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ABSTRACT: This review methodically expounds on the genesis, distribution characteristics, and control 
methodologies of residual stress (RS) in additive/subtractive hybrid manufacturing (A/SHM). RS, originating 
from non-uniform temperature fields during manufacturing, rapid solidification of the molten pool, and 
complex thermal cycling, are key factors causing component deformation, performance degradation, and even 
cracking. It is evident that significant limitations are imposed on the industrial implementation of A/SHM 
technology in the domain of high-end equipment manufacturing. This review methodically unveils the 
influence patterns of process conditions, such as scanning strategies and laser parameters, on RS distribution. 
It elucidates the intrinsic relationship between microstructural evolution and RS and summarizes effective 
approaches to regulating RS through process optimization, post-heat treatment, and material modification. 
This paper proactively proposes a development direction for precise RS regulation through intelligent 
monitoring and control. This approach provides a theoretical foundation and technical support to enhance the 
reliability of A/SHM components and advance their industrial applications. 

Keywords: Additive/subtractive hybrid manufacturing; Mechanism of residual stress formation; Residual 
stress characteristics; Microstructure 
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1. Introduction 

The process of metal additive manufacturing (AM) is confronted with considerable constraints in 
attaining high-precision part formation and surface quality control, thereby hindering the direct production 
of parts with high accuracy. Conversely, machining processes founded upon the principle of material 
removal have been demonstrated to exhibit superior performance with regard to part forming precision and 
surface quality control, coupled with excellent stability [1–3]. Consequently, additive/subtractive hybrid 
manufacturing (A/SHM) signifies a highly integrated rapid direct forming process that combines AM with 
subtractive manufacturing (SM) technologies. The technology utilizes the benefits of AM, including ease 
of configuration, automation control, high forming efficiency, and superior material utilization, while 
leveraging the characteristics of SM, such as high forming precision and excellent surface quality. This 
approach facilitates the efficient, high-precision, and high-performance rapid direct forming of metal 
components [4–7]. It is evident that A/SHM processes can be categorized into two distinct forms: namely, 
cross-cooperative and process-separated. In cross-cooperative processes, AM and SM techniques are 
alternated, thereby effectively reducing cumulative errors during forming and enhancing part dimensional 
accuracy. However, machining under thermal conditions has been shown to cause tool softening, leading 
to accelerated wear and reduced tool life. Furthermore, in instances where components necessitate high 
forming precision, the process of hot machining gives rise to dynamic thermal coupling, which, in turn, 
results in workpiece deformation. Subsequent finishing operations are necessary to ensure the final 
dimensional accuracy of the part. The process of separation entails the machining of the net-shaped blank 
produced by AM, with the objective of achieving components that meet the requisite precision standards. 
It has been established that, owing to considerable heat accumulation during the process of deposition, a 
period of cooling to a steady state is required, thus resulting in lower overall forming efficiency. However, 
machining at room temperature has been demonstrated to enable higher precision in a single forming 
operation [8–10]. However, the technical systems for A/SHM currently lack comprehensive establishment. 
In conclusion, A/SHM technologies and equipment for high-performance, complex components are 
currently in their infancy. Fundamental issues such as component design methodologies, forming 
mechanisms, process planning for A/SHM, selection of process conditions, and intelligent development 
require systematic research [7,11,12]. A/SHM technology signifies a paradigm shift in the domain of AM, 
transcending the constraints imposed by limitations in part size and processing quality. This technology 
offers a novel methodology for fabricating complex parts that are otherwise challenging to realize with 
conventional SM techniques [13,14]. Figure 1 shows the overall research framework of this paper. 

Residual stress (RS) is defined as the stress that remains within a material even when no external load 
is applied, after the material has reached equilibrium with its environment [15–19]. Figure 2 shows that the 
classification of RS can be categorized into three distinct types, namely Type I, Type II, and Type III, based 
on the underlying scale of their origin. Type I RS is related to the size of the part and is prone to causing 
deformation; Type II RS is micro-stress between grains; Type III RS originates from atomic-scale mismatch. 
Due to the limitations of measurement techniques, Type II and Type III RS are widespread yet difficult to 
measure; therefore, this paper primarily focuses on Type I RS. Currently, most research focuses on the 
stress direction at the substrate-part connection [20–22]. Different processes introduce different RS, with 
laser processes introducing more due to large thermal gradients, which can lead to part deformation and 
micro-cracks, thereby restricting mechanical performance. RS can reduce load-bearing capacity, fatigue 
life, promote crack propagation, and change corrosion behavior, accelerating stress corrosion. However, 
RS also has benefits, such as the compressive stress on the surface of glass, which can increase loading 
resistance and prevent crack propagation [23–26]. With regard to the mechanism of RS generation, there 
are mainly two models for the generation mechanism of RS: the temperature gradient mechanism (TGM) 
and the remelting and solidification stage model. In the TGM, a high-energy heat source rapidly heats the 
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material, forming a steep temperature gradient; the material’s expansion is restricted by the surroundings, 
generating elastic compressive strain and causing bending. During cooling, the contraction is restricted, 
forming RS in the heated area, which is balanced by the compressed area. This mechanism does not require 
material melting. The remelting and solidification stage model is applicable to A/SHM: the material 
undergoes remelting and solidification again, and the cooling contraction is partially restricted by the 
previously deposited material, thus forming RS in the newly deposited layer [24]. The advent of topology 
optimization (TO) algorithms has rendered the utilization of these algorithms for the optimization of 
manufacturing processes with the objective of reducing RS a viable proposition [27,28]. Although RS can 
be relieved through post-processing heat treatment (HT), generating significant RS during the process can 
cause excessive deformation, leading to production failures or errors. Additional HT further increases 
production time and costs for an already high-cost process [7,19,29–33]. Therefore, understanding and 
controlling RS is of great significance for process design, material selection, and process optimization [34–
40], thereby promoting technological progress and product quality in high-precision industries such as 
aerospace, biomedicine, and automotive manufacturing [41–44]. Subsequent chapters of this study will 
thoroughly discuss the influencing factors of RS, measurement methods, as well as the characterization and 
process control optimization of RS in A/SHM. 

 

Figure 1. The overall research framework of the thesis [4–7,11–13,16–21,29,30,32,33,35,38–44]. 

This paper reviews the integration of RS formation mechanisms and measurement methods in A/SHM. 
It achieves differentiated innovation in three aspects: research scope, argument structure, and frontier 
assessment. In terms of the research subject, it focuses on the unique process characteristics of A/SHM, 
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discussing the mechanisms by which specific operations, such as interlayer milling, thermo-mechanical 
coupling, and intermittent cooling, induce additional stresses. Logically, it constructs a closed-loop 
framework encompassing stress generation–evolution patterns–detection and characterization–process 
control. In content, grounded in the development trends of next-generation manufacturing, it systematically 
organizes data-driven closed-loop control technologies that integrate multi-source sensor monitoring, finite 
element (FE) analysis, and ML-based coupled modeling. 

This study employed a systematic literature search strategy, covering both Chinese and English 
databases, including Web of Science, ScienceDirect, and CNKI. The primary search terms were 
Additive/subtractive hybrid manufacturing or Combined additive and subtractive machining, and Residual 
stress or Thermal stress, supplemented with keywords such as Layer milling, Interlayer machining, and 
Thermo-mechanical coupling. The time span covered 2012 to 2026. Eligible studies included peer-reviewed 
articles on experimental, simulation, and review research related to RS in A/SHM processes, focusing on 
the causes, distribution patterns, process control, and intelligent monitoring of RS. Duplicates, papers with 
identical experimental data, patents, and low-quality publications were excluded. Preference was given to 
Q1/Q2 English journals and core Chinese sources, such as those indexed in the Peking University Core 
Journals. Initially, 487 articles were retrieved, and 296 were finally included. 

 

Figure 2. Principles of RS formation. (a) Examples of the typical classification of RS into 3 categories: Type I, Type II, and 
Type III [20]; (b) RS formation model: heating-phase, cooling-phase [21]. 

2. Fundamental Principles and Processes of Additive/Subtractive Hybrid Manufacturing 

2.1. Additive Manufacturing Technology and Subtractive Manufacturing Technology 

The core principle of AM is layer-by-layer fabrication and incremental buildup. First, a 3D CAD model 
is sliced into 2D cross-sections according to a predefined layer thickness, generating CNC code for 
processing paths. Then, an energy source deposits or solidifies material layer by layer, transforming the 
digital model into a physical object [45–47]. Figure 3a–c shows the process flow. This technology enables 
the production of complex geometries with high material utilization and design flexibility, eliminating the 
need for cutting tools and fixtures, thus achieving freeform manufacturing. It is particularly suitable for 
high-precision applications in aerospace, biomedical, and automotive industries [48,49]. However, thermal 
history often leads to defects such as RS, porosity, surface roughness, shrinkage, and deformation, which 
negatively affect mechanical properties and dimensional accuracy [50,51]. These defects are influenced by 
process parameters including layer thickness, laser power, scanning strategy, and build orientation [52,53]. 
In recent years, the intelligent development of AM has become a major research focus, driven by continuous 
advancements in artificial intelligence (AI) technology [54]. Figure 3d shows machine learning (ML) 
applications. The current status of ML-assisted AM research is as follows: At the macro-scale, efforts focus 
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on geometric prediction and parameter optimization for single-track deposition due to its computational 
efficiency and ease of monitoring. However, extension to multi-layer and multi-track processes remains a 
challenge. Monitoring thin-walled components is relatively simple, whereas complex structures require 
multi-angle vision and multidimensional input data. At the meso- and micro-scales, research centers on 
pore formation and evolution, as well as the impact of microstructure on mechanical properties and fatigue 
life. ML integrated with thermal imaging, acoustic emission, and other data enables real-time defect 
monitoring, yet challenges persist in detecting micrometer-scale pores and addressing signal lag. Fatigue 
life prediction is transitioning from purely data-driven approaches to hybrid models that combine physical 
mechanisms with machine learning to balance limited data availability and computational cost. Current 
limitations include poor data availability and quality, weak cross-material generalization, difficulties in 
synchronizing real-time sensing with large data volumes, and insufficient model scalability and 
interpretability. Addressing these challenges involves strategies such as hybrid datasets, transfer learning, 
advanced sensing technologies, edge computing, model compression, and physics-informed models [55–
57]. Over the past two decades, AM technology has advanced at a remarkable pace. Its applications span a 
wide range of fields, including aerospace, biomedical engineering, bridge construction, and automotive 
manufacturing, and have yielded significant results [58,59]. For instance, Airbus’s A350 cable bracket, 
designed using topology optimization and additive manufacturing, integrates 30 parts and reduces weight 
by 30% [60–62]. Wire + arc additive manufacturing (WAAM) was used to construct the world’s first metal 
bridge [63]. In biomedicine, it enables customized cardiovascular stents, titanium mesh implants [64,65], 
and lattice structures that reduce MRI artifacts [66]. In the automotive sector, FDM processes have also 
been demonstrated for other automotive components, such as bumpers and pillar trim [67,68]. 

Subtractive manufacturing is based on the principle of material removal, progressively eliminating 
excess material layer by layer using cutting tools or energy beams. By leveraging CNC technology, CAD 
models are converted into machining paths to achieve high-precision processing [69,70]. Figure 4 shows 
the process flow. Its advantages include micrometer-level accuracy and low surface roughness, making it 
suitable for metals, ductile materials, and composites, enabling the fabrication of complex geometries 
[71,72]. Compared with additive-manufactured parts, subtractively manufactured parts exhibit superior 
mechanical properties after plastic deformation and heat treatment. With mature processes, well-developed 
equipment, and a robust supply chain, it is widely applied in aerospace, biomedical, and automotive 
industries. However, drawbacks include significant material waste, high costs, environmental concerns, 
multiple processing steps required for complex parts, and increased expenses due to tool wear and 
maintenance [73,74]. The relationship among processing, structure, and performance remains incompletely 
understood, posing one of the key research challenges [75,76]. In recent years, the intelligent development 
of SM has become a key trend in its evolution, driven by continuous advancements in intelligent 
manufacturing technologies. As technology continues to advance, SM techniques will become more 
intelligent and integrated, and the development of ML models in related fields will become increasingly 
diverse [77–79]. SM technologies have reached a state of relative maturity, with their technical and 
commercial systems being widely used in the aerospace, biomedical, and automotive manufacturing 
industries, among others [80,81]. In the aerospace industry, for example, milling, drilling, and cutting 
techniques are commonly used to process sandwich composites. Both symmetrical and asymmetrical 
sandwich composites have been used in the manufacture of aircraft and spacecraft [82,83]. CNC precision 
machining is used to produce custom-fit artificial joints and dental implants to ensure seamless integration 
with bone tissue. Multiphoton polymerization micro/nanofabrication is used to manufacture microneedle 
arrays and bio-compatible micro-scaffolds which structures that have significant applications in drug 
delivery and tissue engineering. Concurrently, laser selective etching technology plays a pivotal role in 
microfluidic fabrication [84,85]. In automotive manufacturing, laser welding technology is employed for 
joining body steel panels. By optimizing material thickness distribution, such as using high-strength steel 
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in critical areas and thin aluminum sheets in non-critical sections, it achieves weight reduction while 
maintaining safety [86,87]. 

