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Abstract 

Laser Metal Deposition (LMD) is a powerful technique for fabricating and repairing complex metal components. However, it 

often results in residual stresses, uneven microstructures, and inconsistent mechanical properties due to the rapid thermal cycling. 

Laser-Based Heat Treatment (LBHT) offers a precise, localised post-processing solution to address these challenges, but its 

application to 17-4 PH stainless steel processed with LMD remains underexplored. This systematic review analysed 55 peer-

reviewed studies published between 2015 and 2025, sourced from Scopus, Web of Science, Taylor & Francis Online, and IEEE 

Xplore. It focused on how LBHT processes parameters such as laser power, scan speed, laser beam diameter, and over-lap ratio 

affect microstructural evolution, stress relief, precipitation behaviour, and recovery of mechanical performance in LMD 17-4 

PH. The review highlights the advantages of LBHT over conventional furnace heat treatments. However, significant gaps remain, 

including the lack of standardised process parameters, the minimal integration of in situ LBHT during LMD, and limited long-

term performance data. Key recommendations include developing hybrid LMD-LBHT systems, applying machine learning to 

optimise process parameters, and establishing standardised testing and evaluation protocols. This review provides a 

comprehensive foundation for driving research and enabling reliable use of LBHT in the additive manufacturing of 17-4 PH 

components. 
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1. Introduction 

Additive manufacturing (AM) has redefined modern pro-

duction, unlocking the ability to produce, refurbish, and repair 

intricate designs with customised properties. Laser Metal 

Deposition (LMD), which falls within the broader category of 

Directed Energy Deposition (DED), uses a laser to fuse metal 

powder or wire to build up a component layer by layer. LMD 

is attracting attention due to its ability to build and repair com-

ponents while keeping material waste to a minimum [1]. LMD 

is also known as Direct Metal Deposition (DMD) and Laser 

Cladding (LC). Additive manufacturing (AM) is classified 

into seven categories according to the ISO/ASTM 52900 

standard, namely material extrusion, vat photopolymerization, 
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binder jetting, material jetting, powder bed fusion, sheet lam-

ination, and directed energy deposition [2]. An overview of 

the classification categories is shown in Figure 1. 

 
Figure 1. Overview of AM processes. 

Laser Metal Deposition (LMD) uses the energy from a laser 

beam to form a molten pool on the surface of a metal part or 

substrate. During deposition, metal powder (or wire) is fed 

into the melt pool, where a metallurgical bond is formed with 

the base material upon solidification [3]. The laser beam and 

the nozzle move simultaneously, adding material layer-by-

layer to build up the part or surface. This process is used for 

applications such as the repair and remanufacturing of worn 

or damaged components, cladding to resist wear and corrosion, 

the manufacturing of difficult-to-machine materials, and the 

production of near-net shapes [4]. LMD is widely used in in-

dustry on a variety of alloys, including the heat-sensitive pre-

cipitation hardening stainless steel alloy 17-4 PH (equivalent 

to AISI Grade 630, Werkstoff 1.4542, and X5CrNiCuNb16-4) 

[5]. 

17-4 PH, a martensitic precipitation hardening stainless 

steel, is a high-performance alloy, distinguished for its re-

markable combination of high strength, good toughness, and 

excellent corrosion resistance [6]. These properties are 

achieved primarily through precipitation strengthening, where 

fine copper-rich precipitates form within a martensitic matrix 

due to the age-hardening treatment [7]. As a result of these 

excellent characteristics, 17-4 PH is widely used in the auto-

motive (including electric vehicle components), aerospace, 

marine, chemical processing, and power generation industries. 

In its conventional wrought form (condition A), 17-4 PH 

generally shows a fully martensitic microstructure with minor 

amounts of delta (δ) ferrite and no precipitates [8]. The stand-

ard heat treatment cycle for this alloy includes solution heat 

treatment, which dissolves all alloying and trace elements, fol-

lowed by an age-hardening treatment that results in the pre-

cipitation of coherent copper-rich clusters. These clusters sig-

nificantly improve the mechanical properties of 17-4 PH [9, 

10]. However, extended ageing can lead to the transformation 

of these precipitates into incoherent ε-Cu particles with a face-

centred cubic (FCC) structure, an established phenomenon 

known as overaging, which results in a reduction in strength 

and hardness [11]. The copper-rich precipitates hinder the 

movement of dislocations, thus improving the strength of the 

alloy [12]. 

When layers are built on 17-4 PH base material during 

LMD processes, 17-4 PH undergoes rapid heating and cooling 

cycles that can significantly alter its microstructure [4]. The 

high thermal gradients and fast solidification rates character-

istic of LMD can interfere with the controlled precipitation 

process that the alloy depends on for its mechanical perfor-

mance [1]. This introduces several challenges, including mi-

crostructural variations, residual stresses, and hardness varia-

tions [13]. Rapid solidification can produce unwanted phases, 

such as retained austenite or brittle intermetallic, which nega-

tively impact the mechanical properties of the alloy. Further-

more, thermal cycling introduces tensile residual stresses that 

can cause distortion or cracking [14]. Additionally, if the heat 

input is not carefully controlled, the material may exhibit un-

even hardness due to the improper ageing process and/or in-

complete transformation to martensite of the deposited layer, 

which can compromise the overall performance of the compo-

nent and will require a further heat treatment process to re-

cover the desired properties [15]. 

Laser-based heat treatment (LBHT) is a laser-assisted ap-

proach that aims to improve the microstructure of metal parts, 
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reduce stresses generated during layer build-up, and improve 

their overall mechanical properties [16]. It can be applied ei-

ther during additive manufacturing processes, such as LMD, 

or as a post-processing method after part fabrication. Unlike 

conventional heat treatment processes, which involve heating 

an entire component in a furnace for extended periods [13, 17], 

LBHT uses a defocused laser beam (Δf > 0) to induce heat on 

the surface/area of concern. This allows for the targeted heat 

treatment of specific zones, avoiding excess heat and reducing 

distortion, which is particularly beneficial for intricate shapes 

or thin-walled components [18, 19]. A schematic representa-

tion of the LBHT process is shown in Figure 2 [20]. 

 
Figure 2. Schematic of the LBHT process and associated zones 

within a steel alloy [20]. 

The high thermal gradients and rapid heating and cooling 

cycles during LBHT enable fine control over microstructural 

transformations, such as precipitation of strengthening phases 

[21, 22]. Heat treatments that prefer high thermal gradients 

typically involve rapid cooling processes, such as quench 

hardening and solution heat treatment, used to produce rapid 

micro-structural changes and form specific phases, such as 

martensite or supersaturated solid solutions, which require 

quick temperature decreases to prevent equilibrium phase for-

mation [23]. The thermal gradients can be controlled by ad-

justing laser parameters (power, scan speed, beam size), opti-

mising laser scan strategies (pattern, length, angle), using in-

process thermal management such as preheating the baseplate 

or using multiple beams, and employing real-time monitoring 

and closed-loop control systems to adjust parameters based on 

measured thermal data [24]. 

