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ABSTRACT  

Precipitation hardened stainless steel, of 17-4 PH type, has a weight percentage 

of 15�±17.5 wt% chromium, 3-5 wt% copper and 3-5 wt% nickel. In addition, 17-4 

PH is the most widely used grade of precipitation hardened stainless steels due to 

its affordability, high tensile strength, resistance to corrosion and comparatively 

good fracture toughness. Consequently, 17-4 PH SS finds usage in many 

industries for applications like biomedical tools, chemical industries, aircraft 

components and nuclear power plants because of its combination of superior 

mechanical properties and good corrosion resistance. Laser Additive 

Manufacturing (LAM) is a processing technique that builds parts layer upon layer 

by melting metal powders using a laser beam. Furthermore, Laser Engineered 

Net Shaping (LENS) is a type of LAM technique that uses a direct energy source 

(laser) to fabricate components from metallic powders. LENS is the most common 

Direct Energy Deposition (DED) process, but LENS is associated with some 

imperfections during fabrication, which are of major concern, ultimately limiting 

the mechanical properties of the fabricated parts. Moreover, it is common 

knowledge that by optimizing and standardizing of the LENS process, would 

result in comparable desired properties of the wrought 17-4 PH SS. This could 

lead to the successful implementation of LENS for the processing 17-4 PH SS in 

various industries such as the aerospace. In this study, fabrication of the 17-4 PH 

SS was carried out using the LENS technology. The optimized LENS process 

parameters were �V�H�O�H�F�W�H�G�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �E�X�L�O�G�� �V�D�P�S�O�H�V�¶�� �P�L�F�U�R�K�D�U�G�Q�H�V�V���� �E�X�L�O�G��

density and porosity of the as-built 17-4 PH SS coupons. Analysis of the 

microstructure was performed using an Optical Microscope (OM) and porosity 

analysis was conducted on the OM micrographs. Heat treatment protocol was 
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conducted according to H900 and H925 standard conditions. Microstructural 

evolution, compositions and phases present were examined using Scanning 

Electron Microscope Equipped with Energy Dispersion Spectroscopy (SEM/EDS), 

Electron Backscatter Diffraction (EBSD) and X-ray Diffraction (XRD) techniques 

to establish the relationship between microstructure and processing parameters. 

The mechanical properties were evaluated by Vickers microhardness and tensile 

testing techniques. From the results obtained, it was deduced that optimization of 

the LENS process parameters (laser power, scanning speed and hatch space) 

produced 17-4 PH SS samples with an efficient energy density to eliminate 

defects such as lack of fusion and porosity while producing dense sample of up to 

99.96 wt.% build density. It was observed that the application of heat treatment 

led to grain refinement, which transformed the large coarse ferrite dominant 

microstructure to a finer ferrite phase with retained austenite in small quantities of 

0.01 wt% to 0.02 wt%. Additionally, heat treatment of the 17-4 PH SS samples 

resulted in the decrease of grain sizes and increased the microhardness. The 

microhardness results reveal that the values increased from 336 HV0.3 to 487 

HV0.3 and 512 HV0.3. Furthermore, the tensile tests results showed a yield strength 

(YS) of 1097.11 MPa (ageing at H900, for 1 hour) and 1112.04 MPa (ageing at 

H925, for 4 hours); while the ultimate tensile strength (UTS) was 1040.28 MPa 

(ageing at H900, for 1 hour) and 1132.76 MPa (ageing at H925, for 4 hours). 

Consequently, the increase in strength of the heat-treated 17-4 PH SS was 

credited to Cu-precipitates produced by aging treatment, which hinders 

dislocation movement. However, it was observed that the increase in tensile 

strength compromised the plasticity properties of the heat-treated 17-4 PH SS 

produced. The research's goal was accomplished when heat treatment profiles for 



vii   

17-4 PH SS produced by LENS-DED were determined. This shows that AM 

technique can produce parts with the right mechanical quality for aerospace 

application, which may result in lower manufacturing costs when used 

commercially. 
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CHAPTER ONE 

1. INTRODUCTION 

 

1.1 BACKGROUND/MOTIVATION  

Andersen (2020), defines stainless steel as an iron-based alloy with a noticeable 

amount of nickel and chromium. There are primarily three types of microstructures 

associated with stainless steels namely ferrite, austenite and martensite. These 

microstructures allow stainless steels to be categorized as ferritic stainless steel, 

austenitic stainless steel, duplex stainless steel and martensitic stainless steel (Lo, 

Shek and Lai, 2009). Ferritic stainless steels have properties like those of mild 

steel but are corrosion resistance containing between 11 to 30 wt% chromium in 

solid solution (Cortie, 2001). Furthermore, austenitic stainless steels contain 

notable amount of chromium and enough nickel or manganese to equalize the 

austenite microstructure that gives the steels excellent formability and ductility 

(Michler, 2016). Additionally, austenitic stainless steels have a distinctive 

composition of 18 wt% chromium and 8 wt% nickel. But the duplex (austenite-

ferritic) stainless steels contain high chromium and a reasonable amount of nickel 

(Lambert, 2009), having a microstructure made up of 50% ferritic and 50% 

austenite. 

 

Martensitic stainless steels have 12-16 wt% chromium with carbon content (Kazior 

et al. 2014). However, the high hardness and strength are derived from heat 

treatment conditions it is subjected to during production. 17-4 PH SS, as described 

by Kazior et al. (2014), is a precipitation-hardening martensitic stainless steel with 

a chromium and nickel content of roughly 17 weight percent and 4 weight percent, 
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respectively. It has a sufficiently high strength and hardness combined with good 

ductility and toughness. Moreover, these properties are due to its alloying 

elements and the major alloying elements in stainless steel that allow for these 

properties are Copper (Cu), Nickel (Ni) and Carbon (C). Makoana (2018) has 

reported that Cu functions as a precipitation-hardening agent. When stainless 

steel is age hardened the outcome is the formation of a supersaturated 

martensite microstructure. But Ni is a toughening agent that increases fracture 

toughness and decreases ductility by stabilizing the austenite phase; while, C is 

meant for hardening steels as it promotes formation of carbides with iron. 

Considering its comparatively high strength, resistance to corrosion and fracture 

toughness at normal service temperatures below 300°C, 17-4 PH SS is utilized in 

the aerospace industry (Yadollahi et al. 2015). Since stainless steel and some 

metals such as aluminum can only be heat treated by age hardening (precipitation 

hardening), ageing between 480°C to 620°C causes the copper-rich particles to 

precipitate which results in an increase in tensile stress and toughness of the 

material (Kalpakjian and Schmid, 2014; Ghayoor et al. 2018). 

 

Aircraft engine components are typically manufactured by means of state-of-the-

art materials, such as titanium alloys, super alloys based on nickel, superior steels, 

or ceramics that can withstand extremely high temperatures. However, titanium 

alloys are expensive, thus, stainless steels have been proposed as a viable 

substitute since it can offer the same anti-corrosion, resist-to-abrasion and high 

strength properties when used in high-pressure and high-temperature 

environments (Chien and Tsai, 2003). Since the mechanical properties of 17-4PH 

SS are flexible and can be modified by heat treatment, which regulates the 
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material's ultimate strength and toughness, 17-4 PH SS has a wide range of 

applications (Barroux et al. 2020). Although 17-4 PH SS are susceptible to pitting 

corrosion and rusting in more unfavorable conditions, like damp air; to increase 

their resistance, more chromium may be added (Lo, Shek and Lai, 2009). Due to 

the good properties exhibited and the broad application of the 17-4 PH SS, 

widespread research has been carried out to steer the implementation of the 

material in the aerospace industry. This is expected to result in the reduction of 

lead-time, material wastage as well as reduction in emission of carbon and 

greenhouse gasses during production. As a result, additive manufacturing (AM), a 

relatively new production technique, has become a viable option for the fabrication 

of components in a number of industries. 

 

AM is a production technique that builds parts layer upon layer to meet the design 

specifications as opposed to traditional manufacturing (TM) routes, which uses 

tooling to shape parts into the desired final shape. Since the inception of AM, a 

great deal of research has been done on the quick prototyping of materials. A sort 

of additive manufacturing (AM) called laser additive manufacturing (LAM) uses a 

laser beam to melt wire or metal powders to create parts. Afkhami et al. (2019), 

stated that LAM systems are distinguished based on their method of material 

deposition and energy source. As indicated by Sing et al. (2020), the wire feed, 

powder feed and powder bed systems are the three main categories into which 

these production methods are divided. 

i. The powder feed systems blow the powder through a nozzle and 

the laser melt the powder onto the substrate according to a 

predefined path to form the desired shape. Laser engineering net 
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shaping (LENS) falls under this category as It melts the fed 

powders as they are deposited using a concentrated laser beam 

as an energy source. This type of technique is called direct energy 

deposition (DED), which is advantageous as it has the capability to 

repair worn or damaged parts. 

ii. The wire feed systems utilize wire feed stocks to build 

components. The energy source of these systems can either be 

an electron or laser beam. The wire feed system is suitable for 

high deposition rate processing and is capable of greater build 

volumes. Its main disadvantage is that the fabricated parts usually 

require more extensive postprocessing like machining compared 

to powder bed or powder fed systems. 

iii. The powder bed systems work by raking powders across the work 

piece area to form a bed and applying an energy source (electron 

or laser beam) to melt the powder according to the tool path 

desired shape. Powder bed systems can produce high-resolution 

features, internal passages and accurate dimensional control. 

 

Systems for powder bed fusion (PBF) usually involve selective laser melting 

(SLM), selective laser sintering (SLS) and electron beam melting (EBM). 

Khodabakhshi et al. �������������� �P�H�Q�W�L�R�Q�H�G�� �W�K�D�W�� �G�H�V�S�L�W�H�� �W�K�H�� �À�H�[�L�E�L�O�L�W�\�� �L�Q�� �3�%�)��

technologies, products manufactured by the DED methods have high overall 

�E�H�Q�H�¿�W�V�� �O�L�N�H�� �S�U�R�G�X�F�L�Q�J�� �K�L�J�K�H�U density parts, which are more likely to be defect-

free, thus, exhibiting superior mechanical properties. Since PBF methods operate 

by first laying metal powders on the build surface, during the melting process as 
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the laser scans the surface, the powder could be blown away from the surface. 

This phenomenon would result in voids of non-coalesce of the molten metal, which 

causes porosities and imperfections that are �G�H�W�U�L�P�H�Q�W�D�O�� �W�R�� �W�K�H�� �P�D�W�H�U�L�D�O�¶�V��

properties (Rashid et al. 2017).  

 

DED methods are advantageous as it can render a wide range of build sizes and 

can yield near fully dense components (Rousseau et al. 2018). For the fabrication 

of graded materials, DED accommodates microstructures of the composite metal 

alloy to be varied for specific applications. This allows the final product 

microstructure to have the best of both materials properties. Despite this very 

capability, DED methods still require more work to be able to produce parts of 

satisfactory properties. The need for machining has led to the limited application of 

parts produced by DED methods in the manufacturing industry. 

 

According to Weng et al. (2019), various metallic materials have been fabricated 

via DED, comprising steel, alloys based on nickel, titanium, stainless steel, high-

entropy alloys and composites for mixed �S�R�Z�G�H�U�V���P�D�W�H�U�L�D�O�V�¶���S�U�H�S�D�U�D�W�L�R�Q�� Hu et al. 

(2017) looked into how heat treatment affected the mechanical properties of SLM-

produced 17-4 PH SS as well as the impact of processing parameters on 

microhardness and density. In 2020, Barroux et al. investigated and compared the 

pitting corrosion behaviour of 17-4PH stainless steel generated by laser beam 

melting (LBM) with that of a wrought 17-4PH stainless steel. Also, Sun, Hebert and 

Aindow (2018) examined non-metallic inclusions in AM 17-4PH samples fabricated 

by SLM. Whereas, Nezhadfar et al. (2019) examined the fatigue crack growth 
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(FCG) behaviour of 17-4 PH SS that was produced by laser PBF and juxtaposed it 

with a counterpart made of wrought iron.  

 

The use of LAM techniques for the 17-4 PH SS by these authors demonstrates 

capability of this manufacturing technology because of the laser beams' high 

energy intensity when melting 17-4 PH SS powder. However, these authors mostly 

focused on tribological performance, pitting corrosion behaviour, influence of 

process parameters, impact of heat treatment on PBF methods' fatigue and 

mechanical properties. This indicates a lack of information in the literature about 

the impact of heat treatment on the mechanical characteristics of the powder-fed 

17-4 PH SS produced by LENS. Therefore, the production of 17-4 PH SS parts 

with similar mechanical properties to that of wrought counterparts produced by 

LENS is an ongoing investigation in open literature. 

 

This research was aimed at developing post-fabrication heat treatment profiles of 

LENS produced 17-4 PH SS that is expected to produce similar mechanical 

properties as the wrought counterpart used as engine bracket in the aerospace 

industry. The findings in this study will benefit the aerospace industry through the 

LENS fabrication implemented to build engine brackets. This is expected to 

guarantee a cut in production costs and decrease the components lead-time. 

Furthermore, the standardization of the heat treatment profiles for 17-4 PH SS 

produced by LENS that has similar mechanical properties like its wrought 

counterpart had not been adequately investigated in open literature. 
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1.2 PROBLEM STATEMENT 

1.2.1 Main Problem  

Even though LENS offers benefits such as reduced production costs in terms of 

energy and materials wastage (Yadollahi et al. 2020), standardized LENS 

processing methods need to be established before commercial implementation. 

Moreover, 17-4 PH SS parts produced by LENS exhibits defects such as 

microstructural heterogeneity and anisotropy, and can have an unfavorable 

influence on the mechanical characteristics of the components (Nezhadfar et al. 

2019). Furthermore, anisotropic properties caused by heat conductivity and 

mechanical characteristics are affected during the melting and solidification 

processes of parts made with LENS technology (Carneiro et al. 2019). Thus, these 

challenges hinder the mechanical performance of LENS fabricated 17-4 PH SS. 

 

1.2.2 Sub-Problems  

i. Optimization of the LENS processing parameters is highly 

beneficial in obtaining superior performance of fabricated 17-4 

PH SS. The microstructure, densification and consequently the 

mechanical properties of components, are impacted by 

parameters like scanning speed, powder feed rate, laser power 

and hatch overlap (Mathoho et al. 2019). 

ii. Thermal gradients experienced during DED influences 

microstructural morphology of the fabricated parts, which has an 

immediate impact on the manufactured parts' mechanical 

qualities (Nezhadfar   et al. 2019). Hence, this can be resolved via 
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heat treatment to achieve grain refinement enhanced hardness 

and tensile properties of 17-4 PH SS (Sanaei and Fatemi, 2020). 

 

1.3 RESEARCH HYPOTHESES 

It is hypothesized that: 

i. Optimization of the laser processing parameters of the LENS 

technique for the fabrication of 17-4 PH SS will produce a dense 

component with good mechanical performance. 

ii. Heat treatment for microstructural homogenization will promote 

phases in the 17-4 PH SS microstructures that would exhibit 

exceptional mechanical properties. 

iii. Application of standardized heat treatment profiles for 17-4 PH SS 

fabricated by LENS is expected to evolve homogenized 

microstructural morphology and thus improved mechanical 

properties attained. 