 

Figure 3. AM process flow. (a) An example of a typical AM process workflow [46]; (b) a geometry-material-machine-process 
roadmap for AM and Maker Movement [45]; (c) robotics systems in AM for enhanced autonomy [54]; (d) an overview of the 
integration of ML into AM processes for diverse optimizations [55]. 

 

Figure 4. SM process flow. (a) Material removal mechanism based on orthogonal cutting [77]; (b) scratch morphology [78]; (c) 
mechanism of milling delamination [69]; (d) experimental devices of single grain grinding [69]. 
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2.2. Additive/Subtractive Hybrid Manufacturing 

2.2.1. Working Principle 

A/SHM is an innovative, rapid, and direct forming process developed based on AM and SM 
technologies. Combining the strengths of AM and SM, this technique enables the production of metal 
components with complex geometries, dense microstructures, high dimensional accuracy, and exceptional 
surface quality. Consequently, it meets the growing performance demands of advanced fields such as 
aerospace, defense, and biomedicine [88–90]. A/SHM technology can be defined as a process that combines 
AM techniques with secondary energy sources and tools, which tend to alter mechanical processes, part 
machining, quality, and functionality synergistically. The principle behind it lies in the integration of 
product design, software control, AM, and SM technologies. Computer-generated CAD models are 
segmented into layers of specific thickness by applying them. The three-dimensional data associated with 
the component is then converted into two- or three-dimensional geometric contour representations. 
Combining layer geometry information with deposition and machining parameters generates the CNC code 
for the AM processing path, ultimately forming a three-dimensional solid part. The constructed three-
dimensional solid components then undergo measurement and feature extraction. These are then compared 
with the CAD model to identify areas of deviation. Based on SM, the parts undergo further machining and 
refinement until they meet the product design specifications. The essence of this technology lies in the CAD 
software-driven process of three-dimensional stacking and machining. Consequently, a composite 
machining system must incorporate multi-axis CNC machine tools, AM mechanisms, feed mechanisms, 
software control systems, and auxiliary systems. Key technologies involved include integrated composite 
machining models, software and hardware platform development, and composite manufacturing control 
systems. Figure 5a–d shows the fundamental process flow of this technology. This enables the integration 
of additive-subtractive hybrid processing on a single machine tool, representing a manufacturing solution 
that combines the majority of existing SM and AM technologies. In this context, for components with 
special geometric configurations or composed of special materials that are infeasible via traditional SM, 
the near-net-shape forming stage can be entrusted to AM, while the subsequent precision machining and 
surface treatment processes fall under the purview of traditional SM [10,91,92]. Since all machining 
operations are performed on a single machine tool, this setup not only mitigates the error accumulation 
arising from workpiece clamping and handling in multi-platform processing scenarios, thereby enhancing 
manufacturing precision and production efficiency, but also optimizes workshop space utilization and 
reduces overall manufacturing costs. AM facilitates material deposition and near-net-shape forming, while 
SM contributes to improved surface integrity, elimination of internal defects, and optimization of stress 
distribution. The integration of these two technologies enables the realization of final part fabrication with 
enhanced performance and dimensional accuracy [93–95]. The integration of intelligent systems not only 
elevates the level of technological automation but also significantly optimizes the machining process, 
mitigating defects induced by human errors [96]. A/SHM technology, through the collaborative innovation 
of additive forming for near-net-shape creation and subtractive shaping for precision refinement, not only 
overcomes the precision and efficiency bottlenecks inherent in traditional manufacturing but also 
inaugurates a new paradigm of design-to-manufacturing integration. As technology continues to evolve and 
innovate, it will bring forth more transformative changes and opportunities to the manufacturing sector, 
driving its progression toward higher quality, greater efficiency, and enhanced intelligence [97,98]. 

2.2.2. Technology Integration and Advantages 

A/SHM enables the integrated fabrication of products through the deep fusion of AM and SM processes. 
This technology exhibits a spectrum of process merits, encompassing high precision, superior performance, 
enhanced efficiency, material conservation, and weight reduction. Distinguished by its unique process 
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advantages, A/SHM is competent in fabricating complex structural components with high precision and 
premium quality. It holds promising prospects for extensive research and application in domains such as 
military, national defense, and aerospace engineering [99,100]. Significant achievements have been made 
in the research and commercial application of hardware integration of A/SHM technologies based on seven 
AM techniques. However, the integrated technologies that are currently widely studied and have a relatively 
high level of commercial application maturity are mainly the hybrid processing integration based on direct 
energy deposition (DED) and the hybrid processing integration based on powder bed fusion (PBF) 
[8,101,102]. Due to the much higher deposition rate provided by DED and the possibility of adding 
materials to existing components, the availability of hybrid processing integration based on DED is 
significantly more extensive than that of integrated PBF processes. In addition, because materials can be 
deposited simultaneously along the five axes of the machine, it can build complex geometries without 
support structures [9,103]. DMG MORI (Bielefeld, Germany) introduced the LASERTEC 65 3D hybrid 
and LASERTEC 4300 3D hybrid in 2014 and 2016, respectively. The first one is based on the RRLLL 
motion chain, featuring a tilting worktable and combining the flexibility of laser metal deposition (LMD) 
with the precision of five-axis milling. The second one includes B-axis tilting motion of the head and the 
RLLLR motion chain, integrating six-axis LMD and five-axis turning/milling. Both machines are equipped 
with process monitoring and control devices, such as real-time temperature and melt pool size measurement, 
enabling automatic laser power adjustment [104,105]. The Japanese company Mazak (Oguchi, Japan) 
launched the INTEGREX i-200S AM in 2016. This hybrid machine uses the RLLLR motion chain and 
includes two turning spindles, one milling spindle, and a gantry AM head, integrating multi-LMD with 
milling/turning. Multi-LMD is a process that uses multiple laser beams to melt metal powder fed through 
the center of the laser head, ensuring stable metal powder flow even when the laser head is tilted and 
providing very high precision [104]. The Okuma LASER EX series combines subtractive and additive 
functions, quenching and coating in one platform. Adjustable parameters of this technology include laser 
spot size, laser power, powder flow rate, and lateral feed rate. One of the earliest commercial hybrid 
machines based on PBF composite processing was developed by Matsuura. The Matsuura Lumex selective 
laser sintering with milling using high-speed spindles with a maximum speed of 45,000 rpm [106]. The 
equipment was sourced from Matsuura Machinery Corporation, located in Fukui City, Japan. The OPM 
series can perform SLM and high-speed milling simultaneously. Each layer is milled immediately after 
construction to achieve high-quality accuracy and precision, even for inaccessible cavities or internal 
features after the part is completed [107]. Besides hardware integration, software integration has also 
achieved significant results. Cloud manufacturing can be utilized to overcome the challenges associated 
with traditional systems to achieve on-demand and reliable manufacturing capabilities. To achieve highly 
automated and dynamic control of A/SHM technology, Industry 4.0 focuses on the connection of hybrid 
manufacturing technology with the cyber/digital domain. In this regard, a cloud-based framework was 
developed for the online diagnostic architecture, where machine tools and sensor systems are connected to 
the cloud to coordinate and control cyber-physical systems (CPS). In digital manufacturing, automation is 
integrated into knowledge-evolving devices to achieve intelligent transformation, which can make 
decisions in a machine-to-machine communication environment. Through online identification and 
feedback, autonomous path planning and in-situ parameter adjustment can be achieved. Additionally, by 
using sensors and the Internet of Things to connect physical resources (machines, tools, workpieces) with 
complex CPS, the risk of damaging workpieces, tools, and the machines themselves can be reduced, thereby 
enhancing productivity [4,108]. As shown in Figure 5e, TO algorithms for A/SHM are another active area 
of research in the software integration [109]. With the improvement of hardware integration and the 
development of software intelligence, this technology will become a key supporting technology in high-
end equipment manufacturing, aerospace, biomedicine, and other fields, promoting the deep transformation 
of the manufacturing industry towards personalization, efficiency, and greenness [110,111]. Table 1. 
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presents a summary and comparison of manufacturing technologies. A/SHM has demonstrated outstanding 
advantages over AM and SM. 

 

Figure 5. The principle of the A/SHM process. (a) Schematic description of the A/SHM process [89,94]; (b) AIMS: Integrated 
AM and CNC-RP integrated flow illustration [90]; (c) process interactions within A/SHM process [91]; (d) hardware layout of 
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A/SHM process and Schematic view of the software and control flow for the A/SHM process [88]; (e) collaborative platform for 
the cloud-based A/SHM resources [4]. 

Table 1. Summary and Comparison of Manufacturing Technologies. 

Technical 
Classification 

Technical Characteristics Applicable Scenarios Core Advantages Major Defects 

AM 
Complex, irregularly shaped 
parts are created by depositing 
materials layer by layer. 

Customization, complex 
and irregularly shaped 
parts, and small-batch 
production. 

High material utilization, 
suitable for small 
batches and custom 
orders 

High surface roughness, 
high porosity, RS, and 
cracking are commonly 
observed 

SM 
Removes excess material with 
high precision and a smooth 
finish 

High-volume standard 
parts, high-precision 
standard parts 

High precision, High 
surface quality, mature 
technology, and high 
cost-effectiveness 

Complex internal cavities 
are difficult to machine, 
resulting in significant 
material waste 

A/SHM 
AM and SM: Integrated 
Processing 

Repair of high-end, 
precision, and complex 
components 

Balancing complexity 
and precision while 
reducing setup 
operations 

The equipment is costly, 
and the process and 
operational requirements 
are onerous. 

3. The Mechanism of Residual Stress Generation and Influencing Factors 

3.1. Mechanism of Residual Stress Generation 

Table 2 shows the mechanism of pressure generation. Thermal residual stress (TRS) refers to the 
internal stress generated when an object undergoes temperature changes due to its inability to deform freely. 
The fundamental cause is the combination of temperature changes and constraints. Constraints can be 
classified into three types: external deformation, mutual deformation, and internal component deformation 
[15,112]. TRS is divided into thermal elastic stress and thermal plastic stress [113,114]. In composite 
materials, TRS originates from three levels: microscopically, the difference in thermal expansion 
coefficients (CTE) between fibers and matrix; macroscopically, the CTE difference between anisotropic 
layers leading to the deformation of laminated plates; and overall, the cooling rate in the thickness direction 
and temperature gradient generating stress distribution [15,115,116]. TRS can cause fiber waviness, 
warping, and transverse cracks, thereby reducing mechanical properties, and its relationships with 
compressive, shear, and other properties are not yet clear [117,118]. Quantitative analysis should be 
combined with heat conduction and equilibrium equations, and management can be achieved through 
material selection, structural optimization, and process control [119,120]. Mechanical stress is the internal 
resistance generated when an object is deformed due to external forces, boundary constraints, or 
temperature changes. It mainly results from external constraints or internal structural hindrances, such as 
restricted casting shrinkage and limited welding cooling [121–124]. It is classified into types such as tension, 
compression, shear, and torsion, and its magnitude depends on external forces, size and shape, material 
properties, and process parameters [125,126]. The stress-strain curve describes the deformation 
characteristics; it is classified into static stress and dynamic stress according to the duration of action 
[127,128]. Understanding mechanical stress is helpful for optimizing structures, improving processes, and 
conducting failure analysis [129,130]. Phase transformation stress is the internal stress generated during a 
solid-state phase transformation due to volume differences, inconsistent phase transformation times, and 
shear effects [131,132]. The core mechanism is volume deformation constraint, asynchronous phase 
transformation, and shear phase transformation [133,134]. The magnitude of stress depends on material 
properties, process parameters, phase transformation plasticity, stress relaxation, and the distribution of 
phase transformation products and grain size [135,136]. Understanding phase transformation stress is 
helpful for predicting and controlling deformation cracking and optimizing material properties [137,138]. 
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Table 2. Stress generation mechanism. 

