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ABSTRACT 

  

The Selective Laser Melting (SLM) process has been used since the end of last decade for 

different applications in the industrial sector. The priority of the technique is to produce 

fully dense and functional metallic parts of very complex design, but it is limited by a few 

issues such as quality of surface finish and porosity.  

The current study focuses on improving the surface finish of parts built on an SLM 

machine through two different approaches of post processing technique, laser re-melting 

followed by electropolishing.  

In this investigation Renishaw’s SLM 125 was employed to produce 3Dimensional (3D) 

parts by using stainless steel 316L material with powder particle size ranges from 15 to 45 

microns. Samples with different inclinations were constructed in order to generate samples 

with different surface roughness; the parts were measured and inspected for surface finish 

by measuring Ra. The initial surface roughness ranges from 10 to 20µm Ra. 

Due to the poor surface quality, laser re-melting was implemented as a first stage in order 

to eliminate the initial surface roughness. Laser re-melting as a post-processing technique 

was employed for re-melting procedure employing the RECLAIM machine at 

Manufacturing Technology Centre (MTC) Coventry. Different setups of process were 

analysed to optimize the parameters for re-melting. The results proved that the best results 

are conducted with laser energy density ranges between 2160 to 2700 J/cm2 to give 

exceptional results of surface roughness of about 1.4 µm±15% Ra. In such case it’s 

possible to say that laser re-melting has the capacity to improve surface finish by about 

80% compared to the initial surface roughness created by SLM. 

In the second stage, improvement was carried out by implementing green process to 

reduce the waste, pollution and high toxicity using a suitable room temperature ionic 

liquid (RTLs) as a solution in order to eliminate the secondary surface roughness that 

comes after re-melting. Physical properties such as shininess and reflectivity were 

significantly improved, due to the capacity of the process to improve the surface 

roughness and remove the oxide film created during re-melting. The method proved that 

the best results were obtained when the specimens were anodically kept at current 

densities associated with potential ranges between (4 to 5.5 volt), maintained at (40 C°) to 

give roughness (Ra) less than 0, 5µm. These levels of voltage can be facilitated to operate 

and avoid any passivation of material dissolving, which can lead to pitting of the surface.   
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1.0.  Introduction 

1.1 Background of the project  

Additive Manufacturing (AM) has the ability to produce complex parts direct from 

Computer Aided Design (CAD) information without the aid of tooling. The method was 

basically used as a technique for making models required for design verification and 

marketing purposes however, it is increasingly being used for producing end use parts. 

According to Wohler’s Report of 2010 & 2012, the AM sector is estimated to be worth 

$1.2 billion per year growing over the previous years at about 14% and showed 

impressive growth in 2011 which was about 26.5% over 2010, to be worth $1.7 billion. 

[1, 2] Generally, AM of metal parts is divided into laser cladding (Directed Energy 

Deposition in the F42 classification) and powder bed methods. Laser cladding is 

basically the melting of a stream of powder using laser power and is used to repair worn 

out parts such as gas turbine blades etc. In powder bed processes a layer of powder is 

selectively melted using energy from either an electron or laser beam and the remaining 

powder is used as support for the part. Metal powder bed processes are still in their 

infancy because of the recent development of high power fibre lasers. Arcam produces 

powder bed machines that use an electron beam which provides a faster production rate 

but at the expense of surface finish. 

There are four major SLM technology providers, namely MTT technologies which is 

now Renishaw, Concept Laser, Phenix Systems and EOS. EOS has the largest market 

share (~50% of annual sales) and other companies roughly share the remainder of the 

market. [1] 

Although, AM technology has the ability to produce strong and durable parts direct 

from CAD data without tooling, but the major disadvantage is that the manufactured 

parts have steps in their surface texture. In addition SLM, used for producing metallic 

parts, has a granular surface finish and residual porosity which may cause significant 

problems in some applications where high strength is required. In order to overcome 

these problems several approaches can be used, relating to part set-up, starting from 

CAD programme, controlling and monitoring machine parameters (in-process 

techniques), or using post-processing methods as sub-stage to improve and enhance the 

surface quality of the part such as mechanical, electrochemical and thermal methods. [3] 
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1.2  The current gap of knowledge  

AM has been utilized in various industrial fields such as medical, aerospace, automotive 

and in research centres. AM methods are used to manufacture parts of complex shapes 

directly from CAD data, which are fully dense with generally good mechanical 

properties, but the processes still suffer from some drawbacks such as insufficient 

surface finish, porosity, dendritic surfaces and thermal cracks. The degradation caused 

by the defects is probably dependant on laser parameters and entrapment of gas 

shielding during the process, leading to variability of powder bed melting, solidification 

and generating more residual stress. It is worth mentioning that all AM techniques 

develop parts with different surface roughness (Ra) ranging from 10 to 30µm based on 

the machine parameters, CAD model orientation and metal powder specifications. 

Several efforts have been made in this field (AM) from in-process (machine parameters 

setup), to implementing any finishing techniques (post-processing) to obtain the final 

finish. The results from these techniques have shown significant improvement 

compared with the initial surface and the best results of surface roughness (Ra) about 1 

to 1.25µm have been achieved. However, these surfaces need further improvement due 

to the necessity of mechanical properties (costumes need). [4 - 7] 
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1.3  Aims and objectives 

The study of surface finish and its characterisation are very vital for SLM parts due to 

their significant influence on the mechanical properties when under load. The 

mechanical failure starts first from the surface affected, during exposure to dynamic 

stress. [4]   

The aim of this project is a novel two-stage combination: to employ laser re-melting as 

a precursor to electropolishing. It was expected to be possible to achieve the desired 

surface finish and maintain the tolerance accuracy of parts in (Stainless Steel 316L) 

produced by SLM 125.  

The study focuses on the follows objectives 

1- General literature survey on (SLM) to achieve a comprehensive knowledge 

about the laser melting process and its applications. 

2- To evaluate current post-processing techniques used to improve surface finish, 

particularly those available on the market today. 

3- Conduct laboratory trials to analyse the characteristics of SLM parts such as 

surface roughness, surface topography, density and identify the most common 

parameters that cause poor surface finish during the build process (in-process 

parameters). Also to ensure that the machine output is repeatable. 

4- The study will focus on the use of post processing methods; specifically those 

that are suitable for automation and assess the efficacy of the methods to 

improve surface finish as well as comparing these results with those obtained 

from in-process methods. 

5- To address the limitations of the current methods and contribute to the efficiency 

of these methods to improve surface roughness with less harmful effects.  

6- To employ different surface assessment techniques, such as stylus profilometer, 

digital microscope and scanning electron microscope (SEM) to assess the 

surface roughness and morphologies as well. 
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1.4  Thesis structure  

This section lays out the thesis in a progressive manner. In chapter one the background 

has been demonstrated, taking in to consideration the current gap of knowledge and the 

aims and objectives of the project. 

A review of metal powder AM methods, in particular Selective Laser Melting (SLM) 

taking into consideration the basic principle of this process, applications, advantages, 

machine providers, component quality (part characterisation) and cost effects are 

demonstrated in chapter two. 

The stages of surface finish improvement (in-processing and post-processing) were 

taken into the same consideration and are presented in chapters three and four 

respectively. The methodology (outline of experiment), materials used and equipment 

are presented in chapter five.  

In chapter six some experiments were undertaken to analyse the part characteristics after 

manufacture in order to ensure that the machine output is repeatable.  

In chapter seven laser re-melting procedure (as post-processing), was obtained, in order 

to optimize parameters and evaluate the capabilities of the optimal parameters to 

overcome any dendrite connected with SLM manufactured parts. Also the selection of 

optimal parameters for good surface finish and topography are demonstrated in this 

chapter by (DOE) analysis. 

Chapter eight has been divided in two sections, the first one focuses on electropolishing 

as a second approach after re-melting, in order to eliminate the secondary surface 

roughness and improve the physical and mechanical properties of SLM parts. The 

second section focuses on generating reverse bending fatigue tests, in order to assess the 

fatigue life of SLM components subjected in two different stages of surface 

improvement and compare this with the initial results. 

Chapter nine is the overall conclusion and recommendation for future work. 
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1.5  Contribution to science  

This work is the first systematic study of the use of laser re-melting and electropolishing 

in combination for the improvement of the surface texture of additively manufactured 

parts and specifically stainless steel 316L parts made by SLM. Unlike other research to 

date, the re-melting was conducted on a dedicated machine as opposed to using the 

SLM machine that made the parts, which allowed more control over the process 

variables. 

The electropolishing process used an organic deep eutectic ionic electrolyte (Ethaline) 

which has not been used before with additively manufactured parts. Ethaline is 

significantly better for the environment than the electrolytes currently used in industry, 

such as sulphuric and phosphoric acids. Furthermore, no previous literature on 

combining laser re-melting and electropolishing for surface texture improvement was 

found by the author. 

In this research, the use of laser re-melting as a post-processing technique has shown the 

capability to improve the surface texture of stainless steel parts. The microstructure 

(dendrites such as balling, agglomeration, waviness and shrinkage cavities, open and 

closed pores) can be substantially modified, when the optimal parameters are employed. 

An improvement of up to 80% was obtained for an average roughness (Ra) in 

comparison to the original SLM part. In addition, external and internal (open and 

closed) porosity was completely eliminated, leaving the melting zone with almost 100% 

density. The results also show that further improvement of the surface texture can be 

obtained by electropolishing following re-melting. The final roughness can be optimised 

by changing voltage and temperature. Also, the residual oxide film formed during the 

re-melting process can be removed. The measured improvement of the parts’ roughness 

by the electropolishing process alone (after re-melting) was approximately 65%. 
 

Overall, the combination of laser re-melting followed by electropolishing improved of 

the parts’ surface texture by up to 95% compared to the as-built condition. This was 

evidenced by the measured improvement in the fatigue life of the samples. 

This work also showed that DOE optimisation software can be useful for design, 

analysis and optimization of parameters for both re-melting and electropolishing 

processes and also two models have been developed and written up based on the DOE 

analysed results. Furthermore, the low values obtained for average roughness are 

achieved with the help of optimization, using statistical data. 
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2.0.  Additive manufacture  

2.1 Definition of Additive Manufacturing 

Additive manufacturing is an overall term that is used to describe all the technologies 

that are used to manufacture parts by the addition of material layer-by-layer to obtain 

the final model, as opposed to the traditional subtractive methods or processes that 

involve the removal of material [8].  

In the past, AM technology was limited to the manufacturing of prototypes and models 

and hence the term Rapid Prototyping (RP) was coined as the original generic term for 

AM. The advance of processes, machine hardware and materials meant that the parts 

could be developed with mechanical properties which permit functional application.  

This has led to the adoption of Rapid Manufacturing (RM), a term used to show the 

differences between the fully functional characteristics of the sections being 

manufactured from the prototypes and RP models. Additive Manufacturing is the 

overall term that is used to describe Rapid Manufacturing and Rapid Prototyping [9]. 

The combination of this technology with advanced CAD packages allows design 

freedoms that are not available with other processes. Several operations are reduced 

while the overall manufacturing efficiency is increased. Complex models with 

sophisticated shapes can be fabricated (up to a certain size of model) compared to 

conventional manufacturing methods, such as conformal cooling channels in injection 

molds [10 -12]. 

 

2.2 Basic principle of Additive Manufacturing 

The AM technologies develop parts through polymerization, sintering or fusion of 

material in predetermined layers that do not require tools as opposed to the conventional 

subtractive processes in which material is removed from the stock base. Utilization of 

AM enables the development of geometries that are nearly impossible to be produced 

by conventional methods such as forming and machining. The process is independent of 

predetermined tool paths and internal part details, undercuts or draft angles can be 

designed and developed. The layers of AM parts are developed by specialist CAD 

software through the slicing of the STL file data and sent to the AM machine to obtain 

the final product. All the AM systems utilize this principle; however, the layer thickness 

is dependent on the system and the parameters used. Commercially used machine for 

various applications utilize layers with a thickness of 16 to 200µm [13]. In all the AM 

processes, the layers are clearly visible on the part surface, which influences the quality 
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of the surface finish section, it is known as the staircase effect and it is a relationship 

between the orientation of the surface and the thickness of the layer. As a result, a 

thinner layer helps obtain a smooth surface quality[14]. Figure 2-1 and Figure 2-2 

illustrate the basic principle of this technique.  

 

 
 

 

Figure 2-1: Flow chart diagram( RP & RM ).[3] 

 

 

 

Figure  2-2: Chain  diagram of  rapid manufacture.[13] 
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2.3 Classification of Additive Manufacturing According to Material used 

There are many types of AM classification; the most significant of them can be 

classified based on the material used, such as polymers, ceramic and metal etc. The 

form of the material used can be divided into three categories as are shown below: 

 

1- Liquid-based systems, such as Stereolithography (SLA). 

2- Powder-based systems, such as Selective Laser Sintering (SLS/M) and EBM). 

3- Solid-based systems, such as (Fused Deposition Modelling). [15] 

The worth mention there are more than 30 techniques for additive manufacturing have 

been commercialized during the past of 25 years, to be used as techniques to produce 

direct parts by different material, but all build the objective form with the same 

principle, layer by layer. [16] Figure  2-3 shows the classification of metallic rapid 

manufacture processes. 

 

 

Figure 2-3: Classification of metallic rapid manufacture. [17]  

 

This work will focus on the metal powder bed based system and specifically on 

selective laser melting as a main technique in order to produce fully dense parts. 
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2.4  Selective Laser Melting (SLM) 

2.4.1 SLM background  

The market trend is for shorter and shorter product life cycles with increasing 

technological complexity. The success of a company can only be made safe if they can 

respond quickly to the ever changing needs of the customer by using innovative 

technologies. This way, companies can have an advantage over their competitors by 

offering a wide range of goods with high performance. Since the end of the last century, 

a new generation of customers have had more influence on the organizations to do more 

research in technology development and practice, thereby improving their business 

processes and their manufacturing development cycle.  

This has resulted in factories being forced to apply a new philosophy of engineering 

called the Rapid Response to Manufacturing (RRM). This technique uses previously 

designed products to enhance the development of new ones. The system of RRM was 

established by utilizing technologies such as CAD-based modelling and both together 

form an integrated system of direct production, involving product and process 

management. Direct production uses rapid manufacturing technologies for prototyping 

and tooling and for testing the design and building the parts quickly. [18] 

Among the RRM technologies are Rapid Prototyping (RP) and Virtual Prototyping (VP) 

which are rapidly changing the way products are designed. Rapid Prototyping 

technology involves a range of processes, which can develop parts directly from CAD 

models with very little human interaction. Hence the designers can create real and 

complex prototypes in an efficient and simple way which allows them to assess the 

component’s fit and functions early in the design and development process. 

This has the benefit of catching errors before they have a big impact on product lead 

times and costs. [19] 

Like other RP technologies, selective laser sintering (SLS) technology was developed to 

provide a prototype technique to reduce the cost and time of the product development 

cycle. It involves building the object layer-by-layer by selectively sintering or partially 

melting a powder bed using laser energy. 

 Different powder binding mechanisms are necessary for obtaining high density, for use 

as functional prototypes, or for bridge tooling. Thus, SLM was developed as one of the 

additive manufacturing technologies, which employs a high power fibre laser to scan 

specific area of fine powder through a series of 2D (two-dimensional) tracks to generate 

3D parts direct from 3D CAD data. [20] 
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In 1999, the first SLM machine was produced by Fockele and Schwarze (F&S) in 

Germany, in order to produce full dense metal powder parts. This system was developed 

with cooperation of the institute of laser technology (Fraunhofer). Later (F&S) teamed 

up with the manufacturing technology group (MTT) in order to commercialize the first 

direct powder metal system called the SLM Realizer 250 in 2004. Subsequently in 2008 

MTT announced distribution of their products in America, and also revealed their new 

SLM 125 and SLM 250 in the UK instead of Germany. Apart from MTT, several other 

companies have been involved in this scope of technology and commercialised several 

types of SLM machine such as Concept Laser, Phenix Systems (now owned by 3DS) 

and EOS. [1, 21]  

 

2.4.2 SLM process 

Generally, the SLM machine works by first distributing a metal powder on a base 

platform. A laser beam follows an outline so only the required powder is melted. The 

platform is lowered, to allow distribution of a new layer of powder to be ready for 

scanning. The laser beam again traces another outline and also joins the second layer to 

the first. This procedure is repeated until the final model is constructed. The following 

Figure 2-4 clarifies the entire process to create a 3D model part. [22]    

 

 

Figure  2-4: Selective laser melting system schematic. 
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The work-piece has to be enclosed in a vacuum chamber; the vacuum chamber 

vacuumed the air first and followed by high purity argon during laser processing. This 

helps to protect the molten metal and initial powder against oxidisation.  ` 

By use of SLM it is possible to manufacture metal parts that are almost fully dense. 

Some difficulties are normally encountered in the control of the factors in this process 

and if not handled well they can lead to some defects in and on the part’s surface. [23, 

14] 

However, good control of these factors can give rapid manufacturing metallic parts that 

are quite complex for application by end-users. Such materials will not require post-

processing and may need very little treatment of their surface. 

A broad variety of material grades can be used in the process. Numerous companies 

have produced commercially available materials such as 316L stainless steel, Ti-6Al-

4V, tool steel, aluminium, as well as cobalt-chromium related alloys. The characteristics 

of the materials differ but still the process is the same. [24]  

 

2.4.3 Advantages of SLM 

There are many merits that come with the use of SLM technology. Most of these 

advantages, such as the following, are a result of the process itself: 

- Easy and a fully automatic production procedure. 

- Avoids the distortion /stresses associated with processing of parts in furnaces.  

- Ability to create light parts with a function of complex geometric structures such as 

internal curved channels, which are not possible to be produced by conventional 

machining.  

- SLM uses a relatively efficient fibre laser hence being energy-efficient and in turn 

cost effective. 

- Finally, parts have the ability to be finished with normal or conventional techniques 

applied in polishing.  

In brief, the advantages of this technology might be summarized in the following main 

points which are: 

 Resource savings; reduction in time, waste, labour and energy. This technique is 

efficient because it uses the required amount of material instead of a solid block 

of material as with the conventional process in which the block is then machined 

to obtain the final object: the amount of wastage is approximately (80-90)%. On 
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the other hand, by utilizing AM it is possible to produce parts with about 10% of 

metal wastage. 

 Support tooling for manufacturing is not required as with conventional 

techniques.  

 Eco-design optimization: AM plays a significant role in decreasing the causes of 

pollution, because this technology utilizes natural resources in order to protect 

the environment against harmful materials, for instance toxic chemical reactions 

and vapour are reduced as well. [25 - 27] 

The advancements in these technologies have made AM be of great use in many 

industries including fabrications, biomedical, and repairs of metallic forms of 

components, since they have the capacity to deposit metal material on set substrates. 

 

2.4.4 Applications of SLM 

The SLM process has been used in many applications in industry such as production of 

tooling, short-run components, and general functional prototypes. Because it allows 

parts to be created (through a powder base) instead of by subtraction, the waste to 

develop the final object is reduced.  So, the process has been applied in: 

- Medical implants, by using biocompatible materials to bond with the soft tissues 

with proper strength. 

- Aerospace and automotive applications where the lightness and strength are 

considered important.  

- Restorations in dental operations.  

- Tooling of dies in combination with cooling channels. 

- General industrial applications. [13] 

The suitability of these applications to SLM methods comes from various attributes, 

namely medium to very high levels of complexities in terms of geometries accompanied 

by low quantity requirements. For instance, freedoms in geometrical structures and 

mass customization have given very excellent prospects when it comes to medically 

related applications such as implants that are individualized, or bone scaffolds and 

prostheses involving dental operations. [28 - 30] 
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2.4.5 Machine providers  

There are many technical companies worldwide which work in the field of (RM) as 

technical providers, based on SLM technologies. The most common of them are as 

shown in the Table  2:1. 

 

 

Company  

 

Machines 

Maximum 

envelope 

(mm) 

Maximum 

build rate 

(cm
3
/hr) 

Layer 

thickness 

(µm) 

Laser 

type  

Laser 

power  

(Watt) 

Beam 

focus 

diameter 

(µm) 

 

EOS 

M 270 250x250x215 20 20-100 Fibre 200 100-500 

M 280 250x250x235 28 20-100 Fibre 
200-

400 
100-500 

 

Renishaw  
SLM 125 125x125x125 20 20-100 Fibre 

100-

200 
35 

SLM250 250x250x230 20 20-100 Fibre 
200-

400 
70 

Phenix 

systems 

(now part 

of 3DS)  

PM100 100x100x80  20-100 Fibre 
100-

500 
 

PM250 300x250x250  20-100 Fibre 
100-

500 
 

Concept 

Laser  

M1 250x250x250 20 20-80 Fibre  70-200 

M2 250x250x280 20 20-50 Fibre  70-200 

M3 300x350x300 20 20-80 Fibre 
100-

200 
70-200 

 

Table 2:1: Details of different SLM machines. 

 

2.4.6 Materials available  

Materials for additive manufacturing have presented great opportunities and a 

significant challenge. In the past, AM materials have proven not satisfactory for end use 

products due to lack of suitable material grades. 

This challenge is opening the door to development of several types of material grades 

and alloys, to be providing a solution to control parts’ properties such as porosity, 

surface finish and mechanical properties. [1] 

Nowadays enormous volumes of material can be processed by SLS/M, but the actual 

numbers of these processed materials are limited. Applications using similar materials 

have increased while the types of materials processed are roughly constant.  
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Thus, almost of the materials are developed specifically to be oriented for specific 

applications. [16] Many materials are offered from different companies of 

manufacturing systems to be used to gain the final part features according to process 

parameters steeps. It is worth mentioning that each company has its own list of material 

powders which can be summarised as shown in Table 2:2.    
 

 

 

Material 

Available from 

  

EOS 

 

Renishaw 

 

Phenix 

 

Concept 

Aluminium     

AlSi10Mg  √    

AlSi12    √ 

Cobalt Chrome, various √ √  √ 

Nickel-Bronze composite √    

Stainless Steel 316L  √ √ √ √ 

Steels, Various √ √ √ √ 

Ti6Al4V √ √  √ 

Titanium other  √  √ 

Gold  18 carat √    

Inconels, various √ √  √ 

Precious metals (unspecified)   √  

Ferrous alloys (unspecified)   √  

Super alloys (unspecified)   √  

 

Table  2:2 : Materials available for SLM  

 

Information available online from. [31-34] 
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2.5 Component quality (characterization of SLM parts) 

This section demonstrates that additive manufacturing techniques can produce fully 

functional parts with controlled microstructure, in order to get the desired properties and 

grain structure. Investigation of SLM parts, microstructural characterisation and links to 

the material characteristics have been among the top subjects of intense research in most 

of the additive manufacturing groups.  

 

2.5.1 Surface roughness and quality 

In additive manufacturing, surface quality is considered as one of the foremost 

disadvantages since parts are produced with high surface roughness. Apart from this 

issue, surface accuracy is one of the other concerns with costumer. However, there are a 

number of techniques available on the market to improve the surface texture. 

In AM surface roughness is mostly a result of the parameters set by the machine 

operator during the fabrication process and the powder specification, according to 

Senthilkumaran and co-authors. Also has recommended that the SLM process and other 

additive manufacture techniques have an extensive range of parameters that can be 

adjusted and controlled by the operator such as laser power, powder characterisation, 

layer thickness, scan speed, hatch spacing and environmental conditions. [5] 

In recent years many studies have been carried out in this field. However, the ability to 

produce acceptable surface quality is still considered as one of drawbacks of this 

process. Researchers have noted that utilizing fine particles powder results in better 

surface finish quality and density results compared to coarse powder. In all cases fine 

powder is very significant factor which is required in order to enhance part properties 

such as surface quality, mechanical strength and density. [35 - 37]  

Also Contuzzi [38] has studied the capability of the SLM process and its   performance 

for building small feature parts. The results showed that the process has good accuracy 

for features that have dimensions over 0.4mm, while the dimensional error increases 

with decreased the value of dimension below 0.4mm because it is influence by laser 

spot diameter, scanning strategy  and the range  powder particle size.  

Campanelli [20] has reported that the effect of beam spot size on the ability to build  

small features and came to the conclusion that good accuracy for small feature size (less 

than 0.3 mm ) is achieved with a beam diameter of 20μm. Thus, the study presents that 

the efficiency of building accurate small feature sizes is related to the beam diameter 

rather than the material particle size or its specification.  
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The accuracy of surface and thin walled features are very vital, especially with some 

applications such as aerospace, automotive, and medical implants because of the weight 

effect and the mechanical properties required. Research has been done by Thomas [39], 

on small thin walls ranging between 0.2 and 0.4mm. The results show that the accuracy 

of the wall is dependent on the material particle size, beam diameter (spot size) and 

scanning strategy. 

 

2.5.1.1 Surface roughness effect on fatigue life  

Surface roughness parameters describe all the surface texture features in terms of 

various parameters. The most commonly used parameter is the arithmetic average 

roughness (Ra), which is also referred to as the centre line through the given sample 

length. Among other parameters are the average summation of the highest five peaks 

and lowest valleys through the cut length (Rz) and (Rt) which is the distance between 

the lowest valley and highest peak through the cut length. [40, 41]  

Generally fatigue behaviour has been proven to vary under the varying surface finishes 

for traditional materials, but for additive manufacture the behaviour is still not fully 

known due to the process variables. For instance, localised surface scale defects are 

usually found with forged metals. These dendrites and the increase in the surface 

roughness can lead to rapidity of fatigue failure, specifically in the high cycle fatigue 

(HCF) region. In the low cycle fatigue regions, surface roughness has less effect. Also 

the results of heat treatment on the forged parts may facilitate a reduction of the 

hardness and increase in fatigue life.  

The fatigue results of as-forged surface finish will be improved through surface cleaning 

treatments such as sand blasting and vapour blasting. These techniques will remove 

scale defects along with some of the decarburized layers to improve the surface 

properties. In some case, a compressive residual stress will also be induced at the 

surface which is recommended in some cases, especially for fatigue application.  

The literature related to the effects of the machined surface topography on fatigue life 

was reviewed by Novovic [42] and co-author who studied various roughness 

parameters. Their study found that the most commonly applied parameter was Ra in 

describing the fatigue behaviour of the material. But specimens with the same Ra value 

showed fatigue results with a typical 20% scatter. It was hence suggested that the Rt and 

Rz should be preferred in comparison to Ra, when determining the fatigue performance.  
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A comparison study was done by Spierings and co-authors, to compare the behaviour of 

conventional materials and SLM fabricated materials under dynamic fatigue testing. 

The results demonstrated that the fatigue life for SLM SS316L samples is about 25% 

less than that of conventional materials at lower stress, even under differing surface 

conditions for the two tests. Also the endurance limits for SLM samples were 

demonstrated to be 20% lower than conventional materials at lower stress. At higher 

stress (higher amplitudes) the materials showed a similar lifetime. [43] 

 

2.5.2 Density issue 

Density is another significant factor to look at in the SLM additive manufacturing 

process. It is considered as a major factor on parts mechanical properties. [4] Although 

the main objective of SLM is to obtain fully dense functional parts, it is difficult to 

achieve because of the interaction of parameters during the fabrication process and also 

because the mechanical pressure used in moulding (which helps remove porosities) is 

absent in SLM. [4, 44] 

The mechanical properties of the metal component are significantly influenced by the 

part density which consequently affects the performance of the object according to 

Morgan and co-authors [45]. In the SLM process, gas bubbles can be located inside the 

part during the layer construction and solidification process. At the end, the porosity can 

be observed in the final part which is a biggest challenge than with conventional 

methods such as die casting. In fact if the laser energy is insufficient to melt the 

deposited layer completely, the region will be weaker and have voids. Research has 

found that rough surfaces can be caused by gas entrapment when a new layer is 

deposited. [46]  

Kruth [4] and co-authors have suggested that the usual porosity of SLM components is 

approximately 0.77% while improvements by re-melting obtain components with a 

porosity of 0.032%. Thus, laser re-melting plays a significant rule in reduction of 

porosity in SLM components as well as helping to lower surface roughness and residual 

stress, demonstrating a positive effect on the part properties. [4] 
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Figure 2-5: Cross-section of a SLM part magnified by 40X and 100X. [4] 

 

Figure 2-5 shows a cross-section of an SLM part produced from stainless steel powder 

observed using a microscope. All the black spots in the micrograph show non-

homogeneously distributed pores or holes, produced during the SLM process.  

Porosity is a very significant issue with SLM parts; post processing techniques like re-

melting may be required to get rid of porosity issues caused by many factors like laser 

beam density and environmental conditions etc. 

Also, the rapid cooling at room temperature associated with powder additive 

manufacture techniques is reported as another key factor causing an increase in the 

porosity in SLM components. [47, 48] 

Hot Isostatic Pressing (HIP) is a method which is used to reduce the porosity in 

ceramics and metal casting, and this method can also be used on SLM parts, but it will 

not remove open porosities on the surface. 

Another method is impregnation with another metal that has a lower melting point to 

impregnate the base one for a specific purpose such as improved mechanical properties 

and reduced surface roughness. [49, 50] 
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2.5.3 Mechanical properties 

The mechanical properties obtained in parts made by SLM techniques are currently 

being examined by many researchers worldwide. In fact, the static load capacity 

characteristics of layer manufactured parts such as tensile strength, hardness and 

elongation are well understood and published. Kruth [37] and co-authors have 

concluded that SLM part properties are comparable to those of bulk materials, apart 

from properties like ductility which is very low in SLM manufactured parts. Also it has 

been reported that bulk materials are tougher than SLM parts. Lower toughness in 

additive manufactured parts is caused by the presence of impurities, of oxygen in the 

build chamber and the lack of pressure, which cause porosities, especially with reactive 

materials such as titanium alloys. [37] 

It has been identified that the mechanical properties of AM technology are not only 

determined by the composition of the alloy, but also depend on the number of defects 

that are created by the process and its parameters during the build.   

Thus, in terms of mechanical characteristics a lot of issues remain to be addressed. A 

typical example is fatigue properties at high temperature which demonstrate the relation 

between the microstructure of the component and its mechanical properties. [37] 

Wang [51] and co-authors analysed the effects of laser parameters on the features 

shrinkage during the SLS process. They found out that the percentage of shrinkage is 

increased, by decreasing hatch spacing and scanning speed. On the other hand, 

shrinkage decreases when the part temperature or layer thickens increase. Also, beam 

offset, positioning errors in hatching and the inertia of the scanning mirror are found to 

be causes of shrinkage problems but part orientation and exposure strategies can 

influence whether the correct size is produced. [51] 

The mechanical properties of SLM parts are expected to be non-homogenous, because 

the parts built by SLM are influenced by many adjacent melted tracks and melted layers 

on top of each other. The strength properties of SLM parts depend on the solidification 

microstructure, whereas the good solidification of parts depends on the local 

solidification in the metal component. [52] Another researcher proposed that significant 

thermal stresses are present in the sample part because of the sudden temperature 

reduction due to the rapid cooling of the SLM process. Thermal strain in parts and 

buckling deformation can take place due to the thermal stresses and the buckling 

deformation may lead to a reduction in dimensional accuracy of the part and surface 

accuracy as well. [53] 
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A few researchers have suggested that dividing the scanning spot into many small 

scanning regions  are important to reduce the temperature gradient and the rescanning 

method is used to reduce and eliminate the buckling deformation. The layer of powder 

is scanned twice; in the first scan the phase the powder in selected region is melted 

completely and the rescanning process is completed perpendicular to the first direction. 

The rescanning method can be used to avoid buckling deformation and reduce the 

residual stress by approximately 55%. [54, 55] 

AM processes produce non-homogenous damaging residual stresses and surface 

roughness, which need to be homogenised. An investigation was conducted by Sanz 

[49] and co-authors on cobalt chrome alloy (CoCr), maraging steel and Inconel as 

shown in Figure  2-6. Parts were exposed to different thermal treatment and mechanical 

finishing techniques in particular shot peening, abrasive flow machine (AFM) and a 

vibratory method, aiming to demonstrate the influence of different treatments on the 

residual stress and hardness properties.  

  

 

Figure 2-6: Samples manufactured by DMLS, H-geometry samples and prototyped 

guide vanes. [49] 

Through the experiments carried out, the average porosity was quite low and the 

different treatments were not comparable in terms of porosity improvement. The results 

showed that shot peening, and other similar finishing techniques can be used to 

normalise the surface finish of the samples. Shot peening techniques achieve a greater 

reduction of surface porosity than heat treating does, and also demonstrate an 

improvement of surface hardness comparable with the initial properties (as-

manufactured). [49] 

The quantities of residual stress were also measured longitudinally on four different 

areas of each sample to assess the process of manufacture. The results showed that 
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direct metal laser sintering (DMLS), without additional treatment, generated non-

homogeneous residual stress on the surface of maraging steel (H-geometry) samples. 

DMLS is an EOS trademarked name, used to describe their SLM process; despite the 

use of the word ‘sintering’ the process is an SLM process and the parts are fully melted. 

Application of shot peening provided homogeneous compressive stress which is an 

important advantage to relieve the residual stress and improve other properties such as 

fatigue life and hardness. In addition, thermal treatment of Inconel 718 by the same 

authors showed less improvement of residual stress comparable with shot peening, 

probably due to it not creating compressive stresses. 

Other polishing treatments such as abrasive flow machine (AFM) and vibratory 

polishing demonstrated some compressive residual stress, implying that the mechanical 

polishing technique is more important than thermal technique. [49] 

 

2.5.4 Microstructure 

The microstructure of parts made by SLM and other additive manufacturing processes 

can be enhanced by employing ideal parameters during the manufacturing process. A 

layer-wise building technique is employed in the SLM process and so a part's 

microstructure may differ in different directions. A study was carried out by Murr and 

co-authors on a titanium part manufactured using optimized process parameters to get 

maximum density. Laser power was 42W, scan speed 200mm/s and scan spacing 75µm 

and a bi-directional scanning strategy was used. Due to the high temperature gradients 

used during the process, the microstructure was expected to be very fine and have the 

same direction on all sides. The results showed that the grain microstructure of the front 

surface was finer than on the other sides. [56, 57] 

Kempen [58] and Yasa recently studied the effect of various parameters during the SLM 

process such as layer thickness, scan speed and laser power on both mechanical 

properties and microstructure of 18Ni-300 steel. The results demonstrated that a fully 

functional dense part can be generated by using SLM with mechanical properties 

comparable to those obtained by conventional techniques. [58] 

As a result fully dense parts can be prepared without the necessity of further post-

processing, although surface finishing is required. Parameters such as a large layer 

thickness and high scan speed lead to a reduction in density and also a decrease in the 

micro hardness. These process parameters can influence the macro-hardness due to their 

influence on the part density. In addition, results showed that the re-melting after each 



22 

 

layer led to high density and improved other mechanical properties such as hardness, 

smoothness, wear resistance and fatigue life. Also Young’s Modulus had a significant 

improvement due to the exchange of matrix formation properties influenced by the re-

melting process. [58, 59] 

Research by Hasan [60] and co-authors on the characterisation of titanium alloy (Ti-

6A14V) layer manufactured parts; produced using the SLM process was conducted at 

the University of Liverpool. The results showed that the titanium parts' micro lattice 

experiences brittle fracture failures although it has reasonable strength. In addition, it 

was also reported that titanium alloy (Ti-6A14V), especially the micro-lattice, is quite 

competitive with aluminium honeycomb impact failure particularly if the energy density 

is high during the SLM process. On the other hand, the combination of high laser power 

and high exposure time for the micro-lattice structure core, results in a more brittle 

material. The following micro lattice part (Figure 2-7, Figure 2-8 and Figure 2-9) was 

built for this investigation. [60] 

 

 

Figure 2-7: Shows 20x20x20 BCC Ti-6A1-4V micro-lattice strut model.  [60] 

 

Figure 2-8: Shows a BCC unit cell with eight struts.  [60] 
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Figure 2-9: SEM micrograph of SLM Ti-6A1-4V micro lattice block shows failure on 

the node.  [60] 

When the micro lattice strut model was exposed to an impact load, a fracture occurred at 

the end of the part, specifically around the node area recorded.  

