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ABSTRACT 

The feasibility of in-situ alloying of AISI 410L martensitic stainless steel with nitrogen during Nd-YAG 

laser cladding was investigated with the aim of achieving a nitrogen content of at least 0.08 wt% and fully 

martensitic microstructures in the final clad deposit. Two in-situ nitrogen alloying techniques were studied.  

In the first set of experiments, the absorption of nitrogen from nitrogen-rich gas atmospheres was studied. 

Laser cladding with commercially available AISI 410L powder was performed using nitrogen-rich shielding 

and carrier gas. A marginal increase in deposit nitrogen content was observed, with the clad deposit 

displaying low hardness and mostly ferritic microstructures. Poor nitrogen absorption from nitrogen-

containing atmospheres during Nd-YAG laser cladding is generally attributed to the short thermal cycle and 

to suppression of plasma formation above the weld pool. 

In the remaining experiments, Si3N4 powder was investigated as an alternative source for nitrogen during 

cladding. The addition of Si3N4 to the AISI 410L powder feed resulted in clad microstructures consisted of 

columnar -ferrite grains with martensite on the grain boundaries, higher hardness and an increase in deposit 

nitrogen content (to a maximum of 0.064 wt% nitrogen). Higher nitrogen contents in the clad deposit, 

however, significantly increased the volume percentage porosity in the clad layer. This prompted an 

investigation into the feasibility of raising the nitrogen solubility of the alloy through additions of manganese 

and nickel to the powder feed.  

Thermodynamic modelling revealed that the addition of manganese to AISI 410L powder increases the 

nitrogen solubility limit due to its negative interaction parameter with nitrogen. The addition of up to 3.5 

wt% manganese to AISI 410L powder containing Si3N4 significantly increased the nitrogen solubility in the 

deposit. A martensitic microstructure with 0.12 wt% nitrogen and a peak hardness of 410 HV was achieved 

without any adverse increase in porosity in the clad layer. The clad nitrogen content easily exceeded the 

minimum requirement of 0.08 wt%. 

High nickel concentrations in AISI 410L stainless steel expand the austenite phase field at the expense of -

ferrite and alter the solidification mode from ferritic to austenitic-ferritic. The addition of up to 5.5 wt% 

nickel, or combinations of nickel and manganese, to the nitrogen-alloyed AISI 410L powder feed raised the 

deposit nitrogen content, but not to the same extent as those deposits alloyed with manganese only. Since 

more austenite is present on cooling in nickel-alloyed AISI 410L deposits, less nitrogen is rejected to the 

liquid phase on solidification, resulting in higher nitrogen contents and less porosity in the room temperature 

microstructures. 

The amount of dilution during single-track laser cladding is mainly influenced by the specific energy per unit 

mass delivered by the laser beam. The clad height is strongly influenced by the powder deposition rate, 

whereas the bead width is influenced by the wettability of the deposits during laser cladding. During multi-

track cladding, the observed percentage porosity is a function of the aspect ratio of the individual beads 
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making up the clad layer, the deposition rate and the clad height. High deposition rates result in thicker 

layers, increasing the distance that N2 gas bubbles have to travel to escape to the atmosphere, while a high 

aspect ratio favours interbead porosity. The results suggest that in-situ nitrogen alloying during laser 

cladding should preferably be performed at low deposition rates to ensure higher clad nitrogen contents and 

hardness, lower clad heights, less dilution and less porosity. 
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CHAPTER 1 

BACKGROUND 

1.1 INTRODUCTION 

Laser powder cladding with martensitic stainless steel provides a fast and cost effective method of improving 

the hardness, wear resistance and corrosion resistance of a carbon steel substrate. During laser cladding a 

thin layer of hard, wear resistant martensitic stainless steel is deposited on the substrate with little distortion 

and minimal thermal damage to the underlying material. This method also finds application in the repair of 

martensitic stainless steel components with tight dimensional tolerances [1-3].  

The rapid cooling rates associated with laser cladding may, however, suppress the formation of austenite on 

cooling, resulting in excessive ferrite contents in the clad layer, or depress the Ms (martensite start) 

temperature to such an extent that high levels of retained austenite are present in the surface deposit [4-8]. To 

obtain fully martensitic deposits after cladding, modification of the chemistry of the martensitic stainless 

steel may be required. Alloying with nitrogen holds considerable promise in this regard. Nitrogen is not only 

a strong austenite-former, expanding the austenite phase field on cooling and promoting the formation of 

austenite even at high cooling rates, but it also improves hardness, strength and pitting corrosion resistance 

when dissolved interstitially in the martensitic stainless steel matrix [7-9]. 

The in-situ alloying of martensitic stainless steel with nitrogen during laser cladding is therefore likely to 

increase the hardness, wear resistance and corrosion resistance of the deposited layer, while also improving 

the likelihood of obtaining a fully martensitic microstructure after cladding. This study therefore investigated 

the in-situ alloying of AISI 410L low-carbon martensitic stainless steel with nitrogen during laser cladding.  

Various methods of introducing nitrogen during laser welding and cladding processes have been considered 

to date. Published research [10-12] shows that laser welding of pure iron and stainless steel in nitrogen-rich 

Ar-N2 gas mixtures promotes considerably less nitrogen dissolution in the weld metal than during arc 

welding in nitrogen-containing shielding gas mixtures. This can be attributed to the short thermal cycle 

during laser welding not allowing enough time for nitrogen absorption from the atmosphere. In addition, a 

highly concentrated metallic vapour forms above the weld pool during laser processing, delaying nitrogen 

absorption. An additional drawback of welding and cladding with a Nd:YAG laser, as opposed to a CO2 

laser, is its short wavelength. During arc and CO2 laser welding and cladding operations in Ar-N2 shielding 

gas mixtures, plasma with a high monatomic nitrogen content forms over the weld pool. This enhances 

nitrogen absorption from the atmosphere. During Nd:YAG laser welding and cladding, insufficient 

absorption of the laser beam occurs in the gaseous atmosphere, resulting in lower temperatures above the 

welding pool with only a slight probability of plasma formation. 
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Published literature [13-20] suggests the co-feeding of nitrided powders with stainless steel powder as an 

alternative technique for in-situ alloying of stainless steel with nitrogen during laser cladding. Silicon nitride 

(Si3N4) powder serves as an excellent source of nitrogen. The Si3N4 powder dissociates during the cladding 

process to introduce nitrogen and silicon into the clad layer. The oxidation behaviour and pitting corrosion 

resistance of these nitrogen-alloyed layers also show marked improvement due to the reported increase in the 

deposit silicon and nitrogen contents.  

The benefits associated with nitrogen alloying can, however, only be realized if the nitrogen is in solid 

solution in the martensitic matrix. The solubility of nitrogen in ferritic and martensitic stainless steels is very 

low compared to that of the austenitic grades, with excess nitrogen creating porosity or precipitating as 

harmful nitrides [21]. Successful use of in-situ nitrogen alloying during laser cladding therefore requires the 

nitrogen to remain in solid solution in the stainless steel matrix. To increase the solubility of nitrogen in 

martensitic stainless steel, austenite must be present at elevated temperatures during cooling (austenite has a 

high solubility for nitrogen), and the steel should be alloyed with elements that have negative interaction 

parameters with nitrogen. The addition of manganese is known to increase the solubility limit of nitrogen in 

stainless steel, thereby enhancing nitrogen pick-up [21-22]. Alloying with manganese should, however, be 

done with care as it is known to decrease the corrosion resistance of stainless steels [23]. During the course 

of the investigation the addition of alloying elements to increase nitrogen solubility was therefore kept to a 

minimum and their effects assessed through careful design of theoretical alloy systems. 

1.2 AIMS OF THE INVESTIGATION 

The National Laser Centre (NLC) of the Council for Scientific and Industrial Research (CSIR) in Pretoria, 

South Africa, has done extensive research on the hardfacing of components with martensitic stainless steel 

overlays for the manufacturing, mining and paper industries. The Laser Metal Processing Group have, to 

date, aligned the hardfacing capabilities of the NLC to industry needs through hardfacing of components 

with supermartensitic stainless steels, modified to fully martensitic microstructures through the additions of 

molybdenum and nickel to these alloys. On-going research at the NLC focuses on improving the hardness 

and pitting corrosion resistance of martensitic stainless steel overlays and extending its application to the 

power generation and petrochemical industries. 

This study, therefore, aims at extending the research conducted by the NLC in the field of laser cladding of 

martensitic stainless steels. It concentrates on developing a method of in-situ alloying of low-carbon 

martensitic stainless steel with nitrogen during laser cladding using the Nd:YAG laser facilities of the CSIR. 

In addition to the technical project objectives, which focus on the microstructure, mechanical properties and 

corrosion behaviour of the clad layers, several additional requirements have to be met: 

 the alloying process must be simple and cost-effective, 

 the alloying method must be practical and functional within the industry requirements set forth by the 

NLC, 
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 the work should contribute to the on-going research programme of the Laser Metal Processing Group of 

the NLC, and 

 a thorough literature review should be conducted to evaluate the advantages and disadvantages of 

existing in-situ alloying techniques and to investigate the practical implementation of the preferred 

technique within the facilities and capabilities of the Laser Metal Processing Group of the NLC. 

A detailed review of the available published literature is given in Chapter 2, while the objectives and targeted 

outcomes of this study are outlined in Chapter 3. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 LASER CLADDING 

2.1.1 Introduction 

Laser surface modification is a versatile technique for altering the properties of the surface layers of metallic 

components for enhanced physical and mechanical properties such as hardness, wear resistance and 

corrosion resistance. It finds application in a wide variety of industries and includes processes such as laser 

shock processing (the introduction of negative residual stresses in surface layers through hydrodynamic 

expansion of plasma), laser transformation hardening (the transformation of surface layers to higher 

hardness and wear resistance), laser remelting (the refinement of surface microstructures), laser alloying (the 

alteration of the chemical composition of surface layers) and laser cladding (the deposition of a functional 

surface layer through the fusion of consumables) [1,2]. Figure 2.1.1 contains a schematic summary of the 

main differences between the more widely used laser surfacing techniques. 

 

Figure 2.1.1.  Schematic representation of the principles governing different laser surfacing techniques [3]. 

Laser cladding, as illustrated in Figure 2.1.2, utilises the heat of a laser beam to deposit a metallic layer onto 

the surface of a suitable substrate material. Consumables for the process are in the form of filler wires, fed 

directly into the melt pool, or metallurgical powders, either preplaced on the surface of the substrate or 

injected into the laser beam. In the powder injection method, powder delivery to the melt pool is achieved by 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



6 

 

means of an inert carrier gas such as argon or helium. This method is more efficient, versatile and 

reproducible than any other delivery method. The powder absorbs part of the laser energy and is fused with a 

thin layer of the substrate surface to create a metallurgically bonded surface layer. A clad bead is formed 

either by means of a moving laser attached to a robotic arm, continuously scanning the surface of the 

substrate, or by having the laser stationary with the substrate in motion. Additional inert shielding gas may 

be added to the system, if required [3-7].  

 

Figure 2.1.2.  Process principles for laser cladding [8]. 

Laser cladding has several advantages over conventional overlay techniques using submerged arc welding 

(SAW) or gas tungsten arc welding (GTAW) procedures. The focused heat source during laser cladding 

ensures lower heat input levels, resulting in rapid cooling rates compared to arc cladding processes. Laser 

cladding exhibits lower levels of dilution between the consumable and the substrate, thermal distortion is 

minimised and lower levels of residual stress develop during treatment. Due to the low heat input levels and 

rapid cooling rates achieved with laser processing, finer metallurgical microstructures and narrower heat-

affected zones form in the laser treated regions. More uniform compositions, and hence, more uniform 

hardness levels, are formed across the surfaces of laser treated materials. Laser cladding generally results in 

high wear resistance, improved corrosion resistance and good high-temperature oxidation properties. A hard 

surface layer can be formed while the core material retains its load-bearing capability [5,6,9,10]. 

Laser cladding finds application in life extension, maintenance, repair and refurbishment of components 

exposed to abrasive, erosive and adhesive wear, high temperature oxidation, corrosion and fatigue. Various 

industries make use of laser cladding, including the steel, aerospace, medical, automotive and mining 

industries. Typical examples of laser cladding applications include the hardfacing of tools, cladding of 

hydraulic pump components, refurbishment of gas turbines, moulds and continuous caster rolls, and the 

cladding of shafts, valve parts, sealing joints and exhaust valves in engines [3,9-12]. 

Although laser cladding holds promise for various surfacing applications, a number of challenges exist on a 

production level. These include the high running, operating and maintenance costs associated with laser 

processing technologies. There is a shortage of technical knowledge in the field of laser engineering and 
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processing, which often leads to unforeseen technical obstacles associated with the integration of new 

technologies into an application-driven industry [13].  

The current investigation examined in-situ nitrogen alloying during the laser cladding of martensitic stainless 

steel onto a carbon steel substrate. A short description of the laser cladding process, the equipment used and 

the process parameters is given below, followed by a discussion of the laser cladding of martensitic stainless 

steels and the techniques available for introducing nitrogen during the cladding process. 

2.1.2 The Nd:YAG laser 

Two types of lasers are used in most laser cladding applications: the CO2 laser and the solid-state Nd:YAG 

laser, with wavelengths of 10.6 μm and 1.06 μm, respectively. Both lasers are reliable, have high power 

outputs and high beam efficiencies. Beam delivery from the laser to the workpiece in the case of a CO2 laser 

is through a laser beam duct containing a series of mirrors which directs the laser. In the case of a Nd:YAG 

laser, beam delivery is accomplished by means of flexible fibre optic cables [14]. A 4.4 kW continuous wave 

Nd:YAG laser is used at the NLC to conduct most cladding operations. It is the laser at the NLC with the 

widest power range (and hence, the widest range of application) and is, therefore, the laser used in this study.   

The word “laser” is an acronym for “light amplification by stimulated emission of radiation”. To produce a 

laser beam, an active laser medium is excited and stimulated to emit photons with a specific wavelength. In 

the case of a Nd:YAG laser, the active medium is a rod-shaped neodymium (Nd)-doped yttrium-aluminium-

garnet (YAG) crystal. Photons are excited by means of xenon or krypton flash lamps. Once the crystal is 

optically active, it emits light at a wavelength of 1.06 μm. The light signal passes through a two-mirror 

resonator, which enhances the signal. The beam is then focussed by means of conventional optics [15,16]. 

To achieve high power outputs, several Nd:YAG crystals may be used within the resonator. Beam 

divergence increases with increasing power output, which limits the minimum laser beam diameter and 

reduces the propagation distance. For this reason a Nd-YAG laser is transmitted by means of optical fibres 

and focused on the workpiece surface using optical lenses [16,17]. 

2.1.3 Powder feed nozzles 

During laser cladding, the quality of the clad layer is highly dependent on the powder delivery system. The 

interaction of the laser beam, the injected powder and the inert carrier gas with the melt pool determines the 

final product quality. It is important to optimise variables such as the intersection of the laser beam with the 

injected powder stream, the focal point diameter and the position of the powder stream for different nozzle 

configurations [3]. 

Different powder feed nozzle designs are currently in use. The most widely used designs are the coaxial-

feeding nozzle and the lateral-feeding nozzle, as illustrated in Figure 2.1.3. The lateral or off-axis nozzle has 

higher powder efficiencies than the coaxial nozzle, as defined by the ratio of powder melted by the laser to 
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the powder delivered by the powder feeder. On the other hand, it is more sensitive to the cladding direction 

than the coaxial nozzle [3]. 

 

Figure 2.1.3.  Powder feed nozzle configurations for: (a) coaxial powder feeding; and (b) lateral powder feeding [3]. 

In this study, coaxial nozzles were used to accommodate multi-directional laser cladding. The high volume 

of the metallurgical powders utilised prompted the use of two types of coaxial nozzles. Selection of either a 

continuous coaxial nozzle or a discontinuous coaxial nozzle, as illustrated in Figures 2.1.4(a) and (b), was 

based on powder-carrying capacity. 

  

(a) (b) 

Figure 2.1.4.  Nozzle configurations for: (a) continuous coaxial nozzle; and (b) discontinuous coaxial nozzle (three-way 

nozzle) [18]. 

In the continuous coaxial or powder injection nozzle (Figure 2.1.4(a)), the laser beam is projected through 

the central cone of the nozzle. Inert carrier gas transports powder from the powder feeder into a splitter that 

divides the powder into three identical streams. From there, it moves into a circular chamber where it 

expands into a homogeneous cloud of powder. The powder stream then moves through an enclosed cone-

shaped chamber and exits the nozzle in a conical shape. The profile of the conical powder flow is mainly 
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dependent on the apex angle of the inner cone. The focal point diameter, dp, shown in Figure 2.1.5(a), is 

dependent on the exit-slit diameter, the nozzle tip-to-workpiece distance or focal point of the cone, fp, the 

particle feed rate and the size distribution of the powder. A focal point distance, fp, of 11 mm generally 

ensures optimal powder efficiency [18]. 

  

(a) (b) 

Figure 2.1.5.  Exit-cone shapes of powder streams for: (a) the continuous coaxial nozzle; and (b) the discontinuous 

coaxial nozzle (three-way nozzle) [18]. 

In the discontinuous coaxial or three-way nozzle, three powder streams exit the nozzle tip through identical 

holes around the laser beam in a cone-shaped profile, as shown in Figure 2.1.5(b). The cone’s focal point 

diameter at the surface of the workpiece is dependent on the exit-hole diameters in the nozzle tip, the exit-

angle of the powder streams, the nozzle tip-to-workpiece distance or focal point distance, fp, the powder feed 

rate and the size distribution of the powder. A focal point distance, fp, of 12 mm generally ensures optimal 

powder efficiency. The diameters of the hollow chambers and exit holes through which the powder is 

transported limit the powder-carrying capacity of the nozzle [18]. 

2.1.4 Optimisation of laser cladding parameters 

The quality of any deposited layer depends on a number of process parameters and their complex 

interactions. Before cladding can commence, these parameters require detailed optimisation. Parameters that 

need to be considered include the relative laser beam-to-workpiece speed or cladding speed, the interaction 

time of the laser beam on the substrate surface, the laser power output, the powder feed rate, the powder 

stream profile and the laser beam diameter at the interaction level (or laser spot size). These parameters 

affect the quality of the clad bead in terms of clad geometry, dilution, microstructure, surface roughness, 

hardness, residual stress, crack-sensitivity and porosity [3,19]. 

Figure 2.1.6 shows a typical cross-sectional profile of a clad bead: 

where:  w is the bead width, 

  h is the clad height, 

   b is the depth of penetration, and 

   θ is the contact angle between the clad bead and substrate surface. 
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Figure 2.1.6.  Typical cross-sectional clad bead profile [3]. 

According to Toyserkani [3], equation (2.1.1) defines the geometrical dilution of a clad bead, or the degree 

of mixing between the melted substrate material and the deposited layer. 

Dilution = 
b

h+b
                                        … (2.1.1) 

Kathuria [20] and Huang et al. [21] showed that an increase in laser scanning speed, which correlates to a 

decrease in interaction time, leads to refinement of the bead microstructure. A more refined microstructure 

increases the hardness of clad layers. Huang et al. [21] also observed that an increase in powder feed rate 

leads to a refinement in the bead microstructure due to a reduction in the specific energy per unit mass. A 

portion of the laser power is absorbed by the additional powder entering the laser beam, resulting in less heat 

being absorbed by the substrate and hence, a higher cooling rate.   

Qian et al. [22] further noted that a complex situation arises when the cladding speed increases at a constant 

powder feed rate. They reported an increase in dilution as the cladding speed increases and attributed this to 

less powder deposited per unit area of the clad layer for a constant powder feed rate. This demonstrates a 

reduced dependency on interaction time, with dilution levels influenced by the absorbed power per volume 

of deposited powder, as shown in Figure 2.1.7 for three different powder feed rates. 

 

Figure 2.1.7.  Dilution (%) as influenced by cladding speed (mm/min) and powder feed rate (g/min) [22]. 
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Also evident from Figure 2.1.7 is a reduction in percentage dilution with an increase in powder feed rate, 

attributed to the increased powder volume consuming additional laser power. Pelletier and Sahour [23] 

observed the same trend, shown in Figure 2.1.8. According to Sexton and Byrne [24], the maximum amount 

of dilution tolerable in laser cladding is approximately 5%. 

 

Figure 2.1.8.  Dilution (%) as a function of powder feed rate (g/min) [23]. 

Several authors [23,25-26] observed that the bead dimensions, in particular the clad height, increase with an 

increase in the powder feed rate with a consequent decrease in dilution, as illustrated in Figure 2.1.9(a). 

Figure 2.1.9(b) shows the influence of the parameter F/S, or the ratio of powder feed rate to cladding speed, 

on the clad height. 

  

(a) (b) 

Figure 2.1.9.  Clad height H (mm) as a function of: (a) powder feed rate F and cladding speed S; and (b) the combined 

parameter F/S [25]. 

Chryssolouris et al. [27] reported the same dependence of clad height on powder feed rate and scanning 

speed. These authors also observed that the width of the clad bead is solely dependent on the laser spot size 

or laser beam diameter. This is contradictory to the findings of De Oliveira et al. [25], who reported the 

relationships shown in Figure 2.1.10 for clad width, laser power and scanning speed. 
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(a) (b) 

Figure 2.1.10.  Clad width W, as influenced by: (a) laser power P and cladding speed S; and (b) the combined 

parameter P/√S  [25]. 

Li et al. [28] concluded that the clad width is dependent on the laser spot diameter, the cladding speed and 

the powder feed rate. They also found that nearly all processing parameters have an influence on the bead 

dimensions, including such variables as the powder injection point, making it difficult to quantify the effect 

of laser processing parameters on bead height and dimensions. 

According to Sexton and Byrne [24], the aspect ratio, or bead width/height ratio, is important especially in 

the case of interbead porosity when gas bubbles are trapped between overlapping beads. This occurs when 

the aspect ratio of a single-track bead is less than five, i.e. W/H ≤ 5. 

Steen and Courtney [29] showed that, due to the complex nature of laser-parameter interactions, combining 

parameters for optimisation was more effective. They demonstrated that for a certain cladding speed, S, there 

is a minimum value of the combined parameter P/dp, the ratio of laser power to laser beam diameter, where a 

transition from discontinuous to continuous clad beads occurs. They also showed that the amount of dilution 

and the aspect ratio W/H increase linearly with an increase in the combined parameter P/S, which is the ratio 

of laser power to cladding speed. 

Wu et al. [30] defined two terms related to the quality of a clad bead: the specific energy E and the powder 

density G, given by equations (2.1.2) and (2.1.3), respectively. The specific energy defines the laser energy 

contained within the laser beam diameter in terms of the cladding speed or interaction time. The powder 

density is the amount of powder delivered to the area where the laser power is consumed by the powder and 

the substrate. 

E = 
P

Vdp
   (J/mm

2
)                                                     … (2.1.2) 

G = 
F

Vdp
   (g/mm

2
)                                                    … (2.1.3) 

where:  P is the laser power (W), 

V is the cladding speed (mm/s), 

F is the powder flow rate, and 

dp is the laser spot size or beam diameter. 
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Figure 2.1.11 shows two conditions, defined by Wu et al. [30] in relation to E and G: a critical condition and 

a fine condition. The critical condition describes a point in the combination of laser parameters where a 

transition takes place from a discontinuous to a continuous bead. The fine condition marks the transition 

from a continuous bead to a good quality bead. 

 

Figure 2.1.11.  Specific energy (E) required as a function of powder density (G) to achieve critical and fine conditions 

(____), and the clad height dependence on powder density (-----) [30]. 

This discussion suggests that the laser cladding process is sensitive to various parameters and parameter 

interactions and highlights the need for parameter optimisation. More information on the parameter 

optimisation performed during this investigation is given in Chapter 4. 

