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Abstract 
 
This study examined the micro- and surface structures of objects manufactured by selective 
laser melting (SLM). The results show that the surface roughness in additively manufactured 
objects is strongly dependent on the geometry of the built part whereas the microstructure is 
largely unaffected. 

As additive manufacturing techniques improve, the application range increases and new 
parameters become the limiting factor in high performance applications. Among the most 
demanding applications are turbine components in the aerospace and energy industries. 
These components are subjected to high mechanical, thermal and chemical stresses and 
alloys customized to endure these environments are required, these are often called 
superalloys. 

Even though the alloys themselves meet the requirements, imperfections can arise during 
manufacturing that weaken the component. Pores and rough surfaces serve as initiation 
points to cracks and other defects and are therefore important to consider. 

This study used scanning electron-, optical- and focus variation microscopes to evaluate the 
microstructures as well as parameters of surface roughness in SLM manufactured nickel 
based superalloys, Inconel 939 and Hastelloy X. How the orientation of the built part affected 
the surface and microstructure was also examined. The results show that pores, melt pools 
and grains where not dependent on build geometry whereas the surface roughness was 
greatly affected. Both the Rz and Ra values of individual measurements were almost doubled 
between different sides of the built samples. This means that surface roughness definitely is a 
factor to be considered when using SLM manufacturing.  

 

Keywords: additive manufacturing, selective laser melting, microstructure, surface 
roughness, superalloy 
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1 Introduction 

1.1 Background 
The aerospace and energy industries have gained an increasing amount of interest in additive 
manufacturing methods of high performance, corrosion resistant materials. This is because 
of the ability to bypass the expensive setup of traditional production techniques for small 
batches, for example the manufacturing of spare parts, and the ability to produce complex 
components without the need of extensive additional machining. One important method 
often used utilize a scanning, high-powered laser to melt metal powder, this is called selective 
laser melting.  

The process parameters used during manufacturing influence the microstructure and surface 
quality of the produced part. As the laser scans the powder, it leaves a trails of melted metal 
called melt pools. These melt pools dominate the microstructure and often complicate the 
observation of grains. Furthermore, as the laser selectively melts metal powder into a desired 
shape, particles that are not part of the desired geometry, adjacent to the created melt tend to 
partly melt or in other ways interact with the melt. This makes them stick to the surface of 
the shape, even though they were not directly in contact with the laser beam, thus creating a 
rough surface. Depending on how far the melt travels, thus capturing more particles, a more 
or less rough surface will be created. 

1.2 Nickel based superalloys 
Superalloys are a collective noun describing metal alloys displaying resistance to thermal 
creep, corrosion and oxidation as well as high strength, at elevated temperatures. Because of 
these properties they are useful for example in the aerospace and energy industry in 
applications such as turbine blades, rocket engines and in chemical and petroleum plants. 
This report will concern a subgroup of these alloys that are nickel based and often used in 
load-bearing structures in temperatures up to 90% of its melting temperature. In turbine 
blades, often considered as the most demanding application for structural materials, the 
surface temperature can reach 1150 oC where the environmental resistance required 
surpasses that of ordinary stainless steel. Nickel based superalloys are more expensive than 
iron-based alloys, but their high temperature properties and resistance to corrosive 
environments makes them the more economical choice in many applications [1] [2]. 

1.3 Objective 
This report aims to confirm the microstructure present in samples produced by selective laser 
melting by comparing the results to the literature. The other aim is to examine differences in 
surface roughness between a square sample’s four surfaces when built at an angle. 

2 Industrial applications of powder metallurgy 

Powder metallurgy, or PM, is a term used to describe a wide array of uses of metal powders in 
the materials industry. The uses can be quite diverse but most processes utilizing powder 
metallurgy share a few characteristics. It makes it easier to control the porosity of the 
resulting material which is useful for applications such as filters, honeycomb structures and 
porous bearings. The cooling rates in the fabrication of powders are often high and the 
dendritic microstructure in the powder particles is therefore very fine. Lastly powder 
metallurgy is very material efficient in the sense that 95% or more of the raw materials are 
used [3]. 
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The most widely used types of PM-production are hot isostatic pressing (HIP), electric 
current activated/assisted sintering (ECAS), metal injection molding (MIM) and additive 
manufacturing (AM) popularly called 3D-printing [4]. 