As shown in the SLM (Ti-6A1-4V) micrograph above, the lattice model failed on the 

45
o
 diagonal plane. In the same way, many researchers have also noted that the 

microstructure of SLM processed stainless steel gives less ductile behaviour. It was 

suggested that similar problem could also happen to Ti-6A1-4V. [60] 

 

2.5.5 Residual stresses and curls 

Residual stresses and distortions are some of the major concerns in SLM metal parts 

according to Kruth other researchers. Residual stress is caused by localised heating, 

complex thermal gradients and phase transformation during the SLM process. Also the 

solidification of layer after layer and cooling down procedure helping to generate 

extensive thermal stress and gradients can exceed the limits of material strength. 

Residual stresses can also cause the part to deform, fracture and decrease in strength. 

According to the authors, the cooling rate of a part is affected by the melt pool and the 

temperature in the chamber, which finally affect grain formation and mechanical 

properties of the part. The final properties of the part are depended upon the successful 

bonding of adjacent layers and it is very important to use correct parameters for the 

given material. [37] 

When the constructed layer is completed and starts cooling, the heat diffuses into the 

surrounding powder and new successive layer being formed. The difference in cooling 

rates between the finished layer and powder can lead to thermal stress. In such cases, 

the thermal stress is formed in the finished layers because of the exposed surface and 
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the layer under the exposed surface leading to curl in some cases, as shown in 

Figure  2-10. Supports are added to the part in the pre-build stage to prevent curling and 

they absorb some residual stresses that could lead to damage during the construction 

process. [61]  

 

 

Figure 2-10 :  Curling occurring during the SLM process. [61] 

 

The residual stresses in the part can be caused by shrinkage while the layers cool and it 

also been proven experimentally that the residual stresses are influenced by the build 

platform and the best suitable position to build the part is on centre of the substrate 

because the laser is perpendicular to the powder on substrate. [19] 

An investigation into residual stresses on SLM models were performed using the 

temperature gradient method (TGM) by Vollersten. The results showed that a high 

reduction of residual stress occurred on the surface in comparison with the standard 

build process and also noted that removing the part from the base plate leads to reduced 

residual stresses within the part as well. [62] 

Many techniques are used today in the market to reduce the residual stress including:- 

 The raw powder is maintained at a certain temperature to reduce the difference 

in temperature between raw material and molten material (pre heat of powder). 

 The scanning is done longitudinally along the thin walls instead of using a 

stochastic strategy for the scan. 

 The parts are heat treated to overcome any residual stress.   

 The laser re-melting method is used to re-scan the same path many times to re-

melt the layer, refine the grain size and relieve stress. [63 - 65,49]  
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2.5.6 Cost components 

The factors to be considered in the cost of the part are based on the machine time and 

cost of the material. In all cases the raw material used will be in the form of powder and 

is always very expensive compared to bar or other stock. Powder material is sold in 

kilograms and also in different particle sizes e.g. the cost price of stainless steel powder 

is approximately £50 per Kg and titanium about £500. This presents a major obstacle to 

the growth of AM production applications and the prices are about 50 to 100 times 

greater than the price of materials used for injection moulded parts. [1] 

Running time of the equipment needs to be taken into consideration; some of time needs 

to be spent on building the supports in addition to the actual time of model construction. 

Other time is spent on removal of the supports and cleaning both the machine and the 

part after creating it.  The maximum build rates are approximately 30cm
3
/hr, and more 

often are around 20 cm
3
/hr 

Apart from the running time of the machine and the cost of the material used, we also 

need to consider the indirect savings such as less powder material used to fabricate the 

final part as compared the other subtractive conventional techniques. Most of the excess 

powder can be reused to fabricate other parts, depending on the quality required and this 

brings decreases the typical cost of parts from 10:1 to 1:1 for SLM. [13, 66] 

 The other advantages that can offset the cost are related to the fact that there is no 

tooling required during the process:  

 The complexity or shape of the component does not affect fabrication time. 

 The manufacturing of components using difficult materials such as Inconel is no 

longer a problem with any other alloys. 

 Ready-made assemblies can be manufactured during the processes and no 

assembling costs are then required.  

 Manufacturing drawings are no longer essential, only for inspection of the 

component and for configuration management. 

 Nesting parts on the platform also minimises the machine time cost per part and 

several parts can be manufactured at the same time. [67] 
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3.0. Surface finishing methods  

Surface finish methods are very important due to their effect on the majority of 

mechanical properties of parts. In AM, surface roughness is considered as a major 

drawback of the technology.  Thus, these surfaces are required to be improved. Surface 

improvement can be accomplished during the production of the components, or 

alternatively by some post-processing which is already on the market today, to obtain an 

improved final finish. Many attempts have been made to improve the surface finish 

quality of SLM parts. [68 - 76] 

These attempts are varied and can be divided into two types as follows: 

  CAD program and machine parameters adjustment (in-process methods). 

 Post-processing methods to modify the final surface finish. 

These stages have been divided in two chapters. In-process procedures are in chapter 3 

and post-processing techniques in chapter 4.   

 

3.1 In-Process Procedures  

SLM has been relatively recently begun to be used to manufacture complex metal parts 

with less treatment, directly layer-by-layer that are fully dense and functional. On the 

other hand, the parts coming through this method still suffer from some problems such 

as residual porosity and rough surfaces, which are related to the CAD programme or in-

process parameters or material specification. Thus, these parameters need careful 

adjustment to obtain a good final result. These parameters can be divided into four 

groups as follows: 

 

1- Laser parameters such as laser power, wavelength, spot size and laser density, 

etc. 

2- Material specification such as distribution of particle size, flowability, type of 

material etc. 

3- Environmental parameters including oxygen level, temperature, protective gas 

atmosphere etc. 

4- Scan parameters such as scan speed, hatching distance, overlapping, layer 

thickness, part orientation etc. [77]   

From these parameters, the powder particle size, layer thickness, laser power, scan 

speed and level of oxidation are the most significant variable factors which have an 

effect on the part property and surface quality. [78] 
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3.1.1 CAD Program  

In most AM processes, the parts are first presented on a CAD system for designing as a 

3D model. Also alternatively, data for special applications (e.g. medical) can be 

collected by using scanning or computer topography and imported into specialised 

software such as Materialise Mimics, for manipulation if required and generation of the 

3D model. The CAD output has to be saved into data suitable for manufacture (a 

Stereolithography (STL) file or AMF file) and also be transferable to Computer Aided 

Manufacturing (CAM) systems for possible post-build machining. Autofab
®

 or some 

other similar software is used to check for errors in the part and also generate supports 

on the part (for more details about Autofab software see experimental work section 6.1). 

Autofab also helps to estimate the price of the part and time taken to build it, before 

manufacturing. High control of these steps will help to obtain parts with acceptable 

dimensional tolerance and surface finish. [3] 

 

3.1.2 Layer thickness and orientation  

SLM is an additive technique which is used to produce parts layer-by-layer, so it is 

possible to improve the surface finish of part by controlling the layer thickness. 

Commercial AM process systems use layers with a thickness range between 16 and 

200µm. Thus, the layer will be visible on the surface of part, which also influences the 

surface quality. For instance, if the layer thickness is quite small then the laser energy 

will affect the layer itself through overheating, balling, waviness etc. On the other hand, 

if the layer thickness is very thick during the build process, it could result in incomplete 

melting which in turn leads to some defects such as internal porosity and surface 

roughness. [79] Figure 3-1 shows the basic parameters. 

 

 

Figure  3-1: The basic parameters during additive manufacture. [80] 

Laser beam 
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Laser assisted AM techniques offer an unlimited advantage, due to the possibility of 

manufacturing complex designs, providing important opportunities in many fields to 

construct according to customer needs, such as conformal cooling channels, dental 

implants, light-weight and other structures for specific purposes. Even though SLM 

provides so many advantages over other conventional manufacturing technologies, but 

it still has some major drawbacks, such as insufficient surface quality and the stair-case 

effect on the final part produced as shown in Figure 3-2. [81] 

 

  

Figure  3-2: Layer thickness effects stepping and roughness. [61, 81]  

  

 

Figure  3-3:  Surface roughness as a function of angle. [61] 
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The Figure 3-2 and Figure 3-3 show that the stepping effect is intrinsic to AM and it 

varies with the angle. Results show that a steeper surface slope and/or a smaller layer 

thickness will improve the surface finish, but at the same time the thinner layers will 

increase the build time and therefore the cost. [81] 

The layer thickness, particle sizes and build orientation determine the surface roughness 

of the horizontal surfaces, whereas the vertical surfaces quality is affected by the special 

exposure, particle size and scanning strategy during the process. Thus, the particle size 

distribution has more influence on the surface roughness of the top and side wall. [82, 

83] Also it is worth to mentions that, any inclined surfaces that have angles less than 45
o
 

to the horizontal direction require supports to avoid any curling or fails during the 

process. [39, 61] 

The unsatisfactory surface finish can only be improved by using a diversity of surface 

finishing methods which are readily available on the market. They include mechanical 

processes, such as machining or other abrasive blasting, thermal processes such as 

plasma spray or laser treating and chemical techniques like acid etching etc. [84] 

 

3.1.3 Powder particle size and its components  

Powder particle size has been widely thought of as a central factor influencing the 

surface roughness. The powder should be suitable for any AM system and spherical 

shape particles provide good flowability. Indeed, there is specific range which is 

recommended for each additive manufacturing technique. The powder particle size is 

preferable to be mixed and not fine or large, because it helps to establish full flow, high 

density, rapid solidification and homogeneity. The powder must have characteristics 

which make it suitable for the AM methods. Also, it is important to choose the most 

appropriate powder size for each application since it has a large influence on the quality 

of surface finish and the part properties.  

Freeman has clarified some of these factors such as particle size distribution, shape, 

surface texture, flow rate, humidity, electrostatic charge, rapid solidification, 

homogeneity and chemical composition etc. The research concluded that the powder 

particle size distribution has the most influence in both surface finish and density as 

well. [85]  

Another study by Badrosamay [35] and co-authors also stated that fine powder particles 

result in better surface qualities and densities than coarse powder. In all cases, fine 

powder is required in order to improve the part properties like surface quality, 

mechanical strength and density.  
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Joakim [86] and co-authors have investigated the effect of particle size on the bulk 

microstructures and final surface roughness through different setting parameters. 

The results showed that the parts and surfaces built with small particle size are almost 

full dense and have lower surface roughness, whereas the coarse powder showed the 

opposite. [86]     

Commercially there are ranges of material powder sizes depending on the type of 

material, chemical components and application required. Figure 3-4 shows a range of 

titanium powder partial sizes for some different applications. [87, 88] 

 

 

Figure  3-4: Ranges of powder size. [87, 88]  

 

 

3.1.4 Laser power and scan velocity  

In AM, laser power and scan speed are the most significant factors during the 

manufacturing process, because they directly affect the laser energy density absorbed by 

the constructed layers. Thus, surface roughness, density and mechanical properties of 

parts are influenced. In fact, a high scan speed can lead to underexposure of the laser 

resulting in partial melting of the powder. This incomplete melting leads to increased 

inner porosity and balling on the surface. On the other hand, if the scan velocity is too 

low it will result in overexposure of the laser intensity, leading to over-melting and non-

homogenous layer construction. This will manifest itself as some defects on the part 

surface, such as balling, waviness, porosity and powder particle agglomeration as well. 

[89, 90]  

The laser intensity is the laser power per unit area as given by following equation   

  
  

 
   

 

   
      .…  ………………    Equation 3-1 
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where, I is the laser intensity (irradiance in w/mm
2
), P is laser power (W), A is the area 

of the spot (mm
2
) and r is the radius of the spot (mm). [91] 

On the other hand, laser energy density is a function of laser power, scan speed, and 

beam spot diameter and is given by the equation.  

 

    
 

   
             …….……………Equation 3-2 

Where P is laser power (w), V is scan speed (mm/s), D is spot diameter (mm)  

The combination of these parameters determines the energy density absorbed during the 

process, which in turn determines the melt pool size, heat effected zone and the 

penetration depth of the process. [92]  

A study conducted by Steen [93] to discuss the principle of these parameters, showed 

that the spot size is the most significant factor and has two effects; first, reduction of 

beam diameter leads to increase laser energy density and second, reduction of exposure 

area leads to an increase in build time (cost effect).  

 

3.1.5 Overlap factor and beam spot size 

These are other factors which have a vital influence on the quality of the surface. For 

good surface finish, the overlap factor should be high to reduce scan spacing. The 

results showed that an increase of overlap factor has a considerable benefit on the 

process; it has the effect of preheating the workpiece ready for the next track. Thus, the 

reduction of overlap factor by more than 50% could lead to not enough adhesion 

between these tracks during the process, resulting in poor surface finish. [94] 

Other researchers indicate that 30 to 35% overlapping could be enough to produce a 

good result during laser treatment of a surface. [95] The relation between them is as 

follows: 

Scan spacing = (1 – overlap factor) * spot size     .………    .Equation  3-3 

Where overlapping factor is dimensionless value of required overlapping percentage, 

and (1 – overlap factor) is the scan spacing factor. [94]  

On the other hand, during successive scanning and where the hatch spacing is less than 

the beam diameter, some of powder is exposed to multiple scans. The numbers of 

effective exposures are given by this formula. 

 

                                     
 

  
         ………..Equation  3-4 
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D is the spot size diameter and h is the hatch spacing(Sc Spacing) between two centres 

of laser tracks [96]. The schematic in Figure 3-5 illustrates this.  

 

    

Figure  3-5: Schematic diagram presenting spot overlapping and track overlapping. [97] 

. 

3.1.6 Environmental control of oxygen ratio  

The oxygen ratio has to be very carefully controlled as the oxidation is a chemical 

reaction, which involves addition of oxygen to an element of compound. For instance, 

the two commercial SLM machines (125 and 250) developed by MTT group 

(Renishaw) have to be operated at low oxygen level (fully shielded chamber). The 

oxygen has to be less than 100 parts per million for non-reactive metals. On the other 

hand, it has to be less than 50 parts per million for reactive materials like titanium and 

aluminium. [1, 10] 

In addition, poor control of the oxygen ratio can cause insufficient consolidation of the 

layers during the process, because the tension of the liquid metal oxide on the melt pool 

surface will be less than the liquid metal without oxidation. For instance, iron liquid 

near its melting point has about 2n/m surface tension in fully shielded area, while 

increase of oxygen about 0.02 wt% (Percentage per weight) will reduce the tension 

towards 1 n/m. In such a case, the iron oxide could be a significant barrier to flattening 

of the top of the iron liquid on the construction surface, causing some defects such as 

pooling and porosity, even with an absence of contamination. 

From this perspective, the reduction of oxygen level or high control of the 

environmental ratio will enhance the physical and mechanical properties of parts. [16]  
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4.0. Post-processing techniques (Surface modification methods) 

Surface finish modification is vital for engineering materials because all fatigue failures, 

oxidation and wear are extend from the surface. Generally, surface finishing methods 

have been utilized as the prime technique for changing the part's appearance in order to 

enhance desirable properties such as wear resistance and abrasion, corrosion protection 

and development of aesthetic qualities etc on the surfaces lacking that property. [98] 

Many commercial methods are used in the market as post processing for different 

purposes such as mechanical, thermal and chemical. Some of the most commonly 

used as post-processing methods are following.  

 

4.1 Mechanical methods 

Due to the quick advance of technology especially in the last two decades there is 

increasing demand for different complex engineering parts, of unusual size, high 

accuracy and low manufacturing time and cost as well. All these factors have influenced 

the invention and development of several techniques, which are employed in the 

industry to produce or improve surface finish quality, mechanical properties and 

component brightness. These techniques range from the simple to the latest modern 

ones. [99] such as the following: 

 

 Hand polishing 

 Others methods such as vibratory method, abrasive tumbling, vapour blasting 

techniques, shot blasting techniques and shot peening techniques.    

 Advanced machining including (ultrasonic machine, robotic finishing technique, 

CNC milling machines and hybrid SLM machine centres).  

 Other methods related to one and two-way abrasive flow machines, for example 

the Extrude Hone process.  
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4.1.1 Hand polishing 

Hand polishing is the oldest and simplest technique we know and is used to remove 

unnecessary materials attached to the surface from its natural state, in order to enhance 

its distinct properties and improve surface finish. Also the buffing process can be used 

to obtain the brightness required. However, this technique has some limitations such as 

its tendency to consume a lot of time that leads to an increased cost; it also requires 

good skills plus experience and training. On the other hand, the process is suitable to 

process any kind of material such as metal, polymer or ceramic as shown in Figure 4-1  

Figure 4-1in order to achieve acceptable surface quality and customer satisfaction. [100, 

101] It is possible to use this process as a method to improve the surface finish of AM 

manufactured parts.  

 

  

Figure 4-1: Shows part before and after polishing. [100] 

 

4.1.1.1  Advantages and disadvantages of hand polishing 

 

Advantage Disadvantage 

Improve surface finish, brighten  Time consuming  

Suitable for different metals  Needs skill, experience   

 Improved mechanical properties The accuracy is operator-

dependant   

Micro subtractive technique  Not suitable for complex shapes 

and internal surfaces  
         

Table 4:1: Shows the advantage and disadvantage of hand polishing. [100] 
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4.1.2 Vibratory method 

The vibratory finishing method is a simple technique used in the industrial sector as a 

method to enhance or improve part surface quality. The vibratory system is a very 

economical process. It is simple and available as an automatic or semiautomatic 

technique, with high volume and is a natural method giving the bonus of being 

environmentally friendly. All of these merits have encouraged use of this technique as a 

method of post processing for additive manufacture. However, the AM technique is 

used to produce parts with a degree of complication which may not be suited to 

vibratory methods. The samples need to be treated as shown in Figure 4-2.  In simple 

terms, the parts are placed in a vibratory process tank with pellets and the machine starts 

vibrating them gently until bright surfaces are obtained.  During this process, the 

amount of material removal is about 5 to 20 micron or more, based on the duration of 

application, amplitude and frequency. Through this process, parts are not in danger of 

major impairment. [102] 

 

 

Figure 4-2: Big vibratory machine  [102] 

 

 

4.1.2.1  Advantages and disadvantages of the vibratory method 

 

Advantage Disadvantage 

Economic process, natural process Harms some small features on the part 

surface. 

 Not suitable for complex parts and 

internal features. 

Simple to use, high volume, surface 

finish and cleaning  

Automatic or semiautomatic technique 

 

Table 4:2 : Advantage and disadvantage of vibratory machine. 
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4.1.3 Abrasive tumbling method 

The abrasive tumbling technique has been intensively used in industry as a method of 

improving the physical and mechanical properties of parts made by different techniques. 

Generally the method employs materials such as rubber, plastic, or small abrasive rocks 

with lubricants. Silicon carbide as small stones is often used with oil as a liquid 

lubricant, but water is used as a universal lubricant. The lubricant assists in suppressing 

the degradation of part surface from impact by the abrasive particles. Indeed, the 

process starts by loading them into the main barrel and starts by slowly rotating; later 

the speed is increased. This variation will generate a friction field to remove the 

majority of sharp edges, burrs and undesirable material on the part surface. The machine 

has a controller switch to control the speed, but the best possible rotating speed depends 

on many factors such as tumbling machine size, kind of metal part and the degree of 

accuracy required.  Although this process has many advantages, it suffers from some 

limitations like tending to damage small fine features such as sharp edge and radii on 

the corners. Tumbling is used for polishing and smoothing, and is suitable for large 

batches of parts with minimal supervision for production. Many machines have been 

commercialized in different sizes to meet customer’s needs as can be seen in 

Figure 4-3. [103]  

 

 

Figure 4-3: Tumbling machine samples.  
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4.1.3.1 Advantages and disadvantages of tumbling machine 

 

 

Table 4:3: Shows the advantage and disadvantage of tumbling machine. [103] 

 

Spencer and co-authors described an experiment carried out and the models of each 

sample have been sent to Invicta Super Finishers Ltd, Gratham, UK. [104]  

The process has been also conducted with the aim of investigation a number of 

automated finishing methods. Surface finish of the stereolithography parts were 

achieved by vibrating models in a ‘u’ shaped container at a constant speed with abrasive 

media. This process is less aggressive than the tumbling method. When the media is 

circulating in the container, the surfaces of the models improved. The samples were 

made using two different kinds of material; XB5143 and XB5081. Surface roughness 

(Ra) of parts was measured using Rank Taylor Hobson TalySurf 4. Vibratory bowl 

abrasion process of both parts made from material XB5143 and XB5081 were 

processed for 1¼ hours using ∅30mm and 10mm angle cut cylinders an∅13mm plastic 

green cones as media. On the vertical walls both bumps and steps were removed and the 

evident was shown on the figure below. All sharp edges and corners were removed, see 

Figure 4-4. [104] 

 

 

Figure 4-4: Steps around the corner removed. [104] 

Advantage Disadvantage 

Simple, economic and different sizes 

available 

It harms some small sharp edges and 

radii.  

Some oxidation caused by lubricant on 

iron.  

Suited for various  materials 

Improves surface finish, mechanical 

properties 
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4.1.4 Vapour blasting technique 

This process works using air or water with a fine abrasive powder. The stream of air or 

the water will be under specific pressure ranges 80 to 120 Psi. This process is widely 

used in industry for polishing parts which are made by different techniques. Vapour 

blasting is a highly economical process and it can be recommended as a technique of 

improvement of SLM parts surface finish and for its brightening ability. The vapour 

blasting process can cause some damage to fine features on the parts or remove some 

engineering textures such as embossing marks, casting marks etc. In addition it is not 

suitable for ferrous metals because a chemical reaction (oxidation) can be caused by the 

water during this process. Figure 4-5  shows the process. [100, 105] 

 

 

Figure 4-5: Vapour blasting machine process. [106] 

 

 

4.1.4.1  Advantages and disadvantages of vapour blasting machine 

 

Advantage Disadvantage 

Improves surface finish, brightens May cause chemical reaction (oxidation) 

for ferrous material, and residual stress Economic, easy to use  

Different material sizes available Needs experience and training  

             

Table 4:4: Advantage and disadvantage of vapour blasting machine. [100] 
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4.1.5 Shot blasting technique  

Shot blasting is a simple subtractive technique which is suitable for machining many 

kinds of materials. The process works by accelerating water with controlled abrasive 

powder by pressure pump, to exit from a small nozzle. The directed water can be used 

to clean and improve surface appearance. Powder particle size range from fine to 

medium and are used to improve the efficiency of the process. The selection of media 

size depends on several factors such as surface finish required, degree of surface 

complexity, type of material and the degree of accuracy required. [105] Nowadays, 

micro-abrasive blasting is available. In this process a fine dry abrasive is accelerated 

under high pressure to come out through a small nozzle. Typically, nozzles range 

between 0.25 mm to 1.5 mm diameter, and are used to deliver a fine stream to a specific 

area and improve both physical and mechanical properties. The shot blasting process is 

extremely useful for many different purposes as mentioned but still has some limitations 

due to the fact that the process has side effects of destruction of small features or sharp 

edges. Figure 4-6 demonstrates how this process works. [100] 

 

 

Figure 4-6: Illustration of shot blasting technique [68] 

 

A comparison study was completed by Mushambadope [68], at De Montfort University. 

Samples were manufactured using a SLM 125 machine at DMU. The samples have 

many features and the surface roughness was different according to the design 

complexity of the sample. The preliminary results showed that the surface roughness 

ranged between 10 and 25microns, which still need post-processing to enhance and 

improve, surface quality. Comparison results were carried out using the following post-

processes methods: 

 

 Sand blasting, Shot blasting, Electro polishing and Vapour blasting. 
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Surface characterisation was completed before and after improvement; using Surf test 

machines from Taylor Hobson and a 3D Keyence microscope at the MTC research 

centre. Figure 4-7 and Table 4:5 illustrate the method comparison results.  

 

 

Figure 4-7: Comparison of post process methods. [68] 

 

Comparison table of the post processing methods  used 

Process Ra Accuracy Defect Time (minutes) 

Shot blasting Good Poor Yes 5-10 

Grit blasting Good Poor Yes 5-10 

Vapour blasting Better Good Yes 10-15 

Electro polishing Good Good No 10-20 

 

Table 4:5: Comparison of post process methods. [68] 

 

Through this investigation, the results showed that the manufactured samples surfaces 

were improved by the post processing techniques, but most of the methods destroyed 

the small features on the samples and three methods showed some side effects like 

oxidation, except the electro polishing method. [68] 
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4.1.6 Shot peening technique  

Shot peening is a mechanical technique, which works on the metal surface by utilizing 

small spherical metal powder particles. The process works by shooting these small 

spherical balls onto the surface of the part, like peen hammers. Compressive stresses on 

the surface can be obtained, due to plastic deformation. These compressive stresses have 

merits such as increased hardness, fatigue resistance life up to 100% and wear resistance 

on the metal surfaces. As is well known, the degree of stress on the surface is higher 

than the stress in the part during mechanical loading. Based on this phenomenon, the 

shot peening technique is used to improve the mechanical properties of conventional 

surfaces. For AM metal parts, the results of reaming pores created during the process, 

can act as major problem for surface improvement. Thus, implementation of this 

technique could facilitate obtaining a good surface finish, but can lead to activation of 

the initial crack from internal pores due to the reverse of the compressive stress. 

Figure 4-8 illustrates the basic principle of this technique. [107, 108] 

 

 

Figure 4-8: Shot peening process.  

 

Yoshida [109] and co-authors have also defined the process as a cold working technique 

employed to produce a comprehensive residual stress layer, used to modify the 

mechanical properties of metal parts. On the other hand, this process also works 

similarly to sand blasting with the only difference being that it works by a mechanism 

of plasticity instead of abrasion. Shot peening process can also be used for cosmetic 

effects. The surface roughness from the overlapping dimples causes light to disperse 

upon reflection and due to the peening effects it results in larger surface features 

compared to sand-blasting. [109] 
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Figure 4-9: Parts before and after shot peening. [109] 

 

4.1.6.1 Shot peening applications 

Shot peening is a significant process in many applications of industry such as:  
 

 Aircraft repairs - shot peening has been used in this scope to repair and relieve 

tensile stress after subtractive processes and replace it with compressive stress 

for the reasons noted previously. 

 Spring making - many types of spring, including extension springs and 

compression springs which are widely are used for engine (valve springs), to 

increase cycle life for fatigue. 

 Other applications such as gears parts, camshafts, coil springs, crankshafts, 

gearwheels, and turbine blades and to improve the surface finish of cast parts 

such as engine blocks. In addition, shot peening has emerged in cosmetic 

production because shot peening is capable of producing brighter surface 

features compared to other processes. [107 - 109] 

 

4.1.6.2 Advantages and disadvantages of shot peening 

Advantage   Disadvantage  

Economic, suitable for many metals   Very harsh polishing  

Improves surface finish, mechanical 

properties such as 

Fatigue, wear, friction and relieve  

residual stress caused during 

subtractive processes  

It can destroy small features such as, 

sharp edges and small radii.  

Not recommended with porous 

materials  

Needs experience and training. 

 

Table 4:6: shows the advantages and disadvantages of Shot Peening. 
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4.1.7 Ultrasonic machining 

Ultrasonic machining (USM) utilizes high frequency vibrations with abrasive to remove 

material from the main work-piece. Micro erosion by impact of fine abrasives with the 

part surface can achieve accurate cavities, according to the forming shapes of the tool. 

However, the vibration energy comes from transfer of electrical energy into mechanical 

energy. Metallurgical changes on the parts physical properties can be obtained by this 

process. Consequently, it is possible to use this process to improve the surface finish of 

parts made by AM due to the reasons stated in the foregoing lines. Figure 4-10 

illustrates the basic principles of this technique. [110] 

 

 

Figure 4-10: The basic principles of ultrasonic machine. [110] 

 

A study conducted by Spencer and co-authors in the UK investigated how the USM 

process performs as a finishing technique. [104] Carborundum abrasive grit was used as 

the media and a ∅100mm container vessel was filled with 250µm size particles. The 

resin models were placed on the top of the grit and the ultrasonic horn was in contact 

with the model. 20 kHz frequency was used at amplitude of 80µm and material type 1 

was XB5143.  
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Figure 4-11: The damage to the corners and little smoothing of steps.[104] 

 

The main advantage of the process was identified on the horizontal surfaces where 

smoothing occurred on some localised areas. Some other areas were still rough as 

indicated in Figure 4-11. It appears that more erosion has occurred on the vertical 

edges. Material type 2 XB5081 was totally destroyed during the process and the model 

was not able to be improved. The process was more aggressive since it created 

excessive damage to the corners of the model. 

From an experiment carried out using vibratory bowl abrasion and ultrasonic abrasion, 

it was found out that ultrasonic abrasion severely eroded the model manufactured from 

two kinds of polymer resin. Vibratory tumbling was able to smooth the surfaces with an 

improvement in Ra values of 74%. These processes can also be performed either using 

centrifugal tumbling or barrel tumbling. [104] 

 

Process Media Material type Ra Value (Micron) % improvement 

Reference 

Sample 

  X Y Z Mean  

XB5143 5.35 7.34 7.0 6.56 

XB5081-1 6.46 7.68 3.0 5.71 

Vibratory 

Bowl 

Abrasion 

(30x10)mm 

angle cut 

cylinders 

XB5143 1.22 2.62 1.2 1.68 74 

ø13mm plastic 

cones 

XB5143 1.32 2.3 1.9 1.84 72 

Ultrasonic 

Abrasion 

250µm 

Carborundum 

grit 

XB5143 1.74 3.0 2.0 2.25 66 

 XB5143 1.82 3.32 3.0 2.75 58 

 

Table 4:7 : Surface finish texture readings (Ra values). [104] 
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4.1.7.1  Advantages and disadvantages of ultrasonic machining 

 

Advantage  Disadvantage  

1-Wide range of cutting options, high 

productivity 

Requires calibration for each material   

2- not destructive technique  Needs to be good contact with the 

surface  

3- low stress levels, good accuracy  Accuracy depends on abrasive particle 

size  

4-Accurate process, low operating cost  Initial cost quite high, needs a shaped 

tool 

 

Table 4:8: Shows the advantages and disadvantages of ultrasonic machine. [104, 110]  

 

4.1.8 Robotic finishing technique   

This is a modern technique developed in the last two decades and the first fully 

automatic working robotic system was developed in 1997. It performed as an automatic 

technique which was used to improve the surface finish by polishing, grinding, buffing 

and flash removal. The robotic process is now more than a finishing process and it is 

presently used in a multi-system capable of adapting itself to a variety of processes. 

However, the spindle and tool selection for the process applications has to allow 

geometric freedom to move gently over the surface required. As a result of this 

development, there is the opportunity to use these technologies as post-process 

operations to improve the surface quality of simple or complex SLM parts. [111] 

A robotic system is a very economical technique due to its ability to reduce labour costs 

and abrasive costs (up to 75%); it also offers safety and a high degree of accuracy. The 

overall surface finish quality of AM parts, when using robotic finishing systems is 

improved more than 80%, while the dimensional accuracy of the finished parts depends 

on the system accuracy. Figure 4-12 shows the architecture of the robotic finishing 

system. [111,112] 
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.  

Figure  4-12: The architecture of the robotic finishing system: I-controller; 2-articulated 

manipulator; 3-finishing tool; 4-SLS part; 5-fixture; 6-platform.[111]  

                

4.1.8.1 Advantages and disadvantages of robotic finishing systems 

 

Advantage  Disadvantage  

System software  Initial cost high  

Excellent automatic polishing system  Not suited to some small features  

High accuracy, 5D motion,  More cost for training  

Suitable for different  materials  Preventive maintenance high. High 

cost of breakdowns.  

              

Table  4:9: Advantages and disadvantage of robotic finishing systems. [111,112]  
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4.1.9 CNC machining system 

Computer numerical control (CNC) is a process of manufacturing parts by utilizing 

computer control systems to control motors which drive all machine axes. Recently 

CNC has been improved from 3 to 5 axes systems. This improvement has provided 

these machines with high flexibility to produce very complex parts with good surface 

finish. CNC machines can be used in many engineering processes like milling, drilling, 

cutting slots and cutting threads. The process efficiency to produce a good surface finish 

is highly controlled by factors such as feed rate, tool size, depth of cut and speed. 

Figure 4-13 shows this machine and how its operation system is designed. [113, 69] 

 

 

Figure  4-13: Shows a 5 axis CNC machines. 

 

 In the early days, additive manufacturing was applied as a single process. This 

provided a convenient and relatively effective approach for the production of prototype 

parts. However, parts were often subjected to hand finishing or simple machining 

operations to optimize the features required, such as milling and drilling, and the need 

for hybridization was not at this point recognized. In recent years a number of 

technologies have been introduced in industry that combine a CNC milling machine and 

an additive manufacturing method to providing a so-called 'Hybrid System'. [2] 

 

4.1.10 Hybrid machining system 

 Hybrid machining system is an integrated system that combines two or more 

manufacturing technologies in order to expand the efficiency of production and 

minimize production costs. The combination of additive and subtractive processes is 

undertaken in series, with the complex features and cavities being fully constructed by 

the AM process and the subtractive technique being used to obtain the desired surface 

http://www.google.co.uk/imgres?q=cnc+milling+5+axis&um=1&hl=en&sa=N&rlz=1G1TSNA_ENUK393&biw=1366&bih=570&tbm=isch&tbnid=KcIL_F3A_q-AUM:&imgrefurl=http://www.incywincy.com/default?catid=847039&cached=www.centroidcnc.com&docid=AFvQkzbhB9fg_M&imgurl=http://www.centroidcnc.com/images/cnc_cylinder/a560_thumb_282.jpg&w=282&h=281&ei=yn7sTrK8PMb98QP-h_TxCQ&zoom=1
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finish and accuracy [2]. This technique is called Hybrid machining. After building the 

model, the near net shape is then finished by a machining process in the same station. 