During in-situ applications, LBHT can be coordinated with 

the layer-by-layer laser scanning process to refine the micro-

structure in real time and mitigate stress accumulation [25]. 

As a post-process method, it can mitigate microstructural ir-

regularities like a tempering or normalising heat treatment and 

relieve residual stresses induced by rapid solidification and 

thermal cycling during manufacturing. Unlike conventional 

heat treatment processes, LBHT offers faster processing times, 

higher energy efficiency, and a reduced risk of part distortion 

or cracking [26]. These advantages make it a viable option to 

achieve localised improvements in mechanical properties and 

improve the performance of components manufactured using 

additive manufacturing techniques [27]. 

The objectives of this review article are to identify the es-

sential parameters controlling the effectiveness of LBHT, to 

evaluate its influence on the mechanical and microstructural 

properties of 17-4 PH in the post-LMD state, and to identify 

gaps in the literature that limit the advancement of LBHT 

strategies for additively manufactured components. Unlike 

prior reviews that examined general laser post-treatments, this 

work exclusively focuses on LBHT applied to LMD-pro-

cessed precipitation-hardening steels. 

The remainder of this article is organised as follows. Sec-

tion 2 outlines the systematic methodology used in this review, 

including the formulation of focused research questions and 

the structured process used to identify, select, and evaluate the 

articles selected for this study. Section 3 presents a compre-

hensive review of existing research on LMD of 17-4 PH stain-

less steel, highlighting its process characteristics, challenges, 

and the need for post-processing interventions. Section 4 re-

views the application of LBHT to 17-4 PH stainless steel, with 

a focus on identifying critical process parameters and their ef-

fects on microstructural and mechanical properties in the post-

LMD state. Section 5 synthesises the findings on laser-based 

heat treatment. Section 6 presents the main knowledge gaps, 

limitations, and unresolved issues in the current body of liter-

ature that hinder the effective implementation of localised heat 

treatment strategies in additive manufacturing. Also, it sum-

marises the important findings and outlines recommendations 

for future research aimed at advancing the integration of 

LBHT in the additive manufacturing of heat-sensitive alloys 

such as 17-4 PH stainless steel. 

2. Review Methodology 

A systematic review of the literature on laser-based heat 

treatment (LBHT) was conducted for laser metal deposition 

(LMD) clad layers on heat-sensitive alloy 17-4 PH, adopting 

a transparent methodology to minimise potential bias [28, 29]. 

Due to the limited number of studies specifically addressing 

LBHT after LMD, this review also includes some relevant lit-

erature on LBHT applied to as-built alloys. Primary research 

questions are derived from established methodologies, find-

ings, and challenges highlighted in the literature on additive 

manufacturing, post-processing, and precipitation-hardened 

steels [13, 18]. The main research questions are: 

1) Q1: What is the current state of knowledge regarding the 

effectiveness of laser-based heat treatment techniques in 

restoring the mechanical properties and microstructural 

integrity of 17-4 PH stainless steel after Laser Metal 

Deposition (LMD)? 

2) Q2: What laser processing parameters have been re-

ported in the literature, and how do these parameters in-

fluence the outcomes of heat treatment on the heat-af-

fected zones and deposited layers of 17-4 PH stainless 

steel? 

For Q1, existing literature was categorised according to the 

effectiveness of laser heat treatments in restoring hardness and 
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refining the microstructure (reduced grain size and other struc-

tural features) in both the heat-affected zone (HAZ) and the 

deposited clad layer of 17-4 PH stainless steel after LMD. The 

review highlights the extent of mechanical property recovery, 

including measurable improvements in hardness, microstruc-

tural refinement, and the mitigation of undesirable effects 

such as over-ageing caused by initial additive manufacturing 

thermal cycles. 

Answers for Q2 allowed for the analysis of reported laser 

processing parameters, including laser power, scan speed, 

beam spot diameter, and overlap, to uncover current best prac-

tices in parameter selection and optimisation for laser-based 

heat treatment. This evaluation aimed to define effective and 

reproducible process parameter windows that reduce thermal 

degradation, control phase transformations, promote grain re-

finement, and improve mechanical performance consistently 

across the HAZ and deposited layers. 

Research articles included in this systematic literature re-

view were selected based on the following criteria: (i) written 

in English, (ii) published between January 2015 and May 2025, 

(iii) sourced from peer-reviewed journals, and (iv) accessible 

through electronic academic databases. To ensure comprehen-

sive inclusion, four major electronic databases were accessed, 

namely, Scopus, Web of Science, Taylor & Francis Online, 

and IEEE Xplore. The following search strings were used to 

search for suitable articles: 

("LASER HEAT TREATMENT" OR "LASER-BASED 

HEAT TREATMENT" OR "LASER SURFACE TREATMENT" 

OR "LASER SURFACE HARDENING" OR "LASER METAL 

DEPOSITION") 

AND 

("17-4 PH" OR "17-4 PH" OR "PRECIPITATION HARD-

ENING STAINLESS STEEL" OR "AISI 630" OR "PH STAIN-

LESS STEEL" OR " STAINLESS STEEL 17-4 PH") 

AND 

("MECHANICAL BEHAVIOUR" OR "MATERIAL PROP-

ERTIES" OR "STRUCTURAL PROPERTIES" OR "ME-

CHANICAL CHARACTERISTICS" OR "MECHANICAL 

PERFORMANCE" OR "MECHANICAL PROPERTIES") 

In Scopus, the advanced document search function was 

used to restrict the results to peer-reviewed journal articles 

within the subject areas of engineering, materials science, 

physics, and manufacturing. The search yielded a list of 1018 

articles. For Web of Science, searches were limited to topics 

within materials engineering, metallurgy, and additive manu-

facturing. 18 articles were selected for in-depth review. In 

Taylor & Francis Online, filters were applied, including engi-

neering and materials science, to narrow the results. The 

search yielded nine articles relevant to the scope of the inves-

tigation. In IEEE Xplore, the search focused on journals rele-

vant to materials processing, manufacturing technologies, and 

laser applications. This search resulted in two relevant articles 

for preliminary screening. The PRISMA flowchart summaris-

ing the results is shown in Figure 3. 

 
Figure 3. PRISMA flowchart outlining the framework used for article inclusion. 
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All searches were completed by May 31, 2025, and the re-

sulting dataset was imported into a reference management sys-

tem for subsequent screening and synthesis. 

2.1. Inclusion and Exclusion Criteria 

To ensure objectivity and consistency throughout the 

screening process, clear inclusion and exclusion criteria were 

established before the literature review. These criteria were 

applied systematically during the title, abstract, and full-text 

screening phases. Articles were included if they met all the 

following criteria: 

1) Published in peer-reviewed journals. 

2) Studies that are directly related to the research questions, 

particularly those focusing on laser-based heat treatment 

and the mechanical or microstructural behaviour of 17-4 

PH stainless steel, stainless steel processed by LMD, or 

in the as-built condition. 

3) Published between January 2015 and May 2025. 

4) Falls within the disciplinary focus of materials engineer-

ing and metallurgical engineering. 

5) Written in English and with full-text access available. 