 

1.4 RESEARCH OBJECTIVES 

1.4.1 Main Objective  

The primary goal of this research is to investigate the mechanical properties of 

LENS processed stainless-steel type 17-4 PH with subsequent post-fabrication 

heat treatment process. 

 

1.4.2 Sub-Objectives  

The specific objectives of this work are to: 
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i. Fabricate highly dense 17-4 PH SS components via LENS using 

the optimum laser processing parameters achieved. 

ii. Perform heat treatment on the LENS fabricated 17-4 PH SS parts 

with varying heat treatment conditions to improve the mechanical 

properties of fabricated parts. 

iii. Study the effect of the various heat treatment profiles on the 

microhardness and tensile strength of LENS fabricated 17-4 PH 

SS samples. 

 

1.5 CONTRIBUTION TO KNOWLEDGE 

i. The provision of information on standardized AM processing 

techniques that can potentially cut manufacturing costs in the 

aerospace industry for commercial implementation. 

ii. The development of heat treatment profiles for 17-4 PH SS 

fabricated by LENS with desirable mechanical quality for 

aerospace   applications. 

iii. Expand the knowledge on heat treatment conditions that can be 

adopted to enhance the mechanical properties of 17-4PH SS 

produced by AM. 

 

1.6 SIGNIFICANCE OF THE RESEARCH 

The knowledge of LENS processing methods using 17-4 PH SS in literature is 

very limited, thus, the outcome of this research as will be published will enable a 

better understanding of the use of LENS method to manufacture 17-4 PH SS 

components. The outcome of this study will also help minimize the production of 
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LENS produced 17-4 PH SS parts with inferior mechanical performance, or 

provide suitable solutions on how to improve it.  

 

1.7 PUBLICATIONS  RESULTING FROM WORK 

1.7.1 Journal  Publications  

MOCHINYA T., TLOTLENG M., POPOOLA A.P.I. AND ARTHUR N. 2023. 

Influence of Process Parameters on the Microstructure, Porosity and Mechanical 

Properties of DED-LENS Produced 17-4 PH SS. Journal of Manufacturing 

Processes (Submitted). 

 

1.8 DISSERTATION OUTLINE 

This dissertation begins with Chapter one where the background of the subject 

matter is discussed in brief. Research problems, objectives, hypotheses and 

contribution to knowledge are highlighted as well. The Chapter two is a literature 

review of the 17-4 PH SS and manufacturing techniques used for processing. This 

section highlights the basic principles of AM as against traditional production 

techniques and compare the mechanical properties and microstructures of each 

technique. Chapter three describes the experimental setup used for sample 

fabrication and characterization along the heat treatment profiles considered for 

this investigation. Chapter four provides a report on the results from the 

characterization indicated in Chapter three. The various heat treatments applied 

were analyzed and conclusions drawn to investigate connections between 

mechanical attributes and heat treatments associated with the obtained 

microstructures with comparisons based on other related works. Chapter five 

highlights the important aspects of the results reported and draw conclusions. This 
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section offers a summary of the findings, concluding remarks and 

recommendations for future works on some aspects not covered in this recent 

study. 
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CHAPTER TWO 

2.   LITERATURE REVIEW 

 

2.1 INTRODUCTION 

In this chapter, the properties, processing practices and heat treatments of 

stainless steel are scrutinized and presented. The microstructures resulting from 

the processing techniques and their possible mechanical properties which may be 

altered by thermal treatments are highlighted. Background information and work 

regarding heat treatment of addtive manufactured (AMed) parts by the LAM 

process from previous authors are reviewed. This information was closely related 

to the current study and utilized to provide sufficient facts about this work as 

embedded. The reviewed works from open literature are arranged according to the 

following sub-headings. 

i. A Review of Publications on Problem Definition and Formulation. 

ii. A Review of Publications on the Mechanical Properties of Additive 

Manufactured 17-4 PH SS. 

iii. A Review of Publications on the Heat Treatment of 17-4PH SS 

Fabricated by Laser Additive Manufacturing. 

iv. A Review of Publications on Direct Energy Deposition Processing. 

 

2.2 STAINLESS STEEL 

Iron, chromium, and nickel alloys make up stainless steels, which do not scale at 

temperatures as high as 1100 oC and are resistant to strong acids. These steels 

are composed of alloys that are exceptionally strong, resistant to corrosion, and 

contain at least 10.5 weight percent chromium. Because of its stiffness, strength 
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and durability as well as its low maintenance needs, stainless steel is preferred 

in industries (Gardner 2005; Cashell and Baddoo 2014). Figure 2.1 shows typical 

pipes made of stainless steel. Various authors have studied the use of LAMed 

stainless steels products in broad applications. Jarvinen et al. (2014), evaluated 

the suitability of stainless steel produced by LAM in the dental jewelry industry, 

however, Piili et al. (2015) looked into how much it would cost to use stainless 

steels made by LAM. Both authors agree that it is cost effective and possible to 

use stainless steel fabricated via LAM in various industrial applications. 

 

 

Figure 2.1: Stainless Steel Pipes Available from 

https://emvafrica.co.za/product/pipes/stainless-steel-pipes/#tab-product-enquiry 

[Accessed on:02/02/2022] 

 

2.2.1 Types and Grades of Stainless Steel  

The AISI (American Iron and Steel Institute) system that does the naming 

stainless steel is still in use in the industry. The numbering system uses three-

digit numbers starting with 2, 3 or 4 and the grades resulting from this system is 

elaborated as follows: 
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i. 200 series : These are austenitic grades that have Manganese. 

The Chromium-Manganese steels have significantly low Nickel 

content of below 5 wt%. The process industry uses the 200 series 

austenitic stainless steel for machinery and equipment, 

automotive and structural industry as well as for cutlery, in-doors 

equipment, food and drinks equipment (Wang et al. 2014; 

Kaladhar et al. 2010). 

ii. 300 series : The 300 series are austenitic stainless steels which 

contain Chromium, Carbon, Nickel and Molybdenum as alloying 

elements. Applications for this standard are found in the jewelry, 

food and beverage, automotive, and medical industries as 

instruments (Rao and Singhal, 2009). 

iii. 400 series : The 400 series are ferritic and martensitic stainless-

steel alloys which have grades that are obtainable via heat 

treatments. They provide a good combination of wear resistance 

and strength. The 400 series is mainly used in agricultural 

equipment, gas turbine parts and motor shafts (Sorrentino, 2017). 

 

Cashell and Baddoo (2014), mentioned that there are different grades of stainless-

steel which meets a wide range of requirements and can be divided into five 

categories: precipitation-hardening grades, duplex (austenitic-ferritic), ferritic, 

martensitic, austenitic and austenitic. 
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2.2.1.1 Ferritic stainless steel 

The iron-based alloys known as ferritic stainless steels are primarily composed of 

the body-centered-cubic (BCC) ferrite phase and contain more than 11 weight 

percent chromium. These steels have good toughness, ductility and weldability 

along with excellent resistance to chloride stress-corrosion cracking (SCC). 

(Gurram et al. 2013; Kang et al. 2016; Cashell and Baddoo 2014; Cortie, 1993). 

The ferritic 409 and 439 stainless steel microstructures that were etched using the 

Vilella reagent are displayed in Figure 2.2 . 

+ 

 

Figure 2.2: Microstructure of Ferritic Stainless Steel. (a) 409 and (b) 439 (Tiburcio 

et al. 2016) 

 

2.2.1.2 Austenitic stainless steel 

Due to their comparatively high chromium content, austenitic stainless steels are 

materials that resist corrosion. The widespread use of austenitic stainless steel is 

as a result to its reasonable cost, ease in fabrication, high mechanical strength, 

biocompatibility and corrosion resistant properties. However, the application of 

austenitic stainless steel in other industries demanding high mechanical strength 

and strong anti-friction properties is limited (Tian et al. 2021; Lodhi et al. 2019; 

Chen et al. 2005; Kong et al. 2019; Borgioli, Galvanetto and Bacci 2016). 
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Figure 2.3 shows the microstructures for austenitic stainless steels which were 

etched with aqua regia. The images were acquired with an Olympus GX41 optical 

microscope. 

 

 

Figure 2.3: Microstructure of the Austenitic Stainless Steels: (a) Rolled Plate, (b) 

Sintered (Dudek and Lisiecka, 2018) 

 

2.2.1.3 Martensitic stainless steel 

Martensitic stainless steels are characterized by their high hardness after heat 

treatments. Unlike other stainless steels, their properties may be altered by heat 

treatment. Furthermore, these stainless steels are advantageous as they can work 

in both high and low temperatures. Stainless steels that are martensitic are 

frequently used to create components that have excellent mechanical qualities and 

significant corrosion resistance (Isfahany, Saghafiana and Borhan, 2017; Chae et 

al. 2019; Shahriari et al. 2020; Nemani et al. 2021; Kim et al. 2021). Figure 2.4 

presents the optical micrograph of martensitic stainless steel etched having used 

3 wt.% nitric acid in ethanol. 
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Figure 2.4: Optical Micrograph of the Lath Martensite in Ultra-Low Carbon Steel. 

(Morito et al. 2017: 382) 

 
2.2.1.4 Duplex (austenitic-ferritic) stainless steel 

Duplex stainless steels are materials of interest because of their acceptable 

combination of mechanical properties and resistance to localized corrosion. 

Therefore, these types of stainless steels have high tensile strength and good 

weldability and shows good resistance to stress corrosion (Garcia-Renteria et al. 

2014; Davanageri, Narendranath and Kadoli 2015). Figure 2.5 shows the 

microstructure of 2205 duplex stainless steel ferritic matrix whereby the austenite 

islands are nearly aligned along the rolling direction. 

 

 

Figure 2.5: Microstructure of 2205 Duplex Stainless Steel (Momeni, Dehghani and 

Zhang 2012) 
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2.2.1.5 Precipitation hardening stainless steel 

Aluminum, molybdenum and titanium are examples of substitute alloying elements 

found in precipitation-hardening stainless steels (PH SS), all of which play a role in 

its strength by precipitation hardening. The PH SS are materials considered where 

a combination of strong toughness, wear resistance, good corrosion resistance 

and high strength is required (Frandsen, Christiansen and Somers, 2006; Wen, 

Feng and Zheng, 2015). The martensite phase of 17-4 PH SS is depicted in 

Figure 2.6 , where the lath structure has a noticeably high density of dislocations. 

 

 

Figure 2.6: Matrix Microstructure of 17-4 PH SS (Yoo et al. 2006) 

 

2.2.2 Application of Stainless Steels in LAM  

Stainless steels are one of the metal alloys types that can be fabricated using DED 

which is a LAM method (Weng et al. 2019). Several researchers have used LAM 

to fabricated different types of stainless steels due to their suitability. Using laser 

powder-fed techniques, Khodabakhshi et al. (2020) manufactured the martensitic 

S410-L and austenitic S316-L stainless-steel structures. Pegues, Roach and 

Shamsaei (2019) fabricated an austenitic stainless steel by laser beam-powder 
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bed fusion (L-PBF). By employing L-PBF, Karlsson et al. (2020) produced ferritic 

stainless steel SS441 with superior mechanical properties. 

 

2.3 PRECIPITATION HARDENED STAINLESS STEEL (17 -4 PH SS) 

According to Ramadas, Sarkar and Nath (2021), 17�±4 PH SS is a precipitation-

hardened stainless steel with 15�±17.5 weight percent chromium, 3-5 weight 

percent copper, and 3-5 weight percent nickel. The phase diagram of the 17-4 PH 

SS alloy is shown in Figure 2.7 . Different phases with different properties can be 

achieved at different temperatures and carbon percentage of PH SS. 

 

 

Figure 2.7: Phase Diagram of 17-4 PH Alloy (Sarkar, Cheruvu and Nath, 2017) 

 

Ageing treatment of 17-4 PH SS, involves the generation of the nanoscale 

precipitation of fine copper-rich precipitates, the nucleation and growth of niobium 

carbides (NbCs) precipitates and the reversion of secondary austenitic phase. 

With regard to the Cu-rich precipitation that forms in martensitic laths during aging, 

a significant amount of hardening happens. Other microstructural alterations, such 
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as the modification of grain size, the development of carbides and Cu-rich 

precipitates and ratio of the martensite-austenite developed could also transpire. 

The microstructural evolutions may be measured by the temperature and the 

duration of the peak ageing treatment which allows the alloy to reach the desired 

mechanical properties (Barroux et al. 2020; Barroux et al. 2021). Ageing of 17-4 

PH SS requires careful execution. Snir et al. (2019) stated that over-ageing 

condition of stainless-steel causes the mechanical behaviour to become embrittled 

as a result of the leftover trapped hydrogen. According to Razavi, Ashrafizadeh 

and Fooladi (2016), the ageing mechanism of the alloy 17-4 PH SS is complicated. 

Therefore, choosing the right heat treatment parameters is essential for the 

highest level of hardness. 

 

2.3.1 Properties and Advantages of 17 -4 PH SS 

17-4 is the most often used grade of PH SS because it is economically cheap, has 

a high tensile strength, is corrosion-resistant, and has a relatively good fracture 

toughness. The martensitic structure and combination of fine Cu-rich precipitates, 

which also enhance the strengthening effects of low-carbon steels are the main 

causes of the relatively good characteristics of 17-4 PH SS. Age hardening/aging 

can change the mechanical properties of the 17�±4 PH SS (Alnajjar et al. 2020; 

Wang et al. 2018; Carneiro et al. 2019). 

 

2.3.2 Application of 17 -4 PH SS 

As stated by Barroux et al. (2020), precipitation hardening martensitic stainless 

steels like 17-4 PH SS, usually find application in many industrial applications like 

biomedical tools, chemical industries, aircraft components and nuclear power 
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plants due to the combination of its strong corrosion resistance and superior 

mechanical qualities. Although, Kazior (2013) mentioned that martensitic stainless 

steels are not recommended in industrial applications that require increased levels 

of strength and a moderate ductility because these stainless steels have 

considerably lower ductility. Precipitation strengthened 17-4 stainless steels are 

often considered. 

 

2.3.3 Challenges Associated with 17 -4 PH SS Fabricated by LAM 

According to Barroux (2020), the mechanical defects associated with LAM such as 

microcracks surrounding build inclusions can greatly reduce the material's 

potential and increase its vulnerability to metastable pitting. Wang et al. (2013), 

stated that 17-4 PH SS has poor tribological performance. The authors suggested 

salt-bath nitriding treatment to assist in improving the material's resistance to 

erosion corrosion. Sivaiah and Chakradhar (2019) noted that 17-4 PH SS are 

alloys difficult to cut, therefore the cutting conditions of 17-4 PH SS need to be 

established.  Furthermore, in the work of Mutlu and Oktay (2011), the authors 

narrated that 17-4 PH SS are known to have lower porosity than that required for 

the biomaterials industry. This steel needs to be highly porous and the porosity 

can be improved by precipitation hardening. 