For instance, the LUMEX Avance-25 combines a laser sintering machine with a high 

speed CNC milling machine in one operation as seen in (Figure 4-14-A). 

 

  

A B 

 

Figure  4-14: A LUMEX Avance-25 metal laser sintering / high speed milling hybrid 

machine and B, sample from Matsuura.[114] 

 

The integrated system of the LUMEX Avance 25 allows very complex molds to be 

manufactured for some specific applications such as aerospace, automotive and 

energy industries as well. Accuracy of about ±2.5μm on a complete component 

(internal and external features) can be obtained within one station by using hybrid 

machining systems. These components could not be created via traditional 

techniques. [115]  

 

 

Figure  4-15: Additive manufactured part being machined. 

http://www.made-in-europe.nu/wp-content/uploads/2013/01/soraluce-f-mt4000092012.jpg
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Karunakaran [66] and co-authors, have reported that several hybrid machining 

centres have been developed today for specific purposes. The integrated systems all 

combine both the advantages of additive and subtractive manufacturing 

technologies. In these systems the near net shape of the model is built by additive 

manufacturing processes such as: 

 Electron Beam Melting process 

 Selective Laser Melting process 

 Weld deposition process 

 Laser engineered net shaping (LENS) etc.  

while the final  net shape is finished by machining processes. [66, 116, 117] 

 

 

 

 

 

. 
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4.1.11 Extrude Hone Corporation   

Extrude Hone is one of the most renowned companies offering different advanced 

technologies to improve surface finish, reliability, performance and with high  quality as 

well. It utilizes many of the sophisticated techniques to achieve its targets. Some of 

these techniques are as follows: 

 

4.1.11.1  Abrasive flow machining process  

Abrasive flow machining (AFM) is a purely mechanical method and it uses a 

chemically inactive and non-corrosive media almost identical to soft clay. This process 

is mainly used to polish internal surfaces and radius edges. The media has an advantage 

because it can be used for different components without changing media. The process is 

capable of high quality of precision, and can be either used as one-way or two-way 

process. [118] 

 

4.1.11.1.1 AFM One way system 

In this system, the abrasive flows only in one direction through the component and then 

it goes to the hopper where it returns to the single functioning cylinder in order to 

improve and enhance the surface finish. Therefore, the most common advantages of this 

system are: high process performance and reliability, capable of handling large parts 

with facilities for cleaning, ease of changing parts, easy of changing tools and also the 

ability to control the temperature required with an easily adjustable mechanism.  

Figure 4-16 given below illustrates the basics of this process. [119] 

 

 

Figure  4-16: Illustrates one way AFM machine system[118]  
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4.1.11.1.2 AFM Two-way system 

 In this system the media is allowed to flow extremely gradually in directions 

throughout the work piece, in order to obtain the final finish. Two vertical cylinders are 

utilized to extrude a rough media through the part to improve its surface quality. In 

addition, advantages of this system are: 

 A highly controlled process in which the system is fully automatic with facilities 

for fast setup, changeover of tooling and media as well. 

 The extra advantage is that both internal and external surfaces can be processed 

simultaneously. Figure 4-17 below illustrate this process. [119,118] 

 

 

Figure  4-17: Illustrates two way FEM machine systems. [118]  

 

4.1.11.2   Electrolytic machining (ECM) 

Extrude Hone’s method of Electrolytic machining is currently used in many industry 

sectors to provide surface treatment in areas such as aerospace, medical, and 

engineering projects. ECM is an electrolytic process, meaning it is an unconnected 

method. Thus, the fluid is pumped evenly over the surface of workpiece which is 

connected to a positive charge (anode) whereas the tool model is connected to a 

cathode. The amount of material removal depends on the quantity of the current flowing 

between the anode workpiece and the cathode tool, which is designed to be the reverse 

image of the workpiece. Although, this process is not directly connected and it does not 

leave any stress on the part's surface, the degree of surface finish quality still depends 
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on many factors such as tool surface quality, the complication of the part, part size, 

media particles size and current density. Figure 4-18 illustrates this technique. [118] 

   

 

Figure  4-18: Shows an ECM machine. [118] 

 

 

4.1.12  BESTinCLASS  

 BESTinCLASS is a Swiss-based company working in the field of surface finishing. 

This company has invented a technique called micro machining process (MMP). This is 

a selective process which deals with specific wavelengths of surface roughness. 

According to the company, the process is innovative and produces significant practical 

solutions for surface treatment. This technique is able to obtain a good surface finish 

which it would be impossible to achieve by employing traditional techniques. It is also 

worth mentioning that the technique does not have side effects on the parts mechanical 

properties and tolerance accuracy. 

The process is emergent, and has been available and in development since the beginning 

of this decade. MMP has been extensively used in many fields such as aerospace, 

medical and automotive engineering sectors, luxury goods, and other additive 

manufacturing applications. [120]  

Table 4:10 illustrate some of the materials that can be treated and the degree of micro 

machining process.  

 



53 

 

Table 4:10: Shows compatible material and its micro machining process. [120] 

 

MMP is significantly effective on all kinds of alloys as was mentioned earlier. It is 

highly capable of treating parts produced by any manufacturing method such as 

subtractive, moulding/casting as well as additive manufactures techniques. 

 

An investigation was completed by Jobin [121] on the surface topography of parts 

produced by direct laser sintering on an (M270) machine, EOS brand. This machine 

employs a 200 watt fibre laser, a 20 micron spot size and a build volume of 

250x250x215 mm. A comparison between maraging steel (MS), Cobalt-Chromium 

alloy (CoCr) and Inconel 718 was carried out before and after exposure to different 

polishing techniques, in order to determine the influence of these techniques on surface 

topography. After creating the samples and following initial assessment, post processing 

was carried out using the following methods: 

 

 Abrasive Flow Machining (Extrude Hone brand) 

 Vibratory finishing (from Rosler)  

 Micro Machining Process (MMP) from BESTinCLASS. 

Surface characterisation was obtained before and after surface improvement; an Atomic 

Force Microscope (AFM) was used for qualitative images and a surface Stylus 

Profilometer (SP) was used for quantitative details. The main aim was to quantify which 

is the most significant technique for improving the surface roughness component. The 

authors found that each post-processing technique was able to completely remove the 

laser track structure from the raw materials, while keeping a dimensional tolerance 

about of 10 µm as shown in Figure 4-19.  [121]  
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Figure  4-19: Sample before and after machining. [121] 

 

 Figure 4-19 shows, there was also good improvement of surface roughness after 

treatment, but the processes still presented some other drawbacks such as pores and 

dendrites spread over the surface. The results are summarised in Figure 4-20. 

    

 

Figure  4-20: Roughness results comparison between the processes. [121] 
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4.2 Thermal methods 

Thermal methods are another class of process used to improve the surface finish of AM 

parts and their mechanical properties; it includes several techniques, some of which are: 

 Laser surface modifications such as laser re-melting, laser cladding, laser 

glazing, laser polishing and micro erosion. 

  Plasma transferred arc cladding and re-melting. 

  Other methods like infiltration. 

 This study focuses on laser surface modification. 

 

4.2.1 Laser Surface Modification  

Laser surface modification for material processing can be divided into three classes as 

shown in Figure 4-21, which are namely heat treatment, melting and vaporization. The 

classifications of these three classes are dependent on two factors, laser power density 

and time exposure during the process. Thus, significant results for a specific application 

can be achieved by careful selection of these factors.  [122,123] 

 

 

Figure  4-21: Classification of different laser processing techniques. [122] 

 

The local temperature during the process is significantly controlled by the amount of 

laser energy absorbed by the material through the process. This energy is controlled by 

varying factors such as laser power P (w), scan speed V (mm/s) and spot size diameter 

D (mm). The energy absorbed is given by the equation.  [92] 

   
 

   
      (J/mm

2
) ……                                   ……….Equation 4-1 
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4.2.1.1 Laser re-melting 

Laser re-melting is a process that has been developed to assist several metal processes to 

improve quality both inside and outside of the parts. The best description of re-melting 

is that the metal surface is heated up to the melting temperature, but under the 

evaporation point. The melt pool has to be rapidly re-solidified without any element 

addition, in order to avoid modifying the surface chemical composition. The process 

actions are initiated by heating specific regions of the top surface to generate the melt 

pool, allowing to the interface elements to diffuse in the liquid phase; the laser then 

moves away leaving the surface to rapidly solidify. Internal and surface microstructures 

are refined through the melt region. In general, the depth of this process ranges between 

10-1000microns, depending on the laser parameters and the purpose of the process. 

Figure 4-22 showing the principle of process. [70,124] 

 

 

Figure  4-22: Laser re-melting Process. [71] 

 

Generally, the laser re-melting process is applied after use of conventional machining 

techniques, to remove surface imperfections, improve mechanical properties (customise 

microstructural characteristics) and reduce residual stress on the outer layer. In additive 

manufacturing, applying the laser re-melting process during a build means that after 

scanning each layer and melting the powder, the same layer is re-scanned again before 

adding another new layer of powder on top of the surface [94, 4]. If this step is 

completed for every single layer, the manufactured parts will be almost 100% dense and 

have reduced residual stress by almost 10% [71, 7]. However, along with the increase in 

density, the manufacturing laser time will increase, leading to an increase in associated 

costs. Alternatively there is also a possibility of applying the technique on the last layer 
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that is built. This approach can be completed on the same machine (in-process) or as 

post-processing (out of machine). [94, 65] 

There is a significant amount of research in the application of laser re-melting to AM. 

For instance, Kruth has indicated that surface roughness can be improved from 12 to 1.5 

µm after this process, which means that laser re-melting has the ability to improve 

surface roughness up to 90% from the total value of the preliminary surface roughness. 

The best results were obtained when utilizing low scan spacing (20 µm) combined with 

a medium range of scan speed (200-400 mm/s) and a laser power of 85-95 w. [4] 

 

 

Figure  4-23: 2D micrograph to show the influence of laser re-melting on part 

characterization. [4] 

  

Although SLM has the ability to produce parts up to 98% dense [23], the amount of 

residual pores may be a major problem for certain applications such as aerospace and 

automotive, where high strength and wear resistance are required. Thus, laser re-melting 

may not only be applied to the modification of surface roughness but may also be 

applied to improve other surface properties including surface accuracy, density and 

increased mechanical properties like strength, corrosion resistance, micro hardness, 

wear behaviour, fatigue and friction. [125, 4, 37] 

Another study carried by Kruth [64] on stainless steel 316L improved surface roughness 

and other properties. Results showed that laser re-melting can reduce residual stress by 

almost 10%. It was also apparent that laser re-melting during the additive manufacturing 

process has not been studied in depth due to several issues such as powder remaining in 

the bed interfering with the process, access of the laser to the sides of the part etc. [64] 
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A further study by Kruth [72] and co-author was performed on stainless steel and 

titanium. The results of surface quality of parts produced by SLM, and also exposed to 

Selective Laser Re-melting (SLR) showed great improvement in Ra. A typical average 

roughness (Ra) of SLM parts is approximately 15µm with a standard deviation of 3µm. 

A good improvement after re-melting was obtained by around 90%, meaning that the 

Ra was reduced from 15µm down to 1.5µm. 

 

  

Ti-6Al-4V Stainless steel 

 

Figure  4-24: SLM parts prepared for SLR, Stainless Steel on right and Ti-6A1-4V on 

left. [72] 

 

 Through the investigation, laser re-melting was presented as a better method of 

improving the surface qualities of layer manufactured powder parts. Apart from this, the 

micro hardness and microstructure of the entire part were improved by this technique as 

well. [72, 7] 

 

 



59 

4.2.1.2 Selective laser erosion 

This technique removes thin layer from the main part, by focusing small, highly 

controlled laser pulses. Thus, this technique (selective laser erosion) is considered a 

subtractive technique and is usually used for additive manufacturing for different the 

purpose. The process works by eroding small features (i.e. the surface texture) leading 

to enhanced surface topography, accuracy and mechanical properties on the part 

surface. [97] 

Figure 4-25  shows parts built by the SLM process and later subjected to laser erosion 

followed by laser re-melting, to clarify how the surfaces have been improved. The fig 

also shows a 3D view roughness surface profile where the top half of the section has 

been improved by the laser erosion method. 

 

 

Figure 4-25: Selective Laser Erosion process. [72] 

 

It can be clearly seen that the process specifically removes thin material features due to 

the laser power produced from the beam. High peak laser powers enable the material to 

evaporate. The results show that the average roughness (Ra) of selective laser melting 

parts can be improved to 6µm after SLE and can be reduced to 1.5µm after SLR. 

Therefore if both erosion and a re-melting process have been applied, the average 

roughness and total roughness will be reduced by almost 95%. They have pointed that it 

best to apply surface erosion first and then surface re-melting to produce a good surface 

finish. [6, 72] 
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Figure  4-26: Shows how the surfaces were improved. [72] 

 

The SLE technique is also used for other reasons during the SLM process and some of 

them are as follows: 

 To improve the quality of each layer deposited by removing recoating artefacts. 

 Micro machining – to remove small features. 

 To get better X and Y dimensional accuracy. [6, 72] 
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4.2.1.3 Selective laser polishing 

Selective laser polishing is a technique used to re-melt the part surface to a small depth 

(< 5 micron), by utilizing pulses of laser beams moving in two directions (x,y),whereas  

the z direction used to position (focusing) the laser beam spot size vertically on the 

surface and controlled by specific parameters (CNC control). The laser polishing 

method can create a heat affected zone ranging from 100-150µm [73] . In this way, 

during the laser scanning process a thin surface layer is re-melted to create a smooth 

surface. Specifically, this surface smoothing is created by the surface tension of the melt 

pool. This process can be connected to an increase in surface accuracy and improved 

mechanical properties such as wear, fatigue and corrosion resistance of metal AM parts. 

This is because the fatigue phenomena is linked to surface roughness, but also because 

the microscopic structure of the surface is changed as a result of the laser polishing 

process, as is the heat affected zone. [71, 74] Figure 4-27 shows a schematic of the 

laser polishing process.  

 

 

Figure  4-27: Shows Laser Polishing Process. [73] 

 

The depth of tracks and material re-melting achieved with the process is variable and 

depends on factors such as scan speed, laser power and beam spot size.   

The relation between these factors is  

 

E = 6000*P/ (V*D)    ………                               ……Equation4-2 

Where, E is energy density by J/cm
2
, P is power (W), V is feed rate (mm/min) and D is 

spot diameter (mm). 

Ukar [126] and co-authors have studied the influence of laser polishing on the surface 

roughness of tool steel by utilizing two different laser types, fibre laser and high power 
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diode laser in order to reduce the surface roughness. Results show that the best surface 

roughness values (Ra) were improved to lower than 0.9µm from 7.07µm initial 

roughness. These results were obtained from both type of laser and the optimal 

parameters implemented in this experiment were laser power ranges between 700 and 

800 watts, while the feed rate and spot size were kept constant at 1920 mm/min and 2 

mm respectively. Thus, the laser energy absorbed through this process is about 1100 

±10% J/cm,
2  which is calculated with the above equation 4-2. [126] 

 Table 4:11 shows the optimal parameters and results. 
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Initial values 

(µm) 

Final values 

 (µm) 

Ra Rz Rt Ra Rz Rt Ra% Rz% Rt

% 

700 1920 2 1093.

8 

7.07 30.7

8 

31.6

0 

1.37 9.19 10.5

9 

80.62 70.23 66.

49 

750 1920 2 1171.

9 

7.07 30.7

8 

31.6

0 

086 4.69 7.68 87.84 84.81 75.

70 

800 1920 2 1250 7.07 30.7

8 

31.6

0 

1.39 104

0 

11.4

0 

8034 66.31 639

2 

 

Table 4:11: The optimal parameters and results. [126] 

 

In a study done by Lamikiz [75] and co-authors, the method was performed by scanning 

the top surface layer using CO2 and Nd-YAG laser beams at very high speed in a 

vacuum chamber. The chamber was set and maintained with argon flow. The laser beam 

power was carefully controlled to polish the microscopic top layer. The Figure 4-28 

shows a schematic diagram of laser surface polishing carried out [75]. It is worth 

mentioning that the laser process depends primarily on the energy density of the laser 

beam, the kind of metal surface and the initial surface texture of the original parts. 

 

 

Figure  4-28: Schematic diagram of laser polishing process. 



63 

 

 

Figure 4-29: Shows an original and a polished surface. [75] 

 

The experiments were carried out by constructing a physical 3D model using Selective 

Laser Sintering (SLS) in order to check the capabilities of laser polishing for surface 

texture improvement. Figure 4-30, shows a model test piece, with three different slope 

angles, namely 15
o
, 30

o 
and 45

o
. From the results, it was found that laser polishing is 

very effective on layer manufactured parts. The obtained average roughness (Ra) was 

between 1.2 and 1.5µm. [75] 

 

 

3D test piece built by SLS 

 

3D laser polishing profile 

 

Figure 4-30 : Shows test piece and laser polished profile. [75] 

 

The results showed that the laser-polishing process is a very effective method, due to its 

capability to eliminate the surface texture of layer-manufactured parts by almost 80% 

and with no signs of profile deviations. 

A study by Ramos and co-authors on silica rods and a stainless steel part acknowledged 

that the laser is an excellent tool for surface modification and this primarily depends on 

laser density and period of interaction. Laser polishing of silica rods improved surface 
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texture from 2.0µm to 0.5µm Ra when conducted with a 25W CO2 laser to give an 

energy density of 1000 J/cm.
2
  [76] 

The aforementioned parameters were used to polish SLS stainless steel (grade 420 SS 

40 wt. % bronze) parts. Figure 4-31 Shows optical micrograph polished using Nd: 

YAG laser 420 SS 40 wt % bronze SLS and resolution was 100x, surface roughness 

was reduced from 9.0 – 2.40µm.  [76] 

 

 

Figure 4-31: Optical micrograph of Nd: YAG laser polished tracks on top surface, 

resolution was 100x. [76] 

 

 

4.2.1.4 Surface glazing using electron beam 

Surface glazing is another method of improving the surface finish of layer 

manufacturing parts. This method occurs simply by remove the loose powder particles 

and glazing the surface by electron beam. Most of the parts produced through the SLM 

process have a surface texture which resembles sand cast parts. The loose powder is 

always in contact with the area that is being fully solidified by the laser beam during the 

construction and partially melted particles adhere to the edge of the melt pool. Surface 

glazing can be  used to improve the surface roughness of AM manufactured parts based 

on removal of these powder particles by blowing them using air and finally glazing the 

surface of the part by electron beam. 

This post-processing method was investigated by Cormier [127] and co-authors, when 

they were optimizing the electron beam melting (EBM) process. The technique was 

performed by utilizing a rectangular box of 100*100*150 mm dimension, which was 

placed inside the EBM machine as shown in Figure 4-32. The surface roughness 
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measurements by a profilometer indicated that the initial surface roughness measured on 

this box was 19.78µm Ra. This box had been exposed to EBM for optimisation and this 

was evidenced by the loose powder which was in contact with the area that was 

completely solidified by the electron beam. [127] 

 

 

Figure 4-32: Surface finishing testing box. [127] 

 

Glazing was applied to the upwards facing rectangular patches using a combination of 

different parameters of electron beam power and scan speed, to see their effects on 

surface roughness. The beam current used was varied from 5mA to 20mA and beam 

velocity from 100mm/s to 500mm/s. 

 

 

Figure 4-33: Micrographs showing the original A, and the glazed B and C. [127] 

 

The difference between A, B and C, Figure 4-33, was that the beam power on B was 

scanned parallel to the layers deposited, and on C was perpendicular to the layers. The 

surface roughness (Ra) on B was 1.78µm and C was 0.65µm. Thus, the results reported 

suggest that scanning perpendicular to the layers deposited gives the optimal surface 

texture improvement. [127] 
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4.3 Electro chemical techniques 

This section describes the definition of this process, the mechanism and the effects of an 

electropolishing process on the surface roughness of metal parts. The technique can be 

divided in two different techniques: electropolishing and electrodepositing; this section 

concentrates on electropolishing as a technique implemented for surface improvement.  

 

4.3.1 Electropolishing process  

Electropolishing is an electrochemical technique of controlled dissolution useful for 

improving the surface topography of several metals/ alloys. Generally, the electro 

chemical process (ECP) is a post-processing method that is used for surface property 

improvement. The normal amounts of surface dissolution are between approximately 

0.05 to 50 µm depending on the process duration. These results can improve surface 

characteristics such as corrosion resistance, wear and friction by reduction of the 

amplitude of surface roughness parameters; this subsequently increases its optical 

brightness and reflectivity.  

Several materials can be polished such as copper, nickel and titanium etc. The majority 

of research has been conducted on stainless steel alloys. [128, 129] 

Generally the process mechanism involves the immersing of a metal part in a chemical 

solution and bringing it in contact with the anode in a direct current circuit. The ECP 

technique depends mostly on the ability of the solution to consistently polish the surface 

of the metal/alloy (the substrate) without leaving any corrosion marks on the surface. 

The main factors that influence the effectiveness of this process are: 

 The period spent by the component in the solution. 

 Uniformity of the material microstructure. 

 The consistency of the surface finishing over the required area. 

 Cell parameters (current, voltage and temperature). 

 Concave surfaces. 

 Internal features. 
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Figure 4-34 : Schematic of Electro Chemical Process. [128] 

 

The process works by anodising and dissolving the substrate in an electrolyte using 

electricity as an external source. It is worth mentioning that in electropolishing 

generally two surface phenomena happen, namely anodic levelling and anodic 

brightening. 

 

 Anodic levelling  

This results from the different dissolution rates of the peaks and valleys of the surface 

texture of the substrate that occur due to the primary current distribution in the cell 

[128]. In such cases, the amount of the primary current distribution has a significant 

effect on the material dissolution (mass transfer), which leads to a reduction of the 

surface roughness by a number of micrometres. [129, 130]  

 

Anodic brightening 

This phenomenon is due to control of the dissolution rate for the metal microstructure. It 

takes place when the dissolution rate of the metal is in a mass transport controlled 

system, leading to deposition of a salt layer which is formed on the electrode 

(metal/alloy) surface [131]. During the dissolution, a salt layer causes suppression of the 

crystallographic orientation and surface defect dissolution in the liquid, leading to a 

nanocryestalline structure can be obtained [132, 133]. Thus, Anodic brightening 

improves the surface roughness on the submicron scale and brighter reflectivity of the 

substrate can be achieved.  
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4.3.2 Major advantages and disadvantages of Electropolishing and challenges  

Since being patented in 1930, mixtures of concentrated sulphuric and phosphoric acids 

have been used for electropolishing of stainless steel and other metal alloys on different 

commercial scales worldwide.  

The primary benefits of this process are: 

 Improvement of corrosion resistance and surface roughness. 

 Improvement of surface reflectivity. 

 Removal of machining burrs. 

 Improvement of surface clean ability compared to mechanically finished 

surfaces. 

 Lower bacterial growth rates.  

 Lower machined compound surface stress. 

 Improved part durability. [128, 129] 

Although, the polishing quality of this process is very good, the major disadvantages of 

it are: 

 The solution usually used is extremely corrosive 

 The process is hazardous for both the environment and the workers involved in 

this technique. 

 Extensive gas formation is associated and low current efficiency. [134]  

 

In recent years much research has been concentrated on the use of green processes to 

minimise the environmental effect from the current technologies, by minimising the 

waste, pollution and high toxicity with the use of stable room temperature ionic liquids 

(RTILs) for the process. 

Various investigations have been completed on utilising ionic liquid reactions such as 

catalysis, nanomaterials, electrodeposition and striping which are a greener alternative 

to the current toxic and polluting volatile organic solvents. [135] 

 From an electrochemical perspective, RTILs have significant properties such as high 

thermal stability, non-volatility, high polarity, large viscosity, natural conductivity and 

wide electrochemical windows. [136, 137] 

These properties of RTILs commend their use for electrochemical processes. Abbott et 

al introduced a new alternative for electropolishing based on a mixture of choline 

chloride and ethylene glycol, a type III deep eutectic solvent called Ethaline 200, which 

was used for electropolishing of stainless steel because the raw materials used were 
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cheap and available. This process showed considerable advantages over the commercial 

process, among those being high current efficiency, negligible gas evolution at the 

anode/solution interface and a benign liquid compared to the acid mixture solution 

normally used. [138, 133] 

 

4.3.3 Ionic Liquids 

Ionic liquids are salts that exist in liquid state at room temperature and below 100 C°. 

Cations and anions are both contained in the liquid, usually in large scale organic 

compounds. By carefully selecting the anions, ionic liquids with a melting point around 

and below room temperature can be prepared. [133] 

In an ionic liquid the cation has great effect on the physical properties of the salt, while 

the anions demonstrate more effects on chemical stability and reactivity. 

The ionic liquids can be modified to meet the criteria for a specific application by 

selecting suitable cations and anions or can be fine-tuned by modifying a single cation 

class by changing the nature of one or more substituent alkyl chains. [139] 

Nowadays, applications of ionic liquids range from fuel desulfurization to organic 

synthesis to catalysis to electrochemistry to precious metal processing. This leads to the 

use of ionic liquids having many advantages over conventional organic solvents but 

very few have come to practical use although several are at the pilot stage. [139, 140] 

 

 

4.3.4 Ionic Liquids as Electrochemical Solvents 

By far the largest academic activities have been concerned with chemical synthesis and 

metal deposition and the lack of commercialized processes naturally has some economic 

reasons.  

Ionic liquids have a wide range of applications in electrochemistry, including electro 

deposition, electropolishing for ferrous and non-ferrous material, and in electrochemical 

devices like lithium batteries, photo-electrochemical cells, fuel cells and capacitors. The 

key advantages of ionic liquids being used in electrochemistry are: 

 Low vapour pressure 

 Wide variety of potential uses. 

 High solubility of metal salts. 

 Avoidance of water and oxidation. 

 High conductivity, compared with acid mixture solvents. [137, 133] 
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4.3.5 Deep Eutectic solvents  

Deep eutectic solvents (DES) are a sub-category of ionic liquids. Recently, the Abbott 

group introduced the concept of Deep Eutectic Solvents. A DES is a fluid coming from 

materialisation of the eutectic point as a result of the mixing of two or three components 

which are capable of combining with each other, frequently through hydrogen bond 

interactions. 

In such cases the eutectic mixture formed can be characterized by the lowest melting 

point, compared with the melting points of each individual component. [141, 142] 

Figure 4-35 shows eutectic point of the mixture components resulting in the lowest 

temperature point.  

 

  

Figure 4-35 : Schematic eutectic point on a two component phase diagram 

 

Since DES has been used, reductions of several hundred C
o
 in freezing temperature 

have been observed. [143] 

In general there are four types of deep eutectic solvent, shown in Table 4:12. 

Type I, II and IV all utilise some form of metal salt mixture with organic salts or a 

hydrogen bond donor, whereas type III utilises a hydrogen bond donor with organic salt. 

 

Type I Metal salt + Organic salt 

Type II Metal salt hydrate + Organic salt  

Type III Organic salt + Hydrogen- bond donor  

Type IV Metal salt hydrate +Hydrogen-bond donor  
 

Table 4:12: Shows four types of deep eutectic solvent. [144] 
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Type I DESs are systems consisting of a mixture of metal halide salts such as AlCl2, 

ZnCl2 etc. with choline chloride (ChCl) in a1:2 ratio. The physical properties of the 

liquid are highly dependent on the interaction between components. Empirical results 

have shown that the type I eutectics are mostly suitable for Ga, Al and Ge deposition. 

Type II DESs are systems used to mixed metal salt hydrates such as CoCl12.6H2O, 

CrCl3.6H2O etc. with choline chloride (ChCl) to create the DESs. In such cases the 

metal hydrate is the anionic component and it is difficult to make DESs with anhydrous 

CoCl12, even if the equivalent of 6 moles of 6H2O is added to the liquid. It is worth 

mentioning that the type II DESs are easier to make rather than type I, demonstrating 

less sensitively to the air and water due to the metal salt hydrate. Also, studies have 

shown that it is most suitable for Cr deposition. [145] 

Type III DESs are made by mixing an organic salt (choline chloride) with hydrogen 

bond donors. Many types of hydrogen bond donor have been used in this system. The 

first system was studied by Abbott et al; it involved choline chloride mixed with urea in 

a 1:2 ratio (Reline) in order to generate DESs with a lower freezing point. Also, other 

systems can be made such as Ethaline and Oxaline. The Ethaline is a mixture of ChCl 

with ethylene glycol (EG) as hydrogen bond donor in a 1:2 ratio, whereas Oxaline is 

made by mixing ChCl with Oxalic acid dihydrate in a 1:1 ratio. The type III eutectics 

are suitable for many applications such as deposition of Ag, Cu, Zn etc. and 

electropolishing. [146] 

Type IV DESs are the newest class of DESs, which use a metal salt hydrate such as 

CoCl12.6H2O or CrCl3.6H2O instead to organic salt (choline chloride) to mix with 

hydrogen bond donors (Urea). The eutectic result from this class is commonly used for 

metal deposition. [145] 

It can be seen that the most common quaternary ammonium used in this field (DESs) is 

choline chloride with different metal halides (hydrogen bond donor). 

 

4.3.6 Electropolishing using ionic liquids  

Electropolishing is an electrochemically controlled technique mostly used for improving 

surface properties such as a reduction of surface roughness, brightening corrosion and 

wear resistance. Most current electropolishing of stainless steel is performed on a 

commercial scale using a mixture of phosphoric acid and sulphuric acid. The practical 

aspect of the process is extremely successfully conducted although with some 
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drawbacks e.g. the liquids are highly corrosive and extensive gas creation occurs during 

the process, leading to poor current efficiency. [147] 

In recent years, studies have established that a type III DES (choline chloride mixtures 

with ethylene glycol as hydrogen bond donor) can be used for metal electropolishing. 

The process has significant advantages such as high current efficiency with limited gas 

creation at the anode interface surface. The results also showed that the liquid is non-

corrosive, in contrast to the current aqueous solution. It is worth mentioning that the 

mechanism that occurs during electropolishing in an ionic liquid can be controlled by 

the amount of the chloride ion at the anode surface. [137, 146] 

 

 

Figure  4-36: Comparison of unpolished and electropolished stainless steel (AISI 316L) 

in deep eutectic solvent (ChCl: EG). 

Figure 4-36 shows photographs of a stainless steel part before and after 

electropolishing (photographs A and B respectively) with graphs C and D showing the 

respective AFM images of the part's topography. [138] 
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Figure  4-37: Parts polished using ionic liquids. [148] 

 

Figure 4-37 shows typical stainless steel type 316 parts that that have been successfully 

electropolished in a ChCl: EG. In this process the oxide film was removed at a lower 

current than typically used with aqueous acidic solutions and also micro-roughness was 

reduced to less than 100nm. Also the results showed that electropolishing based on an 

ionic liquid is non-corrosive and moisture stable compared to aqueous acid solutions 

[137, 149]. The process is safe due to the naturally occurring components which are 

non-toxic. Choline chloride, known as pro-vitamin, has been used for many years in 

chicken feed. Regarding the cost affect, the technology was scaled up to pilot plant scale 

(50 litres) and then to commercial scale (1300 litres). Empirical results have shown that 

the cost of electropolishing by using DESs is the same as using a scale mixture of 

phosphoric acid or sulphuric acid, due to the improved current efficiency which was 

shown to be about 4 times better than an equivalent aqueous system. [150] 

Reviews of electropolishing based on DESs for conventionally made parts have been 

published, whereas for AM components none were found by the author. 
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4.4 Chapter summary  

Various techniques have been used over last decade to improve the surface properties of 

AM engineering materials, to increase their mechanical and physical properties. In 

conventional applications, several techniques prove to be very effective in achieving 

good improvement of surface finish, but some of them suffer from some limitations 

associated with the complexity of the engineering parts' features, or the need to be 

tailored for specific purposes. Furthermore, they can damage small features, or leave 

residual stresses in the part. In addition, for AM parts, the residual porosity associated 

with AM technology can be a major limitation to achieving a good surface finish; which 

can be appearing on the surface.  

Thus, the selection of a method to improve the surface finish of a part will depend on 

the part feature (geometry), mechanical properties required, type of material and degree 

of accuracy required. Table 4:13 shows a technical comparison between the three 

classes of finishing process.   

 

Characterization  Mechanical Thermal Electrochemical 

Cost   Low/ high Low / high Low 

 Carbon footprint  Low /high Low/high Low 

Improve surface finish  Yes Yes/no Yes 

Reduce  porosity  On the surface On & in surface On surface 

Typical cycle time   Low / high Low / high Low /high 

Part volume  Good Good Extra 

Cost effective for Low value 

parts 

Low / high Low / high Low 

Material  Metal & non metal Metal & ceramic Metal 

Material removal(rate) Low /high Low/ medium Very low 

 Residual Stress  Low /high Low No 

Side effect  Yes Yes No 

Maintenance  Low/high Low/high Low 

Adapts to automation Yes Yes Yes 

 

Table 4:13: Technical comparison between Mechanical, Thermal, Electrical methods. 
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Table 4:13 shows how the techniques interrelate with the parts properties. Also the 

comparison between these methods has shown that the electrochemical technique could 

be the best for micro roughness treatment. 

 On the other hand, thermal techniques show significant advantages as alternative 

surface treatment methods to the conventional ones, due to the process' capacity to 

suppress surface texture and porosity issues. 

Other methods such as Hot Isostatic Processing (HIP) and Impregnation may facilitate 

in some cases. HIP is a method which is used to reduce or eliminate porosity in 

ceramics and metal castings. This method can also be used on SLM parts and the 

residual porosity will be not fully eliminated due to a number of the porosity defects 

being connected with the surface of the part. Another method is impregnation of the 

base material with another metal that has a low a melting point, which can be used for 

certain purposes. However it can be not generally recommended due to fatigue failure 

implications. [49, 50]  

As an example, interesting work has been carried out by Kruth et al, in which all the re-

melting was done in the same SLM machine. The results obtained show that the surface 

finish on the top surface of the parts was improved by approximately 90%, whereas 

inclined surfaces with different angles (10°, 30°, 50° and70°) showed less improvement 

(ranging between 60 and 70%) compared with the initial roughness. This was attributed 

to the absence of flexibility of the laser to move perpendicularly to the surface during 

the re-melting process. However, the results did show that there was an improvement of 

surface finish compared to the initial results. The best average roughness (Ra) result 

recorded in this field was 1.25µm obtained by combining laser erosion and laser re-

melting in the same station. [6, 7] 

The work in this project will be focused on work that has been done by Kruth to re-melt 

stainless steel parts, but will use other surface improvement technologies, firstly laser 

re-melting as a post-processing technique, for flat surfaces inclined at angles of (0, 15°, 

30°, 45°, 60°,75 and 90° from the horizontal). The main aim of this is to optimize the 

parameters and to find out the capacity of laser re-melting to eliminate the primary 

surface roughness and improve other properties such as porosity and reduce residual 

stress as well. Analysis of surface characterization results will be performed, to compare 

with the initial manufactured results, to see how surface has been improved. 
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In the next stage (the stage after re-melting), electropolishing using ionic liquid will be 

implemented to reduce the secondary surface roughness obtained from the previous 

stage (re-melting). Again, the surface characterization results will be assessed and 

compared with the initial results. 