2.2. LASER CLADDING OF MARTENSITIC STAINLESS STEELS 

2.2.1 Introduction 

In a growing number of industries, increasing demands on resource efficiencies place high requirements on 

the performance of components. The quality of the materials used is a critical factor in optimising industrial 

processes. Emphasis is therefore placed on material selection with regards to improved mechanical and 

physical properties, novel manufacturing techniques and improved design of components to achieve high-

quality products. The cost and availability of materials are also of major concern with regards to material 

selection. In applications where light weight and increased strength are important, martensitic stainless steels 

are often preferred on account of their high strength, high as-quenched hardness and good toughness in the 

tempered condition [31,32]. 

Martensitic stainless steels typically contain between 11.5% and 18% chromium, and are deliberately alloyed 

with up to 0.6% carbon. The development of this family of stainless steels was prompted by the need for 

corrosion resistant stainless steels that are hardenable by heat treatment. Martensitic stainless steels are 

austenitic at elevated temperatures and are usually hardened by heating above the transformation range to 

temperatures in the region of 1000C, followed by cooling in air or oil to transform the austenite to 
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martensite. Time at temperature must be minimised to prevent decarburisation or excessive grain growth. In 

order to obtain mechanical properties suitable for engineering applications, the steels are tempered after 

quenching. This results in an excellent combination of moderate to good corrosion resistance, high hardness 

and strength, good resistance to thermal and mechanical fatigue and excellent wear resistance. Martensitic 

stainless steels are magnetic, can be cold-worked and hot-worked (especially at lower carbon contents), can 

be machined satisfactorily, display high toughness and possess good corrosion resistance to weather and 

some chemicals. They attain their best corrosion resistance in the hardened condition [33]. 

For a martensitic stainless steel to possess adequate hardness, wear resistance and corrosion resistance, no -

ferrite should be present at the austenitising temperature (950°C to 1010°C), the martensite transformation 

range should be above room temperature (to reduce the risk of retained austenite) and the steel should exhibit 

maximum temper resistance. As the martensitic transformation is the dominant strengthening mechanism in 

these steels, processing must be designed to ensure that no, or at best, minimal retained austenite is present 

after cooling [34].  

12% Chromium martensitic stainless steels, such as modified AISI 410 and AISI 420, are often used in the 

repair and refurbishment of gas turbine blades in steam power plants and continuous caster rolls in the steel 

industry. Gas tungsten arc welding (GTAW) and submerged arc welding (SAW) cladding processes are 

widely used. As these components experience failure through several mechanisms inherent in and caused by 

the operating and service conditions, the purpose of repair and refurbishment is to increase the operational 

life as much as possible [35-37].  

In the case of turbine blades, failure may occur during high-pressure cycles due to condensed water droplet 

erosion, also known as cavitation erosion. Liquid droplets impinge on the surface of the blade’s leading edge 

where rotational speeds are at a maximum. During low-pressure cycles, erosion can be caused by foreign 

solid particles at the blade’s lower trailing edge, resulting in surface roughness and erosion grooves. 

Furthermore, steam purity is of cardinal importance as impurities such as chloride ions affect the corrosion 

behaviour of the blades. These impurities do not affect the general corrosion behaviour of the material to any 

significant extent, but localised corrosion such as pitting corrosion can occur on the surfaces. These wear and 

corrosion mechanisms promote the formation of surface discontinuities that act as stress raisers, ultimately 

leading to fatigue failure of the turbine blades. Creep rupture can also occur due to the high operating 

temperatures and pressures of steam turbines [34,38-40]. High-nitrogen martensitic stainless steels are 

finding increasing application in the steam-turbine industry where erosion, erosion-corrosion, cavitation 

erosion, fatigue and sliding wear are caused by the harsh operating conditions [41,42]. 

Due to the extreme operating environment, continuous caster rolls in steel mills can experience failure due to 

a number of mechanisms. Operating conditions include high fluctuating surface temperatures, often 

exceeding 600°C, high fluctuating contact pressures and low pH environments. This leads to failure due to 

adhesive and abrasive wear, general and localised corrosion, thermal and mechanical fatigue and stress 

corrosion cracking. In this application martensitic stainless steel is beneficial as a surfacing material on 
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account of its high hardness, strength and low coefficient of thermal expansion. It has been shown that the 

use of high-nitrogen martensitic stainless steel enhances the resistance of rolls to pitting and intergranular 

corrosion, and leads to increased strength, hardness, wear resistance and high-temperature oxidation 

resistance [43,44]. 

Several authors [10,38,39,45-47] have reported that laser cladding produces coatings with superior physical 

and mechanical properties compared to conventional coating and overlay procedures, such as arc welding 

and plasma cladding. In addition, the risk of porosity and crack formation is reduced in aerospace materials, 

turbine blades and continuous caster rolls coated by laser cladding. As Rombouts et al. [48] put forward, 

laser cladding with martensitic stainless steel can be applied successfully in the repair of turbine and other 

high-quality components such as heat and deformation sensitive materials. 

As stated by Kathuria [38], laser cladding enhances several mechanical properties and optimises certain 

physical and microstructural features of deposited layers compared to conventional overlay techniques. Laser 

cladding uses a lower heat input and brings about higher hardness and lower levels of dilution with a sharp 

transition in hardness between the surface coating and base material. An even and uniform deposition of the 

consumable is achieved and reduced distortion results from the focused and low heat input provided by the 

laser beam. These inherent benefits to laser cladding were successfully demonstrated in the repair of turbine 

blades. 

2.2.2 Effect of rapid solidification on microstructure 

The rapid cooling rates associated with laser cladding may alter the phase constitution of the final 

microstructure obtained at room temperature from that obtained during conventional arc cladding. The 

cooling rate can change the primary solidification mode of martensitic stainless steels predicted from 

thermodynamic considerations; from primary ferritic to primary austenitic. In addition, it can alter the 

temperature at which the diffusionless transformation from austenite to martensite occurs, the martensite-

start (Ms) temperature, and affect the high-temperature austenite grain size, which, in turn, also affects the Ms 

temperature [49]. 

Several authors [49-51] have reported that as the cooling rate during laser welding and laser cladding 

increases, the Ms temperature steadily decreases. Figure 2.2.1 shows the influence of cooling rate on the Ms 

temperature of AISI 410 martensitic stainless steel after austenitising at four different temperatures. Lower 

Ms temperatures are obtained after austenitising at higher temperatures. The austenitising temperature affects 

the Ms temperature by altering the high temperature austenite grain size and the amount of alloying elements 

dissolved in the matrix [50]. 

The reduction in the Ms temperature with a decrease in the prior austenite grain size has been studied in 

detail [51,52]. Figure 2.2.2(a) shows the influence of grain size on the Ms temperature as determined from 

dilatometric data for a martensitic steel, whereas Figure 2.2.2(b) shows the same dependence determined 

from a mathematical model based on the grain size variation, D, of AISI 431 martensitic stainless steel. It is 
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evident from Figures 2.2.2(a) and (b) that the influence of grain size on the Ms temperature is more 

significant at the lower end of the grain size spectrum, i.e. at extremely small prior austenite grain sizes. 

 

Figure 2.2.1.  The influence of cooling rate on the Ms temperature of laser processed AISI 410 martensitic stainless 

steel for different austenitising temperatures [50]. 

 

 

(a) (b) 

Figure 2.2.2.  The influence of prior austenite grain size (μm) on the Ms temperature (°C): (a) as determined by 

dilatometric data [52]; and (b) calculated using a mathematical model [51] for different ferrous alloys. 

The austenite dendrite arm spacing has the same effect as the prior austenite grain size, i.e. smaller dendrite 

arm spacings reduce the Ms temperature. Hemmati et al. [51] illustrated the influence of cooling rate on the 

austenite dendrite arm spacing by increasing the cladding speed while holding all other laser parameters 

constant. This resulted in an increased cooling rate as the effective heat input was decreased, inhibiting 

dendritic growth as less time was spent at high temperatures. This effect is illustrated in Figure 2.2.3. 

The influence of grain size on the Ms temperature can be explained by considering that the martensite 

transformation is accompanied by 3 different deformation reactions known as the Bain distortion, a shear 

deformation parallel to the transformation interface, and a lattice rotation of the transformed martensite [53]. 

Since this involves plastic deformation of the austenite lattice, it is reasonable to assume that the yield 

strength of the austenite should be taken into account when considering the strain energy necessary for this 

transformation to proceed. The yield strength increases with decreasing grain size as shown by the Hall-
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Petch relationship [50-53], therefore, the martensite transformation occurs at increasing strain energies only 

available at lower temperatures. 

 

Figure 2.2.3.  Cell spacing of austenite dendrites as a function of the speed of cladding [51]. 

Several authors [54-56] have reported that a sharp increase in cladding speed or a drastic decrease in laser 

power resulted in lower hardness values due to higher percentages of retained austenite in the final clad 

layers. This effect is extensive and cannot completely be ascribed to a decrease in the Ms temperature with a 

reduction in austenite grain size. David et al. [57] reported that an increase in cooling rate during laser 

welding gradually changes the solidification mode from primary ferritic to primary austenitic. The 

dependence of solidification mode on chemical composition shifts to a dependence on nucleation kinetics. 

Austenite nucleation occurs more rapidly than ferrite nucleation and at large supercoolings the kinetic-

dependent solidification mode therefore favours austenite nucleation. This was confirmed by Van Rooyen et 

al. [58] and Hemmati et al. [55] who reported that the amount of observed delta ferrite (δ) decreased and 

even disappeared completely at increased cooling rates, even when the predicted solidification mode was 

primary ferritic. 

The influence of primary solidification mode and Ms temperature on microstructure is depicted in the 

modified Schaeffler diagram for laser welding applications developed by David et al. [57] and shown in 

Figure 2.2.4. This diagram takes into account the higher cooling rates associated with laser processing and 

shows a shift in the phase boundaries and a narrowing of the dual-phase austenite+ferrite (A + F) phase field. 

This modified Schaeffler diagram was used in the design of experimental alloys for laser cladding 

applications in this study, as described in more detail in Chapter 4.  

2.2.3 Effect of alloying elements on microstructure 

Although the cooling rate, the austenitising time and temperature, the stress state and prior deformation may 

have discernible effects on the Ms temperature [54], the main factor determining the microstructure of 

stainless steel is the chemical composition [60]. All alloying elements have the effect of reducing the Ms 

temperature, with the exception of cobalt and aluminium. Those elements that form interstitial solid solutions 

have the greatest effect on the Ms temperature [49]. 
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Figure 2.2.4.  Modified Schaeffler diagram for laser welding processes. Adapted from the AWS Welding Handbook 

[59] according to David et al. [57]. 

The Ms temperature of steels and stainless steels is an important factor in the design of new alloys, 

processing techniques and in determining the weldability of alloys. Several authors [60-67] have produced 

mathematical equations for predicting the Ms temperature based on the chemical composition of iron-based 

alloys, using either empirical methods or calculations based on thermodynamic data. These equations have 

found widespread application, although they all suffer from the drawback of being applicable only within the 

compositional limits set by the range of experimental alloys used in their derivation. 

Equation (2.2.1) shows the equation for determining the Ms temperature that was used in the design of the 

experimental alloys in this study, as described in Chapter 4. Capdevila et al. [67] developed this equation 

using a neural network analysis based on non-linear regression modelling and experimental data. Table 2.2.1 

shows the compositional limits that ensure the accuracy of equation (2.2.1). 

Ms (K) =  767.7 – 305[C] - 30.6[Mn] - 14.5[Si] - 8.9[(Cr] - 16.6[(Ni] + 2.4[Mo] + 5.3[V] +  

                 8.58[Co] + 40.4[Al] + 7.4 [W] – 11.3[Cu] + 510.4[Nb]               … (2.2.1) 

 where:  Ms is the martensite start temperature in Kelvin (K), and 

   [M] is the amount of each alloying element in wt%. 
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Table 2.2.1. Maximum compositional limits for accurate use of equation (2.2.1) (wt%) [67]. 

C Mn Si Cr Ni Mo V 

1.62 3.76 3.4 17.9 27.2 5.1 4.55 
 

 

Co Al W Cu Nb B N 

30.0 1.1 12.9 0.98 0.23 0.01 0.06 

2.2.4 Alloy design of martensitic stainless steel for laser cladding applications 

This study focused on the development of low cost martensitic stainless steels with moderate corrosion 

resistance, high hardness and good wear resistance for laser cladding applications. Potential applications 

include the surfacing and repair of steam turbine blades and continuous caster rolls. To achieve this 

objective, the investigation examined the addition of nitrogen to type AISI 410L martensitic stainless steel. 

Table 2.2.2 gives the specified chemical composition of commercially available type AISI 410L. 

Table 2.2.2. The specified (nominal) chemical composition of type AISI 410L (weight percentage, wt%) [68]. 

Fe C Cr Mn Si Ni P S 

Balance 0.03 max 12.0-13.0 1.00 max 1.00 max 0.5 max 0.04 max 0.03 max 

AISI 410L, with a maximum carbon content of 0.03%, is the low-carbon version of martensitic stainless 

steel AISI 410, with a maximum carbon content of 0.15%. The lower carbon content of AISI 410L results in 

a ferritic microstructure at room temperature [68]. Due to its low price and moderate corrosion resistance, 

AISI 410L is widely used in the powder metallurgical industry where a number of applications require the 

use of ferritic stainless steel [69]. 

The chemical composition of type AISI 410L consists of a narrow range of alloying elements that do not 

induce complex phase transformations on cooling. The main alloying elements in ferritic and martensitic 

grades of stainless steel are carbon and chromium. Chromium is added to ensure corrosion resistance through 

the formation of a thin hydrated oxide layer on the surface (of stoichiometric form Cr2O3) which acts as a 

diffusion barrier to oxygen in the atmosphere. Chromium is a strong ferrite-promoting element [70]. Carbon 

is added as a solid solution strengthening agent and in the case of martensitic stainless steels, also to ensure 

the diffusionless transformation from austenite to martensite on cooling. Carbon is a strong austenite-

forming element and enlarges the austenite phase field at high temperatures at the expense of ferrite. High 

temperature austenite transforms to martensite below the Ms temperature. In stainless steels, the carbide-

forming tendency of carbon can be problematic, especially during welding when chromium-rich carbides of 

the form M23C6 or (Fe,Cr)23C6 precipitate with relative ease. Precipitation of M23C6 carbides results in 

chromium depletion of the surrounding matrix, referred to as sensitisation, which leads to a loss of 

passivation. The consequent loss in corrosion resistance prompted the development of low-carbon (L) 

stainless steel grades [70]. 
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In the absence of high levels of carbon, additional alloying is required to ensure full transformation to 

martensite during cooling after laser cladding of AISI 410L. The nickel equivalents of the Schaeffler 

diagram shown in Figure 2.2.4 and the Balmforth diagram in Figure 2.2.5, used to predict room temperature 

microstructures in welds, can be used to indicate possible alloying routes to ensure a fully martensitic 

microstructure in the clad layers. These nickel equivalents are given in equations (2.2.2) [59] and (2.2.3) 

[71]. The amounts of alloying elements are in weight percentage. 

Ni-equivalent (Schaeffler) = [Ni] + 30[C] + 0.5[Mn]                            … (2.2.2) 

Ni-equivalent (Balmforth) = [Ni] + 35[C] + 20[N]                            … (2.2.3) 

 

Figure 2.2.5.  Balmforth diagram [71]. 

From the Schaeffler and Balmforth diagrams and their respective nickel equivalents, it can be seen that 

carbon, nickel, nitrogen, and to a lesser extent, manganese, can be used to promote the formation of austenite 

at elevated temperatures, restrict the formation of excessive -ferrite levels and consequently ensure a fully 

martensitic microstructure at room temperature, granted that these elements are in solid solution and the Ms 

temperature is not too low.  

In addition to carbon, nickel and nitrogen are strong austenite-formers [70]. The role of manganese is more 

controversial and contradiction exists in published data concerning its role as an austenite-former. Many 

authors have reported that the addition of manganese has no effect on austenite formation, but merely acts as 

an austenite-stabiliser by lowering the Ms temperature, thus stabilising austenite at low temperatures [72], 

while others claim that manganese is a weak austenite-former [73]. Hull [74], on the other hand, found that 

manganese acts as a ferrite-former at concentrations of 2.5% and above, while Kemp et al. [75] found that at 

low interstitial carbon and nitrogen levels, manganese is indeed an austenite-former, regardless of its 

concentration. The reported influence of manganese on the formation of austenite at elevated temperatures 

can be attributed to its influence on the solubility of nitrogen in stainless steels. Manganese increases the 

solubility of nitrogen, a strong austenite-former, and higher austenite levels with an increase in manganese 

content may simply be the result of higher dissolved nitrogen levels in the alloy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



21 

 

Manganese is therefore not favoured as an austenite-former in most stainless steels. Its attraction, however, 

lies in its negative interaction parameter with nitrogen. As described earlier, it increases nitrogen solubility in 

ferrous alloys [72,73,76]. Figure 2.2.6 shows data compiled by Pistorius and Du Toit [73] concerning 

nitrogen solubility in 17% chromium ferritic stainless steel at 1600°C with no other alloying elements in 

significant quantities, except for manganese and nitrogen, gathered from literature and compared with 

FactSage
TM

 thermodynamic calculations. 

 

Figure 2.2.6.  Nitrogen solubility data as a function of Mn content, gathered from literature and compared with 

FactSage
TM

-based calculations at 1600°C [73]. 

This effect is discussed in more detail in section 2.3.4. On the other hand, manganese has a deleterious effect 

on the general and localised corrosion resistance of steels and stainless steels [73,77] as evidenced by the 

MARC rule shown in equation (2.2.4). The acronym “MARC” refers to the “measure of alloying for 

resistance to corrosion” and the equation represents an alloy’s resistance to localised corrosion based on its 

alloying element content. The amounts of alloying elements are in weight percentage. 

MARC = Cr + 3.3Mo + 20N + 20C - 0.5Mn - 0.25Ni                              … (2.2.4) 

From the MARC rule, it can be deduced that co-alloying with manganese and nitrogen might offset the 

negative effect of alloying with manganese alone. Therefore, increasing nitrogen solubility with manganese 

additions may have a beneficial effect on pitting corrosion resistance on account of nitrogen’s stronger effect 

on the MARC rule than that of manganese. 

Lenel and Knott [78] conducted experiments on Fe-Cr-Mn-N steels consisting of 10 to 12% chromium, 5 to 

10% manganese, 0.05% carbon and nitrogen ranging from 0.16 to 0.32%. After solution annealing and air 

cooling, they found that alloys containing 10% manganese consisted of unstable austenite at room 

temperature with Ms temperatures below -196°C. Those alloys that contained 8% manganese showed a 

mixture of residual austenite and martensite with an Ms temperature close to room temperature, and alloys 

with 5% manganese were martensitic with an Ms temperature of about 150°C. They also found that co-

alloying with manganese and nitrogen had a beneficial effect on pitting corrosion resistance. 
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Due to the negative effect of manganese on the MARC rule and its effect on the Ms temperature in equation 

(2.2.1), manganese additions to the experimental alloys designed as part of this study were kept to a 

minimum, but high enough to take advantage of its effect on nitrogen solubility. Also taken into account in 

the selection of manganese levels was the effect of cooling rate on the modified Schaeffler diagram for laser 

welding. A maximum manganese level of 3.5% was selected. 

Nickel has a negative effect on the localised corrosion resistance of stainless steels according to the MARC 

rule [79], but has a beneficial effect on corrosion resistance in reducing acids [73]. In contrast to manganese, 

nickel has a positive interaction parameter with nitrogen, reducing nitrogen solubility in steels and stainless 

steels [72]. Nickel may, however, indirectly enhance nitrogen solubility by serving as a strong austenite-

former. It is well established that austenite has a higher nitrogen solubility than ferrite due to differences in 

crystal structure and lattice parameters. In fact, a significant difference between the typical nitrogen contents 

of high-nitrogen austenitic and ferritic stainless steels exists. An austenitic stainless steel is regarded as a 

“high-nitrogen stainless steel” when its nitrogen content exceeds 0.4 wt%, whereas the upper limit for ferritic 

and martensitic stainless steels is about 0.08 wt% [42,72,80]. For this reason, the nitrogen solubilities of 

different alloy systems were investigated by means of incremental nickel and manganese additions to AISI 

410L stainless steel during the current investigation. This is described in more detail in Chapter 4.  

From the Balmforth diagram of Figure 2.2.5, it is apparent that a fully martensitic microstructure can be 

attained in welds in 12% chromium steels at nickel levels exceeding about 5%. This agrees with the results 

of Van Rooyen [81] who reported a fully martensitic microstructure after laser cladding in modified AISI 

410L with 5% nickel and additions of cobalt and molybdenum. Based on this finding, and to accommodate 

additional nitrogen in the experimental alloys, a maximum nickel concentration of 5.5% was selected in this 

investigation to prevent the retention of excessive amounts of residual austenite. 

Nitrogen, apart from its role as an austenite-former, also enhances the physical and mechanical properties of 

steels and stainless steels. Lenel and Knott [78] showed that replacing carbon in martensitic stainless steels 

with nitrogen could lead to an increase in hardness. Alloys containing nitrogen as principle interstitial 

alloying element exhibit higher toughness than alloys containing an equal amount of carbon [72,82]. An 

increase in the interstitial nitrogen content of stainless steel increases the tensile strength, elastic modulus, 

hardness and wear resistance [83,84]. Nitrogen also improves the pitting and crevice corrosion resistance of 

martensitic stainless steels [73,80,85,86], as evident from the MARC rule in equation (2.2.4).  

Most of the research in the area of high-nitrogen stainless steels was performed to investigate partial or 

complete nickel replacement. Due to the high cost and price volatility of nickel, and the human and animal 

propensities for nickel allergies, possible replacements for nickel in stainless steels have been proposed and 

investigated with respect to their influence on austenite formation, austenite stabilisation and corrosion 

resistance. It was shown that a combination of manganese and nitrogen is the most attractive replacement for 

nickel [72,73,80]. A considerable amount of research has been dedicated to the successful replacement of 

nickel in high-nitrogen, low-nickel or even nickel-free stainless steels. The bulk of this work was carried out 
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in the austenitic family of stainless steels [87-94] and to a lesser extent, the duplex grades of stainless steel 

[95-98].  

Less research has been performed in the field of high-nitrogen ferritic and martensitic stainless steels due to 

their low solubility for nitrogen. As early as 1961, Babakov [76] produced a dual phase structure of 

martensite and residual austenite after alloying martensitic stainless steel with nitrogen. More recently, Ma et 

al. [99] demonstrated that nitrogen is a suitable replacement for nickel in martensitic stainless steel, 

successfully increasing the hardness of the martensite without a significant decrease in toughness, and fully 

suppressing δ-ferrite formation. They also found that tempering above 550°C impaired the corrosion 

resistance and drastically reduced toughness due to the precipitation of coarse hexagonal Cr2N nitrides. This 

agrees with the work of Ojima et al. [100] who reported a loss in corrosion resistance after tempering high-

nitrogen martensitic stainless steel above 500°C. Toro et al. [101] reported a reduction in erosion-corrosion 

resistance in high-nitrogen martensitic stainless steel at increasing temper temperatures in the range of 200°C 

to 600°C. This is due to CrN precipitation between 400°C and 600°C and Cr2N nitride precipitation between 

550°C and 600°C. 

According to Du Toit and Van Niekerk [44], partial replacement of carbon with nitrogen in high-nitrogen 

martensitic stainless steels negates the need for tempering during the cladding of continuous caster rolls due 

to the higher toughness of the nitrogen-alloyed low carbon martensitic stainless steel. Due to lower carbon 

content, inter-bead corrosion due to sensitisation is also suppressed. For these reasons and in the absence of 

any impact stresses in the intended applications, tempering was not carried out during this investigation. 

2.3 ALLOYING WITH NITROGEN 

2.3.1 Introduction 

The low solubility of nitrogen in iron at atmospheric pressure is an important concern when nitrogen alloying 

is considered. There is also a large difference between the austenite and ferrite solubility levels for nitrogen 

in pure iron, as shown in Table 2.3.1 [102]. Producing a high-nitrogen stainless steel therefore requires tight 

control over the amount of nitrogen dissolved in the steel during processing. 