 

2.4 LASER ADDITIVE MANUFACTURING  (LAM) 

LAM is a manufacturing practice that melt metal powders adopting an electron or 

laser beam to create parts layer upon layer to achieve the design specifications of 

components (Afkhami et al. 2019). 
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2.4.1 Direct Energy Deposition  (DED) 

Liu et al. (2016) mentioned that DED is a LAM technique which uses a direct 

energy source to fabricate parts from metallic powders. It is understood that LENS 

is the most common DED process used in AM. In this study, LENS machine is 

used to fabricate 17-4 PH SS. LENS uses a direct energy source (laser) to melt 

metallic powders including tool steels, titanium alloys, austenitic steels, nickel-

base superalloys, martensitic steels and cobalt-base alloys (Alafaghani et al. 

2019; Onuike, Heer and Bandyopadhyay, 2018). Figure 2.8 shows a diagram of 

the DED process illustrating how layers are formed by the deposition of the 

powders on a substrate. 

 

 

Figure 2.8: Schematic Illustration of LENS Process (Izadi et al. 2020) 

 

Izadi et al. (2020) state that a typical LENS machine consists of a fixed substrate, 

an adjustable deposition head, a laser, and material delivery nozzles. The specific 

build designs are modelled using CAD and the build processing parameters 

information is transmitted to the machine. Better mechanical properties are 
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achieved after deposition processes with LENS because of its higher fabrication 

and repair efficiency, higher cooling rate, smaller heat affected zone and lower 

labour intensity. Additionally, this process has been successfully used with 

different material powders for direct fabrication of high value-added component 

repair, strong mechanical parts for specialized use in the aerospace, defense, 

biomedical industries and complex structural components of functionally graded 

coatings (Liu et al. 2016; Hu et al. 2018). 

 

Hu et al. (2017) used LENS process to fabricate ZrO2-Al2O with the aim of 

reducing problems of cracking and inhomogeneous material dispersion. Onuike, 

Heer and Bandyopadhyay (2018) used LENS to process bimetallic structure of 

Inconel 718 and GRCop-84 to measure process-property relationships based on 

varying interphase compositions. It is agreed that LENS offers a great deal in rapid 

prototyping of 3D dense structures. 

 

2.4.2 Laser Used in DED  

According to Izadi et al. (2020), the DED process typically makes use of three 

different kinds of lasers: CO2 lasers, Nd:YAG lasers and Yb-fiber lasers. 

Additionally, the required laser wavelength determines the type of laser to use, 

which has a big impact on how powder is delivered during the building process. As 

such, the choice of laser affects the build's mechanical characteristics and 

microstructure. Esmail et al. (2021) and Lee et al. (2021), provide the following 

explanation for these lasers: 
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2.4.2.1 CO2 lasers 

Although CO2 lasers offer high beam quality due to their high output power and 

efficiency, they are not typically utilized for ultra-short processing applications. 

However, because CO2 lasers has a low light absorption coefficient in the infrared 

region offer little throughput for the manufacturing of metal parts. In Zaeh et al. 

(2010)'s work, 3D quartz glass structures were created using a CO2 laser. 

 

2.4.1.2 Nd: YAG lasers 

Solid state lasers of the Nd:YAG kind employ rod-shaped Nd:YAG crystals as a 

solid gain medium. Although these lasers have a higher peak power than gas 

lasers, their poor beam quality and energy efficiency make them perform poorly. 

Balajaddeh and Naffakh-Moosavy (2019,) investigated the welding of 17-4 

martensitic PH SS using a pulsed Nd:YAG laser. 

 

2.4.2.3 Yb-fiber lasers 

Rare-earth doped optical fibers used as the active gain medium in fiber lasers are 

known as Yb-fiber lasers. The higher quantum efficiency of these lasers makes 

them ideal for high power generation. Consequently, owing to their high 

effectiveness Nd:YAG lasers in AM have been replaced by Yb-fiber lasers, which 

are primarily used in material processing. Caggiano et al. (2019) made use of Yb 

fiber-based laser source in SLM to study the efficiency of the bi-stream deep 

convolutional neural network. 
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2.4.3 Process Parameters  

The successful application of parts fabricated by LAM requires many processing 

parameters that need to be controlled during fabrication such as hatching space, 

layer thickness, laser speed, laser power and powder feed rate. These parameters 

have an effect on the laser-induced melt pool shape or dynamics and degree of 

localized heating and cooling during LENS. Therefore, selection of processing 

parameters is crucial in LAM as it impacts the heat profile that the components 

underwent while being manufactured. The thermal history associated with LAM 

impacts the formation of pores or voids. Although, porosity is an important index to 

evaluate the quality of printed samples, optimizing the printing parameters can 

reduce the pores to a certain extent (Yadollahi et al. 2015; Kong et al. 2019). 

 

One method to accomplish this in SLM is through process parameter optimization 

for desired quality of a part and authors in literature are continuously investigating 

ways to get superior properties from optimal process parameters. Fox et al. (2016) 

and Zhao (2016), investigated process parameters to optimize surface roughness 

of AM components. While Hu et al. (2017), analyzed the influence of separate 

processing parameters on the density and microhardness of 17-4 PH SS 

produced by SLM. Rashid et al. (2017), studied the relative density and phases in 

the microstructure which affects the microhardness of 17-4 PH SS produced by 

SLM. All of the writers agreed that the build density and quality of the samples, as 

shown by the surface roughness, microhardnes, and strength that result, are 

greatly influenced by the process parameters chosen. 
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2.5 HEAT TREATMENT OF 17-4 PH SS 

Yoo et al. (2006) state that with the right quench-aging heat treatments, PH SS 

can have good mechanical properties and resistance against corrosion. On the 

other hand, ideal heat treatment conditions are desired because they produce the 

best possible blend of impact strength, tensile strength and ductility. Yoo et al. 

(2006), examined the mechanical properties and microstructures of 17-4 PH SS, 

as well as the systematic effects of heat treatment steps like solid solution 

treatment, aging treatment and homogenizing. It was discovered that a 1-hour 

homogenizing treatment time produced the best mechanical property. 

Furthermore, toughness increased with increasing ageing temperature from 480 

oC to 621 oC as strength decreased. Following the solution heat treatment, the 

face-centered cubic (FCC) �S�D�U�W�L�F�O�H�V�� �U�L�F�K�� �L�Q�� �F�R�S�S�H�U�� �V�H�W�W�O�H�G�� �L�Q�� �W�K�H�� �/-ferrite for an 

extended period of time at 400 degrees Celsius. Furthermore, aging at 400 oC 

caused the FCC Cu-�U�L�F�K�� �S�D�U�W�L�F�O�H�V�� �W�R�� �S�U�H�F�L�S�L�W�D�W�H�� �L�Q�� �W�K�H�� �/-ferrite phase, increasing 

the 17-4 PH stainless steel's hardness and yield strength but decreasing its 

elongation. The FCC-Cu precipitates almost dissolved into �W�K�H�� �/-ferrite matrix 

during the recovery procedure and all mechanical attributes, including hardness, 

elongation, and strength, were recovered. 

 

According to LeBrun et al. (2015), 17-4 PH SS is essentially an austenitic structure 

���)�&�&���� ��-�L�U�R�Q���� �W�K�D�W�� �D�O�O�R�W�U�R�S�L�F�D�O�O�\�� �W�U�D�Q�V�I�R�U�P�V�� �L�Q�W�R�� �D�� �O�D�W�K�� �P�D�U�W�H�Q�V�L�W�L�F�� ���%�&�7���� �.�
����

stainless steel at ambient temperature. The strength of Cu-rich precipitates may 

increase with age due to nucleation and development. It was observed, 

nevertheless, that the martensite returns to the parent austenite structure upon 

application of ageing. Reduced stress levels were observed when SLM is used to 



27  

produce 17-4 PH in its as-fabricated state were measured. The metastable 

austenite phase was totally eliminated via solution heat treating the material as it 

was fabricated. According to their findings, austenite reverts to 20.4% by volume 

when ageing temperatures and times are raised. As a result, there was an 

increase in overall and uniform elongation. Heat treatments at higher 

temperatures, however, gradually convert SLM-retained austenite to martensite. 

 

In order to form a heterogeneous solidification microstructure, LAM of metals 

requires continuous heating and cooling from the melting temperature of the 

bottom metallic materials (Zhang et al. 2019). Due to the differences in the thermal 

history and heat transfer dynamics experienced through laser processing. The 

small laser spots powder fusion develops a different microstructure of corrosion 

resistance, wear and weakened strength of metallic materials than traditionally 

produced components (Marques et al. 2011; Brown et al. 2017; Alafaghani et al. 

2019). Post-processing heat treatment techniques are applied to mitigate by 

alleviating some of the anisotropic microstructure, residual stresses and directional 

properties present after LAM. 

 

2.5.1 Benefits of Heat Treatment  

Heat treatment aids in improving the mechanical properties of materials, relieves 

stresses and increases strength. According to Ahmadi et al. (2017), post- 

fabrication heat treatments improved the ductility and minimized any anisotropy 

arising from the orientation differences of LENS produced 17-4 PH SS. Yadollahi 

et al. (2016), found that post-fabrication heat treatment in SLM fabricated parts 

improved fatigue behaviour and tensile strength in low cycle fatigue (LCF). Also, 
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Davies et al. (2018) established that through recrystallisation of a Nickel-based 

superalloy manufactured by L-PBF a strongly anisotropic microstructure was 

present after heat treatment. Homogenization, solutioning and precipitation 

hardening of AM produced 17-4 PH SS allows microstructural evolution which 

gives the AM part microstructures and hardness like wrought counter parts (Sun, 

Hebert and Aindow, 2018). 

 

2.5.2 Challenges Associated with Heat Treatment  

Failures that arise from improper thermal processing can lead to many potentially 

disastrous consequences. Yadollahi et al. (2016) stated that heat treatment has a 

negative influence on the SLM produced 17-4 PH SS operating at high cycle 

fatigue (HCF) levels. Due to the heat treatment, the parts became extremely 

susceptible to contaminants in HCF during precipitation hardening, which led to 

crack initiation stage through the entire fatigue lifetime. Ageing of 17-4 PH SS at 

H900 treatment for components used in critical environmental conditions is not 

recommended as the material becomes drastically susceptible to hydrogen 

embrittlement (Sun, Hebert and Aindow, 2018). 

 

2.6 A REVIEW OF PUBLICATIONS IN OPEN LITERATURE  

2.6.1 A Review  of Publications  on Problem  Definition  and Formulation  

According to Nezhadfar et al. (2019), overlooking the advantages that comes with 

AM technology, some challenges are evident which negatively impact the parts 

made by AM fabrication structural integrity. Defects like lack of surface roughness, 

fusions and porosity, along with microstructural anisotropy and heterogeneity, are 

shown in the fatigue behaviour of different AM material systems. These factors are 
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known to be the most influential ones that affect the fatigue and mechanical 

behaviour of parts produced by AM. The authors stated that the understanding of 

the fatigue crack growth (FCG) behaviour of L-PBF 17-4 PH SS in literature 

was limited. But to a broader extend, the knowledge of the FCG behaviour and 

its reliance on the microstructure is crucial in predicting the service life based on 

a damage tolerance approach of metallic components. Thus, the authors 

investigated the FCG and microstructure-related cracking behaviour of L-PBF 17-

4 PH SS. 

 

In addition, Nezhadfar et al. (2019) investigated the notch orientation in relation to 

the prototype's build direction along with the impact of various heat treatment 

techniques. The 17-4 PH SS, which was made by L-PBF and heat treated for four 

hours at 552 °C, formed early cracks at the notch parallel to the build. In contrast, 

the H1025 specimens, whose notch was positioned perpendicular to the build 

direction, had a crack that began perpendicularly and eventually shifted to a 

parallel build direction as it grew. In the near threshold regime, the wrought 17-4 

PH SS demonstrated superior resistance at H900 compared to its LPBF 

counterpart. However, in the CA-H900 condition wrought and L-PBF 17-4 PH SS 

specimens had the same FCG regime behaviour irrespective of the notch 

orientation. Fractography analysis showed that the crack in the grain boundaries of 

H1025 specimens searched for the interfaces betwe�H�Q�� �P�D�U�W�H�Q�V�L�W�L�F�� �D�Q�G�� �/-ferrite 

that offered the least amount of resistance. 

 

Ansari et al. (2019), mentioned that using water-atomized iron powder as the 

feeds powder in laser direct energy deposition-powder fusion (LDED-PF) would be 
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inexpensive. However, the powder exhibits an irregular shape which affects the 

powder flowability behaviour and thereby alters the deposited layers final 

properties. LDED-PF processing parameters combination such as the laser 

energy input per unit length (P/S) and the blown powder material per unit length 

(F/S) were shown to influence the powder efficiency. Also, it was reported that 

when water atomized powder is used, it leads to thinner deposits. Hence, the 

authors looked into the phase composition and microstructure of laser DED-PF 

produced by water-atomized iron powder of irregular shape. They used statistical 

methods to study the dependency of the geometrical characteristics on the 

parameters. The results obtained showed that the statistical model based on 

response surface methodology of the two combined parameters of F/S and P/S 

had a meaningful outcome on the geometry. However, the microstructure showed 

that a portion of the primary ferrite grains lessened in moderation compared to the 

ferrite substrate with a grain size of 7µm in the heat affected zone. The fraction of 

Fe�ŽC phase had increased. They found the microstructure of the interfacial zone 

had large lamellar structure that grew in the direction of the deposit. Additionally, 

the microstructure of the deposited zone had polygonal ferrite grains which 

averaged a size of 28µm which made the grain size of ferrite bigger than the 

substrate. 

 

As stated from Adomako, Kim and Kim (2019), in light of their metallurgical 

incompatibility of brittle Fe-Ti phases during formation, titanium and steel cannot 

be joined directly. Considering that the existence of brittle phases determines the 

ultimate strength of joints, it is crucial to minimize their formation during steel to 

titanium dissimilar welding. Thus, using a laser-welding process, the authors 
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examined the development of the microstructural, the effects of heat treatment and 

the mechanical properties on joints made between V and 17-4PH stainless steel. 

The results indicated that the microstructures that mainly comprise of Vanadium- 

Iron (V-Fe) on the welded joints, had changed to an Fe-rich phase. This happened 

at the 17-4PH-FZ (fusion zone) side and towards the Fe-V side when the laser 

beam was shifted at 0.1mm and 0.2mm towards the side containing 17-4 PH. 

Nonetheless, the V-Fe composition was the only factor influencing the grain 

morphologies in the fusion zones. Fe-V is formed easily and the grain structure 

was seen to be coarse when the V content exceeded 28 weight percent. 

Consequently, Fe-rich phases with a columnar grain structure developed during 

solidification. The mechanical characteristics at the joints were also discovered by 

the authors to be somewhat reliant on the V-Fe compositions. The hardness and 

tensile characteristics were influenced by the grain morphologies; hardness 

declined but tensile strength and ductility improved at the weld joint as the V 

concentration dropped. 