In addition, fatigue tests will take-place after the second stage to check the performance 

of SLM parts subjected to two stages of surface improvement (fatigue life with varying 

amounts of surface roughness improvement).  

According to my research, the above proposed work has not been done by anyone 

before and it will help to contribute to the efficiency of these techniques for improving 

the surface finish of parts made by SLM. 
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5.0.  Methodology  

5.1 Scope of research 

The scope of the study is to improve the surface finish of SS316L parts produced by 

SLM. The unique aspect of the proposed methods is to provide a high quality of surface 

finish while maintaining the geometric accuracy of the parts. The proposed method is a 

combination of two different post-processing techniques laser re-melting and 

electropolishing to address the limitations of the current methods used (see chapter 

four for surface finishing methods). This work is divided into three phases (chapters) 

and each chapter involves several stages as shown in Figure 5-1. Preliminarily 

experimental work will take place to assess the machine repeatability and obtain part 

characterizations.  

 

 

Figure 5-1 : The three phases of experimental work.  

 

Methodology and experimental work outline 

• To characterize the SLM parts 

• To ensure that the machine (process) is repeatable.  

1- Preliminary laboratory trails Ch.6 

• Machine setup for re-melting 

• Optimizing parameters based on statistical study  

• Results comparison before and after re-melting   

2- Laser re-melting Ch.7 

• Process setup and optimizing parameters based on 
statistical study    

• Results comparison before and after polishing 

• Reverse bending fatigue test 

3- Electropolishing process Ch.8 

 Conclusion  and Future work Ch.9 
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5.1.1 Preliminary laboratory contact trial 

The main aim is to devise and explore the effect of the machine parameters on part 

geometry and quality (part characterization). The assessment of surface roughness (Ra), 

topography and density are significant factors to evaluate the machine repeatability. 

This work will be carried out through three stages as shown on Figure 5-2.  

 

  

Figure 5-2: The three stages of phase one. 

 

5.1.1.1 Stage one (cubes manufacture) 

Experiments will be carried out by producing cubes, and after individual inspection a 

stylus profilometer will be used to assess the surface roughness.    

Surface topography and density determination will be obtained to ensure that the cubes 

were produced properly and the machine process is repeatable.  

 

5.1.1.2 Stage two (SLM benchmarks manufacture) 

Small benchmarks will be made of flat surfaces with different slope angles and 

horizontal surfaces at different heights. At this stage surface roughness, topography and 

density are also important, in order to realize the effect of part geometry design on the 

surface roughness, topography and density as well.  

  

5.1.1.3 Third stage (implement two different post-processing approaches)  

The previous benchmarks of stage two will be exposed to two different steps of post-

process: sand blasting and electropolishing. The surface character will be investigated 

after each step and assessed for roughness and topography in order to quantify the 

improvement after each step and also to determine the surface defects after post-

processing.   

SLM  cubes 
manufacture  

SLM benchmarks 

manufacture 
Post processing  
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5.1.2 Laser re-melting  

In this chapter laser re-melting will be employed to improve the surface roughness of 

SLM components. Also to consider the reliability of the technique by comparing results 

before and after have been re-melted. This chapter is divided into two stages as follows:  

 

 

Figure 5-3: The outline of re-melting phase   

 

5.1.2.1  Stage one (surfaces manufacture) 

 Use SLM 125 machine at DMU to create samples. 

 Remove supports and visually inspect parts to ensure that the parts can be made 

reliably.   

 Determine surface roughness and surface topography. 

 Determine density of parts. 

 

5.1.2.2  Stage two (re-melting process) 

 Machine setup for re-melting.  

 Optimizing parameters based on statistical study  

 Implement the optimum parameters to re-melting different inclined surface. 

 Determine the surfaces roughness and surface topography to ensure that the 

processes are being performed appropriately. 

 Compare the results before and after re-melting.  

 

 

 

SLM  surfaces 
manufacture 

Re-melting process 
and comparison 
results 
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5.1.3 Electropolishing  

In this chapter, the study will focus on implementing the final finishing method by 

electropolishing using a green process (ionic liquid) to refine the secondary surface 

roughness obtained from the previous phase (re-melting) and improve surface 

roughness and brighten of the parts. The process will be carried out with different 

parameters in order to optimize the parameters for polishing.  

 

 The test samples obtained from this processes (electropolishing) will be assessed 

for surface finish and surface topography and compared to the results with the 

previous two phases (as fabricated and re-melted).   

 Finally, reverse bending fatigue tests will be implemented to investigate the 

effects of the surface roughness component of SLM parts subjected to different 

stage of surface roughness improvement and to compare the results. 
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5.2 Materials and manufacture equipment 

5.2.1 Materials used (Stainless steel 316L)  

Stainless steels are very important category of alloys due to their plenitude of 

applications, which range from highly sophisticated ones like aerospace, medical and 

automotive applications, to very low end use like cooking utensils and furniture. 

Furthermore, stainless steel has become the most popular metal used for SLM 

applications due to its ability to produce fully dense parts direct from CAD. Stability 

and corrosion resistance are major concerns in the engineering sector.  These are 

NiCrFe alloys in which iron creates the bulk material and contains at least 16.5% 

chromium and up to 13.5% nickel and smaller amounts of other components as shown  

Table  5:1. An adherent chromium oxide layer is formed on the surface which confers 

its corrosion resistance. Nickel is used to obtain an austenite microstructure hence 

improving its ductility, toughness and weldability. Molybdenum is added to enhance 

resistance to pitting and crevice corrosion in more hostile environments. 

By properly adjusting steel chemistry there are three types of microstructures which can 

be obtained namely ferritic, austenitic and martensitic. [151, 152]  Thus, on the basis of 

these categories, stainless steel can be classified into several classes. “These are (1) 

ferritic stainless steels, (2) austenitic stainless steels, (3) martensitic stainless steels, (4) 

duplex stainless steels, (5) precipitation hardening stainless steels and (6) Mn-N 

substituted austenitic stainless steels.” [153] 

 

 

Figure 5-4: The iron carbon diagram showing cooling transformation of different 

carbon steels. [151] 
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Several types of metal have been commercialized in the additive manufacture field for 

more information see Table 2:2, but the most common one is iron based powder due to 

its stability for applications (it is less reactive during processing), price  and low toxicity 

compared to other powders such as Ti, Co-Cr, Al etc. [154, 155]  

In this study, stainless steel 316L  will be used as the material for all experimental work, 

and will be in the form of powder with particle size ranges from (15 - 45 ) micron as it 

is approved from its supplier (Renishaw).  

 

5.2.1.1  Stainless steel (316L) chemical components  

 

Chemical components Percentage 

Minimum Wt% Maximum Wt% 

Iron                  (Fe) Balance Balance 

Chromium       (Cr) 17.50 18.00 

Nickel               (Ni) 12.50 13.00 

Molybdenum   (Mo) 2.25 2.50 

Manganese      (Mn)  2.00 

Silicon              (Si)  0.75 

Copper             (Cu)  0.50 

Nitrogen           (N)  0.10 

Oxygen             (O)  0.10 

Carbon             (C)  0.03 

Phosphor          (P)  0.025 

Sulphur            (S)  0.010 
 

Table 5:1: Stainless steel (316L) chemical components. [152] 

 

The following Table 5:2 shows the mechanical properties of steel 316L parts made by 

SLM, according to the machine provider (Renishaw). 

 

Mechanical properties   

Tensile strength 625 (±30) MPa 

Yield stress 525(±30) MPa 

Impact value 75(±4) J 

Thermal conductivity 15  W/m.K 

Powder particle  size 15 – 45 µm 

 

Table 5:2 Stainless steel (316L) Mechanical data sheet. 
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5.2.2 Selective laser melting (SLM125) details  

The experiments in this work were conducted on parts made with a Renishaw SLM 125 

(Renishaw PLC, Gloucestershire UK). The machine employs an ytterbium fibre laser 

beam source to create solid geometry parts associated with specific parameters. 

Renishaw is UK based company that specializes in the manufacture of machines which 

are available in different platform size configurations and laser powers, as mentioned in 

Table 2:1. The Machine works by laser to melt fine metal powders together, layer after 

layer straight from the CAD data to create metal parts. Immediately after each layer was 

constructed, a powder recoat system is employed to add another layer of powders on the 

previous one. Whereas the laser is move to specify the model profile. This process is 

repeated until the final model obtained. 

The machine utilises vacuum evacuation that is fuelled by pure argon gas. This is used 

to create a non-reactive environment which is necessary when processing reactive 

materials. The machine is built in a way that has fully shield chambers, properly 

welded, strength and the low consumption of gas. Also it is designed for factories, with 

a simplified touch screen user interface as shown in Figure 5-6. 

 

 

Figure 5-5: Cross section through SLM process chamber.[156] 
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Figure 5-6: The key components of the Renishaw SLM 125 machine, and control 

system; laser gun source  (A), control system (B), chiller system(C),  laser lens(D), 

monitor control(E),  powder hopper(F), wiper(G),   overflow chamber (H), building  

base plate(I) 

The Renishaw machines give the users more control over all the process parameters 

than other typical commercial AM machines. It allows people to experiment with any 

materials of interest to them. However this experimentation poses some safety risks 

especially if the powders are explosive or flammable in the presence of oxygen. To 

counter this risk, the machine has been made with additional safety features to minimize 

the risks. [157] 

 

5.2.2.1 Renishaw Selective Laser Melting (SLM) Machines Technical Data 

SLM technical date SLM 125 

Max building area 125 x125 x 125 mm
3
 

Building rate 5cm
3
  - 20 cm

3
 per hour  

Scan speed Up to 2000 mm/s 

Position speed (max) 7000 mm/s 

Layer thickness 20 - 100μm 

Laser beam diameter  35 μm diameter at powder surface  

Laser option  100 or 200 W 

External dimensions  1350L  x 800W x 1900 H mm 

Weight 1125 kg gross, 900 kg net  

Power supply  230 V , 1HP , 16 A 

 

Table 5:3 : showing Laser Melting (SLM) Machines Technical Data. [157] 
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5.2.3 Cladding machine 

The laser re-melting trials were done on the RECLAIM machine (REmanufacturing of 

high value products using Combined LAser cladding, Inspection and Machining 

system) at the Manufacturing Technology Centre (MTC) Coventry, to re-melt specific 

part surfaces made by SLM. The machine has an integrated system of laser cladding and 

machining in one unit cell. The aim of RECLAIM is to remanufacture by laser cladding, 

inspection and machining. The worn or damaged components will be placed in the cell 

and inspected using a high speed contact scanning head to identify the damaged 

surfaces. The data is used to select the repair strategy and the damaged areas will be 

laser clad, machined and finally inspected to ensure that the parts comply with the 

quality standard set for new parts. [158] 

The integrated system components to makeup the cladding system are listed below. 

 Laser power source (SPI -200 W) 

 Chiller system  (DMU) 

 Argon bottle (BOC) 

 Control system 

 Laser cladding head (MTC) 

 3-axis machining  (DMU) 

 Automated inspection ( Renishaw) 

 Workstation (MTC) 

 

Figure 5-7:The key components integration  of RECLAM machine and control system; 

laser source(A), chilling system (B), argon source(C), control system(D), cladding 

head(E), argon gage(F), CNC machine(G). 
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The machines employ an ytterbium fibre laser beam as a source to repair the worn 

surfaces by making up solid geometry layer by layer to obtain the final product. Also 

this integrated system can be used to re-melts surfaces associated with sequence of 

default parameters fixed by the operator. 

 

 

Figure 5-8 : Showing the laser cladding head (A) loaded in CNC chunk (B). 

The system was developing an automated cell which combines laser cladding (using the 

latest fibre laser technology), 3-axis machining and automated inspection. Also it is 

very economic, rapid and reliable re-manufacturing of high value engineering parts. It 

can be fitted onto existing machine tools, and allows seamless transition between 

cladding, machining and inspection operations. It is worth to mention that the laser 

remanufacturing system is a growing sector which, in addition to cost savings, provides 

significant benefits for the environment with a reduction in CO2 output. [158] 

As a further development of the integrated laser cladding and machining cell the new 

RECLAIM machine comes with high laser power 2KW, 6-axis machining and high 

automated inspection, in order to make a great contribution to the efficiency, by re-

manufacturing high value components that would otherwise have gone for scrap. [159, 

160] 

 

A 

B 
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5.3 Surface characterization techniques and equipment 

5.3.1 Common surface parameters  

Nowadays, a wide range of surface textures are generated by different engineering 

manufacturing techniques. Thus, these surfaces need to be carefully measured and 

provide us the opportunity for deep understanding of surface characterization and 

constructed causes. [161]  Table 5:4 shows the most common parameters used in 

profiling.  

 

                                           Commonly used surface parameters  

Ra Arithmetic of average roughness  

Rq It is the root mean square of average roughness  

Rp Maximum profile peak height 

Rv Maximum profile valley depth 

Rt Maximum distance of peak to valley on the Profile 

Rz Average maximum of Height to valley of the Profile 

Rsk Skewness  measuring of the symmetry of the profile around the mean line 

 

Table 5:4: Commonly used surface parameters. [162, 41]  

 

 

Figure 5-9:  Surface profile to illustrate Ra and  Rq. [123] 

 

In general, there are two types of technique used to measure the characteristic of a 

surface's texture, which are respectively called:  

 Connected techniques (stylus profiling) 

 Non- connected techniques (optical techniques). [163]  
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5.3.2 Contact methods (Stylus Profiling) 

The first Stylus profilometer was a German basic instrument which was made by 

Gustav Schmatiz and it has been developed by different companies to be used in a wide 

range of industrial sectors, as a technique for measuring surfaces, to provide quantitative 

details on the surface characterization. [164] 

All contact profilometers work by utilizing a stylus. There are two methods which are 

used to measure the surface finish according to the stylus technique which are 

respectively called skid and skidless techniques.  

In the skid technique the stylus continuously measures the surface roughness while the 

skid is positioned behind the stylus. On the other hand, the skidless technique measures 

the roughness and waviness in term of accuracy because it uses the internal surface as 

reference, as shown in Figure 5-10. 

 

 

Figure 5-10: Illustration of skidded & skidless techniques. [162] 

 

In this study a (Sj400) Taylor Surf tester profilometer, version 3.00 (see Figure 5-11) 

from (Mitutoyo) was used for surface characterisation as a contact technique. A 

diamond tipped stylus with a 20 nanometre tip diameter was used to determine surface 

roughness parameters such as Ra, Rq and Rz. The measured data was recorded by 

computer software for storage and analysis.  

After individual inspection of SLM test samples and to achieve reliable results, all 

profiling measurements were carried out by making five runs along each key surface, 

with a measurement length of 8mm, and then the average roughness value for recorded 

data was obtained.    
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Figure 5-11 : Sj400 Taylor Surf tester profilometer. 

 

5.3.3 Non-Contact technique (Surface imaging techniques) 

Generally three-dimensional measurement surface methods provide more detailed 

information about surface characteristics. The optical techniques, unlike stylus 

techniques, utilize a laser beam or light for scanning the surface being measured. The 

techniques involve the use of digital microscopes and detection sensors, hence offering 

final image data to illustrate surface characteristics such as roughness, waviness and 

porosity, which are results of the manufacturing process. Many people prefer this 

technique because it does not damage the parts as well as being faster and the image 

covers the whole area of the surface instead of a single line. [165]  

 

5.3.3.1 2D Digital microscope 

The optical microscope (B – 350) provided by Brunel Micro-Scope Ltd (at DMU) was 

used as a full integrity 2D optical profilometer utilized to provide large two dimensional 

images for surface characterisation. This instrument is able to quickly analyse the 

surface topography for different kinds of materials, and provide different magnification 

ranges from 40 to 400 times. 

In this experiment, all the samples were inspected at low and medium magnification in 

order to assess any small features or defects which could not be seen by the naked eye. 

A digital camera was attached to capture the images formed by the microscope and 

specific software (ScopeTek ScopePhoto, Version 3.0.12.867) was utilized to process 

the images.  
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Figure 5-12:2D optical microscope used for surface morphology examination. 

 

5.3.3.2 3D Digital microscope (Zeta) 

Most optical profilometers are used to measure the characteristics of surface 

topography. They use a laser beam or light or electron beam as a rule to obtain surface 

measurement. Optical profilometer works as a nature technique and can be applied on 

transparent layer. [166]  In case of (Zeta -20), the optical light source is fully integrated 

into the system to enable capture 3D colour imaging on specific surfaces with high 

resolution. The Zeta-20 has a large working range (i e, magnification) in order to 

provide precise details of any small features and measure surface curvature. [167]  

 

 

Figure 5-13: Zeta-20, 3D digital microscope. 



91 

In general terms, the optical light profilometer works by comparing two optical paths. 

The beam of light is split into two paths; the first one is reflected by the material which 

is on the microscope plane, the other beam is reflected by a reference surface (mirror). 

The beams then combine again. This combination of beam is focused into high a 

resolution camera, which shows the constructive space as a lighter and the destructive 

area as a darker feature which clearly appears on the screen. Nowadays most of the 

sophisticated digital cameras are used to measure 2D and 3D samples from pixel to 

pixels. Also 3D measurement is done through image stacking. [168] 

 

5.3.3.3 Scanning Electron Microscope  

The scanning electron microscope (SEM) utilizes the high energy of an electron beam 

to produce different signals on solid specimens. This electron beam signal received 

from interaction with the sample shows data of the specimen such as; surface 

morphology, chemical composition, and structure of the crystals. The information or 

data can be collected on a specific surface area of the sample, and two dimensional 

pictures can be produced to show different characteristics of the sample. [169]  The 

sample preparation for testing is quite simple; the sample must also be solid, conductive 

and fit into the microscope chamber. In addition, the surface area which can be scanned 

by SEM ranges from5µm
2
 to 250mm

2
. The ease of sample inspection and assessment 

makes the SEM a significant tool for surface imaging. In this work the SEM images for 

the test samples were taken by a Zeiss EVO HD15 SEM at De Montfort University as 

shown in Figure 5-14. The electron hits the specimen with a voltage acceleration range 

between 0.2 kV to 30 kV. It is worth mentioning that a special analysis on selected 

areas can be performed using this technique, typically when looking for qualitative or 

semi quantitative data such as; chemical composition, crystalline structure and its 

orientation etc. [170]  
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Figure 5-14: Shows a Scanning Electron Microscope. 

  

Today SEMs produce detailed data of selected points on the specimen and they are one 

of the mostly used tools for surface characterization in industry. Figure 5-15 below 

shows the basic operation of an SEM. SEM is considered non-destructive since the X-

rays produced do not destroy the sample. [169]  

 

 

Figure 5-15: Shows operating principles of SEM. [169] 
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5.4 Fatigue test equipment 

The measurement of fatigue failure on SLM stainless steel (316L) parts subjected to two 

different stages of surface finish improvement was achieved using the fatigue tester 

HSM20 shown in Figure 5-16. The machine employs an induction squirrel cage motor, 

with a specific speed of 3000rpm and uses a 220V single phase power supply. A 

counter mechanism is equipped at one side of the motor, which has the ability to record 

7 figure numbers. A fixture is connected by its end to the shaft. A spherical ball bearing 

is positioned in the loading device with a micro switch. When fracture occurs, the motor 

is automatically switched off by the micro switch. The process is set with the help of a 

fatigue tester, which is designed to be positioned on the bench. A standard design of 

specimen with dimensions of (1x 10 x100) mm is provided for the apparatus use 

according the material data sheet. [171] 

 

 

Figure 5-16: Fatigue tester HSM20. 
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Experimental work 

 

This work is divided into three chapters (phases); the first one (Chapter. 6) is 

conducting trials to assess the machine performance repeatability and the parts' surface 

characteristics. The second chapter (Chapter.7) focuses on the manufacture of different 

inclined surfaces, as detailed in the methodology chapter, in order to assess the 

characteristics of SLM parts before and after exposure to laser re-melting as a post-

processing method. The third chapter (Chapter. 8) focuses on electropolishing after re-

melting, to obtain the final goal (a good surface finish). 
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6.0.  Preliminarily laboratory conduct trial 

The experimental aims were to investigate the characteristics such as surface roughness 

(Ra), topography, density of SLM 125 parts and also to determine if the machine is 

repeatable for production. The work in this phase (chapter) was carried out through 

three specific stages as shown in Figure 6-1. 

 

 

Figure 6-1: Shows the outline of experimental procedure employed in the first phase.  

 

 

 

 

 

Experimental work outline 

Manufacture procedure 

•Surface topography  

•Surface roughness 

•Density 

The first experiment (SLM cubes) and assess  for  

•Surface topography  

•Surface roughness 

•Density  

The second experment ( SLM  benchmarks) & 
assess for 

•Surface topography  

•Surface roughness 

The third experiment (SLM part) exposure to  
Sand blasting and Electropolishing and assesses for 

Conclusion  and direction of next phase    
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6.1 Manufacture procedure 

The chart above has shown the sequence of experiments and their objectives. It is worth 

mentioning that all experimental parts were built by the same build parameters, which 

had already been developed on the De Montfort University SLM 125, utilizing stainless 

steel powder with a specific ranging of particle size 15 to 45 µm. The parameters are 

shown on Table 6:1. 

 

Laser power 200 watt 

Scan speed   480 mm/s 

Focus offset 0 mm 

Point distance   60 µm 

Layer thickens 50 µm 

Exposure time  100 µs 

Powder dosage 90% 
 

Table 6:1: Laser setup parameters. 

 

 

6.1.1 Process of 3D printing part on SLM machine from CAD Packages 

This section shows the data transection steps from CAD to AM as follows:  

 

 

 

 

 

 

 

 

 

 

Figure 6-2: The data translation steps from CAD to AM. 

 

 Initially the part to be printed by SLM is designed using CAD packages like 

Auto CAD, Solid Works, Pro-E, etc. 

 5- Export to machine format (mtt file)             

 4- Autofab® software to create slices (fab file )      

 3- Autofab® software to generate suports (vfx file) 

 2- Autofab® software  to fix errors (stl file )  

 1- CAD model export as (stl file) 
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 Once the part is designed by using CAD packages, then the designed file is 

converted into .STL format (Triangular representation of a 3D object). 

 Autofab software is well known for accurate slicing of parts to use on additive 

manufacturing machines. It is worth mentioning that the autofab software has 3 

stages of processing the file. 

 The .STL file is loaded in Autofab software to fix the basic errors in the part.  

 Once all the errors in the file are fixed then the operator must add supports to the 

part. There are different types of supports like line, point, transverse angle, and 

longitudinal angle.  

 

 

Figure 6-3:3D model with supports generated in Autofab software. 

 

 The supports are selected according to factors such as; kind of material, part 

shape and orientation. Figure 6-3 shows the supports attached to the part. 

 After creating supports the file is converted automatically into .VFX format 

(This format saves triangle data).  

 After the part is saved in .VFX format the operator generates slices by using the 

software in the hatch style of “Meander”. Once the slices are generated then the 

part is automatically converted into .FAB format and saved.  

 Finally the part positioned in the build chamber is set by the operator. It is very 

important to locate the part in the best way to utilise the area allowance of the 

build substrate, and reduce build time. 
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 It is also used to build multiple test samples in very less time and in accurate 

area allocation on substrate. 

 Once the part is arranged in the right way, the file is exported to the (MTT) 

format for (SLM) Renishaw Machine and loaded onto the machine's computer 

by file transfer. 

 The process parameters, material cost and time taken will be calculated by the 

machine. 

 

6.1.2 Machine process  

All the samples were built using the parameters defined in Table 6:1. The specific steps 

taken to begin the build are as follows:  

 Load the 3D samples i.e. (mtt) file into the machine. 

 Turn on the machine; laser chillier and argon gas for about two hours as pre- 

heating recommended by Renishaw. 

 Fill the  powder hopper with material and fit it into the machine  

 Fix the substrate on the build platform area.  

 Adjust the wiper height on the substrate and set the datum of the substrate to 

zero 

 Check the dosage, use the wiper to spread the first layer on the substrate 

 Set the powder dosage (90%).   

 Select the build file and start the build. 

 

 

Figure  6-4 : Cubes & benchmarks were made by use SLM 125. 
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6.1.3 Post-processing and inspection  

In this stage and after the samples had been completely manufactured, the extraction of 

the parts from the machine build chamber was also carefully done. Subsequent post-

processing involved support remove and individual inspection. A manual saw was used 

to take off the samples from the substrate, whereas hand pliers were used to remove the 

supports from the samples. Individual inspection was also carried out to ensure that the 

samples had been made reliably, as can be seen in Figure 6-5. These steps of 

manufacture and inspection were done consistently during the whole project. 

 

 

Figure 6-5: Benchmarks after support removed and inspected. 
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6.2 The initial manufacturing trial  

This experiment was carried out by producing five plates each of which had twenty five 

cubes with specific dimensions of (10 x10 x 10) mm as shown in Figure 6-6, with 

specific parameters, set as in Table 6:1. The aim was to obtain preliminary 

characterization of the SLM parts, such as surface roughness, surface topography, and 

density and ensure that the machine was building consistently.  

 

 

Figure  6-6: Shows cubes made by SLM 125. 

 

The investigations of the effect of process parameters on the density and surface quality 

of SLM parts were conducted with a digital microscope, SEM and stylus profilometer 

(SJ400) at DMU.   

 

6.2.1 Results and discussion  

6.2.1.1 Surface topography   

Generally, due to the interaction between the laser and the powder during the process 

and solidification, recognizing features in SLM surface micrographs is quite 

complicated. Thus, pictures were taken by digital microscope and subsequently by SEM 

as shown in Figure 6-7, Figure 6-8 and Figure 6-9. 
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Figure  6-7: 2D micrographs of cube. 

 

The above picture was taken to show some of the errors on the top surface of the cubes 

such as balling, porosity, fully molten areas and partially molten areas, which occur 

during the interaction of material with the laser radiation, and its behaviour during 

shrinkage. [14]  It is noted that the defects on the surface, such as roughness and pores 

have a significant influence on the mechanical and physical properties of the part 

because during mechanical loading, the surfaces are the first area to cause failure. [172] 

 

 

Figure  6-8: Shows 2D micrograph cube cross section (C1)  

 

Figure 6-8 shows 2D digital micrographs taken to assess the presence of porosity. The 

majority of the porosity is located under the skin of the side wall; these defects are 

attributed to insufficient cohesion of the contour track and fill tracks during the build 

process.  

100 µm 

Top surface  200 µm 

100 µm 
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The micrographs are clearly show defects such as irregular pores ranging from small to 

large plus closed and open pores, which are mostly concentrated close to the side wall 

surface. In particular these defects are the main obstacle for surface improvement, 

because the post-processing techniques are subtractive. For instance, machining the 

surface will improve the surface roughness, but at the same time deep pores will appear 

on the surface as defects. In such cases, mechanical properties such as fatigue, stress, 

strain, fracture, wear and surface quality etc., are influenced as well. [173] 

 

  

A B 

 

Figure  6-9: 2D micrograph tracked by SEM & elements tracked by EDX at DMU. 

 

The micrographs in Figure 6-9 were taken by SEM to verify these defects. Surface 

characterization was performed to identify the reason for the defects and Electron 

Dispersive X-ray (EDX) identified the chemical components of the sample in different 

areas, solid material (A) and pores (B). The results show that there is a contamination 

located in the porous areas involving metals oxide and mostly iron oxide, whereas the 

solid area showed the unique chemical composition of stainless steel 316L.   
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6.2.1.2 Surface roughness measurement 

Surface roughness could be defined as a number of texture on the surface and affects as 

major limitation on parts. Surface quality of SLM is not only a main concern to the user, 

but also plays as a foremost concern during the process manufacture and post-

processing (finishing) as well. The surface roughness of the SLM components 

demonstrated various poor quality on the top surface of the cubes, see Figure 6-12. So 

these parts need further treatment. 

  

 

Figure  6-10: Surface measurement by using stylus profilometer (Sj400). 

 

 

Figure  6-11: Amplitudes parameters of surface roughness obtained on sample (C1). 
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Figure  6-12: Comparison of surface roughness measurements performed by stylus 

profilometer (Sj400) on all groups. 

 

 

Figure  6-13: Comparison of surface roughness on all substrates. 

 

Five successful readings were obtained on the top surface of each sample to calculate 

average roughness (Ra). The results show that (Ra) ranges from 14 to 17µm obtained as 

average results of five surfaces built at different positions on the substrate. The results 

show in Figure 6-12 and Figure 6-13 show that the machine performance is repeatable 

and also that surface roughness slightly increases at the right side of the substrate. This 

could be due to the effect of the argon flow from right to left across the substrate during 

the build process. These results have been performed employing, ISO 1997 as shown on 

Figure  6-11. 
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6.2.1.3  Density  

The main aim of SLM is to produce fully functional complex parts with. Thus, the 

measurement of density is one of the most important results, and directly reflects the 

production condition and how the interaction of laser parameters occurs during the build 

process. Density can be defined as mass divided by volume. 

 

Density=Mas/Volume(gm/cm^3)………………Equation 6-1 

 

The analysis of density was verified on two substrates (Sub1, Sub3), by carefully 

removing the cubes from each substrate to determine their mass and volume. Data 

collection and analysis were performed.  Figure  6-14 illustrates the results. 

 

 

Density of all cubes from substrates 1 and 3. 

 

Average density with error bars. 

 

Figure 6-14: Density measurement of cubes realized on sub (1&3). 
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 Although, the main priority of SLM technique is to create full function parts with fully 

density, but it could be quite difficult to obtain that due to missing mechanical pressure  

during the interaction fabrication.[4]  The measured density ranged between 7.422 to 

7.727 gm/cm
3
 compared to 7.9 gm/cm

3
 for fully dense parts produced by conventional 

methods. Also it is possible to say that there is a coherent relationship between density 

and surface roughness. The results obtained from Figure 6-12 and Figure  6-14  indicate 

that a reduction of density corresponds to an increase of surface roughness, 

demonstrated on group E. 
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6.3 The second scope trial (benchmark development) 

This experiment was designed to investigate the effect of build process parameters on 

part characterization, for instance, the influence of laser parameters on the top surface 

for different build heights and angles, in order to obtain the stair effects (angle 

inclination) and machine repeatability as well. 

 

6.3.1 Experimental procedure  

 The experiment was carried out by setting up the machine and using the same 

parameters as the previous experiment as per Table 6:1. The benchmark model 

designed for this work contains top surfaces with different heights (4, 8, 12 and 16) mm 

and inclined surfaces at 15°, 30°, 45°, and 60° as shown in Figure 6-15. 

 

 

Figure  6-15: Benchmark 3D model (left) and built samples (right) 

 

Eleven samples were produced on one substrate. The manufacturing steps were kept 

constant as specified in section 6.1.1. Measurements of the surface roughness, 

topography, and density were carried out and the results are demonstrated below. 

 

 

 



108 

6.3.2 Results and discussion 

6.3.2.1 Surface topography  

All benchmarks were investigated by taking pictures on the top of surface using a 

digital microscope. The results demonstrated that the same defects which were obtained 

on the cubes, such as balling, porosity, waviness, were also present on the benchmarks. 

These defects provide confirmation that the process interactions have significant 

influence on the surface quality as shown in Figure 6-16. 

  

 

Figure  6-16: 2D micrographs of the top surface of benchmark (C2). 

 

6.3.2.2 Surface roughness 

In SLM component, surface accuracy or quality is the first concern from customer; 

because it is the key of integration of the process parameters during the manufacture and 

reflecting a good image of part quality. Thus, the ability to produce significant surface 

quality is still considered as one of the drawbacks of this process. [37] 

In this stage surface roughness was measured on both the top and inclined surfaces, 

utilizing the same profilometer (SJ400) at DMU) as indicated in the first trial, see 

Figure 6-10. The results show that the top surface roughness has ranges between 13.7 

to 17.0µm as shown in Figure 6-17 below.  

200 µm 
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Figure  6-17: Surface roughness Ra obtained on the top different heights surfaces. 

 

It is clear that the surface roughness increases with inclined surface angle decrease due 

to stair effects (more information see 3.1.2). The best results were obtained on inclined 

surfaces that have inclined angle of 60
ο
. Overall, the average surfaces roughness of the 

inclined surfaces ranged from 10 to 17µm as shown in Figure 6-18. 

 

 

Figure  6-18: Surface roughness Ra obtained on different inclined surfaces. 

 

According to the literature review, research carried out by Kruth and co-authors found 

the surface roughness of SLM parts ranged from 10-30 microns Ra depending on the 

orientation of parts, machine parameters and powder characterization. The above results 

are comparable to the literature review. [6, 7, 174] 
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6.3.2.3 Density 

Due to the complexity of the benchmarks, the density was obtained using (MPIF 

standard 42) to determine both dry and wet density. The steps given by this standard 

were followed. The procedure starts by weighing the test specimen before and after 

impregnated in oil, and then weighing the impregnated specimen in water. For more 

information about the experimental procedure see appendix (1). The density 

determination was based on following formulas. 

 

            
    

       
      

  

    ………………………….Equation 6-2 

            
   

       
       

  

   
  ……………………...Equation 6-3 

 

where A is the weight of specimen before impregnated, B is the weight of specimen 

after impregnated, C is the weight of specimen in the water, E is the basket weight in 

water,      is the water density. 
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A1 9.899 9.921 9.853 1.281 0.999 7.303 7.346 92.79 92.99 

A2 10.112 10.116 10.04 1.281 0.999 7.344 7.357 94.23 94.26 

B1 10.088 10.12 9.985 1.281 0.999 7.117 7.139 90.09 90.37 

B2 10.148 10.159 10.07 1.281 0.999 7.359 7.397 93.66 93.77 

B3 10.135 10.162 10.045 1.281 0.999 7.242 7.261 91.67 91.92 

C1 9.907 9.915 9.85 1.281 0.999 7.352 7.358 93.07 93.15 

C2 10.14 10.145 10.033 1.281 0.999 7.271 7.275 92.05 92.09 

C3 10.134 10.152 10.015 1.281 0.999 7.139 7.152 90.37 90.53 

D1 9.789 9.884 9.812 1.281 0.999 7.227 7.297 91.491 92.379 

D2 10.045 10.12 9.998 1.281 0.999 7.152 7.205 90.53 91.21 

D3 10.017 10.102 10.011 1.281 0.999 7.293 7.355 92.32 93.109 

Average 7.270 7.295 92.02 92.34 

 

Table  6:2: Density measurement of benchmarks. 
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Figure  6-19:  Density of benchmarks. 