Table 2.3.1. Solubility of nitrogen in γ- and α-iron at various temperatures [102]. 

 
Temperature (°C) Solubility (wt %) 

N in γ-iron 
650 2.80 

590 2.35 

N in α-iron 
590 0.10 

20 <0.0001 

During steelmaking, the solubility of nitrogen in stainless steel is dependent on three important variables: 

temperature, pressure and the composition of the alloy [88]. The nitrogen source and alloying method need 

further consideration as these factors determine the amount of available nitrogen and the homogeneity of the 
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final product. Essentially, a nitrogen source with a higher nitrogen potential than that of the alloy is required. 

In the presence of a gaseous nitrogen atmosphere, the nitrogen potential of the gaseous phase must be at least 

equal to that of the source to prevent nitrogen desorption, as shown in equation (2.3.1) [103]. 

          μ
N
Gas ≥ μ

N
Source ≥ μ

N

Alloy
                                                           … (2.3.1) 

 where:  μ
N
Gas is the nitrogen potential of the gaseous atmosphere,  

   μ
N
Source is the nitrogen potential of the nitrogen source, and 

   μ
N

Alloy
 is the nitrogen potential of the alloy. 

When an iron alloy in the liquid state is enriched with nitrogen from a suitable source, segregation of 

nitrogen takes place during solidification. Nitrogen has a higher solubility in the liquid phase than in the 

solid and is therefore rejected to the liquid on solidification, as expressed by the equilibrium partition 

coefficient, K, in equation (2.3.2) [104]. 

K = 
SS

SL
                                                      … (2.3.2) 

 where:  SS is the solubility of nitrogen in the solid, and 

   SL is the solubility of nitrogen in the liquid 

For most simple alloying systems under atmospheric pressure, this ratio is less than one, resulting in a higher 

percentage nitrogen in the liquid phase. If the solubility in the liquid is exceeded on further enrichment, the 

value of K approaches 1, nitrogen desorption occurs and porosity results through diatomic nitrogen (N2) gas 

evolution. 

Segregation is more pronounced in alloys that solidify as primary δ-ferrite rather than primary γ-austenite 

owing to the lower solubility of nitrogen in ferrite, as shown in Table 2.3.1. Furthermore, and contrasting 

with the effect of carbon (which is also a strong austenite former), increasing the nitrogen content in the 

liquid phase does not significantly alter the solidification mode from primary ferritic (F) to primary 

austenitic (A), or even a mixture of the two, FA and AF [105]. To prevent pore formation at fixed nitrogen 

additions, the remaining alloying elements in the steel therefore need to be adjusted to increase the nitrogen 

solubility in the primary ferrite phase or to alter the solidification mode to primary austenite. 

As previously stated, the beneficial effects of nitrogen on corrosion resistance, strength and hardness, in the 

absence of secondary hardening mechanisms, are only realised when nitrogen is in solid solution as an 

interstitial alloying element. A number of processing techniques are used in the production of high-nitrogen 

stainless steels to ensure high dissolved nitrogen contents. Such processes include pressurised induction 

furnace melting, pressurised plasma (arc) furnace melting, pressurised electroslag remelting (PESR), hot 

isostatic remelting at pressures up to 200 MPa and nitrogen as the pressurising gas, electric arc furnace 

melting, gas purging, argon-oxygen decarburisation (AOD), arc-slag melting and powder metallurgy 

[42,72,106,107]. 
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A nitrogen content (in solid solution) exceeding the equilibrium solubility can also be achieved through a 

combination of applied pressure and powder metallurgy. In the powder metallurgy route, increased nitrogen 

contents in stainless steel can be achieved by either melting a nitrided stainless steel powder under pressure 

(HIP), or by enriching molten and pressurised stainless steel with a high-nitrogen powder such as CrN. The 

nitrogen level of metallic powders may be raised through pressurised gas atomisation, nitriding in a fluidised 

bed reactor or rotating furnace, HIP nitriding, reactive mechanical alloying or powder injection moulding 

[42,108].  

High pressure processing techniques are most commonly used in the production of nitrogen-alloyed 

austenitic stainless steels, as nitrogen is both a strong austenite-former and austenite-stabiliser (i.e. it 

depresses the Ms temperature). High-nitrogen martensitic and duplex stainless steels can be produced 

successfully at atmospheric pressure using conventional electroslag remelting, as they typically contain 

lower nitrogen contents than nitrogen-alloyed austenitic stainless steels [72]. High-nitrogen martensitic 

stainless steels can also be obtained by powder metallurgical processing at atmospheric pressure [109]. 

The drawbacks of these processes include the high cost and requirement for specialised equipment. This 

study, therefore, focused on developing an in-situ alloying process during laser cladding that will ensure a 

relatively high nitrogen content at atmospheric pressure in type AISI 410L clad layers and. In addition, it 

strives to minimise operating costs and to ensure rapid production rates. High nitrogen partial pressures in 

the shielding and carrier gasses and nitrided metallurgical powders were investigated as viable nitrogen 

sources. 

The principles governing the equilibrium nitrogen dissolution in iron-based alloys play an important role in 

determining the success of the alloying methods under investigation. Large differences between the nitrogen 

contents of steels produced under equilibrium and non-equilibrium conditions exist, however, and these 

conditions therefore warrant further consideration. 

2.3.2 Equilibrium dissolution of nitrogen: Effect of temperature 

The equilibrium solubility of nitrogen in pure iron and steel, and hence the interstitial nitrogen content, is 

strongly dependent on temperature. Furthermore, as shown in Table 2.3.1, there is a difference between the 

nitrogen solubility limits in liquid iron (L), austenite (γ) and ferrite (α or δ). This is evident from Equations 

(2.3.3) to (2.3.5) that describe the equilibrium constants for nitrogen in pure iron or low alloy steel at a 

diatomic nitrogen gas pressure of 1 atm for the different phases. These equations are graphically represented 

in Figure 2.3.1 [110].  

log Kα,δ = −
1570

T
 + 2.98                                                      … (2.3.3) 

logKγ  = 
450

T
 + 2.05                                                               … (2.3.4) 

logKL  = −  
188

T
 + 2.76                                                         … (2.3.5) 
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 where: Kα,δ, 𝐾γ and KL are the equilibrium constants for nitrogen in ferrite (α or δ), austenite (γ) and 

liquid iron (L), respectively, and 

  T is the temperature in Kelvin (K). 

 

Figure 2.3.1.  Equilibrium nitrogen solubility in ferrite (α or δ), austenite (δ) and liquid iron (L) as a function of 

temperature [110]. 

The equilibrium nitrogen solubility decreases slightly in liquid iron with a decrease in temperature. In highly 

alloyed steels and stainless steels, however, the nitrogen solubility in the liquid phase increases marginally as 

temperature decreases. On solidification the nitrogen solubility limit falls sharply. There is a decrease in the 

nitrogen solubility in ferrite (α or δ) with decreasing temperature and a linear increase in solubility in 

austenite (γ). The solubility decreases again on transformation from austenite to α-ferrite as the temperature 

falls. From Figure 2.3.1, it is evident that the nitrogen solubility is much higher in austenite than in ferrite. 

This can be attributed to the larger lattice parameter of the face centred cubic (FCC) unit cell of the austenite 

phase, and the correspondingly larger interstitial openings in the matrix. 

2.3.3 Equilibrium dissolution of nitrogen: Effect of pressure 

The equilibrium nitrogen content of liquid iron is strongly dependent on the partial pressure of the diatomic 

nitrogen gas in the atmosphere in direct contact with the surface of the molten metal. The diatomic gas 

dissociates and is absorbed into the liquid iron in accordance with equation (2.3.6) [110]. 

½N2 (g) = Neq (wt%)           … (2.3.6) 

The isothermal equilibrium constant, Keq, for this reaction is shown in equation (2.3.7) and rewritten in 

equation (2.3.8) to yield the equilibrium nitrogen solubility [110]. 

 Keq =
Neq (wt%)

√pN2

                                                                 … (2.3.7) 

 Neq (wt%) = Keq√p
N2

                                                           … (2.3.8) 

where: where Neq (wt%) refers to the equilibrium solubility of nitrogen in the liquid iron in weight 

percentage, and 

 p
N2

 is the partial pressure of diatomic nitrogen (N2) gas in the atmosphere. 
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This implies that, at constant temperature, the equilibrium nitrogen solubility of liquid iron is directly 

proportional to the square root of the equilibrium partial pressure of diatomic nitrogen gas in the atmosphere 

in contact with the liquid metal. This relationship is known as Sievert’s Law. 

Figure 2.3.2 shows the nitrogen solubility as a function of diatomic nitrogen partial pressure for a 13Cr1Mo 

stainless steel in the austenite region at three different temperatures. There is a linear relationship between 

the equilibrium nitrogen solubility and the square root of the partial pressure of N2 gas, as predicted by 

Sievert’s Law. 

 

Figure 2.3.2.  Equilibrium nitrogen solubility in austenite as a function of diatomic nitrogen partial pressure at three 

temperatures [111]. 

When the nitrogen solubility limit is exceeded on cooling, dissolved nitrogen atoms may recombine to form 

N2 and degassing occurs in the form of gas bubbles. Nitrogen gas evolution or pore formation is described by 

equation (2.3.9) [105]. 

Pg < Pa + Pm + Pc                                                               … (2.3.9) 

where:  Pg is the gas pressure within a pore, 

Pa is atmospheric pressure, 

Pm is the hydrostatic pressure of the melt, and  

Pc is the capillary pressure, as defined by equation (2.3.10). 

         Pc = 
2σ

r
                                                               … (2.3.10) 

where:  σ is the surface tension of the pore, and 

r is the average pore radius.  

Equation (2.3.9) states that pore formation will only occur if the internal pressure within a gas pore exceeds 

the combined pressures from the atmosphere, the melt and the capillary pressure related to the pore radius. 

High atmospheric pressure therefore tends to increase the equilibrium nitrogen solubility by suppressing pore 

formation and degassing. 
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2.3.4 Equilibrium dissolution of nitrogen: Effect of alloy composition 

The equilibrium solubility of nitrogen in iron alloys is strongly influenced by the presence of alloying 

elements. Figure 2.3.3 shows how an increase in chromium content from 0% to 18.4% increases the nitrogen 

solubility in binary Fe-Cr alloys as a function of temperature. Comparison with Figure 2.3.1 clearly 

illustrates how the nitrogen solubility in iron changes with chromium content. A significant increase in the 

nitrogen solubility in the liquid, ferrite and austenite regions is evident. This increase in nitrogen solubility is 

due to the negative interaction parameter of chromium with nitrogen in solution. At high levels of chromium 

there is a slight decrease in nitrogen solubility with increasing temperature in the liquid phase.  

 

Figure 2.3.3.  Equilibrium nitrogen solubility in iron as a function of chromium content and temperature with diatomic 

nitrogen gas at 1 bar partial pressure [111]. 

Table 2.3.2 lists the interaction parameters, eN
Xi, of various elements, Xi, with nitrogen in iron-based alloys at 

1600°C. Satir-Kolorz and Feichtinger [112] compiled this list on the basis of published literature and their 

own experimental data. A negative interaction parameter indicates that an alloying element increases the 

nitrogen solubility, whereas a positive parameter implies reduced solubility. 

In Table 2.3.2, the elements with the highest negative interaction parameters with nitrogen, i.e. titanium, 

zirconium, vanadium and niobium, are strong nitride-formers and are therefore not suited to increasing 

nitrogen solubility when nitride formation is undesirable. These elements are also strong ferrite-formers and 

therefore not suitable for martensitic stainless steels. As the focus of the current investigation is on the 

formation of fully martensitic microstructures in martensitic stainless steel, strong ferrite-forming elements 

were not considered in the design of the experimental alloys. 

As stated in Section 2.2.4 and shown in Table 2.3.2, manganese increases the equilibrium solubility of 

nitrogen in iron-based alloys and plays an important role in the substitution of nickel in high-nitrogen 

stainless steels.  

The positive interaction parameter of carbon with nitrogen emphasises the importance of low carbon 

contents in raising the nitrogen solubility, and explains the use of low carbon type AISI 410L in this 
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investigation. It is interesting to note that nitrogen has a positive interaction parameter with itself. This 

implies that at high nitrogen levels in liquid iron-based alloys, nitrogen lowers its own equilibrium solubility. 

This suggests that Sievert’s Law may not accurately predict nitrogen solubility at high concentrations [112]. 

Table 2.3.2. Interaction parameters of various alloying elements with nitrogen in iron-based alloys at 1600°C [112]. 

Element eN
Xi 

Titanium -0.930 

Zirconium -0.630 

Vanadium -0.098 

Niobium -0.050 

Chromium -0.048 

Tantalum -0.033 

Manganese -0.024 

Molybdenum -0.013 

Tungsten -0.002 

Cobalt 0.010 

Nickel 0.011 

Copper 0.006 

Arsenic 0.010 

Tin 0.008 

Antimony 0.010 

Aluminium 0.040 

Silicon 0.043 

Phosphorus 0.048 

Boron 0.083 

Carbon 0.118 

Nitrogen 0.130 

Figure 2.3.4 is a graphic representation of the interaction parameters shown in Table 2.3.2, normalised to the 

effect of chromium. Chromium promotes the equilibrium solubility of nitrogen in iron-based alloys at 

1600°C and has a lower nitride-forming tendency than titanium, zirconium, vanadium and niobium. Due to 

its ferrite-forming tendency, additional chromium was not added to the AISI 410L alloy used in the current 

investigation. 

Figures 2.3.5(a) and (b) show the influence of increasing manganese and nickel contents in iron-based alloys 

on the equilibrium nitrogen solubility at 1600°C [112]. Manganese contents ranged from 0% to 28% and 

nickel concentrations from 0% to 25%. Due to its negative interaction parameter with nitrogen, an increase 

in manganese content resulted in a significant increase in nitrogen solubility, whereas nickel additions 

resulted in a decrease in nitrogen solubility. 
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Figure 2.3.4.  Interaction parameters of various alloying elements with nitrogen in iron-based alloys at 1600°C [113]. 

  

(a) (b) 

Figure 2.3.5.  The effect of: (a) manganese; and (b) nickel additions, on the nitrogen solubility of iron-based alloys at 

1600°C as a function of diatomic nitrogen partial pressure [112]. 

As shown in equations (2.3.11) and (2.3.12) Wada and Pehlke [114] used Sievert’s Law to compile an 

equation to predict the equilibrium nitrogen solubility of multicomponent iron-based alloys containing 

chromium, nickel, manganese and molybdenum as principal alloying elements.  

Keq = aN√p
N2

 = ƒ
N

(%Neq)√p
N2

                                              … (2.3.11)    

log(wt% Neq)= (-
274

T
 -1.22)  - (

4780

T
 -1.51) (log (ƒ

N, 1873K
))  - (

1760

T
 - 0.91) (log (ƒ

N, 1873K
))

2

        

            …(2.3.12) 

 where:  aN is the Henrian activity of nitrogen in the liquid multicomponent alloy, 

   ƒ
N

 is the activity coefficient of nitrogen in the liquid alloy, and 

   ƒ
N, 1873K

 is the activity coefficient of nitrogen in the liquid alloy at 1873 K. 
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Equation (2.3.12) makes use of the activity coefficient of nitrogen in iron alloys at 1600°C (1873 K) to 

predict the equilibrium nitrogen solubility as a function of temperature and alloying element content. It holds 

as long as the requirement 0 ≥ log (ƒ
N, 1873K

) ≥ -1.4 is satisfied. The effect of alloying element content on the 

activity coefficient at 1600°C (1873 K) is given by equation (2.3.13), which also incorporates the effects of 

C, Si, P, S, Al, Ti, V, W and O [114].  

log (ƒ
N,

) = {- 164[%Cr] + 8.33[Ni] - 33.2[%Mo] - 134[%Mn] + 1.68[%Cr]
2
 - 1.83[%Ni]

2
 - 

2.78[%Mo]
2
 + 8.82[%Mn]

2
 + (1.6 [%Ni] + 1.2[%Mo] + 2.16[%Mn])[%Cr] +                

(0.26[%Mo] + 0.09[%Mn])[%Ni]}/T + {0.0415[%Cr] + 0.0019[%Ni] + 0.0064[%Mo] 

+ (0.035[%Mn] - 0.0006[%Cr]
2
 + 0.001[%Ni]

2
 + 0.0013[%Mo]

2
 - 0.0056[%Mn]

2
  +    

(- 0.0009[%Ni] - 0.0005[%Mo] - 0.0005[%Mn])[%Cr] + (0.0003[%Mo] + 

0.0007[%Mn])[%Ni]} + 0.13[%C] + 0.06[%Si] + 0.046[%P] + 0.007[%S] + 

0.01[%Al] - 0.9[%Ti] - 0.1[%V] - 0.003[%W] - 0.12[%O]                             … (2.3.13) 

 where:      [%M] is the weight percentage of each alloying element. 

The preceding discussion suggests that the nitrogen solubility limit in stainless steels can be increased by 

increasing the nitrogen partial pressure in the gas atmosphere in contact with the liquid alloy, by increasing 

the total pressure or by changing the composition of the alloy. The next section considers the applicability of 

Sievert’s Law and the Wada and Pehlke equations during laser processing. 

2.3.5 Nitrogen dissolution during laser processing 

The formation of a plasma phase over the surface of the weld pool is an inherent feature of most welding 

processes, including arc, laser and electron beam welding. This plasma phase has a high electron density and 

contains excited neutral atoms, molecules and ionised gas. The presence of these species in the plasma alters 

the dissociation behaviour of a diatomic gas such as nitrogen (N2) from that of a purely diatomic gas-metal 

system. Sievert’s Law and any solubility calculations based on equilibrium thermodynamic considerations 

are therefore not expected to be valid in the presence of plasma. In fact, the presence of neutral atoms in the 

plasma leads to increased dissolution of the gaseous species [115].  

Numerous authors, including Kuwana et al. [116], Palmer et al. [117], and Du Toit and Pistorius [118,119], 

investigated nitrogen dissolution in iron, steel and stainless steel during arc welding and arc melting. These 

authors reported higher nitrogen dissolution than the solubility values predicted from Sievert’s Law for 

varying nitrogen partial pressures and attributed this effect to high partial pressures of monatomic nitrogen 

(N) in the plasma. 

During laser welding, plasma is created when the metal under laser irradiation evaporates from the surface of 

the workpiece. The metal vapour forms a plume with low ionisation potential close to the surface and 

provides the seeding electrons for the creation of gaseous plasma from the shielding gas. At a minimum laser 

intensity, or threshold intensity, Ii (MW/cm), the laser light is absorbed by the plume and provides sufficient 
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heating and acceleration of seeding electrons (by a mechanism known as Bremsstrahlung (IB)) for the 

increase in electron energy to exceed that lost to elastic kinetic interactions between electrons and neutral 

atoms. At this point, an avalanche effect is initiated which exponentially increases the electron density in the 

metallic vapour and the gas is ionised. The threshold intensity is strongly dependent on the inverse square of 

the wavelength of the laser light (λ
-2

). In simpler terms, laser light with a longer wavelength has a lower 

ionisation potential [120]. 

Sato et al. [121] conducted comparative experiments with autogenous Nd:YAG laser  and arc welds (GTAW 

and GMAW) on purified iron, Fe-20Cr-10Ni austenitic stainless steel and SUS329J1 duplex stainless steel at 

increasing diatomic nitrogen partial pressures in Ar-N2 shielding gas mixtures. These authors used a laser 

power of 3.5 kW, a welding speed of 0.02 m/s and gas mixtures with nitrogen partial pressures ranging from 

0.0 to 1.0 atmosphere N2. GTAW was conducted on purified iron at a welding current of 250 A, with an arc 

length of 10 mm and a travel speed of 3.3 mm/s. GTAW and GMAW trials were conducted on the Fe-20Cr-

10Ni stainless steel at 250 A, an arc length of 5 mm and a travel speed of 2.5 mm/s. The same parameters 

were used for GTAW of SUS329J1 stainless steel. Figure 2.3.6 shows the weld metal nitrogen contents of 

the three materials as a function of the nitrogen partial pressure, pN2
. The equilibrium nitrogen solubility of 

each material, calculated by means of the Wada and Pehlke equations (2.3.12) and (2.3.13) at measured weld 

pool temperatures of 1900 K, 1800 K and 1880 K is shown in Figures 2.3.6(a), (b) and (c), respectively. Also 

indicated on these figures is the calculated equilibrium nitrogen solubility at the boiling temperature of each 

respective material. The temperature of the laser weld pool is assumed to be between the arc weld pool 

temperature and the boiling point of the material.  

There is usually a rapid increase in the nitrogen content of gas tungsten arc welds at low N2 partial pressures, 

followed by a plateau stage at higher partial pressures of N2 when nitrogen absorption from the arc plasma is 

balanced by nitrogen desorption from the weld pool [116]. Gas tungsten arc welded specimens also 

consistently have nitrogen contents exceeding the calculated equilibrium solubility due to the presence of 

monatomic nitrogen in the arc plasma. Gas metal arc welded specimens generally exhibit less nitrogen pick-

up than gas tungsten arc welded specimens and have weld metal nitrogen contents lower than the calculated 

equilibrium nitrogen solubility at the weld pool temperature. 

The nitrogen contents of Nd:YAG laser welded specimens increase slightly with N2 partial pressure, but are 

considerably lower than those of the gas tungsten arc welded specimens in Figures 2.3.6(a), (b) and (c). The 

laser welded nitrogen contents are lower than the calculated equilibrium contents in Figures 2.3.6(a) and (b) 

and only exceeds the calculated equilibrium content in Figure 2.3.6(c) at the temperature of the arc weld pool 

at low N2 partial pressures. This is due to the high initial nitrogen content of SUS329J1 duplex stainless steel 

prior to welding. Unlike the behaviour observed during arc welding, the nitrogen contents of Nd:YAG 

welded specimens do not level off at increasing partial pressures. The nitrogen levels do not reach the 

calculated equilibrium nitrogen contents in most cases and prominent nitrogen degassing therefore does not 

occur during Nd:YAG welding in Ar-N2 shielding gas mixtures. The authors proposed three reasons for the 
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lower nitrogen contents of the laser welded specimens. Less time is available for nitrogen absorption during 

laser welding than during arc welding due to the shorter thermal cycle. Not enough time is therefore allowed 

for the nitrogen contents to reach the calculated equilibrium values. The second reason is the presence of 

high metal vapour pressure above the weld pool of the laser welded specimens. This effect is prominent 

during both keyhole and conduction mode welding, but is more pronounced during keyhole welding. The 

increase in metal-vapour partial pressure (pFe) results in the formation of a barrier to nitrogen absorption by 

reducing the partial pressure of N2 in the shielding atmosphere. Equations (2.3.14) and (2.3.15) describe the 

formation of iron vapour and are graphically represented in Figure 2.3.7 [121]. In this figure, the equilibrium 

nitrogen solubility of liquid iron in the absence of iron vapour (calculated from the equations of Wada and 

Pehlke), N (calc.), is extrapolated from the measured nitrogen content, N (correct), at ambient pressure. 

  

(a) (b) 

 

(c) 

Figure 2.3.6.  The nitrogen content of Nd:YAG laser and arc welds as a function of the square root of the nitrogen 

partial pressure in Ar-N2 gas mixtures for: (a) purified iron; (b) Fe-20Cr-10Ni austenitic stainless steel; and (c) 

SUS329J1 duplex stainless steel, compared to the calculated equilibrium nitrogen solubility at the measured weld pool 

temperature and the boiling temperature [121]. 

Fe (ℓ) = Fe (g)                                                            … (2.3.14)  

log  p
Fe

(mm.Hg) =  - 19710 T -1- 1.2 logT + 13.27                           … (2.3.15)  

where:  pFe is the partial pressure of gaseous iron in the atmosphere, and  

T is temperature (K). 
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Figure 2.3.7.  The influence of increasing iron vapour pressure on the nitrogen solubility in pure iron, N (correct), as a 

function of temperature at a constant ambient pressure of 1 atmosphere (0.1 MPa), compared to the calculated 

equilibrium nitrogen solubility, N (calc.) [121]. 