2.1 Additive manufacturing and its applications 
Before the invention of the technology now known as additive manufacturing (AM), product 
developers and manufacturers found prototyping to be a time consuming, complex and 
expensive process. The term rapid prototyping was adopted to a technique that produced a 
physical model directly from a computer model (CAD) with the use of AM. This technique 
adds material in “2-dimensional” layers on top of each other thus creating a 3-dimensional 
product. Manufacturers realized that this process could be used in applications other than 
prototyping and can today be used to directly manufacture products with little or no post-
processing [5]. 

Although the process itself usually is slower than other processes such as casting or 
machining, the process of developing a new product can be significantly speeded-up. Most of 
the development is done in computer models using CAD-programs which are later produced 
with AM techniques in order to turn into a functional 3D-printed product. While other 
manufacturing processes may involve several production steps, even complex parts can be 
built in one piece with AM thus increasing production speed and reducing costs for these 
components.  

2.1.1 Environmental and economic implications of additive manufacturing 
As the material waste is very low in 3D-printed objects there is an environmental benefit to 
replace techniques utilizing machining to a higher degree. Especially in very complex parts, 
that would require several steps if machined, an AM process is basically continuous from 
powder to complete product. Most of the material loss is derived from support structures and 
a lowering of powder quality. This is due to the fact that the elevated temperature of the 
powder bed cases the particles to sinter together, increasing the average particle size. There 
are also environmental benefits to be able to build customized spare parts when needed [5]. 

3 Additive Manufacturing Methods 

Many industries have adopted AM due to the wide range of materials and variation of AM 
machines available. Originally, the AM technology was based on polymeric materials but 
machines using other materials such as ceramics, composites and metals have emerged. For 
metals several methods are employed. Binder jetting is a technique where a binder is used to 
bind the powder and then burned away in a furnace causing the metal particles to sinter 
together. Directed energy deposition is a process where heat is used to melt metal extruded 
from a nozzle as it is being deposited [5]. Lastly powder bed fusion is a technique where parts 
of a powder bed are heated to merge particles together, more thoroughly described below. 

3.1 Powder bed fusion 
One of the most important developments for metals is the use of powder bed fusion (PBF). As 
name suggests, a bed of powder metal heated to the point that fusion of affected particles 
occur. The thermal source, usually an electron beam or laser, scans the powder bed 
selectively heating the desired shape into a solid piece. A second layer of powder, typically 20 
- 60 μm thick, is subsequently spread over the surface and smoothed out. After which the 
build platform containing the powder and the product is lowered by the thickness of one 
layer. The process is repeated and thus creating a 3-dimensional product [5] [6]. The powder 
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bed is generally preheated and held at an elevated temperature during the process to 
minimize the necessary power required to melt or sinter the particles [5]. 

There are two different powder fusion mechanisms used to achieve melting or sintering of 
metal powders. One effective method used in order to achieve high-density in the final 
product is a technique called full melting. The thermal energy, supplied by a laser or electron 
beam, is sufficient to melt the entire region scanned to a depth that surpasses the thickness of 
the added powder layer thus re-melting the previous layer. Because of this, the two layers 
become well-bonded which is essential for many engineering applications [5]. 

3.1.1 Electron Beam Melting 
EBM utilizes the kinetic energy of a focused electron beam to melt the powder and requires a 
highly conductive material to avoid excessive negative charging of particles. This process is a 
lot faster and also requires less energy than selective laser melting (SLM) since the electron 
beam can change direction faster than the laser nozzle and is more energy efficient but the 
tradeoff is that the resolution and surface finish is coarser [5].  

3.1.2 Selective Laser Melting 
This method utilizes full melting as the name, selective laser melting (SLM), suggest. 
Controlling the process parameters in the PBF-process is crucial in order to achieve adequate 
results. Laser-related parameters such as spot size, laser power and pulse duration along with 
scan-related parameters such as scan speed, scan spacing and scan pattern greatly influence 
the quality of the printed component as well as the production time. There are two regularly 
used scanning techniques. The first one is called stripes, where the beam goes in an 
uninterrupted straight line from one end of the sample to the other where the beam turns 180 
degrees and scans an area next to the first one. With each subsequent layer the scanning 
angle changes to make the material more isotropic. The other one is called islands, where the 
object is divided in smaller, square parts and scanned with stripes in alternating directions 
creating multiple small “islands”.  