 

The data in table illustrates the density results of all benchmarks. The table shows that 

the average results of dry and wet density are 7.270 gm/cm
3 

and 7.295gm/cm
3 

respectively with total percent 91%, compared to 7.9gm/cm
3 

for a fully dense part. Also 

the results showed less density than that of the first experiment (cubes). This is 

considered to be due to the increase of the area of the side walls for these benchmarks. 

Some cross sections were taken which demonstrate how the porosity is intense under 

the side wall and to illustrate the reason for the decrease in density, as shown in  

Figure  6-20. All the porosity was concentrated close to and under the surface, probably 

due to the scanning strategies used. The scan strategy starts by first scanning a line (the 

first contour) to melt powder around the profile vectors, and afterwards the fill vector 

continues scanning to melt the powder area inside the contour line.  

 

  

                                   A                                   B 

 

Figure  6-20: 2D cross section obtained from benchmark (C2). 
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6.4 The third trial combining Sand blasting and Electropolishing   

6.4.1 Experimental procedure  

This section describes the method of combining sand blasting followed by 

electropolishing. In this investigation the parts were treated by combining two different 

post-processing techniques in order to assess the efficiency of these techniques to 

improve or reduce the surface roughness of SLM manufactured parts. This was done by 

measuring the surface topography before and after treatment of the selected 

benchmarks. Sand blasting was used as the first stage. The experiment was carried out 

using 100 Psi pressure with an aluminium oxide abrasive material (grit 60 – 80 microns) 

in order to reduce roughness features such as waviness or any dendrites located on the 

surfaces of benchmarks. Afterwards, electropolishing was applied to obtain the final 

surface roughness. The electropolishing was carried out implementing an ionic liquid 

solution in the electrical cell with a source potential of 6 volts for 1 hour at 30C° 

temperature.   

  

6.4.2 Results and discussion 

6.4.2.1 Surface topography   

Pictures were taken using digital microscope and SEM as shown in Figure 6-21. These 

pictures show significant improvement on the surfaces. The results demonstrated the 

efficiency of these techniques. On the other hand, some remaining defects are clearly 

present on the surface profile such as open deep pores. The remaining porosities were 

came to present and clarify the reason for re-melting process as second stage of 

experimental (see methodology section.  
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 Figure  6-21: 3D models on the left and 2D micrograph to verify the number of defects 

on the treated areas on the right.  

200 µm 
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Figure  6-22: 3D micrograph to verify the difference between sand blasted (A) and 

electropolished (B) areas.  

 

Figure 6-22 shows micrograph roughness obtained by 3D Zeta Microscope on two 

different regions of the top surface of the part. The dark blue colour indicates the 

maximum valley and the red one indicates the highest peak, also showing the amount of 

surface dendrite reduction. 
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6.4.2.2 Surface roughness 

A stylus profilometer was used to obtain the results. The results show that the amplitude 

of the surface roughness parameter Ra has significantly reduced after employing the 

processes. The total amount of improvement was recorded at approximately 80 to 86%. 

Also, the best results were linked to slope angle increase, because the initial roughness 

of the surfaces was lower due to the angle increase, although, the percentage reduction 

of surface roughness is approximately the same, as shown in Figure 6-23 and 

Table 6:3. 

 

 

Figure 6-23 : Surface roughness comparison results. 

 

  Top surface   Angle 15° Angle 30°  Angle 45° Angle 60° 

Original 

benchmark 

16.54 16.026 13.91 12.9 11.97 

Sand blasting  7.21 6.53 6.03 4.56 3.93 

Electropolishing  3.06 2.87 3.56 2.03 1.69 

Improvement 

% 

81.49 82.1 74.4 84.2 85.88 

  

Table  6:3: Comparison amplitudes parametric of surface roughness (Ra), before and 

after processing& also showing the percentage of improvement. 
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6.5 Chapter summary and direction of next Phase   

The characterization of SLM component surfaces and surface improvement has been 

briefly covered in this chapter. The results showed that the machine is fully functional 

for manufacture and the overall conclusion can be summarized as followed.     

 Surface topography of the SLM cubes and benchmarks showed the same surface 

topography involves balling, porosity, peak, valley, agglomeration, fully melted 

area and partially melted areas. The variations of these features depend on the 

process parameters and the surfaces’ build orientation.   

 The surface roughness ranges between 10 to 20 µm Ra on the top surface. 

 The cubes built in the first trial at the right side of build area demonstrated a small 

increase of the top surface roughness, possibly due to the flow of argon being from 

right to left in the build chamber. 

  Surface roughness reduced as surface angle increased to 90°. 

 Some pores were clearly apparent under the top and mostly under the side wall 

surface due to the machine scan strategy.  

 Density decreased as the area of side wall surfaces increased, due to the porosity 

issue. 

Unfortunately, open pores and subsurface porosity presented a major obstacle in 

reaching the final objective of surface finish. Thus, mechanical methods cannot be 

recommended with SLM parts, because they work by eroding a specific amount of the 

surface, leading to subsurface porosity appearing on the surface as roughness, also leave 

some residual stress and destroy small features such as radii, fillets, sharp corners and 

small holes, which effects on the parts physical and mechanical properties.[173, 68,175]  

On the other hand, thermal technique (laser surface modification) has been used in 

different areas such as laser marking, cladding, micro machining, engraving and 

currently being used in latest technologies such as laser ablation, laser polishing and re-

melting of AM metal powder parts to enhance the surface defects. Therefore, thermal 

techniques such as laser re-melting and laser polishing may be a better solution, due to 

their own advantages such as improved surface topography, mechanical properties, 

reduced porosity and residual stress. 

The results obtained from this investigation strongly support the methodology and 

demonstrate the reason for laser re-melting as an approach for SLM parts surface 

improvement. 
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7.0. Laser re-melting  

The AM process has been developed to fabricate fully functional parts with good 

surface texture, but the parts still suffer from some drawbacks such as inadequate 

surface finish, as already mentioned in the previous chapter. In this phase of the 

experimental work, the samples were made at different build angles in order to provide 

a range of surface roughness to test the re-melting process. Optimization parameters for 

laser re-melting were developed in this chapter. Also, a comparison of as-fabricated 

with re-melted inclined surfaces is demonstrated in this chapter. The work was divided 

into two stages, as shown in Figure 7-1. 

 

 

Figure 7-1: shows the outline of experimental procedure employed in the second phase. 

 

The experiment in this phase starts by re-designing the benchmarks and inclined 

surfaces were made instead to the previous benchmarks as shown in Figure 7-2. 

 

• Surface topography  

• Surface roughness 

• Density  

Expermental work procedures outline 

 The first stage is manufacturing of 
inclined surfaces and assesses for 

• Surface topography  

• Surface roughness  

• Porosity 

• Chapter summary  

The second stage is the laser re- 
melting  procedure and  assesses for                                  
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7.1 Inclined surface manufacture 

7.1.1  Manufacture procedure  

The manufacture was completed by producing inclined samples instead of the previous 

benchmarks Figure 7-2.  

The aim was to adapt the surfaces for the re-melting process, by making them separate 

parts which could be re-melted without obstructing the laser. The samples were again 

made on the Renishaw SLM125 at De Montfort University. The experiment was carried 

out by setting up the machine and implementing the same parameters as in the previous 

experiment, as per Table 6:1. The same stainless steel powder was used to build the 

inclined surfaces, with dimensions 30 x10 x 4mm, at angles of 0°, 15°, 30°, 45°, 60°, 

75° and 90° from the horizontal as shown in Figure 7-2. Five samples were made for 

each angle to complete this investigation; the total number of samples was 35. 

 

 

Figure  7-2: Re-designed inclined surfaces for the re-melting experiments. 

 

The samples were removed from the substrate and cleaned according to the same 

method as section  6.1.3. After completion of supports removal and inspection, the 

samples were checked to assess for surface roughness, topography and density, as 

shown in Figure  7-3. 
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Figure 7-3: Stages of surface assessment. 

 

Surface characterisations such as surface roughness measurement and imaging were 

done at De Montfort University, implementing the same techniques as in the first phase 

of the experimental work, i.e. stylus profilometer (SJ400), SEM, 2D microscope and 3D 

microscope. For more information about this equipment see the methodology chapter, 

section 5.   

 

7.1.2 Results and discussion  

7.1.2.1  Surface roughness 

The surface roughness (Ra) component of the SLM parts (inclined surfaces) showed 

various ranges of value due to the gradient of sample orientation, the lowest results 

observed on samples with specific angle trends to 90° degree, although the scanning 

strategy, powder specification and laser parameters were fixed. 

 

 

Figure  7-4 : Stylus profilometer results for average roughness (Ra). 
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Figure 7-4 shows the surface roughness (Ra) obtained from all samples, whereas 

Figure 7-5, Figure 7-6 and Figure 7-7 below show the amplitude parameters with 

errors margins of parameters Ra, Rq and Rz measured on the top surface of all samples. 

It can be seen that the response of surface roughness is negatively proportional to 

surface angle.  

 

 

Figure  7-5: Average roughness (Ra) with error realized on all inclined samples. 

 

 

Figure  7-6: Mean square of average roughness (Rq) with error. 
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Figure  7-7 : Average maximum of height to valley (Rz) of the Profile with the error.  

 As demonstrated in the figures above, the surface roughness of SLM components are 

highly influenced by the surface orientation and showed considerable improvement in 

terms of data measured and the best results obtained by 90º. This is because of the stair 

effect factor. The presented results in the above graphs are in agreement with results 

from other researchers regarding the stair effect. [81] Other factors such as no-

homogeneous powder spreading during the deposition process can affect surface 

roughness, creating high peaks and valleys adherent on the outer surface profile. These 

peaks and valleys will also prevent a homogeneous deposition of the powder on each 

subsequent layer and leading to an imbalance of the layer thickness. Moreover, an 

imbalance of layer thickness causes insufficient melting of the powder during the laser 

process, demonstrated by a considerable number of pores and associated surface texture.  

 

7.1.2.2 Surface topography  

Different optical microscopes were used to reveal the surface topography of the results 

obtained from the experiment. The results showed some defects on the top of the 

samples such as irregular ridges, peaks, valleys, deep pores, over melted areas and 

balling. It is worth mentioning that the sizes of these defects increases with the increase 

in surface angles from the horizontal. Figure  7-8 shows the increase of surfaces 

degradation during the manufacture process with reducing build angle. The dendrites 

are clearly present the foremost difficulty for some engineering applications, where 

surface roughness is considered a main concern. 
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SEM micrographs were taken using 

150 magnifications to recognize 

various defects formed by the additive 

layer manufacturing processes. 

 

 

Figure 7-8:  SEM results performed on all inclined samples. 

3D images were taken (as can be seen in Figure  7-9, Figure  7-10 and Figure  7-11) to 

see how the surfaces are after the layer manufacturing process. The figures 

demonstrated several different areas which are deformed due to the high laser power 
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and interaction parameters during SLM manufacture. These deformations are formed 

due to high laser energy leading to different response of shrinkage when the part was 

being built. The figures show defects such as balling, agglomerations, peaks and 

valleys. They also show areas with a lack of melting, sufficient melting and extreme 

melting. Thus, all these defects have significant effect on the surface topography and 

roughness results. 

   

 

Figure 7-9: 3D image obtained on surface 90°. 

 

 

Figure 7-10: 3D image obtained on surface 45°. 
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Figure 7-11: 3D image obtained on surface angle (0°). 

 

As can been seen on the surfaces, the phenomena of spheroidization or balling is a 

problem which happens during deposition process. It causes severe weakening of the 

interconnection between layers. Balling is creation of isolated areas that have an equal 

diameter with the focus of the laser beam and it affects the deposition process, causing a 

reduction of the density of the created part. It happens when the molten material is not 

capable of fully wetting on the substrate. Also, it can happen due to differing high 

surface tension, resulting from varying thermal properties across the melted pool. [176]  

The impacts of these previous defects after each layer has been constructed are reduced 

material density and increased surface roughness. Laser re-melting after each layer has 

been constructed may the best solution to solve this problem for improving the density 

and surface roughness of AM, despite the fact that the production cost and time will 

increase. 

In addition to this, a comparison between Kruth and Hauser [176,177], shows that they 

contradict each other; the results of Kruth indicated that balling defects can be reduced 

by increasing the scan speed, while Hauser suggested the opposite. Thus, it could be 

both right toward this phenomenon, because the results of an excessive amount of 

energy density that gives the melted powder viscosity has specific range. This range of 

energy density is proportion of scan speed, indicated by equation 3-2.  

 

 

 

 

Agglomeration 

Full melting area 
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7.1.2.3 Density and porosity  

 In additive manufacture techniques, the porosity is considered as a crucial factor for 

many applications such as medical ones, when complexity and weight are coming in the 

first concern. The characteristics of SLM parts such as microstructure and densification 

are completely reliant on the temperature of the processing system, which consequently 

mainly depends on the laser parameters used during the process. [77, 78, 178] 

 

  

A obtained from angle 90° B obtained from angle 0° 

 

Figure 7-12: 2D Micrographs of cross sections were obtained from different inclined 

surfaces (90°& 0°). 

 

Figure 7-12 shows micrographs of two different inclined surfaces produced by using 

same parameters. There are large pores found on the cross-section areas. These pores 

contribute to decrease the density associated with angle increase as shown Figure  7-13. 

The black spots are pores and the yellow area is the fully melted material. 

 

Due to the homogeneous nature of the samples, the density can be determined by mass 

divided by volume as with the previous parts (cubes and benchmarks). The 

determination of density was carried out by evaluating the mass by a normal balance, 

whereas the volume was determined directly from the dimension geometry of the 

samples. The density was measured according to Equation 6-1.  

.  

 

200 µm 200 µm 
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Figure 7-13 : Density results of inclined surfaces. 

 

 Figure  7-13 shows that the densities of the parts are linked to the number of pores, 

which is also connected with the angle increase. It also can be suggested that the process 

parameters have a high influence on the part density linked with elevated angle due to 

the scan strategy. These black points are pores, and play as major obstacles to obtain 

good surface finish as it can be seen in Figure 7-12 and Figure 6-8.  

It can be summarised that the quality of components manufactured by SLM machine is 

significantly influenced by the machine parameters and design orientation were showed 

very rough surfaces. Surface roughness and porosity associated with this technology are 

depending on the laser parameters and scanning strategy. Also the major influences 

have been associated with the part orientation during the building process. Thus, the 

samples produced had balling effects and the surface was uneven due to balling, peaks, 

valley, agglomeration, full melting and insufficient  melting areas  which caused by 

unwell distribution of powder particles during layer deposition and the interaction of 

laser parameters during the process  as we noted above.  

These defects (internal and external) are needed an additional treatment. Thus, to 

eliminate these defectives, laser re-melting could be an alternative solution rather than 

any techniques (see surface finish chapter). 

The samples were mounted horizontally in a substrate frame to fit the re-melting 

machine, and kept to be used in section 7.2.2, in order to see the ability of the optimal 

parameters to reduce any surface defects connected with SLM components.  
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7.2 Laser re-melting procedure   

Laser re-melting (LR) has been promoted as a process for AM metal components due to 

its ability to supress some drawbacks of the parts. This approach (LR) can be used after 

each layer that has been built on the main substrate or later on as post-processing on the 

outer layer of the part surface. [4] 

Methodologically, this trial follows work done by Kruth, where the author did all his 

experiments in a Concept Laser M3 linear machine (re-melting in-process). [4] 

However, these trials evaluated re-melting as a post-process. They were carried out on 

the RECLAIM machine, as described in section  5.2.3 through two specific steps as 

shown in Figure  7-14.  

 

 

Figure 7-14: Outline of re-melting procedure. 

• Setup the beam diameter at the substrate 

• Setup inert gas environment 

• Contact trial to  evaluate the boundary of laser power 
and speed effect on re-melting process. 

• Contact trial to evaluate the boundary of hatch  spacing 
effect on re-melted surface quality 

• Contact trial to evaluate the effect of  laser angle on the 
re-melted surface quality  

• Devise and conduct a full factorial experimental 
program to explore and optimize the laser parameters  
for re-melting and model development. 

Expermental work stage two outline 

The first step is machine setup for re-
melting, select & optimizing parametrs.   

•  Surface topography. 

•  Surface roughness. 

•  Porosity issues. 

•  Results comparsion. 

•  Chapter summary. 

The second step  preform re-melting on the 
previous inclined surfaces 
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7.2.1 Machine setup for re-melting 

Machine setup is very important as it subsequently affects the quality of the results. 

Many attempts have been made in this field, and the results show that the surface finish 

quality and part density after re-melting process are dependent on the amount of energy 

input into the surface. Energy density is directly influenced by factors such as type of 

laser, power, speed, hatching spacing, focus distance and beam diameter. Also, the 

environmental condition (oxygen level) is significant factor and has a high influence on 

the surface results. [4, 94] It is possible to say the above factors are the key points for 

controlling the re-melting process. To obtain a usable re-melting process, several 

experiments were planned to optimise these parameters for the re-melting process as 

shown in Figure  7-14. 

 

7.2.1.1 Setup of the beam diameter at the substrate  

7.2.1.1.1 Aim and experimental procedure 

The laser beam spot size is a vital factor which affects the amount of energy observed 

by the work piece. Thus, it affects the re-melting results according to the following 

formula. 

 

Energy density   
            

                      
    

 

   
                                        Equation 7-1 

 

The main purpose of this trial was to adjust the distance of the stand-off between the 

lens and the work piece to give the maximum and minimum of the response factors 

(track width and depth of re-melting). The best results should be obtained with a depth 

of more than 100µm. This is because the amplitude of the surface roughness (Rz) of the 

SLM component can vary as shown in Figure 7-7.    

  

For this trial a small square flat sheet from stainless steel was made for this purpose 

with a stand of dimension 12 x 8 cm
2
, instead of using SLM sheet, to reduce costs.  

The experiment was carried out using the RECLAIM machine at MTC Coventry, 

described in section 5.2.3.  
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The process was started by setting the power and stand-off in different sets and carried 

out as shown in the following steps.  

 

 Pass the laser beam over the sheet at a stand-off distance of 130mm, melting 

with various power settings:  50, 60, 70, 80 and 90 % of the available 200watts. 

  Repeat the above process with various distances between the lens and the 

substrate (standoffs of 129, 128, 127, 126, 125 and124 mm. 

Whereas, other parameters were kept constant as shown below: 

 The focal length of the lens: 120 mm 

 Beam diameter at lens: 16 mm 

 Scan speed: 400±5% mm/min 

The measurement of the laser re-melting tracks’ width and the depth were obtained 

using a 2D microscope, to measure the marked details on the sheet. 

 

7.2.1.1.2  Result and discussion  

Figure  7-15 and Figure  7-16 show the results of laser single track pass on the flat sheet 

of stainless steel, in order to determine the width and the depth of the track at different 

setups through the process.  

 

 
 

 

Figure 7-15: Re-melted tracks width dimension (µm) at varies power and stand-off 

distance. 
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Figure 7-16: Width of re-melting track at fixed requested power (90%) and various 

stand-off distances (129, 128, 127, 126, 125 and 124) mm. 

 

 

Figure 7-17: Re-melted tracks width dimension (µm), Laser power against focus 

distance. 

 Figure 7-17 shows the width profile of the re-melted tracks, which varied with laser 

energy and stand-off distance. The results demonstrated that the re-melted track width 

became bigger with increased laser power and with decreasing nozzle stand-off 

distance. On the other hand, the results also suggest that the decline of track width can 

be connected with high power 90% and 124mm as stand-off distance. This is likely due 

to the beam intensity profile which is normally concentrated in the centre as it can be 

seen in 
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Figure  7-18. Figure (3D) shows the laser beam profile energy distribution and the top 

view shows the entire power density of laser beam profile in contours indicated by 

colours. Also the results from Figure 7-16 connected with a 124mm stand-off distance 

and 90% of laser power, showed a ‘slot’ (visible in the 124mm image) along the length 

of the re-melted track. This can be attributed to the elevated energy on the surface 

leading to cutting of a small track instead of re-melting the surface.  

 

  

Top view 3D 
 

Figure 7-18: Beam intensity concentration. [179] 

 

 

 

Figure 7-19:  Depth of re-melting track. 

 

Figure  7-19  shows that the depth of the re-melting track is proportional to laser power 

and inversely proportional to the focal distance between the re-melting head and 

substrate. The graphs in Figure  7-17 and Figure  7-19 both demonstrate that several 

stand-off distances can be selected for re-melting process which is depending to the 

depth of re-melting associated with energy density. However, to enable proper re-
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melting for SLM components, the depth of re-melting should be more than the range of 

the amplitude roughness Rz, which ranges between 35 to 80µm, see Figure 7-7.  

According to the results obtained in Figure  7-17 and Figure  7-19  there is a specific 

range of stand-off values (127-128)mm, linked with 80% or 90% of laser power that 

give both a track depth of more than 100µm and a track width of approximately 0.8mm. 

The area of optimal parameter interactions are shown by the black circle in each of the 

two graphs. 

The next steps focused on 128mm as a fixed stand-off distance for completion of the 

setup and re-melting process.   
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7.2.1.2 Setup inert gas environment 

7.2.1.2.1 Manufacture procedure 

For this trail of the process (setup and optimizing parameters for re-melting), stainless 

steel 316L SLM samples with dimensions 30 x10 x 4mm were made, with a fixed build 

angle (75°) in order to provide models with the same range of roughness. They were 

made on the SLM 125 machine at De Montfort University using powder with particle 

size ranging between 15 to 45µm, with the parameters indicated in Table 6:1. The 

initial surface roughness of these samples was (Ra) = 10µm ± 10%. 

The steps of manufacture and inspection were kept constant as described in section 6.1 

and after individual checking, the samples were placed horizontally onto a substrate, 

shown in Figure  7-20-A. 

 

7.2.1.2.2 Aim and experimental procedure 

The main aim of this trial was to check if the samples could be successfully re-melted 

without oxidation and to select the best boundary of argon flow level to maintain the 

part from oxidation. The trials used the flow of argon from the cladding head fitted to 

the RECLAIM machine, as shown in Figure 7-20-B. If oxidation could not be 

prevented, then an additional gas shield would be used as extra gas for shielding the 

melt pool.  

 

 
 

A B 

 

Figure 7-20: Inclined surfaces on the substrate. 
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In order to investigate the effect of the three alternative gas flow methods (nozzle, 

shielding and both) on the surface finish and oxidation level during re-melting process, 

the gas flows were set at different values in the range 2, 3, 4, 5 and 6 L/min, whereas the 

other parameters were fixed as follows: 
 

 The requested laser power: 200 watt 

 Scan speed: 1000 mm/min. 

 Focal length of lens: 120mm 

 Distance between the lens and the substrate: 128mm. 

 Beam diameter: 16 mm at the lens and approximately 1mm at the substrate. 

 Hatch spacing: 0.5 mm. 

 

7.2.1.2.3 Results and discussion 

Oxidation is a chemical reaction that involves addition of oxygen to an element of a 

compound. Oxidation in a real sense occurs when the oxidation numbers of atoms 

changes in what is commonly known as a redox reaction. The chemical process may be 

the best solution to remove undesirable oxide layer. [16] 

In the re-melting process, it is very important to control oxidation, because it can cause 

irregular consolidation of the re-melted layer. An increase of oxygen level causes an 

increase of metal oxides. In the  case of stainless steel 316L, the iron  oxide can be a 

significant barrier to flattening of the liquid iron of the melt pool top surface during the 

process, causing some defects such as pooling and porosity, although with an absence of 

contamination. This phenomenon occurs due to the tension of the liquid metal oxide on 

the main surface being less than the metal liquid without oxidation. [16] 

Figure 7-21 indicated that the occurrence of oxidation during the re-melting process 

was inversely proportional to the argon flow rate, although the energy density was the 

same throughout the experiment. In other words the result showed that the samples 

exposed to a higher rate of argon flow had less oxidation. 
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Figure 7-21: The amount of oxidation during re-melting process. 

 

An EDX instrument was implemented to check the amount of oxygen on the top layer 

of the re-melted surfaces. The observation involved the samples that were exposed to 2, 

4 and 6 litre/min of argon gas flow as shown in Figure 7-22. 

 

 

Figure 7-22 : The amount of oxygen atomic ratio obtained through three different 

setups of argon flow methods.  

 

Figure 7-22 shows the results of the oxidation measurements obtained through different 

methods of argon flow. The level of oxidation increases with a decrease of argon flow 

rate.  In a comparison between the three methods of gas flow, the samples demonstrate 

less oxidation, conducted with flow rates between 4 and 6 litre/mins. These results were 

observed in the ‘both’ and the ‘shielding’ methods.  
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Although surface roughness for this experiment was not very important, the samples 

demonstrated a noteworthy improvement of surface roughness in comparison with the 

initial values. These significant results were driven by the level of laser energy density 

of about 1200J/cm
2
 during the process. The laser energy density was calculated 

according to equation 7-1 above.  

Images were observed by SEM to identify how the surfaces had improved; some are 

shown in Figure 7-23. 

 

  

A B 

 

Figure 7-23 :  2D micrograph obtained to demonstrate the surface before and after re-

melting. 

The results also demonstrated more information about the level of energy density 

required for re-melting as noted in the above paragraph. To obtain successful re-melting 

results, the level of laser energy density has to be more than 1200J/cm
2
 in order to 

overcome the porosity issue, as shown in Figure 7-23-B.  Also the parts have to be fully 

shielded with argon gas flow.  The selection of gas flow rate needs to protect the melt 

pool against oxidation. A reduction of gas flow will increase the presence of the oxide 

layer, whereas increasing the gas flow rate too much can affect the solidification of the 

melt pool. The next experiment focused on employing the ‘shielding’ method, with a 

level of argon flow 4L/min. This level of gas flow was expected to be good enough to 

protect the surface against oxidation and cost effect. 
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7.2.1.3 Effect of laser power and scan speed on surface finish  

7.2.1.3.1  Experimental aim and procedure  

The aims of this trial were to set the optimum boundary of re-melting parameters such 

as laser power and scan speed and also to understand the influence of these parameters 

on establishing good surface quality, by reduction of the primary surface roughness. 

The depth of re-melting and the energy absorbed during the process are important, due 

to their impact on the final surface profile during the solidification time. 

For this trial, 25 flat samples were carefully made employing the SLM 125 at De 

Montfort University; for more information see section 7.2.1.2.1. The selected samples 

were mounted horizontally for the re-melting process.  

 

The re-melting procedure was again carried out on the RECLAIM laser cladding 

machine at MTC. The factors related to this process such as spot size diameter and 

environmental factors were kept constant throughout this experiment. The spot size 

diameter was set at 0.8 to 1mm by adjustment of the stand-off distance between the lens 

and the substrate which was approximately 128mm (see Figure 7-17). The ‘full 

shielding’ gas flow method was used at 4 l/min in order to protect the samples against 

oxidation. The overlapping factor is recommended to be 50% for good results[94] and 

this value was used. The determination of hatch spacing and laser density was based on 

the following formulae: 

  

 Scanning factor = (1 – overlapping factor).                        Equation  7-2 

 Hatching spacing = scanning factor * spot size.                  Equation  7-3 

 Laser density = laser power / scan speed * spot size.          Equation  7-4 

  

According to the above formulas, the resulting of hatching spacing ranges from 400 to 

500 micron, from the selection of 50% overlapping factor and a beam diameter spot size 

of approximately 0.8 to 1mm on the samples’ surface. 

 

The process was carried out based on the following steps: 

 The laser power starts by set up the laser power at 50% and elevated to 90%.  

 The speed was started by 200 mm/min and increased to 600 mm/min. 

Other factors such as distance between the lens and substrate, focal length of lens and 

beam diameter at lens were kept constant at the values shown: 
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 Distance between the laser lens and substrate:  (128) mm 

 The focal length of lens: 120 mm 

 Beam diameter at lens: 16 mm 

 

7.2.1.3.2 Scanning strategy  

The scanning strategy is another factor that has an important effect on the results of the 

process. Thus, a grid scanning method was used for this experiment to re-melt the top of 

the built surfaces after placing them horizontally on the substrate.  

Figure  7-24 below shows the strategy, which features bi-directional scan tracks 

performed first in Y-direction (i.e., perpendicular to the part build direction) and then 

turned by 90 degrees to do the same process in the X- direction. 

In this study the scanning strategy method was kept constant.  

 

 

Figure 7-24: Grid scanning method. 

 

The results obtained from this experiment will present the percentage improvement of 

surface roughness as interaction results associated with both laser power and scan 

speed. They will also demonstrate that the process window for re-melting in the next 

steps. 
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7.2.1.3.3 Experimental results and discussion  

7.2.1.3.3.1 Surface topography  

Generally, recognizing the visual effects of physical properties of the metal surface 

during laser re-melting is quite complicated and variable due to variation of laser 

parameters and the environmental conditions. [180]  In practice, the results of  

Figure  7-25 demonstrated different melting of a metal texture caused by different 

energy of the laser, tends to produce a series of mark tracks on the melted areas. The 

laser track end up reacting with oxygen found readily in the environment to form a dark 

marks on the top of surfaces which are clear on all samples. It is possible to say that, the 

degree of visual quality of the created surface is simply improved through the effect of 

laser energy to generate melting area, which is subsequently back solid in order to yield 

a mew surface texture (more smooth). 

 

 

 

 

 
 

Figure 7-25: Results of laser parameter adjustment for re-melting, at different powers 

and speeds. 
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The results illustrated in Figure  7-25 show some dark points and a centre line formed 

due to the high energy density absorbed during the process. It is worth mentioning that 

the parts showed a significant improvement of surface roughness results at high power 

(90%) and speeds from medium to high, but some areas demonstrated small balls and 

centre lines, see group (E), because of the non-uniform cooling of the melted zones 

caused by the non-uniform laser beam profile, which is concentrated in the middle of 

the re-melted track, see Figure  7-18. 

 On the other hand, partial re-melting is encountered with insufficient of energy density, 

due to the reduction of laser power leading to areas of partially re-melted and 

inhomogeneous surface texture. These areas present some defects such as open pores 

and balls see Figure  7-25C. 

 

7.2.1.3.3.2 Surface roughness 

The results of using lower laser power and time (high speed) which causes lower energy 

density, leads to a completely different effect, whereby the metal fails to melt and black 

marks are present on the surface. These marks, commonly referred to as black metal 

oxide, are spread over the surface. The black film is formed in heat affected zone, when 

the laser passes over the samples, but it does not affect the surface roughness of the 

material as shown in Figure  7-25, group A and partially in the right of group B at a 

different speed. Thus, it is possible to say that when the laser power is relatively low, no 

major effect on roughness may be achieved. This is because there will be no interaction 

as no melting occurs at low energy density. In most cases, the roughness values under 

low laser power are normally comparable to values of the untreated surface which has 

not yet undergone melting.  
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Figure 7-26: Surface roughness results with different speed and laser power. 

 

Conversely, according to investigations and research performed recently, the roughness 

of a material can increase with an increase in irradiance. Irradiance simply refers to 

laser power per unit area. Most experiments that tried to increase the exposure time of 

the laser beam caused elevated temperatures on the surface of the materials, but with 

reduced cooling rates. [181] In such situations, the roughness of material surfaces can 

be increased as a result of ablation on the material surface.  Regardless of exposure 

time, most researchers, after undertaking several experiments were able to establish a 

strong correlation between energy and roughness. It has been suggested that a linear 

increase in roughness is realized in cases of higher energy, due to metal vaporization. 

[180, 181] With this in mind, it is possible to explain the existence of a strong 

correlation between roughness increase/reduction and energy. 

  

 

Figure 7-27: Energy density as a result of laser power and scan speed. 
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As results obtained in Figure  7-26 show, low energy density has no melting effect on 

the surfaces. With the mid-level energy densities, a uniform melting on the metal 

surface can be achieved, but combining high energy and high residence time (low 

speed) has been showed as not the best method for improving roughness of surface due 

to the high thermal gradients.  

Also the results shown in the above Figure  7-26 indicate a coherence of the expected 

results; the reductions of surface roughness values are associated with the amount of 

absorbed energy. The sufficient values of energy density can be significant for re-

melting process. This is relevant to mass transferee phase (“the thermal gradient in the 

melt pool”) leading to change the peaks and valleys and generate new texture. [126]  

The best surface roughness (Ra) that was been obtained ~1.50µm, was between two 

different amounts of laser density, from 1800 to 2800 J/cm
2
 as a result of laser power 

ranges from 160 to180Watt and scan speed ranges 400 to 500mm/min. Thus, in the next 

trial, the level of power was set at 90%, in order to detect the effect of hatch spacing on 

the quality of the surface at various scan speeds. The test focused on changing the laser 

density by controlling the feed rate at different hatch spacing, whereas other parameters 

such as focus distance, argon flow and beam diameter at the substrate were kept 

constant as noted in the previous experiment. 

 

 

 

. 
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7.2.1.4 The effect of hatch spacing on the quality of the surface  

7.2.1.4.1 Experimental aim and procedure  

During the re-melting trials, the results showed surface quality is proportional to laser 

energy density whereas, the main aim of this trial was to check the effect of hatch 

spacing on the quality of the re-melted surface in order to find out the boundary level of 

hatch spacing for a good surface finish.  

To determine the effect of hatch spacing, twelve samples were made using the same 

method as the previous samples and mounted horizontally for the re-melting process as 

described in section  7.1.1. 

The laser power was set at 90% of the total power of 200Watt. The other parameters 

were set as follows; 

 Scan speed: varies (400,500,600,700)mm/min 

 Hatch spacing: varies from (500,600,700) micron 

 Distance from laser lens to the work piece: 128mm 

 Shielding argon gas: approximately 4 L/ min  

 The focal length of lens: 120 mm 

7.2.1.4.2 Experiment results and discussion  

The top surfaces of parts manufactured by SLM and without further exposure to any 

surface treatment (e.g. re-melting) are quite rough as compared with those obtained after 

re-melting as can be seen in Figure 7-28. The amounts of improvement were highly 

dependent on hatch spacing.  
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Figure 7-28 : Micrograph results realized after re-melting. 
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Figure 7-29: Surface roughness as a result of hatch spacing and energy density. 

 

Figure 7-29  demonstrates that the reduction of surface roughness was highly 

influenced by hatch spacing, and also by laser energy density, due to the variation scan 

speed. However, the significant improvement of surface roughness, to a Ra of 

approximately 1.50µm, was achieved with 50% overlapping combined with a medium 

scan speed during the re-melting process. However, the material surface flatness might 

be declined. This might be caused by an elevated point of melted material and rapid 

solidified after laser beam moving. Overall, the best surface roughness achieved in this 

experiment was with greater than 50% overlapping, together with a laser density 

ranging between 1800 and 2160 j/cm.
2
 as a result of 90% power and 500 to 600mm/min 

scan speed. 

Also, the results demonstrated some waviness being created, which tends to worsen the 

texture of the re-melted surface, specifically with those samples that had been re-melted 

with insufficient percentage of overlapping (high hatch spacing). The waviness is 

initiated in the middle of the re-melting track and appears as balls or a dark Gray centre 

line. These results were caused by the difference in surface temperature between the 

solidifying zones of the laser track beam and the main surface body, due to the laser 

beam concentration. For more information see Figure 7-18.  