 

According to Rashid et al. (2017), obtaining fully dense metal components by SLM 

is a challenge because the process requires considerable trial and error research 

to obtain optimum process parameters. The authors evaluated the effect of scan 

strategy on the microstructural phase composition, relative density and micro- 

hardness of the samples produced by SLM. Pre-alloyed, gas-atomized powder of 

17-���� �3�+�� �V�W�D�L�Q�O�H�V�V�� �V�W�H�H�O�� �Z�D�V�� �X�V�H�G�� �L�Q�� �W�K�H�� �D�X�W�K�R�U�¶�V�� �Z�R�U�N���� �)�U�R�P�� �W�K�H�� �U�H�V�X�O�W�V�� �L�W was 

shown that there was merely 33% of retained austenite on the transverse and top 

surface sections of the as-built samples. Also, an increase of �ý43% of the 

hardness was observed on the top surface and 44% which was along the surface 
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transverse side after ageing. Furthermore, along the transverse sections of 

the top surface �ý43% of retained austenite and 14% of retained austenite was 

observed. The sample hardness further increases by �ý32% of the hardness on 

both the transverse and top surface observed after ageing. The relative density 

was 0.06-0.08% more for samples that were printed with dimensions of 

�ý75% then compared to those printed having �ý60%. 

 

Furthermore, Khodabakhshi et al. (2019) affirmed that the difference 

crystallographic structures, differences �L�Q�� �F�R�H�ˆ�F�L�H�Q�W�V of thermal expansion and 

metallurgical incompatibility are the main engineering challenge to produce 

dissimilar bi-metallic structures. In addition, this is because various brittle 

intermetallic compounds occur at the contact area. Consequently, the authors 

studied the option of producing a metal of a dissimilar wall with varying 

crystallographic structures such as BCC (A410-L), FCC (A316-L), and hexagonal 

centered prism (HCP) Zirconium (Zr) using the L-PDF AM technology. The results 

revealed that due to the occurrence of Ni in the stainless-steel substrate by DED. 

The A316-L austenitic stainless steel resulted to cracking. However, when used as 

an inter-layer, the Ni element reacted differently when it was compared to another 

element in the substrate. By using Ni as an inter-layer assisted the authors in 

reducing the cracking susceptibility. Also, the Ni-content was eliminated on the 

substrate by using the A410-L martensitic stainless steel. Furthermore, the brittle 

phases that formed caused the reduction of the likelihood of cracking. The inter-

layers of Titanium, Vanadium and Zirconium structures on stainless steel resulted 

in cracking due to weak bonds forming at the stainless steel and Vanadium 

interface. 
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Weng et al. (2019), mentioned that it is a challenge to manufacture thin structure 

frames using DED-because of the intermittent �V�W�H�S�V�¶ frequency. Thus, the authors 

evaluated the mechanical and microstructural properties of 316L stainless steel 

powders manufactured by DED. Rods of high accuracy in dimensions were 

fabricated using stainless-steel powder. From the results obtained microstructures 

with dual phases namely, martensite ���/�� & austenite ���������Z�H�U�H���R�E�W�D�L�Q�H�G�����7�K�H���D�X�W�K�R�U�V��

saw that the presence of �/��was beneficial to the mechanical properties. This build 

with optimized process parameters had high ultimate tensile strength (UTS) and 

yield strength ������. 

 

Irrinki et al. (2018), stated that the processing conditions such as starting powder 

size, shape and purity are not fully understood because there are fewer studies on 

the effects of powder characteristics on the mechanical properties, densification of 

parts and microstructure of L-PBF made from 17-4 PH SS. Therefore, processing 

conditions such as starting powder size, shape and purity are not fully understood. 

Thus, the authors evaluated the impacts of powder characteristics and processing 

parameters of the mechanical properties, densification and microstructure of gas-

atomized 17-4 PH SS powder. According to the findings, powders were atomized 

by gas at energy densities of 64 and 80 J/mm3. A low porosity sample of 97% 

density was observed for particles ranging D50=17µm. However, for water 

atomized powders of densities of 87-92% had a higher porosity and had irregular 

pores in particle sizes D50=24µm and 43µm. Therefore, the UTS varied from 470 

to 689 MPa for L-PBF parts atomized with water. This was less than the UTS of 

1000�±1120 MPa for the gas-atomized L-PBF parts. 
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According to Mahamood et al. (2020), when 316 stainless steel is subjected to 

rubbing or sliding action while in use, its wear resistance is reduced. Therefore, 

the authors suggested that to enhance the tribological resistance properties of 316 

stainless steel, hard phase particles can be introduced. The addition of the 

chromium carbide gave an enhancement of wear resistance thus increasing the 

hardness. The study examined the effects of two processing parameters on the 

wear resistance property of tungsten (W)-17-4 PH SS composite: the percentage 

content of tungsten powder and the laser power. The wear behaviour of all the 

deposited W-17-4 PH SS composite samples exhibited an irregular decrease and 

increase. The wear volume was 0.0276 mm3 and the wear rate was 8.8×105 

mm3/Nm for the 17-4 PH SS-W composite sample. This was noted with a 2600-

Watt laser and a 2.0-minute powder flow rate. 

 

Aldhabib et al. (2019), mentioned that the properties of 15-5 PH SS which is a 

variant of 17-4PH SS are unstable at certain temperatures. Partial transformation 

of the microstructure to austenite will result when aging the alloy. The 

microstructure when ageing is done at temperatures of above 620 �fC tends to be a 

mixture newly formed martensite, over aged martensite and/or reverted/retained 

austenite. According to the authors, this structure is unstable. Ideally very high 

aging heat treatment conditions are needed to tailor these mechanical properties. 

Thus, the authors examined varying heat treatment conditions that can increase 

the 15-5 PH stainless steel mechanical properties used in aerospace. The results 

obtained showed that by age treating, the ductility decreased while the strength 

increased with increasing temperature. The peak strength was obtained at 550 
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�fC. However, for other alloying samples the heating rates did not influence the 

ductility and strength. 

 

Barroux et al. (2020), stated that the corrosion mechanisms affecting the laser 

beam melting (LBM) martensitic stainless steels is not yet fully understood. 

Corrosion behaviour of martensitic stainless steel (MSS) may be affected by 

ageing heat treatment. This may affect the likely hood to inter-granular corrosion 

and pitting corrosion. Furthermore, micro-crack defects around the str�X�F�W�X�U�H�¶�V��

inclusions may increase the material's metastable pitting and proportionately 

reduce its pitting potential. The authors of the study compared the pitting corrosion 

behaviour of a wrought 17-4PH MSS with 17-4PH MSS that was manufactured by 

LBM in a sodium chloride (NaCl) solution. The results showed that a 

homogeneous microstructure of re-crystallized grains was obtained at H900 

condition and solution annealing for both the LBM and wrought and martensitic 

stainless steels. Moreover, the observations unequivocally demonstrated that pit 

initiation occurred at lack-of-fusion pores. They had no effect on their resistance to 

corrosion and pitting, though the LBM 17-4PH MSS generated very few 

metastable pits. The wrought MSS, on the other hand, featured metastable pits 

with a brief lifetime. 

 

According to Carneiro et al. (2019), the inevitable anisotropic microstructural 

properties in AM metallic components need to be understood for the design of 

mechanically compatible components. Therefore, the authors evaluated the 

mechanical properties of these 17-4 PH SS under quasi-static and cyclic loading 

conditions. The lower fatigue endurance and lower ductility was observed in AM 
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parts in comparison to the usually produced parts. Furthermore, the findings of the 

authors indicated that 17�±4 PH stainless steel had less elasticity and ductility than 

TM 17�±4 PH stainless steel. A lack of fusion in the un-melted portions of the 

construction and inherent defects were the causes of this. It was discovered that 

TM's 17�±4 PH stainless steel had a higher fatigue strength than AM's under the 

high cycle fatigue regime. 

 

As reported by Lashgari et al. (2020), the microstructure of AM made parts is 

negatively affected by low porosities from AM processing parameters which are a 

result of the residual thermal stresses resulting from manufacturing. But doing so 

erodes the parts' mechanical strength. To lessen porosities and residual thermal 

stresses, it is crucial to comprehend the manufacturing processing parameters. 

The authors examined the influence of the processing parameters on the 

microstructure, corrosion characteristics and tribological behaviour of 17-4 PH SS 

that was manufactured by AM. The results displayed that in the hexagon position 

the width was wider for the melt pool. However, with the double strategy, the 

quantity of porosities and balling defects dropped. The parts made using the 

hexagon scanning pattern had a hardness that was about 11% higher than that of 

the concentric pattern. Moreover, better wear resistance was observed on the 

hexagon scanning strategy compared to the concentric pattern. 

 

According to Nezhadfar et al. (2019), residual stresses caused by the thermal 

history experienced during AM leads to LOF and porosity. Also, rough surface 

structures are prominent in AM prototypes due to the thermal history 

experienced during manufacturing Therefore, these flaws affect the fatigue life in 
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particular in addition to the mechanical behaviour of AM parts. Research has 

demonstrated that altering the microstructure of additive manufactured parts can 

effectively decrease residual stresses and pore sizes. The impacts of heat 

treatment on L-PBF 17-4 PH SS's microstructure and mechanical characteristics, 

including its cyclic and monotonic behaviours was the subject of the authors' 

investigation. The findings demonstrated that the microstructure has been 

dramatically altered by heat treatment at condition CA. The 17-4 PH SS 

microstructure changed to martensite when it aged. Consequently, the tensile 

strength is increased. Tensile strength increased even more following heat 

treatment at H900 condition. Moreover, formation of nano size Cu-rich precipitates 

during this heat treatment was the cause. Strengthening led to an improvement in 

fatigue life in both high and low regimes. 

 

As reported by Sanaei and Fatemi (2020), inferior properties such as decreased 

fatigue life is caused by defects occurring in AM. Therefore, these defects also 

contribute to weaken mechanical properties such as lower fracture toughness and 

ductility. Nevertheless, post-fabrication techniques like hot isostatic pressing, 

which modifies the part's microstructure through heat treatment, can lessen the 

defects that arise from AM. Additionally, the impact of processing and post-

processing conditions on the fatigue performance and internal defects of Ti-6Al-4V 

and 17-4 PH SS alloys produced through L-PBF was examined by the authors. 

The results showed that the defect sizes were smaller for the parts fabricated at a 

constant hatch spacing and thickness and at lower energy densities. Also, the 

fatigue defects appeared lower in hot isostatic pressed Ti�±6Al-4V. 
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Shrestha, Simsiriwong and Shamsaei, (2019), mentioned that some variabilities 

occur in the mechanical response of AM parts due to the anisotropy and 

heterogeneity of the resulting microstructures. Therefore, AM potentially produces 

parts of lower fatigue life. Although it was observed that the fatigue life may be 

weakened in AM specimens, building in a certain direction may elevate the fatigue 

life. The effect of surface roughness on the mechanical behaviour of 316L SS as 

well as LB-PBF 316L SS components' fatigue reaction in relation to layer 

orientation were both studied by the authors. The results showed that grains 

perpendicular to the built were evident owing to the LB-PBF processes 

dependence on directed heat flow. However, the authors came to a conclusion 

that the orientation of the layers had a minimal effect on the fatigue regime in the 

low cycle. 

 

Mathoho et al. (2019), highlighted that poor surface may be inevitable in DED 

fabrication of parts which weakens the fabricated parts fatigue performance. 

Unless, the processing parameters are optimized which can potentially 

minimize the risk of fatigue failure. The authors investigated how the mechanical 

characteristics of 17-4 PH SS were affected by laser power and homogenization. 

The findings demonstrated that while homogenizing by itself did not dissolve the 

niobium precipitates, ageing and homogenization together withheld austenite. The 

authors also detected that the specimens' hardness decreased as the laser power 

increases. 

 

According to Yan et al. (2020), high carbon steels are difficult to produce due to 

the susceptibility of pores and crack formation in AM. However, preheating of the 
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substrate prior to fabrication is known to mitigate the problem and alter the 

properties of SLM produced H13 steel. Consequently, the authors investigated the 

impact of heat treatments on the microstructure, precipitation hardening behaviour 

and mechanical properties SLM stainless C-X steel. The results showed that SLM 

can produce C-X stainless steels of high-performance. Also, it was observed that 

the heat treatment condition when the SLM stainless C-X steel specimens' 

strength and hardness increased with ageing dense precipitates with a 

homogeneous distribution in SLM C-X stainless steel components were the cause 

of this. 

 

According to Zeng et al. (2020), surface roughness, in AM specimens cannot be 

mitigated by machining as large pores will be exposed. Moreover, the fatigue 

strength of polished and machined counterparts shows 40-50% reductions. Since 

the surface conditions may not be improved by improving the microstructure, 

reducing the pores and relieving the residual stresses. Therefore, surface 

roughness is recognized as a limitation in the broad application of fracture-critical 

components. The authors examined cyclic behaviour of materials at the notch root 

of typical notch sizes in three material types using the finite element analysis with 

appropriate material models. The results showed that high cycle fatigue (HCF) 

regime is inevitable and fatigue failure was dependent on the load force. 

 

2.6.2 A Review of Publications on the Mechanical Properties of Additive 

Manufactured of 17 -4 PH SS 

Using selective laser melting (SLM), Yadollahi et al. (2017) examined the impact of 

building orientation and heat treatment on the 17-4PH stainless steel fatigue 
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behaviour. The results obtained showed that lower elongation was observed in 

vertically built samples than horizontal samples. Cyclic hardening was observed at 

strain amplitudes above 0.3% for the SLM 17-4 PH SS parts. Furthermore, for as-

built samples and heat-treated samples, a lower plastic strain was observed than 

elastic strains nevertheless the building orientation. This thus led to a domination 

of elastic strain in the total strain life behaviour. Therefore, the authors concluded 

that heat treatment favoured low cycle fatigue and was unfavourable for SLM 17-4 

PH SS high cycle fatigue. 

 

Sun, Hebert and Aindow, (2018), examined non-metallic inclusions of AMed 17-4 

PH SS by SLM. The authors used a combination of electron microscopy 

techniques to characterize the character, morphology and distribution of inclusions 

on the AM samples. It was deduced that the microstructural characterization of 

AMed 17-4PH SS showed there were oxide inclusions of various sizes. Analyses 

of energy dispersive X-ray spectrometry (EDXS) data and electron diffraction 

patterns and EDXS show that the inclusions had Si, O, Mn Al, Fe, and Cu were 

amorphous, suggesting that they are probably oxides. The AM big oxide particles 

morphology and orientation mirrored that of melt tracks which occur at the surface. 