The laser- and scan-related parameters will influence the fusion depth and how large the melt 
pool will be [5]. A larger melt pool will compromise the accuracy and detail resolution of the 
manufactured part while a smaller melt pool will decrease the scan speed. Therefore a 
method called skin-core strategy have been implemented were the part is separated into an 
outer contour and an inner core. This enables the use of different laser focuses in these areas 
to ensure adequate detail resolution and surface quality while maximizing build speed. As the 
core does not have any requirements concerning the accuracy, it can be built using a larger 
beam diameter (usually around 1000 μm) and an increased laser power thus reducing build-
up time. The skin, however, have strict requirements for accuracy and detail resolution and 
are therefore manufactured with a smaller beam diameter of around 200 μm [7]. Another 
way to make a smaller melt pool is to increase the scan speed thus lowering the amount of 
time the laser is in contact with each unit area and allowing less energy to be transferred. 

There are also temperature- and powder-related parameters to consider. 

4 Microstructures and defects in selective laser melted materials 

One of the problems with additive manufacturing is that the microstructures generally are 
quite different compared to other more conventional types of production, and therefore not 
as thoroughly studied. This difference is derived from that only small parts of the material are 
melted at the same time which creates small volumes of melt as opposed to when the whole 
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material is melted simultaneously. The small volumes of very hot metals in close proximity to 
cooler metal creates are optimal conditions for very fast heat conduction. The temperature 
gradient in melt pools can be in the order of magnitude of thousands of degrees’ kelvin per 
mm [8] and a cooling rate as large as 103-108 K/s [9]. Since the laser re-melt adjacent layers 
the grains tend to inherit the crystallographic orientation from the previously solidified layer 
and creating a columnar grain structure stretching parallel to the build direction. A study 
preformed in 2014 found that these grains could approach the mm-range parallel to the build 
direction (z-direction) which clearly surpasses the average layer thickness of 20-60 μm [6]. 
The same study found that the grain size in the two perpendicular XY-directions were 
considerably smaller and also equiaxed.  

It is worth noting that the microstructures present in the bulk of the material are largely 
unaffected by build direction [6] [10]. 

Large microstructural variations may occur depending on scan strategy and laser energy 
density used, however a tendency for columnar grains is common. Increased laser energy 
density emphasizes these columnar grains further [11]. In most cases the columnar grains 
could be hard to detect and a weld-like structure is instead visible. In this case the melt pool 
is clearly visible in both the build direction and in-plane direction [8]. The SLM process 
produce a microstructure which is very similar with laser welding because of the temperature 
gradient created. A cut of a SLM built specimen with the build direction in the plane will 
show concave half-moon shaped units, melt pools, overlapping. The largest temperature 
gradient occurs in the melt pool interface due to the rapid heat exchange to the surrounding 
material, the lowest temperature gradient occurs in the core of the melt pool. This creates a 
thermal gradient from the melt pool interface to the core as illustrated in Figure 1 [12].  

The dendrites in extremely rapidly cooled materials consist mostly of primary dendrite arms 
since the secondary arms don’t have time to form [13]. 

 

 
Figure 1 - Concave melt pools with red arrows indicating the temperature gradient and dendrite 

growth. 

4.1 Pores 
Pores are small cavities present in the material. These are generally unwanted and can 
significantly lower the mechanical properties of the material. However it is not only the 
amount of pores or other inclusions that influence the mechanical properties but also the 
geometry as round pores is typically less harmful than pores with sharp edges [14]. 

There are two main sources of pores in AM materials. The first and often most contributing 
factor to porosity in AM materials is residual pores from the melting or sintering process, 
derived from parts of the material that did not completely merge and remain unmerged 
throughout the process. This is a problem mostly present in powder metallurgical 
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applications where the melting is not complete. During full melting sharp edged pores can 
form at the interface between melt pools, as shown to the left in Figure 2. The density of 
sintered parts is generally lower than for SLM-processed parts which can reach a density of 
between 99.5 to 99.9 % [9]. 

 
Figure 2 - The pore to the left has sharp edges which results in high stress concentration whereas 

the pore to the right is a lot more rounded and is therefore not as dangerous. 

The second source of pores is a more general problem present in most processes involving a 
metal melt. At high temperatures it is extremely hard to avoid reactions between a melt and 
its surroundings and even if the atmosphere is being flushed with “inert” gases such as 
nitrogen or argon. There are usually residual amounts of reactive substances such as oxygen 
or hydrogen which can dissolve in the melt and form pores during the solidification process 
because of the decreasing solubility of these gases as the temperature decreases. These pores 
tend to be spherical, see Figure 2, and are therefore not as detrimental to mechanical 
properties as sharp pores due to stress concentrations. A way to reduce the amount of pores 
and inclusions formed can be to include an active gas tailored for the problematic part of the 
atmosphere. If problems with high oxygen content in the melt exist, CO could be added to the 
atmosphere to absorb the unwanted oxygen and form CO2.  