The measured nitrogen content of liquid iron, shown in Figure 2.3.7, decreases from a maximum value of 

0.047% with an increase in pFe, and approaches zero at the boiling point of iron where pFe reaches a 

maximum. During laser welding, the metal vapour forms a much more dense cover over the surface of the 

weld pool than during arc welding. Nitrogen absorption is therefore expected to be different for the two 

processes. 

Sato et al. [121] postulated a third reason for the lower nitrogen levels of Nd:YAG laser welded specimens, 

namely that due to the shorter wavelength of the Nd:YAG laser, insufficient laser absorption by the metal-

vapour plume occurs, resulting in a low plasma temperature and a low density of monatomic nitrogen (in 

accordance with the temperature dependence of N2 dissociation). To test this hypothesis, Dong et al. [122] 

performed autogenous gas tungsten arc and laser welding on the same materials as those used by Sato et al., 

replacing the Nd:YAG laser (with a wavelength of 1.06 μm) with a CO2 laser (with a wavelength of 10.6 

μm). Laser welding was performed at a laser power of 5.0 kW and a travel speed of 0.02 m/s. The gas 

tungsten arc welding parameters were selected to ensure similar weld bead dimensions to those of the laser 

welds. This eliminated the effect of weld bead area ratio on nitrogen absorption, as the surface area of the 

bead influences the absorption kinetics. The welding current was set at 150 A, the arc length at 1 mm and the 

travel speed at 3.33 mm/s. Their results are shown in Figures 2.3.8(a), (b) and (c) for purified iron, Fe-20Cr-

10Ni austenitic stainless steel and SUS329J1 duplex stainless steel, respectively. For comparative purposes, 

the authors included the results from the Nd:YAG study by Sato et al. [121]. Also shown are the calculated 

equilibrium nitrogen solubilities for each material at the arc weld pool temperature and boiling point for 

increasing nitrogen partial pressure.  

In Figures 2.3.8(a), (b) and (c), the nitrogen contents of the CO2 laser welded specimens fall between those 

of gas tungsten arc welded and Nd:YAG laser welded specimens. At low nitrogen partial pressures, the 
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nitrogen contents of CO2 welded specimens consistently exceed the calculated equilibrium nitrogen 

solubilities at both the weld pool and boiling temperatures for all three materials tested. This suggests that 

monatomic nitrogen (N) is present in the plasma above the weld pool, enhancing nitrogen dissolution in the 

liquid metal during CO2 laser welding.  

The difference in nitrogen content between the laser welds and the arc welded specimens can be attributed to 

the reasons proposed by Sato et al. [121], i.e. less absorption time during the shorter thermal cycle and high 

metal vapour pressure, pFe, which retards nitrogen absorption from the plasma. The levelling off of the 

nitrogen content below the calculated equilibrium nitrogen solubility at high diatomic nitrogen partial 

pressures is attributed to the higher weld pool temperatures of the CO2 laser welds. The nitrogen solubility 

limit in highly alloyed steels decreases with an increase in temperature, as is evident from the calculated 

equilibrium values in Figures 2.3.8(b) and (c). This is not the case for pure iron, as shown in Figure 2.3.8(a). 

This suggests that nitrogen desorption from the weld pool will occur at much lower nitrogen contents during 

CO2 laser welding of stainless steel [122]. 

Dong et al. [122] attributed the difference in the measured nitrogen contents of CO2 and Nd:YAG laser 

welded specimens to the difference in wavelength between the two lasers. A CO2 laser has a typical 

threshold laser intensity range (below which plasma cannot form) of 1.0x10
6
 to 3.0x10

6
 W/cm

2
. For a 

Nd:YAG laser, the threshold laser intensity is 1.0x10
8
 W/cm

2
, making it less likely for strong plasma to 

develop during Nd:YAG laser welding. The temperatures above CO2 laser weld pools were shown to exceed 

the typical temperatures of arc plasmas, being sufficiently high for diatomic nitrogen dissociation into 

monatomic nitrogen. Temperatures above Nd:YAG laser weld pools were observed to be below those 

required for successful N2 dissociation and the probability of forming a dense monatomic nitrogen-

containing plasma is therefore considerably lower.  

Dong et al. [123] subsequently confirmed, through monochromatic photography, that there is little difference 

between the plasmas formed during CO2 welding and gas tungsten arc welding, but that metallic vapour is 

more concentrated over CO2 laser weld pools than arc welds. These authors also showed that similar nitrogen 

contents to those measured during Nd:YAG laser welding could be achieved during CO2 laser welding when 

plasma formation was suppressed in a reduced ambient pressure nitrogen atmosphere. 

Zhao et al. [124] investigated the influence of heat input during CO2 welding on the nitrogen solubility of 

1Cr22Mn16N austenitic stainless steel at increasing nitrogen partial pressures in Ar-N2 shielding gas 

mixtures. It is evident from Figure 2.3.9 that an increase in heat input in a 100% argon atmosphere leads to 

lower nitrogen contents in the weld metal. This is due to increased nitrogen desorption from the weld pool. 

At higher heat input levels the weld cooling time is longer, allowing more time for desorption to occur. 

When nitrogen is added to the shielding gas, the weld metal nitrogen content increases with an increase in 

heat input. This is ascribed to an increase in the surface area of the liquid pool available for nitrogen 

adsorption and a longer weld thermal cycle, which increases the time available for adsorption. 
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(a) (b) 

 

(c) 

Figure 2.3.8.  The influence of nitrogen partial pressure in Ar-N2 gas mixtures on the nitrogen contents of Nd:YAG 

laser, CO2 laser and gas tungsten arc welds in: (a) purified iron; (b) Fe-20Cr-10Ni austenitic stainless steel; and (c) 

SUS329J1 duplex stainless steel, compared to the calculated equilibrium nitrogen solubilities at the measured arc weld 

pool temperature and the boiling temperature [122]. 

Based on these results, the authors demonstrated that a critical boundary exists in the form of a balance 

between the amount of nitrogen in the shielding gas and the heat input above which porosity does not occur. 

This is illustrated in Figure 2.3.10 for 1Cr22Mn16N austenitic stainless steel. Porosity can be avoided at 

higher diatomic nitrogen partial pressures, pN2, and at high heat inputs where there is enhanced nitrogen 

solubility. At higher heat inputs, the slower cooling rates allow the escape of nitrogen bubbles from the melt 

pool before solidification [124]. 

2.3.6 Si3N4 powder as alternative source for nitrogen 

Due to the low nitrogen solubility from the atmosphere during Nd:YAG laser welding, alternative nitrogen 

sources were considered for the current project. One such alternative nitrogen source is the addition of 

nitrided powders to the powder feed. Powders similar in chemical composition to the nitrided granulated 

additives used during pressurised electroslag remelting were considered. These granulated particles are 

typically mixtures of FeCrN, consisting of 8 to 10 wt% atomic nitrogen (N), CrN (4 to 10 wt% N) or Si3N4 

(25 to 30 wt% N) [86]. Si3N4 was selected for this investigation on account of its high contribution of atomic 
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nitrogen on dissociation. Furthermore, silicon is an effective deoxidiser and improves the high-temperature 

oxidation and scaling resistance of stainless steels [72]. 

 

Figure 2.3.9.  Nitrogen solubility of austenitic stainless steel as a function of the nitrogen content in the shielding gas 

and the heat input [124]. 

 

Figure 2.3.10.  Critical boundary between the amount of nitrogen in the shielding gas and heat input where porosity-

free welds can be made during CO2 laser welding of 1Cr22Mn16N austenitic stainless steel [124]. 

Huang et al. [125-131] and other authors [132-134] performed extensive research on the laser surface 

alloying (LSA) and laser surface cladding (LSC) of carbon steel with stainless steel and Si3N4 mixtures. The 

alloy systems investigated were of the forms Fe-Cr-Si3N4, Fe-Cr-Mo-Si3N4, Fe-Cr-Ni-Si3N4 and Fe-Cr-Mn-

Si3N4, including AISI 430 ferritic and S42000 martensitic stainless steel powders mixed with Si3N4. All of 

these authors used CO2 lasers ranging in power from 0.4 kW to 4.5 kW, and either argon or nitrogen as 

shielding gas. The authors made no reference with regards to observed porosity. 

An important consideration during laser cladding and alloying with metallurgical powders such as Si3N4 is 

the extent of dissociation during processing. Si3N4 decomposes in the temperature range 1800°C to 1900°C 

[125]. Various authors observed that at the temperatures of laser irradiation, Si3N4 dissociates completely in 

the surface layers during laser processing [125,130,133] in accordance with equation (2.3.16) [130]. 

Si3N4 → 3Si + 4N                                                           … (2.3.16) 
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Table 2.3.3 shows the alloy systems investigated by Huang et al. [125,127-131] and the corresponding weld 

nitrogen contents achieved in each respective system through the addition of Si3N4. An increase in nitrogen 

content from 0.008 wt% to 0.35 wt% was achieved in the Fe-30Cr-1.5Si3N4 system and a maximum nitrogen 

content of 0.83 wt% was achieved in the Fe-25Cr-25Mn-2Si3N4 system. The difference between the nitrogen 

content in this system and that in the Fe-25Cr-25Ni-2Si3N4 system (0.38 wt%) can be attributed to the high 

manganese content in the Fe-25Cr-25Mn-2Si3N4 system, which increases the nitrogen solubility, and the 

high nickel content in the Fe-25Cr-25Ni-2Si3N4 system, which decreases the nitrogen solubility (as shown in 

Table 2.3.2). 

Table 2.3.3. The alloy systems examined by Huang et al. [125,127-129,131] and the corresponding nitrogen contents 

obtained after laser surface treatments. 

Alloy System N (wt%) Reference 

Fe-30Cr-1.5Si3N4 0.35 [125,128] 

Fe-30Cr-2Si3N4 0.52 [129] 

Fe-30Cr-2Si3N4 0.63 [129] 

Fe-30Cr-5Mo-2Si3N4 0.58 [129] 

Fe-25Cr-25Mn-2Si3N4 0.83 [131] 

Fe-25Cr-25Ni-2Si3N4 0.38 [131] 

Fe-25Cr-15Ni-2Si3N4 0.40 [127] 

Fe-25Cr-15Ni-8Mo-2Si3N4 0.48 [127] 

An increase in the deposit nitrogen content improved the pitting corrosion resistance in de-aerated 3.5% 

NaCl solutions in all the alloy systems shown in Table 2.3.3 [126-129,131,132]. Furthermore, lower oxygen 

levels were reported due to an increase in deposit silicon content [125,128-131,133]. As shown in equation 

(2.3.17), silicon reacts with oxygen to form SiO2, which is rejected to the slag that forms on the laser treated 

surfaces [130].  

Si + 2O → SiO2                                                            … (2.3.17)  

Figure 2.3.11(a) shows the increase in hardness observed by Sha and Tsai [134] during hardfacing of carbon 

steel with mixed powders of S42000 martensitic stainless steel and Si3N4, and Figure 2.3.11(b) shows the 

consequent decrease in wear rate, as tested by means of a pin-on-disk continuous sliding test under loads of 4 

kg and 5 kg. The increase in hardness and the reduction in wear rate are due to the interstitial solid solution 

hardening caused by nitrogen and, to a lesser extent, the substitutional solid solution strengthening caused by 

silicon not bonded to oxygen as SiO2. These authors found a steady increase in silicon content with an 

increase in Si3N4 powder addition, and although they reported a general increasing trend in the nitrogen 

content, found significant scattering in the individual nitrogen analyses.  

More recently, Brytan et al. [135] demonstrated that the laser surface alloying of various sintered stainless 

steels, including sintered AISI 410L ferritic stainless steel with nitrogen, is possible using preplaced Si3N4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



39 

 

powder as nitrogen source. A 2.3 kW high power diode laser (HPDL) with argon shielding gas was used in 

this study. The authors observed an increase in the amount of martensite in the microstructure of the AISI 

410L stainless steel after laser irradiation and an increase in hardness up to a maximum value of 450 HV 

(hardness on the Vickers scale).  

  

(a) (b) 

Figure 2.3.11. Influence of increasing Si3N4 content on the: (a) hardness; and (b) wear rate of S42000 martensitic 

stainless steel after laser cladding [134]. 

Paczkowska [136] successfully alloyed surface layers of nodular cast iron with nitrogen using preplaced 

Si3N4-containing paste as nitrogen source. A continuous wave CO2 laser was used in this study. Paczkowska 

found that the hardness of the surface layers was at least three times higher than the original hardness of the 

cast iron prior to laser treatment. The study showed that laser surface alloying of cast iron with nitrogen was 

possible with Si3N4. 

2.4 SUMMARY 

According to the published literature, achieving high nitrogen contents, or even equilibrium nitrogen 

contents, in ferrous alloys from dissolution of nitrogen from the atmosphere is not possible during welding 

and cladding using Nd:YAG lasers. The short thermal cycle does not allow enough time for nitrogen pick-up 

from the diatomic nitrogen-containing atmosphere. Sievert’s Law therefore cannot be used to predict the 

nitrogen contents of laser clad layers. Unlike during arc welding or CO2 laser welding, there is insufficient 

laser absorption by the gaseous metal plume above the weld pool during Nd:YAG laser welding, resulting in 

the formation of a low temperature plasma, or even completely suppressing plasma formation. Under these 

conditions, insufficient monatomic nitrogen forms in the atmosphere to enhance solubility.  

Nd:YAG laser welding or cladding in a nitrogen-containing atmosphere is therefore not suitable for alloying 

stainless steel with nitrogen. Alloying with nitrided metallurgical powders and high-nitrogen ceramic 

powders such as Si3N4 could provide an alternative alloying method capable of delivering high-nitrogen 

contents to martensitic stainless steel clad layers. 
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Martensitic stainless steels are generally considered to be high in nitrogen when the nitrogen content exceeds 

about 0.08 wt%. Huang et al. [125-131] confirmed that high nitrogen contents can be attained in austenitic 

and ferritic stainless steels by means of Si3N4 powder additions and it therefore seems plausible that high 

nitrogen contents could also be achieved in martensitic stainless steels using this method. Manganese 

additions can be used to increase the nitrogen solubility limit of the martensitic stainless steel deposit. 

Despite its positive interaction parameter with nitrogen, nickel may also indirectly increase the nitrogen 

solubility of martensitic stainless steels by enlarging the high temperature austenite phase field. Since 

martensite can only form from rapidly cooled high temperature austenite, an increase in the nitrogen content 

of the high temperature austenite phase should result in the formation of high nitrogen martensite at room 

temperature. The objectives of this investigation are considered in more detail in Chapter 3. 
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CHAPTER 3 

OBJECTIVES OF THE INVESTIGATION 

The literature review in Chapter 2 revealed that nitrogen absorption from a gaseous diatomic nitrogen 

atmosphere during Nd-YAG laser welding or cladding of stainless steel is unlikely to increase the nitrogen 

content of the clad layer significantly. The dissolution of Si3N4 powder was identified as a possible 

alternative for increasing the nitrogen concentration of the clad layer. During the course of this project, 

various alloying techniques were investigated to accommodate higher levels of nitrogen from the dissolution 

of nitrogen-containing Si3N4 powder in modified AISI 410L stainless steel. In addition, parametric 

investigations were performed to determine if a critical window of cladding parameters exists where porosity 

and high levels of dilution may be avoided when Si3N4 powder is co-fed with AISI 410L powder. 

The following objectives were defined in the current investigation:  

 To determine the maximum nitrogen content achievable by means of dissolution from diatomic 

nitrogen-containing shielding and carrier gas atmospheres during laser cladding of modified AISI 

410L ferritic/martensitic stainless steels. 

 To determine the maximum nitrogen content achievable by means of the addition of varying amounts 

of Si3N4 powder to AISI 410L stainless steel powder during laser cladding. 

 To determine and compare the maximum nitrogen contents achievable in various alloy systems based 

on AISI 410L powder with set additions of Si3N4. Varying amounts of manganese and/or nickel 

powder was added to AISI 410L powder to obtain the alloying systems 410L-Mn-Si-N, 410L-Ni-Si-N 

and 410L-Ni-Mn-Si-N. In the 410L-Mn-Si-N system manganese powder was added to increase the 

nitrogen solubility on account of its negative interaction parameter with nitrogen. In the 410L-Ni-Si-N 

system, the aim was to increase the nitrogen solubility at elevated temperature by enlarging the 

austenite phase field at high temperatures. Austenite has a higher solubility for nitrogen than ferrite. 

The aim of the 410L-Ni-Mn-Si-N system was to enhance the nitrogen solubility of the austenite phase 

field at high temperatures through combined additions of nickel and manganese. 

 To determine and compare hardness values obtained as a result of various alloying methods and 

deposit chemistries. 

 To ultimately achieve a laser cladded surface layer with a fully martensitic microstructure, increased 

nitrogen content and optimised hardness. 

 To achieve a minimum nitrogen content of 0.08 wt% in a modified AISI 410L stainless steel. 

 To investigate parametric variance with regards to dilution and porosity levels in the 410L-Si-N alloy 

system and to compare these values with parametric results from the literature. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

4.1 INTRODUCTION 

During the course of this investigation, a medium-carbon steel substrate with a thickness of 10 mm was 

surfaced with martensitic stainless steel using a laser powder cladding process and commercially available 

AISI 410L stainless steel powder. The choice of medium-carbon steel was made on practical grounds 

considering the intended application of the findings. A 4.4 kW continuous wave Nd:YAG laser with a 

pneumatic powder feed system and a beam delivery efficiency of approximately 84% was used. The actual 

laser power delivered to the workpiece was measured with a thermopile sensor which converts the amount of 

heat absorbed from the laser beam into an electrical signal which is in turn converted to a power level. The 

relationship between the set laser power and the measured laser power is shown in Figure 4.1.1. To ensure 

sufficiently low surface roughness to minimise post-clad machining, a bead overlap of 50% was used [1].  

 

Figure 4.1.1.  Measured laser power relative to the set laser power, indicating a beam delivery efficiency of 

approximately 84%. 

To optimise the microstructure and properties of the clad layers, various additions of silicon nitride (Si3N4), 

manganese and nickel powder were made to the AISI 410L stainless steel powder feed, either singly or in 

combination. All powders used throughout the investigation (AISI 410L, Si3N4, Mn and Ni) were crushed 

and screened to ensure a particle size of between 45 μm and 105 μm, and co-axially fed into the laser beam. 

The deposit microstructures were evaluated by sectioning representative samples from the clad layers, 

mounting in resin, polishing to a mirror finish, and etching with Vilella’s reagent (1 g picric acid, 5 ml 

hydrochloric acid and 100 ml ethanol). Hardness measurements throughout the study were obtained using a 

calibrated Vickers hardness tester with an applied load of 5 kg. Hardness measurements were carried out in 

the centre of the cross-sectioned cladded layers, and surfaces were prepared to a 3 micron finish during 

polishing. At least three indentations were made per sample and 95% confidence intervals are reported as 

error bars on individual hardness curves throughout this study. 
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4.2 ANALYSES OF METALLURGICAL POWDERS 

Table 4.2.1 shows the chemical composition of the commercial AISI 410L powder used during the course of 

this investigation. The composition of the powder falls well within specified limits for this grade. The 

manganese and nickel alloying additions used were confirmed to be high purity, single phase metallic 

powders. 

In order to analyse the purity of the Si3N4 powder used in this investigation, a representative sample of the 

crushed and screened 45 μm to 106 μm size fraction was milled and subjected to X-ray diffraction (XRD) 

analysis. The relative amounts of the phases in the powder (in weight percentage) were estimated by means 

of the Rietveld method using PANalytical High Score Plus™ software. As shown in Figure 4.2.1, only two 

phases were identified in the silicon nitride powder, namely nierite (88.2 weight %) and silicon nitride (11.8 

weight %). Both these compounds are of the stoichiometric form Si3N4 and have hexagonal structures, but 

are of different spacial groups with different spacial numbers [2]. No analyses were conducted on the 

remaining metallurgical powders in this study, or on the medium-carbon steel substrate material. 

Table 4.2.1. Nominal chemical composition of the AISI 410L powder used in this investigation (weight percentage). 

Fe C Cr Mn Si P S 

Balance 0.03 12.1 0.61 0.56 < 0.005 < 0.005 

 

Figure 4.2.1.  XRD analysis of the silicon nitride powder used in this investigation, revealing the presence of two 

different forms of Si3N4. 

Figure 4.2.3 shows a representative optical photomicrograph of the silicon nitride powder used in this 

investigation after crushing and screening. The powder was cold mounted in resin, ground and polished. The 

particles were shown to be amorphous, irregular in shape and with a certain level of porosity as a 
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consequence of the amorphous structure. Although the porosity is not abundantly clear in the particles 

shown, it stands to reason that air entrapment could occur with greater ease within the particles during any 

processing. This could have an effect on the amount of porosity observed in the clad layers when Si3N4 is 

added to the powder feed. 

 

Figure 4.2.3.  Optical photomicrograph of the Si3N4 powder used in this investigation.  

Particle size distributions and morphology analyses were not determined for any metallurgical powders used. 

4.3 LASER CLADDING OF AISI 410L STAINLESS STEEL IN DIATOMIC NITROGEN 

GAS ATMOSPHERES 

During the first set of cladding experiments, the maximum nitrogen content that can be achieved through 

dissolution of nitrogen from nitrogen-containing shielding and carrier gas atmospheres during laser cladding 

was investigated for AISI 410L stainless steel. 

Laser cladding was performed using a Nd-YAG laser and the laser parameters shown in Table 4.3.1. Two 

single-layer clad deposits were produced. The first sample was produced with pure welding grade argon as 

shielding and carrier gas, whereas the second specimen was surfaced using pure nitrogen as shielding and 

carrier gas.  

Table 4.3.1. Laser parameters used during laser cladding of AISI 410L in Ar and N2 atmospheres. 

 

 

Set laser power (kW) 2.5 

Measured laser power (kW) 2.1 

Cladding speed (m/min) 1.2 

Overlap (%) 50 

Powder feed rate (g/min) 30 

Focal point distance, fp (mm) 12 

Laser spot size (mm) 4 

Shielding gas flow rate (L/min) 15 

Carrier gas flow rate (L/min) 3 

Porous/amorphous 

Si3N4 particles 

Pores in mounting 

resin 
Mounting resin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



54 

 

Following the cladding operation, hardness measurements were performed along the centre of the deposited 

layers, and the nitrogen contents of the samples were determined using inert gas fusion analysis. 

4.4 LASER CLADDING OF AISI 410L-Si-N ALLOYS 

4.4.1 Design of the experimental AISI 410L-Si-N clad alloys 

In the next set of experiments, the influence of Si3N4 additions to AISI 410L powder on the microstructure 

and properties of the clad layers was evaluated. The alloy design methodology used in this experiment is 

shown schematically in Figure 4.4.1.  

 

Figure 4.4.1.  The design methodology for the alloy system AISI 410L-Si-N prepared by laser cladding and co-feeding 

of AISI 410L and Si3N4 powders (theoretical nitrogen content in wt%). 

Six clad samples were produced with varying amounts of Si3N4 mixed with AISI 410L powder (Table 4.2.1). 

The first clad sample was produced as a reference specimen using unmodified AISI 410L powder. In the 

remainder of the samples, increasing amounts of Si3N4 powder were incrementally added to the powder feed. 

The amount of Si3N4 powder in the feed was adjusted to deliver theoretical maximum nitrogen contents of 

between 0.1 wt% and 0.5 wt% in increments of 0.1 wt% nitrogen. An example of such a calculation is shown 

in Appendix A1. Calculation of these maximum theoretical nitrogen contents was based on the assumption 

that Si3N4 completely dissociates during cladding and that dilution with the substrate is negligible. In reality 

the deposit nitrogen contents will be somewhat lower than the calculated maximum values.  

Single-layer and multi-layer clad deposits were produced using the parameters in Table 4.4.1. Single-layer 

deposits were produced at a total powder feed rate of 30 g/min and a measured laser power of 2.9 kW, 

whereas three-layer deposits were produced at a powder feed rate of 15 g/min and a laser power of 2.5 kW. 