 

Rafi et al. (2014), considered the 17-4 PH SS microstructural evolution and 

mechanical performance produced by SLM. From the results obtained, the melt 

pool had elongated columnar grains and fewer bundles of columnar grains which 

moved across the many melt-pool boundaries. However, heat transfer regions 

lead the orientation of the grains. Furthermore, the microstructure primarily 

consisted of retained austenite and martensite of which when built under a 



41  

nitrogen atmosphere it remained the same. But when fabricated under an argon 

atmosphere it evolved to mainly martensitic with little retained austenite. 

 

The effects of the type of shielding gas on the mechanical behaviour of the argon-

atomized AMed 17-4 PH SS were investigated by Nezhadfar et al. (2018). 

According to the author's simulations, the nitrogen atmosphere had a higher 

cooling rate than the argon atmosphere nonetheless brought in temperature 

variations and somewhat cooler temperatures along the tracks. But nitrogen gas's 

higher thermal conductivity was said to be the cause of that. When nitrogen was 

utilized as the shielding gas, more energy was released from the track into the 

surrounding air. This resulted from the increased cooling rate that nitrogen gas 

provided. Furthermore, the as-built specimens fabricated under Nitrogen shielding 

gas had a slightly higher hardness than the specimens fabricated under Argon 

gas. This was explained by the finer microstructure that was produced as a result 

of the higher cooling rates offered in a nitrogen atmosphere. Compared to HT-

Ar/N2 specimens, the HT-Ar/Ar specimens were harder. This resulted from 

manufacturing under an argon atmosphere, which increased the martensitic 

microstructure's capacity for precipitation hardening relative to the austenitic 

matrix. 

 

Yadollahi et al. (2015a), researched strain-controlled fatigue behaviour of SLMed 

gas atomized 17-4 PH SS powder. The study also included the effect of an 

appropriate heat treatment on fully reversed fatigue strength of the material. The 

results showed for SLM samples, the HCF was lower than wrought counterparts. 

This was due to 17-4 PH SS heat treatment hardening which made the material 
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highly impurity sensitive. At H1050 condition, fatigue strength was lower in SLM 

17-4 PH SS samples than wrought counterparts. Defects found in SLM 17-4 PH 

SS contributed to the lower fatigue life of the parts. Furthermore, un-melted 

regions were the initiation sites for fracture on the surfaces of fatigue. This was 

due to LOF and pores. Also, big un-melted regions closer to the surfaces were 

crack initiation sites. 

 

The impact of fracture orientation and post-manufacturing heat treatment on FCG 

behaviour of LPBF gas atomized AM 17-4 PH SS were assessed by Yadollahi et 

al. (2020). The results showed similarity in the FCG behaviour of AM 17-4 PH SS 

at the fracture regime. However, this was both for the heated specimens and as-

built specimens. Furthermore, for the threshold fracture, similarity was also 

observed for heat-treated specimens and as-built. In the nearest threshold fracture 

regime, the FCG test results were similar. However, in the build direction, the 

effect of near threshold behaviour was visibly different. 

 

Cherry et al. (2015), studied the effects of altering processing parameters, such as 

exposure time and point distance, on various aspects of A316L stainless steel 

cubes, including surface finish, porosity, microstructure, hardness and density. At 

high and low laser energy densities, the balling phenomena was evident. The 

results showed that for minimum balling of 104.52 J/mm3 energy density showed 

continuous line tracks with the highest surface topography. However, at low 

energy densities, surface balling appearances was observed. At high energy 

densities, large and smalls balls were apparent. Overall, the highest porosity was 

found at a lesser laser energy. 
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Liopoulos et al. (2020), investigated the consequence of different AM processes, 

different build directions and the crack growth rates inconsistency relative to AM 

produced 17-4 PH stainless steel, Inconel 625 and Ti-6Al-4V alloys. The study 

revealed that in SLM fabricated samples, different varieties can be seen in cyclic 

fracture toughness. The �G�D���G�1�� �Y�H�U�V�X�V�� �¨�.�� �F�X�U�Y�H�V�� �Z�H�U�H�� �V�L�P�L�O�D�U�� �I�R�U�� �V�D�P�S�O�H�V�� �W�K�D�W��

were stress relieved and hot isostatic pressed. Also, the crack growth rate was 

smaller in the samples built in different build directions. The results further showed 

that the crack growth of both AM 17-4 PH stainless steel and AM Inconel 62 can 

be modelled using the Hartman-Schijve crack equation. 

 

The implications of post-processing of laser peening method on AM component 

surface integrity were the subject of a 2019 study by Mathoho et al. The outcomes 

demonstrated that surface roughness decreased with a rise in peening cycles. 

Furthermore, this was due to the reduction of grains that occurred during peening 

with a decrease in grains observed. Therefore, because of peening, hardening 

was seen 25 µ depth of the peened surface. It was concluded that the hardness 

will increase with the increasing of the peening cycles. 

 

2.6.3 A Review of Publication on the Heat Treatment of 17 -4PH SS 

Fabricated by Laser Additive Manufactu ring  

Sun, Hebert and Aindow, (2018a), evaluated the influence of standard heat 

treatment process, H900 for small building construction and phase structure of 

AMed 17-4 PH SS sections and 17-4 PH SS samples. The results obtained 

showed that ferrite small columnar gains were visible at the as-built AM samples 

grain boundaries. The H900 condition heat treatment homogenized and refined 
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the microstructure of the AM samples. When delivered in blocks of roughly 8µm in 

size, the prepared samples were entirely martensite, with lath sizes reaching up to 

30µm. The prepared sample base's structure remained unchanged after the H900 

solution heat treatment, with the exception of a minor decrease in the martensite 

blocks' size. The authors instead concluded that although there was a difference in 

the original design, after the H900 heat treatment, the same phase structure was 

found in both AMed and 17-4PH SS samples. 

 

Lebrun et al. (2015) examined how ageing affected the mechanical properties of 

specimens that had been heat-treated and those that had not. They measured a 

fraction of the flexible austenite to convert it into a combination of heat treatment 

performed with the initial conditions in which the aging process began. The results 

showed that the solution temperature was treated with 17-4PH SS models as 

synthetic was adequate to eradicate the evolving austenite phase. Ensuing aging 

of the object from that state led to production and stabilization beyond the 

prescribed �P�L�Q�L�P�X�P���� �7�K�H�� �U�H�F�X�U�U�H�Q�F�H�� �R�I�� �D�X�V�W�H�Q�L�W�H�¶�V�� �D�W�� �O�H�Y�H�O�V�� �R�I up to 20.4% in 

volume was measured by an increase in the temperature of aging and time, which 

resulted in a more balanced and balanced growth. Initially the upper layers of 

austenite in the invention prevented the aging process. However, the thermal 

treatment of the rising temperature gradually converted SLM to austenite into 

martensite. The expected consolidation of the predicted effects of pre-treated heat 

treatment solutions and adult martensitic structure was not achieved by the 

excessive aging of H1025 and H1150 heat treatments. 
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Meredith et al. (2018), explored the impact of heat treatment on Argon and 

Nitrogen atomized feedstock in different PBF systems. The results obtained 

showed that the atomization condition played a major part in changing the 17-4 PH 

grade stainless Nitrogen concentration. As for AM materials made from Argon 

atomized feed stock, which contains 0.01wt% Nitrogen and maintains austenite 

<1% levels, reflecting the therapeutic responses are almost identical to those 

expected in the materials used. In contrast, the atomized Nitrogen feedstock, 

which contains 0.12wt% Nitrogen and 81% keep austenite deviating 

significantly from normal heat treatment responses. 

 

The impact of heat treatment at H900 and building direction on the tensile 

properties and microstructural features of gas atomized17-4 PH SS produced by 

SLM were examined by Yadollahi et al. (2015b). The findings demonstrated that, 

in comparison to the materials utilized (condition H900), the maximum and yield 

strength of the 17-4 PH SS produced by SLM in this investigation were found to be 

significantly lesser. This lower extremity was confined to the presence of flaws like 

voids and pores. It was discovered that errors had a major impact on the failure's 

expansion, but they had no discernible impact on the high SLM strength that the 

17-4 PH SS produced. When horizontally formed samples failed, their ultimate 

strength and elasticity were greater than those of both vertical structures�² built-in 

and heat-treated�² in the failure scenario. This is because the formation of very 

small designs and consequently, mechanical behaviour, can result from the 

different cooling rates obtained during the sampling of vertical and horizontal 

samples. 
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Haley et al. (2019), examined laser power, powder flow and melt geometry of 

316L stainless-steel single-track deposits fabricated by LENS. The results showed 

that the powder spray pattern from the four pipes causes the powder efficiency of 

the powder to vary as the operating range has changed. When the range of 

performance is not explicitly controlled, it has shifted to one aspect of a stable 

standard of process conditions or increased without binding. The stability was 

defined by two metrics - defined by the response to adjust the range of 

performance and tolerance of the lack of height. As the temperature above the 

base element increased, the working efficiency of the scanner increased and 

removed the static operating distance near the pipes. The diffusion of powder flow 

has contributed to the stability of the powder by sharpening or softening the 

powder-coating parameters and altering the efficiency of large-scale shooting. 

 

Cheruvathur, Lass and Campbell, (2016), studied the effect of post-heat 

processing on materials compared to conventional 17-4 PH with the aim of 

building a more uniform, complete martensitic small structure. According to the 

findings, a dendritic or cellular solidification structure formed in a structured 

environment on a 17-4 PH stainless steel. In addition, the built-in equipment 

consisted of equal volume components of BCC/martensite and FCC (austenite) 

sections in contrast to the completely martensitic/BCC structure seen with 17-4 

steel. The solid microstructure structure of the AM 17-4 PH steel did not change 

when the pressure was lowered by one hour at 650 °C, but the stiffness did 

increase noticeably. Conventional treatment performed with a 17-4 PH solution 

with AM 17-4 steel reduced a fraction of the FCC/austenite volume in the 

microstructure but was not sufficient to remove the segregation resulting from the 
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solidification process. The heat treatment drug placed in AMS 5355 cast iron alloy 

CB7Cu-1, in particular the homogenization compound 1150 �fC, successfully 

eliminated the formation of dendritic solidification and eliminated the small 

fragmentation, producing a small structure composed of about 90% 

BCC/martensite, only 10% FCC/austenite left, and increases Vickers hardness to 

what was expected of a typical 17-4 PH performance. 

 

Chen et al. (2017), investigated the physiological and evolutionary nature of the 

production of additional 316L during heat treatment during mechanical and 

corrosion treatment. The results obtained showed that heat treatment at 1000 °C 

successf�X�O�O�\�� �L�Q�F�U�H�D�V�H�G�� �W�K�H�� �Y�R�O�X�P�H�� �R�I�� �I�U�D�F�W�L�R�Q�D�O�� �Y�R�O�X�P�H�� ���1���� �S�K�D�V�H�� �S�H�U�� �P�H�W�D�O�� �E�\ 

spheroidization of the remaining delta-ferrite ���/�� phase. However, when the 

temperature was treated at 1100 °C and 1200 °C for one hour, the phase-

dissolved completely in the matrix and the phase decreased with increasing 

temperature of the heat treatment. The columnar grains had no apparent change 

as the metal inserted after heat treatment at 1000 °C to 1200 °C for one hour, due 

to the pinning effect of the �/ and �1 phases. The long holding time at 1200 °C 

caused the grain to rotate and shift from columnar to equiaxial and the �/ and diss 

phases were completely dissolved. The increase in phase caused the increase in 

UTS and YS, but decrease expansion and reduction of the metal surface after 

heat treatment at 1000 °C. Also, heat treatment at 1100 °C to 1200 °C removed 

the �1��phase, which led to a decrease of UTS and YS but increase the area of 

expansion and reduction. The section had a higher strengthening effect than the 

steel section but had a more negative impact on the slope. Heat treatment 

improved metal corrosion resistance and corrosion resistance increased by 
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increasing temperature and heat treatment with time. Temperature-controlled 

samples (1200 °C/4h) with complete austenitic microstructure show excellent 

corrosion resistance. 

 

2.6.4 A Review of Publications on  Direct Energy Deposition Processing  

Eliaz et al. (2020) examined the comparative characteristics of aircraft parts 

manufactured or modified using LENS that were made of 17-4 PH (AISI 630) 

stainless steel, Ti-6Al-4V and Al 4047 alloys. The scientists discovered that all 

three materials had microstructures typical of quick solidification, as well as 

hardness, chemical composition and high density comparable to the equivalent 

wrought alloys (even in hard state). They also discovered that porosity, an 

absence of fusion between the layers, and partly and un-melted powder particles 

were among the flaws, particularly at the interface where the construct and 

substrate plate were joined. The metallographic and µ-CT images were well-

supported by the sphericity values derived from the µ-CT analysis. 

 

The wear and mechanical properties of 17-4 PH SS that is additively 

manufactured were examined by Sanjeev et al. (2019) and compared to wrought 

specimens that are conventionally manufactured (CM). Regardless of the applied 

load level, the wear rate of LB-PBF 17-4 PH SS was discovered to be lower in the 

dry condition compared to its counterpart, CM 17-4 PH SS. Consequently, under 

lubricated conditions, LB-PBF 17-4 PH SS had a higher wear rate than CM 17-4 

PH SS. This was explained by the thinner lubricant film that developed on the 

surface as a result of the LB-PBF samples' greater surface roughness. Abrasion 

and surface fatigue were the main wear processes in the lubricated condition, but 
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adhesion predominated in the dry condition independent of the manufacturing 

technique (LB-PBF or CM). 

 

Javidani et al. (2017), looked into porosity, particle morphology, hardness and 

microstructure of AlSi10Mg alloy fabricated using DED. The results showed 

equiaxed dendrites on the substrate morphology was prevalent. Moreover, this 

morphology showed an increase in hardness. Whereby, the upper position that 

had dendritic equiaxed grains showed lower hardness. A coarser microstructure 

was observed in specimens of a bigger size and particle morphology.  

 

Razavi et al. (2018), evaluated and compared the fatigue behaviour and fracture 

mechanisms of 17-4 PH SS fabricated by LENS and conventional manufacturing. 

Consequently, the authors fabricated two batches of LENS samples of which one 

was induced with porosity and the other was fabricated with optimal process 

parameters which eliminated the presence of internal defects. The results revealed 

the mechanical properties for specimens which were fabricated with optimal 

parameters were similar to those of wrought specimens. Where else, the 

specimens which were not fabricated with optimal parameters had weakened 

mechanical properties such as lower ductility due to defects such as LOF and 

pores. Although, the specimens with optimal and non-optimal parameters had 

comparable static strength. However, ductile failure was observed for both 

specimens. The surface roughness was observed on specimens with non-optimal 

parameters. 
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Svetlizky et al. (2020), explored during processing the impact of powder mass flow 

rate and laser scan speed on the chemical composition, microstructure, porosity, 

mechanical behaviour and density of AlMg alloy fabricated by LENS which is a 

DED method. The authors used a gas atomized Al 5083 powder in their study. The 

results conveyed that little amount of pure Mg HCP phase was evident on the 

microstructure of the fabricated alloy. Although, the microstructure consisted of 

both equiaxed and columnar grains. Thus, a reduction in speed and powder 

resulted in a rise in microhardness. 