When processing highly reactive components, such as for example aluminum, oxides will 
often form in the form of thin films at the melt pool interface. When the oxide films meet they 
can trap powder particles as shown in Figure 3 which forms pores that might contain 
partially or completely unmelted particles. Studies have shown that the laser beam in most 
SLM machines has sufficient enough energy to vaporize the oxide film on the top of the melt 
pool but in some cases leave the oxide films on the sides intact [15].     

 
Figure 3 - Porosity caused by oxide films. The red arrow indicates the build direction. 
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4.2 Slags 
Slag inclusions are chemical compounds of either a metal and nonmetal components or only 
nonmetal components present in metals. These compounds often have higher melting 
temperatures than most metals and are therefore difficult to dissolve in metal melts. 
Inclusions occur for instance when gases react with the constituents of the melt and form 
unwanted slags phases such as oxides, nitrides or sulfides [16]. Both slags and pores can be 
detrimental to mechanical properties and fatigue performance as these defects acts as stress 
concentrators [17].  

5 Surface roughness 

The surface of a material is not only an appearance issue, as it can lead to problems such as 
reduction of mechanical properties. A rough surface finish is for example an excellent crack 
initiation point and can dramatically decrease the fatigue strength. This is why the yield 
strength of glass wires can become stronger by removing superficial crack initiation points 
through etching [18]. This could pose a big problem in SLM manufacturing as the surface 
roughness of an untreated material generally is quite hard to predict and therefore gives a big 
uncertainty when predicting the strength of a material. More problems with regards to 
surface roughness are the tribological factors. While in motion rough surfaces in contact 
create friction which reduces the lifespan of the component trough abrasion and produce 
heat [19]. 

Another problem with varying or unknown surface roughness is that it is required to 
exaggerate the dimensions of the computer model thus requiring machining of the build part 
which of course causes unnecessary material loss.   

5.1 Surface finish measurement 
There are generally three different measuring methods for evaluating surface finishes: stylus 
instruments, scanning microscopes and optical methods.  

5.1.1 The stylus method 
The stylus method stems from the procedure of running a fingernail over a surface in order to 
feel the surface roughness. The mechanical approach is instead to use either a cone-shaped or 
pyramid-shaped tip and measure how the tip moves up and down the surface. There are two 
problems however, the tip tends to wear down and lose its angle and that could make a 
difference on fine surfaces. The other problem is that no matter how sharp the tip is, it will 
still not penetrate completely into small valleys, an effect called stylus slope effect (see Figure 
4). A similar effect occurs if the scanning speed is too large, this will cause the tip to skim the 
highest points of the surface and thus give an inaccurate result [20]. 
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Figure 4 – The stylus slope effect. 

5.1.2 Scanning Microscopes 
There is a wide variety of methods for scanning microscopes. The common approach is to use 
a very small tip placed close to the surface and measure the interaction between them, thus 
revealing the topography of the sample [20]. 

5.1.3 Optical methods 
The optical methods works by projecting a light source on the surface and measure the 
scattered light with detectors. The simplest methods measure how much light the detectors 
pick up, if a low amount of scattered light hits the detectors the surface is considered rough 
and vice versa. Other techniques such as interferometry compares two paths of light, one 
reflecting of the surface and one reflecting of a mirror.  

A relatively easy way to optically produce 3D-images is through the use of focus variation. In 
the process a number of pictures with different focal points are taken with the help of a 
microscope with a very narrow depth of focus. The parts of the images that are out of focus 
are removed with the help of  computer software and all of the pictures are added together 
with data indicating the position of the plane in focus to create a 3-dimensional surface where 
surface parameters can be calculated [20]. 

5.2 Definitions of surface roughness parameters 
There are a number of different ways to quantify surface roughness all of which are generally 
illustrated as an R with a subscript. The parameters are all derived from a two dimensional 
profile of the surface, it is therefore important that multiple measurements are done in order 
to achieve an accurate result. One parameter which is of interest in this study is Rz which 
indicate the sum of the maximum peak height and valley depth from the average line of the 
profile curve, often in µm. The other useful surface parameter is Ra which is the arithmetical 
mean deviation of the roughness profile calculated with Equation 1 were Z(x) is the elevation 
of the surface profile as a function of position [21]. 