Stress Type Mechanism of Generation Key Influencing Factors 

TRS 
Constrained, non-uniform thermal 
deformation 

Temperature gradient, CTE, constraint conditions, and 
cooling rate. 

Mechanical stress 
Resistance to deformation under 
external loads 

External load, member geometry, and material stiffness. 

Phase transformation stress Phase transition volume change 
Compare tolerance, cooling rate, and phase transformation 
type. 

3.2. Analysis of Influencing Factors 

In A/SHM processes, the generation of RS is influenced by a combination of factors, including material 
properties, process parameters, and environmental conditions [21,139]. This section will provide a detailed 
examination of these three primary factors. 

3.2.1. Material Properties 

The thermophysical properties, mechanical properties, crystal lattice structure, and chemical 
composition of metallic materials decisively influence the formation and distribution of RS [140,141]. 
Pokharel et al. [142] found that the difference in CTE between austenite and ferrite causes significant RS 
within the component and triggers plastic deformation in ferrite. Deformation and orientation mismatches 
at grain boundaries intensify stress concentrations, which may lead to failure, as shown in Figure 6a. 
Bouafia et al. [143] conducted a FE analysis on the TRS of SiC particle-reinforced aluminum matrix 
composites. As shown in Figure 6b,c, the volume fraction and shape of SiC particles have a significant 
impact on the RS: an increase in the volume fraction raises the RS in the matrix but reduces the stress within 
the particles; uneven particle distribution is prone to causing stress concentration and cracks. Katie et al. 
[16] conducted an in-depth analysis of the RS generated in five complex lattice structures during A/SHM 
processes. As shown in Figure 6d, the average RS in the primitive lattice structure was approximately 350 
MPa, with a peak RS of around 800 MPa observed along the outer edges of the structure. Compared to the 
primitive lattice structure, the isosteres distribution across the geometric surface of the I-WP lattice 
structure is more uniform. The lowest RS occurs at the bottom surface in contact with the build plate, 
ranging from approximately 200 to 300 MPa. The isosteres distribution of the diamond lattice structure 
closely resembles that of the I-WP lattice structure, but exhibits a more uniform pattern. The gyroid lattice 
structure exhibits equivalent stresses ranging from 250 to 750 MPa, with contour plots resembling those of 
the diamond lattice structure. The lilioid lattice structure displays a broader equivalent stress distribution, 
with the lowest equivalent stresses observed at the center of the lattice and at the bottom surface layer in 
contact with the build plate. Of the five lattice structures, the primitive lattice structure exhibits the lowest 
average equivalent stress, at 350 MPa. The maximum RS values for all lattice structures fall within the 
range of 700–750 MPa. Although the equivalent stress distribution of the primitive lattice structure is in the 
lower range, its shape is comparable to that of the diamond and gyroid lattice structures. Compared to other 
structures, the I-WP and lidinoid lattice geometries exhibit broader distributions and wider spans. Mael et 
al. [144] conducted an experimental study on the wet-mechanical behavior of asymmetric bio-composites. 
As shown in Figure 6e, during the moisture diffusion process, the inner and outer layers of the laminate 
generate complex stress distributions due to restricted expansion: in the initial stage, the outer layer is 
subjected to compressive stress due to constrained expansion; as moisture diffuses to equilibrium, the stress 
state reverses and a specific tensile/compressive stress distribution is formed due to the curvature of the 
laminate. Zhang et al. [145] investigated the high-speed compressive behavior of three-dimensional braided 
composites via FE. As shown in Figure 6f, under impact loading, stress concentrations are distributed along 
the undulating warp yarns; structural failure is predominantly governed by interfacial debonding and shear 
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failure. Under loading in different directions, fiber bundle buckling, matrix damage, and the Poisson effect 
collectively dictate the final failure mode and mechanical strength. He et al. [146] investigated the effect of 
thermal RS on the mechanical properties of fibre-reinforced polymer (FRP). Figure 6g shows that the effect 
of thermal RS on the longitudinal strength of FRP is negligible. In transverse compression, TRS exerts an 
adverse effect: it superimposes with the applied load, inducing the formation of shear bands with extensive 
matrix plasticity and interfacial debonding. Consequently, the material fails earlier compared to the scenario 
without TRS. Through the synergistic optimization of materials, processes, and post-treatment, the 
performance and reliability of metal components manufactured via A/SHM can be significantly enhanced, 
thus advancing their application in the fields of aerospace and energy [147,148]. 

 

Figure 6. Influence of Materials. The predicted results of the micro-mechanical field: (a) von Mises stress [142]; the equivalent 
and normal RS vary with the change in (b) particle volume fraction and (c) in particle geometry [143]; (d) equivalent Stress 
distributions for whole models of all 5 lattice structures [16]; (e) distribution of global stress components σₓₓ and σᵧᵧ [144]; (f) 
deformation history of the specimen at several representative points [145]; (g) comparison of the stress-strain curves [146]. 
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3.2.2. Process Parameters 

RS generated during A/SHM can have a significant impact on the mechanical properties and 
performance of components, potentially leading to deformation, warping, cracking, and other forms of 
degradation. Process parameters are among the key factors influencing the formation and distribution of 
RS, making it crucial to investigate their effects [149,150]. This section examines the mechanisms through 
which RS are influenced by factors such as energy density and scanning strategy. 

Different process parameters exert varying effects on RS in A/SHM processes. Lu et al. [7] investigated 
the influence of deposition height and laser energy density. As shown in Figure 7a, with the increase of 
printing height, the intrinsic heat treatment effect and the maximum temperature gradient (MTG) decrease, 
and the overall RS is reduced, but stress concentration still occurs at the corners of the component. 
Increasing the energy density helps to reduce the RS, but at the same time, it will aggravate the warpage of 
the part due to the increase in the temperature gradient. Li et al. [17] investigated the effects of milling and 
electrochemical corrosion on the RS of the surface of 316L stainless steel fabricated by Laser additive 
manufacturing (LAM). As shown in Figure 7b, the stress at the bottom of the thin wall is the smallest, and 
the tensile stress at the top corner is the largest. After electrolytic corrosion, the stress distribution shows 
asymmetry, with tensile stress at the edge and compressive stress at the center, which is related to the tip 
effect during the corrosion process and the non-uniformity of the process. Zhang et al. [151] conducted a 
comprehensive investigation into the impact of heat input on the deformation and RS of aluminum alloy 
components produced using electron beam melting, employing a three-dimensional transient thermo-
mechanical coupled model. Assuming that the heat input used in the preceding cross-section is Q, Figure 
7c shows that stresses concentrate within the deposited layer, with residual tensile stress (RTS) increasing 
as the level of heat input rises. This is because higher heat input leads to greater temperature gradients, 
thereby amplifying RS. Therefore, to control RS, heat input can be appropriately reduced. Scanning 
strategies also significantly influence RS. Parry et al. [18] compared the unidirectional and alternating laser 
scanning strategies. As shown in Figure 7d, the alternating scanning strategy reduces the temperature 
gradient because the next scanning vector starts from the already completed high-temperature zone of the 
previous pass, thereby reducing the plastic strain and RS at the end of the scan. Chen et al. [152] investigated 
the influence of the inter-island overlap rate in the isolated island scanning strategy. As shown in Figure 7f, 
as the overlap rate increased from 5% to 25%, the high-stress area in the first scanned island (Island 1) 
decreased, but that in the subsequent island (Island 2) increased. When the overlap rate increased from 50% 
to 100%, the RS showed an overall upward trend, as the temperature gradient effect caused by the increased 
scanning length exceeded the stress relief effect of re-scanning. Zhang et al. [153] systematically analyzed 
three scanning strategies (opposite S scanning, parallel S 90° rotation scanning, parallel S no rotation 
scanning). As shown in Figure 7e, the parallel S scan without rotation produced the highest maximum 
principal stress (1504 MPa). The parallel S 90° rotation scan resulted in a lower and more uniform stress 
distribution. In contrast, the opposite S scan had a higher RS than the parallel S 90° rotation scan due to its 
higher peak temperature and larger temperature gradient. Popineau et al. [6] investigated the development 
and evolution of moisture stress in asymmetric bio-composites made of flax/Polypropylene + Maleic 
Anhydride grafted Polypropylene (PP + MAPP) when exposed to ‘saturated’ moisture cycles. Figure 7g 
shows that cyclic tensile stresses affect the transverse direction of the PP + MAPP material when it is 
continuously exposed to low relative humidity. These sustained internal stresses induce progressive damage 
to the material, leading to the relaxation of moisture-induced stresses throughout the cycle. When samples 
were exposed to cycles with higher relative humidity, changes in moisture content, reduced tensile 
properties, permanent out-of-plane expansion and curvature were found to be more pronounced. When 
exposed to humid environments, flax fibres begin to swell, whereas the PP + MAPP matrix remains 
relatively insensitive to the presence of water. Due to the anisotropic nature of flax fibres, fibre swelling 
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leads to unidirectional strand expansion, resulting in irreversible damage. Larger moisture content gradients 
imply greater relaxation of plastic matrix deformation in the interface region. 

 

Figure 7. Process parameter influence. (a) Contour-fills of residual von Mises stresses and the vertical displacements [7]; (b) 
RS distribution after electrolytic corrosion [17]; (c) the effect of heat input on stress distribution [151]; (d) stress and strain field 
profiles of different strategies [18]; (e) the final maximum principal stress for the different scanning strategies [153]; (f) schematic 
diagram of island strategy and the equivalent stress distribution [152]; (g) internal stress evolution during successive low and 
high RH exposure [6]. 
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4. Measurement and Characterization of Residual Stress in Additive/Subtractive Hybrid 
Manufacturing 

4.1. Methods of Measuring Residual Stress 

In recent years, a variety of methods have been developed to measure RS in different types of 
components. Figure 8 shows that the current techniques can be categorized into two types based on their 
principles: destructive and non-destructive testing (NDT). Destructive testing, also known as mechanical 
release methods, infers original stresses from displacements generated by the complete or partial 
elimination of stresses through material removal. This approach involves measuring the deformations 
caused by the release of RS during the extraction of material from specimens. The primary destructive 
methods for measuring RS in structural components are drilling, ring core extraction, and contouring. NDT 
methods, also known as physical testing methods, primarily measure RS based on the physical properties 
of the material. X-ray diffraction (XRD), neutron diffraction (ND), ultrasonic methods, and magnetic 
methods are common NDT techniques [19,154,155]. This chapter will detail the principles and applications 
of XRD, ND, mechanical release methods, and novel detection techniques. 

 

Figure 8. Classification of RS measurement methods and measurement depth [19,154]. 

XRD is a non-destructive technique used to measure RS on material surfaces. When metals are 
subjected to RS, the resulting elastic strain causes atomic planes within the metal crystal structure to alter 
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their interplanar spacing. XRD can directly measure this interplanar atomic spacing, thereby determining 
the total stress on the metal. This method is suitable for crystalline materials with relatively fine grains and 
produces diffraction in any direction from the sample surface [155,156], as shown in Figure 9a. Felix et al. 
[157] utilized in-situ XRD to observe the strain evolution within the heat-affected zone of SLM and divided 
it into four characteristic regions, revealing the compression and tension strain mechanisms caused by the 
TGM at different stages, as shown in Figure 9b. The principle of ND is similar to that of XRD. Both rely 
on elastic deformations within polycrystalline materials. These deformations alter the spacing between 
crystal lattice planes from their stress-free state. Compared to XRD techniques, ND has the advantage of 
greater penetration depth. This is particularly useful for alloys with high average atomic numbers, for which 
XRD penetration rapidly diminishes [158,159]. Lee et al. [160] developed a predictive model for RS in 
A/SHM and validated it using ND. As shown in Figure 9c, the elastic strain distribution predicted by the 
model is basically consistent with the measured values. However, in some directions, due to the model not 
considering the additional stress caused by phase transformation, there are differences between the 
prediction and the measurement. 