Thus, to overcome these problems (centre line and waviness) and generate surface 

textures of re-melted surfaces that are free from defects, the design of the process 

parameters has to counteract the external shear force during the solidification time. This 

can only be achieved by reducing the thermal gradients of the laser beam centre by 
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inclining the laser beam angle with respect to the surface being re-melted, allowing a 

more regular melting zone to be generated. 

In this case, the laser power during the post treatment process has to be higher because 

of the angle effect. 

This method (re-melting with angle) can facilitate achieving a flatter, smoother and 

more regular surface of the re-melted area of the metal parts as shown in the next 

experiment.   

 

 

7.2.1.5 The effect of re-melting angle on the quality of the re-melted surface  

7.2.1.5.1 Aim and procedure  

The aim of this trial was to assess the effect of re-melting angle on the quality of the re-

melted surface by reducing the effect of the higher laser density in the centre of the re-

melting track. A secondary aim was to determine the best values of re-melting angle to 

provide sufficient energy density for surface treatment as can be seen in Figure 7-30.  

 

  

 

Figure 7-30 : Angle of re-melted track of on the left and the beam profile on the right. 

 
 

The parameters of this experiment were chosen according to the best results obtained in 

the previous trials see (sections  7.2.1.3 and  7.2.1.4). The parameters used were as 

shown in the following points. 

 Laser power: varies between (90% and 100%) 

 Re-melting angle (Ɵ): varied between (60, 70, 80) degree. 

  scan speed:  500 mm/min 

 Hatch spacing: 500 micron  

  Distance from laser lens to the work piece: 128mm 

ᵦ 

Ɵ 
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 Shield argon gas: approximately 4 litres per min  

 The focal length of lens: 120 mm 

 Beam diameter at lens: 16 mm 

 Beam diameter at substrate: approximately 1 mm 

 

 

This experiment was pending, due to several aspects related to (RECLAIM machine) 

as followed 

 The laser head is limited to move in the Z direction only  

 The movement of the platform is limited to the X and Y directions 

 The distance between the cladding head and the substrate is not large enough for 

the process (5mm). Thus, it was not possible to incline the substrate and 

generate the process. 

 The maximum laser power of machine (200 watt) is not enough to compensate 

for the angle effect.     

However, to run this trial a proper machine is required, which it could be not 

available recently.  

Finally the previous two trial sections (7.2.1.3& 7.2.1.4) were used to determine the 

boundary of the optimum parameters for laser re-melting as well as to establish the 

effect of these parameters on the surface topography change.  

The next experiment (Re-melting trials) focused on finding the best parameters 

boundary by conducting a full factorial experimental program to devise and explore the 

effect of the parameters on the response value Ra of the parts and optimize the 

parameters based on a statistical study.  
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7.2.1.6 Optimizing laser parameters for re-melting  

The experiment was carried out with a set of parameters that were defined based on the 

previous experimental results sections (7.2.1.3 and 7.2.1.4) The three important 

parameters were selected that have a major effect on improving surface quality as 

shown on Table 7:1.  

 

7.2.1.6.1 Experimental Aim and procedure 

The aim of this experiment was to optimise the parameters of speed, power and hatch 

spacing as they have an important effect on improvement of smoothness (Ra value) in 

SLM components during re-melting process, as shown in the preceding trials. The 

process was carried out by designing a classical approach of a full 3 against 3 factorial 

experimental set up as shown in the following table 

 

(A) 

Power 

(watt) 

(B) 

Scan speed 

(Mm/min) 

(C) 

Hatch spacing  (micron) 

400 (0) 500 (1) 600 (2) 

160 (0) 400 (0)  000 001 002 

160 (0) 500 (1) 010 011 012 

160 (0) 600 (2) 020 021 022 

180 (1) 400 (0) 100 101 102 

180 (1) 500 (1) 110 111 112 

180 (1) 600 (2) 120 121 122 

200 (2) 400 (0) 220 201 202 

200 (2) 500 (1) 210 211 212 

200 (2) 600 (2) 220 221 222 

 

Table 7:1: The three levels of the full factorial design. 
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The samples prepared for this experiment were made as noted in section ( 6.1). Also the 

samples came with an initial surface roughness of 10 ±15% microns due to the build 

angle affects, which was constant in this experiment and equalled 75º. The experiment 

was carried out by using the RECLAIM machine at MTC Coventry as noted in the 

previous trials. The experiment was completed with different Power, Speed and Hatch 

Spacing as showed in Table 7:1. Each setup was replicated 5 times to find out the 

results for the response value (Ra). 

 

Other factors were kept constant as follows 

  Focus distance from laser lens to the work piece: 128mm 

 Shielding argon gas: approximately 4 litres per min  

 The focal length of lens: 120 mm 

 Beam diameter at lens: 16 mm 

 Beam diameter at the substrate:  approximately 1mm 

 Scanning method as noted in section (7.2.1.3.2)  
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7.2.1.6.2 Result and discussion 

The figure below shows the re-melting results obtained by different amounts of 

laser energy. The newly created surfaces demonstrated significant improvement of 

surface finish (response value (Ra)) as showed in Table 7:2, compared with the 

initial surfaces. Also, different visual qualities were apparent on all samples due to 

the effect of laser energy density and the variation of hatch spacing to generate 

new textures during the re-melting process.   

 

 

 

 

 

 

Figure 7-31: Micrograph results realized after re-melting for a full factorial 

experiment. 

 

The following table shows the data for the experiment, the results for variation of 

Speed, Power and Hatch Spacing and the effect of these variations on the response 

value (Ra). Calculations were made to find the average result for the improvement 

120 

110 

100 
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of roughness. Furthermore, the errors were determined and tabulated as shown in 

Table 7:2. 

 

(A) 

Power 

(watt) 

(B) 
Scan speed 
(Mm/min) 

(C) 

Hatch spacing  (micron) 

400 (0) 500 (1) 600 (2) 

Ra (µm) Error Ra (µm) Error Ra (µm) Error 

160 (0) 400 (0) 1.54 0.093 1.79 0.084 2.11 0.148 

160 (0) 500 (1) 1.68 0.083 1.94 0.112 2.21 0.161 

160 (0) 600 (2) 1.71 0.156 2.01 0.119 2.21 0.118 

180 (1) 400 (0) 1.41 0.062 1.61 0.089 1.97 .0164 

180 (1) 500 (1) 1.44 0.048 1.51 0.088 1.98 0.179 

180 (1) 600 (2) 1.56 0.086 1.70 0.097 2.190 0.103 

200 (2) 400 (0) 1.61 0.076 2.06 0.127 2.54 0.149 

200 (2) 500 (1) 1.67 0.113 2.11 0.153 2.36 0.151 

200 (2) 600 (2) 1.65 0.083 1.92 0.131 2.25 0.129 

 
 

  Table 7:2: The three levels of full factorial design with the average results of response 

factor results (Ra) and error. 

 

As Table 7:2 shows, the hatch spacing has more effect on the surface roughness. 

The roughness values for 5 trials were calculated to give an average of 1.414µm, 

which is the lowest response value (Ra) from all the results. This indicates that the 

above mentioned setting gives the maximum optimised smoothness for SLM 

components. The validity of this result is further proved by a very minor error of 

just 0.06% which supports the results strongly. The significant surface roughness 

results were achieved by a laser power of 180W, speed between 400 to 500 

mm/min and hatch spacing of 400 microns (i.e. more than 50% overlapping) to 

give an energy density between 2160 to 2700 J/cm
2
.  
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7.2.1.6.2.1  Statistical analysis and Model development (DOE)  

Analysis was carried out on results of Table 7:2 employing DOE software, in 

order to find out the multiple response regression of the experiment. The impact 

parameters are shown in Table 7:3 below which was employed to write a model 

later on. 

 

Factor Name Coefficients P level 

 Constant 1.681 1.4E-87 

A Laser power 0.059 0.0565 

B Scan speed 0.0763 0.0141 

C Hatch spacing  0.2744 5.7E-15 

AB Laser power*Scan speed -0.0718 3.8E-05 

AC Laser power*Hatch spacing 0.0516 0.0026 

BC Scan speed*Hatch spacing  -0.0275 0.1039 

ABC Laser power*Hatch spacing*Scan speed  -0.0307 0.13729 

AA Laser power*Laser power 0.2546 3.6E-19 

BB Scan speed*Scan speed 0.0017 0.94419 

CC Hatch spacing*Hatch spacing  0.045 0.06039 

AAB Laser power*Laser power*Scan speed -0.0715 0.01539 

ABB Laser power*Scan speed*Scan Speed 0.0035 0.90439 

AAC Laser power* Laser power* Hatch spacing 0.0283 0.33159 

ACC Laser power* Hatch spacing*Hatch spacing -0.009 0.75739 

BBC Scan speed*Scan speed* Hatch spacing 0.0218 0.45399 

BCC Can Speed*Hatch spacing*Hatch spacing 0.0045 0.877 

Standard Error               = 0.130 

 R^2                                = 0.853 

 

Table 7:3: Results of multiple response regression based on full factorial design. 

 

It is clear that the impact of parameters scan speed and hatch spacing indicate 

good confidence levels p=0.014 and p=5.75*10
-15

 for linear impact, while laser 

power indicates significance at confidence level p=0.0565 with a positive 

coefficient of 0.059. Also, a Pareto diagram was plotted to demonstrate the impact 

of the factors’ interactions.  
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Figure 7-32:  Y-hat Pareto diagram for Average Roughness- response variable. 

 

The Pareto diagram, Figure 7-32 compares graphically the individual impact of 

the factors and their interactions, indicating that the hatch spacing (C) and 

quadratic term of laser power*laser power (AA) have the highest impact on the 

average roughness Ra, with coefficients 0.274 and 0.255 accordingly. The next 

three factors, scanning speed (B), laser power*scan speed (AB), and the cubic 

term laser power*laser power*scan speed (AAB) on the diagram, have 

comparable impact in the range 0.071 to 0.076. Also the Pareto diagram shows 

that the impact of 3 next terns decreases:  linear terms of laser power (A), laser 

power*hatch spacing (AC) and quadratic hatch spacing*hatch spacing (CC). All 

other terms have not acceptable coefficients as well as low confidence levels (p), 

see also Table 7:3.  

The overall model can therefore be written based on the results obtained in 

Table 7:3 which takes into account only factors with a good confidence level as 

shown below  

 

 ……
AABAAAC

ABCBARa

072.0255.0052.0

072.0274.0076.0059.0682.1






….         Equation 7-5        

                                                                                                                                 

Where A is Laser Power (watt), B is scanning speed (mm/min), C is hatch spacing 

(mm), Ra-hat is the predicted average roughness (µm) and the coefficients are various 

related to the factors as shown in Table 7:4.  
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factors Coefficients Dimensional units 

Ra-hat  µm 

constant 1.682 µm   

A 0.059 µm/W 

B 0.076 µm./(mm/min)  =10
-3

 min 

C 0.274 µm/mm  =   ratio x10
-3

 

AB 0.072 µm/(W x mm/min) = 10
-3

 min/ W 

AC 0.052 µm/(W x mm) = 10
-3

 / W 

AA 0.255 µm/W
2
 

AAB 0.072 10
-3 

min/ W
2
 

 

Table 7:4 the dimensionality of coefficients in the equation 7-5. 

 

The result of R-square is 0.853, which means that there are other factors that have an 

impact factor of approximately 15%, which still need to be overcome. The remaining 

factors could be the environment conditions or solidification time after re-melting. The 

validity of this model as shown in Equation 7-5 and its limitations are illustrated in 

Figure 7-33-A which indicates good linear dependence between actual and predicted 

values Ra. On the other hand, Figure 7-33-B indicates that there is a non-random 

distribution of residuals in the range of high Ra values, where some other factors need 

to be included. However, the overall validity of model is R
2
= 0.85, which is satisfactory 

for 3 factors. 

 

  

A B 

 

Figure 7-33: Shows the actual roughness against predicted roughness (A) and against 

residual (B). 
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7.2.1.6.2.2 Interacting parameters and surface roughness results  

It has been made clear that there are interactions between the factors illustrated in the 

Pareto diagram of Figure 7-32.  Also, the effect of these factors on the response factor 

(Ra) can be clarified in the followed graphs.  

 

  

A B 

 

Figure 7-34: Response values of Ra. Y-hat Interaction plot (A)and Y-hat surface plot 

(B)of laser power varies scan speed at constant: Hatch spacing =0.4mm.   

 

The above two predictive (Y- hat) graphs (Figure 7-34) show the variation of response 

value (Ra) with a constant hatch spacing of 400 microns and for varying speeds and 

power. The general trends shows that there is a drop in response value for all three 

speeds with an increase in power up to about 180W and then the response value 

increases in different patterns for the three different speeds.  

 In Figure 7-34-A, for 600 mm/min the initial response value is 1.73 µm at 160W and 

then it decreases constantly up to a value of 1.54 µm at about the power of 182W. Then 

there is a very slight increase of response value from 180W to 200W recorded at 

approximately 1.65 µm.  

For 500 mm/min, the initial response value is 1.68 µm and then it decreases to 1.45 µm 

at a power of 178W. Followed by that is an increase in the response value with the 

increase in power, due to the elevated temperature. 

For 400mm/min the initial response value is 1.58µm which was the lowest Initial 

response value for the three speeds used in the experiment.  The response value 
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decreases with power to a very low value of 1.32µm at the power of 178W and this is 

by far the lowest response value determined from the whole experiment. The response 

value increases after this point with increase in power and was recorded at 

approximately 1.65µm as the Response value at 200W. 

 

  

A B 
 

Figure 7-35: Response values of Ra. Y-hat Interaction plot(A)and Y-hat surface plot 

(B)of laser power varies scan speed at constant: Hatch spacing = 0.5mm. 

 

The above two predictive (Y- hat) graphs Figure 7-35 are drawn for a constant Hatch 

Spacing of 500 microns. The variation is between speed and power. The Y axis shows 

the response value from the results. The general information shows that the response 

factor (Ra) value is reduced for the three different speeds, connected with an increase in 

power input up to 175 W. Then the roughness values increase with power in the three 

different patterns. 

In Figure 7-35-A, for the speed of 600 mm/min at an initial power of 160W the 

response value is 1.95µm. The general trend is that the response value (Ra) decreases 

with power until about 180W. And then it increases until 200W to a value of 1.93µm.   

For the speed of 500mm/min the trend is the same although the response values were 

lower than that for the results of 600 mm/min speed. The initial response value was 

about 1.87µm at a power of 160 W and then it decreased until about 180W. Then it 

tends to increase after that power. 
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For the speed of 400 mm/min the roughness values were the lowest and the best result 

for this hatch spacing of 500 microns is shown in the graph above. The general trend 

was the same. The lowest Ra value was 1.59µm at about 175W. 

 

  

A B 

 

Figure 7-36: Response values of Ra. Y-hat Interaction plot(A) and Y-hat surface plot(B) 

of laser power varies scan speed at constant: Hatch spacing = 0.6mm. 

 

The above two predictive (Y- hat) graphs Figure 7-36 show the results for the hatch 

spacing of 600 microns for the variations of power and speed. The general trends show 

similar patterns as shown in the previous figures (hatch spacing 0.4 and 0.5mm) for the 

three speeds 400,500 and 600mm/min. The response value (Ra) decreases 

proportionally with the increase in laser power until 173W. After that the roughness 

rises with different response for the three patterns of speed, due to the elevated energy 

during the process.  

In Figure 7-36-A, for 600mm/min the response value is about 2.3µm for the power of 

160W. The response value decreases to 2.07µm for a power of about 180W. Then it 

increases again with the increase in power and for the power of 200W the response 

value is 2.29µm. 

Looking at the speed of 500mm/min the initial response value is about 2.12µm for a 

power of 160W. The lowest response value is 1.992µm for a power of 176W. Then the 

response value increases with the power up to about 2.38µm where the power was 

200W.  
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For 400 mm/min at a hatch spacing of 600 microns, the response value is 2.11 µm 

which is the lowest initial response value for all the speeds used in this experiment for 

the power of 160W. The response value decreases as the power increases up to 173W. 

After this point the response value increases again and at about 200W the response 

value is 2.53 µm  

Furthermore, for all the samples, an increase of power decreases the surface roughness 

(Ra) with range between 170 to 185W and then it increases after that range. This is due 

to the amount of energy absorbed by the surface. The heat required for re-melting is of a 

certain value and up to this point the surface roughness improves but when the heat 

provided with extreme power (high energy density) is more than the required amount, 

the surface roughness increases. 

 

7.2.1.6.2.3  Overall statistical results 

Overall analysis of the experimental data shows that the hatch spacing has a major 

effect on the surface roughness in the linear region. The best results were obtained using 

laser power of 180W, hatch spacing 0.4mm and scan speed ranging between 400 to 500 

mm/min. In each case, laser energy density was calculated according to Equation7-1, to 

give a range between 2160 to 2700 J/cm
2
. The best average roughness of the response 

value is about Ra =1.4µm, obtained as the optimal smoothness and the validity of 

results comes with an error margin of 0.06 thereby strongly supporting the results, as 

shown in Table 7:2.  The current study was limited to the effect of three factors (laser 

power, scan speed, hatch spacing), which gave about 90% of total variation. Further 

work will examine other factors that may have an impact on the results of the re-

melting. 

The next stage (section 7.2.2) of experiment focuses on implementing the best laser re-

melting parameters in order to re-melt top surfaces, with different ranges of roughness 

(see section 7.1). Finally the efficiency of this technique (re-melting) to supress any 

dendrites connected with SLM components will be concluded.   
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7.2.2  Re-melting of inclined surfaces 

7.2.2.1 Aim and procedure  

The aim was to validate the optimal parameters of laser re-melting (see 

section 7.2.1.6.2.3) and to realize the capacity of these parameters to eliminate any 

dendrite structures formed during SLM manufacture of parts and to overcome the 

porosity issue which is considered a major obstacle to achieving an acceptable surface 

finish.  
 

The experiment was carried out using RECLAIM machine as with the previous 

described. The process parameters were determined and chosen according the optimized 

previous setup; see results of (section 7.2.1.6.2.3). The parts’ surface roughness was 

compared with the initial (as fabricated) surfaces. 

In this experiment, laser re-melting was applied after the SLM process was completed, 

on the top surface of inclined samples. The samples had different surface roughness, see 

section  7.1.1. The samples were held horizontally on the substrate and the parameters 

used for re-melting were as follows: 

 Laser power: 90%  from total power of 200 watt 

 Scan speed: 500mm/min 

 Distance between the lens of laser source and the substrate:  128mm 

 Shielding argon gas: 4 L/ min  

 The focal length of lens: 120 mm 

 Beam diameter at lens: 16 mm 

 Hatch spacing: 400 micron. 

 Beam spot size: approximately 1mm 

After completion of the process (re-melting) and inspection, the samples were assessed 

for surface roughness, topography and porosity.  

 

7.2.2.2 Results and discussion  

7.2.2.2.1 Surface roughness 

Quality of the material surface has been one area of concentration by most studies as it 

has always been a problematical issue when it comes to completing fabrication of 

components. The metal surfaces of the parts obtained from SLM or other AM 

techniques without any post-processing are quite rough. The most available solutions to 

this drawback involve removing the part having the problem from the platform and 
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exposures to normal mechanical post-processing such as hand polishing, shot blasting, 

grate blasting or any other modern machining like CNC and hybrid machine centre etc. 

In these trials, laser re-melting was shown to be able to eliminate dendrites that can arise 

during construction of SLM parts and to make the surfaces more flat and defect free as 

shown in Figure 7-37 

 

 

 

 

 

 

 
  

Figure 7-37: Micrograph results of re-melted samples built at different angles. 

 

In this experiment, after the top surfaces of the SLM parts were exposed to laser re-

melting, a comparison of surface roughness were measured using a roughness tester 

instrument (stylus profilometer Sj400 at DMU) to obtain quantitative results by 

determining the amplitude of the following parameters: the average roughness (Ra), the 

mean square of the average roughness (Rq) and the average maximum of peak to valley 

of the profile (Rz). Surface roughness results after SLM (as fabricated) were determined 

X X 



160 

and demonstrated in Figure 7-5, Figure 7-6  and Figure 7-7. Also the results after LR 

were measured and are shown in Figure 7-38, Figure 7-39 and Figure 7-40. 

 

 

Figure 7-38: Average roughness (Ra) with error realized on all samples after LR. 

 

 

Figure 7-39: Mean square of average roughness (Rq) with error realized on all samples 

after LR. 

 

Figure 7-40: Average maximum of peak to valley (Rz) with error realized on all 

samples after LR. 
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The texture of the metal surface produced after (SLM), and therefore exposed to laser 

re-melting showed good improvement. Thus, it is possible to say that re-melting 

provides a unique ability to supress any degradation in surface texture on SLM layer 

manufactured parts, by re-melting a specific thin layer on the top surface and loop back 

to solidify and create a new surface structure. It is worth mentioning that the 

characteristics of the new microstructure depend on the energy density absorbed, 

overlapping factor and the environmental conditions during the process. The 

comparison results in Figure 7-41and Table 7:5 show the amount of improvement. 

 

 

  

Original surfaces Re-melted surfaces 

 

Figure 7-41: Comparison results of the amplitude of surface parameters. 

  

 Unit  Original surface   Re-melted surface  Improvement (%) 

Ra (µm) 12.347 1.507 87.7 

Rq (µm) 15.456 1.777 88.5 

Rz (µm) 56.621 7.919 86.0 

 

Table 7:5: Comparison results of the amplitude of surface parameters with percent 

improvement.  
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Figure 7-42 below illustrates the comparison of dependence of re-melted Ra and the 

initial (Ra) on angle of build. 

 

 

Figure 7-42: Dependence of re-melted Ra and initial Ra on angle of build. 

 

It can clearly be seen that the initial roughness (Ra, red) decreases with the increase of 

angle of build (A), while the average roughness after re-melting Ra has a tendency to 

increase with the increase of angle of build (A), blue colour and trend. This can be due 

to the number of pores located near to the wall side surface of the parts, which increase 

with an increase of build angle; for more information see Figure 7-12. The major pores 

are located just under the external surface of the built parts.   

In the general, the top surface of the material obtained from SLM but not passed 

through laser re-melting was rougher as compared with those obtained after being re-

melted. The average roughness (Ra) of SLM inclined surfaces as built was 

approximately 12.4µm with a standard deviation of 3µm, whereas the recorded average 

roughness after re-melting was approximately 1.5µm with a standard deviation of 

0.12µm. This means that laser re-melting has a capacity to reduce surface roughness 

(Ra) values from 12.4 to 1.5µm with a total improvement of approximately 88%. In 

addition, Rq and Rz values also have significant improvement as shown in Table 7:5. 

Some sectioned samples were observed by 3D Zeta microscope to verify that, as shown 

in Figure 7-43, Figure 7-44 and Figure 7-45. 
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 Figure 7-43 : Micrograph of 3D Zeta microscope was used to view how the surface 

becomes after re-melting obtained on a surface built at 45º. 

 

 

Figure 7-44: Roughness profile before and after re-melting realized on surface 45.º 

 

Unit  Ra Rq Rp Rz 

Original surfaces 13.40 16.0 31.09 55.69 

Re-melted surface  1.289 1.549 3.423 6.687 

 

Table 7:6 : Amplitude parameters realized on a surface built at 45°by Zeta (3D) 

microscope. 

As a result a very good improvement has been observed and recorded, realized on all 

inclined surfaces by implementing the optimum laser parameters obtained in the 

preceding trials.  

 

Original surface Re-melted surface   

Re-melted surface   

Original surface 
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7.2.2.2.2 Surface topography  

The surface topography associated with the re-melting process embodies the reliability 

of technique to achieve the desired surface quality. After the process was performed the 

majority of defects could not be seen with the naked eye. Thus, a 3D microscope and 

SEM instrument were used to observe the images of the cross-section of the SLM parts 

before and after re-melting, to verify the qualitative results and to assess the amount of 

improvement of dendrite structures which are formed due to the rapid cooling rates 

encountered during the SLM process. The methods have also shown how beneficial the 

technique (re-melting) is for suppressing defects on AM component surfaces as seen in 

the Figure 7-45. 

  

 

SEM micrograph realized on a surface built at 30° 

 

3D image obtained on surface built at 30° 

 

3D image obtained on surface built at 0° 
 

Figure  7-45:  SEM micrograph & 3D zeta result to show how the surfaces appear before 

and after re-melting. 

Original surface  

Re-melted surface   
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Figure 7-45 demonstrates that laser re-melting has the capacity to change the micro 

texture of the thin surface layer of a material and make it highly smoothed and normally 

free of defects such as porosity, balls, deformation, peaks, valleys and agglomerations 

which are normally associated with metal AM processes. This is observed especially 

when high heating and cooling rates are induced. 

During RL a fully molten pool having a depth higher than Rz (80µm). When this occurs, 

it turns out clearly that the laser energy density is enough during laser re-melting 

process. The results also proved that good results are associated with specific interaction 

times, i.e. scan speeds of (400 and 500 mm/min), and a hatch overlap of 50%. Thus, it is 

possible to say that employing laser re-melting with proper parameters has the ability to 

create sufficiently deep molten pool free defects, which has capacity to yield a stable 

and strong connection with the solid material found underneath as can be seen in 

Figure 7-46. 

 

 

Figure 7-46: 2D micrograph demonstrating a re-melting track free of pores. 

 

Figure 7-46 shows the uniform distribution of a re-melted surface, free of dendrites and 

pores, which have been formed via formation of crystalline and create a fine structure 

surface. In such a case, the microstructure and mechanical properties are improved; it is 

only for completely re-melted layers. This may limit application of laser re-melting, if 

used as a post-treatment method. [180, 182] 

Different sets of parameters could generate a various thickness of the re-molten zone 

which can achieve different microstructures texture on the re-melted surfaces. 
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7.3 Chapter summary 

SLM is a layered manufacturing process that produces fully dense and functional 

metallic parts which have high geometrical complexity. The poor surface quality of 

parts produced limits the process, but this limitation can be overcome by several 

techniques available on the market today based on machining, thermal and 

electrochemical processes. 

 In the current work, surface modification was done by using a thermal technique (laser 

re-melting) as a post-process and, according to the results found in this investigation; 

laser re-melting is a promising technique to substantially improve the surface roughness 

of SLM parts. The most important points can be summarized as follows:  

 

 Combining selective laser melting with laser re-melting has great potential to 

make the surface quality better. The amplitude of surface roughness parameters 

were reduced by approximately 80% when compared with the initial surfaces, 

which are very encourage results. 

  Microstructure dendrites such as balling, waviness and agglomeration can be 

substantially reduced in the re-melting process. Also, the microstructures of 

shrinkage cavities on the surface are eliminated as well.  

 Laser re-melting has the potential to improve the inner density of parts and the 

surface porosity will be completely eliminated; the result will be a fully dense 

microstructure. Hence, the re-melted zone does not show any pores and the 

density reaches almost 100%. 

  The process showed minor damage to the sharp corner of the part due to the 

large beam spot size, see Figure 7-45. Also the amount of improvement was 

limited to the thin layer (100um) 

 This makes the process (LR) highly recommended for the production of 316L 

stainless steel since stainless steel has the capacity to be re-melted with less 

oxidation, due to it being a non-reactive material.  
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8.0. Electropolishing and fatigue test experiments 

This chapter has been divided into two sections. The first section is electropolishing 

based on an ionic liquid, and the second section focuses on the cyclic cantilever bending 

test (fatigue test) to assess the performance of the test samples (SS 316L) through 

different stages of surface roughness improvement.   

 

8.1 Electropolishing Experiment  

Electropolishing is an electrochemical process and employs controlled dissolution of the 

metal’s/alloy’s atoms from the surface which is submerged in an electrolyte. The 

current will be controlled by the amount of fresh reactant reaching the interface surface 

from the solution. Movement of reactant in and out of the interface surface is important 

in predicting the current flow. One of the fundamental laws of electrochemistry is 

Faraday’s Law. 

 

                                                           Q = FN                                             

 

Where (Q) is total charge passed, (N) it relates the number of liquid moles, (F) is 

faradays constant. The differential form of this law is: 

 

  

  
    

  

  
 

 

AccordingtothisFaraday’sLawmaybestatedasfollows 

The amount of material removal from the work piece at an electrode is directly 

proportional to the quantity of electricity (electric charge) passing through the cell 

solution. This also demonstrates that the current is straight proportional to the ratio of 

liquid concentration. [140, 183] 

The aim of this study was to perform electropolishing by use of a green process - for the 

environmental benefits - to reduce the surface roughness of an SLM made, SS316L 

component that has already been re-melted, and to improve surface quality with 

minimal material removal by optimising the parameters used.  

The experiments were divided into three stages as follows.  

 Liquid preparation  

 Liquid physical properties  

 Electropolishing of SS316L samples obtained after re-melting stage.    
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8.1.1 Liquid preparation   

This experiment was carried out by using Choline chloride (ChCl) (Aldrich, 99%) and 

Ethylene glycol (EG) (Aldrich, >99%) in a 1:2 ratio. The Choline chloride was first 

recrystallized, filtered and dried from the ethanol, whereas the Ethylene glycol was used 

as received. 5% and 10% oxalic acid was added to improve properties of liquid; the 

components were mixed first and then stirred at 80C°, until a homogeneous liquid 

colour was obtained. [184] 

 

 

Figure 8-1: Shows the chemical component of the liquid (Ethaline). 

 

 

8.1.2 Physical properties  

8.1.2.1 Viscosity Measurements 

The viscosity measurement of the liquid was obtained as a function of temperature. The 

temperature range used was 20-75 C°. A Brookfield DV-E Viscometer (Brookfield 

Instruments, USA) fitted with a temperature probe was used. The liquid was first heated 

up to 80 C° and then measurements of viscosity were taken from that temperature, down 

to 20 C°. The liquid was allowed to cool naturally (i e, at room temperature) without use 

of any cooling systems. The viscosity measurement was obtained using a spindle 

attachment, which measures the ease at which the spindle can move at a set amount of 

revolutions per minute. The measurements were taken with the temperature maintained 

constant within ±1 C°. An average of three readings of viscosity was used for the 

analysis. 
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Figure 8-2:  Dependence of viscosity on temperature for Ethaline200 and Ethaline 200 

with 5% oxalic acid. 

 

8.1.2.2 Conductivity Measurements 

The conductivity of the liquid was measured as a function of temperature. The 

temperature range used was 20-75C°. The instrument used was a Jenway 4510 

conductivity meter fitted with an inherent temperature probe (cell constant = 1.01 cm-

1). Each mixture was heated up to 80C° and measurements were taken from 20 C° up to 

75 C°. All conductivity measurements were recorded at exactly the same temperatures 

as the viscosity experiment and were for the same eutectic composition. To confirm 

good correspondence between the results, the samples used for conductivity were made 

from the same batch as that used in the viscosity experiments. 

 

Figure 8-3: Dependence of conductivity on temperature for Ethaline200 and Ethaline 

200 with 5% oxalic acid. 
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8.1.2.3 Cyclic Voltammetry 

Cyclic voltammetry is a popular method that is used to obtain physical information of 

electrochemical systems, which is obtained firstly by controlling the potential of 

scanning rate of the surface reaction mechanism. Much information can be obtained by 

knowing the peak current. In this case the information involved in the redox 

transformation of electro active species, due to different concentration liquids can be 

obtained. 

A cyclic voltammetry investigation was carried out using an (Autolab PGSTAT12) 

potentiostat controlled with GPES2 software. A three-electrode system was used, 

consisting of the SS 316L test piece as the working electrode, a platinum counter-

electrode and a silver reference-electrode. All cyclic voltammograms were taken at 30 

C° and at a scan rate of 20 mV s-1, in order to see the effect of increasing the Oxalic 

acid content and to observe the height and peak position of the redox interaction which 

are all important during the electropolishing and deposition process. The samples of 

liquids for this test were taking from the same batch as used in the previous testes. 

 

Figure 8-4: Comparison of the cyclic voltammetry of Ethaline200 and Ethaline 200 

with 5% oxalic acid.  

The results showed that the solutions become more reactive proportionally with the 

oxalic acid rise, as shown in Figure 8-4. It was also noted that this trend tends to be 

diminished in liquids that have less oxalic acid. This could be due to the fact that oxalic 

acid is a strong acid and is a reducing agent and its conjugate base. 
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8.1.3 Electropolishing procedure 

Experiments were performed on a number of samples from (SS 316L) made by SLM as 

per the previous experiments, with the specific parameters of section 7.1. The sample 

dimensions were (4, 10, and 30) mm, and they had an initial surface roughness (Ra) 

measured at between 10 and 17.5µm, due to the stair effect indicated previously. The 

samples were re-melted using the specific parameters used in section 7.2.2 (optimal 

parameters), in order to eliminate the initial surface roughness and porosity issues and 

to be ready for electropolishing. At this stage, the surface roughness of the samples was 

measured at approximately (1.4 ±15% µm). Specific areas were selected to be polished 

and Acrylic resin was used to mask undesired polishing area. 

The effect of the electropolishing process on the surface quality of SLM components 

can be affected by many factors. The main factors are potential source, polishing 

duration, temperature, cell component (concentration), current density and the method 

of agitation (stirring rate). [185, 186] 

The set of parameters used was selected according to the most important factors, 

established in preliminary trials, as follows: 

 

 Source potential: start from 4 volt and vary (6 and 8) volt respectively. 

 Duration time: start with 30 min and vary (45 and 60) min respectively. 

 Temperature: start at 20C° and vary (40 and 60) C° respectively.   

    

The other factors were kept constant as follows: 

 Type of liquid and liquid concentration: (Ethaline 5% oxalic acid) 

  Method of agitation (stirring rate): approximately 300 rpm (revolution per  

minute), as recommended in [186, 187] 

 

The effect of the above selected parameters on the response values (1) surface 

roughness and (2) loss in weight (depth of polishing area) were investigated through a 

design approach of a classical full factorial experimental set up, with a 3 against 3 as 

shown in Table 8:1  
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(A) 

Source 

potential 

(Volts) 

(B) 

Time 

(mins) 

(C) 

Temperature  (C°) 

20 (0) 40 (1) 60 (2) 

4 (0) 30 (0)        000 001 002 

4(0) 45 (1) 010 011 012 

4 (0) 60 (2) 020 021 022 

6 (1) 30 (0) 100 101 102 

6 (1) 45 (1) 110 111 112 

6 (1) 60 (2) 120 121 122 

8 (2) 30 (0) 220 201 202 

8 (2) 45 (1) 210 211 212 

8 (2) 60 (2) 220 221 222 

 

Table 8:1 the three levels of the full factorial design. 

 

At the beginning of the experiments the work piece was attached to the finishing region 

(anode), whereas the negative terminal of the cell was connected with the cathode, 

which in this case was made of titanium radium mesh, due to its stability. The two poles 

(cathode, anode) were immersed in the liquid (Ethaline 5% Oxalic acid) as shown in the 

photograph of Figure 8-5. 