Studies were excluded based on the following criteria: 

1) Duplicate entries or those without access to the full text. 

2) Non-scholarly sources, including blog posts, editorials, 

or news articles. 

3) Studies that do not include empirical evidence, experi-

mental validation, or a rigorous methodological frame-

work. 

4) Studies determined to be off-topic or only of limited rel-

evance to the defined research questions and review ob-

jectives. 

The criteria were uniformly applied to all database search 

results to ensure transparency, minimise bias, and maintain the 

integrity of the systematic review process. 

2.2. Quality Assessment 

As part of the quality assessment process [29], all included 

studies were obtained from reputable peer reviewers follow-

ing strict publication standards. To ensure a solid methodolog-

ical framework and maintain the relevance of each article, a 

structured checklist derived from recognised assessment tools, 

such as the Joanna Briggs Institute (JBI) checklist [30], was 

adapted and applied uniformly in all eligible studies. 

The following criteria (answered with Yes/No) were used 

to determine inclusion quality: 

1) Does the paper clearly define the laser heat treatment 

process or parameters used for 17-4 PH stainless steel? 

2) Does the study empirically investigate mechanical or mi-

crostructural properties post-LMD or LBHT? 

3) Is the experimental design and/or simulation method 

clearly described and reproducible? 

4) Are the results validated through appropriate testing 

methods (e.g., hardness test, scanning electron micro-

scope (SEM), X-ray diffraction (XRD), tensile test)? 

5) Does the study report on the influence of key laser pa-

rameters such as laser power, laser scanning speed, and 

spot size? 

6) Does the study evaluate the heat-affected zone (HAZ) 

and/or clad zone performance? 

7) Is the sample size adequate, and are test repetitions re-

ported? 

8) Are statistical methods and sources of uncertainty re-

ported? 

9) Does the study compare findings to existing literature or 

established standards? 

Each article was evaluated based on the number of "Yes" 

responses as shown in Table 1. 

Table 1. Quality level descriptors. 

Quality level of the article based on ‘Yes’ responses Description 

High quality: 7 to 9 Methodologically robust and directly relevant to the research questions 

Moderate quality: 4 to 6 Methodologically sound but with minor limitations in scope or depth 

Low quality: ≤ 4 Methodological shortcomings or insufficient relevance 

 

Only studies rated as high or moderate quality were retained 

for synthesis. This methodological filtering ensures that only 

empirically grounded, robust, and technically relevant contri-

butions informed the subsequent analysis and synthesis stages 

of the review. 

 

2.3. Data Synthesis and Aggregation 

The literature was structured by categorising studies based 

on laser process parameters, property restoration outcomes 

(e.g., hardness recovery, microstructural refinement), and 

methodology approaches (e.g., thermal simulation, FEM-
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based prediction). Further distinctions are made between ex-

perimental and simulation-based studies and localised vs. full-

surface heat treatment strategies. Tables and Excel sheets 

were created to provide a summary of the data and support the 

analysis of research exploring the effect of post -deposition 

heat input on mechanical enhancement and microstructure 

transformation. 

The tables were used to: (i) organise, visualise, and com-

pare the key approaches and outcomes reported in the re-

viewed LBHT studies. (ii) They also helped address the main 

research questions by highlighting how effective laser heat 

treatment is and what processing parameters work best for 17-

4 PH stainless steel. (iii) The tables supported the synthesis of 

findings by revealing consistent patterns, technical gaps, and 

possible directions for future research focused on developing 

sustainable repair processes for heat-sensitive alloys. 

3. Descriptive Analysis 

3.1. Publications by Year 

In recent years, a clear upward trend has been observed in 

the number of publications focusing on laser heat treatment of 

17-4PH alloys following Laser Metal Deposition (LMD). As 

shown in Figure 4, research activity in this domain began in 

2015, with a modest start of a publication. 

 
Figure 4. Annual distribution of publications included in the literature review from 2015 to 2025. 

After intermittent interest from 2016 to 2018, a consistent 

increase is evident from 2019 onwards. A significant rise in 

research output occurred from 2023, peaking in 2024 with 17 

publications, the highest within 11 years. Overall, 45 of the 55 

studies (approximately 81%) were published between 2019 

and 2025, indicating a growing and sustained interest in opti-

mising post-deposition heat treatment processes for 17-4 PH 

alloys. This surge suggests that researchers have increasingly 

recognised the importance of tailored heat treatment in im-

proving microstructural and mechanical performance in 

LMD-fabricated parts, especially in heat-sensitive alloys such 

as 17-4 PH stainless steel. 

3.2. Leading Contributors 

The list of contributing authors was extracted from the bib-

liographic dataset and analysed using VOS viewer. The anal-

ysis focused on identifying authors with multiple publications 

in the selected literature, as these individuals are often consid-

ered influential within the research domain and can serve as 

potential collaborators or thought leaders. Figure 5 shows that 

H. Wang, Xiaoyi Wang, Min Liu, and Xu Liu emerged as re-

curring contributors, each appearing in two publications re-

lated to the topic of interest. Additionally, D. A. Lesyk, B. N. 

Mordyuk, and V. V. Dzhemelinskyi, often affiliated with met-

allurgical and materials research, also appeared in two publi-

cations each, showing their active involvement in studies con-

cerning materials processing and characterisation. S. Martinez 

and A. Lamikiz completed the list of high-frequency contrib-

utors, each contributing to two separate studies within the da-

taset. 

Unlike many established research areas where a few authors 

dominate the publication landscape, the present analysis re-

vealed a broadly distributed authorship pattern, with 161 au-

thors appearing only once across the dataset. This high level 

of author dispersion indicates a decentralised research envi-

ronment where contributions are being made independently 

and across diverse institutions or regions. The absence of 

dominant author clusters or sustained multi-paper contribu-

tions suggests that the research area is still developing, with 

scholars possibly working in parallel but not yet forming 

strong collaborative networks. Encouraging repeated engage-
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ment and co-authorship among these high-contributing au-

thors could help connect ideas and accelerate the development 

of the field. 

 
Figure 5. Map showing collaborating authors in this research field. 

3.3. Distribution of Publications Across 

Journals 

The credibility and prominence of publishing journals sig-

nificantly influence the visibility and impact of scholarly work. 

The journal classification was extracted using the Excel tool. 

The Journal of Surface and Coatings Technology leads with 

four publications, followed by the Journal of Materials Sci-

ence and Engineering: A – Structural Materials: Properties, 

Microstructure and Processing, Journal of Materials Research 

and Technology, and Journal of Materials Engineering and 

Performance, each with three publications. In addition, jour-

nals such as the CIRP Journal of Manufacturing Science and 

Technology, Materials & Design, and the International Jour-

nal of Advanced Manufacturing Technology each contributed 

two articles. The remaining publications were distributed in a 

variety of other journals, reflecting a broad interest in the sub-

ject in multiple reputable outlets. This distribution highlights 

the core journals that actively publish research on laser-based 

heat treatment and LMD, serving as valuable platforms for fu-

ture submissions and literature tracking. 

