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Abstract
Additive manufacturing (AM) as a manufacturing process has, in recent years, become widely accepted as capable of
manufacturing parts that will be used in end products. In this thesis, stainless steel grade 316L parts are manufactured
using two different powder bed fusion techniques, selective laser melting (SLM) and electron beam melting (EBM). It is
recognized that parts made using these processes will have unique microstructures and mechanical properties that have not
been seen in bulk parts produced with other methods. The driving force behind the formation of these structures is the fast
cooling speed that induces segregation of elements, forming an inhomogeneous microstructure. How these structures react
to thermal treatment is less well known and an essential aspect in many applications. Parts manufactured using SLM was
treated with hot isostatic pressing (HIP) to investigate if the material retains its unique features. Two different HIP cycles
were used, one with 1150 °C and one with 1040 °C. In both cases, the cellular sub-grain structure fades. The cycle utilizing
the high temperature is found to coarsen the grain structure and thus lowering the mechanical properties significantly.
As manufactured parts show yield strength (615±1 MPa), tensile strength (725±2 MPa) and microhardness (211±10 Hv),
compared to values of yield strength (284±2 MPa), tensile strength (636±1 MPa) and microhardness (178±8 Hv) after 1150
°C HIP. Using HIP at 1040 °C, the material will retain a finer grain structure resulting in higher yield strength (417±7
MPa) compared to 1150 °C HIP temperature, while the UTS and hardness have a similar value. It is also observed that
the dispersed inclusions formed during SLM are still present after HIP to increase the mechanical properties compared
to a conventionally annealed bar (TS: 515 MPa, YS: 205 MPa). Samples manufactured using EBM was investigated to
understand the influence of the in-situ heat treatment that is present in the EBM process. The material possesses a long-
range heterogeneous structure in addition to the cellular structure, where the cellular structure is present at the top and
disappears further down the sample. Samples with different geometries were produced to study the effect of heat flux,
cooling speed and the elevated temperature of 800 °C that is present during the EBM process. The thickness of the cell
boundaries is measured in different areas, revealing that geometry and size of manufactured parts have a significant impact
on the evolving microstructure. It is also revealed that the tensile strength (562±4 MPa) and microhardness (161±11 Hv)
is not affected by the change in microstructure, resulting in a very homogeneous material concerning these parameters.
Heat treating the material at 800 °C show that the cellular structure becomes diffuse after several hours, but the grain
morphology stays the same.

Keywords: Additive manufacturing, Selective laser melting, Electron beam melting, Hot isostatic pressing, Stainless
steel, Microstructural heterogeneity.
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1. Introduction 

1.1 Metal additive manufacturing 

Additive manufacturing is a manufacturing family that is based on the idea to 

form a part by adding material to it, instead of removing material1,2. In daily 

speech, additive manufacturing is often referred to as “3D-printing”. This 

manufacturing technique has traditionally, for the most part, been used to 

manufacture components in rapid manufacturing (RM) style, where it has 

been a proof of concept approach. These manufactured parts were often pro-

duced with non-metallic substances3–5. The technique has since been refined 

and evolved into a manufacturing process that can manufacture components 

that have good enough properties and geometrical fit to be used in finalized 

applications6,7. This work is aimed at the discussion about the additive manu-

facturing of stainless steels8,9, but many other alloys can be used in the de-

scribed processes, including  Nickel10–12, cobalt chromium13–15, aluminum al-

loys16–18 and titanium alloys19–22. Most of the conventional forming techniques 

for metals are based on destructive manufacturing such as drilling, milling, 

and turning. When manufacturing using powder bed metal additive manufac-

turing, the starting material is often a metal powder that needs to have a good 

spreadability23 to cover the building site, and homogeneous chemical compo-

sition so that the solidified material becomes uniform. A computer is used to 

design the part using computer-aided design (CAD), creating an STL file24. 

STL is likely an abbreviation of Stereolithography but can sometimes be re-

ferred to as Standard Tessellation Language or Standard Triangle Language. 