 

 

Figure 8-5: Shows a photograph of the Electrolytic Finishing set up. 
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In this experiment, the response values surface roughness (Ra), and loss in weight (from 

which depth of polishing area can be deduced) were obtained by passing current 

through the cell using specific parameters. The anodic dissolution of the specimens was 

completed at different potentials, times and temperatures, as shown in Table 8:1. Each 

setup was replicated 3 times to find the average results for the response values. 

 

8.1.3.1 Experimental results and discussion   

The surface quality of the polished parts is a result of optimum conditions of current 

density, which is related to the cell parameters.  

Thus, the overall surface quality of the anodic surface can be characterized through 

three response factors, which are (1) surface roughness, (2) surface defects (pitting) and 

(3) surface brightness. The surface roughness was quantified by using a stylus 

profilometer as well as the depth of polished area was calculated. DOE software was 

used to calculate the interaction of the average results of the response values surface 

roughness (Ra) and depth of polishing area; the errors were also determined and 

tabulated as shown in Table 8:2. The other response factors (pitting & brightness) were 

qualitative and were surveyed (characterized) using optical techniques. 
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Factors Response  

Volt 

 

Time 

mins 

Temperature 

C° 
Polishing depth (microns) Surface roughness (microns) 

Average Error Average Error 

8 60 60 79.951 4.351 0.836 0.12 

8 60 40 59.087 2.336 0.686 0.04 

8 60 20 13.438 2.214 0.436 0.07 

8 45 60 67.712 2.402 0.84 0.07 

8 45 40 33.127 2.405 0.743 0.061 

8 45 20 12.437 0.811 0.426 0.056 

8 30 60 51.136 3.238 0.826 0.07 

8 30 40 17.368 0.759 0.59 0.062 

8 30 20 10.328 1.03 0.543 0.08 

6 60 60 43.145 2.393 0.413 0.047 

6 60 40 19.943 1.588 0.336 0.051 

6 60 20 8.409 1.088 0.376 0.037 

6 45 60 28.244 2.552 0.383 0.035 

6 45 40 13.124 1.682 0.383 0.041 

6 45 20 7.009 1.174 0.4 0.026 

6 30 60 20.873 3.498 0.41 0.04 

6 30 40 10.81 0.426 0.343 0.041 

6 30 20 8.545 2.558 0.386 0.035 

4 60 60 16.175 1.947 0.346 0.035 

4 60 40 10.27 1.761 0.34 0.04 

4 60 20 5.088 1.061 0.4 0.036 

4 45 60 13.64 2.032 0.36 0.036 

4 45 40 6.494 0.507 0.37 0.052 

4 45 20 4.451 0.512 0.386 0.03 

4 30 60 10.834 0.771 0.363 0.032 

4 30 40 5.719 1.388 0.353 0.015 

4 30 20 4.032 0.945 0.433 0.045 

 

Table 8:2: Results data for the response factors obtained Ra and depth of polished area. 

 

Table 8:2 shows the variation of surface roughness and polishing depth with the 

variation in voltage, process duration and liquid temperature. For all the cases, three 

trials were completed and averaged to improve the accuracy. Errors were calculated for 

further analysis and comparison. 

After re-melting, the surface roughness Ra was approximately 1.4 ± 15% µm and Rz 

was approximately 7 ± 15% µm. For good polishing the response value for the depth 

should be in a range of Rz of re-melted results. Although, from the results the majority 

of surfaces display acceptable surface roughness, in some samples the required 
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polishing depth was exceeded. This in turn, affects the accuracy of the part’s 

dimensional tolerance.  

Profilometer results (Table 8:2) showed that the best results for average surface 

roughness were achieved at a temperature of 40Cº, a time interval of 60 minutes and a 

voltage of 6V. The surface roughness obtained at these conditions was 0.34µm, but the 

polished depth was 19.9µm, which exceeds the required polishing depth. In such cases, 

reduction of the process duration may facilitate a reduction in polishing depth. 

Reducing the time of polishing from 60 to 30 minutes and keeping the temperature at 

40Cº and the voltage at 6V, the polishing depth changed to 10.81µm and the surface 

roughness at these conditions was 0.35µm which is a good result.  

Furthermore, when the time was kept at 60 minutes and the voltage was reduced from 

6V to 4V at the same temperature of 40Cº the polished depth was 10.27µm and the 

surface roughness was 0.34µm. According to the obtained results, the best response 

factors can be achieved with a range of cell parameters between 4V to 6V, at a 

temperature of 40Cº and process duration between 30 and 60 minutes. 

 

8.1.3.1.1 Current density 

The following three graphs show the recorded current density variation with time and 

temperature during the experiments. The current density is in mA/cm
2 

and is a results of 

3 different voltages - 4, 6 and 8 Volts - measured for 3 different time intervals (30, 45 

and 60) minutes. 

 

 

Figure 8-6: Shows the current density against time for the temperature 60 Cº. 
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Throughout Figure 8-6, it can be seen that similar patterns were observed in variations 

for all the time intervals used in this experiment.  

At 8 Volts, the current density keeps fluctuating with time. Unstable variations showing 

peak and valley behaviours were observed. The average of current density was within 

the range of 91 mA/cm
2
 and 83 mA/cm.

2 
 

At 6 Volts, the fluctuations of current density are much less than that for 8 Volts. It can 

also be seen that the pattern of peak fluctuations is similar regardless of time. The 

average current density varied between 45 mA/cm
2
 and 30mA/cm.

2
 

At 4 Volts, the current density fluctuates less than with the other two voltages and 

shows a similar pattern of fluctuations as well for the three different time intervals. The 

average of current density was within the range of 26 mA/cm
2
 to 16 mA/cm.

2
 

 

 

Figure 8-7: Shows the variations of current density against time for the temperature 40 

Cº and 3 different voltages, 8, 6 and 4 Volts. 

 

Figure 8-7 it can be observed that the fluctuations of peaks are less than that for the 

previous graph of 60Cº. Regardless of the duration of the experiment the variations in 

the pattern remained similar for all 3 voltages used in this experiment. 

The highest current density was observed at 8 Volts where it was in the range of 44 

mA/cm
2
 to 58 mA/cm

2
. Minor fluctuations and peaks were observed in current density 

against time. 

At 6 Volts, the current density in this level more stable manner, with very minor 

fluctuation observed in the time intervals used in the experiment, and it was in the range 

of 18 mA/cm
2
 to 24 mA/cm

2
. 

At 4 volts, the current density is in the range of 8 mA/cm
2
 to 13 mA/cm

2 
and shows 

almost no fluctuations. 
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Figure 8-8 : Shows the variations of current density against time for the temperature 20 

Cº and 3 different voltages, 8, 6 and 4 Volts. 

 

Figure 8-8 above (20C° temperature) shows fewer fluctuations in the variation of 

current density against time for the three different voltages used in this experiment. 

At 8 Volts, the pattern of fluctuations is minimal compared to the pattern observed in 

the previous two graphs and they are in the range of 16 mA/cm
2
 to  23 mA/cm

2
.  

At 6 Volts, the variations and peaks are minimal as well and it can be stated that the 

variation of current density against time is stable, varying from 10mA/cm
2
 to 14 

mA/cm
2
.  

A similar kind of pattern is observed with lower current density for the 4 volts Voltage 

in a smooth pattern of variations of current density, within a range of 4 mA/cm2 to 8 

mA/cm2. 

The comparable results of the three previous graphs with the results Table  8:2, it can be 

clear that the variation of the response values (surface roughness and depth of polishing) 

are highly depending to the amount of dissolved material (current density). Also, these 

results may explain the reason for the high surface roughness at high current density 

may leading to non-homogeneous dissolving material (see Table  8:2). Thus, the process 

parameters should be set to control the amount of metal removed within a range of 

current density between 10 mA/cm2 to 20 mA/cm2, at a constant temperature of 40C°. 

This can be obtained with a range of voltages between 4 to 6 volts and process duration 

between 30 and 60mins. These results may be good enough to maintain the dimensional 

tolerances of the parts and obtain a good surface roughness of about 0.35µm Ra. The 

next section discusses the analysis of Table  8:2 results by use of DOE software.   
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8.1.3.1.2 Statistical analysis and models (DOE analysis) 

DOE software was used to analyse the results of the response factors demonstrated in 

Table 8:2, in order to calculate the multiple response regression connected with the 

experiment. The table below shows the impact parameters of the selected factors. 

 

  Surface roughness 

     (micron) 

Polishing depth 

      (micron) 

Factor Name Coefficients P Level Coefficients P level 

Constant   0.377284 3.45E-32 14.96585 1.36E-21 

A Potential 0.165185 6.24E-14 14.41604 4.33E-20 

B Time  0.014815 0.394858 8.008581 3.83E-10 

C Temperature 0.013889 0.424907 11.33442 1.74E-15 

AB   0.005278 0.579365 5.224602 1.25E-12 

AC   0.103889 2.45E-16 11.29299 4.87E-28 

BC   0.012222 0.201605 4.366542 4.39E-10 

ABC   0.0125 0.285333 2.677664 0.000475 

AA   0.134259 9.67E-15 5.615731 6.48E-09 

BB   -0.00907 0.500626 1.259794 0.138307 

CC   0.01537 0.25551 2.975924 0.000739 

AAB   -0.00306 0.852852 1.837655 0.078581 

ABB   -0.00861 0.601511 0.150729 0.883893 

AAC   0.071667 4.69E-05 4.422824 5.9E-05 

ACC   -0.02444 0.141174 0.548834 0.595278 

BBC   -0.01 0.54436 0.073042 0.943579 

BCC   -0.02556 0.124265 -4.19571 0.000127 

Standard  Error 0.057 3.56 

R^2 0.91 0.97 

 

Table 8:3: Results of multiple response regression based on a full factorial design. 

 

The interaction parameters of the factors in Table 8:3 are also shown in graphical form 

in Figure 8-9. The figure illustrates results for Ra as the response variable. As can be 

seen, the potential (variable A), its square (AA), its interaction with temperature (term 

AC) and the interaction of its square (AA) with temperature C (term AAC) - the red 

colour in the Pareto diagram, showed good confidence (P) level of see Table 8:3. The 

impact of other factors, including the linear impact of time (B) and temperature (C) is 

small and do not indicate good confidence level. Quantitatively, the individual impact 
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of these factors is a decimal order less than the first four (A, AA, AC and AAC). R-

square for this model is 0.91 These means that all other factors not taken into account in 

this 3-factorial model give almost 10% of the total impact, which in fact means that 

potential (A), temperature (C) and time (B) play the most significant role in forming the 

surface roughness Ra. 

 

 

Figure 8-9:  Y-hat Pareto diagram for average roughness response variable. 

 

On the basis of the data in Table 8:3, the model for predicted average surface roughness 

Ra-hat can be determined as: 
 

 

AACAC

AAARa

772.0104.0

134.0165.0377.0






                         Equation 8-1 

 

Where A is the potential (Volt), C is the temperature (Degrees Celsius), Ra-hat is the 

predicted average roughness (microns) and the coefficients are variable related to the 

factors as shown in Table 8:4.   

 

factors Coefficients Dimensional units 

Ra-hat  µm 

Constant 0.377 µm 

A 0.165 µm/ volt 

AA 0.134 µm/ volt
2
 

AC 0.104 µm/ volt x Cº 

AAC 0.772 µm/ volt
2
 x Cº 

 

Table 8:4 the dimensionality of coefficients in the equation 8-1. 
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The correctness of this model and its limitation are illustrated in Figure 8-10  which 

shows a good linear relationship between actual and predicted values of Ra. 

Figure 8-10- B indicates that there is non-uniform distribution of residuals in the range 

of large actual Ra and therefore some other factors need to be included. However the 

overall correctness of the model is R
2
=0.91, which is good for 3 factors. 

 

  

A B 

 

Figure 8-10: Shows the actual roughness against predicted roughness (A) and against 

residual (B). 

 

On the other hand, the effect of these parameters on the calculated polishing depth - in 

the sense of overall effect indicated by R-square in Table  8:3.  R-square is 0.97 and 

more convincing, which can be interpreted statistically as very good. However the 

impact of the variables differs significantly from the impact on the average roughness 

(Ra). As is shown in Figure  8-11, potential (A) still has the greatest impact, however 

the linear impacts of temperature (C) and time (B) take second and fourth place in 

diagram and both have good significance. Quadratic effects for AC, AA, AB, BC, and 

CC are observed together with cubic effects of AAC, BCC and ABC. AAB impact is 

confident at a level of 0.08. The overall good fit of this model is also indicated in 

Figure  8-12, where the residual analysis is illustrated.  
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Figure 8-11: Y-hat Pareto diagram for the polishing depth response variable. 

 

  

A B 

 

Figure 8-12 : Shows the actual depth against predicted depth (A) and against residual. 

(B). 

 

8.1.3.1.3 Surface roughness (DOE analysis) 

Surface roughness measurements after the electropolishing process describe how well 

the area has been polished. The stylus profilometer results showed the surface 

roughness of the polished areas was improved, but with different grades, depending on 

the current density to make an overall planar surfaces as shown in the following figures. 
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Figure 8-13: Response values of Ra, Y-hat Interaction at a constant temperature of 60 

C.° 

 

Figure 8-13 above shows the variation of response value (Ra) against voltage 

(potential) for the three different process durations used in this experiment, at a constant 

temperature of 60 C°.  

At a potential of 4V the response value was 0.38µm for 30 minutes, 0.37 µm for 45 

minutes and 0.34µm for 60 minutes. It is clear that in the three patterns, the potential 

increases lead to reduced response values Ra, recorded at approximately 0.3µm, at 4.7 

volt and 60 minutes duration. After that, the response values Ra rise with the potential 

increase and record a highest response value of approximately 0 .85µm. These results 

are due to the elevated current density, leading to non-homogenous metal removal 

during the process. For the three patterns, at a constant 60C°, the best results can be 

obtained with predicted potential ranges between 4.7 and 4.9 volt.  

 

 

Figure 8-14: Response values of Ra. Y-hat Interaction at a constant temperature of 40 

C.° 
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The above Figure 8-14 shows the variation of response value (Ra) against potential, for 

the three different times used, at a constant temperature of 40C°. The general pattern 

shows that the response values keep decreasing slightly with an increase of potential 

from 4 to approximately 5 volts and then the response values increase from the potential 

of 5 volts and further up to 8 volts. In this case, the lowest response value (Predicted 

Ra) observed is 0.32µm for the 30 minutes process duration, at a predicted potential of 

4.9 volts 

 

 

 

Figure 8-15: Response values of Ra, Y-hat Interaction at constant temperature 20 C.° 

 

The above Figure 8-15 shows the variations of surface roughness response value 

against potential for a constant temperature of 20 C°. The lowest response (Ra) value is 

0.35µm, obtained between 5.6 and 5.8 volts for the 60 minutes process duration. It is 

clear that in all of the patterns the results response values (Ra) are reduced between 4 

and approximately 5.6 volts and later increase from a potential of 5.8 volts up to 8 volts. 

The results also demonstrate that a reduction of the temperature needs more potential to 

obtain a satisfactory surface finish. 
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8.1.3.1.4 Polishing depth (DOE analysis) 

 The polishing depth of the polished area (due to loss in weight of the anode) is a crucial 

factor, due to its effect on the dimensional accuracy of the part. Calculations of 

polishing depth were made and the results are tabulated in Table 8:2. It was found that 

loss of weight is linearly related to the applied current density and processing duration; 

the following figures show the predicted results of polishing depth as a result of cell 

parameter interaction.   

  

 

Figure 8-16 : Response values of depth, Y-hat Interaction at constant temperature 60C. 

 

Figure 8-16 above shows the polishing depth response value against the potential for 

various process durations at a temperature of 60C°. In general, the lowest response 

values observed are for the lowest time interval (30 minutes) and least current density. 

On the other hand, the highest response values were obtained for the highest current 

density and highest time interval (60 minutes).  

 

 

Figure 8-17: Response values of depth, Y-hat Interaction at a constant temperature of 

40 C.° 
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Figure 8-17 above shows the variation of polishing depth response value against 

potential at a temperature of 40C°. Similar patterns can be seen as with the previous 

graph Figure 8-16; the response values for the polishing depth keep increasing as the 

time and potential increase (linear interaction). 

 

 
 

Figure 8-18: Response values of depth, Y-hat Interaction at a constant temperature of 

20 C.° 

 

Figure 8-18 above is a graph showing the variation of polishing depth against potential 

for a constant temperature of 20C°. This graph shows a different variation in 

comparison to the two previous graphs (Figure 8-16 and Figure 8-17). The lowest 

response value of 3.9µm was observed at a potential of 4.0 volts for the 60 minute 

process duration. The response value increased most as a response to the increase in 

potential for the 60 minute process duration. Results for the 45 minutes process duration 

show a similar behaviour to that of the 60 minute duration, but with a lower rate of 

increase in the response values, whereas the response values (polishing depth) for the 30 

minutes duration were much higher than that of the other two durations (45 and 60 

minutes). Furthermore, an increase in response values was observed with the lowest 

potential for the 30 minute process duration. Thus, in this case it can be stated that the 

predicted results of the response value after DOE analysis coms to against the results on 

Table 8:2 (see the bottom results at 4 V) due to the potential and temperature decrease.   
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8.1.3.1.5 Overall statistical results  

The results obtained from the DOE showed that the ranges of selected factors (potential, 

time and temperature) are in the good range to effect on the response factors.  

The overall analysis shows that the potential and the temperature have the highest 

impact on the response factors (surface roughness and polishing depth), whereas the 

third factor (time) showed less effects as demonstrated in the Y-hat Pareto diagrams.  

The best results were achieved with a potential between 4 and 5.5volts, process duration 

of 30 minutes and at a constant temperature of 40C°. This range of parameters may 

have enough authority to control the metal dissolution, current density ranges between 

10 mA/cm
2
 to 20 mA/ cm

2
, leading the surface more planer. This range may facilitate 

maintaining accuracy of part dimensions and give less than 0.4 µm Ra as a final surface 

roughness. Figure 8-19 below shows a comparison of the results of samples subjected 

to two stages of surface roughness improvement, namely laser re-melting followed by 

electropolishing.  

 

 

Figure 8-19: Comparison results of the three stages of surface roughness (Ra) results. 
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8.1.3.1.6 Surface topography   

Surface topography was obtained by using SEM combined with EDX analysis.  SEM 

was used to understand the feature defects remaining after the process, whereas EDX 

was exploited to report the percentage elemental composition of each sample surveyed 

before and after the polishing experiment. In this work the characterization of the 

surfaces surveyed varied, due to the variation in cell parameters. This parameter 

variation has a significant effect, and the relation between the parameters needs to be 

optimised to control the current density, which in turn determines whether 

homogeneous metal/ alloy dissolution is achieved.  

 Most surveyed samples showed good surface finish, but some pitting was detected, 

connected with exposures to high voltages and temperatures (8 volt at 60C° and 

different process durations) as shown in the following figure, Figure 8-20.  

 

  

A B 

 

Figure 8-20: SEM micrograph result of polished sample obtained at 60C°, 8 volt and 

45minutes. 

 

 It is well known that the key to the electropolishing method is the difference in current 

density across the microscopic surface profile (peaks and valleys), and that the current 

density is greater on the peaks than in the valleys. Also, the rates of metal/alloy 

dissolution are proportional to current density. In this case (8 volt at 60C°) the rate of 

current density was too high and fluctuated (see Figure 8-6)  leading to faster metal 

dissolution (non-homogenous dissolving), and an increase in the viscous layer interface 

of the polished surface. This phenomenon (high rate dissolution) tends to leave the 

surface with pitting and poor surface finish as well as increasing the depth of the 
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polished area to more than 65µm, which is not desirable due to the negative effect on 

the dimensional accuracy of the parts. 

In this case, there are only two ways which can be used to overcome the problem (of 

excessive current density). The first method is to reduce the source potential or the 

temperature, see Figure 8-7. The second method is to increase the resistance of the 

liquid by reducing the proportion of oxalic acid (which was not within the scope of this 

study).On the other hand, at various process durations between 30 and 60 minutes, the 

reduction of both source potential from 8 to 6 volt and of temperature from 60 C° to 

40C° demonstrated a significant effect, due to the change of current density properties 

(less fluctuation and value as shown in Figure 8-7). The control of these properties is 

critical to achieving good control of mass transport, which is required for homogenous 

metal/alloy dissolution during the electropolishing process which in turn results in a 

good surface finish, as shown in the following Figure 8-21.   

 

  

A  B 
 

Figure 8-21: SEM micrograph result of polished sample obtained at 40C°, A6 volt and 

B4 volt, time interval 45mint. 

 

As show in Figure 8-21 a reduction of current density may be favourable, by making 

the surface more planer and free of defects in comparison with the previous case. Some 

samples showed depth of polished area raised more than the required depth (less than 10 

µm). In these cases, the required dimensional tolerance is not maintained. 

In addition, the samples exposed to polishing at a constant 20C° and 4 volts with 

processing times between 30 and 60 minutes demonstrated pitting on the polished area 

as showed in Figure 8-22. 
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Figure 8-22 : SEM micrograph result of a polished sample obtained at 20C°, 4 volts 

and 45minutes. 

 

The explanation of this phenomena (pitting) can be attributed to two different 

mechanisms.  One possibility is that applying a potential that is less than the required 

potential (in this case 4 volts or less) leads to the formation of a thin viscous film on the 

part’s surface during electropolishing. At the beginning of the process (high current 

density, see Figure 8-8) the dissolution of material results in the formation of cations 

that move through the viscous film to the solution, leaving vacancies at the metal-film 

interface. When the vacancy concentration rises too much due to the low current 

density, it could lead to the detachment of the ion-conducting film from the surface, due 

to the cations merging and forming voids. This phenomenon could be avoided by 

keeping the potential as high as possible, ensuring that anions in the film are kept 

pressed against the interface of metal-film (polished surface). 

The second explanation is that pitting could be occurring by development of gas 

bubbles on the polished surface. In such cases, the surface could be blocked by bubbles, 

resulting in more dissolution of the surrounding surface, thus forming pitting defects. 

This problem can be overcome by preventing the bubbles from sticking to the surface, 

by increasing the liquid agitation (stirring), or increasing the temperature in order to 

improve the liquid’s conductivity. However, agitation should be very carefully 

controlled in order to avoid disturbing the viscous layer; otherwise the problem stated 

earlier would apply here as well. 
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8.1.3.1.7 Surface brightness 

The degree of surface brightness (lustre) is a useful way to determine if the 

electropolishing was successful in making the surface more planer and defect free.  

The non-uniform thickness of the viscous layer over the material surface results in a 

different ohmic resistance from the cathode to the anode. This causes greater dissolution 

of protruding features than of features that are recessed; this allows creation of a 

uniform surface profile. [188] 

In the case of the stainless steel (SS 316L) samples, EDX was used to track the metal 

/alloy surface composition before and after polishing, as shown in the following figure,  

Figure 8-23. 

 

 

Figure 8-23: EDX spot analysis for the metal component before and after polishing 

(weight percentage). 

 

The results demonstrate that the removal of the metal/alloy components from the anodic 

surface is non-uniform, and this produces a significant effect. The iron and nickel atoms 

are more easily removed from the crystal cell than the chromium atoms. Thus, it is 

possible to say that the electropolishing process is directed preferentially to iron and 

nickel, leaving the surface rich in chromium. Furthermore, the created surface with high 

chromium content is beneficial in some applications, especially where corrosion 

resistance, friction and mechanical strength are a primary concern. 
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8.1.4 Section summary  

Electropolishing of SLM stainless steel parts (after re-melting) can achieve a surface 

texture with less than 0.5 micron Ra. 

The significant feature of the process is its efficiency in eliminating/or suppressing a 

number of defects on the surface (peaks and valleys). The dissolution results for surface 

improvement are different due to differ of surface texture and it’s in the peaks faster 

than the valleys, which also are proportions of the cell parameters. 

Factorial investigation (DOE analysis) showed that the best results for surface 

roughness and minimal defects were obtained when the specimens were kept anodically 

at current densities associated with potential ranges between (4 to5.5 volt), maintained 

at (40 C°). 

The overall finding through electropolishing of SLM stainless steel parts in DES type 

III (choline Chloride based) ionic liquids are as follows:  

 It is a reliable process for polishing additive manufactured stainless steel parts 

and improves their surface finish more than 65% compared to the re-melted 

samples. 

 Polishing is possible with the full range of tested process variables, but high 

current density can lead to non-homogeneous dissolution.  

 It is a very effective process for removing the residual oxide scale formed during 

the re-melting process. 

 The addition of a small amount of oxalic acid facilitates improving the liquid’s 

conductivity and this encourages polishing with less potential and temperature 

(cyclic voltammeters results). 

 The results showed that the electropolishing process is directed preferentially to 

iron and nickel, leaving a surface rich in chromium, which beneficial to the 

mechanical and chemical properties of the surfaces. 

 Homogenous dissolution (when use optimum parameters) and very encouraging 

results to polish another metal of additive manufacture parts such as Al and Al 

alloys, Ti and Ti alloys, various cobalt chrome alloys etc. 

 This process offers significant advantages over the current practice due to the 

fact that the raw materials are cheap, have high performance efficiency and are 

environmentally friendly.  
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8.2 Fatigue test 

In scientific material, it is clear that metals of all kind have natural properties such as 

mechanical strength, strain, hardness etc. Surface roughness however, can be defined as 

an element of the surface’s texture, which appears as peaks and valleys on the part’s 

surface, but which also affects both product quality and mechanical performance. In 

such a case, surface roughness has an effect on many physical and chemical properties, 

such as fatigue behaviour, creep strength, corrosion resistance, light reflection, wear 

resistance, friction, electrical conductivity, lubrication flow, heat transmission etc. 

Additive manufacturing technologies such as SLM offer a new design possibility for 

applications in industrial sectors, but the products still suffer from drawbacks such as 

poor surface quality or roughness that ranges from 10-30microns. Hence, good control 

of the SLM process and post-processing is necessary to decrease these ranges of surface 

roughness. [4,189,190] Moreover, although “many results have been published 

regarding material options and their static mechanical properties, the knowledge about 

their dynamic mechanical behaviour is still low.”[43]  

 

8.2.1 Aim and objective 

 The aim of this study was to assess the performance (fatigue life) of SLM stainless 

steel (316L) parts subjected to two different stages of surface finishing method, namely 

laser re-melting and electropolishing. The samples had a range of surface roughness 

values and the importance the above stages of surface finishing in developing the parts’ 

fatigue performance was assessed by comparing the fatigue test results.  

 

The main objectives of these experiments were as follows  

 1. Implement the Fatigue tester HSM 20 to perform a fatigue test on the surveyed 

samples to evaluate the fatigue life. 

 2. Plot the S-N curve for the specimens at various amplitudes, after exposures to 

two stages of surface improvement (re-melting and polishing), evaluate 

compare the results. 
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8.2.2 Experimental procedure 

The SLM 125 at De Montfort University was used to generate the test specimens in a 

vertical orientation, starting with a CAD model (created in Solidworks) to define the 

sample which had a specific dimension of (100 x 10 x 1) mm. Manufacturing was done 

following the specific steps described in section 6.1.1. The following figures,  

Figure 8-24 and Figure 8-25 show the CAD model and the final manufacturing results.  

 

 

Figure 8-24: Shows the CAD model part. 

 

 

Figure 8-25: Shows the fatigue samples fabricated by SLM (125). 
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The samples were made and then divided into three groups. Surface roughness was 

measured for the three sets of SLM samples: as fabricated, re-melted samples and 

electropolished samples, in order to detect the manner in which the fatigue life is 

affected by the surface roughness. Table 8:5 presents the details of the fabricated 

samples through the different stages of surface improvement.  

     

 Part Process parameters & Comments 

A
s 

fa
b

ri
ca

te
d

 

 

          

 

 Laser power 200 watt 

 Scan speed 480mm/s 

 Layer thickness 50 µm  

 Exposure time 100 µs 

 Average roughness (Ra) 10 µm ± 

10% 

R
e 

-m
el

te
d

 

  

 Grid scanning method  

 Laser power 180 watt 

 Scan speed 400 mm/min 

 Beam spot size 1mm 

 Hatch spacing 0.4mm  

 Focal distance 128 mm 

 Average roughness(Ra) 1.4 µm ± 

15% 

P
o

li
sh

ed
 

  Cell potential 4 volts 

 Ethaline 5% oxalic acid as solution  

 Process duration 45 min 

 Temperature  40 C° 

 Average roughness(Ra) 0.4 µm ± 

15% 

 

Table 8:5: Shows the specimens’profile(1x 10 x100) with the most important parameters 

of the surface finish improvement processes. 
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The experiment was carried out through three stages as follows:  

 

1- Generate a fatigue test on SLM samples ( as fabricated material )  

2- Generate a fatigue test after re-melting (as the first stage of surface roughness 

improvement) 

3- Generate a fatigue test after re-melting and electropolishing (as a final finishing 

stage ) 

 

The effects of the rough surface quality on the specimen’s fatigue life were studied 

through this experiment. Cyclic cantilever bending was imposed on the samples at 1400 

rpm, when loaded. In order to simplify this process, the cyclic cantilever bending 

conditions were applied along the Y-axis to generate reversing stresses on each sample. 

The recorded results were then taken for the total number of cycles to the failure of each 

applied amplitude stress. Not all the samples showed fatigue failure; especially those 

exposed to less than 500 MPa amplitude stress. The test was usually terminated after 

approximately 2x10
5
 cycles. 

The S-N relationship was then ascertained for the various specific loading amplitudes 

and created for the materials tested under the varying stress amplitude. The stress 

amplitude is denoted by ‘S’, while the number of cycles are denoted by ‘N’.  

 

As fatigue performance is severely affected by the amplitude of the cyclic load, the 

minimum peak stress divided by the maximum peak stress is the R ratio value, used to 

express the amplitude, as showing in the followed figure.  

 

 

Figure 8-26 : Schematic of cyclic loading[191]. 
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 Stress ratio   R= σ min / σ max                                      Equation 8-2 

 

It is most common to test at an R value of -1 and kept constant. 

 

 Stress range   Δσ = σ max – σ min.                                    Equation 8-3  

 

 The mean stress     
         

 
                                   Equation 8-4 

 

The schematic of the fatigues test configuration is presented in Figure 8-27.  

 

 

Figure 8-27: Schematic of the fatigue test configurations. 

 

 

The following table, Table 8:6 presents the fixed conditions that were set for the 

cantilever beam in this experiment: 
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Specifications samples 

The length of beam               (L) = mm 40  

The width of cross-section   (b) = mm 10.1  

The height of cross section   (h) = mm 1.02  

The second moment of area      
    

  
 =  mm

4
 

0.9197 

 

Table 8:6: Specification of tested samples. 

 

The beam cantilever analysis uses the following equations  

 

A) Beam deflection      
    

   
                             Equation 8-5 

 

Where δ is the cantilever beam deflection, E is the Young’s Modulus (200MPa for 

stainless steel) and P is the load applied to generate the specific deflection.  

 

B) The maximum bending moment, which occurs at the fixed end is  

 

 

            M max = PL        (Nm)                                                Equation 8-6 

 

C) The maximum bending stress at the fixed end is   [192]   

 

 
 

               
        

 
 

      
 

 
 

 
  

   

       (MPa)          Equation 8-7 

 

The first specimen was tested at a high peak stress. This is the usual procedure, carried 

out with stresses where a failure is expected in a short number of cycles. The test stress 

was reduced for each successive specimen by reduction of the cantilever deflection as 

shown in the Table 8:7. The failure time of each specimen was also recorded and 

repeated three times in order to determine the effect of specimens’ surface quality when 

subjected to two different stages of surface improvement. The results are shown in 

Table 8:8. 
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8.2.3  Experimental results  

The recorded results of the cantilever data analysis are shown in the table below. 

 

No, 

S 

L(mm) h(mm) b(mm) I(mm)
4
 δ(mm) P(N) M max(Nm) 

 

 1 40 1.03 10.1 0.9197 9 77.599 3.10398 

 2 40 1.03 10.1 0.9197 8 68.978 2.75913 

 3 40 1.03 10.1 0.9197 7 60.356 2.41424 

 4 40 1.03 10.1 0.9197 6 51.733 2.06935 

 5 40 1.03 10.1 0.9197 5 43.111 1.72445 

 6 40 1.03 10.1 0.9197 4 34.489 1.37956 

 7 40 1.03 10.1 0.9197 3 25.866 1.03467 

 8 40 1.03 10.1 0.9197 2 17.244 0.68978 

 

Table 8:7: Shows the beam cantilever data analysis. 

 

The average recorded results of the fatigue life for each specimen are shown in the table 

below. 

  

 

Sample 

number 

 

δ 

(mm) 

 

σmax 

(MPa) 

Fatigue life time (number of cycles) 

 

As fabricated 

material 

Re-melted 

material 

Polished material 

No of 

cycles  

Error No of 

cycles 

Error No of 

cycles 

Error 

1 9 1738.2 1618 110 2046 258 2272 319 

2 8 1554 3302 231 4274 408 4843 556 

3 7 1351.9 5476 175 7572 746 7733 781 

4 6 1158.8 9623 387 11575 979 12706 877 

5 5 965.6 19067 454 24913 2328 29009 3499 

6 4 772.5 42028 1787 55738 4136 63601 5305 

7 3 579.4 81329 2618 103503 7551 123928 8706 

8 2 386.6 200000  200000  200000  

 

Table 8:8 : The average results of fatigue lifetime of specimens at various amplitudes, 

subjected to varying surface finish techniques. 
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8.2.4 Discussion of results  

It is important to expand the knowledge relating to the material properties of AM parts, 

in order to broaden the field of component application. The dynamic mechanical 

behaviour (fatigue life) of the SLM components was surveyed through different three 

stages of surface roughness as shown in the following figure, Figure 8-28. 

 

 

Figure 8-28: Stress-fatigue life curve for tested the material after different post-

processing. 

 

The S-N relationship was ascertained for the various loading amplitudes for the 

materials tested and the results showed various drawbacks in the S-N fatigue data.  

The actual performance of the test specimens is not identical, but showed scattering of 

the fatigue lifetime even though all the specimens were made using the same parameters 

(see Table 8:5) and exposed to the same stages of surface finish improvement.  The 

results of the surface condition (surface roughness) associated with the manufacturing 

process and with the post processing treatments differ from sample to sample. These 

differences caused an important change in the fatigue performance generated among the 

samples. This demonstrates that the fatigue test is highly sensitive to the number of test 

material. 
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Also, the results showed a considerable amount of scatter in the fatigue life data 

especially at lower stress, but recorded less scatter at high stress (see error in 

Table 8:8); this occurred in spite of the fact that the specimens were carefully made and 

handled. 