The residual oxygen content in the clad layers under argon shielding was approximately 13 parts per million. 

4.4.2 Laser parameter optimisation in the AISI 410L-Si-N system 

4.4.2.1  Parameter range selection 

After the initial experiments studying nitrogen alloying by means of Si3N4 powder additions, the laser 

cladding parameters were optimised. Parameter optimisation entailed systematically varying the laser power, 

cladding speed and powder feed rate to find an optimum combination of parameters with regards to observed 

dilution levels and clad geometry in single-track layers, and volume percentage porosity in multi-track 

layers. All other laser parameters, such as focal point distance, laser spot size, and shielding and carrier gas 

flow rates, were kept constant. Nitrogen was used as shielding and carrier gas. A simplified factorial 

410L 410L + 0.1%N 410 L + 0.2%N 
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experimental design, based on the methodology proposed by Montgomery [3], was used in the design of the 

experimental matrix.  

Table 4.4.1. Laser parameters used to produce clad deposits of AISI 410L alloyed with Si3N4. 

Parameter 
Single-layer 

deposits 

Three-layer 

deposits 

Set laser power (kW) 3.5 3.0 

Cladding speed (m/min) 1.2 1.2 

Overlap (%) 50 50 

Powder feed rate (g/min) 30 15 

Focal point distance, fp (mm) 12 12 

Laser spot size (mm) 4 4 

Shielding gas flow rate (L/min) 15 15 

Carrier gas flow rate (L/min) 3 3 

Shielding and carrier gas used Ar Ar 

Number of layers 1 3 

As shown in Figure 4.4.2, combinations of four laser power settings and three cladding speed settings were 

investigated (enclosed by the box in this figure). The set laser power was varied from 2 kW to 3.5 kW 

(corresponding to measured power levels of 1.69 kW to 2.95 kW) in 0.5 kW increments and the cladding 

speed was varied from 1.0 m/min to 1.4 m/min in 0.2 m/min increments. Optimisation experiments were 

carried out using all possible combinations of these parameters within the experimental matrix. In the context 

of this investigation a “+” sign in Figure 4.4.2 denotes a high value and a “-” sign denotes a low value. The 

minimum and maximum settings were selected on the basis of earlier optimisation work carried out at the 

NLC. Combinations of low laser power and low cladding speed were shown to result in intermittent clad 

deposits, whereas high power and cladding speed settings resulted in excessive heating and dilution. The 

experimental matrix shown in Figure 4.4.2 was repeated for powder feed rates of 25 g/min and 30 g/min. A 

constant ratio of AISI 410L to Si3N4 powder was maintained in the powder feed (resulting in a theoretical 

nitrogen content of 0.4 wt%).  

 

Figure 4.4.2.  Design methodology for single and multi-track laser parameter optimisation. 
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The number of laser parameter combinations tested during the course of this investigation can be determined 

from equation (4.4.1): 

N = ∑ P×S
ni
n=2              …(4.4.1) 

  

where:  N is the number of entries in the experimental matrix, 

   n is the number of feed rates evaluated, 

   P is the number of power settings, and 

   S is the number of different cladding speed settings. 

For values of n=2, P=4 and S=3, the total number of parameter combinations in the matrix are 24, as shown 

below: 

N = ∑ 4×3

ni

n=2

= (4×3) + (4×3) = 12 + 12 = 24 

A more detailed layout of the experimental matrix used is given in Appendix A2 of this study. Table 4.4.2 

summarises all laser parameters examined during this stage of the investigation. The residual oxygen level 

under nitrogen shielding was less than 20 parts per million.  

Table 4.4.2. Parameters used in the laser parameter optimisation matrix for both single- and multi-track experiments. 

Set laser power (kW) 2.0 - 3.5 

Measured laser power (kW) 1.69 - 2.95 

Cladding speed (m/min) 1.0 - 1.4 

Powder feed rate (g/min) 25 - 30 

Overlap (%) 50 

Focal point distance, fp (mm) 12 

Laser spot size (mm) 4 

Shielding gas flow rate (L/min) 15 

Carrier gas flow rate (L/min) 3 

Shielding and carrier gas used N2 

Measured O2 levels (ppm) < 20 

4.4.2.2 Single-track parameter optimisation 

Single-track deposits were produced using the experimental parameter matrix described in section 4.4.2.1 

and the clad geometry was analysed in terms of clad height, width and depth of penetration (as shown 

schematically in Figure 2.1.6). Dilution levels were calculated by means of equation (4.4.2) [4]. 

Repeatability was ensured by randomly repeating three different parameter combinations three times, as 

illustrated in Appendix A3.  

Dilution = 
b

h+b
                                         … (4.4.2) 
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Representative samples were sectioned from each track, mounted in resin and polished to a mirror finish. 

The prepared samples were etched with a 3% Nital solution (consisting of 3 ml nitric acid and 97 ml ethanol) 

to ensure high contrast between the etched medium-carbon steel substrate and the unetched stainless steel 

surface layer.  

4.4.2.3 Multi-track parameter optimisation 

The influence of the laser parameters on the observable volume percentage porosity in multi-track deposits 

was investigated using the experimental matrix described in Table 4.4.2. This parameter matrix was used to 

deposit nine tracks per sample with a 50% overlap between tracks. The specimens were sectioned in the 

transverse direction at six random locations, as shown schematically in Figure 4.4.3. 

 

Figure 4.4.3.  Schematic representation of six random transverse sections through the laser deposited surfaces. 

The samples were mounted in cross-section and polished to a mirror finish. To ensure that porosity would be 

clearly visible in the clad deposits, the samples were not etched. Photomicrographs were taken in random 

locations at magnifications of either 100X or 200X, depending on the layer’s thickness. The magnification 

was selected to be as high as possible to prevent substrate material from being included in the images.  

The public domain image processing software package, ImageJ™, was subsequently used to determine the 

volume percentage porosity in the prepared samples. Figure 4.4.4(a) shows a typical photomicrograph of a 

polished section loaded into the software. The image was transformed into a binary file, as shown in Figure 

4.4.4(b), followed by pixel analysis to determine the area occupied by black pixels (representing porosity). 

For the example shown in Figure 4.4.4, 19.5% porosity was measured. Area percentage porosity was 

assumed to be equal to volume percentage porosity [5]. Depending on statistical variance, this process was 

repeated for multiple photographs across each sample’s prepared surface areas (6 cross sectional areas per 

sample) through a range of 25-50 photographs per sample, and an average percentage porosity, standard 

deviation, and 95% confidence interval were determined.  

The observable volume percentage porosity for cladded layers was determined in this way for the purposes 

of multi-track parameter optimisation alone. This procedure was not repeated for any experimental alloys 

produced as described in sections 4.4.1 and 4.7.1 and no other attempt was made to quantify the observed 

porosity for the alloys produced during this study. 

Medium-

carbon steel 

substrate 

410L-Si-N 

stainless steel 

deposit 

Six random 

transverse 

sections 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



58 

 

  

(a) (b) 

Figure 4.4.4.  Example of the determination of volume percentage porosity using image processing software: (a) 

micrograph loaded into the software; and (b) binary image of the photograph to be analysed. 

4.5 DESIGN OF THEORETICAL AISI 410L-Mn, AISI 410L-Ni and AISI 410L-Mn-Ni 

CLAD ALLOYS 

As described in more detail in Chapter 5, neither the use of nitrogen as shielding and carrier gas, nor the 

addition of Si3N4 powder to AISI 410L to form AISI 410L-Si-N alloys resulted in sufficient nitrogen pick-up 

in the surface layers during laser cladding. Alternative alloy systems, based on AISI 410L (Table 4.2.1), 

were therefore considered in an attempt to increase the deposit nitrogen content. Three different theoretical 

alloy systems were investigated. In the first alloy system, between 1% and 3% (by weight) manganese 

powder was added to AISI 410L powder to produce three experimental AISI 410L-Mn alloys. This alloy 

system was designed to take advantage of the beneficial influence of manganese on nitrogen solubility. In 

the second set of alloys, up to 5.5% nickel was added to the stainless steel powder to make up four 

theoretical AISI 410L-Ni alloys, with the aim of increasing the amount of high temperature austenite formed 

in the deposit. In the last set of alloys, up to 3% manganese was added to alloys containing 2% nickel, 

resulting in four AISI 410L-Mn-Ni theoretical alloys. 

Dilution levels during cladding were not taken into consideration in any of the following calculations. 

Determination of the theoretical compositions of alloys was established on a comparative basis between the 

different alloys and actual chemical compositions would differ from the theorised compositions depending 

on the level of dilution experienced during laser cladding. During execution of the experimental procedure, 

laser parameters were selected to ensure full melting of metallurgical powders at minimum dilution levels. 

The approach to alloy design was purely theoretical and ignores the effect of dilution. This effect would 

therefore contribute to variations in actual nitrogen solubility levels in these alloys from that predicted. 

Results to this regard are given in Section 5.5 of this study. 

The theoretical alloys were designed on the basis of the predicted phase composition of the final room 

temperature microstructure prior to the addition of nitrogen. This method entailed strict control over the 

amounts of -ferrite, martensite and retained austenite in the room temperature microstructures. The 
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modified Schaeffler diagram for laser welding, developed by David et al. [6], was used to determine the 

influence of manganese and nickel additions to AISI 410L on the predicted phase composition, while the Ms 

temperatures of the alloys were calculated by means of the equation developed by Capdevila et al. [7] 

(equation (4.5.1)). This approach was used to ensure fully martensitic microstructures, even at high nitrogen 

levels. 

Ms (K) =  767.7 – 305[C] - 30.6[Mn] - 14.5[Si] - 8.9[(Cr] - 16.6[(Ni] + 2.4[Mo] + 5.3[V] + 8.58[Co] + 

40.4[Al] + 7.4 [W] – 11.3[Cu] + 510.4[Nb]                  … (4.5.1) 

Equations (4.5.2) and (4.5.3) show the nickel-equivalent and chromium-equivalent equations in accordance 

with the modified Schaeffler diagram shown in Figure 4.5.1. 

             Ni-equivalent  =  [Ni] + 30[C] + 0.5[Mn]                                               … (4.5.2) 

                Cr-equivalent  =  [Cr] + [Mo] + 1.5[Si] + 0.5[Nb]                              … (4.5.3)  

 

Figure 4.5.1.  Modified Schaeffler diagram for laser welding processes. Adapted from the AWS Welding Handbook [8] 

from David et al. [6]. 

The Cr-equivalent of the AISI 410L powder used in this investigation (with composition as given by Table 

4.2.1) is indicated by the vertical line at 12.1 in Figure 4.5.1. According to equations (4.5.2) and (4.5.3), 

manganese and nickel additions affect the Ni-equivalent of the clad deposit. Although large additions of Mn 

and/or Ni to AISI 410L powder dilute the ferrite-forming elements (Cr, Mo, Si and Nb) in the deposit to 

some extent, the Cr-equivalents of the theoretical alloys should not be reduced significantly. It is evident 

from Figure 4.5.1 that, at a Cr-equivalent of 12.1, fully martensitic microstructures are predicted for Ni-

equivalents of between about 4 and 10. Since nitrogen is a strong austenite-former, the optimum nickel 

equivalents achieved through additions of manganese and/or nickel to AISI 410L should be close to the 
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lower bounds of this range, either just above or just below the minimum value of 4, to accommodate 

nitrogen.  

The design methodology followed for the addition of manganese and nickel to AISI 410L is shown 

schematically in Figure 4.5.2. In the first set of theoretical alloys, (a) in Figure 4.5.2, manganese powder was 

added to AISI 410L in increments of 1 wt% up to a theoretical maximum of 3 wt% (assuming negligible 

dilution with the substrate). In the second set of alloys, (c) in Figure 4.5.2, up to 5.5 wt% nickel was added to 

AISI 410L powder. In the third set of alloys, (b) in Figure 4.5.2, combinations of manganese and nickel were 

added to AISI 410L powder by keeping the nickel content fixed at 2 wt% and increasing the manganese 

content up to a maximum theoretical content of 3 wt%. 

The Cr- and Ni- equivalents of AISI 410L and the different theoretical alloys (without considering the effect 

of nitrogen) are given in Table 4.5.1. This table also contains the calculated Ms and assumed Mf temperatures 

of each alloy. The Mf temperature was assumed to be on average about 150°C below the Ms temperature [9]. 

The Cr-equivalents and Ni-equivalents of each alloy system are shown on the modified Schaeffler diagram 

in Figure 4.5.3. 

 

 

 

 

 

 

 

Figure 4.5.2. Alloy design methodology for the theoretical alloy systems: (a) AISI 410L-Mn; (b) AISI 410L-Ni-Mn; 

and (c) AISI 410L-Ni. 

To guarantee adequate hardness in the surface layers, it is important to avoid excessive retained austenite in 

the room temperature clad microstructures. In the alloys under investigation, retained austenite is expected 

when the Ni-equivalent exceeds a value of about 10 (according to Figure 4.5.1), or when the calculated Mf 

temperatures are below room temperature. Although Table 4.5.1 suggests that none of the theoretical alloys 

have Mf temperatures below room temperature, the effect of nitrogen was not considered in these 

calculations. Since nitrogen alloying from Si4N3 powder is expected to increase the Ni-equivalent and reduce 

the Ms and Mf temperatures, the risk of retained austenite increases with nitrogen addition and care should be 

taken to ensure fully martensitic structures. The alloy consisting of AISI 410L powder alloyed with 5.5% 

nickel has the highest Ni-equivalent of the alloys investigated, and although a fully martensitic 

microstructure is predicted (Figure 4.5.3), this alloy can accommodate the least amount of nitrogen before 
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retained austenite is expected. AISI 410L alloyed with 3% Mn has the lowest Ni-equivalent of the theoretical 

alloys and can therefore accommodate the highest amount of nitrogen. It should be noted that by increasing 

the Ni-equivalent, nitrogen alloying also reduces the risk of -ferrite formation. 

Table 4.5.1.  The Cr- and Ni-equivalents for AISI 410L and the theoretical alloy systems AISI 410L-Mn, AISI 410L-

Ni, and AISI 410L-Ni-Mn, and the Ms and Mf temperatures calculated according to the equation by Capdevila et al. [7]. 

Alloy system Cr-equivalent Ni-equivalent Ms (K) Ms (°C) Mf (°C) 

  AISI 410L 12.9 1.2 624 351 201 

410L-Mn 
     

  410L + 1% Mn 12.9 1.7 593 320 170 

  410L + 2% Mn 12.9 2.2 563 290 140 

  410L + 3% Mn 12.9 2.7 532 259 109 

410L-Ni 
     

  410L + 1% Ni 12.9 2.2 607 334 184 

  410L + 2% Ni 12.9 3.2 591 318 168 

  410L + 3% Ni 12.9 4.2 574 301 151 

  410L + 5.5% Ni 12.9 6.7 533 260 110 

410L-Ni-Mn 
     

  410L + 2% Ni + 1% Mn 12.9 3.7 560 287 137 

  410L + 2% Ni + 2% Mn 12.9 4.2 530 257 107 

  410L + 2% Ni + 3% Mn 12.9 4.7 499 226 76 

 

Figure 4.5.3.  Modified Schaeffler diagram for laser welding processes. Adapted from the AWS Welding Handbook [8] 

according to David et al. [6], with the position of the most highly alloyed alloy in each theoretical alloy system shown. 
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Figures 4.5.4 (a), (b) and (c) represent the calculated Ms temperatures for the AISI 410L-Mn, AISI 410L-Ni 

and AISI 410L-Ni-Mn alloy systems, respectively, as a function of Ni-equivalent. These figures suggest that 

the Ms temperatures decrease as the theoretical Mn and/or Ni contents increase (as expected from equation 

(4.5.1)). The lowest Ms temperatures are obtained in the most highly alloyed steels in each alloy system, i.e. 

the AISI 410L-5.5%Ni, AISI 410L-3%Mn and AISI 410L-3%Mn-2%Ni alloys. These alloys can therefore 

accommodate less nitrogen.  

  

(a) (b) 

 

(c) 

Figure 4.5.4.  Ms temperatures of the theoretical alloys for the: (a) AISI 410L-Mn; (b) AISI 410L-Ni; and (c) AISI 

410L-Ni-Mn alloy systems, calculated according to the equation by Capdevila et al. [7]. 

In order to accommodate the effect of nitrogen on the Ni-equivalent and on the Ms and Mf temperatures, a 

maximum nitrogen content of 0.2 wt% was selected to serve as a safe-design criterion. As shown in Table 

4.5.2, the Mn and Ni levels of the experimental alloys were selected to ensure that the calculated Ms and Mf 

temperatures are generally above room temperature at this nitrogen content (based on the assumption that the 

influence of C and N on the Ms temperature is similar or equal [10]). 

4.6 THERMODYNAMIC PREDICTION OF ALLOYING ELEMENT INTERACTIONS  

The influence of manganese and nickel additions on the solubility of nitrogen in AISI 410L stainless steel 

was estimated using Thermocalc
TM

 thermodynamic prediction software (with database TCFE7). Although 

the information obtained from Thermocalc
TM

 is only valid under equilibrium conditions, it provides valuable 

R² = 1 

200

220

240

260

280

300

320

340

360

380

400

1 1.5 2 2.5 3

M
s 

te
m

p
er

at
u
re

  
(°

C
) 

 

Ni-equivalent (Modified Schaeffler) 

AISI 410L-Mn 

R² = 1 
200

250

300

350

400

1 2 3 4 5 6 7

M
s 

te
m

p
er

at
u
re

  
(°

C
) 

 
Ni-equivalent (Modified Schaeffler) 

AISI 410L-Ni 

R² = 0.9519 

200

250

300

350

400

1 2 3 4 5

M
s 

te
m

p
er

at
u
re

  
(°

C
) 

 

Ni-equivalent (Modified Schaeffler) 

AISI 410L-Ni-Mn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



63 

 

information on the interaction between alloying elements and was merely used as a tool to estimate the 

changes in nitrogen solubility in different alloy systems as a consequence of the changes in alloy 

composition. During laser cladding non-thermodynamic conditions prevail and therefore any predictions 

made by Thermocalc
TM

 should be regarded as purely indicative. 

Table 4.5.2.  Calculated Mf temperatures for the theoretical alloys with an optimistic 0.2 wt% N as the safe-design 

criterion. 

Alloy system 
Calculated Mf temperature 

(°C) at 0.2 wt% N 

  AISI 410L 140 

410L-Mn 
 

  410L + 1% Mn 109 

  410L + 2% Mn 79 

  410L + 3% Mn 48 

410L-Ni 
 

  410L + 1% Ni 123 

  410L + 2% Ni 107 

  410L + 3% Ni 90 

  410L + 5.5% Ni 49 

410L-Ni-Mn 
 

  410L + 2% Ni + 1% Mn 76 

  410L + 2% Ni + 2% Mn 46 

  410L + 2% Ni + 3% Mn 15 

 

Figure 4.6.1. Alloy design methodology for the: (a) AISI 410L-Mn-Si-N; (b) AISI 410L-Ni-Mn-Si-N; and (c) AISI 

410L-Ni-Si-N alloy systems, modelled using Thermocalc
TM

. 

410L + 0.45%N 

410L + 1%Mn + 2%Ni 

+ 0.45%N 

410L + 1%Mn + 

0.45%N 

410L + 2%Mn + 

0.45%N 

410L + 3%Mn + 

0.45%N 

410L + 2%Mn + 2%Ni 

+ 0.45%N 

410L + 3%Mn + 2%Ni 

+ 0.45%N 

410L + 1%Ni + 

0.45%N 

410L + 2%Ni + 

0.45%N 

410L + 3%Ni + 

0.45%N 

410L + 5.5%Ni + 

0.45%N 
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The three theoretical alloy systems described in the previous section were modelled in accordance with the 

alloy design methodology illustrated in Figure 4.6.1. These theoretical alloy systems were designed for a 

specified Si3N4 addition, yielding a maximum calculated nitrogen content of 0.45% on dissociation. 

Thermocalc
TM

 rejects excess nitrogen not dissolved in ferrite or high-temperature austenite and not 

chemically bonded in a nitride phase to the gaseous phase. As in the previous section, manganese was added 

to the nominal chemical composition given in Table 4.2.1at contents ranging from 1 wt% to 3 wt% in the 

theoretical AISI 410L-Mn-Si-N system (system (a) in Figure 4.6.1), while in the AISI 410L-Ni-Si-N system 

(system (c) in Figure 4.6.1), nickel was added from 1 wt% to 5.5 wt%. In the AISI 410L-Mn-Ni-Si-N system 

(system (b) in Figure 4.6.1), manganese was added from 1 wt% to 3 wt% at fixed nickel and nitrogen 

contents. 

4.7 LASER CLADDING OF AISI 410L-Mn-Si-N, AISI 410L-Ni-Si-N AND AISI 410L-Ni-

Mn-Si-N ALLOYS 

4.7.1 Design of theoretical AISI 410L-Mn-Si-N, AISI 410L-Ni-Si-N and AISI 410L-Mn-Ni-Si-

N clad alloys 

Once the theoretical design of the clad alloys systems had been completed, laser clad layers were deposited 

using the desired powder mixtures. Two sets of experiments were conducted. In the first set of experiments, 

the methodology described in Figure 4.5.2 was followed by adding manganese and/or nickel to the AISI 

410L stainless steel powder. Si3N4 powder was not added. In the second set of experiments, the methodology 

described in Figure 4.6.1 was followed with the addition of Si3N4, manganese and nickel to the powder feed. 

Unfortunately the pneumatic powder feeder used during cladding could not deliver the exact manganese and 

nickel powder feed rates required to produce the desired theoretical alloys. For this reason the manganese 

and nickel contents had to be adjusted slightly in accordance with the feed rate capabilities of the powder 

feeders during cladding. 

 

Figure 4.7.1. Alloy design methodology for the: (a) AISI 410L-Mn; (b) AISI 410L-Ni-Mn; and (c) AISI 410L-Ni alloy 

systems, prepared using laser powder cladding at two different powder feed rates.  

Figure 4.7.1 shows the alloy design methodology used in preparing the first set of experimental alloys, 

deposited without the addition of any Si3N4 powder during cladding. The powder feed used to prepare these 

(a) (b) (c) 

410L 410L + 1.8%Mn 

410L + 3.5%Mn 

410L + 2.5%Ni 

410L + 5.5%Ni 410L + 1.8%Mn + 

2.5%Ni 

410L + 3.5%Mn + 

2.5%Ni 
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samples consisted of AISI 410L powder, co-fed with manganese powder ((a) in Figure 4.7.1), nickel powder 

((c) in Figure 4.7.1), or combinations of manganese and nickel (system (b) in Figure 4.7.1).  

The alloy design matrix shown in Figure 4.7.1 was then repeated with a Si3N4 addition to the powder feed at 

a feed rate selected to yield a consistent calculated nitrogen content of 0.45% on dissociation, as illustrated in 

Figure 4.7.2.  

4.7.2 Parameter selection 

For the cladding experiments described above, the laser cladding parameters listed in Table 4.7.1 were used.  

 

Figure 4.7.2. Alloy design methodology for the: (a) AISI 410L-Mn-Si-N; (b) AISI 410L-Ni-Mn-Si-N; and (c) AISI 

410L-Ni-Si-N alloy systems, prepared using laser powder cladding at two different powder feed rates. 

Table 4.7.1.  Laser parameters used to produce single- and double-layer deposits. 