3.4. Geographical Contribution 

The authors' affiliations with various countries were ex-

tracted according to the first author’s institution. The data re-

veal that China leads the global research on the basis, contrib-

uting 16 out of the total papers. As shown in Figure 6, the USA 

follows with six publications, while Ukraine and Poland have 

four each. Iran and Australia each contributed three papers, 

and several other countries, which include the UK, Germany, 

South Africa, and Italy, have two publications each. 

Countries such as Israel, Ireland, Chile, Malaysia, India, 

Korea, Turkey, the Netherlands, Canada, Lithuania, Mexico, 

and Japan contributed one paper each. This indicates a wide 

international interest in the topic, with the main research ac-

tivity concentrated in Asia, North America, and parts of Eu-

rope, as shown in Figure 7. The findings underscore China’s 

strong presence in this field and highlight opportunities for in-

creased research involvement from underrepresented regions. 
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Figure 6. Country-wise distribution of publications included in the literature review (countries with ≥2 papers). 

 
Figure 7. Schematic representation of the global distribution of publications. 

3.5. Keywords Frequency 

Figure 8 is a word cloud of all keywords, showing that the 

phrase ‘17-4 PH’ appeared most frequently in the title of pub-

lications, occurring 36 times out of 55 studies (approximately 

65%). This was followed by ‘Laser Heat Treatment’, which 

appeared 16 times (29%), and ‘Mechanical Properties’, found 

in 12 titles (21%). Other terms, such as ‘17-4PH’, appeared 

seven times, while ‘Mechanical Performance’ and ‘Mechani-

cal Characteristics’ appeared twice each, and ‘Mechanical Be-

haviour’ was mentioned once. Less commonly used or absent 

phrases included ‘Laser Surface Treatment’, ‘Laser Surface 

Hardening’, ‘PH Stainless Steel’, and ‘AISI 630’, which were 

not found in any of the titles. This pattern suggests that authors 

tend to favour broader and more commonly recognised terms, 

especially those emphasising the material (17-4 PH steel) and 

processing technique (laser heat treatment) when drafting the 

focus of their research in titles. 
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Figure 8. Schematic representation of the keywords employed in the search process. 

3.6. Classification Based on Research Type 

A comprehensive analysis of the articles revealed that the 

overwhelming majority employed an experimental research 

approach. These studies focused on the physical implementa-

tion of LMD, LBHT, and conventional heat treatment pro-

cesses on 17-4 PH stainless steel, followed by empirical eval-

uations such as hardness testing, microstructural characterisa-

tion (e.g., SEM, XRD), and residual stress measurements. 

This reflects the strong reliance of the research field on direct 

observation and practical validation. 

As seen in Table 2, only two studies included analytical 

modelling, which is used to describe phase transformations or 

estimate thermal behaviour; in both cases, it complemented 

rather than replaced experimental methods. No study was 

found to be purely numerical or simulation based. Although 

computational modelling plays an important role in under-

standing thermal gradients, microstructure evolution, and re-

sidual stress development in laser-processed alloys, it appears 

that such approaches remain underutilised in the context of 

LBHT for LMD-processed 17-4 PH. This represents a poten-

tial gap in the literature and an opportunity for future research. 

Table 2. Breakdown of included studies according to research approach. 

Research Type Number of Studies Representation (%) 

96.6% 55 96.6% 

Analytical/Modelling 2 (combined with experimental) 3.4% 

Numerical/Simulation 0 0% 

 

4. Review of Existing Research on Laser 

Metal Deposition (LMD) of 17-4 PH 

Stainless Steel 

4.1. LMD Process Parameters for 17-4 PH 

The Laser Metal Deposition (LMD) process for 17-4 PH 

stainless steel has been widely investigated in various studies 

[1, 3, 4, 9, 23, 31-34]. Commonly reported parameters in-

clude laser power, scanning speed, powder feed rate, and layer 

thickness, each playing a crucial role in defining the quality 

and consistency of the deposited tracks. Researchers revealed 

that the most frequently studied parameter of the LMD pro-

cess was the scanning speed, reported in all the studies. Laser 

power and powder feed rate were also well documented, as 

seen in Table 3, while layer thickness was specifically ad-

dressed in eight articles. These parameters typically varied 

within the following ranges: laser power: 70 to 2600W, scan 

speed: 1.5 to 45 mm/s, powder feed rate: 0.09 to 55 g/min, 

layer thickness: 0.117 to 10mm. 
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Table 3. Laser process parameters and associated microstructural/ mechanical outcomes from LMD literature. 

Study ID Laser Power (W) Scan Speed (mm/s) Feed Rate (g/min) Layer Thickness (mm) Main Findings 

Morteza et al., 

2024 [31] 
350–550 8–12 0.09–0.27 0.177–0.670 Improved microhardness 

Aruntapan et 

al., 2024 [35] 
350–400 13.33–20 5.0 0.3 

Increased compressive 

yield strength 

Morales et al., 

2023 [1] 
1500–2500 10–20 6.7–20 0.19–1.01 

Higher laser energy im-

proved clad dilution 

Chen et al., 

2024 [32] 
1665 5 12.98 — 

Higher energy input im-

proved clad dilution 

Pilehrood et al., 

2021 [33] 
200–400 1.5–2 — — 

Dilution and aspect ratio 

reduced with higher scan 

speed 

Wang et al., 

2022 [36] 
400–600 10 0.5 — 

Laser power affected po-

rosity, hardness, and 

strength 

Yu et al., 2020 

[37] 
685 10 7 0.5 

Laser remelting reduced 

porosity 

Wang et al., 

2024 [38] 
2200 10 15 1.3 

Solution ageing improved 

microstructure 

Mathoho et al., 

2020 [39] 
300–400 7.62–12.7 4.7 — 

Parameters influenced 

metallurgical characteris-

tics 

Wu et al., 2020 

[37] 
— 11.67 0.8 0.6 

Enhanced austenite trans-

formation via grain orien-

tation 

Wang et al., 

2024 [6] 
2200 10 15 — 

Grain size reduced after 

solution hardening 

Merlin et al., 

2024 [23] 
— 8–20 6.7–12 — 

Heat-treated tracks 

showed increased 

strength 

Muslim et al., 

2022 [4] 
1200–2200 6–15 3.5–5.0 10 

Conditions influenced ge-

ometrical properties 

Bayode, 2022 

[3] 
1400–2600 6 2 — 

Max hardness at max 

power 

Li et al., 2023 

[40] 
— 45 55 1.11–1.12 

Laser shock peening re-

duced the wear rate 

Steponaviciute 

et al., 2021 [34] 
70–195 13.33 — — 

The highest power 

yielded the best micro-

structure 

 

The reviewed studies revealed that laser power and scan 

speed had the most significant influence on melt pool geome-

try, directly affecting dilution rate, clad height, and bead width. 