𝑅𝑅𝑎𝑎 =
1
𝑙𝑙
� |𝑍𝑍(𝑥𝑥)|
𝑙𝑙

0
𝑑𝑑𝑥𝑥 

Equation 1 - Definition of the Ra – value. 

5.3 Surface roughness in additive manufacturing  
As additive manufacturing continually develops and allows the use of previously unused 
materials and more complex geometries a problem that persists are the relatively rough 
surfaces. This problem is worsened by the fact that the roughness is dependent on so many 
factors such as powder size, layer thickness, laser intensity, scan speed and build angle. The 
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influence of different build angles is especially hard to affect as it is intrinsic to the design of 
the design itself generally cannot be altered [22]. 

6 Experimental Method  

6.1 Definitions 
Since there is no established nomenclature of the build direction relative to the build 
platform an explanation of the nomenclature used in this paper follows. With the build 
platform used as a reference, a specimen built straight up with each layer above the previous 
one have a build angle of 90o. Subsequently, a specimen build parallel to the build platform 
have a build angle of 0o, see Figure 5.  

 
Figure 5 - A visualization of build angles for three cylindrical components. The arrows indicate the 

build direction. 

To further clarify the figures shown in the results section symbols have been added to 
indicate build direction, see Figure 6. Arrows indicate build direction bottom to top, a circle 
with a dot indicates that the build direction is orthogonal to the image, out of the plane, and a 
cross indicates the opposite direction.   

 
Figure 6 - Figures indicating the build direction of microscopy images. 

6.2 Provided samples  
Four different samples, two of each material, were supplied by Siemens Industrial 
Turbomachinery AB. They consisted of Hastelloy X (HX) and Inconel 939 (IN939), both a 
type of nickel based superalloy with their nominal compositions shown in Table 1. 

Table 1 - Nominal composition of the two alloys in wt%. *Maximum. 

 Ni Cr Fe Mo Co W C Mn Si B Al Ti Nb Ta 

HX BAL 22 18 9 1.5 0.6 0.10 1* 1* 0.008* - - - - 

IN 939 BAL 22.5 - - 19 2 - - - - 1.9 3.7 1 1.4 

 
The samples were created with the SLM additive manufacturing technique using contour 
parameters around the edges of the samples and stripes for the inner core. 
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The two square shaped samples of Inconel 939 had a build angle of 90o and 45o. One sample 
of Hastelloy X was square shaped with a build angle of 90o and the other was oval-shaped 
with a build angle of 45o. The square shaped samples were used to study the as-built surfaces 
and the differences between build angles. The square shape of the samples enabled the 
analysis of four different surfaces: top, side, overhang and slope as depicted in Figure 7. To 
simplify the name of each samples this report will use the acronyms in Table 2. 

Table 2 - Acronyms of samples used in this paper. 

Acronym Sample 

HX45 The oval-shaped specimen of Hastelloy X with a build angle of 45 degrees. 

HX90 The square-shaped specimen of Hastelloy X with a build angle of 90 degrees. 

IN45 The square-shaped specimen of Inconel 939 with a build angle of 45 degrees. 

IN90 The square-shaped specimen of Inconel 939 with a build angle of 90 degrees. 

  

 
Figure 7 - Visualization of the different surfaces. 

HX45 and IN90 were used to study the microstructure in all three orthogonal directions 
referred to as the xy-, zx- and zy-planes. The z-direction is set as the build direction and the 
xy-plane is therefore parallel with the build platform, the zx- and zy-planes are hence parallel 
with the build direction.    

6.3 Microstructural analysis  
The two samples, HX45 and IN90, were cut so that the three planes were obtained; xy, zx and 
zy. The specimens were mounted using the process of hot mounting with a thermosetting 
resin, Bakelite, doped to function in a scanning electron microscope. The specimens were 
successively ground with finer and finer abrasive, polished with a diamond paste and later 
etched for 10 seconds with an acidic solution heated to 60 oC, see Table 3.  

 

 Table 3 - Composition and temperature of etching agent. 

FeCl3 HCl HNO3 Temperature 

65 g 195 ml 5 ml 60oC 

 

The samples were analyzed in an optical microscope (Olympus PMG 3) with magnifications 
ranging between 5 – 50x, images of the microstructure were captured using the software 
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Leica QWin. An additional analysis of the microstructure was conducted with a scanning 
electron microscope (SEM) with a voltage of 15 kV.    