The drilling method, currently the most widely applied RS measurement technique, offers advantages 
such as high precision, low equipment cost, and semi-destructive testing. Typically, after drilling a small 
hole containing RS on the workpiece surface, the stress near the hole is released and redistributed. Three 
sets of strain gauges positioned on the same circumference can then be used to measure the corresponding 
radial strain data [19,161,162]. As shown in Figure 9d. Li et al. [163] developed a transient three-
dimensional model to investigate the TRS evolution and RS distribution of circular thin-walled parts 
produced by WAAM. The RS generated in the substrate and deposited layers was measured via the drilling 
method, validating the model’s effectiveness. As shown in Figure 9e, owing to the unique thermal 
properties of the circular component, stress relaxation occurs in the layers near the start and end points of 
the arc, and the RS distribution characteristics vary across different positions of the component. The RS 
distribution of the part obtained from the simulation results facilitates a deeper understanding of the 
complex thermomechanical mechanisms involved in WAAM. The contour method, an emerging technique 
for RS measurement, has undergone over two decades of development and is now finding application in 
the field of welding RS measurement. Its working principle is as follows: a workpiece containing RS is cut 
along the region where RS needs to be measured. Due to stress release and redistribution, the profile of the 
cut surface undergoes deformation. An external reverse stress is then applied to the interface to restore the 
deformed cut surface to its pre-cut planar state. Based on the Bückner superposition principle, the applied 
external reverse stress corresponds to the RS [155,164,165], as shown in Figure 9f. 

Nanoindentation is a technique that involves creating submicron-scale indentations on a material 
surface while recording the applied load and indentation depth, enabling the determination of material 
properties. It is widely employed for RS measurement in diverse materials, including aluminum alloys, 
metallic glasses, and polycrystalline materials [166,167]. Overall, nanoindentation technology has the 
advantages of NDT and high efficiency, and the related computational models are relatively well-developed. 
However, the accuracy and application scope of the models still need to be further determined. The 
combination of FE simulation has greatly promoted the development of nanoindentation technology, but 
due to the deviation of the boundary conditions in FE simulation from the actual situation, some methods 
still need to be improved [168,169]. Magnetic memory testing is an emerging NDT technique. When a 
magnetized metal workpiece is subjected to external loading, irreversible changes in magnetization 
intensity within stress concentration regions and material discontinuities in the metal component can induce 
local magnetic signal anomalies in these stress-concentrated areas. These anomalies persist as a residual 
leakage magnetic field even after the load is removed. Stress concentration regions in the workpiece can be 
inferred from variations in the measured magnetic signal curves and the corresponding gradient values of 
the magnetic signals [170,171]. 
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In A/SHM, the distribution of RS arises from stress evolution. Measuring stress evolution in A/SHM 
represents a significant challenge for current research techniques [162]. Most studies on A/SHM online 
monitoring have focused on directly measurable deformations, employing techniques such as laser 
displacement sensors, differential variable reluctance transducers, and coherent gradient sensing [140,172]. 
Zeng et al. [173] designed an optical path that enabled a three-dimensional digital image correlation (3D-
DIC) system to measure the displacement field at the bottom of the substrate, while an infrared 
thermography camera was used to capture the temperature field. The acquired displacement and 
temperature fields were then input as boundary conditions into a FE model to compute the stress evolution 
process within the substrate. Bartlett et al. [174] developed a 3D-DIC-based non-destructive framework for 
measuring stress evolution in SLM. 3D-DIC was utilized to capture in-situ surface deformations of parts 
during SLM, as shown in Figure 9g. Subsequently, the two-dimensional elastic Kirchhoff plate equation 
was applied to convert the experimental deformation data into estimates of in-plane RS. In recent years, 
A/SHM has developed a closed-loop RS control system comprising multi-source sensing, feature extraction, 
ML, and coupled FE modeling. Lee et al. [160] validated the residual strain/stress prediction method for 
WAAM hybrid manufacturing using ND, while Heigel et al. [175] systematically investigated through 
experiments the mechanism by which RS in AM affects subsequent machining deformation. Related studies 
have employed SVR algorithms to build RS prediction models for the Inconel 718 superalloy, utilized deep 
learning for real-time monitoring of RS in hybrid manufacturing, and applied physics-guided ML surrogate 
models to verify TRS field predictions, significantly improving prediction efficiency and optimizing 
forming stress levels. However, data-driven prediction technologies still face significant limitations. Due 
to differences in experimental conditions across research groups, existing datasets vary widely in quality. 
Moreover, there is a lack of unified calibration standards for diverse inspection methods such as XRD and 
ND. Most current intelligent models are tailored only to specific equipment and materials, resulting in 
substantially increased prediction errors when transferred across different operating conditions. A 
universally applicable prediction framework remains to be further developed [160,175–177]. Table 3 shows 
the comparison of detection methods, and each of the six testing methods has its own advantages and 
disadvantages. Suitable detection methods can be selected according to different situations. 

Table 3. Comparison of detection methods. 

Method Advantages Disadvantages Spatial Resolution Detection Depth 
Applicable Operating 

Conditions 

XRD 

ND testing, capable of 

diffraction in any direction 

on the sample surface. 

Low penetration depth, 

limited to surface stress. 

Micron to 

millimeter level 

Surface layer (tens of 

micrometers) 
Surface RS measurement 

ND 
High penetration depth, 

ND testing 

The equipment is 

expensive and requires a 

neutron source; spatial 

resolution is relatively low. 

Millimeter-level Centimeter-level 
Measurement of large-

scale or deep RS 

Drilling 

High precision; low 

equipment cost; mature 

technology 

Strain gauges need to be 

attached. 
Millimeter-level 

Typically 1 to 2 times 

the aperture size 

Measurement of RS on 

Metal Component 

Surfaces 

Contour Method 

Measure two-dimensional 

full-field stress 

distribution, 

Damages the specimen, 

requires specialized 

equipment. 

Submillimeter-level 
The entire cross-

section 

Two-dimensional 

distribution 

characterization of RS in 

welded components and 

large-sized parts 

Nanoindentation 

High efficiency; relatively 

mature computational 

models. 

Model accuracy and 

application scope still need 

further clarification 

Submicron-level 

from hundreds of 

nanometers to several 

micrometers 

Micro-area, thin film, 

coating, and localized RS 

measurement 
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Figure 9. Method for measuring RS. (a) schematic diagram of spacing between crystal planes varying with stress [19]; (b) model 
of the heat affected zone [157]; (c) Residual strain distribution [160]; (d) Schematic diagram of strain gauge hole-drilling method 
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and error chain in hole-drilling method [19]; (e) equivalent Von Mises stress evolutions in the deposition process [163]; (f) 
schematic representation of RS measured [178]; (g) In-situ monitoring of stress evolution process in SLM [174]. 

4.2. Characterization and Analysis of Residual Stress 

Effective control of RS in A/SHM requires precise detection and efficient analysis for accurate prediction. 
Integrating high-precision characterization with in-depth analysis enables an understanding of the distribution 
patterns and levels of RS, which allows for their effective prediction, control, and optimization in A/SHM. 
This improves the mechanical properties and dimensional accuracy of the final product [179,180]. This 
chapter systematically summarizes the distribution patterns and level analysis of RS. 

4.2.1. Stress Distribution Patterns 

In A/SHM, comprehending the distribution characteristics of RS is of paramount importance, as it 
directly governs the performance, quality, reliability, and production efficiency of components [181–183]. 
Zhao et al. [33] analyzed the influence of the lateral flow of metal in hot-rolled strip steel. As shown in 
Figure 10a, introducing lateral flow can transform the RS distribution from a mode that causes buckling to 
a flat or W-wave mode, significantly reducing the buckling risk factor and enhancing the flatness and safety 
margin of the strip. Huang et al. [184] investigated the influence of abrasive belt wear on the distribution 
of grinding RS. With the increase of wear, the tangential RS changes from residual compressive stress 
(RCS) to RTS, and the uniformity of its distribution decreases; while the axial RS remains RCS and its 
mean value increases with the increase of wear. Hou et al. [185] investigated the RS after the trapezoidal 
internal thread extrusion processing. As shown in Figure 10b, the RS in the thickness direction of the 
component is a uniform compressive stress, while there is a relatively high local compressive stress in both 
the radial and circumferential directions near the hole opening. Song et al. [186] investigated the impact of 
thermal stress relief (TSR) and quenching processes on RS distribution in 2219 aluminum alloy. Figure 10c 
shows that RS along the thickness direction first decreased, then increased, and finally decreased again, 
peaking at 0.2 or 0.4 mm and reaching a minimum at 0.8 mm. Due to severe temperature non-uniformity 
inducing large thermal gradients, the as-quenched (AQ) specimen exhibited large, highly fluctuating RS. 
Compared to the AQ state, the TSR-treated specimen showed an 86.37% reduction in circumferential RS 
(from −116.11 MPa to −15.83 MPa), an 85.77% reduction in axial RS (from −87.35 MPa to −12.43 MPa), 
a 91.58% reduction in maximum principal stress (from −73.51 MPa to −6.19 MPa), and an 83.04% 
reduction in minimum principal stress (from −130.08 MPa to −22.06 MPa). These results indicate that TSR 
more effectively mitigates maximum principal stress, leading to a more uniform RS field. Idarraga et al. 
[187] analyzed the stress distribution in the oxide layer through Raman peak shifts and found that the stress 
decreased from the metal/oxide interface to the outer surface, and there was stress relaxation or 
concentration near the crack and in the tetragonal zirconia region. Sun et al. [188] investigated the dynamic 
propagation of stress waves and the distribution of RS after laser shock peening (LSP). The superposition 
of the reflected tensile stress wave and the unloading wave generates RTS at the center of the bar, and an 
increase in the spot size enhances this effect. 

Unlike single AM or SM, interlayer milling is a machining process inserted between adjacent deposited 
layers in A/SHM, distinct from final finishing. Its core lies in actively intervening in RS evolution through 
mechanical removal coupled with thermal effects, forming a deposition-milling-deposition cyclic control 
mode. This process alters the stress state via three key mechanisms [189–191]. Xu et al. [189] proposed an 
innovative hybrid manufacturing approach combining LAM, subtractive milling, and ultrasonic rolling. 
Results showed that RS in the AM sample originated from rapid heating and cooling during AM, and 
subtractive milling introduced compressive stresses on the surface of deposited layers, further increasing 
RS in the A/SHM sample. Interlayer ultrasonic rolling induced compressive stresses penetrating deeper 
than 0.4 mm, resulting in the highest average RS (−539 MPa) for the ultrasonic rolling sample, compared 
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to −362 MPa for the AM sample and −416 MPa for the A/SHM sample. Subsequent additive processes did 
not eliminate the effects of the interlayer hybrid treatment. At a depth of −1 mm, A/SHM samples exhibited 
higher and more uniform stress distributions, indicating that interlayer milling and rolling improved internal 
stress conditions. Karunakaran et al. [190] achieved hybrid amplitude modulation of Ti-6Al-4V by 
integrating DED with interlayer milling. Studies revealed that DED generates tensile stresses near the 
surface, leading to part weakening and deformation, whereas milling titanium alloys introduces 
compressive stresses, thereby improving surface integrity. Interlayer milling reduced RS by 33%. 
Compared to the original printed sample, interlayer milling decreased RS along the milling feed direction 
by 32% and perpendicular direction by 41%. Necati et al. [191] investigated stress distribution patterns on 
the machined surface and subsurface during micro-milling of LPBF-fabricated Ti-6Al-4V alloy. The study 
found that increased cutting passes led to greater material strain hardening, thereby increasing maximum 
compressive RS beneath the machined surface, intensifying plastic deformation and mechanical loading. 
In A/SHM, alternating thermal loads from deposition and mechanical loads from milling create unique 
thermo-mechanical coupling effects that modify component stress evolution across three dimensions: 
plastic deformation, stress redistribution, and thermal boundary conditions [175,192]. Liu et al. [192] 
conducted comparative experiments on IN718 superalloy using cold milling at room temperature versus 
immediate high-temperature milling after deposition. Under high-temperature milling conditions, thermal 
softening reduced material yield strength, increasing the depth of plastic deformation from 0.12 mm at 
room temperature to 0.27 mm, transforming the original surface tensile RS of 380 MPa into compressive 
stresses ranging from −220 to −310 MPa. Heigel et al. [175] fabricated stainless steel cylindrical parts using 
PBF, pre-milling the outer circumference before secondary deposition. Milling thinned the side walls, 
improving heat dissipation efficiency by 32%, reducing the maximum temperature gradient during 
secondary deposition by 21%, and decreasing newly generated tensile RS by 33.6% compared to pure 
additive samples without pre-milling. Intermittent cooling due to process interruptions is a distinctive factor 
that differentiates hybrid manufacturing from continuous additive fabrication, categorized as short-term 
interlayer cooling and long-term full-process cooling based on dwell time [193,194]. Zhou et al. [193] 
performed pulsed laser-based additive-subtractive experiments, introducing 30-s intermittent cooling after 
each layer deposition. The average temperature gradient of the specimen decreased by 16.7% compared to 
continuous processing, and maximum RS dropped from 458 MPa to 372 MPa. However, when intermittent 
cooling was extended to 90 s, significant base material cooling caused reversed expansion of interlayer 
temperature differences, causing RS to rebound to 429 MPa. Lisiecki et al. [194] employed intermittent 
low-temperature nitrogen cooling assisted laser A/SHM: under intermittent low-temperature cooling 
conditions, the surface stress of the WC-Ni composite coating changed from a tensile stress of 295 MPa in 
conventional processing to a compressive stress of −187 MPa, and the peak RS across the entire component 
decreased by 41%, verifying that the intermittent cooling strategy can effectively optimize the stress state 
in a targeted manner. 
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Figure 10. (a) RS with and without lateral metal flow decreases [33]; (b) RS distribution along the x, y, and z directions [185]; 
(c) comparison of RS distribution along the depth [186]. 