It is also noted that they have a considerable effect on the mi-

crostructure and mechanical properties of the deposited mate-

rials [36]. The consistency of track overlap was also found to 

be highly dependent on the combination of scan speed and 

layer thickness [41]. A strong interdependence was observed 

between layer thickness, scan speed, and track overlap, indi-

cating that variations in scan speed and overlap significantly 

influence the resulting layer thickness. Significantly, research-

ers observed that improper adjustment of these parameters led 

to various defects such as porosity, lack of fusion, poor surface 

finish, and incorrect geometry [31, 33, 37]. Optimal process 
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settings produced high-density deposits with uniform micro-

structure, excellent mechanical properties, and improved sur-

face finish [3, 31, 42-44]. 

4.2. Microstructure Evolution in As-deposited 

17-4 PH 

The microstructural evolution in as-deposited 17-4 PH 

stainless steel fabricated via Laser Metal Deposition (LMD) is 

complex and varies according to the chemical composition of 

the feedstock powders and the process parameters, following 

a characteristic solidification pathway influenced by both ma-

terial chemistry and thermal conditions. In previous LMD 

studies [4, 34], common solidification sequence was reported: 

from δ-ferrite to austenite to martensite, which is primarily in-

fluenced by the Cr/Ni ratio, cooling rates, and local thermal 

gradients, as schematically shown in Figure 9. 

  
Figure 9. Phase transformation diagrams of Fe–C system (a) General equilibrium phases including δ-ferrite, austenite, and carbide regions. 

(b) Low-carbon region highlighting δ → γ solidification pathway relevant to 17-4 PH stainless steel [45]. 

As presented by the Schaeffler diagram in Figure 10, a high 

Cr/Ni equivalent ratio is a key factor in controlling the solidi-

fication behaviour of 17-4 PH stainless steel, promoting the 

formation of δ-ferrite during solidification [6, 38, 42, 46, 47]. 

As cooling progresses, the retained ferrite partially transforms 

to austenite, followed by a final transformation to martensite 

during rapid cooling due to steep thermal gradients as ob-

served in LMD. A higher Cr/Ni ratio, therefore, generally pro-

motes a ferritic solidification [10, 48]. 

 
Figure 10. Schaeffler illustrating phase prediction and solidification behaviour in laser-processed 17-4 PH stainless steel [48]. 

Rapid solidification induced by laser processing was found 

to refine the grain structure significantly, which is a governing 

mechanism in improving the mechanical properties of the fi-

nal components [48-50]. However, Li et al. [17] investigated 
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the microstructure and wear behaviour of 17-4 PH, found that 

grain morphology varied based on deposition parameters and 

thermal history. 

Lashgari et al. [42] and Schroeder et al. [45] reported that 

columnar grain growth oriented with the build direction dom-

inated when the thermal gradient (G) was high and the solidi-

fication rate (R) was moderate (i.e., high G/R ratio). This ob-

servation is consistent with Zhao et al [48], they found signif-

icant grain refinement in 17-4 PH stainless steels through in-

situ alloying with TiB2. The addition of TiB2 increased the 

solidification nucleation sites, promoting the formation of 

finer columnar grains, as shown in Figure 11. By contrast, a 

lower G/R ratio (or the presence of additional grain refining 

mechanisms such as inoculants or local remelting) promoted 

the formation of equiaxed grains [46, 48, 50]. 

Researchers has shown that microstructural inhomogeneity 

between layers, with grain coarsening or reheating zones ap-

pearing due to layer-by-layer thermal accumulation [7, 10, 51]. 

These variations impact final mechanical properties, high-

lighting the need for tailored post-processing strategies such 

as heat treatment or in-situ thermal control. 

 
Figure 11. SEM micrographs of as-built 17-4 PH samples showing columnar grain formation increases as the TiB₂ content rises: (a, b) without 

TiB₂, (c, d, d1, d2) with 1.5% TiB₂, and (e, f, f1, f2) with 3% TiB₂ [48]. 

4.3. Mechanical Properties of As-built 17-4 PH 

The mechanical performance of as-built 17-4 PH stainless 

steel produced by LMD is directly affected by thermal cycles, 

rapid solidification, and microstructural gradients associated 

with the process [52]. Researchers working on LMD pro-

cesses consistently reported notable variations in hardness, 

tensile strength, and residual stress profiles in the as-deposited 

state. Hardness values typically ranged from 267 to 450 HV, 

with higher values usually linked to martensitic transfor-

mation and fine copper-rich precipitate microstructures result-

ing from rapid cooling and ageing [9, 10]. Mahmoudi et al. 

[43], Eskandari et al. [46], and Wu et al. [51] reported tensile 

strengths in the range of 850–1100 MPa for additively manu-

factured 17-4 PH stainless steel. However, these authors also 

observed reduced ductility and instances of premature failure, 

primarily attributed to internal defects, micro-segregation, and 

residual stresses inherent in the as-built condition. Residual 

stress was identified as a significant issue in as-built 17-4 PH 

[42]. Li et al. [17] observed that tensile residual stresses pre-

dominantly occurred on the top and outer surfaces of the de-

posited layers, which they attributed to steep thermal gradients 

and rapid solidification shrinkage inherent in the laser clad-

ding process. Such stresses, if not relieved, can lead to distor-

tion, cracking, or premature fatigue failure during service. 

Aripin et al. [53] reported variations in mechanical proper-

ties across the deposited layers of 17-4 PH stainless steel, with 

noticeable differences between the top, middle, and bottom re-

gions of the builds. This anisotropy was attributed to direc-

tional solidification, thermal accumulation between layers, 

and grain growth aligned with the build direction. Similarly, 

Wu et al. observed that vertically oriented samples typically 

exhibited lower elongation and higher stiffness compared to 

horizontally aligned counterparts, further confirming the di-

rectional dependence of mechanical behaviour in LMD-fabri-

cated components [51]. Researchers also highlight the effect 

that processing conditions, such as scan speed, laser power, 

and interlayer dwell time, have on mechanical properties. 
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Steponaviciute et al. [34] investigated the effects of laser pa-

rameters (laser power and scan speed) on the materials prop-

erties of 17-4 PH. They found that increasing laser power from 

70 to 195 W improved yield stress, ultimate tensile stress, and 

the hardness due to enhanced densification. However, residual 

stresses increased as the scan speeds increased, while the ten-

sile and young modulus of the materials decreased. Benjamin 

et al. [18] also reported that slower scan speeds promoted 

deeper heat penetration and more uniform mechanical proper-

ties across layers but require careful management to avoid sur-

face melting and ensure proper transformation. 

4.4. Challenges and Need for Post-processing 

Despite the advantages of LMD for fabricating 17-4 PH 

stainless steel components, several critical challenges persist 

in the as-built condition. Commonly observed issues include 

porosity, cracking, residual stresses, and non-uniform hard-

ness, which collectively compromise the structural integrity 

and reliability of the manufactured parts, as shown in Table 4 

[33, 45]. 

Table 4. Summary of common defects in laser metal deposition, their occurrence frequency, primary causes, and impact on part quality and 

performance. 