Parameter 
2-layer 

deposit 

Single layer 

deposit 

Set laser power (kW) 3.0 3.5 

Cladding speed (m/min) 1.2 1.2 

Powder feed rate (g/min) 15 30 

Overlap (%) 50 50 

Focal point distance, fp (mm) 12 12 

Laser spot size (mm) 4 4 

Shielding gas flow rate (L/min) 15 15 

Carrier gas flow rate (L/min) 2.5 2.5 

Shielding and carrier gas N2 N2 

Measured O2 levels (ppm) 12 12 

Number of layers 2 1 

Nitrogen was used as carrier and shielding gas at flow rates of 2.5 L/min (for each powder) and 15 L/min, 

respectively. The residual oxygen level was 12 parts per million. To investigate the effect of successive 

layering of deposits on the hardness and nitrogen contents, the cladding matrices shown in Figures 4.7.1 and 

4.7.2 were each repeated at two different feed rates. A total powder feed rate of 15 g/min was used to 

produce two-layer deposits, and a total powder feed rate of 30 g/min was used to produce single-layer 

410L + 0.45%N 410L + 1.8%Mn + 0.45%N 

410L + 3.5%Mn + 0.45%N 

410L + 2.5%Ni + 0.45%N 

410L + 5.5%Ni + 0.45%N 410L + 1.8%Mn + 

2.5%Ni + 0.45%N 

410L + 3.5%Mn + 

2.5%Ni + 0.45%N 

(a) (b) (c) 
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deposits. The measured laser power for samples produced at a total powder feed rate of 15 g/min was 2.52 

kW and for samples produced at a total powder feed rate of 30 g/min was 2.94 kW. 

4.8 SUMMARY 

The experimental procedure described in this chapter aims to determine the maximum nitrogen content 

attainable through in-situ alloying of AISI 410L stainless steel with nitrogen during laser cladding. To 

achieve this aim, nitrogen alloying by means of nitrogen-rich shielding and carrier gas, as well as nitrogen 

absorption from Si4N3 additions to the powder feed was investigated for standard AISI 410L and for AISI 

410L powder modified with manganese and/or nickel additions. The results obtained from these experiments 

are discussed in more detail in the next chapter. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter presents the results obtained during this investigation and assesses the feasibility of the in-situ 

nitrogen alloying methods examined. To facilitate the discussion, the results are described in the 

chronological order in which the experiments were performed.  

5.1 LASER CLADDING OF AISI 410L STAINLESS STEEL IN DIATOMIC NITROGEN 

GAS ATMOSPHERES 

As described in Chapter 2, published literature suggests that achieving high nitrogen contents, or even 

equilibrium nitrogen solubility levels, by means of nitrogen absorption from nitrogen-rich shielding or 

carrier gas atmospheres is unlikely during Nd:YAG laser cladding. The short thermal cycle does not allow 

enough time for nitrogen pick-up from the diatomic nitrogen atmosphere, and plasma formation is 

suppressed as a result of insufficient laser absorption by the gaseous metal plume above the weld pool. 

Under these conditions, enough monatomic nitrogen does not form in the atmosphere to enhance solubility. 

This section aimed to test these conclusions and to confirm that nitrogen absorption from the atmosphere is 

unsatisfactory during Nd-YAG laser cladding. To this end, single-layer deposits of AISI 410L stainless steel 

were made on carbon steel substrate using the cladding parameters described in section 4.3, with either argon 

or nitrogen as shielding and carrier gas. 

Figure 5.1.1 shows the results of hardness measurements after cladding as a function of the maximum 

nitrogen content (wt %) attained after cladding in a fully diatomic nitrogen (N2) gas atmosphere. The 

hardness indentations were made on the top surfaces of the layers at the clad centreline in all cases. It is 

evident that the deposit hardness increased slightly with a change in cladding atmosphere from pure argon to 

pure nitrogen, suggesting that some interstitial solid solution strengthening had occurred as a result of 

nitrogen absorption from the shielding and carrier gas atmospheres. The observed increase in hardness is, 

however, marginal. Inert gas fusion analysis of the deposit nitrogen contents confirmed a slight increase in 

nitrogen content from 0.03 wt% (deposited in an argon atmosphere) to 0.04 wt% (in a nitrogen atmosphere). 

The final deposit nitrogen content is well below the minimum requirement of 0.08 wt% (as stated in Chapter 

3).  

These results confirm that nitrogen absorption from a diatomic nitrogen atmosphere during Nd-YAG laser 

cladding is limited and suggests that alternative methods of in-situ nitrogen alloying should be investigated. 

As discussed in section 2.3.6, Si3N4 powder added to the stainless steel powder feed may serve as a viable 

source of nitrogen during laser cladding. The next section discusses the results obtained from in-situ alloying 

of stainless steel clad deposits with nitrogen by co-feeding AISI 410L stainless steel powder and Si3N4 

powder during Nd-YAG laser cladding. 
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Figure 5.1.1.  Influence of maximum attainable nitrogen content in cladded layers after Nd-YAG laser cladding of 

AISI410L powder in a fully diatomic nitrogen (N2) atmosphere on the Vickers hardness of the layers (with 95% 

confidence interval). 

5.2 THE INFLUENCE OF Si3N4 POWDER ADDITIONS TO AISI 410L ON THE 

DEPOSIT MICROSTRUCTURE AND HARDNESS AFTER LASER CLADDING 

As shown in Figure 4.4.1 in the previous chapter, the influence of Si3N4 additions on the deposit 

microstructure and hardness was examined by adding sufficient Si3N4 to the AISI 410L powder feed to yield 

maximum calculated nitrogen contents in the clad deposit ranging from 0 wt% to 0.5 wt% (in 0.1 wt% 

increments). Figures 5.2.1(a) to (d) contain optical photomicrographs of the clad layers obtained. The deposit 

microstructures are largely ferritic, but an increase in martensite content with an increase in theoretical 

nitrogen content is evident. A fully martensitic microstructure could, however, not be obtained with the 

addition of Si3N4 to AISI 410L powder in the range investigated. 

A marked increase in porosity is also evident as the theoretical nitrogen content increases to 0.5 wt%. This 

indicates that the nitrogen solubility limit was increasingly exceeded with increased Si3N4 additions to the 

powder feed. The incidence of porosity and the absence of fully martensitic microstructures suggest that in-

situ alloying of AISI 410L stainless steel with nitrogen will only be viable if the nitrogen solubility limit in 

the deposit can be increased. 

Figure 5.2.2 shows the results of hardness tests conducted on samples alloyed with increasing amounts of 

nitrogen during cladding. The hardness indentations were made on the top surface of each layer at the clad 

centreline. The hardness measurements indicate that there is a general increase in hardness with an increase 

in the theoretical percentage nitrogen in the deposit. The layers deposited at a total powder feed rate of 15 

g/min exhibit higher hardness than layers deposited at a feed rate of 30 g/min, with maximum hardness 

levels of 307 HV and 378 HV achieved at the different feed rates. This can be attributed to the lower levels 

of nitrogen in the single-layer deposits performed at the higher powder feed rates (as shown in Figure 5.2.3) 

and to higher levels of dilution with the carbon steel substrate. 
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(a)  (b) 

  
(c) (d) 

Figure 5.2.1. Optical photomicrographs of: (a) the unmodified AISI 410L clad deposit, performed at a feed rate of 30 

g/min; (b) the AISI 410L clad deposit with a theoretical N content of 0.1 wt%, performed at a feed rate of 15 g/min; (c) 

the AISI 410L clad deposit with a theoretical N content of 0.3 wt%, performed at a feed rate of 15 g/min; and (d) the 

AISI 410L clad deposit with a theoretical N content of 0.5 wt%, performed at a feed rate of 30 g/min. 

 

Figure 5.2.2.  Hardness of deposited AISI 410L layers as a function of increasing theoretical nitrogen content (or 

increasing Si3N4 powder addition) for 15 g/min and 30 g/min total feed rates (with 95% confidence interval). 
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Figure 5.2.3 shows the weight percentage nitrogen dissolved in the deposits during cladding, expressed as 

the average percentage nitrogen measured experimentally using inert gas fusion analysis techniques. 

Although a general increase in the amount of nitrogen dissolved during cladding is evident with an increase 

in Si3N4 content in the powder feed, the trend shown in Figure 5.2.3 does not correlate well with that shown 

in Figure 5.2.2. This can be ascribed to the observed increase in porosity, which detracts from the analytical 

accuracy. A drop in dissolved nitrogen (Figure 5.2.3) and a consequent drop in hardness (Figure 5.2.2) is 

observed at a theoretical nitrogen content of 0.4 wt% for cladded layers deposited at a total powder feed rate 

of 30 g/min. The exact mechanism for this is unclear although strong fluctuations in the relevant observed 

amount of porosity could be indicative of fluctuating nitrogen desorption from the melt during solidification. 

The amount of martensite also appears to fluctuate in the microstructures of Figure 5.2.1 with added amounts 

of Si3N4, highlighting the lack of precise correlation in the trends of Figures 5.2.2 and 5.2.3. The maximum 

nitrogen content measured in the clad deposit was 0.063 wt%, which is well below the required 

concentration of 0.08 wt%. 

 

Figure 5.2.3.  The amount of nitrogen dissolved in the deposit layers as a function of the theoretical amount of nitrogen 

added in the form of Si3N4 powder. 

These results show that additions of Si3N4 to AISI 410L powder cannot ensure fully martensitic 

microstructures after laser cladding without causing unwanted nitrogen-induced porosity at higher Si3N4 

levels. Successful in-situ alloying with nitrogen during laser cladding would therefore require the nitrogen 

solubility limit in AISI 410L stainless steel to be increased.  

5.3 THERMODYNAMIC PREDICTION OF ALLOYING ELEMENT INTERACTIONS  

As described in section 2.3.4, manganese is known to increase the nitrogen solubility limit in stainless steels 

on account of its negative interaction parameter with nitrogen. Although nickel tends to decrease the nitrogen 

solubility in stainless steel, it is a strong austenite-former and is expected to reduce the -ferrite content of 

the deposit and enlarge the austenite phase field at elevated temperatures. Since martensite forms from 
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austenite, an austenitic structure at elevated temperature is a prerequisite for the formation of a fully 

martensitic structure on cooling. The presence of austenite at elevated temperatures on cooling is also likely 

to increase the nitrogen solubility, as austenite has a higher solubility limit for nitrogen than ferrite or 

martensite. Thermodynamic predictions describing the effect of nickel and manganese additions on the 

microstructure and nitrogen solubility of nitrogen-alloyed AISI 410L stainless steel are considered in this 

section. 

Figure 5.3.1 shows the influence of increasing nickel content on the amount of high temperature austenite, as 

predicted by Thermocalc
TM

 for the AISI 410L-Ni-Si-N system at a maximum theoretical nitrogen content of 

0.45%. At temperatures of 1200°C and 1060°C, a nitrogen-alloyed AISI 410L stainless steel is fully 

austenitic over the entire range of nickel contents evaluated. At 800°C, the amount of austenite increases 

from 28% at 0 wt% nickel to an almost fully austenitic structure at 1 wt% nickel due to the strong austenite-

forming ability of nickel in stainless steel. A fully austenitic structure at higher temperatures facilitates the 

formation of a fully martensitic structure on cooling after cladding, provided the cooling rate is fast enough 

and the Ms and Mf temperatures are above room temperature. 

 

Figure 5.3.1.  The predicted amount of high temperature austenite as a function of nickel content, calculated using at 

800°C, 1060°C and 1200°C in the AISI 410L-Ni-Si-N system (for a theoretical nitrogen content of 0.45%). 

The calculated nitrogen solubility in AISI 410L alloyed with nickel is shown in Figure 5.3.2. At 800C, an 

increase in nickel content from 0 wt% to 1 wt% results in a slight increase in nitrogen solubility, which 

corresponds to the change in microstructure from largely ferritic at 0 wt% nickel to almost fully austenitic at 

1 wt% (as shown in Figure 5.3.1). Austenite has a significantly higher solubility for nitrogen than ferrite or 

martensite, and a higher volume fraction of austenite at a given temperature therefore tends to increase the 

nitrogen solubility limit at that temperature as evident at 800ºC. At 1200°C and 1060°C, the alloy is fully 

austenitic, and an increase in nickel content leads to a decrease in nitrogen solubility. This is due to the 

positive interaction parameter of nickel with nitrogen which affects the nitrogen solubility directly. 

Therefore, with a higher percentage nickel, the positive interaction parameter between nickel and nitrogen 

consistently lowers the nitrogen solubility as observed in figure 5.3.2. 
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Figure 5.3.3 shows the effect of increasing manganese content on the amount of nitrogen dissolved in the 

austenite and ferrite phases for the AISI 410L-Mn-Si-N system. Due to the negative interaction parameter 

between manganese and nitrogen, the addition of manganese increases the nitrogen solubility limit over the 

entire temperature range evaluated. A similar trend is evident in Figure 5.3.4, which shows the effect of 

increasing manganese content on the amount of nitrogen dissolved in AISI 410L-Mn-Ni-Si-N alloys at a 

fixed nickel content of 2 wt%. At 2 wt% nickel, the microstructure is fully austenitic at all three temperatures 

and the observed increase in nitrogen solubility can be attributed to the influence (negative interaction 

parameter with nitrogen) of manganese. 

 

Figure 5.3.2.  Nitrogen dissolved in the ferrite and austenite phases as a function of nickel content, calculated using 

Thermocalc
TM

 at 800°C, 1060°C and 1200°C for the AISI 410L-Ni-Si-N system (for a theoretical nitrogen content of 

0.45%). 

 

Figure 5.3.3.  Nitrogen dissolved in the ferrite and austenite phases as a function of manganese content, calculated 

using Thermocalc
TM

 at 800°C, 1060°C and 1200°C for the AISI 410L-Mn-Si-N system. 

The increase in nitrogen solubility at 800C in Figure 5.3.3 on addition of 1 wt% manganese coincides with 

an increase in the temperature range over which high temperature austenite is stable. This agrees with the 

findings of Kemp et al. [1] who reported that at low interstitial contents, manganese acts as a weak austenite-
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former, regardless of its concentration. An increase in manganese content also increases the austenite 

stability range by enhancing nitrogen solubility (nitrogen is a strong austenite-former in stainless steels).  

 

Figure 5.3.4.  Nitrogen dissolved in the ferrite and austenite phases as a function of manganese content (at a fixed 

nickel content of 2 wt%), calculated using Thermocalc
TM

 at 800°C, 1060°C and 1200°C for the AISI 410L-Mn-Ni-Si-N 

system. 

In the AISI 410L-Ni-Si-N system, the equilibrium nitrogen solubility at 1060°C for a nickel content of 3 

wt% is approximately 0.3 wt%. At the same temperature, the calculated nitrogen solubility is 0.39 wt% in a 3 

wt% manganese alloy (in the AISI 410L-Mn-Si-N system) and 0.36 wt% in an alloy containing 3 wt% 

manganese and 2 wt% nickel (in the AISI 410L-Ni-Mn-Si-N system). This suggests that the addition of 

manganese is the most effective means of increasing the nitrogen solubility of AISI 410L. This agrees well 

with the curves shown in Figure 5.3.5, which represent the predicted high temperature nitrogen solubility 

limits for four alloys in the AISI 410L-Si-N, AISI 410L-Mn-Si-N, AISI 410L-Ni-Si-Ni, and AISI 410L-Ni-

Mn-Si-N alloy systems as a function of temperature. 

 

Figure 5.3.5.  Nitrogen solubility in the AISI 410L-Si-N, AISI 410L-Mn-Si-N, AISI 410L-Ni-Si-N and AISI 410L-Ni-

Mn-Si-N alloy systems as a function of temperature, calculated using Thermocalc
TM
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From Figure 5.3.5, it is evident that, at peak solubility (around 1050°C), alloys with no added manganese and 

high nickel contents (such as AISI 410L-3Ni-0.45N) exhibit very low nitrogen solubility. The addition of 

nickel increases the stability of austenite at high temperatures to some extent, but alloying with nickel also 

reduces the nitrogen solubility limit due to the positive interaction parameter of nickel with nitrogen. Alloys 

with high manganese contents and no added nickel (such as AISI 410L-3Mn-0.45N in Figure 5.3.5) 

demonstrate the highest nitrogen solubility limits.  

5.4 THE INFLUENCE OF MANGANESE, NICKEL AND Si3N4 ADDITIONS ON THE 

MICROSTRUCTURE, HARDNESS AND NITROGEN CONTENT OF AISI 410L 

CLAD DEPOSITS 

The thermodynamic predictions described in section 5.3 suggest that the most effective method of increasing 

the nitrogen solubility limit in AISI 410L is through alloying with manganese. In order to test the influence 

of manganese and nickel additions on the microstructure, hardness and nitrogen content of experimental 

AISI 410L clad deposits (with and without Si3N4 additions to the powder feed), the experimental procedure 

described in section 4.7 was followed. 

Figure 5.4.1 shows the surface appearance of the most highly alloyed AISI 410L-Mn, AISI 410L-Ni and 

AISI 410L-Mn-Ni single-layer clad samples deposited in accordance with the experimental procedure shown 

schematically in Figure 4.7.1. No Si3N4 powder was added to any of these samples. The layers are uniform in 

appearance and no porosity is visible on any of the deposit surfaces. 

  
(a) (b) 

  
(c) (d) 

Figure 5.4.1.  Single-layer clad deposit surfaces for: (a) unmodified AISI 410L; (b) AISI 410L-3.5Mn; (c) AISI 410L-

5.5Ni; and (d) AISI 410L-3.5Mn-2.5Ni (all samples produced at a total feed rate of 30 g/min).  
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Figure 5.4.2 shows the surfaces of corresponding samples deposited with Si3N4 powder additions 

(contributing a maximum theoretical nitrogen content of 0.45 wt%), in accordance with the experimental 

procedure shown schematically in Figure 4.7.2. Considerably more nitrogen-induced porosity is evident, 

suggesting that the nitrogen solubility limit was exceeded during cladding. As predicted by Figure 5.3.5, the 

manganese-alloyed sample, Figure 5.4.2(b), has the highest nitrogen solubility limit of the samples evaluated 

and therefore the least amount of visible porosity. The majority of the pores seem to be associated with the 

interbead regions where cooler temperatures during cladding promote nitrogen degassing. 

  

(a) (b) 

  

(c) (d) 

Figure 5.4.2.  Two-layer clad deposit surfaces for: (a) AISI 410L-0.45N; (b) AISI 410L-3.5Mn-0.45N; (c) AISI 410L-

5.5Ni-0.45N; and (d) AISI 410L-3.5Mn-2.5Ni-0.45N (all samples produced at a total feed rate of 15 g/min).  

Figures 5.4.3 to 5.4.7 show the deposit microstructures after etching for the experimental alloys described in 

Figures 4.7.1 and 4.7.2. Figure 5.4.3 and 5.4.4 show the deposits made without any Si3N4 addition at a 

powder feed rate of 15 g/min at various magnifications. Figures 5.4.5, 5.4.6, and 5.4.7 show the deposits 

after Si3N4 addition (contributing a maximum theoretical nitrogen content of 0.45 wt%) at various 

magnifications, produced at powder feed rates of 15 g/min (Figures 5.4.5 and 5.4.6) and 30 g/min (Figure 

5.4.7), respectively. 

As shown in Figures 5.4.3(a) and 5.4.4(a), the microstructure of the unmodified AISI 410L deposit is largely 

ferritic with some martensite at the -ferrite grain boundaries in the more highly diluted first layer. Almost 

fully martensitic microstructures are obtained with the addition of 3.5 wt% manganese (singly or in 

combination with nickel), confirming the findings of Kemp et al. [1]. With the addition of 5.5 wt% nickel, 
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almost fully martensitic microstructures are achieved due to the suppression of -ferrite formation on 

cooling. 

  
(a) (b) 

  
(c) (d) 

Figure 5.4.3.  Optical photomicrographs of two-layer clad deposits for: (a) unmodified AISI 410L; (b) AISI 410L-

3.5Mn; (c) AISI 410L-5.5Ni; and (d) AISI 410L-3.5Mn-2.5Ni (all samples produced at a total feed rate of 15 g/min). 

Clad deposits produced using AISI 410L powder mixed with Si3N4 to a level corresponding to a maximum  

theoretical nitrogen content of 0.45 wt%, shown in Figures 5.4.2(a), 5.4.5(a), 5.4.6(a) and 5.4.7 (a) contain a 

large amount of porosity and microstructures consisting of columnar -ferrite grains and grain boundary 

martensite. The increase in martensite content on addition of Si3N4 to the powder feed suggests that some 

nitrogen pick-up had occurred, but it is evident that the nitrogen solubility limit had been exceeded on 

solidification, resulting in porosity. With the addition of 3.5 wt% manganese to this mixture, as shown in 

Figures 5.4.2(b), 5.4.5(b), 5.4.6(b) and 5.4.7 (b) the amount of porosity is reduced significantly and almost 

fully martensitic microstructures are obtained. This correlates well with the results shown in Figure 5.3.5, in 

which higher nitrogen solubility is predicted with the addition of manganese. Nitrogen in solid solution 

stabilises the austenite phase and suppresses -ferrite formation on cooling. The addition of nickel to the 

powder feed, shown in Figures 5.4.2(c), 5.4.5(c) 5.4.6(c) and 5.4.7 (c) promotes the formation of almost fully 

martensitic microstructures, but some porosity remains in the deposit. According to thermodynamic 

predictions, this sample is expected to have a lower nitrogen solubility limit (due to the positive interaction 

parameter between nickel and nitrogen) and therefore a greater tendency towards nitrogen-induced porosity 
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due to degassing during cladding. A similar trend is evident in samples alloyed with manganese and nickel, 

shown in Figures 5.4.2(d), 5.4.5(d) 5.4.6 (d) and 5.4.7(d). 

  

(a) (b) 

  

(c) (d) 

Figure 5.4.4.  Optical photomicrographs at higher magnifications of the two-layer clad deposits for: (a) unmodified 

AISI 410L; (b) AISI 410L-3.5Mn; (c) AISI 410L-5.5Ni; and (d) AISI 410L-3.5Mn-2.5Ni (all samples produced at a 

total feed rate of 15 g/min). 

Figure 5.4.8 shows the predicted amounts of high temperature austenite and -ferrite in the modified AISI 

410L alloys at a range of temperatures from the liquidus to 1050°C. AISI 410L-0.45N solidifies as primary 

-ferrite and austenite only starts forming in the solid state at temperatures below about 1350C. The 

addition of manganese (AISI 410L-3Mn-0.45N) does not change the primary solidification mode, but 

restricts the high temperature -ferrite phase field and expands the austenite stability range to higher 

temperatures. In this alloy austenite starts to form from -ferrite in the solid state at temperatures just below 

1400C. This deposit has a significantly higher nitrogen solubility which accounts for the wider austenite 

phase field (Figure 5.3.5). In steels alloyed with nickel and nitrogen (i.e. the AISI 410L-5.5Ni-0.45N and the 

AISI 410L-3Mn-2Ni-0.45N samples), austenitic solidification is promoted by the strong austenite-forming 

properties of nickel and the solidification mode appears to be a combination of austenitic and ferritic 

solidification, with austenite forming from the melt at temperatures just below the liquidus temperature. The 

addition of nickel to the clad deposit reduces the nitrogen solubility limit significantly (Figure 5.3.5), 
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suggesting that the presence of austenite during solidification does not compensate for the reduction in 

nitrogen solubility in nickel-alloyed deposits. Adding manganese and nickel in combination increases the 

nitrogen solubility somewhat, but the alloy still displays lower solubility for nitrogen than a corresponding 

alloy with the same manganese content and no nickel. 

  
(a) (b) 

  
(c) (d) 

Figure 5.4.5.  Optical photomicrographs of two-layer clad deposits for: (a) AISI 410L-0.45N; (b) AISI 410L-3.5Mn-

0.45N; (c) AISI 410L-5.5Ni-0.45N; and (d) AISI 410L-3.5Mn-2.5Ni-0.45N (all samples produced at a total feed rate of 

15 g/min). 
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(c) (d) 

Figure 5.4.6.  Optical photomicrographs at higher magnifications of the two-layer clad deposits for: (a) AISI 410L-

0.45N; (b) AISI 410L-3.5Mn-0.45N; (c) AISI 410L-5.5Ni-0.45N; and (d) AISI 410L-3.5Mn-2.5Ni-0.45N (all samples 

produced at a total feed rate of 15 g/min). 