6.4 Surface measurements  
The surface measurements were done in two steps: an initial evaluation with a SEM and later 
a quantitative measurement of the surfaces' roughness with focus variation microscopy. Five 
samples were placed in the SEM and an initial evaluation of the surfaces shown in Figure 7 
was conducted. Further evaluation was deemed necessary because of the rough surfaces 
found in the SEM. This decided which method could be used to quantify the difference 
between the surfaces. A focus variation microscope (Alicona InfiniteFocus) was chosen to be 
appropriate and values of Rz and Ra together with a 3D-image of the surface were collected. A 
filter was applied in the software that filtered out irregularities larger than 800 µm. This 
enabled more accurate measurements of strictly the peaks and valleys of the bonded particles 
and not larger surface variations, uninteresting for this paper.           

7 Results  

7.1 Optical microscope 
Both materials showed the microstructure often found in selective laser melted materials. 
What differed was how well certain characteristics and defects were visible. The results from 
the optical microscope analysis are shown below.  

7.1.1 Hastelloy X 
The following pictures show the microstructure and defects present in the provided Hastelloy 
X sample with a build angle of 45 degrees. Figure 8 shows the striped structure indicating the 
pattern that the laser beam followed. Note that the cut in Figure 8 was not directly 
orthogonal to the build direction as the melt pools are not continuous and in the same 
direction. Figure 9 clearly shows the melt pools as well as the orientation of the grains, seen 
as lighter and darker shades oriented in the build direction. 

Figure 10 and Figure 11 are examples of otherwise scarce occurrences of pores in the 
Hastelloy X sample which mostly shows a homogeneous microstructures consisting of melt 
pools.   

 
Figure 8 - OM picture of the HX45 sample in the xy-plane, orthogonal to the build direction. 
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Figure 9 - OM picture of the HX45 sample in the zx- plane, parallel to the build direction. 

 
Figure 10 - OM picture of the HX45 sample in the zy-plane, parallel to the build direction. The 

circle shows a sharp edged pore at the interface of two melt pools. 

 
Figure 11 – Different shapes of pores in this OM picture of the HX45 sample in the zy-plane, 

parallel to the build direction. 



12 
 

7.1.2 IN 939 
The microstructure of the Inconel 939, shown in the figures below, was similar to that of the 
Hastelloy X sample. Figure 12 shows the melt pools present in the xy-plane. Note that the cut 
was not directly orthogonal to the build direction as the melt pools are not continuous and in 
the same direction. Figure 13 shows the presence of melt pools in the IN 939 sample. 

   
Figure 12 - OM picture of the IN90 sample in the xy-plane, orthogonal to the build direction. 

 
Figure 13 - OM picture of the IN90 sample in the zx-plane, parallel to the build direction. 

Areas that differed from the expected homogeneous microstructure of melt pools were found 
with Figure 14a as one of the most obvious findings. Other areas were not as spherical but 
showed similar microstructural patterns. Interestingly, similar areas were found at the 
surface which Figure 14b shows were powder particles bounded by the now solidified melt.  
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Figure 14 - Similar microstructure found in a) the bulk of the sample and b) inside particles on the 

surface of the sample. The red arrow in (a) points at the characteristic shape of one of the 
dendrites present in this area. The white arrow in (b) indicates the build direction. 

7.2 Scanning Electron Microscope 
The scanning electron microscope was used to find primary dendrite arms, the result is 
shown in Figure 15. This figure shows a SEM-image of the melt pools in the zy-plane and the 
supposed alignment of the primary dendrite arms and the temperature gradient of each melt 
pool. 

 

Figure 15 - SEM picture of the HX sample microstructure in the zy-plane with the red arrows 
indicate the direction of the visible lines present in the sample. These lines align with the 

temperature gradient and thus the direction of the supposed primary dendrite growth direction. 
The white arrow in the bottom left corner indicates the build direction. 

The scanning electron microscope was also used to evaluate the surfaces of the built samples 
and give an initial indication whether they differed depending on their orientation. Figure 16 
to Figure 18 indicates that the surface structure is comparatively flat on the slope-surface, 
rougher at the side and shows quite big surface variations on the overhang. Also note that the 
flat background behind the powder particles is clearly visible in Figure 16 and more obscured 
in Figure 18. 

a b 
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Figure 16 - SEM image of the slope surface of the IN45 sample. 

 
Figure 17 - SEM image of the side surface of the IN45 sample. 

 
Figure 18 - SEM image of the overhang surface of the IN45 sample. 