STL files are representations of geometries with all surfaces defined as a set 

of triangles. Before use in the additive manufacturing machine, the STL file 

is loaded in additional computer software that is used to slice this geometry 

into several “layers” that the additive manufacturing machine can read and 

from that produce the part in a layer by layer fashion25. Additive manufactur-

ing has several advantages over traditional manufacturing methods26. The first 

one being the possibility to manufacture parts with more intricate designs and 

geometries27. Using only destructive production or even injection molding, the 

variety of geometries that can be produced is limited, most notably the interior 
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structure of a bulk part. The second one being material consumption. With 

additive manufacturing, there is very little waste material28. When manufac-

turing the piece, it is constructed in such a way that the geometry and size of 

the finished part will be very close to the intended net shape and net size, with 

very little to no extra machining or other post-production work needed once 

the additive manufacturing process has been completed. The lead time from 

idea to part for larger and more complicated parts is considerably shorter for 

additive manufacturing and can be as quick as a few days29. Apart from metals, 

other materials are also possible to manufacture using additive manufacturing, 

including plastics30 and nanocellulose31,32. In this work, two different manu-

facturing methods will be used, Selective laser melting (SLM) and Electron 

beam melting (EBM) who are both part of the powder bed fusion section of 

additive manufacturing methods. Other possible processes for additive manu-

facturing are Vat photopolymerization33, binder jetting34, and material extru-

sion35,36. 

 

1.2 Selective laser melting method 

Selective laser melting is a layer by layer manufacturing method, which is a 

subcategory of additive manufacturing37. The technique is also sometimes 

called direct metal laser sintering. A sliced STL-file is used in the SLM 

method, each layer representing a new layer of metal powder added on top of 

the part that has been built by melting all the previously added layers. The 

SLM system consists of five main parts38. The laser source which generates 

the laser. A scanning system consisting of several lenses that control the 

movement of the laser beam over the powder bed. The recoater that adds new 

powder before each layer is built. A building plate that lowers with each new 

layer added to accommodate the next layer. Lastly, the powder dispenser that 

supplies the process with powder during the entire build. A schematic figure 

of the system can be seen in figure 1. To prevent oxidation of the metals the 

process is taking place in a sealed chamber that is pre-flooded with inert gas, 

most commonly nitrogen gas or argon gas with as much as 1.2 vol% oxygen 

still in the chamber when manufacturing starts39. Many different materials are 

used when making parts with the SLM method. In this study, Stainless Steel 

316L40 will be used. 
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Figure 1. Schematic overview of the Selective laser melting system. 

 

1.2.1 Parameters 

The output result from the Selective laser melting method is governed by a set 

of parameters that the user can tune before starting the manufacturing pro-

cess41,42. Three laser parameters are common to manipulate when setting up 

how the laser will behave. The first one is “laser power.” This parameter is the 

output energy of the laser. The second one is the “laser speed,” deciding how 

fast the laser will scan over the powder surface. The last primary laser param-

eter is the “line spacing,” this parameter sets the distance between the scan 

tracks made by the laser. Spot size is the diameter of the focused laser when 

it hits the powder bed. This parameter is not commonly changed. One more 

significant setting is the layer thickness, which denotes how thick layer of 

powder is added each new layer. All these parameters, in conjunction with the 

composition of the powder, will give specific properties and structures of the 
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resulting material. An additional aspect of the preparation step is what is called 

the “scanning strategy.” The scanning strategy describes the pattern the laser 

will follow when scanning the powder surface. There are several different 

standard patterns. The most straightforward scanning strategy is to scan the 

same direction each layer during the manufacturing of the part, this will give 

rise to high internal stresses since the heat gradient will be directed in the same 

direction each new layer. To inhibit this behavior, the scanning direction is 

commonly changed a certain angle between each layer, generally 90° or 67°43. 

However, recent studies have shown that this behavior is not always true44. 

 

1.2.2 Hierarchical stainless-steel structure 

SLM, as a manufacturing method, will give a unique thermal history to the 

manufactured part, unlike any traditional manufacturing processes. A hierar-

chical structure will form consisting of melt-pools, grains, sub-grains, and 

nano inclusions. In paper III many of these structures were observed and are 

explained. Since the heat source is moving, the melt pool will have an elon-

gated tear formed shape, but after solidification, the melt track will be featured 

as a set of lines running parallel (Figure 2A). The layer by layer approach of 

the selective laser melting process will result in a number of these melt tracks 

being stacked on top of each other, forming the manufactured part. Laser pa-

rameters need to be adjusted according to which material is used for manufac-

turing to create stable melt pools and defect-free finished parts45. The evolu-

tion of the grain morphology during the build can be influenced by tuning the 

laser parameters as well as the building strategy. The preferred growth direc-

tion for the grains is generally in the direction of the highest heat gradient and 

can experience epitaxial growth where one grain covers several melt pools and 

melt pool boundaries. During manufacturing, the grains prefer to grow in the 

building direction, forming elongated grains with preferred growth direction. 