  
(a) (b) 

  
(c) (d) 

Figure 5.4.7.  Optical photomicrographs of single-layer clad deposits for: (a) AISI 410L-0.45N; (b) AISI 410L-3.5Mn-

0.45N; (c) AISI 410L-5.5Ni-0.45N; and (d) AISI 410L-3.5Mn-2.5Ni-0.45N (all samples produced at a total feed rate of 

30 g/min). 

Figure 5.4.9 shows the measured hardness of the nickel-alloyed AISI 410L-Ni and AISI 410L-Ni-Si-N 

deposits as a function of nickel content for samples prepared at total powder feed rates of 15 g/min and 30 

g/min. Figure 5.4.10 shows the influence of manganese additions on the hardness of nickel-free AISI 410L-
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Mn and AISI 410L-Mn-Si-N alloys, while Figure 5.4.11 shows the effect of manganese concentration on the 

hardness of nickel-containing AISI 410L-Mn-Ni and AISI 410L-Mn-Ni-Si-N alloys for different powder 

feed rates. 

  
(a) (b) 

Figure 5.4.8.  Thermocalc™ prediction of the amounts of: (a) high temperature -ferrite; and (b) high temperature 

austenite present in modified AISI 410L alloys as a function of temperature during solidification. 

Figure 5.4.9 shows that the addition of up to 2.5 wt% nickel to AISI 410L powder significantly increases the 

hardness of the deposit, even without any deliberate nitrogen addition. This can be attributed to expansion of 

the austenite phase field at the expense of -ferrite in the presence of nickel (nickel is a powerful austenite-

forming element), which promotes the formation of more martensite on cooling to room temperature. Figure 

5.3.1 suggests that the addition of more than 1 wt% nickel no longer affects the deposit austenite content at 

elevated temperatures, which explains why the measured hardness values in Figure 5.4.9 become 

independent of the nickel content at higher nickel concentrations. The addition of Si3N4 powder to the 

powder feed significantly increases the deposit hardness, suggesting that nitrogen is absorbed by the clad 

deposit on dissociation of Si3N4 during cladding. Nitrogen not only promotes the formation of more 

martensite on cooling, but is also an excellent interstitial solid solution strengthening element in stainless 

steel. 

 

Figure 5.4.9.  Hardness of nickel-alloyed AISI 410L-Ni and AISI 410L-Ni-Si-N deposits for total powder feed rates of 

15 g/min and 30 g/min (with 95% confidence interval). 
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Figure 5.4.10.  Hardness of manganese-alloyed AISI 410L-Mn and AISI 410L-Mn-Si-N deposits for total powder feed 

rates of 15 g/min and 30 g/min (with 95% confidence interval). 

 

Figure 5.4.11.  Hardness of Ni- and Mn-alloyed AISI 410L-Mn-Ni and AISI 410L-Mn-Ni-Si-N deposits as a function 

of manganese content, for total powder feed rates of 15 g/min and 30 g/min (with 95% confidence interval). 

The cladded layers were produced as single and double layers as discussed in section 4.7.2. The same alloy 

was cladded as a single layer at a total feed rate 30 g/min and as a double layer at 15 g/min for each alloying 

system under investigation. The double-layer deposits consistently delivered a higher hardness and higher 

nitrogen content than the single-layer deposits throughout the results of Figures 5.4.9 to 5.4.14. This could be 

attributed to the higher cooling rate consequent to the lower overall heat input used to create the double 

layers. 

The addition of manganese to the powder feed increases the deposit hardness significantly, as shown in 

Figure 5.4.10. Not only is manganese a strong solid solution strengthening element, but it also increases the 

solubility of nitrogen in stainless steel, allowing more nitrogen to be absorbed from the dissociated Si3N4 

powder during cladding (and also to a lesser extent from the nitrogen shielding and carrier gas atmospheres). 

Since nitrogen is a strong austenite-former, the austenite phase field expands with the addition of manganese, 

promoting the formation of more martensite on cooling. The addition of manganese to the nickel-alloyed 

clad deposits has little effect on the hardness as nickel tends to counteract the beneficial influence of 

manganese on the nitrogen solubility limit as evident from Figure 5.4.11. 
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The nitrogen-alloyed deposit containing 3.5 wt% manganese displayed the highest hardness of the samples 

tested (410 HV for a feed rate of 15 g/min), compared with maximum hardness values of 384 HV and 391 

HV measured in the AISI 410L-Ni-Si-N and AISI 410L-Mn-Ni-Si-N samples, respectively. 

The increase in hardness of the cladded layers when nitrogen is dissolved in the structure can be ascribed to 

nitrogen forming an interstitial solid solution, effectively increasing the hardness of martensite. It also acts as 

a high-temperature austenite former (and stabiliser), leading to a lower delta ferrite volume percentage in the 

room-temperature microstructures of the cladded layers, assuming no residual austenite remains. 

The measured nitrogen contents of the clad deposits (determined using inert gas fusion analysis techniques) 

are shown in Figures 5.4.12, 5.4.13 and 5.4.14. The highest nitrogen contents in the nickel-alloyed clad 

layers were obtained at a total powder feed rate of 15 g/min for the deposit with the highest nickel 

concentration, which correlates well with the maximum hardness values shown in Figures 4.5.9 and 4.5.11. 

The influence of powder feed rate on nitrogen absorption during cladding is considered in more detail in 

section 5.5. 

 

Figure 5.4.12.  Measured nitrogen content in the AISI 410L-Ni-Si-N deposits as a function of nickel content and 

powder feed rate. 

 

Figure 5.4.13.  Measured nitrogen content in the AISI 410L-Mn-Si-N deposits as a function of manganese content. 
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Figure 5.4.14.  Measured nitrogen content in the AISI 410L-Mn-Ni-Si-N deposits as a function of manganese content. 

The highest deposit nitrogen content (0.12 wt%) was measured in the manganese-alloyed AISI 410L-Mn-Si-

N and AISI 410L-Mn-Ni-Si-N samples. This is in agreement with the findings of Huang et al. [2-7] (Table 

2.3.3 in section 2.3.6). The lowest nitrogen content (0.1 wt%) was measured in the nickel-alloyed AISI 

410L-Ni-Si-N alloys. This is consistent with the predicted nitrogen solubility limits shown in Figure 5.3.5. 

These results confirm that in-situ alloying with nitrogen by means of Si3N4 additions to the powder feed is 

possible, provided the nitrogen solubility limit in the steel is high enough to accommodate the additional 

nitrogen without promoting excessive porosity or retained austenite. Manganese additions proved to be 

particularly successful at increasing the nitrogen solubility limit in AISI 410L, and almost fully martensitic 

microstructures with hardness values in excess of 400 HV could be achieved by means of a 3.5 wt% 

manganese addition to nitrogen-alloyed AISI 410L. 

5.5 EFFECT OF DILUTION ON CHEMICAL COMPOSITION 

The tables below show the chemical analyses on cladded layers as discussed in section 5.4 of the study. 

Tables 5.5.1 and 5.5.2 correspond to the alloys prepared according to the methodology shown in Figure 4.7.1 

at 15 and 30 g/min, respectively, and Tables 5.5.3 and 5.5.4 correspond to the alloys prepared according to 

the methodology shown in Figure 4.7.2 at 15 and 30 g/min respectively. 

The tables give an indication of the effect of dilution between the metallurgical powders used and the 

partially melted medium-carbon steel substrate on the chemical analyses of the final cladded layers. 

Correlating the analysed compositions of cladded layers of pure 410L powder of Tables 5.5.1 and 5.5.2 with 

no further additives to the chemical composition of Table 4.2.1, which gave the nominal chemical 

composition of the AISI 410L powder used in this investigation, the chromium content seems too high if 

dilution is taken into account. Table 4.2.1 showed a chromium content of 12.1 wt% and a slightly lower 

concentration in the cladded layers is to be expected. This effect cannot be ascribed to any chromium in the 

medium-carbon steel substrate and is assumed to be a calibration error on the part of the analysis equipment 

used. Apart from this effect, the chromium contents seem to be reasonably consistent throughout Tables 

5.5.1-5.5.4 with dilution not creating large fluctuations. According to Figure 2.3.3, chromium has a strong 
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effect on nitrogen solubility in stainless steel and a decrease in the chromium content would have resulted in 

a decrease in the nitrogen absorbed in the final cladded layers.  

The manganese content is consistently higher than the content of the theoretical alloy systems. According to 

Table 4.2.1, the 410L powder used in the investigation had a manganese content of 0.61% and apart from the 

410L cladded layers (with no additional additives) there seems to be an enrichment of manganese in all 

cladded layers in Tables 5.5.1-5.5.4 from the medium-carbon steel substrate at concentrations of 1-2 wt%. 

This again appears slightly too high and could be ascribed to calibration errors although the general trend of 

higher manganese levels seems to be consistent. Considering the effect of manganese on the solubility of 

nitrogen in stainless steel, this would have led to an increase in the absorbed nitrogen in the final cladded 

layers. 

The nickel concentrations are on average lower than in the theoretical alloys by less than 1 wt%, which is to 

be expected as no nickel was reported in the nominal composition of Table 4.2.1. This would have decreased 

the high-temperature austenite formation of the alloy systems, which would have led to lower levels of 

nitrogen in the final cladded layers due to austenite’s high solubility for nitrogen. In the case of fully 

austenitic high-temperature microstructures, this would have led to an increase in the nitrogen absorbed in 

the final cladded layers due to the positive interaction parameter between nickel and nitrogen. 

In the alloy system AISI 410L-Ni-Mn of Tables 5.5.2 and 5.5.4 (last columns) there appears to be a higher 

nickel concentration than expected from the theoretical alloys which would lead to lower nitrogen absorption 

in the cladded layers. These high concentrations cannot, however, be accounted for and is assumed to be due 

to calibration errors. 

Table 5.5.1. Chemical composition of the AISI 410L-Mn; AISI 410L-Ni-Mn; and AISI 410L-Ni alloy systems, 

prepared using laser powder cladding at a powder feed rate of 15 g/min (corresponding to Figure 4.7.1) 

15 g/min Double Layers Without N 

  

410L 
410L + 

1.8% Mn 

410L + 

3.5% Mn 

410L + 

2.5% Ni 

410L + 

5.5% Ni 

410L + 1.8% 

Mn + 2.5% Ni 

410L + 3.5% 

Mn + 2.5% Ni 

Carbon (C) 0.02 0.03 0.02 0.017 0.017 0.024 0.032 

Chromium (Cr) 12.9 12.6 12.4 12.8 12.5 12.3 12.2 

Manganese (Mn) 0.62 2.71 5.55 0.63 0.61 3.05 5.82 

Nickel (Ni) 0.18 0.18 0.17 1.69 4.51 2.18 2.11 

Silicon (Si) 0.57 0.58 0.56 0.54 0.49 0.56 0.52 

Nitrogen (N) 0.0404 0.039 0.0391 0.0392 0.0294 0.0402 0.033 

Iron (Fe) Balance Balance Balance Balance Balance Balance Balance 

Figure 5.5.1 (a) - (d) is a collection of optical micrographs, taken from the samples prepared according to the 

alloy design methodology of Figures 4.7.1 and 4.7.2 showing the interface between the medium-carbon steel 

substrate and the cladded layers. Figure 5.5.1(a) is a double layer of the alloy system 410L-3.5Mn, deposited 

at a feed rate of 15 g/min, Figure 5.5.1(b) is a double layer of the alloy system 410L-3.5Mn-0.45N, deposited 
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at a feed rate of 15 g/min and Figures 5.5.1(c) and (d) represent a single layer of the alloy system 410L-

1.8Mn-0.45N at different magnifications, deposited at a feed rate of 30 g/min. 

Table 5.5.2. Chemical composition of the AISI 410L-Mn; AISI 410L-Ni-Mn; and AISI 410L-Ni alloy systems, 

prepared using laser powder cladding at a powder feed rate of 30 g/min (corresponding to Figure 4.7.1). 

30 g/min Single Layers Without N 

  410L 
410L + 

1.8% Mn 

410L + 

3.5% Mn 

410L + 

2.5% Ni 

410L + 

5.5% Ni 

410L + 1.8% 

Mn + 2.5% Ni 

410L + 3.5% 

Mn + 2.5% Ni 

Carbon (C) 0.018 0.023 0.025 0.023 0.023 0.017 0.017 

Chromium (Cr) 12.9 12.6 12.3 12.6 12.4 12.3 12.1 

Manganese (Mn) 0.66 3.17 5.51 0.66 0.61 3.35 6.42 

Nickel (Ni) 0.19 0.18 0.18 2.6 5.09 2.66 2.59 

Silicon (Si) 0.58 0.55 0.55 0.5 0.53 0.55 0.58 

Nitrogen (N) 0.039 0.0369 0.0422 0.0363 0.0283 0.035 0.035 

Iron (Fe) Balance Balance Balance Balance Balance Balance Balance 

Table 5.5.3. Chemical composition of the AISI 410L-Mn-Si-N; AISI 410L-Ni-Mn-Si-N; and AISI 410L-Ni-Si-N 

alloy systems, prepared using laser powder cladding at a powder feed rate of 15 g/min (corresponding to Figure 4.7.2). 

15 g/min Double Layers With N 

  
410L + 

0.45% N 

410L + 

1.8% Mn + 

0.45% N 

410L + 

3.5% Mn + 

0.45% N 

410L + 

2.5% Ni + 

0.45% N 

410L + 

5.5% Ni + 

0.45% N 

410L + 1.8% 

Mn + 2.5% 

Ni + 0.45% 

N 

410L + 3.5% 

Mn + 2.5% 

Ni + 0.45% 

N 

Carbon (C) 0.01 0.021 0.021 0.015 0.012 0.017 0.017 

Chromium (Cr) 12.7 12.3 12.0 12.3 12.3 12.2 12.0 

Manganese (Mn) 0.67 3.14 6.37 0.66 0.61 3.34 5.51 

Nickel (Ni) 0.22 0.19 0.19 2.22 4.83 1.91 2.26 

Silicon (Si) 0.89 0.78 0.85 0.82 0.79 0.8 0.8 

Nitrogen (N) 0.0326 0.1 0.115 0.0318 0.0981 0.121 0.1243 

Iron (Fe) Balance Balance Balance Balance Balance Balance Balance 

Table 5.5.4. Chemical composition of the AISI 410L-Mn-Si-N; AISI 410L-Ni-Mn-Si-N; and AISI 410L-Ni-Si-N 

alloy systems, prepared using laser powder cladding at a powder feed rate of 30 g/min (corresponding to Figure 4.7.2). 

30 g/min Single Layers With N 

  
410L + 

0.45% N 

410L + 

1.8% Mn + 

0.45% N 

410L + 

3.5% Mn + 

0.45% N 

410L + 

2.5% Ni + 

0.45% N 

410L + 

5.5% Ni + 

0.45% N 

410L + 1.8% 

Mn + 2.5% 

Ni + 0.45% 

N 

410L + 3.5% 

Mn + 2.5% 

Ni + 0.45% 

N 

Carbon (C) 0.012 0.028 0.028 0.022 0.013 0.018 0.023 

Chromium (Cr) 12.6 12.1 12.1 12.1 12.0 12.1 11.9 

Manganese (Mn) 0.64 3.13 5.14 0.64 0.61 3.41 5.46 

Nickel (Ni) 0.18 0.18 0.18 2.49 5.14 2.4 2.65 

Silicon (Si) 0.82 0.82 0.7 0.75 0.83 0.65 0.65 

Nitrogen (N) 0.0811 0.0971 0.0943 0.0721 0.0801 0.0875 0.0782 

Iron (Fe) Balance Balance Balance Balance Balance Balance Balance 
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(a) (b) 

  

(c) (d) 

Figure 5.5.1. Optical micrographs showing the interface between the medium-carbon steel substrate and cladded layers 

of the (a) 410L-3.5Mn (deposited at a feed rate of 15g/min); (b) 410L-3.5Mn-0.45N (15 g/min); (c) 410L-1.8Mn-0.45N 

(30 g/min); and 410-1.8Mn-0.45N (30 g/min) (at a higher magnification), alloying systems. 

In the micrographs of Figure 5.5.1, there is an absence of the typical wave-like dilution patterns between clad 

layers and substrate material typical of the laser cladding process, as illustrated in Figure 2.1.6. This 

indicates that very low penetration depths were achieved during laser cladding, leading to low, and even 

negligible dilution levels. The chromium values from the chemical analyses of Tables 5.5.1-5.5.4 confirm 

that dilution levels were extremely low as they were fairly consistent at an average of about 12.3% Cr, which 

does not deviate far from the original Cr content of the 410L powder given in Table 4.2.1 as 12.1% Cr. If 

calibration of the measuring equipment is taken into account, the difference between the average of the 

analysed values and the original analysis of Table 4.2.1 also becomes negligible. Further dilution would have 

resulted in a chromium level below that required for passivity in a stainless steel. 

5.6 LASER PARAMETER OPTIMISATION FOR THE CLADDING OF AISI 410L-Si-N 

ALLOYS 

The laser parameters used to deposit the clad layers described in sections 5.2 and 5.4 were not optimised 

with regards to clad dimensions, dilution levels or surface appearance. Once established that martensitic 

structures with nitrogen levels of 0.08 wt% and above could be obtained using modified AISI 410L powders, 
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an attempt was made to optimise the laser parameters and gain an understanding of the influence of various 

process parameters on the deposit quality. To this effect Si3N4 powder was added to the AISI 410L powder 

feed (yielding a calculated maximum nitrogen content of 0.4 wt%) and variations in dilution, clad height, 

bead width and porosity content were studied as a function of laser power, powder feed rate and cladding 

speed for single- and multi-layer deposits. The repeatability of the parameter optimisation experiments is 

considered in more detail in Appendix A3. The results obtained for single-layer deposits were generally 

found to be repeatable, but a high degree of scatter was observed during the multi-layer parameter 

optimisation experiments. 

5.6.1 Single-track parameter optimisation 

During single-track cladding, the aim is to deposit a single clad layer with the desired clad dimensions, 

quality and properties. This requires high powder feed rates to ensure the deposition of sufficient cladding 

material, and strict control over the level of dilution with the substrate material. Figure 5.6.1 shows the 

influence of measured laser power on the level of dilution for different cladding speeds at set powder feed 

rates. For a given powder feed rate, an increase in measured laser power typically leads to higher levels of 

dilution. This can be attributed to an increase in the specific energy per unit mass at higher laser powers. A 

larger volume of the substrate material melts at higher laser powers and dilution increases. 

  
(a) (b) 

Figure 5.6.1.  Relationship between the dilution levels (%) of single-track deposits and measured laser power (kW) for 

different cladding speeds (m/min) at powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 

Figure 5.6.2 shows the influence of powder feed rate on the level of dilution for different cladding speeds at 

four laser power settings. In (a) – (d) of Figure 5.62, the level of dilution tends to decrease with an increase 

in powder feed rate. The laser power is increasingly consumed by powder entering the melt pool as the 

powder feed rate increases. This reduces the specific energy per unit mass available to melt the substrate 

material, resulting in lower dilution levels. These results are in good agreement with the findings of Qian et 

al. [8] and Pelletier and Sahour [9] who reported a reduction in percentage dilution with an increase in 

powder feed rate during laser cladding. 
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(a) (b) 

  
(c) (d) 

Figure 5.6.2.  Relationship between the dilution levels (%) of single-track deposits and powder feed rate (g/min) for 

different cladding speeds (m/min) at measured laser power levels of: (a) 1.69 kW; (b) 2.11 kW; (c) 2.53 kW; and (d) 

2.95 kW. 

Figure 5.6.3 shows the influence of cladding speed on dilution for different measured laser powers. A 

marginal increase in the level of dilution is evident with an increase in cladding speed. Even though only a 

single parameter was changed during the experiment, complex interactions exist and the effect appears 

negligible. A faster cladding speed at a constant powder feed rate results in less powder being deposited per 

unit area. This increases the specific energy per unit mass and promotes higher levels of dilution between the 

powder and the substrate material. This is in agreement with the findings of Qian et al. [8] who concluded 

that dilution is more dependent on the amount of laser power absorbed by the volume of deposited powder 

than on the interaction time.  

As shown in Figure 5.6.3, the change in dilution with cladding speed is, however, almost negligible within 

the range investigated, suggesting that the interaction time between the laser beam and the substrate may 

have played a more important role than proposed by Qian et al. [8]. These results suggest that dilution can be 
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controlled to a small extent in single-layer deposits by increasing the powder feed rate and reducing the laser 

power, provided the desired clad dimensions and quality are attained and the powder is adequately melted 

and fused to the substrate. 

  

(a) (b) 

Figure 5.6.3.  Relationship between the dilution levels (%) of single-track deposits and cladding speed (m/min) for 

different laser power levels (kW) at powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 

Figure 5.6.4 shows the influence of measured laser power on the clad height of single-track deposits for 

different cladding speeds. It is evident that the clad height increases with an increase in the measured laser 

power at a constant powder feed rate. This can be attributed to an increase in powder efficiency (i.e. the ratio 

between the amount of powder melted by the laser beam to the amount of powder delivered by the powder 

feeder) as the laser power increases. More heat is available at higher power levels and the laser beam 

therefore melts more powder during laser cladding. This results in an increase in the clad height of the 

deposit.  

Cladding speed appears to play an important role in determining clad height, with faster cladding speeds 

leading to reduced clad heights. This is confirmed by Figure 5.6.5, which highlights the influence of cladding 

speed on the clad height of single-track deposits for four different laser power settings at a constant powder 

feed rate. The decrease in clad height with an increase in cladding speed can be attributed to the lower 

volume of powder delivered per substrate unit area. Less powder is melted and therefore increasing cladding 

speeds also leads to increased dilution, as shown earlier in Figure 5.6.3. 

Figure 5.6.6 shows the influence of powder feed rate on the clad height of single-track deposits for different 

cladding speeds at four laser powers. As the feed rate increases, the clad height also increases. Additional 

laser energy is consumed by the higher volume of powder entering the laser beam, resulting in an increase in 

clad height and a corresponding decrease in dilution, as observed in Figure 5.6.2. This is in agreement with 

the published findings of several authors [9-12]. 
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(a) (b) 

Figure 5.6.4.  Relationship between the clad height h (mm) of single-track deposits and measured laser power (kW) for 

different cladding speeds (m/min) at powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 

  
(a) (b) 

Figure 5.6.5.  Relationship between clad height h (mm) of single-track deposits and cladding speed (m/min) for 

different laser power levels (kW) and powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 

Figure 5.6.7 shows the influence of the combined parameter F/S (g/m), which represents the powder 

deposition rate (powder feed rate/cladding speed), on the clad height of single-track deposits for different 

laser power levels. An increase in the parameter F/S, corresponding to either an increase in the powder feed 

rate or a decrease in the cladding speed, consistently increases the clad height of the deposit. This is in 

agreement with the findings of De Oliveira et al. [12] and confirms that the parameter F/S provides a useful 

way of characterising the effect of powder feed rate and cladding speed on the clad height of deposited layers 

during laser cladding. 

Laser cladding parameters also affect the width of the clad layer. Figure 5.6.8 shows the influence of laser 

power on the width of single-track deposits for different cladding speeds at fixed powder feed rates. The 

width of the deposits appears to increase with an increase in measured laser power. This can be attributed to 

an increase in specific energy per unit mass, resulting in higher powder efficiencies. At a set powder feed 
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rate, the increase in temperature associated with an increase in laser power causes a higher volume fraction 

of the powder entering the laser beam to melt and a wider clad layer develops. The formation of a wider clad 

bead is also facilitated by an increase in the wettability of the molten deposit (or a decrease in viscosity) as 

the laser power increases. This agrees with the findings of de Oliveira et al. [12] and suggests that the width 

of a single-track deposit is dependent on more variables than the laser spot size alone, as put forward by 

Chryssolouris et al. [10].  

  
(a) (b) 

  
(c) (d) 

Figure 5.6.6.  Relationship between clad height h (mm) of single-track deposits and powder feed rate (g/min) for 

different cladding speeds at measured laser power levels of: (a) 1.69 kW; (b) 2.11 kW; (c) 2.53 kW; and (d) 2.95 kW. 