4.2.2. Stress Level Assessment 

In A/SHM, the assessment of stress levels is of critical importance, as it ensures component quality 
and performance, prevents processing defects, and guides process optimization [195,196]. 

Hemmesi et al. [124] investigated the evolution of welding RS under multiaxial loading using a FE 
model. When the applied tensile stress was below the material’s yield strength (450 MPa), the RS remained 
stable; once the yield strength was reached, the RCS at the weld toe and heat-affected zone was almost 
eliminated. Yuan et al. [197] proposed a multiscale model to predict RS in composites during curing. Fibers 
primarily bear RCS, while resin carries RTS. However, due to macroscopic mechanical strain, resin exhibits 
compressive micro-strain in the z-direction. The interface layer sustains RTS in the x-direction and 
compressive stress in the other two principal directions. Koo et al. [198] introduced viscoelastic dual-scale 
modeling to predict process-induced RS in non-crimp fabric (NCF) composites reinforced with epoxy and 
PA6 resins. Figure 11a shows stress levels in the y-direction: a significant stress concentration is observed 
in NCF/epoxy composites, particularly in the resin gaps of the 90° layer, due to fiber-bundle constraints 
that generate tensile stress. In contrast, fiber bundles in the 90° layer experience compressive stress from 
resin gap constraints and 0° layer shrinkage. In the 0° layer, consistent shrinkage between fiber bundles and 
matrix resin induces bending. These findings indicate that resin-rich regions formed by stitching yarns arise 
from local stress concentrations due to process-induced shrinkage mismatch between fiber bundles and 
resin. No significant stress concentration is observed in NCF/PA6 composites, which is attributed to 
homogeneous resin gaps that reduce thermomechanical mismatch. Li et al. [199] evaluated RS levels in 
welded joints using the blind-hole method based on stress biaxiality. Figure 11b shows similar welding 
residual stress (WRS) distributions on the upper and lower surfaces of the weld toe, due to negligible 
thickness-wise temperature gradients during thin-plate welding. Longitudinal welding RS peaks near the 
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flange centerline (average ~300 MPa), rapidly decreasing to compressive stress at ~40 mm from the 
centerline. Transverse welding RS follows a similar distribution (average ~150 MPa), with tensile WRS 
concentrated near the weld and compressive WRS dominant at distant locations. Sabina et al. [29] 
investigated the effect of HT on RS levels in PBF-manufactured components. As shown in Figure 11c,d, 
after HT, the maximum RS of the maraging steel decreased from 850 MPa to 450 MPa, a reduction of 
nearly 50%; the local peak stress in the gradient zone also dropped from 520 MPa to 280 MPa, and the 
distribution became more uniform. 

 

Figure 11. Stress level evaluation in A/SHM. (a) distribution of RS in the y-direction after PID analysis in NCF/Epoxy and 
NCF/PA6 [198]; (b) the WRS distribution of flange [199]; TRS map of sample: (c) unheated treatment and (d) HT [29]. 

5. Control and Optimization of Residual Stress in Additive/Subtractive Hybrid Manufacturing 

5.1. Process Parameter Optimization 

RS can occur in A/SHM parts due to improper selection of process parameters or process disturbances. 
An increase in laser power during the SLM process increases the melt pool size and maximum temperature, 
thereby increasing the temperature gradient and RS [200]. In the WAAM process, the uneven distribution of 
the temperature field and inconsistent cooling and solidification lead to the generation of RS [201]. 
Additionally, if the process parameters are not properly selected, non-diffusional martensitic transformation 
of the titanium alloy microstructure can occur during the A/SHM process, creating a heat-affected zone and 
increasing the RS of the component [202]. The formation and increase in RS usually adversely affect the 
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mechanical properties of the parts. There are many methods to optimize the A/SHM process, among which 
the most direct and effective is to adjust traditional process parameters such as laser power, laser scanning 
speed, and scanning path. Then, RS can be effectively controlled to obtain parts with better mechanical 
properties [203,204]. This chapter will optimize the A/SHM process from the aspects of traditional process 
parameters such as laser power, laser scanning speed, and introduce some new process optimization methods. 

5.1.1. Laser Power and Laser Scanning Speed 

The fundamental influence of laser power on RS lies in its direct impact on the melt pool temperature, 
size and depth of the component, thereby disrupting the temperature gradient of the component and 
subsequently affecting the formation and variation of RS [205,206]. Zhao et al. [207] established a 
mechanical model for TC4/Inconel718 functionally graded materials (FGMs) and found that the RS was 
positively correlated with the laser power. The stress difference at the center of the structure was particularly 
significant because of poor heat dissipation and more severe heat accumulation at this location, which was 
consistent with the experimental results, as shown in Figure 12a. Bian et al. [208] investigated 316L 
stainless steel fabricated by SLM and demonstrated that increasing the laser power would make the tensile 
RS more significant throughout the entire measured depth. As shown in Figure 12b, compared with the 
checkerboard scanning, the stripe scanning, due to its longer scanning path and greater temperature gradient, 
also leads to higher RTS. With the development of AI, there is a growing interest in using process data 
from in-situ sensors, diagnostics, or online process monitoring tools to make autonomous decisions for 
parameter control [209,210]. The National Institute of Standards and Technology in the United States has 
done a lot of work in the modulation of laser power during the process. A laser power control algorithm 
[11] was proposed that scales laser power with the geometric conductance factor. The device includes a 
high-speed camera for coaxial melt pool monitoring. The custom laser power measured throughout the 3D 
build process reduces the variability of the melt pool. Compared with the adhesion of partially melted 
powder particles, a lower surface roughness is observed due to more consistent melt pool length, width, 
and depth. Adjacent scanning paths will cause local heating, resulting in inconsistent melt pool morphology. 
The residual heat factor (RHF) model [211] was developed to compensate for this residual heat. This model 
quantifies the residual heat and controls the laser power proportional to the RHF, as shown in Figure 12f,g. 

In A/SHM, thermal anomalies are often the cause of RS, which are induced by the uneven temperature 
distribution throughout the printed layer, leading to RS. One of the most critical and effective in situ 
methods for addressing thermal anomalies is optimizing the scanning speed [210,212]. The principle by 
which scanning speed affects RS is similar to that of laser power, with both playing crucial roles in the 
stability of the melt pool and significantly influencing the microstructure and RS [213]. Chen et al. [12] 
investigated the influence of laser hopping speed under a fixed scanning length. As shown in Figure 12c, 
when the speed increased from 100 mm/s to 1000 mm/s, the X-direction stress on the top surface of the 
component decreased significantly, attributed to the reduced temperature gradient due to the preheating 
effect and the stress release promoted by the post-heating effect. However, when the speed exceeded 1000 
mm/s, the temperature gradient increased due to local overheating, causing a slight increase in the X-
direction stress. The variation in the Y-direction stress was more complex. When the speed increased to 
1000 mm/s, the stress decreased by 32.85%, but when it further increased to 20,000 mm/s, the stress rose 
by 49.82%. The evolution of the residual equivalent stress followed a similar pattern to that of the X-
direction stress, with the average stress showing a U-shaped curve that first decreased and then increased 
with speed. The study indicates that under this condition, 1000 mm/s is the optimal parameter for achieving 
maximum stress release while avoiding the rebound caused by overheating. Zhang et al. [214] investigated 
the influence of scanning speed on the RS of bionic porous titanium alloy fabricated by SLM. As shown in 
Figure 12d, with the scanning speed increasing from 400 mm/s to 1200 mm/s, the average RS in the X 
direction decreased by 68.6%, that in the Y direction decreased by 12.5% and became more uniform, while 
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the stress in the Z direction was not sensitive to the speed change. The increase in speed led to a shorter 
interaction time between melt pools, a reduced energy input, and thus a smaller melt pool volume and 
contraction, ultimately reducing TRS. However, it should be noted that an excessively high scanning speed 
can compromise the surface quality of the parts. Chen et al. [215] studied the thin-walled parts of Inconel 
718 fabricated by SLM and found that as the scanning speed increased from 500 mm/s to 1000 mm/s, the 
maximum tensile stress in the X and Y directions and the maximum equivalent stress all decreased, with 
the maximum equivalent stress dropping by 13.67%. This was mainly attributed to the reduction in energy 
input, as shown in Figure 12e. 

 

Figure 12. Laser power and scanning speed optimization. (a) RS under different laser power [207]; (b) comparison of in-depth 
RS distributions [208]; (c) The profiles of the X-component and Y-component of stress [12]; (d) RS distribution deformation at 
different scanning speeds [214]; (e) effect of the scan speed on the RS along the deposition direction [215]; (f) PBF-LB laser 
control [11]; (g) residual heat factor and laser power modulation [211]. 

5.1.2. Other Optimization Methods 

The influence of the scanning strategy on RS is a comprehensive effect on dimensions. A reasonable 
selection of the scanning strategy can not only reduce RS but also improve production efficiency and 
product quality [210]. Lu et al. [7] systematically analyzed the influence of four scanning strategies (90° 
alternating scan, outer-inner scan, island scan, and the S scan proposed) on the RS of DED components. As 
shown in Figure 13a, the island mode with shorter scan lines generates the lowest stress level, whereas the 
outer-inner scanning strategy, due to its longer path, shows higher stress accumulation. The 90° alternating 
scan and the island scan, with their shorter scan lines, produce the smallest vertical displacement and RS. 
Xu et al. [216] proposed a numerical method that integrates the scanning pattern with TO in parallel to 
design large laser-powder bed fusion (L-PBF) parts. A scanning pattern with more islands can provide the 
solver with more degrees of freedom, thereby more effectively reducing residual warpage and 
simultaneously enhancing structural stiffness. Chen et al. [217] developed a continuous laser scanning path 
optimization method and an adaptive level set adjustment strategy. The optimization applied to the L-



Intell. Sustain. Manuf. 2026, 3(2), 10016. doi:10.70322/ism.2026.10016 25 of 53 

 

shaped bracket indicates that by optimizing the scanning path, the maximum von Mises stress of the first 
and second layers was reduced by 11.3% and 7.20%, respectively. 