Figure 19 and Figure 20 show the center of the last solidifying surface (the top in Figure 7). 
These surfaces have therefore only been in contact with the inert gas in contrast to the other 
surfaces which have been in contact with the powder bed.    
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Figure 19 - SEM image of the top of the IN90 sample. 

 
Figure 20 - SEM image of the top of the HX90 sample. 

7.3 Surface Measurements 
Table 4 to Table 7 shows the Ra- and Rz-data of the different surfaces from the measurements 
with the focus variation microscope as well as the average of each surface parameter. The 
average as well as the maximum and minimum of the surface parameters are displayed in 
Figure 21 and Figure 22. Ra is the arithmetical mean deviation of the roughness profile and Rz 
indicate the sum of the maximum peak height and valley depth from the average line of the 
profile curve. 

 
Table 4 – Surface parameters of the slope-surface of the IN45 sample. 

Sample Ra [µm] Rz [µm] 

Slope 1 – 45° 16.2 76.7 

Slope 2 – 45° 15.9 80.3 

Slope 3 – 45° 13.5 73.1 

Slope Avg. 15.2 76.7 
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Table 5 - Surface parameters of the side-surface on the of the IN45 sample. 

Sample Ra [µm] Rz [µm] 

Side 1 - 45° 13.9 67.2 

Side 2 - 45° 14.6 66.7 

Side 3 - 45° 14.2 68.6 

Side Avg. 14.2 67.5 

 
Table 6 - Surface parameters of the overhang-surface of the IN45 sample. 

Sample Ra [µm] Rz [µm] 

Overhang 1 - 45° 25.7 115.5 

Overhang 2 - 45° 26.9 124.9 

Overhang 3 - 45° 22.7 108.1 

Overhang Avg. 25.1 116.2 

 

Table 7 - Surface parameters of the side-surface of the IN90 sample. 

Sample Ra [µm] Rz [µm] 

Side 1 - 90° 16.4 79.5 

Side 2 - 90° 10.1 51.3 

Side 3 - 90° 13.7 76.6 

Side Avg. 13.4 69.1 

 

 
Figure 21 - Ra values for the different surfaces. Average, highest and lowest values in the data sets 

are indicated. 
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Figure 22 - Rz values for the different surfaces. Average, highest and lowest values in the data sets 

are shown. 

8 Discussion 

8.1 Microstructural analysis 
Melt pools where present in both materials in the forms of stripes and concavities as shown 
in Figure 8 to Figure 13 in a manner similar to previous studies [6] [8]. In Figure 9 the HX 
sample showed columnar grains greater than the layer thickness, these grains where harder 
to find in the IN939 sample. As the etching agent was tailored for the HX alloy the images 
taken on that sample gave a better view with a clearer representation of the microstructure. 
The IN939 samples do probably contain columnar grains as well since the manufacturing 
process is the same as for the HX sample.  

Figure 15 shows a slight tendency of primary dendrites without any secondary arms in the 
melt pools, which is characteristic for the high cooling rate [13]. However clear evidence of 
primary dendrite arms present in the samples were difficult to find due to lack of sufficiently 
tailored sample preparation or quality of the images from the SEM. The arrows drawn in 
Figure 15 extending from the melt pool interfaces towards the core converges well with the 
expected temperature gradient [12] of each melt pool, visualized in Figure 1, further 
strengthening the evidence of the present of primary dendrite arms.  

Even though not extensively studied or quantified, the porosity and shapes of the pores 
showed the same tendencies for all samples. The literature suggested that porosity did not 
pose a problem for SLM-produced products [9] which our study seems to agree with [5] [4]. 
The porosity discovered in our experiments was mostly quite round as shown in Figure 11. 
There where however a few pores with sharp edges in the melt pool interfaces, as shown in 
Figure 10, these could pose a problem, especially for the fatigue strength. Although these 
kinds of pores where rare and seemed to be placed arbitrarily thorough out the samples, the 
sharpest edge tended to be oriented parallel to the build direction similar to the pore in 
Figure 10. They need to be taken in consideration when using SLM manufactured 
components, especially in applications where they endure cyclical load. 

One discovery that differentiated the two otherwise similar microstructures of the materials 
was the inhomogeneity found in IN939. An indication of dendrites can be found in the 
inhomogeneity, as shown by the arrow in Figure 14a. Comparing the inhomogeneity inside 
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the sample with the powder particles stuck to the surface of the sample, which in some cases 
are also partially melted but not encapsulated, the appearances are similar as seen in Figure 
14a and b. Since dendrite structures form in powder during manufacturing [3] these aspects 
could be the evidence for the present of partly melted powder particles in the sample. A study 
by H.Brodin et.al [8] found a partly melted particle in a fatigue fracture surface of a Hastelloy 
X sample manufactured with the use of SLM further confirming the presents of partly melted 
particles in SLM manufactured components.  