 

Wang, Palmer and Beese, (2016) investigated the impact of incorporating grain 

growth and grain size models into the laser-based DED stain for AISI 304L 

stainless steel when examining the parameters in the microstructure and tensile 

mechanical properties. The authors designed two walls with high-line thermal 

inserts of 271 and 377 J/mm3, to obtain the parameters of the parameter 

processing and to focus on their effects of direct heat insertion, on the 

component's tensile mechanical properties and anisotropic and heterogeneous 

microstructure. The results showed that the slightly cooled grain grew towards the 

AM-component content-building construct, which led to an increase in anisotropic 

where longitudinal specimens had lower concentrations than variables. Local-

dependent yield strength was obtained following Holo-Petch's dependence on 

local grain size, suggesting an acceptable connection between AM's mechanical 

characteristics and its heterogeneous, anisotropic microstructure. A wall built using 

low-temperature line installation had a very good design. Lower production and 

durability were predicted as a result of a drop-in cooling rate at a larger distance 

from the substrate, which is why the walls formed very little in comparison to the 
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bottom of the walls. The application of grain size as a function of temperature and 

position equilibrium matches the kinetic grain growth model prediction and the 

yield potential as a function of grain size and morphology, which is then followed 

by the Hall-Petch connection. 

 

2.7 SUMMARY OF CHAPTER TWO 

Materials used in aerospace are chosen for their strength, longevity and reliability, 

especially when it comes to resistance at high temperatures and resistance to 

fatigue during operation at high altitudes. However, besides the mentioned 

properties weight is another important factor, especially when it comes to fuel 

economy and air traffic power. Although aluminum has a long-standing nature of 

aircraft manufacturing due to its combination of light weight and strength 

compared to stainless steel. Stainless steel alloys are now a prominent part of 

important aircraft components owing to its high hardness, strength, high 

corrosion resistant, non-slip, durability, high toughness, high tolerance to structural 

damages and thermal conductivity. Newer technologies such as AM are 

investigated for the manufacturing of steel alloys and Ti alloys, in aviation. 

However, like every new technology, AM has challenges such as thermal 

gradients experienced during laser irradiation and defects (surface roughness 

porosity and lack of fusions) that negatively impact the structural integrity of AM 

fabricated parts. As results, the tribological properties, fatigue behaviour, 

mechanical properties and microstructure of AM parts may be inferior as 

compared to traditional manufacturing. Various authors in literature have agreed 

that optimizing the processing parameters, relieving the residual stresses, post 

fabrication heat treatment and hot isostatic pressing may improve the properties 
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of AM parts. However, literature on this practice methods is limited and therefore 

hinders the widespread application of AM manufactured parts in aviation. This 

research is aimed to expand the knowledge of heat treatment conditions that can 

be adopted to advance the properties of LAM 17-4 PH SS. 
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CHAPTER THREE 

3.  EXPERIMENTAL PROCEDURE  

 

3.1 INTRODUCTION 

The experimental procedure involved fabrication of 17-4 PH SS with different 

processing parameters to determine the laser processing parameters that 

produced samples of high build density and superior hardness. The best set of 

parameters were used to fabricate more coupons which were heat-treated and 

characterized. It is known from the literature that the LAM prototypes' processing 

parameters affect the parts' mechanical properties' quality. Thus, it is desirable to 

have prototypes free of flaws like pores and lack of fusion. However, the samples' 

structural integrity may be impacted by the thermal gradients that occur during 

laser fabrication. The fabricated 17-4 PH SS samples underwent homogenization 

and solution annealing heat treatment to further enhance their mechanical 

characteristics. The experimental protocol used for the 17-4 PH SS coupons made 

by LENS is described in this chapter. 

 

3.2 MATERIALS  

The material used in this report was 17-4 PH stainless steel powder of 45 to 90 

µm particle sizes. �.�D�O�O�L�Q�J�¶�V reagent was used during metallographic analysis to 

make the microstructure of the coupons visible. 

 

3.2.1 17-4 PH Stainless Steel Powder  

The 17-4PH SS powder used in this research was supplied by TLS Technik, 

Germany. The nominal composition of the powder is presented in Table 3.1. The 
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powder is gas-atomized, spherical with powder particles in a size range of 45-90 

µm shown in the Figure 3.1. 

 

Table 3.1: 17-4 PH SS Steel Powder Supplied by TLS Technik Nominal 

Composition 

Cr Ni Cu Si Mn C Nb &  Ta P S 
15.0-

17.5% 
3.0-

5.0% 
3.0-

5.0% 
1.0% 
max 

1.0% 
max 

0.07% 
max 

0.15% 
max 

0.04% 
max 

0.03% 
max 

 

 

 

Figure 3.1: 17-4 PH SS Powder (a) Container; (b) SEM Image 

 

3.2.2 �.�D�O�O�L�Q�J�¶�V���5�H�D�J�H�Q�W 

Etching was carried out to make visible the microstructure of the LENS 

fabricated 17-4PH SS samples for visualization and analysis. Thus, the reagent 

�X�V�H�G�� �I�R�U�� �H�W�F�K�L�Q�J�� �Z�D�V�� �.�D�O�O�L�Q�J�¶�V�� �U�H�D�J�H�Q�W���� �.�D�O�O�L�Q�J�¶�V�� �U�H�D�J�H�Q�W�� �L�V�� �D�� �P�H�W�D�O�O�R�J�U�D�S�K�L�F 

etchant used for micro-etching martensitic stainless steel, precipitation hardening 

stainless steel, and some super alloys. The �.�D�O�O�L�Q�J�¶�V reagent is prepared by 

mixing a composition of 100 mL ethanol, 1000 mL HCl and 5 g CuCl2. Figure 3.2 

shows the �.�D�O�O�L�Q�J�¶s reagent etchant that was used in this work. 
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particles were maintained in the sieves at 75 µm and 45 µm after passing through 

the sieves with diameters of 112 µm and 106 µm. The LENS-DED machine's input 

consisted of 17-4 PH powder particles with sizes ranging from +77 µm to -45 µm. 

 

3.4.2 Energy Density  

The energy density was calculated as presented in Equation 3.1  based on the 

work of Wei and Shen, (2018) and Gu et al.  (2013). 

 

                       Equation 3.1 

  

 

3.4.3 LENS Fabrication of 17 -4 PH SS 

Using the tabulated process parameters listed in Table 3.2 , eight coupons with 

dimensions of 15 x 15 x 10 mm were created. At 4.92 gpm, 0.2 mm, and 1.4 mm, 

respectively, the powder flow, layer thickness, and spot size remained constant. 

 

Table 3.2: Fabrication Process Parameters Varied 

Energy Density,  
(J/mm 3) 

Powder Flow, 
(gpm)  

Laser Power, 
(W) 

Scan Speed, 
(mm/s)  

Hatch, 
(mm) 

219 4.92 300 10.16 0.675 

146 4.92 300 10.16 1.013 

175 4.92 300 12.7 0.675 

117 4.92 300 12.7 1.013 

255 4.92 350 10.16 0.675 

170 4.92 350 10.16 1.013 

204 4.92 350 12.7 0.675 

136 4.92 350 12.7 1.013 
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While varying the hatch spacing, scan speed, and laser power. The parameters for 

laser processing have been adjusted from initial research conducted at the 

Photonic Centre, Council of Scientific and Industrial Research (CSIR), Pretoria, 

South Africa. The results were published by Mathoho et al. (2019) and covered 17-

4 PH SS generated by LENS. The ideal process parameters for this study were 

discovered at an energy density of 219 J.mm3, which resulted in a microhardness 

of 223 Hv0.3 and a build density of 99.96%. According to international ASTM 

standards, the microhardness measured at this energy density was similar to that 

of wrought 17-4 PH SS grade 630 UNS S17400 (Ponnusamy et al. 2021). 

 

3.4.4 Sand Blasting Fabricated Parts  

The fabricated coupons were sand blasted to remove fine metal residues. Figure 

3.16  presents the fabricated samples before and after sand blasting. 

 

 

Figure 3.16: Sand Blasted 17-4 PH SS Coupons on a Substrate (a) Before; and (b) 

After 

3.4.5 Cutting  

Cutting was done using the corundum H-type abrasive wheel which is used for 

material such as steel, aluminum and cooper alloys. The samples were first 

positioned and aligned before clamping and locking it down. The machine was 
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switched on and the lever was pulled forward slowly while cutting the sample. 

Furthermore, water was concurrently sprayed to prevent the material from 

overheating. After cutting the samples was unclamped and safely removed. The 

procedure was repeated for each coupon. 

 

3.4.6 Heat Treatment  

Heat treatment took place in two stages; firstly, homogenization to unify the 

microstructure followed by annealing to harden the coupons to allow 

improvement in the mechanical properties of the build. 

 

3.4.6.1 Homogenizing 

Homogenizing took place at 1050 oC for 30 mins and the samples were air 

cooled overnight. 

 

3.4.6.2 Annealing 

Following homogenization, the first set of coupons were annealed at 482 oC in 

accordance with the heat treatment profile of the H900 condition; Table 3.3 shows 

the holding times. Following homogenization, the second set of coupons was 

annealed at 496 oC according to the heat treatment profile H925 condition, with the 

holding periods shown in Table 3.4.  

 

Table 3.3: H900 Condition Annealing 

Sample  name Hold time (Hour)  Cooling  
A 1 Air 
B 2 Air 
C 3 Air 
D 4 Air 
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Table 3.4: H925 Condition Annealing 

Sample  name Hold time (Hour)  Cooling  
E 1 Air 
F 2 Air 
G 3 Air 
H 4 Air 

 

 

3.4.7 Metallographic Preparations  

3.4.7.1 Mounting 

The sample stage was raised by lifting it up with the up-arrow button. The cut 

samples were placed on the stage and lowered using the down arrow button. 

After lowering the stage, the chamber was then filled with resin and the lid was 

closed. The mounting parameters were as follows: 

�¾ Temperature 180 °C 

�¾ Keep time 580 sec 

�¾ Cooling time 40 °C 

 

The cooling pump automatically switches on after 580 seconds of keeping time to 

cool down the sample. After the heating cycle was completed, the machine stops 

to indicate that the mounting cycle was complete and the sample stage was 

raised, and the mounted specimen removed, Lawrence et al. (2012). 

3.4.7.2 Grinding 

The mounted sample from the mounting pressed was ground using silicon carbide 

(SiC) grinding paper on the TegraForce 5 grinding/polishing machine. The grit size 

of the sand paper started from 320 µm, followed by 1200 µm and finally 4000 µm. 
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The specimen was kept cool during grinding by water from the tap connected to 

the equipment during the operation. 

 

3.4.7.3 Polishing 

Polishing was done to produce a mirror-finished scratch-free surface by using a 

wet rotating wheel covered with a special cloth. The Tegra-Force 5 

grinding/polishing head is moved towards the polishing wheel and the samples 

were inserted into the sample holder. The first step was DP-DAC cloth with 

diamond paste suspension of 9 µm and 3 µm as lubricants. The final polishing 

stage was done with OP-NAP cloth using OPS suspension. The samples were 

carefully cleaned with water and ethanol was used to remove any debris on the 

samples before they were dried, Chang et al. (2021). 

 

3.4.7.4 Etching 

Due to the 17-4 PH stainless steel alloys composed of more than one phase, the 

components microstructural phases were revealed during etching which is 

�S�U�H�I�H�U�H�Q�W�L�D�O�O�\�� �D�W�W�D�F�N�L�Q�J�� �R�Q�H�� �R�U�� �P�R�U�H�� �R�I�� �W�K�H�V�H�� �F�R�Q�V�W�L�W�X�H�Q�W�V�� �E�\�� �N�D�O�O�L�Q�J�¶�V�� �U�H�D�J�H�Q�W�� 

Subsequently, the etching process made visible the microstructure of the alloy. 

The polished specimen was etched in �N�D�O�O�L�Q�J�¶�V solution for 25 seconds and then 

quickly washed off and dried, Leo et al. (2019). 

 

3.4.8 Microstructur al and Phase Analysis  

3.4.9.1 Optical microscope (OM) 

The samples were placed on the sample stage and viewed with the Olympus 

stream essential software. The magnification of the objective lens was place at 5x 
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magnification and set input to BX51M (allows selection of magnification from 

5x/10x/20x/50x and 100x). The image was focused by using the focusing knob 

with the corresponding magnification chosen on the software. The stream 

essentials software, phase analysis tool was used to analyze the porosity and 

determine the percentage densification of the samples and the reports are saved. 

 

3.4.9.2 Scanning electron microscopy (SEM) 

The SEM operates by producing a beam of electrons at the top of the microscope 

by an electron gun. Within the vacuum, the electron beam follows a vertical path 

through electromagnetic fields and lenses. Consequently, focusing the beam 

downwards to the sample such that electrons ejected off on the sample. The 

electrons and backscatters are collected by detectors which convert them into a 

signal which is sent to the screen and produces an imagine saved. A magnification 

of 200x, 600x, 800x and 1200x was used furthermore, the images in this research 

were observed at 1200x magnification. SEM was performed and deemed 

advantageous over traditional microscopes that uses lenses because it provides 

higher resolutions of the microstructure to be studied. 

 

3.4.9.3 X-ray diffraction (XRD) 

XRD was performed on the sample by directing an x-ray beam and measuring the 

intensity scattering on the outgoing direction. T�K�H���V�D�P�S�O�H�¶�V���F�U�\�V�W�D�O�O�L�Q�H structure is 

indicated by the scatters. Thus, measuring the intensities and scattering angles of 

X-rays that left the material. This method is used for phase identification. 
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3.4.9.4 Electron backscatter diffraction (EBSD) 

EBSD was conducted by scanning across the surface of the tilted sample in the 

FIB-SEM. The electrons are liberated from the field emitting source through an 

electrical gradient field held at high frequency. This occurred in the high vacuum 

column where the primary electrons were focused and further deflected by 

electronic lenses. Hence, forming a pattern at each point the diffracted electron 

passed and analyzed. 

 

3.4.9 Density/Porosity Analysis  

The Olympus stream essential software was used to analyze the sample porosity 

at 5x magnification and the image was taken. For each coupon, nine pictures were 

taken at the edges and centers, these images were then taken back to the stream 

essential software for porosity analysis. The report of the porosity or phase 

analysis from the software images are saved. 

 

3.4.10 Micro hardness Testin g 

Microhardness testing was conducted on the sample using the Zwich Roell ZGVµ 

micro hardness tester with indentations at 10x magnification, a force of 300 gf and 

a dwell time of 10 seconds. 