Defect Type Occurrence Frequency Primary Causes Impact on Part 

Porosity >60% 
Lack of fusion, entrapped gas, unstable 

powder flow 
Reduces density and structural integrity 

Cracking Frequent 
High thermal gradients, martensitic trans-

formation 
Initiates failure, lowers fatigue resistance 

Residual Stress Frequent 
Rapid solidification, layer-by-layer ther-

mal cycling 
Causes distortion and early failure 

Non-uniform 

Hardness 
Common 

Uneven cooling, phase imbalance, hetero-

geneous microstructure 
Compromises mechanical performance 

 

Lashgari et al. observed that inconsistencies in hardness, 

both between layers and within single tracks, were linked to 

uneven thermal histories and heterogeneous microstructure, 

particularly local imbalances in the distribution of martensite 

and austenite phases [42]. As a result, the mechanical perfor-

mance of as-built 17-4 PH usually falls below that of parts 

made by traditional processing. These challenges highlight the 

need for post-processing to achieve a reliable performance and 

component longevity [50]. Conventional heat treatment pro-

cesses, which involve solutionising and age hardening, are 

widely applied, but typically affect the entire component, 

which may not be efficient for complex or functionally graded 

parts [12]. 

To address these issues with greater precision, many recent 

studies advocate for localised laser-based heat treatment 

(LBHT). This approach enables targeted control of micro-

structure and residual stress at the layer or region level without 

requiring full-component thermal cycles [54]. LBHT has 

shown promise in refining grain structure, improving hardness 

uniformity, and relieving tensile residual stresses, all while 

preserving the geometric integrity of the part [18, 41, 54-56]. 

The integration of intelligent, localised post-processing, such 

as LBHT, is increasingly viewed as a critical enabler for trans-

lating LMD-fabricated 17-4 PH components from experi-

mental success to industrial application. 

5. Review of Laser-based Heat 

Treatment (LBHT) for 17-4 PH 

Stainless Steel 

The application of laser-based heat treatment (LBHT) 

methods as post-processing techniques for metallic compo-

nents has been extensively investigated in recent literature. 

Various LBHT approaches, including laser annealing, laser 

tempering, and laser re-hardening, have been widely explored. 

Numerous studies have demonstrated their effectiveness in 

improving mechanical performance and refining microstruc-

tural features of processed alloys [27, 37, 44, 54, 57, 58]. 

5.1. Laser Annealing, Tempering, and  

Re-hardening 

Przestacki et al. and Kuklinski et al. demonstrated that laser 

annealing is an effective technique for relieving residual 

stresses and refining microstructures without melting the sub-

strate, thereby enhancing the dimensional stability and struc-

tural strength of metallic components [41, 54]. 

Laser hardening was highlighted as an effective means of 

adjusting hardness and toughness, particularly in martensitic 
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steels, through controlled tempering of the microstructure. 

Palmieri et al. and Lesyk et al. demonstrated that laser re-hard-

ening can restore surface hardness by inducing rapid thermal 

cycles [58, 59]. However, some studies cautioned that the high 

cooling rates involved could lead to microstructural heteroge-

neity and potential performance inconsistencies [59, 60]. 

5.2. Conventional Heat Treatment Versus Laser 

Heat Treatment 

Peixinho et al. reported that localised LBHT offers signifi-

cant advantages over traditional heat treatments, including re-

duced processing time, lower operational costs, and mini-

mised thermal distortion, while achieving hardness and micro-

structural uni-formity comparable to or exceeding that of con-

ventional furnace treatments [12]. In contrast, Eisazadeh et al. 

reported that conventional heat treatments provide more uni-

form mechanical properties across the entire component, mak-

ing them suitable for applications requiring consistency 

throughout the bulk material [61]. Others emphasised that tra-

ditional furnace-based methods remain advantageous for sim-

ple geometries or large batch processing, owing to their lower 

equipment complexity and ease of implementation [19, 57]. 

 
Figure 12. Prevalence of LBHT vs Conventional Methods in Reviewed Literature Over the Years. 

Zhang et al. and Przestacki et al. observed that laser-based heat 

treatment procedures offer precise, localised thermal control and 

shorter processing times compared to conventional methods, alt-

hough the rapid heating and cooling inherent to these processes 

require careful parameter optimisation to avoid undesirable mi-

crostructural effects [41, 62]. Figure 12 shows the growing prev-

alence of laser heat treatment in recent years. While its usage is 

rapidly increasing, conventional methods remain widely used and 

are also experiencing growth. 

5.3. Outcomes and Challenges 

Many publications that investigated the effect of heat treatment 

reported improved mechanical performance, including increased 

hardness and reduced residual stresses [26, 27, 44, 49, 55, 57]. 

Mahmoudi et al. [43] observed negligible improvements, sug-

gesting that parameter optimisation is critical to realising LBHT 

benefits. Naskar et al. and Aripin et al. discussed challenges such 

as the risk of thermal gradients causing microstructural non-uni-

formity or distortion, underscoring the need for precise control 

[53, 56]. Overall, the literature strongly supports the use of LBHT 

methods as effective post-processing strategies that offer ad-

vantages in localised control and processing speed compared to 

conventional global treatments. 

5.4. Critical LBHT Parameters 

The effectiveness of laser-based heat treatment (LBHT) 

critically depends on the careful control of several process pa-

rameters. Among the reviewed works on LBHT, laser power, 

scanning speed, beam size, and overlap ratio were identified 

as the key parameters influencing treatment outcomes. 

5.4.1. Laser Power, Scanning Speed, Beam Size, and 

Overlap Ratio 

Laser power was found as a key factor controlling the peak 

temperature reached during treatment, as shown in Table 5. 

Laser power directly influences microstructural transfor-

mations and hardness [34, 36]. Scanning speed was reported 

in some studies, with slower speeds increasing energy input 

and dwell time, resulting in deeper heat penetration but also a 

http://www.sciencepg.com/journal/ajmsp


American Journal of Materials Synthesis and Processing http://www.sciencepg.com/journal/ajmsp 

 

15 

higher risk of thermal distortion [41, 54]. However, other stud-

ies cautioned that excessively slow scanning speeds may 

cause overheating and grain coarsening, negatively affecting 

surface integrity and mechanical properties [26, 57, 58]. 

Beam size was shown to affect the heat-affected zone (HAZ) 

and treatment uniformity, with smaller beams providing 

higher precision but requiring more passes to cover larger ar-

eas [18]. Overlap ratio was highlighted as essential for achiev-

ing uniform material modification and avoiding excessive 

heating or untreated gaps. Pilehrood et al. [33] reported that 

inadequate overlap led to non-uniform hardness distributions. 

Table 5. Summary of Key Laser-Based Heat Treatment (LBHT) Parameters and Their Effects on Process Outcomes. 

Parame-

ter 
Effect References 

Laser 

Power 

Controls peak temperature during treatment, affecting microstructural transformations and 

hardness. High power can lead to excessive melting, while low power may not fully induce 

desired transformations. 

Optimal: [26, 54]; Poor: 

[14, 43, 47] 

Scan 

Speed 

Affects energy input and dwell time. Slower speeds increase heat penetration and improve depth 

of treatment but may cause thermal distortion. Excessively slow speeds may result in overheating 

and grain coarsening. 