One hypothesis that could explain the cause of this is that the aluminum content in IN939 
forms a thin oxide film at the melt pool interfaces. When these films meet, they act as 
insulators and shield particles from the melt, leaving the particle intact as depicted in Figure 
3. This phenomenon occurs in aluminum alloys additively manufactured with the use of SLM 
[15] and has been studied by E. Louvis et.al. If this is the cause in our finding is hard to 
determine since the aluminum content in the IN939 sample is much lower than the alloy 
used in the study performed by E. Louvis et.al. It is also possible that other metals that tend 
to form oxides such as titanium, or a combination of several of the alloying elements, led to 
this phenomenon. The final and possibly most likely explanation for the partly melted 
particle is that the laser energy density was inadequate to melt the whole area thus leaving 
this particle partly intact.   

8.2 Surface analysis 
The SEM images in Figure 16 to Figure 18 show how the powder particles bound to the 
surface of the object. These pictures can be compared to the flatter top surfaces in Figure 19 
and Figure 20 where the solidifying melt only has been in contact with the inert gas 
atmosphere. This means that no powder particles could bind to the surface thus making it 
quite smooth compared to the other surfaces where the melt has flowed into the adjacent 
powder bed. The amount of powder bounded to the flat surface, i.e. the built part as defined 
in the CAD-model, appeared to vary between the different surfaces. Additional experiments 
quantifying these observations were therefore deemed necessary. Both stylus and white-light 
interference microscopy measurements were unsuccessful. The stylus experiments would not 
give a conclusive result because the needle would not penetrate deep enough into the surface 
structure (the stylus slope effect explained in Figure 4) or the stylus would slide over the 
valleys altogether. The surface was also to diffuse for the white-light microscopy. Therefore 
focus variation microscopy was used to determine the surface roughness. A problem with this 
technique is that the measurements are all done from the top down. This means that cavities, 
cracks and other irregularities that cannot be detected from an angle straight above the 
sample would not be displayed in the result.  This was however determined to be a tolerable 
source of error because of the surface structure. 

The surface structure of the sample consisted of a relatively flat surface onto which powder 
particles stuck (as shown in Figure 17 to Figure 19). This indicates that most of the roughness 
is caused by how the melt travels downwards and outwards from its original place after the 
melting process. This is especially evident in the overhang because the laser beam will melt a 
layer that is thicker than the added powder layer thus entering the powder bed below at the 
edges as depicted in Figure 24. 
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Figure 23 - Schematic picture depicting the laser penetration into the powder bed. The samples 
are surrounded by powder with the exception of the uppermost surfaces. 

That the surface parameters Ra and Rz in Figure 21 and Figure 22 correspond quite well 
indicates that there were no or very few large deviations from the average surface roughness 
line. This means that the melt has travelled an equal distance from the scanned surface of 
each layer and that no individual part of the melt has traveled longer than the average.  

However results found in Table 4 to Table 7 as well as Figure 21 and Figure 22 shows how the 
surface roughness parameters varies greatly between surfaces. Specifically the overhang is 
significantly greater (around 70%) as compared to the other surfaces, all of which are quite 
similar, around ± 10% of each other.  This needs to be taken in consideration when 
calculating for margins when machining, in unmachined products carrying cyclical load or 
when tribological factors need to be considered. This also applies when machining surfaces to 
minimize material waste, which makes it important to know to what extent the melt has 
flowed from the scanned shape. The results do however lack the statistical certainty required 
to form any conclusions on exactly how big the differences of surface roughness between 
different build angles are.  

9 Conclusions and suggestions for further work 

9.1 Conclusions 
Depending on surface orientation, an overhanging surface requires more machining than 
other surfaces.  

For applications with precise dimension requirements this is an important issue to consider, 
either in the machining step (by increasing the machined depth) or in the design of the 
component (by adjusting the dimensions of the computer model so that it considers the 
material loss through machining). 

An examination of sharp pore edges created by the microstructure is a factor to be considered 
in SLM production of components. 

9.2 Suggestions for further work 
A part of the project that is possible to build upon is a bigger and more thorough examination 
of the effect that build angle has on the surface roughness. This study would include more 
samples for greater statistical accuracy and examine several build angles in addition to 90 
and 45 degrees. 
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