 

3.4.11 Tensile Property Analysis  

Through tensile tests, the mechanical characteristics of the LENS-fabricated 17-4 

PH SS were determined. The following characteristics were measured: yield 

strength (YS), maximum elongation, reduction in area, and ultimate tensile 

strength (UTS). 
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3.5 SUMMARY OF CHAPTER THREE 

The 17-4 PH SS coupons were fabricated by the LENS system. First stage of 

fabrication was accomplished by varying the processing parameters of the 3D 

printed samples to achieve the optimization parameters. The best set of 

parameters obtained by optimization were then selected to fabricate another set of 

samples which were used to investigate the influence of heat treatment on the 

LENS fabricated 17-4 PH SS samples. These coupons were characterized to 

examine the resulting microstructural evolution, porosity and tensile properties of 

the fabricated 17-4 PH SS coupons by the LENS machine. The next chapter 

presents the analysis of the results obtained from in this study. 
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CHAPTER FOUR 

4.   RESULTS AND DISCUSSION 

 

4.1 INTRODUCTION 

This chapter presents the results obtained from fabrication of 17-4 PH SS sample 

coupons via the LENS processing route. The microstructure and phase analysis 

were investigated using OM, SEM, EBSD and XRD techniques. The mechanical 

properties were determined using Vickers microhardness and tensile testing 

techniques. 

 

4.2 OPTMIZATION STUDIES OF AS-BUILT 17-4 PH SS SAMPLES 

FABRICATED BY LENS  

The LENS fabricated 17-4 PH SS samples built with different process parameters 

gave the results presented in Table 4.1. 

 

Table 4.1: Energy Density as a Function of Build Density and Microhardness 

Obtained from Various As-Built 17-4 PH SS Process Parameters 

Energy Density,  (J/mm 3) Build Density, (%)  Microh ardness,  
(Hv0.3) 

219 99.96 223 
146 80.16 217 
175 99.7 224 
117 99.83 227 
255 99.81 226 
170 99.84 225 
204 93.13 219 
136 99.97 376 

 

The optimal sample was determined to be those with an energy density of 219 

J/mm3, a build density of 99.96%, and a microhardness of 223 Hv0.3. Based on 
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this process parameter combination, the high build density of this group of 

samples indicated that there were little to no faults and defects that could induce 

porosity. The microhardness value was nearly identical to that of the international 

17-4 PH SS alloy that met ASTM Grade 630 UNS S17400 requirements 

(Ponnusamy et al. 2021). 

 

4.2.1 Microstructural Characterization of As -Built 17 -4 PH SS Fabricated by 

LENS 

Figure 4.1 shows the optical micrographs that were observed for the as-built 

LENS fabricated 17-4 PH SS samples at different energy densities. The 

microstructures of the as-built 17-4 PH SS samples at an energy density of 146 

J/mm3 and 204 J/mm3 shows common pattern of defects and imperfections 

experienced in AMed samples when the process parameters are not optimized. 

These defects occur along the hatch spacing during layer fabrication. 

 

Moreover, these imperfections are attributed to partial melting of the powder 

particles leading to insufficient melting and bonding of the new layers. In the work 

of Mushongera and Kumar (2022), it was realized that hatch space has a direct 

impact on porosity during AM of 17-4 PH SS alloys. The authors indicated that 

porosity resulted due to lack of fusion and partial melting when there is low energy 

density and high scan rate. Consequently, Figure 4.1 shows micrographs of 17-4 

PH SS samples at different energy densities demonstrating complete melting of 

the metal powder particles. At these energy densities, little (small negligiable 

spherical pores due to entrapped gases during fabrocatiom) to no porosity was 

observed which highlights the importance of optimizing the process parameters. 
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SEM, XRD and EBSD analysis were not conducted in the optimization studies of 

the as built 17-4 PH SS as they did not have an influence in the selection of the 

optimum process parameters. However, SEM, XRD and EBSD analysis were 

conducted for the microstructural characterization of the heat treated 17-4 PH SS 

samples. 

 

4.2.2 Mechanical Properties of the As -Built 17 -4 PH SS Samples  Fabricated 

by LENS  

Vickers microhardness tests were performed on the samples to assess the 

microhardness of the as-built 17-4 PH SS samples. 

 

4.2.2.1 Build Density Analysis of the As-Built 17-4 PH SS Fabricated by LENS 

Porosity resulting in lower build densities is an inherent problem in LAM. This can 

be remedied by optimizing the process parameters to achieve a fully dense 

fabricated sample. Samples with higher build densities are sought after as it is 

believed that the microhardness increases with build density. The build density as 

a function of microhardness of the as-built 17-4 PH SS samples fabricated by 

LENS is presented in Figure 4.2. 
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Figure 4.2: Build Density as a Function of Microhardness of As-Built 17-4 PH SS 

at Samples Different Energy Densities 

 

The relationship between microhardness and build density is important in 

manufacturing because it impacts the mechanical properties. The relationship is 

such that an increase in build density is directly proportional to an increase in 

microhardness because higher porosities resulted in the material collapsing under 

load (Cherry et al. 2015). Figure 4.2 further supports the findings of Cherry et al. 

(2015) that the lowest build densities of 80% and 93% resulted in the lowest 

microhardness of 217 HV0.3 and 219 HV0.3, respectively. Whereas, higher 

microhardness was achieved at higher build densities with 17-4 PH SS samples 

with little or no defects or porosities as presented in the OM micrographs in Figure 

4.1. The highest microhardness amongst all the 17-4 PH SS samples was 

observed at an energy density of 146 J/mm3. Apart from build density, 

microhardness variations were attributed to the energy density. This is because 

the energy imparted the thermal gradients created due to rapid heating and 

cooling of the molten material during laser fabrication. Figure 4.3 shows the 

relationship between the microhardness and energy density. It was observed that 



78  

the microhardness remained constant at ~200 HV0.3 to 250 HV0.3 despite the 

increase in energy density. This indicates that the microstructures at different 

energy densities imparted during fabrication remained constant as shown in the 

similar microhardness values obtained. 

 

 

Figure 4.3: Microhardness as a Function of Energy Density of As-Built 17-4 PH SS 

 

Microhardness tests were only carried out in the optimization studies. The 

optimum process parameters were selected according to the sample that had a 

high build density that indicated no defects and porosity. As well as the sample 

which had a similar microhardness to that of the ASTM standards of wrought 17-4 

PH SS listed as grade 630 UNS S17400. Furthermore, tensile testing was 

conducted on the heat treat 17-4 PH SS samples and not on the samples used for 

optimization studies. 

 

4.2.2.2 Microhardness Analysis of the As-Built 17-4 PH SS Fabricated by LENS 

The microhardness profiles of the as-built 17-4 PH SS samples fabricated by 

LENS at different energy densities are shown in Figure 4.4. The 17-4 PH SS 
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austenite during cooling due to the solid-state diffusion which causes further 

transformation to martensite until it reaches room temperature. Thus, causing an 

increase in hardness because martensite is known to exhibit higher hardness in 

stainless steel in comparison to ferrite. 

 

Microhardness tests were only carried out in the optimization studies. The 

optimum process parameters were selected according to the sample that had a 

high build density and indicated no build defects such as porosity. The sample was 

also chosen according to the similarity in microhardness to that of the ASTM 

standards of wrought 17-4 PH SS listed as grade 630 UNS S17400 (Ponnusamy 

et al. 2021). Furthermore, tensile testing was only conducted on the heat treat 17-

4 PH SS samples. 

 

4.3 CHARACTERIZATION OF THE OPTIMIZED 17-4 PH SS SAMPLES 

FABRICATED BY LENS   

4.3.1 Microstructural Characteri zation  and Phase Analysis  of 17-4 PH SS at 

Various Heat Treatments  

4.3.1.1 OM Analysis of the Heat Treated 17-4 PH SS Fabricated by LENS 

Figure 4.5 presents the OM images of the 17-4 PH SS samples at various heat 

treatment stages. It was observed that the as-built microstructure was not uniform 

and revealed coarse columnar ferrite grains. Use of homogenizing heat treatment 

of 1050 oC at 30 minutes was efficient and resulted in a more refined 

microstructure that showed improved uniformity of fine ferrite grains. 

 







83  

Sabooni et al. (2021), also reported a dominant ferritic structure containing large 

ferrite grains in the as-built samples of 17-4 PH SS fabricated by LPBF. 

 

The SEM images in Figure 4.6 shows that the heat-treated samples underwent 

recrystallization. Heterogenous grain growth with columnar grains were observed 

at H900 condition (482 oC for 1 hour), but for the H925 condition (496 oC for 4 

hours) grain reduction causes a decrease in the maximum breadth and length of 

60% and 42% in the grains, respectively. In this case, it was noted that the as-built 

and homogenized microstructures were dominantly made up of the ferrite phase. 

However, heat treatment by ageing at H900 and H925 condition introduced small 

quantities of austenite Fe-FCC of 0.01 wt% and 0.02 wt%, respectively as 

indicated Table 4.2. Subsequently, the as-built 17-4 PH SS had a 0.01 wt% 

fraction of austenite Fe-FCC which was later abolished from the matrix during 

homogenization as the phase fraction of austenite was 0.00 wt%.  

 

As depicted by the EDS analysis on Figure 4.6, precipitates became prominent 

after ageing at H900 and H925 condition and little austenite was introduced in the 

microstructure upon ageing. Therefore, it was assumed that austenite is formed in 

small quantities which facilitated the finely distributed particles in matrix. It was 

also noted that perhaps Cu precipitation in 17-4 PH SS with a ferrite structure was 

delayed upon heat treatment by ageing. Therefore, this requires more time for the 

transformation of ferrite to austenite to occur in the solid-state diffusion process 

(Rafi et al. 2014). It is significant to mention that materials with ferrite dominant 

microstructure are particularly resistant to austenite re-emergence as only small 

quantities of austenite which were less than 0.1% were produced after ageing at 
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H900, for 1 hour and H925, for 4 hours. Similarly, Lashgari et al. (2021) found that 

the grain morphology of the ferrite 17-4 PH SS fabricated by SLM after thermal 

treatment changed from equiaxed to columnar dendrites. While, Mathoho et al. 

(2019) observed that after heat treatment, the DED produced 17-4 PH SS showed 

microstructures containing mainly martensite with retained austenite. 

 

4.3.1.3 EBSD Analysis of the Heat Treated 17-4 PH SS Fabricated by LENS 

The EBSD images in Figure 4.7 shows the microstructural phases in the 

microstructures of the LENS fabricated 17-4 PH SS at various heat treatment 

stages. The as- built and homogenized microstructures revealed a dominant ferrite 

Fe-BCC phase, which reported phase fractions of 99.99 wt% Fe-BCC and 69.02 

wt% Fe-BCC, respectively. While the heat-treated samples for H900 condition 

(ageing 482 oC, at hold time of 1 hour) and H925 condition (ageing 496 oC, at hold 

time of 1 hour) introduced austenite Fe-FCC in small quantities of 0.01 wt% to 

0.02 wt% at H900 and H925 condition, respectively. 

 

As shown from the phase fractions, the as-built microstructures are ferrite 

dominated due to the high cooling rates during LENS fabrication. The 17-4 PH SS 

from liquid state solidified as ferrite under equilibrium cooling conditions. This is 

because the high cooling rates does not allow for the transformation of austenite 

making the ferrite phase to pass the austenite stability region (Meredith et al. 

2018). However, heat treatment at different holding times allowed for a longer 

cooling period in the austenite stabilize region and encouraged the formation of 

austenite in smaller quantities. Table 4.2  shows the quantities of the ferrite and 
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Table 4.2: Phase Fraction of 17-4 PH SS Fabricated by LENS at Various Heat 

Treatment Stages 

Sample ID  Phase Fr action, (%)  

As Built  Homogenized  H900,1 hr  H925,4 hr  
Fe-BCC 99.99 69.02 98.76 98.85 
Fe-FCC 0.01 0.00 0.01 0.02 
Zero Solutions  0.00 30.98 1.23 1.13 

 

At H900 and H925 condition, it was observed that the austenite was formed along 

with the Cu particles because favorable nucleation sites created by the presence 

of austenite since both austenite and Cu exhibit FCC structures. The grain colour 

in Figure 4.7 represents the grain orientation of the LENS fabricated 17-4 PH SS 

and how the grains are dispersed within the microstructure at various heat 

treatment profiles. Additionally, the as built 17-4 PH SS had a large grain size area 

of 580µm2 for Fe-BCC that later undergone grain refinement during 

homogenization and decreased the area to 225µm2 of Fe-BCC. A reduction of 

61% from the as built 17-4 PH SS sample to the homogenized samples was 

observed. Therefore, no phase transformation occurred in the as-built to 

homogenized state as the microstructure remained Fe-BCC dominant. It was 

suggested that the temperature and holding time during homogenization was not 

sufficient for phase transformation. 

 

However, upon ageing for H900 at 1 hour showed that the grain size was reduced 

to 200µm2 and little austenite Fe-FCC was dissolved in the matrix as noticed in the 

phase colour image (Figure 4.7). The change in composition of the grain 

boundaries and minor phase transformation was observed after heat treatment at 

H900 for 1 hour. When the ageing temperature and holding time was increased to 

H925 for 4 hours, the grains decreased to 100µm2. A 50% reduction of grain size 
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was seen upon ageing from H900, 1 hour to H925, 4 hours. At H925 condition 

while holding for 4 hours resulted in a reduction in grain size because the 

temperature was approaching the austenitizing temperature.  

 

Figure 4.8 shows the grain statistics of the samples, based on the various heat 

treatment profiles. Earlier observations reported courser grain morphology in the 

as-built samples, whereas the homogenized samples showed a refined 

microstructure. This is supported by the max breadth and length of 30 µm and 60 

µm, respectively, that was reported for the as-built alloys. The homogenized alloys 

revealed a decrease in grain size to report breadth and length of 16 µm and 26 

µm, respectively (Cherry et al. 2015). Consequently, it was deduced that the 

application of the heat treatment profiles of H900 condition (482 o C for 1 hour) and 

H925 condition (496 o C for 4 hours) resulted in an increase in grain size to double 

the grain size after homogenization. As the holding time was increased from 1 to 4 

hours, it was noticed that the length of the grains steeply reduced from 50 µm to 

29 µm and the breadth decreased from 30 µm to 12 µm, attributed to the holding 

time that allows for the distortion of grains orientations. 

 

 

Figure 4.8: Grain Statistics of 17-4 PH SS Obtained at Various Heat Treatment 

Stages 
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4.3.1.4 XRD Analysis of the Heat Treated 17-4 PH SS Fabricated by LENS 

Figure 4.9 shows the XRD results of 17-4 PH SS fabricated by LENS at various 

conditions. It was observed that the as-built, homogenization and ageing at H900 

and H925 condition resulted in similar peak Intensities of ferrite Fe-BCC at 2�Ä 

value of ~45°, 62°, 81° and 99°. The 17-4 PH SS samples were �S�X�U�H�O�\�� �.-Fe as 

indicated by the lattice parameters under the crystallographic parameters data 

shown in Figure 4.9. 