Optimal: [42, 43]; Poor: 

[14, 17, 42, 43, 46, 47] 

Beam 

Size 

Smaller beams offer higher precision but may require more passes, affecting the heat-affected 

zone (HAZ) and uniformity. Larger beams can cover larger areas but might compromise preci-

sion. 

Optimal: [14]; Poor: 

[26] 

Overlap 

Ratio 

Essential for uniform material modification and avoiding gaps or overheating. Inadequate overlap 

can lead to non-uniform hardness.  

Optimal: [24]; Poor: 

[37] 

 

5.4.2. Thermal Control: Peak Temperature, Dwell 

Time, and Cooling Rates 

Morales et al. highlight that controlling peak temperature 

and dwell time is important for achieving desired phase and 

microstructural transformations withoutdamaging the sub-

strate [1]. Cooling rates, indirectly influenced by scanning pa-

rameters and beam size. Also, rapid cooling was often neces-

sary to induce martensitic structures, but it risked generating 

residual stresses [14]. 

Schroeder et al. and Naskar et al. suggested that monitoring 

and feedback mechanisms, of which pyrometry and thermog-

raphy were most common, play a crucial role in process con-

trol since they enable real-time temperature measurements 

and spatial thermal mapping [45, 56]. Such monitoring tech-

nologies that measure the thermal radiation intensity from the 

melt pool improved process repeatability and reduced defects. 

Real-time measurement of peak temperature and cooling be-

haviour monitoring allowed the fundamental laser processing 

parameters, including laser power, scanning speed, beam size, 

and overlap ratio, to be optimised to achieve targeted mechan-

ical and microstructural improvements while minimising ad-

verse effects [50, 52, 57, 62-64]. 

5.5. Microstructural Modifications Observed 

After LBHT 

Microstructural changes induced by laser-based operations 

were a major focus in the research studies, with most empha-

sising key modifications such as stress relief, martensite re-

version, precipitation behaviour, and grain refinement. Wang 

D et al. [36] reported that stress relief is the primary benefit of 

LBHT, often achieved by controlled heating that reduces re-

sidual stresses generated during prior manufacturing pro-

cesses. In addition, the phenomenon of martensite reversion, 

where martensitic phases revert to softer austenitic or tem-

pered structures, was observed by Ezkandari et al. [46]. This 

reversion was linked to improved ductility and toughness in 

17-4 PH stainless steel components [42]. However, several 

studies caution that incomplete transformation could result in 

non-uniform mechanical properties [7, 10, 14, 51]. Some arti-

cles examined precipitation phenomena, particularly the 

growth of Cu-rich phases. It is agreed that LBHT promotes 

controlled precipitation, which improves hardness and 

strength via age-hardening effects [47, 63, 65]. Excessive pre-

cipitates coarsening at higher laser powers or longer dwell 

times has been linked to reduced mechanical performance in 

some studies [17, 58, 59, 62]. 

As shown in Figure 13, Zhang et al. investigated the effect 

of laser heat treatment on the microstructure of Alloy 800H. 

Mi-crostructural analysis showed recrystallization, grain 

growth, and carbide dissolution, leading to a more uniform 

structure [62]. This treatment effectively enhances Alloy 

800H’s performance for high-temperature use. 
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Figure 13. Microstructure diagrams of the alloy samples showing (a) 

the untreated sample and (b) the sample after treatment [62]. 

Grain refinement from rapid LBHT thermal cycles en-

hances strength. Substructure homogenisation, especially 

through re-ducing heterogeneities and refining dislocation 

networks [51]. These changes contribute to improved uni-

formity of mechanical properties across the treated layer. 

However, prolonged thermal exposure can cause localised 

grain growth, indicating the need for careful control of process 

conditions [66]. Literature consistently demonstrates that 

LBHT induces beneficial microstructural modifications that 

collectively improve the mechanical performance of heat-sen-

sitive alloys, such as 17-4 PH stainless steel. 

5.6. Mechanical Properties Observed After 

LBHT 

Lesyk et al. and Benjamin et al highlight the impact of 

LBHT on the mechanical properties of metallic components, 

particularly heat-sensitive alloys such as 17-4 PH stainless 

steel. Their studies indicate that LBHT improved hardness, 

enhanced ductility, and extended fatigue life [18, 44]. 

Significant improvements in hardness after LBHT have 

been reported, particularly in comparison to the as-built con-

dition. For instance, Merlin et al. [23] demonstrated that 

LBHT increased hardness by up to 35% over the as-built con-

dition, which is attributed to microstructural refinement and 

precipitation hardening. In addition to hardness, ductility im-

provements were noted in some articles [57, 58], although this 

usually happens at the cost of reduced tensile strength, with 

laser tempering processes effectively reducing brittleness 

commonly observed in as-built or conventionally heat-treated 

materials. 

Comparative analyses between as-built, LBHT, and/or con-

ventional heat treatment methods revealed that LBHT offers 

mechanical property enhancements comparable to or exceed-

ing those achieved by traditional furnace treatments, with the 

added advantage of localised processing and reduced thermal 

distortion [44]. For instance, Benjamin et al. [18] observed 

that fatigue life was extended by approximately 15% in 

LBHT-treated samples relative to as-built counterparts, while 

for alloy 800H, it increased longevity by 28.6%. In contrast, 

conventional heat treatments resulted in similar but less local-

ised improvements [26]. 

However, Benjamin et al. noted that poor control over laser 

parameters can result in inconsistent mechanical performance. 

They observed that using a specific energy density model for 

laser heat treatment on AISI 1045 steel resulted in inconsistent 

martensitic structures, with significant melting and reheating ef-

fects that created mixed microstructures and variable hardness 

[18]. Similarly, Morales et al. observed that direct energy dep-

osition (DED) can produce high-density 17-4 PH stainless steel 

parts; the process parameters strongly influence the resulting 

microstructure and porosity, which in turn affects mechanical 

behaviour [1]. Other studies confirm that LBHT is a highly ef-

fective post-processing approach for improving mechanical 

properties such as hardness and ductility [62, 67]. 

5.7. Limitations and Implementation Issues 

Despite the demonstrated advantages of laser-based heat 

treatment (LBHT), several limitations and challenges have 

been reported in the literature that affect its application and 

outcomes, particularly concerning material properties, process 

control, and equipment integration, which impact its wide-

spread implementation. Researchers discussed these con-

straints, highlighting issues related to process control com-

plexity, treatment uniformity, and equipment integration. 

5.7.1. Process Control Complexity 

Process control remains one of the foremost challenges in 

LBHT applications; it is a critical factor for achieving desired 

materials properties. Lesyk et al. [44], highlights the difficulty 

of maintaining consistent laser parameters such as power, 

scanning speed, and beam focus during treatment, especially 

when dealing with complex geometries or multi-layered com-

ponents, they found out that the complexity often arises from 

the need to precisely regulate parameters to control the ther-

mal history of the workpiece, which in turn dictates the final 

microstructure and mechanical characteristics such as hard-

ness and hardening depth. 