In addition to the traditional optimization of process parameters, the optimization of the structure and 
shape of materials and substrates, as well as the introduction of new heat and cold sources, also have a 
significant effect on the optimization of RS [218]. Chen et al. [219] systematically compared the effects of 
arc-shaped structures and straight structures on the RS of L-PBF. As shown in Figure 13b, the maximum 
RS of the triangular prism structure with sharp corners (1106.0 MPa) is higher than that of the block (1099.2 
MPa) and the cylindrical structure (1037.7 MPa) due to the high stress concentration factor and the tendency 
to experience local overheating. Sharp corners are an important factor in inducing cracking. In contrast, the 
cylindrical structure has a smooth transition, reducing the high-stress area. Therefore, using arc-shaped 
structures instead of straight, sharp corners can help reduce RS. Sun et al. [13] investigated the application 
of a thermomechanical protection structure based on a double-periodic continuous surface in L-PBF. Figure 
13d shows that, compared with traditional solid tensile specimens, the doubly periodic continuous surfaces 
(DPCSs) structure can more effectively disperse deformation and stress distribution, which is conducive to 
stress release during the manufacturing process and alleviates out-of-plane deformation and warpage. Yan 
et al. [220] compared the effects of quasi-continuous wave (QCW) and continuous wave (CW) laser modes. 
As shown in Figure 13c, at the same power, the maximum RTS can be reduced from 340 MPa to 205 MPa 
by using the QCW mode, a reduction of approximately 40%, and the surface stress state changes from being 
dominated by tensile stress to being dominated by compressive stress. 

The component geometric design and scanning strategy are the key process factors affecting the TRS 
in A/SHM. Optimizing the geometric structure and designing a reasonable scanning strategy can effectively 
control the heat input and temperature field, thereby significantly reducing the TRS and improving the 
performance and forming quality of the component. 

5.2. Post-Processing Optimization 

Researchers define the techniques for controlling and reducing RS in components after production as 
post-processing techniques, including annealing, hot isostatic pressing (HIP), and solution aging [221,222]. 
Generally, L-PBF parts undergo post-heat treatment cycles to reduce RS within the parts, although this 
increases the time and cost of the manufacturing process. These cycles prompt the material to respond to 
TRS, altering its mechanical properties without changing the material [221]. Through post-processing 
techniques, RS generated by rapid cooling rates and thermal gradients in A/SHM components can be 
effectively eliminated, thereby reducing the possibility of part warping or cracking and ensuring that the 
final properties of the alloy meet the specifications required for durability, reliability, and performance 
[223,224]. This section comprehensively introduces the optimization strategies of post-processing 
techniques for A/SHM components. 
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Figure 13. Optimization of scanning strategy and new methods. Rectangular block: (a) scan patterns and RS [7]; (b) The RS 
distribution of solid parts [219]; (c) simulated RS cloud images [220]; (d) contour map of deformation and stress for BULK and 
DPCSs [13]. 

5.2.1. Annealing Treatment and Solution Aging Treatment 

In A/SHM, the rapid melting and solidification of laser or electron beams lead to significant 
temperature gradients, causing TRS and phase-transformation stress, and forming high-density dislocations 
and lattice distortions. Annealing treatment heats the material to allow atoms to gain sufficient energy to 
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diffuse, intensifying dislocation movement and leading to annihilation or recombination. At the same time, 
it eliminates temperature gradients and reduces stress caused by uneven thermal expansion. Thus, RS is 
reduced or even completely eliminated [225,226]. Marchese et al. [227] investigated the effects of different 
annealing temperatures on L-PBF fabricated Inconel 625. The average stress was not significantly changed 
by the 600 °C treatment, but the local stress on the side surface decreased from 780 MPa to 450 MPa. When 
the temperature was raised to 870 °C, the maximum principal stress dropped from 600 MPa to 340 MPa. 
After the 1150 °C treatment, the stress slightly increased (about 360 MPa), and a transition from tensile to 
compressive stress occurred at a depth of approximately 0.6 mm, which might be related to carbide 
formation. Gu et al. [228] studied the effect of annealing treatment on the RS of SiC/Al composites. In the 
center of the initial state specimen, along line A, the radial RS gradually decreases to zero from the center 
to the surface, while the tangential and normal RS do not change significantly. Along line B, from the center 
to the surface, the radial RS gradually decreases to zero, the tangential RS gradually changes from tensile 
to compressive stress, and the normal RS remains relatively constant under compressive stress. After 
annealing, the macroscopic RS is approximately zero, both near the center and the surface, indicating that 
annealing effectively eliminates macroscopic RS. Guo et al. [32] analyzed the effect of annealing 
temperature on the RS of DED-repaired superalloys. As shown in Figure 14a,b, annealing at 600–800 °C 
reduced the average stress by approximately 75% and the maximum stress by 63–77%, annealing at 900 °C 
was even more effective, reducing the average and maximum stress by approximately 87% and 84%, 
respectively. The mechanism varies with temperature: at 600 °C, it is mainly stress relaxation, at 800 °C, it 
is superimposed with plastic deformation, at 900 °C, recrystallization and creep further occur, achieving 
almost complete stress relief. 

During the A/SHM process, the non-uniform temperature field and phase transformation volume 
changes caused by layer-by-layer deposition led to the accumulation of RTS. Solution treatment involves 
heating the metal to an appropriate temperature and holding it to allow alloying elements to dissolve fully 
and form a uniform solid solution, thereby eliminating local stress concentrations within the material due 
to rapid cooling or non-uniform temperature fields. Aging treatment involves the precipitation of solute 
atoms to form a dispersed second phase, thereby strengthening the material and adjusting the RS state, 
making the RS distribution more uniform. Solution aging reduces the RS in A/SHM components by 
homogenizing the microstructure and precipitating strengthening [221,229]. Liu et al. [38] proposed a novel 
hybrid AM process (USP + L-PBF) method. As shown in Figure 14c, aging treatment can partially reduce 
the tensile RS of L-PBF ultra-high strength aluminum alloy, while subsequent ultrasonic shot peening (USP) 
treatment can further convert it into beneficial compressive RS. The tensile and compressive stresses at 
different depths cancel each other out, improving the stress distribution. Zhan et al. [39] investigated the 
effect of solution temperature (890 °C, 930 °C, 980 °C, 1030 °C) on the RS of TC4 alloy prepared by LAM. 
As shown in Figure 14d, the RS increases slowly with the temperature rise below the Tβ (992 °C). After 
exceeding this temperature, the stress drops significantly. This is mainly related to the phase transformation 
behavior and the difference in stress relaxation ability of different microstructures. Tonelli et al. [40] 
systematically analyzed the effects of artificial aging and solution treatment on A357 alloy fabricated by 
L-PBF. As shown in Figure 14e, solution treatment at 200–300 °C can eliminate most of the RS, while a 
short period of artificial aging has a limited effect on reducing tensile stress. A longer holding time is 
required to more significantly relieve the stress. 
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Figure 14. Annealing treatment and solution aging treatment optimization. (a) distribution diagram of RS in the as-deposited 
and annealed specimens [32]; (b) stress relief mechanism of annealing treatment at different temperatures [32]; (c) RS 
distributions of the L-PBF, LPBF-HT, HAM, and HAM-HT samples [38]; (d) the average longitudinal RS in TC4 specimen after 
HT [39]; (e) raman spectra of the Si frequency of heat-treated samples compared to the L-PBF as-built sample [40]. 

5.2.2. Other Post-Processing Methods 

In addition to the common annealing treatment and solution aging treatment, post-treatment methods 
such as HIP and in-situ HT can also optimize the RS in the A/SHM process. Meanwhile, the rapid 
development of emerging field-assisted processes and LSP has shown unique advantages in optimizing and 
controlling RS [222,230]. This section will introduce the optimization and control of RS in A/SHM by 
other post-treatment methods in sequence. 

HIP treatment, through the combined effect of high temperature and high pressure, causes creep 
deformation in the material under the high-temperature environment, releasing the RTS accumulated during 
the rapid solidification and thermal cycling in the AM process. The high pressure promotes the closure of 
internal pores and eliminates stress concentration sources, thereby significantly reducing the RS in the 
A/SHM process [231,232]. Homami et al. [233] quantitatively studied the effect of HIP on RS relaxation 
based on a numerical model of hyperbolic sine creep law and TRS analysis. Figure 15a shows the equivalent 
von Mises stress at points A and B under 700 °C HT in a conventional furnace and 700 °C, 100 MPa applied 
isostatic pressure. At the initial stage of furnace treatment, due to the limited plastic deformation, the RS 
decreases approximately linearly. As the yield stress decreases during heating, the material’s ability to 
maintain elastic deformation weakens, leading to a transition from elastic strain to plastic strain, and 
subsequently, the RS decreases. The reduction in von Mises stress during HIP is driven by the combined 
effects of creep and plastic deformation, which are enhanced by the synergy of high temperature and 
increased pressure. At the beginning of the HIP process, the von Mises stress at both points decreases 
linearly, with a greater reduction compared to HT. During the holding stage, the reduction in von Mises 
stress continues but at a slower rate. This is mainly due to the saturation of creep and the plastic deformation 
mechanism, that is, the limited development of creep strain and no additional plastic deformation. Under 
furnace conditions, the stress reduction at point A is limited to 118 MPa, and at point B to 4 MPa. However, 
the application of pressure in HIP leads to further stress relaxation, reducing the stress at point A to 92 MPa 
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and almost eliminating the stress at point B (3 MPa). This comparison indicates that the additional driving 
force provided by pressure in HIP is crucial for enhancing plastic deformation and creep, thereby achieving 
more effective stress relaxation. Niu et al. [234] studied the effect of HIP on the micro-scale RS in nickel-
based single crystal superalloys. Figure 15b shows the distribution of RS in the dendrite stem and dendrite 
arm regions before and after HIP treatment. The range of RS values at five positions in the dendrite stem is 
approximately −650 MPa to 680 MPa. In the x-direction, all stresses are tensile, with a fluctuation range of 
approximately 260 MPa. In the y-direction, all stresses are compressive, with a fluctuation range of 
approximately 270 MPa. The RS values in the dendrite arm region range from −720 MPa to 670 MPa, and 
the RS characteristics in the x and y directions are similar to those in the dendrite stem. After HIP treatment, 
the RS on the dendrite stem of the single crystal matrix decreased by nearly an order of magnitude, but the 
RS characteristics in the x and y directions remained unchanged. The RS on the dendrite arm also decreased 
significantly, but the properties in the x and y directions changed, which may be attributed to the extensive 
microstructure homogenization in the interdendritic region during HIP and HT. Quantitatively, the RS in 
the nickel-based single crystal alloy was significantly reduced to <100 MPa, especially the tensile RS, 
which is crucial for maintaining the stability of the mechanical properties of single crystal superalloys 
during use. Zhou et al. [235] proposed a deep cryogenic treatment (DCT) to reduce the RS in L-PBF 
components. As shown in Figure 15c, the finished sample surface had a large tensile RS. The equivalent 
RS was as high as 126.9 ± 14.8 MPa. The RS of the HT sample was 29.8 ± 3.2 MPa, a reduction of 76.5% 
in stress. HT eliminated the ultrafine microstructure obtained during L-PBF and simultaneously coarsened 
and homogenized the microstructure, thereby significantly reducing the RS. DCT reduced the RS to 34.6 ± 
1.6 MPa, a reduction of approximately 72.7%. The principle is that DCT causes inconsistent volume 
contraction between the Al matrix and the eutectic-Si network, and that plastic deformation occurs during 
the soaking process, resulting in compressive RS that remains in the sample upon reheating to room 
temperature. Therefore, the remaining compressive RS ultimately offsets part of the initial tensile stress, 
leading to a reduction in RS. Adding an auxiliary thermal field in the AM process to reduce the thermal 
gradient and cooling rate can alleviate the TRS [230]. Ding et al. [236] experimentally analyzed and 
conducted FE simulations to study the effect of substrate preheating on the RS of laser direct energy 
deposition (LDED) fabricated 12CrNi2 steel. As shown in Figure 15d, the RS on the surface of 12CrNi2 
low alloy steel decreased with the increase in preheating temperature. Bai et al. [237] used FE simulation 
to compare the effects of preheating and post-heating on the RS of deposited materials and proposed that 
preheating is more beneficial for eliminating RS, as shown in Figure 15e. Martina et al. [238] demonstrated 
that interlayer rolling at a force of 75 kN in Ti-6Al-4V walls can reduce the RS at the interface between the 
deposit and the substrate by 60%, as shown in Figure 15f. For LSP-assisted AM, LSP can change the RS 
state of LPBF-processed parts from tensile to compressive stress and significantly reduce the deformation 
of the parts [230], as shown in Figure 15g. Zhao et al. [239] established a simulation model to reveal the 
evolution of stress and strain during in-situ rolling-assisted WAAM. The results indicated that rolling 
increased the strain in the weld bead and reduced the RTS on the surface, as shown in Figure 15h. Shen et 
al. [240] used FE simulation to study the effect of induction HT on the RS of C-shaped steel components 
fabricated by WAAM. Figure 15i shows that the initial stress was concentrated at the corners, and induction 
HT eliminated the stress concentration at the corners, making the stress distribution more uniform. 
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Figure 15. New post-processing optimization. (a) Equivalent von Mises stress [233]; (b) RS of as-casted nickel-based single-
crystal superalloy and as-HIPed alloys [234]; (c) equivalent RS measured by hole-drilling method and schematic diagram of 
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plastic deformation [235]; (d) RS distribution simulation in an LDED-built 12CrNi2 low alloy steel [236]; (e) RS distribution 
simulations of a WAAM-built ER70S-6 under different in-situ induction heating processes [237]; (f) interlayer rolling assisted 
WAAM Ti-6Al-4V [238]; (g) LSP assisted L-PBF 316 L [230]; (h) in-situ rolling assisted WAAM Inconel 718 [239]; (i) 
simulation results of stress field and variation of RS under the maximum stress principle [240]. 