 

 

Figure 4.9: XRD Patterns of 17-4 PH SS Fabricated by LENS at Various Heat 

Treatment Stages 

 

According to the XRD data presented no Fe-FCC data was detected because it 

may have been below the detection limit of the XRD equipment. However, the 

EBSD phase fraction data depicted in Table 4.2 revealed Fe-FCC fractions in 

small quantities of 0.01 wt%, 0.01 wt% and 0.02 wt% for the as-built, ageing at 

H900 1 hour and H925 4 hours conditions, respectively. No Fe-FCC was noticed 

in the homogenized state as the phase fraction for austenite was 0.00 wt%. It was 
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deduced that the ageing temperatures at H900, for 1 hour and H925, for 4 hours 

were not sufficient for the microstructural evolution that would lead to the 

transformation of ferrite to martensite and then later austenite. In literature most 

authors such as Lashgari et al. (2021), reported that ageing treatment of 17-4 PH 

SS with a predominately martensite microstructure fabricated by SLM increased 

the intensity of austenite. 

 

4.3.2 Build Density Analysis of the Heat -Treated 17 -4 PH SS Fabricated by 

LENS 

The build density of the optimum 17-4 PH SS samples that were used for various 

heat treatment techniques is illustrated in Figure 4.10. The as built and 

homogenized 17-4 PH SS samples had the same lowest build density of 99.82%. 

Which later increased by 0.01% after the application of heat treat at H900 for 1 

hour and H925 for 4 hours. The slight increase in build density could be because 

the pores closed in at a small scale at elevated temperatures. It was further noted 

that the application of heat treatment resulted in an increase of 31% in 

microhardness of the aged samples at H900 for 1-hour samples as compared to 

homogenized samples. This steep increase in microhardness indicates that heat 

treatment was efficient in hardening the 17-4 PH SS via precipitation strengthening 

(Chen et al. 2017). An increase of 5% in the microhardness was further 

established at H925 for 4 hours as compared to ageing at H900 for 1 hour. It is 

�K�R�Z�H�Y�H�U���V�L�J�Q�L�I�L�F�D�Q�W���W�R���Q�R�W�H���W�K�D�W���W�K�H���E�X�L�O�G���G�H�Q�V�L�W�\���G�L�G�Q�¶�W���K�D�Y�H���D���J�U�H�D�W���L�P�S�D�F�W���R�Q���W�K�H��

microhardness of the optimum samples that were heat treated. Because the 

desired build density had already been established during the optimization studies. 
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Although, heat treatment had a huge impact on the microhardness of the heat 

treat samples. 

 

 

Figure 4.10: Build Density as a Function of the Optimum 17-4 PH SS Samples at 

Different Heat Treatments 

 

4.3.3 Mechanical Properties of the Optimized 17 -4 PH SS Produced by LENS  

at Various Heat Treatments  

4.3.3.1 Microhardness Analysis of the Heat Treated 17-4 PH SS Fabricated by 

LENS 

Figure 4.11 below shows the microhardness profiles of different 17-4 PH SS 

samples fabricated by LENS under various conditions (as built, homogenized, heat 

treatment at H900 and H925 condition). From the Figure 4.11 the as-built 

microhardness of 17-4 PH SS fabricated by LENS was found to range between 

~260 to 360 HV0.3. This large variation of microhardness was due to the 

heterogeneous microstructure of the as-built 17-4 PH SS sample. 
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Figure 4.11: Microhardness Profiles of 17-4 PH SS Fabricated by LENS at Various 

Heat Treatment Stages 

 

Furthermore, after homogenization of the microstructure of the 17-4 PH SS 

samples, a smaller variation of microhardness ranging between ~325 to 360 HV0.3 

was observed which illustrated uniformity of the microstructure. Thus, reducing the 

variation of microhardness profiles. It was further noticed that after heat treatment 

of ageing at 482 oC for 1 hour (H900 condition) and ageing at 496 oC for 4 hours 

(H925 condition) the average microhardness increased to 460 and 550 HV0.3, 

respectively as shown by Figure 4.12. Implying that heat treatment by ageing at 

H900, for 1 hour and H925, for 4 hours were effective in increasing the 

microhardness of the 17-4 PH SS samples fabricated by LENS via grain 

refinement. 

 

Subsequently, for both heat treatment conditions the average microhardness 

increased by 5% from 486 HV0.3 upon ageing at H900, for 1 hour to 512 HV0.3 on 

ageing at H925, for 4 hours. A decrease in grain size from ageing at H900, for 1 

hour to ageing at H925 for 4 hours as highlighted by Figure 4.8 is believed to have 
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contributed to the increase in microhardness. Comparably, Sabooni et al. (2021) 

also noted that a decrease in grain the morphology of 17-4 PH SS fabricated by 

SLM after heat treatment resulted in an increase of microhardness values. 

 

Figure 4.12 below indicates the average microhardness of different 17-4 PH SS 

samples fabricated by LENS under various conditions (as built, homogenized, heat 

treatment at H900 and H925 condition). The results show that the microhardness 

of the homogenized 17-4 PH SS is 0.6% lower than the as built samples. This is 

because during homogenization the uniformity of the microstructure resulted in 

smaller and finer grains which exhibits lower microhardness to lesser extent. This 

recrystallization led to a slight decrease in microhardness. 

 

 

Figure 4.12: Microhardness Averages of 17-4 PH SS Fabricated by LENS at 

Various Heat Treatment Stages 

 

Furthermore, solution annealing by ageing at H900 condition resulted in a 31% 

increase in microhardness as compared to the homogenized samples. This 

indicates that heat treatment was efficient in hardening the 17-4 PH SS via 
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precipitation strengthening. An increase of 5% in the microhardness was further 

established at H925 condition as compared to the H900 condition and this 

increase is ascribed to have resulted from the Cu-precipitate shown in Figure 4.6. 

Also, to some extent the introduction of Al as highlighted by the EDS chemical 

analysis in Figure 4.6 which is known to increase the strength of 17-4 PH SS. 

 

According to the ASTM standards of wrought 17-4 PH SS listed as grade 630 UNS 

S17400, the Vickers microhardness of the standard wrought 17-4 PH SS is 349. 

Consequently, the average microhardness of the as-built 17-4 PH SS fabricated 

by LENS (336 HV0.3) is similar to the microhardness results of the wrought ASTM 

standards for 17-���� �3�+�� �6�6���� �,�W�¶�V�� �L�Q�W�H�U�H�V�W�L�Q�J�� �W�R�� �Q�R�W�H�� �W�K�D�W�� �V�L�Q�F�H�� �W�K�H�� �P�L�F�U�R�K�D�U�G�Q�H�V�V��

properties of the wrought and LENS produced 17-4 PH SS are similar. Wrought 

17-4 PH SS may be substituted by LENS produced 17-4 PH SS for applications 

that require the same microhardness. Figure 4.12 revealed that heat treatment 

techniques contributed to the increase the microhardness of 17-4 PH SS samples. 

Thus, the relationship between the microhardness and increments in ageing 

temperature and holding time is directly proportional. 

 

4.3.3.2 Tensile Properties of the Heat Treated 17-4 PH SS Fabricated by LENS 

The results of the tensile properties of as-built and heat treated 17-4 PH SS 

fabricated by LENS are shown in Figure  4.13. It was observed that the yield 

strength (YS) and ultimate yield strength (UTS) of the 17-4 PH SS fabricated by 

LENS upon ageing at H900 for 1 hour increased by 56% and 18% respectively as 

compared to the as built samples. 
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In the work of Li et al. (2023), it was found that the microhardness and strength of 

17-4 PH SS fabricated by LPBF was improved by ageing heat treatment. The 

authors deduced that the strength increased and plasticity decreased because of 

secondary phase precipitation during ageing treatment which hinders dislocation 

movement. But Shi et al. (2021) reported that as-built 17-4 PH SS fabricated by 

SLM had relatively lower UTS but higher elongation. The authors suggested that it 

was due to the growth of precipitates. Both the authors, Li et al. (2023) and Shi et 

al. (2021) reported similar findings as this current work indicating that ageing heat 

treatment conditions increases the strength while compromising plasticity of LENS 

fabricated 17-4 PH SS. In the work of Nezhadfar et al. (2019), heat treatment 

techniques applied on 17-4 PH SS fabricated by LPBF makes the material exhibit 

higher strength which results in lower ductility. However, the as-built 17-4 PH SS 

fabricated by LPBF exhibited lower strength and higher ductility. This statement 

was in conformity with the observations in this current study and proved to be true 

from the results obtained.  

 

The tensile graphs of the 17-4 PH SS fabricated by LENS is shown in Figure 4.14 

illustrating the response of the as-built and heat-treated 17-4 PH SS samples 

fabricated by LENS under the application of a stress load. As illustrated by Figure 

4.5, the as-built 17-4 PH SS had an inhomogeneous microstructure which 

hindered the microhardness, YS and the UTS of the samples. The large grain size 

of the as built samples also contributed in the lowing the mechanical properties of 

the 17-4 PH SS. However, the micro segregation in the as built microstructure did 

not affect the elongation and plasticity of the material. 
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Figure 4.14: Tensile Stress as a Function of Extension of LENS Fabricated 17-4 

PH SS at Various Heat Treatment Stages 

 

The study revealed that heat treatment conditions of ageing at H900, for 1 hour 

and H925, for 4 hours positively improved the mechanical properties of the 17-4 

PH SS. The microhardness, YS and UTS increased from ageing at H900, for 1 

hour and further increased after ageing at ageing H925, for 4 hours. Multiple 

factors such as uniformity of the microstructure after homogenization, grain 

recrystallization and formation of Cu-precipitates in the matrix after heat treatment 

resulted in the increase in the mechanical properties (Ansari et al. 2019). Ageing at 

�+���������� �I�R�U�� ���� �K�R�X�U�� �V�K�R�Z�H�G�� �D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �J�U�D�L�Q�� �V�L�]�H�� �E�X�W�� �L�W�¶�V�� �Z�R�U�W�K�� �P�H�Q�W�L�R�Q�L�Q�J�� �W�K�D�W��

this grain growth did not alter the increase in microhardness, YS and UTS of the 

17-4 PH SS samples. It was believed that apart from the grain growth that could 

have potentially compromised the mechanical properties of the 17-4 PH SS on 

ageing at H900, for 1 hour. The formation of minor Cu precipitates in the matrix as 

a result of the ageing temperature encouraged the increase in mechanical 

properties. The ageing at H925, for 4 hours prematurely gave allowance for similar 
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properties that could be attained at austenitizing temperatures because a further 

increase in microhardness, YS and UTS was observed. However, ageing at H900, 

for 1 hour and ageing at H925, for 4 hours reduced the plasticity of the 17-4 PH 

SS samples as compared to the as built state. It was inferred that heat treatment 

of 17-4 PH SS was effective in improving the mechanical properties of 17-4 PH SS 

fabricated by LENS technology. 
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CHAPTER FIVE 

5.    CONCLUSION 

 

5.1 INTRODUCTION 

AM technology such as LENS process is a relatively new processing technique 

that is not yet fully developed and may still exhibit inherent problems and faults 

upon usage. However, AM methods such as LENS is guaranteed to provide the 

applicable industries with reduced costs in terms of energy and materials wastage. 

The processing methods can also decrease production lead times upon successful 

commercial implementation. Therefore, any positive contribution to the scarce 

knowledge already available in literature about LENS processing becomes very 

useful tool. The purpose of this study was to investigate the mechanical response 

of stainless-steel type 17-4 PH SS produced by the LENS system under the 

influence of post-fabrication heat treatment procedure. In conclusion, the purpose 

of the study was achieved and the investigation of the response of the LENS 

fabricated 17-4 PH SS under post fabrication heat treatment processes was 

successfully carried out. 

 

The following deductions were proved from the hypothesis: 

i. Optimizing the process parameters led to the densification and 

elimination of defects and imperfection in the as-built 17-4 PH SS 

samples fabricated by LENS. This resulted in high microhardness 

properties of the fabricated samples. 

ii. Homogenization of the as-built 17-4 PH SS samples fabricated by 

LENS before applying heat treatment led to the uniformity of the 
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microstructural morphology and eliminated eutectic intermetallic 

particles. 

iii. Heat treatment of the 17-4 PH SS samples fabricated by LENS 

increased the microhardness and tensile properties. However, 

heat treatment decreased the ductility of the samples. 

 

The sub-objectives of the study were achieved which were to: 

i. Fabricated highly dense 17-4 PH SS components using LENS with 

optimum process parameters achieved. 

ii. Performed heat treatment on the LENS fabricated 17-4 PH SS 

parts with varying heat treatment profiles that improved the 

strength and microhardness of fabricated samples. 

iii. Studied the effect of various heat treatment profile conditions on 

the micro hardness and tensile strength of the LENS fabricated 17-

4 PH SS samples. 

 

5.2 FINAL CONCLUSION  

i. Optimization of process parameters of as-built 17-4 PH SS 

samples fabricated by LENS led to the production of dense 

samples of 99.96% build density at an energy density of 219 

J/mm3 energy density. The as-built 17-4 PH SS sample had no 

defects and imperfections associated with AMed samples. 

ii. In this study due to the rapid heating and cooling during LENS 

fabrication of 17-4 PH SS, the microstructures of the as-built 17-4 

PH SS samples had mainly ferrite dominated phase with little 
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retained austenite of 0.01 wt% and 0.02 wt% after heat treatment 

on ageing at H900, for 1 hour and H925, for 4 hours respectively.  

iii. The microstructure of as-built 17-4 PH SS fabricated by LENS had 

large ferrite grains, which became finer during heat treatment. This 

was ascribed to the heat treatment conditions, which promotes 

grain refinement thereby increasing the Vickers microhardness 

from 336 HV0.3 (as-built) to 487 HV0.3 (H900 condition) and 512 

HV0.3 (H925 condition). 

iv. Heat treatment alleviated the residual stresses caused by the 

thermal gradients during LENS fabrication thus increasing the 

tensile strength from 704.86 MPa (as built) to 1097.11 MPa (H900 

condition) and 1112.04 MPa (H925 condition). Consequently, the 

UTS was increased from 880.96 MPa (as built) to 1040.28 MPa 

(H900 condition) and 1132.76 MPa (H925 condition). However, 

the elongation reduced from 12.6% (as built) to 0.47 H900 

condition) and 0.68 H925 condition. This implies that the 17-4 PH 

SS samples had a reduction in ductility and became susceptible to 

brittleness after heat treatment. 

 

5.3 RECOMMENDATIONS FOR FUTURE WORK 

i. Determine the surface roughness of the as-built fabricated 17-4 

PH SS samples. The surface roughness is known to affect the 

functionally, appearance and performance of parts. Therefore, 

studying the surface roughness of the 17-4 PH SS samples will 
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help to further understand the mechanical properties of the 

samples and acknowledging why they performed the way it is. 

ii. Investigate the Fractography of the fractured 17-4 PH SS tensile 

samples. Fractography studies will further assist in determining the 

microstructural relationship occurring between the crack initiation 

sites which will help find the cause of fracture. 

iii. Study the corrosion behaviour of 17-4 PH SS fabricated by LENS. 

Carrying out corrosion tests to determine the corrosion resistance 

will aid in providing knowledge of the suitability of 17-4 PH SS 

fabricated by LENS for the intended industrial applications. The life 

cycle of the samples will be understood to help avoid catastrophic 

failure due to corrosion. 
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