa
cTabumizamis, pyXJIUBiCTh AUCIOKAIIH, yIapHO-XBIIIEOBA Iisl.