5.3. Material Selection and Modification 

Material selection determines the base level of RS in A/SHM, while material modification further 
optimizes or mitigates RS by regulating microstructure, composition, or interface characteristics [241,242]. 
The inherent physical, chemical, and mechanical properties of materials can directly affect the thermal 
gradient, phase transformation effect, and plastic deformation capacity during the A/SHM process, thereby 
determining the initial state of RS. Material modification, under the premise of basic material selection, 
alleviates RS through adjustments in microstructure, composition, or interface [243,244]. This chapter 
systematically introduces the application of new materials and the impact of material modification on the 
optimization of RS. 

5.3.1. Application of Advanced Novel Materials 

High-entropy alloys exhibit unique novel microstructures and excellent performance combinations due 
to the multi-principal element mixing entropy effect. By reducing the stacking fault energy through trace 
alloying, dislocations can be induced to shift from cellular slip to planar slip, and stacking faults/twins can 
be promoted to dissipate TRS. The nanocrystals and high-density dislocations formed during rapid 
solidification in L-PBF can disperse stress concentration [245,246]. Bui et al. [247] studied the deformation 
and processing mechanisms of nanocrystalline Ni–Co–Cr–Fe high-entropy alloys. As shown in Figure 16a, 
the von Mises stress rapidly rose to the maximum with the appearance of dislocations and then gradually 
decreased, indicating that dislocations led to stress release in the specimens. The von Mises stress of the 
Ni25Co25Cr30Fe20 specimen was always higher than that of the other specimens. Meanwhile, during the 
cutting process, the von Mises stress of the Ni30Co20Cr25Fe25 specimen was the lowest. For polycrystalline 
specimens, due to the ability of polycrystals to suppress dislocation propagation and transfer GB stress and 
strain, the von Mises stress value of single-crystal specimens was higher than that of polycrystalline 
specimens during the cutting process. Lin et al. [248] studied the effect of different brazing temperatures 
on the RS of the new material composed of Nb0.74CoCrFeNi2 eutectic high-entropy alloy filler connecting 
SiC and Mo. The FE analysis results in Figure 16b show that the presence of the Cr0.46Mo0.4Si0.14 phase was 
not conducive to the release of RS. With increasing brazing temperature, the content of the Cr0.46Mo0.4Si0.14 
phase gradually decreased, which was beneficial for improving joint strength. At a brazing temperature of 
1300 °C, the Cr0.46Mo0.4Si0.14 phase in the brazing seam almost disappeared, thereby completely eliminating 
the stress. Li et al. [249] showed ND and FE modeling to study the RS distribution in Co–Cr–Fe–Mn–Ni 
high-entropy alloy prepared by LMD. As shown in Figure 16c, the stress gradient was significant, and all 
stress components decreased gradually along the build direction. The compressive RS gradually decreased 
along the build direction, which could be attributed to the thermal constraints, complex thermal cycles, and 
different temperature gradients along the deposition direction during the LMD process. Sun et al. [250] 
improved the RS state by introducing in-situ Al alloying into the high-entropy alloy Co–Cr–Fe–Ni. As 
shown in Figure 16d, the minimum RS was obtained in the 0.5Al sample. For the 0.5Al sample, during the 
initial solidification process, Al was separated into the dendrite interstices/boundary regions, forming a 
continuous liquid film. After further cooling, the B2/body-centred cubic phase would appear as isolated 
islands, and due to thermal contraction, high tensile residual strain was generated. Under the combined 
effect of molar volume expansion and plastic deformation, they could effectively eliminate RS/strain. In 
some cases, if the proportion of the B2/body-centred cubic phase was high enough, they could transform 
the RS from tensile to compressive, which was very beneficial for reducing hot tearing. Yang et al. [30] 
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proposed a model for predicting RS in thin-walled structures of SS316/IN718 FGMs fabricated by DED 
and studied the effect of material gradient angle on the RS of the component. Figure 16e shows that in the 
FGMs thin-walled structure dominated by vertical orientation, the maximum tensile RS is proportional to 
the material gradient angle (θ1). Conversely, increasing the material gradient angle (θ2) in the horizontally 
dominated thin-walled structure leads to greater compressive RS in the top region of the FGMs structure. 
This is due to the mismatch in CTE between SS316 and IN718, which restricts the thermal expansion of 
the top surface material. Additionally, because the material transition from SS316 to IN718 is smoother in 
the build direction, the RS fluctuation along the selected path in the build (Z) direction is less in the 
horizontally dominated FGMs wall than in the vertically dominated wall. 

 

Figure 16. Optimization of New Material Applications. (a) The von Mises stress for various alloy compositions [247]; (b) FE 
analysis results [248]; (c) distribution of RS components in the LMDed- Co–Cr–Fe–Mn–Ni HEA specimen [249]; (d) schematics 
of RS minimization for Al0.5CoCrFeNi sample [250]; (e) effects of material transitional angles on the RS distributions [30]. 

5.3.2. Material Modification 

Material modification achieves the optimization of material’s thermal physical properties and 
mechanical response capabilities by actively regulating the microstructure, composition distribution, or 
interface characteristics of metals, thereby achieving precise alleviation or directional regulation of RS in 
A/SHM [251,252]. Chen et al. [253] designed and constructed a WC/Co composite modified layer on the 
surface of diamond, and uniformly mixed it with the typical CuSn alloy binder. FE simulation was used to 
compare and analyze the distribution characteristics and changes of RS before and after interface 
modification. Figure 17a,c shows that the WC/Co composite coating on the surface of diamond particles 
significantly improved the interface bonding state with the CuSn matrix. The presence of WC/Co coating 
not only reduced the RS at the interface of the diamond composite material but also narrowed the impact 
range of high RS near the interface. The WC/Co coating reduced the overall RS of the composite material, 
and the maximum RS at the interface was 11.8% lower than that of the uncoated material. The WC/Co 
composite coating first undergoes plastic deformation during cooling, reducing the accumulation of RS 
near the interface between diamond and CuSn matrix, thereby reducing the influence range of RS and high 
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stress at the interface, and effectively playing the role of a stress elimination mechanism. Wang et al. [254] 
studied the effect of Cr element on RS in Cu–Al2O3 composite materials. Figure 17b shows the RS 
distribution of copper-based composite materials along the x-axis direction. The interface RS of Cu–Al2O3 
(39.4 MPa) was higher than that of Cu–Cr (7.67 MPa) and Cr–Al2O3 (33.6 MPa). The higher interface RS 
in Cu–Al2O3 composite material led to interface debonding, resulting in interface microcracks. On the other 
hand, the Cu–Cr–Al2O3 composite material with reduced interface RS could withstand higher applied stress. 
Therefore, the discontinuous nanoscale Cr transition zone between the Cu matrix and Al2O3 nanoparticles 
reduced the interface RS, improved interface bonding, and ultimately increased the hardness and 
compressive properties of Cu–Cr–Al2O3 composite materials. Austin et al. [255] proposed a new method 
to control the release of RS in fused filament fabrication printing structures by incorporating nanoscale 
additives into filament raw materials. Figure 17d,e shows that these additives would affect the nanoscale 
and mesoscopic structure of polymer chains, ultimately changing the degree of relaxation of the overall 
printing in the annealing process. The observed continuous relaxation of the printed overall structure during 
thermal annealing led to y-axis contraction and z-axis elongation. The degree of RS release depends on the 
formulation of the raw materials used for the printed overall structure and whether it is exposed to in-situ 
ultraviolet illumination during the printing process. In samples where photoinitiators or graphene raw 
materials were used for printing and exposed to ultraviolet radiation during the printing process, an 
irreversible reduction in thermal strain was observed (related to the inhibition of RS release). This change 
in RS is attributed to chemical reactions that limit the movement of polymer chain segments within the 
structure. Micheal et al. [256] studied the effect of ultrasonic nano-crystal surface modification on RS in 
ATI718plus alloy. The static load of UNSM1 was 20 N, with an amplitude of 8 μm, and UNSM2 was 40 
N with an amplitude of 16 μm, with other conditions being equal. Figure 17f shows that the RS depth in 
the X and Y directions of the two ultrasonic nanocrystal surface modification (UNSM) conditions exhibits 
a similar trend, but the amplitude has changed. The surface RS of UNSM1 was approximately −1209 MPa, 
and that of UNSM2 was approximately −1376 MPa. The amplitude of RS near the surface area increased 
slightly and gradually decreased with depth. The surface RS after UNSM treatment was relatively high, 
and after approximately 250 μm, its amplitude gradually decreased to a more or less constant value. Overall, 
the RS, hardening, and full-width at half-maximum size of UNSM2 were slightly higher than those of the 
equivalent depth in the other two cases. Gill et al. [257] studied the effects of LSP, cavitation shotless 
peening, and UNSM on the RS field of nickel-based superalloys. Figure 17g shows that the RS field 
introduced by LSP is close to the isotropic double axis, and the RS distributions in the two directions differ 
little within the first 150 μm. Cavitation shotless peening introduces an isotropic double-axis RS field. 
UNSM introduces a non-isotropic stress field, with significant differences in the stress size on the surface, 
although such differences only occur within the first 150 μm. Maleki et al. [35] studied the effects of 
peening, laser impact peening, and ultrasonic nano-crystal surface modification on RS and fatigue strength 
of Inconel 718. Figure 17h,i show that the compressive RS induced by UNSM and severe shot peening at 
a depth of 500 μm is less than −50 MPa, while the compressive RS induced by LSP at the same depth is 
approximately −200 MPa. The results indicate that UNSM treatment significantly increases the 
compressive RS field in the surface and internal depths. After UNSM, severe shot peening and LSP 
treatments, each treatment using the highest kinetic energy resulted in a fatigue life increase of 5.25 times, 
3.71 times, and 3.21 times, respectively. This trend can be attributed to the compressive RS and grain 
refinement at the surface layer. 
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Figure 17. Optimization of material modification. (a) RS and equivalent plastic strain distribution after sintering cooling [253]; 
(b) contour of RS field for interfaces in Cu–Al2O3 and Cu–Cr–Al2O3 composite [254]; (c) comparison of measured and simulated 
RS [253]; the variation of irreversible thermal strain with annealing time: (d) before irradiation, (e) after irradiation [255]; (f) 
RS in both X-direction and Y-direction [256]; (g) RS vs. Depth for two principal axes [257]; (h) distribution of the compressive 
RS [35]; (i) distributions of the compressive RS in the fatigued specimens [35]. 

6. Application Cases of Residual Stress in Additive/Subtractive Hybrid Manufacturing 

The thermal gradient during the A/SHM process leads to the concentration of RS, which may cause 
structural deformation, crack propagation, and even fatigue failure, severely restricting its application in 
high-precision fields such as aerospace, medical devices, and automotive manufacturing [258,259]. With 
the rapid development of TO algorithms and AI, which provides significant assistance in controlling the 
RS during the optimization of the A/SHM process and expanding its application fields [5], as shown in 
Figure 18a,b. Space-time TO incorporates the manufacturing sequence into the algorithm through pseudo-
time field encoding and a layer-by-layer accumulation process, combined with the anisotropic inherent 
strain model to predict the stress distribution, ultimately achieving the global regulation of RS [260]. The 
RS—process parameter mapping relationship based on artificial neural networks can predict risks before 
printing and optimize the path [5], as shown in Figure 18c. This chapter will systematically explain the 
influence of RS from three major fields: aerospace, biomedicine, and automotive manufacturing. 
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Figure 18. The optimized application of intelligent algorithms. (a) TO application [5]; (b) TO process [5]; (c) flowchart of BA-
driven optimization framework [261]. 