Figure 5.6.9 shows the influence of cladding speed on the width of a single-track deposit at set powder feed 

rates for different laser power settings. The clad width tends to decrease slightly with an increase in cladding 

speed. At a given powder feed rate, this can be attributed to a reduction in the amount of powder deposited 

per unit area and a decrease in the wetting characteristics of the deposit as the cladding speed increases [13]. 

The influence of cladding speed on clad width is, however, so small that it can safely be ignored during the 

planning of laser cladding operations, suggesting that optimisation of the cladding speed should rather be 

focused on achieving the desired clad height and level of dilution. 
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Figure 5.6.7.  Relationship between clad height h (mm) of single-track deposits and the combined parameter F/S (g/m) 

for four different laser power levels (kW) during cladding. 

  
(a) (b) 

Figure 5.6.8.  Relationship between clad width w (mm) of single-track deposits and measured laser power (kW) for 

different cladding speeds at powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 

  
(a) (b) 

Figure 5.6.9.  Relationship between clad width w (mm) of single-track deposits and cladding speed (m/min) for 

different laser power levels (kW) at powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 
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Figure 5.6.10 shows the influence of the combined parameter P/S
1/2

 (Ws
1/2

mm
-1/2

) on clad width for different 

powder feed rates, where P represents the laser power and S the cladding speed. With an increase in the 

parameter P/S
1/2

, corresponding to either an increase in laser power or a decrease in cladding speed, the clad 

width increases. This agrees with the findings of De Oliveira et al. [12] who originally proposed the 

combined parameter to describe the influence of cladding parameters on the width of the deposit. 

5.6.2 Multi-track parameter optimisation 

During multi-track parameter optimisation, the decision was taken not to consider the influence of laser 

cladding parameters on dilution and clad dimensions. This decision was based on the findings of Sun et al. 

[11] who demonstrated linear increases in the clad height and dilution levels of multi-track deposits with 

increases in the clad height and dilution levels of the individual clad layers making up the composite clad 

deposit. The conclusions drawn from single-track deposits, described in section 5.6.1, therefore similarly 

apply to multi-track deposits.  

On the other hand, in multi-layered deposits the properties and composition of the first clad layer will be 

strongly affected by dilution with the substrate material, but subsequent layers are likely to be more highly 

alloyed and closer in composition to the modified AISI 410L powders used. Nitrogen pick-up from 

underlying layers may result in higher melt nitrogen contents and the risk of nitrogen degassing is therefore 

higher during multi-layer cladding. For this reason multi-track parameter optimisation focused on reducing 

the volume percentage porosity observed in multi-layer AISI 410L-Si-N deposits, rather than optimising clad 

dimensions. Si3N4 powder was added to the AISI 410L powder feed (yielding a calculated maximum 

nitrogen content of 0.4 wt%) and variations in porosity content were examined as a function of laser power, 

powder feed rate and cladding speed. 

Figure 5.6.11 shows the influence of measured laser power on the observed volume percentage porosity in 

multi-track deposits for different cladding speeds at set powder feed rates. Cladding at a laser power of 1.69 

kW resulted in discontinuous beads for a powder feed rate of 30 g/min and the results are therefore not 

included in Figure 5.6.11.  

The amount of porosity generally increased with an increase in laser power. The nitrogen content of these 

clad layers exceeded the nitrogen solubility limit in the solid state and, as discussed in section 5.3, nitrogen 

was rejected to the liquid phase during solidification. On cooling nitrogen desorption occurred through N2 

bubble formation. The increase in porosity at higher laser powers can be attributed to higher levels of 

dilution with the underlying nitrogen-enriched clad layers and higher clad heights (as shown in Figure 5.4.5). 

An increase in clad height increases the risk of porosity by increasing the distance that nucleated nitrogen 

bubbles must travel to reach the clad surface. If these nitrogen bubbles are trapped by the advancing 

solidification front, the clad layer will contain gas porosity. This can be offset to some extent by the increase 

in specific energy per unit mass at higher laser powers, which results in a longer thermal cycle that allows 

more time for nitrogen bubbles to escape. 
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Figure 5.6.10.  Relationship between clad width w (mm) of single-track deposits and the combined parameter P/S
1/2

 

(Ws
1/2

mm
-1/2

) for four different laser power levels (kW) during laser cladding. 

  
(a) (b) 

Figure 5.6.11.  Relationship between observed volume % porosity in multi-track deposits and the measured laser power 

(kW) for different cladding speeds at powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 

Figures 5.6.12 and 5.6.13 show the influence of powder feed rate and cladding speed on the observed 

volume percentage porosity in multi-track deposits. Although a clear trend is not always evident, the amount 

of porosity appears to increase with an increase in the powder feed rate, and to decrease with an increase in 

cladding speed. This is consistent with the observed influence of these parameters on the clad height. As 

shown in Figures 5.6.5 and 5.6.6, the clad height increases as the powder feed rate increases (at a constant 

cladding speed). At a constant powder feed rate, the clad height increases with a reduction in cladding speed. 

As explained earlier, this raises the risk of entrapment of nitrogen bubbles by the advancing solidification 

front.  

Figure 5.6.14 shows the influence of the combined parameter F/S (or the deposition rate) on the observed 

percentage porosity in the clad layers. Although considerable scatter is evident, an increase in F/S appears to 

promote the formation of more porosity in the clad layers. This corresponds well with the reported 

relationship between F/S and the clad height, as shown in Figure 5.6.7. This confirms the link between 
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volume percentage porosity and clad height and highlights the importance of controlling the deposition rate 

during laser cladding. 

  

(a) (b) 

 
(c) 

Figure 5.6.12.  Relationship between observed volume % porosity in multi-track deposits and the powder feed rate 

(g/min) for different cladding speeds at measured laser power levels of: (a) 2.11 kW; (b) 2.53 kW; and (c) 2.95 kW. 

As described in section 2.1.4, Sexton and Byrne [14] reported that the aspect ratio w/h (clad width/clad 

height) of the clad deposit is important, especially in the case of interbead porosity. In this type of porosity, 

bubbles are trapped between overlapping beads and are not always the product of gas evolution from a 

chemical reaction.  

Interbead porosity is most often observed when the aspect ratio of an individual bead is less than or equal to 

five, i.e. w/h ≤ 5. Figure 5.6.15 shows the influence of the aspect ratio w/h of individual deposits on the 

observed percentage porosity in multi-track deposits. Although no immediate trend is apparent, a shift in the 

general observed porosity behaviour seems to occur at w/h values of around 5. Below this threshold, porosity 

contents are widely scattered as both interbead porosity and pores due to N2 gas evolution occur. Above the 

threshold value, the observed percentage porosity seems to be confined to a smaller range of values, 

attributable only to N2 gas evolution. 
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(a) (b) 

Figure 5.6.13.  Relationship between observed volume % porosity in multi-track deposits and the cladding speed 

(m/min) for different laser power levels (kW) at powder feed rates of: (a) 25 g/min; and (b) 30 g/min. 

 

Figure 5.6.14.  Relationship between observed volume % porosity in multi-track deposits and the combined parameter 

F/S (g/m) at four different laser power levels (kW) during cladding. 

Figure 5.6.16 shows examples of bead surfaces to illustrate the influence of aspect ratio w/h on the observed 

porosity after laser cladding. Table 5.6.1 shows the laser parameters and process variables used to produce 

these deposits. Figure 5.6.16(a) shows the surface of a deposit with an aspect ratio of 5.9 (above the 

threshold value). Little porosity is evident. Figure 5.6.16(b) shows the surface of a deposit with an aspect 

ratio of 4.2 (below the threshold value). Severe interbead porosity is evident. 

Interbead porosity may be augmented by N2 gas evolution through nitrogen build-up in the interbead regions 

between successive beads during laser cladding with nitrogen-alloyed material. The first nitrogen-containing 

bead in a multi-track deposit only experiences dilution with the substrate material, which in this case is a 
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medium-carbon steel with low residual nitrogen content. With 50% overlap, consecutive beads experience 

dilution with the substrate material and half of the first bead, as shown schematically in Figure 5.6.17. 

 

Figure 5.6.15.  Relationship between observed % porosity in multi-track deposits and the aspect ratio w/h of individual 

beads during laser cladding. 

  
(a) (b) 

Figure 5.6.16.  Influence of aspect ratio w/h on porosity observed on the surfaces of AISI 410L-Si-N alloys (for a 

theoretical nitrogen content of 0.4 wt%) for: (a) w/h > 5; and (b) w/h < 5. 

Since the nitrogen-alloyed clad layers have higher nitrogen contents than the substrate material, subsequent 

beads will have higher nitrogen levels than the first bead, especially in the interbead regions where the effect 

of dilution with the substrate material is minimised. The nitrogen solubility limit is exceeded to a greater 

extent in these interbead areas and higher volume percentages porosity are observed. This is illustrated in 

Figures 5.6.18(a) and (b). Little porosity is evident in the interbead regions of the first run, but during multi-

track cladding, interbead porosity is increasingly observed between successive beads. This effect is even 

more pronounced in multi-layer deposits. Once the first layer had been deposited, subsequent layers are 

diluted not only with nitrogen-containing cladding material, but also with the underlying nitrogen-alloyed 

layer. This leads to more nitrogen pick-up and a higher risk of porosity. 
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Table 5.6.1.  Laser parameters and process variables for clad deposits with aspect ratios greater than 5 and less than 5, 

corresponding to the surface images of Figure 5.6.16. 

Parameter w/h > 5 w/h < 5 

Measured laser power (kW) 2.11 2.53 

Cladding speed (m/min) 1.2 1.2 

Powder feed rate (g/min) 25 30 

Deposition rate (g/m) 21 25 

Clad height (mm) 0.53 0.77 

Aspect ratio w/h 5.9 4.2 

Volume % porosity observed 2.7 12.2 

 

Figure 5.6.17.  Schematic illustration of dilution between the initial bead and the substrate material, and dilution 

between consecutively deposited beads in multi-track laser cladding. 

  

(a) (b) 

Figure 5.6.18.  Surfaces of multi-track deposits showing little evidence of  interbead porosity in the first beads, and 

increasing interbead porosity in successive runs, for aspect ratios of: (a) 4.2; and (b) 3.6. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

 The results obtained during the course of this investigation confirmed that in-situ alloying of low-

carbon AISI 410L martensitic stainless steel with nitrogen during Nd-YAG laser cladding is possible, 

although modification of the chemical composition of the clad deposit is required to increase the 

nitrogen solubility limit, to ensure fully martensitic microstructures and to prevent the formation of 

nitrogen-induced porosity. 

 The amount of nitrogen that can be absorbed from nitrogen-rich shielding and carrier gas during Nd-

YAG laser cladding is limited. Cladding in a nitrogen-rich atmosphere yielded a maximum clad 

nitrogen content of 0.04 wt%, only marginally higher than the nitrogen content of an AISI 410L 

deposit produced in argon (0.03 wt%). Published literature ascribed the poor nitrogen absorption from 

nitrogen-containing atmospheres during Nd-YAG laser cladding to the short thermal cycle and to 

suppression of plasma formation above the weld pool.  

 The addition of Si3N4 to the AISI 410L powder feed as an alternative source for nitrogen facilitated 

the formation of martensitic microstructures, increased the clad nitrogen content (to a maximum of 

0.064 wt% nitrogen) and raised the deposit hardness. Higher nitrogen contents in the clad deposit, 

however, promoted the formation of unwanted nitrogen-induced porosity. In order to successfully 

alloy AISI 410L stainless steel with nitrogen during laser cladding, the nitrogen solubility limit of the 

deposit has to be increased to suppress porosity formation. 

 Thermodynamic modelling revealed that the addition of manganese to AISI 410L powder increases 

the nitrogen solubility limit in AISI 410L due to its negative interaction parameter with nitrogen. 

Although nickel is known to reduce the nitrogen solubility in stainless steel, it acts as a powerful 

austenite-former and enlarges the austenite phase field at the expense of -ferrite. Austenite has a 

higher solubility for nitrogen than -ferrite, and the presence of austenite at higher temperatures 

facilitates the formation of martensite in the room temperature deposit. High nickel concentrations in 

AISI 410L tend to alter the solidification mode from ferritic to mixed austenitic-ferritic. 

 The addition of up to 3.5 wt% manganese to an AISI 410L powder feed containing Si3N4 significantly 

increased the nitrogen solubility in the deposit. A martensitic microstructure with 0.12 wt% nitrogen 

and a peak hardness of 410 HV could be achieved without any adverse increase in porosity in the clad 

layer. The clad nitrogen content easily exceeded the minimum requirement of 0.08 wt%. 
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 The addition of up to 5.5 wt% nickel, or combinations of nickel and manganese, to the powder feed 

raised the deposit nitrogen content, but not to the same extent as those deposits alloyed with 

manganese only. Although nickel reduces the nitrogen solubility in stainless steel, the austenite phase 

field expands in the presence of nickel, and the solidification mode changes from primary ferritic to 

austenitic-ferritic. Less nitrogen is rejected to the liquid phase on solidification, resulting in higher 

nitrogen contents in the room temperature deposits. 

 Laser parameter optimisation revealed that the amount of dilution during single-track laser cladding is 

mainly influenced by the specific energy per unit mass delivered by the laser beam. The clad height is 

strongly influenced by the powder deposition rate, whereas the bead width is influenced by the 

wettability of the deposits during laser cladding. During multi-track cladding, the observed percentage 

porosity is mainly determined by the aspect ratio of the individual beads making up the clad layer, the 

deposition rate and the clad height. High deposition rates result in thicker deposited layers, effectively 

increasing the distance that N2 gas bubbles have to travel to escape to the atmosphere, while an aspect 

ratio greater than five promotes interbead porosity. The results suggest that in-situ nitrogen alloying 

during laser cladding should preferably be performed at low deposition rates to ensure higher clad 

nitrogen contents and hardness, lower clad heights, less dilution and less porosity. 

6.2 RECOMMENDATIONS FOR FUTURE WORK 

This investigation examined the feasibility of in-situ nitrogen alloying by means of nitrogen-rich shielding 

and carrier gas atmospheres and Si3N4 additions to the stainless steel powder feed. The clad deposit can 

potentially also be alloyed with nitrogen using pre-nitrided stainless steel powder (this entails an additional 

nitriding step prior to cladding) or by mixing nitrided ferromanganese into the powder feed. Ferromanganese 

powder holds promise in this application as it introduces nitrogen while simultaneously increasing the 

deposit manganese content to raise the nitrogen solubility limit. These avenues should be investigated to 

identify the most optimal and cost effective method of in-situ nitrogen alloying. 

No attempt was made during the course of this investigation to quantify the amounts of martensite, retained 

austenite and -ferrite in the clad microstructures. More detailed microstructural examination of the 

deposited layers was considered outside the scope of this exploratory study. Once the cladding process has 

been optimised, however, the deposit microstructures should be studied in more detail to determine the 

amounts of -ferrite and retained austenite after cladding. The wear properties, corrosion resistance and high 

temperature properties of the nitrogen-alloyed clad layers also have to be established before the process can 

be successfully commercialised. 
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APPENDIX A1 – SAMPLE CALCULATION 

In order to achieve a maximum theoretical nitrogen content of 0.1 wt%, a 100 g powder sample should 

contain 0.1 g nitrogen. The amount of Si3N4 that has to be added to a 100 g powder samples to deliver a 

maximum theoretical nitrogen content of 0.1 wt% can be calculated as follows: 

𝑛N =  
𝑚N

𝑀N

=
0.1 g

14.007 g/mol
 

  𝑛𝑁 = 0.0071 mol N 

𝑛Si = 0.0071 ∙
3

4
= 0.0054 mol Si 

𝑚Si =  𝑛Si ∙ 𝑀Si = (0.0054)(28.085) 

𝑚Si = 0.15 g Si 

𝑚Si3N4
= 𝑚Si +  𝑚𝑁 = 0.15 g + 0.1 g 

𝒎𝐒𝐢𝟑𝐍𝟒
= 𝟎. 𝟐𝟓 𝐠 

where:  nN and nSi are the number of moles of nitrogen and silicon in a 100 g powder sample, respectively, 

MN and MSi are the atomic weights of nitrogen and silicon,  

mN and mSi are the number of grams of nitrogen and silicon in a 100 g powder sample, and 

mSi3N4 is the number of grams of Si3N4 powder that has to be added to a 100 g powder sample to yield 

a maximum theoretical nitrogen content of 0.1 wt%. 

To achieve a maximum theoretical deposit nitrogen content of 0.1 wt%, a 100 g powder sample should 

therefore consist of 99.75 g of AISI 410L powder and 0.25 g Si3N4 powder. 
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APPENDIX A2 – LASER CLADDING PARAMETERS 

Table 1.  Laser cladding parameters and process variables for AISI 410L single-track deposits mixed with Si3N4 powder to yield a theoretical nitrogen content of 0.4 wt%. 

No. Nozzle Powder 

Spot 

size 
(mm) 

Measured 

laser 

power 

(kW) 

Set 

laser 

power 

(kW) 

Cladding 

speed 
(m/min) 

Powder 

feed rate 

410L 

(rpm) 

Powder 

feed rate 

Si3N4 

(rpm) 

Total 

powder 

feed rate 

(g/min) 

Shielding 

and carrier 
gas 

Carrier 

gas flow 

rate 

(L/min) 

Shielding 

gas flow 

rate 

(L/min) 

Depth of 

penetration 
b (µm) 

Clad 

height 
h (µm) 

Clad 

width w 
(µm) 

Dilution 

(%) 

1 Discontinuous co-axial 410 + Si3N4 4 1.69 20 1.0 7.7 1.5 25 N2 3 5 253.9 764.5 3303.9 24.9 

2 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.0 7.7 1.5 25 N2 3 5 56.3 767.3 3176.2 6.8 

3 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.0 7.7 1.5 25 N2 3 5 442.0 829.1 3309.4 34.8 

4 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.0 7.7 1.5 25 N2 3 5 553.2 867.5 3428.8 38.9 

5 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.2 7.7 1.5 25 N2 3 5 31.6 620.4 2811.1 4.8 

6 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.2 7.7 1.5 25 N2 3 5 46.7 529.8 3151.5 8.1 

7 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.2 7.7 1.5 25 N2 3 5 43.9 719.3 2908.6 5.8 

8 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.2 7.7 1.5 25 N2 3 5 529.1 733.0 3281.9 41.9 

9 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.4 7.7 1.5 25 N2 3 5 31.6 496.9 2661.5 6.0 

10 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.4 7.7 1.5 25 N2 3 5 100.2 517.5 3014.2 16.2 

11 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.4 7.7 1.5 25 N2 3 5 314.7 569.6 3185.0 35.6 

12 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.4 7.7 1.5 25 N2 3 5 501.0 631.4 3264.1 44.2 

13 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.0 9.3 1.8 30 N2 3 5 76.9 845.5 2835.8 8.3 

14 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.0 9.3 1.8 30 N2 3 5 27.8 888.1 3209.2 3.0 

15 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.0 9.3 1.8 30 N2 3 5 328.1 986.9 3325.8 24.9 

16 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.0 9.3 1.8 30 N2 3 5 553.2 954.0 3395.8 36.7 

17 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.2 9.3 1.8 30 N2 3 5 21.7 705.5 2731.5 3.0 

18 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.2 9.3 1.8 30 N2 3 5 38.4 763.2 3118.6 4.8 

19 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.2 9.3 1.8 30 N2 3 5 214.1 767.3 3224.3 21.8 

20 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.2 9.3 1.8 30 N2 3 5 424.5 873.0 3336.3 32.7 

21 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.4 9.3 1.8 30 N2 3 5 30.1 547. 7 2646.4 5.2 

22 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.4 9.3 1.8 30 N2 3 5 75.5 571.0 3033.5 11.7 

23 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.4 9.3 1.8 30 N2 3 5 171.2 700.0 3204.8 19.7 

24 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.4 9.3 1.8 30 N2 3 5 450.2 693.2 3276.4 39.4 
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Table 2.  Laser cladding parameters and process variables for AISI 410L multi-track deposits mixed with Si3N4 powder to yield a theoretical nitrogen content of 0.4 wt%. 

No. Nozzle Powder 

Spot 

size 

(mm) 

Measured 

laser power 

(kW) 

Set laser 

power 

(kW) 

Cladding 

speed 

(m/min) 

Powder 

feed rate 

410L (rpm) 

Powder 

feed rate 

Si3N4 (rpm) 

Total 

powder feed 

rate (g/min) 

Shielding 

and carrier 

gas 

Carrier gas 

flow rate 

(L/min) 

Shielding gas 

flow rate 

(L/min) 

Average 

volume % 

porosity 
observed 

95% 

confidence 

interval 

1 Discontinuous co-axial 410 + Si3N4 4 1.69 20 1.0 7.7 1.5 25 N2 3 5 1.7 1.5 

2 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.0 7.7 1.5 25 N2 3 5 7.7 3.8 

3 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.0 7.7 1.5 25 N2 3 5 16.7 4.6 

4 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.0 7.7 1.5 25 N2 3 5 1.4 0.8 

5 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.2 7.7 1.5 25 N2 3 5 1.4 1.4 

6 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.2 7.7 1.5 25 N2 3 5 2.7 1.5 

7 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.2 7.7 1.5 25 N2 3 5 4.1 2.3 

8 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.2 7.7 1.5 25 N2 3 5 4.2 2.2 

9 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.4 7.7 1.5 25 N2 3 5 4.1 2.5 

10 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.4 7.7 1.5 25 N2 3 5 2.3 1.8 

11 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.4 7.7 1.5 25 N2 3 5 1.6 0.9 

12 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.4 7.7 1.5 25 N2 3 5 2.8 1.8 

13 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.0 9.3 1.8 30 N2 3 5 0.0 0.0 

14 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.0 9.3 1.8 30 N2 3 5 9.0 2.4 

15 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.0 9.3 1.8 30 N2 3 5 10.2 2.8 

16 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.0 9.3 1.8 30 N2 3 5 17.1 4.2 

17 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.2 9.3 1.8 30 N2 3 5 0.0 0.0 

18 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.2 9.3 1.8 30 N2 3 5 7.2 4.1 

19 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.2 9.3 1.8 30 N2 3 5 12.2 3.3 

20 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.2 9.3 1.8 30 N2 3 5 16.3 5.5 

21 Discontinuous co-axial 410 + Si3N4 4 1.69 2.0 1.4 9.3 1.8 30 N2 3 5 0.0 0.0 

22 Discontinuous co-axial 410 + Si3N4 4 2.11 2.5 1.4 9.3 1.8 30 N2 3 5 2.9 2.2 

23 Discontinuous co-axial 410 + Si3N4 4 2.53 3.0 1.4 9.3 1.8 30 N2 3 5 7.0 2.5 

24 Discontinuous co-axial 410 + Si3N4 4 2.95 3.5 1.4 9.3 1.8 30 N2 3 5 15.3 5.3 
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APPENDIX A3 - REPEATABILITY 

  

Repeatability of clad height h. Repeatability of clad width w. 

  

Repeatability of penetration depth b. Repeatability of observed volume % porosity. 

To prove repeatability of the results obtained in this study, it would have been impractical to repeat the entire 

factorial matrix as set out in the Experimental Procedure in Chapter 4. It was therefore decided that for each 

geometric variant, three different measurements would be repeated three times and the 95% confidence of 

each point determined. For each of the figures above, the data points shown were randomly selected from the 

factorial matrix from a low set of numbers, a medium set of numbers, and a high set of numbers. Three 

different cladded layers were produced for each data point represented in the figures above and the 

appropriate measurements were carried out. Where the 95% confidence intervals, or error bars, extended 

across a wide range, a larger variance was inherent in the results. In such cases there were considerable 

overlap between the confidence intervals of consecutive results and the values and trends observed in the 

curves, although still indicative, became less significant. For clad height, clad width, and penetration depth, 

there seem to be good repeatability inherent in the final results as the confidence intervals are narrow with 
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little overlap. In case of observed volume % porosity, the 95% confidence intervals fall within a wide range 

as volume % porosity is more difficult to measure accurately in the absence of x-ray techniques. This lead to 

large scatter in the final results. 
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