5.7.2. Uniformity and Penetration Depth 

Uniformity of the heat treatment and control over thermal 

penetration depth were identified as critical factors influenc-

ing the quality of LBHT outcomes. As shown in Figure 14, 

Palmieri et al. [58] reported that non-uniform hardness pro-

files and micro-structural heterogeneities due to uneven heat 

input or inadequate control of laser-material interaction pa-

rameters, also the inconsistencies are linked to variations in 

hardness across the treated area, the formation of distinct mi-

crostructural zones, and localised material properties that dif-

fer from the intended outcome [12]. Proper control of process 

parameters like laser power, scanning speed, and interaction 

time is crucial to achieving uniform material modifications. 

The limited depth of thermal penetration in LBHT, while ad-

vantageous for localised treatment, poses challenges when 

deeper tempering or stress relief is required [58]. 
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Figure 14. BSE-SEM images: (a) as-received material, (b) 10 mm from the specimen centre after the SLP-Vt5 cycle, and (c) 9 mm from the 

specimen centre after the SLP-Vt10 cycle, showing regions of minimum hardness with white and dark precipitates indicating micros [58]. 

5.7.3. Equipment Limitations in Hybrid 

Manufacturing Setups 

As tabulated in Table 6, integrating Laser-Based Heat 

Treatment (LBHT) with other manufacturing processes, such 

as in hybrid setups, presents several equipment-related limita-

tions and implementation challenges. These constraints can 

impact the range of applications, increase system complexity, 

and elevate overall costs, all of which demand careful consid-

eration for industrial adoption. One key limitation arises from 

the laser and optical systems typically used in LBHT setups. 

Lesyk et al. [59] reported that power level restricts the maxi-

mum hardening depth in iron–carbon alloys to less than 500 

µm, beyond which surface melting begins to occur. The liter-

ature underscores that, while LBHT offers significant benefits, 

its practical application demands careful consideration of pro-

cess control strategies, thermal management, and equipment 

design. Addressing these limitations is crucial for advancing 

LBHT from laboratory-scale studies to robust industrial de-

ployment. 

Table 6. Summary of Limitations in Laser-Based Heat Treatment (LBHT), Their Effects, and Possible Mitigation Strategies. 

Limitation Effect Mitigation Strategies 

Process Control Difficulty in maintaining consistent laser Implement advanced feedback control systems, use real-time 
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Limitation Effect Mitigation Strategies 

Complexity parameters (power, speed, focus), especially with 

complex geometries. 

monitoring and adjustment of laser parameters - Develop 

algorithms for adaptive process control [31]. 

Uniformity and Pen-

etration Depth 

Non-uniform hardness profiles and microstruc-

tural heterogeneities due to uneven heat input. 

Limited thermal penetration depth. 

Optimize process parameters (laser power, speed, interaction 

time) - Utilize multi-pass or hybrid methods to improve uni-

formity and penetration depth [48, 15]. 

Equipment Limita-

tions in Hybrid Set-

ups 

Integration challenges with other manufacturing 

processes, increasing system complexity, and 

costs. 

Design more adaptable and scalable systems - Use high-effi-

ciency lasers to enhance performance in hybrid setups – Re-

duce costs with modular systems [50]. 

Laser and Optical 

Systems Limitations 

Restricted maximum hardening depth due to laser 

power limits, affecting material properties be-

yond certain depths. 

Use higher power lasers for deeper treatments (if applicable) 

- Investigate alternative laser or optical configurations to ex-

tend penetration depth [50, 14]. 

 

6. Conclusion 

6.1. Synthesis of Key Findings and Knowledge 

Gaps 

The comprehensive analysis of research articles reveals 

several consistent trends and critical insights regarding LMD 

and LBHT of 17-4 PH stainless steel. Predominantly, the re-

lationship between LMD process parameters (e.g., laser power, 

scanning speed) and LBHT parameters (e.g., laser annealing 

duration, beam size) plays a decisive role in dictating micro-

structural evo-lution and mechanical outcomes. Numerous 

studies highlighted that optimising these parameters collabo-

ratively leads to reduced residual stresses, refined grain struc-

tures, and enhanced hardness and fatigue resistance [64, 65, 

67]. Summary tables and correlation Figures included in this 

review consolidate key findings from 55 papers, illustrating 

trends such as the positive impact of optimised laser power 

and overlap ratios on microstructural homogeneity and me-

chanical performance. 

Despite significant progress, several critical knowledge 

gaps remain. There is a lack of in-situ studies that combine 

Laser Metal Deposition (LMD) and Laser-Based Heat Treat-

ment (LBHT) within a single experimental setup, which limits 

understanding of real-time microstructural evolution [68]. Ad-

ditionally, long-term performance data, particularly regarding 

fatigue life and in-service behaviour of LBHT-treated compo-

nents, are limited [67]. Furthermore, the absence of standard-

ised LBHT parameters for 17-4 PH stainless steel contributes 

to inconsistencies in reported results. Fundamental under-

standing of phase kinetics under rapid laser heating conditions 

is insufficiently developed. This gap hinders the ability to pre-

dict phase changes and mi-crostructural stability during 

LBHT. Inconsistent microstructural uniformity and chal-

lenges in scaling the LBHT process for complex geometries 

continue to limit its reliability. The absence of robust predic-

tive models for LBHT-induced microstructure evolution ham-

pers efforts toward process optimisation. Industrially, high 

equipment costs and the difficulty of qualifying and certifying 

LBHT-treated components further restrict widespread adop-

tion. 

6.2. Summary of Main Findings 

This review confirms that LBHT presents a viable solution 

to mitigate common as-built shortcomings in LMD-fabricated 

17-4 PH stainless steel components, including residual 

stresses, heterogeneous microstructures, and compromised 

mechanical prop-erties. The body of evidence supports the ef-

fectiveness of LBHT in enhancing hardness, ductility, and fa-

tigue life, often matching or exceeding conventional heat 

treatments. However, the realisation of these benefits depends 

heavily on the precise control of process parameters. 

The application of LBHT in AM holds significant potential 

across aerospace, tooling, and energy sectors, where part per-

formance and reliability are paramount. By enabling localised, 

rapid post-processing, LBHT can improve component 

lifespan and reduce production costs. Its integration into AM 

workflows may thus accelerate industrial uptake of 17-4 PH 

parts, ex-panding their functional use. 

6.3. Recommendations for Future Research 

To bridge existing gaps and advance LBHT in AM, future 

research should focus on the development of hybrid LMD-

LBHT systems capable of real-time monitoring and adaptive 

control to ensure consistent microstructural outcomes. The ex-

ploration of machine learning techniques for optimising heat 

treatment profiles represents a promising avenue to enhance 

process efficiency. Furthermore, systematic long-term me-

chanical testing and service-life evaluations are essential to 

validate durability under operational conditions. Lastly, the 

establishment of standardised LBHT processing protocols 

will be critical to facilitate broader industrial adoption and cer-

tification. 
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AM Additive Manufacturing 

DED Directed Energy Deposition 

DMD Direct Metal Deposition 
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LMD Laser Metal Deposition 
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HV Vickers Hardness 

SLM Selective Laser Melting 
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