6.1. Applications in the Aerospace 

Aerospace parts are usually made of difficult-to-machine materials such as titanium alloys and 
aluminum alloys. During the AM process, the huge temperature gradients generated by local melting and 
solidification can lead to extremely high RS. When these stresses exceed the yield strength of the material, 
they will directly cause the parts to crack during the manufacturing process or to undergo delayed cracking 
when subjected to loads during service, seriously threatening flight safety. The core components, such as 
aircraft engine blades and fuselage load-bearing parts are subjected to cyclic loads for a long time, and the 
RS will superimpose with external loads, forming stress concentration on the surface or at defects, 
accelerating the initiation and expansion of fatigue cracks, and significantly shortening the service life of 
the parts [262,263]. Zhang et al. [264] proposed an active method in the process to control the influence of 
bulk RS and machining induced RS on the deformation of aerospace thin-walled components. This 
technology is based on balancing the deformation generated by bulk RS and machining induced RS after 
each cutting with the equivalent deformation produced by the external force applied by the active fixture 
system. Compared with the zero-sum and total process relaxation strategies, the distortion was reduced by 
18.3% and 42.9%, respectively. Dixit et al. [41] manufactured and tested a new generation liquid-to-liquid 
heat exchangers using a gyroscope lattice structure. Compared with traditional heat exchangers, the new 
design performs better in controlling TRS and thermal performance stability, as shown in Figure 19a. Ji et 
al. [265] found that in the FSW process of Al–Li alloy, using liquid nitrogen trailing cooling, the peak 
temperature of the weld seam decreased from 350 °C to 250 °C, and the longitudinal RS decreased by 
23.8%. Hanush et al. [266] studied the optimization of RS in aerospace brackets using integrated TO design 
and A/SHM. Figure 19c shows that the optimized bracket weight was reduced by 44.8%, the safety factor 
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standard required under all load conditions was 2–2.3, and the SLM process parameters were 80 W of laser 
power, a scanning speed of 1000 mm/s, and a cabin surface spacing of 90 μm, which minimized the RS. 

 

Figure 19. Applications in the aerospace. (a) representation of optimization analysis of thermal aspects for the new generation 
of optimized HX [41,42]; actual and proposed used of 3rd generation Al–Li alloys in (b) transport aircraft [267] (c) von-mises 
stress analysis [268]. 

6.2. Application in the Field of Medical Devices 

Figure 20 shows the practical application of A/SHM in the medical field. Compared with traditional 
manufacturing techniques, A/SHM technology is transforming the design and manufacturing of medical 
devices by reducing RS on implant surfaces and on complex surgical instruments, offering unprecedented 
freedom to create personalized patient solutions and to manufacture intricate structures [269,270]. The 
surface RS concentration areas of traditional mechanically processed titanium alloy implants are prone to 
microcrack propagation, leading to an imbalance in the stress distribution at the interface between the 
implant and bone tissue. Compared with traditional manufacturing processes, A/SHM implants have 
significantly improved biocompatibility, such as tracheal, ankle-foot orthoses, and heart stents [271,272]. 
In the A/SHM process of ankle-foot orthoses, researchers analyzed the influence of the printing direction 
on RS and deformation through FE simulation [43]. Figure 20a indicates that 45° printing can enhance the 
mechanical properties of the orthosis because the forces applied during use are mainly horizontal. 
Theoretically, the 45° direction can achieve better stress distribution throughout the printed structure, 
thereby increasing mechanical resistance. Figure 20b shows that in the design of intraosseous mandibular 
implants, the von Mises stress values of the fully non-lattice (~40 MPa) and fully lattice (~15 MPa) design 
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models are both lower than the yield strength of Ti-6Al-4V, with stress concentration in the angle area of 
the mandibular implant [273]. Figure 20c shows that in the A/SHM process of tibial components, the design 
of support structures plays an important role in reducing deformation. Block structures are more effective 
in reducing deformation compared to rod structures [274]. Modifying A/SHM parameters can ensure a 
stable oxide layer on titanium alloy implants, thereby improving biocompatibility [275]. 

 

Figure 20. Applications in the biomedical field. (a) simulation results for orthosis at 45° [43]; (b) the distributions of the von 
Mises stresses in the implant models [273]; (c) total distortion distribution of as-built tibial component with different support 
structures [274]. 

6.3. Applications in Automobile Manufacturing 

In the current automotive manufacturing industry, the automotive alloy parts fabricated by A/SHM are 
mainly used to reduce weight, thereby achieving the goal of lowering the overall fuel consumption, power 
consumption, and air resistance of vehicles, and enabling vehicles to fully exert their performance [276,277]. 
Sun et al. [44] developed a FE-based sequential coupling method to optimize the thin-walled structures 
used in automotive parts. As shown in Figure 21b, the crashworthiness design without considering the 
residual forming effect and the fluctuations of design variables and manufacturing parameters will lead to 
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unreliable or even infeasible designs. Wang et al. [278] conducted multi-objective optimization on the front 
longitudinal beam made of H340LAD high-strength steel by coupling stamping and crash analysis. In the 
crash simulation considering the residual stamping data, the trend of increasing crushing force with 
deformation is greater compared to that without considering the residual stamping data. The analysis results 
fully demonstrate that in the design stage of body components, the stamping history should be considered 
to accurately evaluate the crashworthiness, as shown in Figure 21c. Seobin et al. [279] proposed a ML-
driven intelligent fixture. It enables the detection of micro-level quality issues caused by RS during 
production without interrupting the continuous manufacturing process. This method has been successfully 
validated on a commercial vehicle production line, achieving an accuracy rate of 97.7%, as shown in Figure 
21d. In summary, RS is a key issue that must be properly addressed to enable the large-scale, high-reliability 
application of metal AM technology in the automotive field. Through full-process collaborative control of 
design, process, simulation, and post-processing, RS can be effectively controlled, thereby fully leveraging 
the huge potential of A/SHM in manufacturing complex, lightweight, and high-performance automotive 
parts [280,281]. 

 

Figure 21. Applications in automobile manufacturing. (a) Anti-collision beam with negative Poisson’s ratio constructed from 
Re-entrant structures for automotive applications [277]; (b) the schematic of sequentially coupled stamping and crushing 
simulation [44]; (c) schematic of vehicle front longitudinal beam [278]; (d) hardware system of the smart welding jig [279]. 

7. Conclusions 

This paper introduces the characteristics of RS in the A/SHM manufacturing process and investigates 
the distribution law of the stress field during fabrication. The objective is to achieve an in-depth 
understanding of fundamental research on RS in components fabricated via the A/SHM process, as well as 
to elucidate the mechanism by which process parameters influence the formation and distribution of RS. 
Following a discussion on the formation mechanism of RS and the characterization of the stress field, the 
selection of appropriate process parameters can effectively control RS, enhance mechanical properties, and 
meet the quality and performance requirements of formed components, as shown in Figure 22. Finally, the 
basic theory of the A/SHM process is presented, and the following conclusions are drawn: 



Intell. Sustain. Manuf. 2026, 3(2), 10016. doi:10.70322/ism.2026.10016 39 of 53 

 

(1) In A/SHM technology, RS primarily arises from significant temperature gradients and is influenced by 
factors such as thermal history, phase transformations, crystal structure, and differences in the 
material’s coefficient of thermal expansion. Its characteristics include multi-source superposition, 
anisotropy, interface concentration, and coupling among thermal-mechanical-microstructure effects. 
The evolution pattern of A/SHM stress is as follows: during the AM stage, stress generation is 
dominated by thermal accumulation, during the SM stage, relaxation and redistribution occur, while 
alternating processing between layers enables dynamic control, ultimately affecting the dimensional 
accuracy and mechanical properties of the component. 

(2) In the A/SHM process, interlayer milling actively controls RS through a deposition-milling-deposition 
cycle: ultrasonic rolling introduces compressive stress up to 0.4 mm deep, high-temperature milling 
reduces tensile stress, and 30-s intermittent cooling decreases peak stress from 458 MPa to 372 MPa, 
while low-temperature intermittent cooling converts tensile stress into compressive stress with a 41% 
reduction. Additionally, stress can be regulated by controlling material properties, process parameters, 
geometry, and environmental conditions: increasing laser energy density helps reduce RS, scanning 
strategies influence temperature gradients and melt pool behavior, and different materials modulate 
interface stress distribution, thereby affecting component performance. 

(3) Measuring RS evolution in A/SHM is highly challenging, with diverse techniques available: XRD and 
ND rely on changes in interplanar spacing, with ND offering greater penetration depth, the drilling 
method is semi-destructive and low-cost, commonly used for model validation, contour methods infer 
stress by analyzing deformation after cutting; nanoindentation is efficient and non-destructive but 
requires further refinement of its models, and magnetic memory detects stress concentration zones. In 
recent years, closed-loop prediction systems integrating multi-source sensing and ML, such as support 
vector regression, deep learning, and physics-guided models, have been developed, significantly 
improving prediction efficiency. However, data-driven approaches still face limitations, including 
inconsistent data quality, lack of unified calibration standards, and poor model generalizability. 

(4) In traditional process optimization, the lowest RS can be achieved using a scanning speed of 1000 
mm/s, a layer thickness of 60 μm, moderate laser power, and a short-path island scanning strategy. 
Interface stress can be further optimized by modifying the material-matrix structure, altering its 
properties, and controlling the coefficient of thermal expansion. Regarding high-temperature 
treatments: annealing enhances stress relaxation as temperature increases; solution aging promotes 
stress homogenization; hot isostatic pressing reduces porosity and stress concentrations; and 
introducing auxiliary fields enables control of phase transformation and thermal history, thereby 
improving the stress state and mechanical properties. 

The core development direction for RS control in future A/SHM lies in establishing an integrated 
intelligent closed-loop system that encompasses real-time sensing, multi-scale modeling, intelligent 
prediction, and closed-loop control, enabling a paradigm shift from passive compensation to active 
regulation. Digital twin, as a virtual-physical mapping platform, supports dynamic calibration of processing 
parameters and ultra-real-time simulation by integrating multi-physics models of thermal-mechanical-
microstructural behavior with real-time sensor data, providing a high-fidelity virtual mirror for stress 
control. AI-based stress prediction leverages graph attention networks, temporal convolutional networks, 
and physics-informed neural networks to increase prediction speed by thousands of times while maintaining 
accuracy, making in-situ stress perception feasible. Combined with Bayesian optimization and 
reinforcement learning, AI is evolving from surrogate models into intelligent decision engines. Multi-scale 
coupled simulation bridges microscopic dislocation slip and precipitate distribution with macroscopic 
temperature/stress fields, achieving a balance between computational efficiency and accuracy through an 
improved dynamic intrinsic strain method. By embedding microscale mechanisms into the FE framework 
via user-defined material subroutines, it enables cross-scale predictive capabilities. Real-time stress control 
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and closed-loop process management integrate in-situ XRD, 3D-DIC, and synchrotron radiation monitoring 
techniques to form a sense–analyze–decide–act feedback loop: online acquisition of thermal, mechanical, 
and deformation signals is rapidly inverted using edge computing and AI models to determine stress states, 
dynamically adjusting laser power, scanning strategies, interlayer treatments, and SM intervention timing 
to achieve adaptive manufacturing. These technological dimensions are not developed in isolation but are 
deeply interconnected: digital twins provide validation environments for AI, AI endows digital twins with 
ultra-real-time prediction capabilities, and physical mechanisms revealed by multi-scale simulations inject 
prior knowledge into AI models, while the closed-loop system integrates all these capabilities. With the 
convergence of frontier technologies such as 4D printing, synchrotron radiation, and strong magnetic fields, 
precise prediction and active control of RS will fundamentally expand the application boundaries of A/SHM 
in high-end manufacturing sectors, including aerospace, automotive, and biomedical industries, unlocking 
design freedom and performance potential, and driving the transformation of manufacturing toward 
intelligent, high-precision, and highly reliable production. 

 

Figure 22. A Review of RS Characteristics in A/SHM. 
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