As the results in the above plotted (S-N) relationship show, the increase of fatigue life is 

associated with a decrease of the loading of the specimens. At higher stress, the 

lifetimes are significantly lower for these materials irrespective of surface roughness, 

and show significant scattering for the three tests. On the other hand, the re-melted 

samples with surface roughness (Ra) 1.4 µm demonstrated significant fatigue life at 

lower stress and recorded about 30% improvement, in comparison with the samples 

fabricated by SLM and not post-processed.  

In this case it is possible to say that laser re-melting plays a significant role in 

improving the fatigue life of SLM components, due to its ability to supress any 

dendrites, pitting, porosity and residual stress that may be initiated during the 

manufacturing process. Also, re-melting provides a homogenous surface with fine 

microstructure. 

For the re-melted and polished specimens with surface roughness (Ra) 0.4µm±15%, the 

effect of surface quality failed to produce significant affects in the fatigue life at higher 

amplitudes stress, when compared to the behaviour of the re-melted material. The 

reason behind this may be that the fatigue life to failure is dependent on two periods, the 

crack initiation period and the crack growth period. The high stress of the applied load 

would lead to a reduced crack growth period. In the case of polished surfaces, the crack 

nucleation on the metal surface is very small leading to an increased initiation period at 

lower stress. Also, the period of crack growth will be larger extended from the period of 

crack initiation. An improvement in the fatigue life was recorded at lower stresses. The 

results presented an approximately 20% improvement compared to the re-melted 

samples. 
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8.2.4.1  Macroscopic characteristics 

Initial observations of fatigue failure of SLM components can be made by the naked eye 

or with small magnification. This is in order to clarify details regarding crack nucleation 

and surface damage during loading. The details of the defects may be important for 

estimating the cause of fatigue failure. 

    

 
 

(A)  As fabricated sample  (B) Re-melted sample 
 

Figure 8-29: Micrographs of different fracture surfaces of different specimens at high 

stress 1350 MPa, for SLM part as fabricated (Ra= 10µm) and re-melted samples (1.5 

µm).  

  

Figure 8-29 shows the fracture surfaces of specimens observed by SEM at low 

magnification. The appearance of the fracture surfaces of the two specimens are 

different due to the different surface treatments applied. For the specimen in ( 

Figure 8-29-A) with surface roughness (As fabricated and Ra~10 µm) the high number 

of defects on the surface (roughness and pores) raise stresses at the loading point, 

demonstrating the reason for fast failure. In such cases cracks can be initiated at any 

point where high stresses are increase.  

 On the other hand, the possible sites for crack initiation are less for re-melted and 

polished samples (Figure 8-29-B) which had a surface roughness of (Ra~1.4 µm and 

0.4 µm). Because the surfaces are flatter with reduced porosity, leading to almost 

equally for cracks start and also a decrease of stress raisers due to the surfaces 

roughness improvement. 

 

 

Porous 

 Free Porous 
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Figure 8-30 :   Micrograph of fatigue fracture surfaces at high stress (1350 MPa) for 

SLM parts as fabricated (Ra= 10µm) demonstrating different regions of the fatigue 

fracture surfaces. 

 

Figure 8-30, clearly shows that there are two regions in the fracture of the as fabricated 

specimen. The first region is caused by the fatigue crack growth occurring in each cycle. 

As a result, the fatigue occurs by micro crack growth due to the very rough surface and 

a number of micro-cracks can be developed successfully on the surfaces, which 

generate a large size of deformation. This could explain the reason for the rapid failure. 

The second region of fracture surfaces occurs when the final cross section of the 

specimen can no longer carry the final increased load, leading to final fracture (elliptical 

area in Figure 8-30).   

In case of SLM components, failures associated with fatigue and stress are commonly 

initiated by the roughness of the surface and porosities together with the intensity of 

externally applied load. These problems can be minimised by laser re-melting leading to 

extend the material lifetime. [193] 

Alternatively, many conventional surface engineering techniques are available to solve 

this issue. However, unlike the rest, laser re-melting is regarded as the most suitable 

method due to its flexibility to improve surface roughness, eliminate porosity, 
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increasing fatigue and minimizing residual stress. [194, 195] This is the reason why the 

cracks are not easily initiated in a properly re-melted surface. 

Vollertsen and co-authors have reported an improved wear and friction resistance of 

stainless steel material surfaces mostly attributed to residual compressive stress and 

porosity removal from the material, achieved through a re-melting process. [70] 

Furthermore, laser re-melting is considered more effective in improving the stainless 

steel material’s surface roughness, compared to attempts to enhance corrosion and wear 

resistance. 

 

8.2.5 Section summary 

The effect of the surface finish on the fatigue life of the surveyed samples showed 

various responses. This variation are associated with the difference of surface roughness 

due to the stages of improvement (both re-melting and electropolishing processes). 

A list of the major findings from this study can be concluded as follows:  

 

1. The change in the deflection amplitude influenced the variability in the fatigue 

life of the samples.  

2. The residual defects (high surface roughness and porosity) associated with 

manufactured 316L stainless steel specimens made by SLM, are a major 

determinant of fatigue life. 

3.  Laser re-melting improved the fatigue life of SLM stainless steel 316L parts by 

about 30% at lower stress (570 MPa). The reasons for this are its ability to 

supress surface roughness and porosity issues and to reduce residual stress. 

4. Electropolishing after laser re-melting further improved fatigue life by 

approximately 20% at lower stresses. 

5. Both re-melted and electropolished samples failed to produce a significant 

effect on lifetime at higher deflection amplitudes when compared with the 

behaviour results of the as-fabricated samples. 

6. The improvement of fatigue life by laser re-melting followed by 

electropolishing can be attributed to reduced porosity, surface roughness and 

residual stress. 

 



204 

9.0. Conclusions 

Surface finish improvement is a vital requirement for many additive manufacturing 

applications and it remains a challenge with most conventional methods. Proper 

implementation and selection of post-processing is a key factor in achieving the 

intended goal. The SLM technique can produce fully functional parts with several 

advantages, due to the possibility of producing complex shapes, with acceptable 

dimensional accuracy. However, the remaining porosity and poor surface roughness of 

SLM parts are considered major drawbacks of this technology. Therefore, the study of 

surface finishing methods is very important because each method has its own side effect 

on both the physical and chemical properties of the parts. 

The main aim of the project was to improve the surface finish of Stainless Steel 316L 

parts produced by SLM through a novel combination of two stages of optimization. SS-

316L was chosen because the AM material development has been completed on this 

material to obtain parameters (for a range of particle size 15 to 45µm) for part 

construction. The two stages of optimisation are laser re-melting followed by 

electropolishing, to achieve better surface roughness while maintaining dimensional 

tolerance. The overall conclusions can be summarized and divided into three sections: 

 

9.1 Machine and parts characterization 

From the manufacture process and analysis of results, several points can be noted as 

follows: 

 In the case of the Renishaw SLM 125 machine, the obtained results confirmed 

that the machine can produce fully functional parts with repeatability, having 

ranges of surface finish between 10 and 20 µm. 

 The simple objects (cubes) investigated in the initial stage of this work 

demonstrated a small increase of the top surface roughness at the right side of 

build area, due to the direction of argon flow from right to left. 

 The density of the manufactured cubes ranged from 95% to 99%. The effect of 

the argon flow on the density was also assessed and the density demonstrated a 

decrease in value in the direction facing the argon flow.  

 It was found that in the case of the inclined surfaces, an increase in build angle 

caused a decrease of surface roughness. 
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 Also, an increase in build angle led to a decrease of density. It is suggested that 

this is due to the increased side wall area and the porosities which are 

concentrated under this surface as a result of the scanning method used.     

 Surface topography of SLM components showed some topographical defects 

and dendrites, including, balling, open porosities, peaks, valleys, powder particle 

agglomeration and partially melted areas. The variations of these features 

depend on the build process parameters and parts’ build orientation.   

 

9.2 Laser re-melting work  

Through the investigation, the laser re-melting technique (as a post-process) has shown 

versatile capabilities for modification of the surface roughness of stainless steel 316L 

components made by SLM. The alterations of the response values (surface roughness) 

are related in the first instance to the laser energy absorbed by the modified surface. The 

overall findings during the experimental results can be summarised as follows: 

 Laser re-melting is a capable process for metal surface modification, because it 

is flexible, controllable and a green process (clean for the environment). 

 The microstructural dendrites, such as balling, agglomeration, waviness and the   

shrinkage cavities (open and closed pores) can be substantially eliminated, when 

employing optimal parameters, as shown by the statistical analysis of the 

experimental data. 

  Laser re-melting is a promising technique; the results showed that an 

improvement of about 80% of the average roughness (Ra) value was obtained, in 

comparison to the original SLM part surface. 

  In addition, external and internal (open and closed) porosity was completely 

eliminated by the laser re-melting; the process can provide a surface of almost 

100 % density and the re-molten zone does not show any pores. 

  The best surface roughness result was about1.4 µm±10% and connected with 

implementation of medium to low scan speeds and 180 W of laser power, to 

give energy density ranges between 2160 and 2700 J/cm
2
. 

 DOE analysis predicts that a reduction of beam spot size with a 50% 

overlapping factor can be expected to provide a more satisfactory surface finish. 

 Laser re-melting is one of the best options, not just for surface modification, but 

also for improving mechanical properties. The re-melting process shows an 



206 

improvement in fatigue life of approximately 30% compared to the as-fabricated 

material, at low stress levels.  

 

9.3 Electropolishing work 

An improvement in surface finish of re-melted SS316L SLM parts was achieved by 

optimizing the parameters of a ‘green’ electropolishing process, for minimal 

environmental impact (DES type III ,Choline Chloride based ionic liquids). Based on 

the investigation, the overall findings can be summarized as follows: 

 The results show that further improvement of the response values (Ra) can been 

obtained by electropolishing after re-melting, to about 75% improvement 

compared to the as-built Ra.  

 The best response value (Ra) result was less than 0.5µm, obtained with a 

potential of 4 volt, maintained for 30mins at 40C°.   

 Electropolishing is very effective at removing the residual oxide film formed 

during the re-melting process. 

 Material dissolution is not homogenous during the process and is directed 

preferentially towards the iron and nickel, leaving the surface rich in chromium; 

this result is expected to facilitate improvement of the chemical and mechanical 

properties of the part’s surface. 

 The effects of the re-melted and polished samples’ surface finish on fatigue life 

was positive, and showed approximately 20% improvement in fatigue life at 

low stresses (approximately 570MPa); this was linked to the surface 

improvement.   

 The obtained results showed that the selected two stages (re-melting and 

electropolishing) are flexible methods for surface texture improvement; they are 

also capable of keeping the dimensional accuracy of parts within an acceptable 

range.     
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9.4 Future work 

The overall aims of this project have been reached through the research and post-

processing carried out. The final result (less than Ra= 0.5µm), obtained by a 

combination of two methods (re-melting and electropolishing) is very encouraging and 

competitive compared to conventional methods. 

Due to the unique aspect of this combination process, it’s possible to say that the results 

are very promising, attributable to the high capacity of the first stage of surface 

improvement (laser re-melting) to suppress any defects connected with SLM SS 361L 

manufactured parts. Also in this stage the tolerance accuracy was maintained, but there 

is still room for future work that can be suggested in this stage (re-melting) as follows. 

 

 Try out laser re-melting on a multi axis machine to re-melt real components with 

curved surfaces, not just flat ones.  

 Try with other materials such as Al and Ti alloys, various cobalt chrome alloys, 

other stainless steels etc. 

 Try out laser re-melting with parts made by recycled powder, effect of oxides, 

contaminants etc. 

 Try out laser re-melting with other AM parts such as SLS and EBM. 

 

In the second stage of surface improvement, electro chemical polishing based on ionic 

liquid showed another potential process that can be used in AM parts to improve surface 

finish. It has been found that the process is very reliable on processing SS 316L when 

using optimal parameters. A reduction of surface finish of less than 0.5 micron is 

achievable, but there is still room for further work to be done, due to a number of 

factors that can affect the process efficiency and can be summarized as follows. 

 

 Try different acidity concentration, type of ionic liquid and number of agitation. 

 Obtain numbers for Ra for various material removals, so the user has a choice. 

 These encouraging results open the door to new materials being utilized for 

surface improvement, such as Al and Al alloys, Ti and Ti alloys, various cobalt 

chrome alloys and various stainless steels etc. 

 

The unique aspect of these applications will provide novel development applications, 

made possible with this technique’s capability.  
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11.0. Appendixes  

11.1 Appendix (1)  

 Material in use (Stainless steel 316L powder) 

 

  

New powder Recycle powder 
 

SEM results show the different between new and recycle powder 

 

 

 
 

Show the different between new and recycle powder 
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Preliminarily experimental trail 

 

Cubes results 

 

 

 

Surface topography of cubes 

 

 

No, 

substrate A B C D E Average Error 

substrate 

1 
15.208 15.6396 16.0166 15.822 16.1498 15.7672 0.367618 

substrate 

2 
15.3392 15.808 15.6308 15.826 16.0352 15.72784 0.260283 

substrate 

3 
15.2248 16.078 15.8006 15.52 16.2946 15.7836 0.427149 

substrate 

4 
15.1092 15.5066 15.648 16.167 16.324 15.75096 0.495891 

substrate 

5 
15.096 15.0502 15.292 16.1992 16.43 15.61348 0.651574 

 

 

Average surface roughness of cubes (µm) 
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Sub A1 B1 C1 D1 E1 A3 B3 C3 D3 E3 

Row1 7.515 7.524 7.581 7.721 7.584 7.638 7.429 7.634 7.466 7.545 

Row2 7.712 7.478 7.486 7.471 7.432 7.693 7.4915 7.606 7.716 7.612 

Row3 7.615 7.703 7.657 7.727 7.612 7.709 7.653 7.682 7.559 7.422 

Row4 7.658 7.628 7.531 7.468 7.642 7.472 7.612 7.573 7.572 7.487 

Row5 7.613 7.663 7.624 7.486 7.429 7.561 7.497 7.482 7.491 7.559 

Average 7.622 7.599 7.575 7.574 7.539 7.614 7.536 7.595 7.560 7.525 

Error 0.072 0.094 0.069 0.136 0.101 0.098 0.092 0.074 0.097 0.0723 
 

 

Density measurement of cubes (gm/cm^3) 

 

 

 

 

 

Second Experimental trail (Bench marks results) 

 
 

 
A1 B1 C1 D1 A2 B2 C2 D2 B3 C3 D3 

Top 

(16)mm 

15.62 15.67 14.40 15.62 13.73 13.89 14.75 16.53 15.56 16.54 15.66 

Top 

(12)mm 

14.52 15.60 14.67 16.53 15.67 15.19 16.71 14.60 16.40 16.53 14.87 

Top 

(8)mm 

15.09 13.75 13.80 15.5 15.08 15.67 14.21 15.57 15.76 15.63 14.72 

Top 

(4)mm 

14.60 14.31 15.19 15.42 13.96 15.4 13.94 16.66 15.02 14.76 14.15 

 

 

Average surface roughness (Ra) results of top surface with different hight 

 

 

 

 

A1 B1 C1 D1 A2 B2 C2 D2 B3 C3 D3 

Angle 

60ᵒ 10.93 10.97 12.62 12.61 10.91 11.38 12.27 12.21 11.66 11.97 11.97 

Angle 

45° 12.48 12.68 13.05 13.91 11.53 12.93 12.81 13.11 13.23 12.90 13.11 

Angle 

30° 12.68 12.41 13.56 14.72 13.04 13.62 13.83 13.57 13.22 13.91 14.75 

Angle 

15° 15.65 14.80 15.05 15.63 15.18 15.67 17.02 15.47 15.44 16.02 15.54 
 

 

Average surface roughness (Ra) results of different inclination surfaces  
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Third experimental trail  

 

Top 

surface Angle  15° 

Angle   

30° 

Angle   

45° 

Angle   

60° 

Original  

benchmark 16.54 16.026 13.91 12.9 11.97 

Sand blasting 7.21 6.53 6.03 4.56 3.93 

Electropolishing 3.06 2.87 3.56 2.03 1.69 

Improvement % 0.81 0.82 0.74 0.84 0.85 
 

 

Comparison results of two stage of post processing, mainly Vapour blasting and 

Electropolishing  
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11.2 Appendix (2) 

Inclined surface results 

 

 

Sample  S1 S2 S3 S4 S5 
Ra Ra Ra Ra Ra 

Angle 

90° 
7.59 8.12 8.53 7.36 7.85 

Angle 

75° 
8.85 9.14 9.813 10.13 8.94 

Angle  

60° 
10.93 10.97 12.62 12.62 10.91 

Angle 

45° 
12.48 12.68 13.05 13.91 11.53 

Angle  

30° 
12.68 12.41 13.56 14.73 12.04 

Angle 

15° 
15.65 14.80 15.05 15.63 15.18 

Angle  

0° 
16.46 16.23 16.14 17.18 16.29 

  

 

Surface roughness (Ra) of inclined surfaces (µm) 

 

 

Sample 

 
Ra Error Rq Error Rz Error 

Angle 

90° 
7.89 0.457 9.15 1.03 35.21 2.52 

Angle 

75° 
9.37 0.565 11.31 1.722 43.86 2.79 

Angle  

60° 
11.6 0.918 14.86 1.549 50.31 3.16 

Angle 

45° 
12.73 0.866 15.36 2.01 53.28 3.09 

Angle  

30° 
13.08 1.073 16.18 1.906 67.8 3.9 

Angle 

15° 
15.26 0.372 20.24 2.05 71.92 5.22 

Angle   

0° 
16.46 0.420 21.09 2.336 73.97 5.09 

 

 

Average results of Ra, Rq and Rz with the error 
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S, No 
Angle 

90° 

Angle 

75° 

Angle  

60° 

Angle 

45° 

Angle  

30° 

Angle 

15° 

Angle   

0° 

 S1 7.515 7.524 7.581 7.7821 7.584 7.638 7.629 

 S2 7.592 7.678 7.486 7.571 7.632 7.693 7.795 

 S3 7.615 7.503 7.657 7.527 7.612 7.709 7.753 

 S4 7.658 7.628 7.596 7.568 7.642 7.732 7.612 

 S5 7.613 7.663 7.624 7.686 7.729 7.661 7.797 

Average  7.598 7.599 7.588 7.626 7.639 7.686 7.717 

Error 0.0525 0.0806 0.0643 0.1051 0.0545 0.0374 0.0902 
 

 

Density results of inclined surfaces 

 

 

 

 
 

2D micrograph, demonstrated random distribution of porosities and mostly located 

adjacent to wall side 

 



230 

Laser re-melting setup 

 

Setup the beam diameter at the substrate 

 
 

Laser power percentage, requested from 200Watt 

 
 50% 60% 70% 80% 90% 

N
o
zz

le
 s

ta
n

d
-o

f 

d
is

ta
n

ce
 (

m
m

) 
124 352 493 620 718 815 

125 274 462 602 705 850 

126 

 

363 511 687 835 

127 

 

321 462 608 821 

128 

  

387 581 789 

129 

  

303 519 717 

130 

  

241 444 674 
 

 

Beam diameter results (µm) at different stand-of and laser power  

 

 

 

 Laser power percentage, requested from 200Watt 

  50% 60% 70% 80% 90% 

N
o
zz

le
 s

ta
n
d

-o
f 

d
is

ta
n
ce

 (
m

m
) 

124 32 48 91 123 151 

125 25 42 70 106 138 

126 

 

26 55 91 125 

127 

  

38 69 109 

128 

  

26 58 95 

129 

   

42 67 

130 

   

28 45 
 

 

Depth of re-melted tracks (µm) at different stand-of and laser power 

 

 

 

 

Setup inert gas environment 

 
 

A
re

a
 

te
st

ed
 

Nozzle  Shielding  Nozzle & shielding 

2L/min 4L/min 6L/min 2L/min 4L/min 6L/min 2L/min 4L/min 6L/min 

Area1 39 31 17 34 20 14 28 17 14 

Area2 43 34 15 27 21 16 31 17 13 

Area3 38 25 17 33 19 13 29 15 17 

Area4 35 27 18 35 17 15 25 18 13 

Average  38.75 29.25 16.75 32.25 19.25 14.5 28.25 16.75 14.25 

Error 3.304 4.031 1.258 3.593 1.707 1.290 2.5 1.258 1.899 
 

 

The amount of oxygen atomic ratio obtained through three different setup of argon flow 

methods 
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Effect of laser power and scan speed on the surface finish  

 

 

50% 60% 70% 80% 90% 

200 

mm/min 11.75 5.63 2.83 2.74 2.37 

300 

mm/min 12.24 7.12 3.74 1.982 2.45 

400 

mm/min 13.83 11.64 5.36 1.75 1.62 

500  

mm/min 14.62 14.67 6.32 1.81 1.47 

600 

mm/min 14.503 13.1966 6.51 2.01 1.67 
 

 

Surface roughness (Ra) results as function of different speed and laser power 

 

 

 

 

50% 60% 70% 80% 90% 

200 mm/ min 3000 3600 4200 4800 5400 

300 mm/min 2000 2400 2800 3200 3600 

400 mm/min 1500 1800 2100 2400 2700 

500 mm/min 1200 1440 1680 1920 2160 

600 mm/min 1000 1200 1400 1600 1800 

      
 

 

Energy density (J/cm^2) results as function of different speed and laser power 

 

 

 

 Scanning speed  ( mm/ min) 

400 500 600 700 

H
at

ch
 

sp
ac

in
g

 

(µ
 m

) 

500 1.55 1.49 1.58 1.75 

600 1.72 1.87 2.17 2.63 

700 2.54 2.96 2.81 3.28 

 

 

Surface roughness results (µm) as results of different feed rate and hatch spacing 
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Optimizing parameters for re-melting (DOE design and results) 

 

 

 
Power 

 

 

Speed 

 

 

Hatch 

spacing 

 

 

Initia

l 

Response factors 

Ra(0) 

±15% 

Ra1 Ra2 Ra3 Ra4 Ra5 Average Error Energy 

density 

200 600 600 10 2.19 2.36 2.23 2.41 2.09 2.256 0.129 2000 

200 600 500  1.87 2.08 1.74 2.01 1.93 1.926 0.131 2000 

200 600 400  1.57 1.76 1.59 1.62 1.72 1.652 0.083 2000 

200 500 600  2.49 2.12 2.42 2.46 2.31 2.36 0.151 2400 

200 500 500  2.32 1.98 2.21 1.96 2.11 2.116 0.153 2400 

200 500 400  1.81 1.69 1.64 1.74 1.51 1.678 0.113 2400 

200 400 600  2.49 2.63 2.56 2.32 2.71 2.542 0.149 3000 

200 400 500  1.96 1.93 2.13 2.05 2.24 2.062 0.127 3000 

200 400 400  1.58 1.51 1.66 1.71 1.61 1.614 0.076 3000 

180 600 600  2.1 2.33 2.17 2.28 2.11 2.198 0.103 1800 

180 600 500  1.66 1.72 1.77 1.82 1.57 1.708 0.097 1800 

180 600 400  1.53 1.56 1.56 1.48 1.71 1.568 0.086 1800 

180 500 600  1.86 2.23 1.92 1.81 2.12 1.988 0.179 2160 

180 500 500  1.48 1.39 1.62 1.51 1.57 1.514 0.088 2160 

180 500 400  1.42 1.47 1.49 1.37 1.46 1.442 0.048 2160 

180 400 600  1.92 1.83 2.03 1.85 2.23 1.972 0.164 2700 

180 400 500  1.67 1.58 1.62 1.48 1.71 1.612 0.089 2700 

180 400 400  1.33 1.49 1.38 1.42 1.45 1.414 0.062 2700 

160 600 600  2.18 2.38 2.06 2.25 2.17 2.208 0.118 1600 

160 600 500  1.91 2.03 2.17 2.03 1.87 2.002 0.119 1600 

160 600 400  1.58 1.98 1.68 1.71 1.63 1.716 0.156 1600 

160 500 600  2.15 2.43 2.13 2.32 2.03 2.212 0.161 1920 

160 500 500  1.89 1.82 2.12 1.92 1.97 1.944 0.112 1920 

160 500 400  1.78 1.66 1.67 1.73 1.56 1.68 0.083 1920 

160 400 600  2.14 1.91 2.26 2.02 2.24 2.114 0.148 2400 

160 400 500  1.86 1.89 1.75 1.69 1.76 1.79 0.084 2400 

160 400 400  1.65 1.41 1.61 1.51 1.54 1.544 0.093 2400 
 

Results data for the response factor Ra obtained after re-melting 
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(DOE), Statistical analysis  

 

 
 

Regression table of full factorial results 
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 Graphical matrix illustrating factor interactions. 
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Predicted results of model during reducing of hatch spacing (DOE analysis)  
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Re-melting on different inclined surfaces with optima parameters  

 

 
 

Sample angle Tested sample Ra (µm) Average Error 

Ra1 Ra2 Ra3 

Angle 90° 1.63 1.37 1.48 1.49 0.1305 

Angle 75° 1.53 1.57 1.49 1.53 0.04 

Angle  60° 1.45 1.58 1.67 1.56 0.1106 

Angle 45° 1.65 1.46 1.53 1.54 0.096 

Angle  30° 1.42 1.49 1.65 1.52 0.1178 

Angle 15° 1.55 1.53 1.48 1.52 0.036 

Angle   0° 1.49 1.45 1.35 1.43 0.072 
 

Average roughness (Ra) with error obtained on all sample after SLR 

 

 

 

Angle Ra results of re-melted surfaces  Ra of Initial Surfaces 

0 1.43 16.46214 

15 1.52 15.266 

30 1.52 13.086 

45 1.546 12.73267 

60 1.56 11.612 

75 1.53 9.37711 

90 1.49 7.89594 
 

 

Dependence of re-melted Ra and initial Ra on angle of build 
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11.3 Appendix(3)  

Electropolishing  

 

Optimizing parameters for electropolishing (DOE design and results) 

 

Factors Response factors 

Vol

t 

Time 

mint

s 

Temperatur

e 
Polished depth ( microns ) Surface roughness 

Ra(microns) 
Test 1 Test 2 Test 3 Averag

e 

Error Ra 1 Ra 2 Ra 
3 

Average Error 

8 60 60 80.964 83.706 75.182 79.951 4.351 0.96 0.72 0.83 0.836 0.120 

8 60 40 58.366 61.699 57.195 59.087 2.336 0.73 0.65 0.68 0.686 0.040 

8 60 20 13.168 11.371 15.776 13.438 2.214 0.51 0.37 0.43 0.436 0.070 

8 45 60 66.438 70.483 66.214 67.712 2.402 0.91 0.84 0.77 0.84 0.07 

8 45 40 33.424 35.371 30.587 33.127 2.405 0.69 0.81 0.73 0.743 0.061 

8 45 20 13.141 11.549 12.623 12.437 0.811 0.49 0.38 0.41 0.426 0.056 

8 30 60 50.928 54.474 48.007 51.136 3.238 0.89 0.75 0.84 0.826 0.070 

8 30 40 17.326 18.148 16.631 17.368 0.759 0.57 0.66 0.54 0.59 0.062 

8 30 20 11.303
1 

10.435 9.250 10.328 1.03 0.63 0.47 0.53 0.543 0.080 

6 60 60 45.467 43.282 40.687 43.145 2.393 0.43 0.45 0.36 0.413 0.047 

6 60 40 20.070 21.464 18.295 19.943 1.588 0.28 0.35 0.38 0.336 0.051 

6 60 20 8.798 9.249 7.180 8.409 1.088 0.36 0.42 0.35 0.376 0.037 

6 45 60 27.913 30.946 25.873 28.244 2.552 0.42 0.35 0.38 0.383 0.035 

6 45 40 12.607 11.760 15.004 13.124 1.682 0.37 0.43 0.35 0.383 0.041 

6 45 20 6.2156 6.455 8.358 7.009 1.174 0.43 0.38 0.39 0.4 0.026 

6 30 60 21.545 23.987 17.087 20.873 3.498 0.41 0.37 0.45 0.41 0.04 

6 30 40 10.728 11.271 10.430 10.810 0.426 0.31 0.33 0.39 0.343 0.041 

6 30 20 6.867 7.280 11.490 8.545 2.558 0.39 0.35 0.42 0.386 0.035 

4 60 60 15.093 18.422 15.008 16.175 1.947 0.35 0.38 0.31 0.346 0.035 

4 60 40 9.497 12.286 9.026 10.270 1.761 0.34 0.3 0.38 0.34 0.04 

4 60 20 5.282 3.944 6.039 5.088 1.061 0.36 0.43 0.41 0.4 0.036 

4 45 60 13.822 11.523 15.575 13.640 2.032 0.37 0.32 0.39 0.36 0.036 

4 45 40 7.064 6.329 6.089 6.494 0.507 0.43 0.35 0.33 0.37 0.052 

4 45 20 4.515 4.928 3.909 4.451 0.512 0.42 0.36 0.38 0.386 0.030 

4 30 60 11.630 10.089 10.783 10.834 0.771 0.34 0.35 0.4 0.363 0.032 

4 30 40 5.396 4.521 7.240 5.719 1.388 0.37 0.34 0.35 0.353 0.015 

4 30 20 4.233 3.028 4.861 4.032 0.945 0.48 0.43 0.39 0.433 0.045 

 

Results of two response factors with the error  
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DOE result analysis 

 

 
Y-hat 

Model                   

  

 

Surface 

roughne 

  

  

Polishing 

depth 

  

  

Factor Name Coeff 

P(2 

Tail) Tol 

A
c
ti

v
e 

Coeff 

P(2 

Tail) Tol 

A
c
ti

v
e 

Const   0.37728 0.0000     14.966 0.0000     

A Potential 0.16519 0.0000 0.2000 X 14.416 0.0000 0.2000 X 

B Time  0.01481 0.3949 0.2000 X 8.009 0.0000 0.2000 X 

C Temperature 0.01389 0.4249 0.2000 X 11.334 0.0000 0.2000 X 

AB   0.00528 0.5794 1 X 5.225 0.0000 1 X 

AC   0.10389 0.0000 1 X 11.293 0.0000 1 X 

BC   0.01222 0.2016 1 X 4.367 0.0000 1 X 

ABC   0.01250 0.2853 1 X 2.678 0.0005 1 X 

AA   0.13426 0.0000 1 X 5.616 0.0000 1 X 

BB   -0.00907 0.5006 1 X 1.260 0.1383 1 X 

CC   0.01537 0.2555 1 X 2.976 0.0007 1 X 

AAB   -0.00306 0.8529 0.3333 X 1.838 0.0786 0.3333 X 

ABB   -0.00861 0.6015 0.3333 X 0.15073 0.8839 0.3333 X 

AAC   0.07167 0.0000 0.3333 X 4.423 0.0001 0.3333 X 

ACC   -0.02444 0.1412 0.3333 X 0.54883 0.5953 0.3333 X 

BBC   -0.01000 0.5444 0.3333 X 0.07304 0.9436 0.3333 X 

BCC   -0.02556 0.1243 0.3333 X -4.196 0.0001 0.3333 X 

  

 

  

  

    

  

  

  R2 0.9095 

  

  0.9760 

  

  

  Adj R2 0.8869 

  

  0.9700 

  

  

  Std Error 0.0568 
  

  3.5612 
  

  

  F 40.2154 
  

  162.4714 
  

  

  Sig F 0.0000 

  

  0.0000 

  

  

  FLOF 2.0099 

  

  14.7299 

  

  

  Sig FLOF 0.0502 
  

  0.0000 
  

  

  

 

  

  

    

  

  

  Source SS df MS   SS df MS   

  Regression 2.1 16 0.1   32967.2 16 2060.5   

  Error 0.2 64 0.0   811.6 64 12.7   

  ErrorPure 0.2 54 0.0   217.7 54 4.0   

  ErrorLOF 0.1 10 0.0   593.9 10 59.4   

  Total 2.3 80     33778.9 80     
 

 

Regression table of full factorial results of response factors  
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Predicted results of the response factors at different temperature (DOE analysis) 
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 Re-melted    NO, of samples      

Component  1 2 3 4 5 Average   Error 

Fe 65.25 68.33 66.92 64.74 67.52 66.552 1.517587 

Cr 15.36 16.91 15.74 17.01 16.83 16.37 0.763184 

Ni 12.41 11.35 11.86 11.71 12.12 11.89 0.402554 

  

  Polished    NO, of samples      

Component  1 2 3 4 5 Average   Error 

Fe 66.13 64.87 65.17 64.28 66.05 65.3 0.789557 

Cr 17.91 18.35 17.36 17.97 17.28 17.774 0.448364 

Ni 11.16 11.94 11.08 11.19 10.97 11.268 0.385188     

 

Chemical component comparison between re-melted and polished samples 
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 Beam results  Fatigue lifetime (number of cycle) 

No,s L h b I δ P M max  σ max 

As fabricated 

material 

Re-melted 

material 

Polished 

material 

Improvement 

2-1 

Improvement 

3-2 

1 40 1.03 10.1 0.9197 9 77.599 3.103 1738.10 1618 2046 2272.667 0.26452 0.11078527 

2 40 1.03 10.1 0.9197 8 68.977 2.759 1544.98 3302 4274 4843.667 0.29437 0.13328654 

3 40 1.03 10.1 0.9197 7 60.355 2.414 1351.85 5476.667 7572 7733.667 0.38259 0.02135059 

4 40 1.03 10.1 0.9197 6 51.733 2.069 1158.73 9623.667 11575.7 12706.33 0.20283 0.09767616 

5 40 1.03 10.1 0.9197 5 43.110 1.724 965.61 19067.67 24913.3 29009 0.30657 0.16439657 

6 40 1.03 10.1 0.9197 4 34.488 1.379 772.49 42028 55738.3 63601 0.32622 0.1410639 

7 40 1.03 10.1 0.9197 3 25.866 1.034 579.36 81329.33 103503 123927.7 0.27264 0.1973302 

8 40 1.03 10.1 0.9197 2 17.244 0.689 386.24 200000 200000 200000   
 

 

Results of fatigue lifetime of samples subjected in stages of surface roughness improvement 

 

 

 

As fabricated material  Average  Error Re-melted samples Average Error polished samples Average Error 

1497 1765 1592 1618 110.944 2095 1767 2276 2046 258.014 1953 2591 2274 2272.67 319.00209 

3520 3405 2981 3302 231.785 3864 4680 4278 4274 408.015 5463 4386 4682 4843.67 556.403 

5270 5698 5462 5476.667 175.037 8420 7284 7012 7572 746.876 7412 8625 7164 7733.67 781.813 

10072 9126 9673 9623.66 387.775 10726 12647 11354 11575.6667 979.496 13568 11813 12738 12706.3 877.928 

19664 18563 18976 19067.6 454.130 27564 23198 23978 24913.3333 2328.44 26394 32985 27648 29009 3499.937 

44160 39786 42138 42028 1787.371 52648 60438 54129 55738.3333 4136.85 57982 68524 64297 63601 5305.351 

82761 77656 83571 81329.33 2618.403 94846 108736 106928 103503.333 7551.77 115948 133213 122622 123928 8706.240 
 

 

Beam analysis results and improvement results 

 

 