This grain growth can be controlled by changing the scanning direction be-

tween different layers in various ways46,47. It is also possible to control the 

grain growth by altering the scanning speed of the laser48. The next structural 

element is the cellular structure or sub-grain structure. These features arise 

due to the fast cooling rate of the melt pools formed during manufacturing. 

Stainless steel 316L will be used as a study case to explain the mechanics of 

cellular structure formation. The structure formed is comparable to the struc-

ture in a welded area49. The fast cooling results in the melt becoming under-

cooled, and the solidification will become dendritic. There are four different 
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kinds of structures that form depending on temperature gradient and growth 

rate; planar, cellular, columnar dendritic, and equiaxed dendritic50. In selective 

laser melting, the cooling speed of the material is rapid, so the structures ob-

served are planar and cellular, depending on which area in the melt pool is 

investigated51. During this dendritic solidification process, the chemical ele-

ments Molybdenum and Chromium will segregate and cluster at the bounda-

ries of the cells or planes. Both Mo and Cr are ferrite stabilizers52–54, and when 

the solid austenite phase is formed, a higher fraction of these elements stay in 

the melt. With the quick solidification, a higher fraction of these elements will 

be trapped in the boundaries between the dendrites in the area where the melt 

took the longest to solidify. This segregation of chemical elements will form 

the dislocation network that is seen when manufacturing stainless steel 316L 

using selective laser melting55; these networks are what gives the material a 

higher strength compared to cast stainless steel 316L56. The fast heating and 

cooling of material in the SLM process also give rise to high levels of residual 

stress in the finished part that, in some cases, can bend the part into a curved 

like shape57. Figure 2 shows the melt tracks and the cellular structure. The 

scanning strategy used during the build can also be deduced from the direc-

tions of the melt tracks. Measuring the angle between the melt tracks gives an 

angle of 67°, which is the rotation angle used between layers when manufac-

turing this sample. During the SLM process, oxide inclusions are formed as a 

result of Si and Cr readily reacting with the oxygen present in the building 

chamber58. The amount and size of these inclusions can be controlled by var-

ying the amount of oxygen in the chamber to tune the resulting material59. The 

effect of different heat treatment on SLM manufactured SS 316L is investi-

gated in papers IV and VI. 

 

 
Figure 2. (A) the melt tracks, and the angle between two consecutive layers 

and (B) the cellular structure observed in SLM manufactured SS 316L. 
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1.3 Electron beam melting method 

Electron beam melting (EBM) is another type of AM that is similar to SLM 

in some ways but has some significant differences60. The most noticeable dif-

ference is the beam, EBM uses a high energy electron beam to melt the powder 

instead of a laser beam. The building chamber in EBM needs to be in high 

vacuum to prevent the beam from being disrupted by gas molecules. The scan-

ning of the beam over the surface of the powder bed can be done quicker than 

with the laser, and it is also possible to have a higher layer thickness. The 

controlling of the beam in EBM is done using electromagnetic coils instead of 

mirrors as it is done in SLM. This results in the possibility of moving the beam 

very quickly over the bed61. Another significant difference between EBM and 

SLM is the elevated temperature of the building plate and powder bed. In 

EBM, the powder bed is kept at a temperature of between 300°C and 1100°C. 

For Stainless steel, a target temperature of 800°C is used. This high tempera-

ture is used to improve the electron conductivity in the material. Since the 

beam is made up of electrons, the surface of the built part will experience a 

charge up of negative charges; this will repel the incoming beam unless re-

moved. The higher temperature will also have a relaxing effect on the material, 

decreasing the residual stress. Due to the high energy of the incoming beam 

in EBM the process is prone to powder “smoking”62. When the beam hits the 

powder bed, powder particles are repelled due to the charge up and creates a 

smoke effect63. Several steps have been taken to prevent this. As stated earlier, 

the high temperature of the powder bed assists in the conduction of electrons. 

Before the melting of a new powder layer, the powder is lightly sintered to 

bind the powder particles together to prevent the smoking. This is done by a 

fast, defocused scan of the electron beam over the powder bed that helps both 

with electron conductivity and to fix the particles in place. The risk of smoking 

is further reduced using powder granules slightly larger than the ones in SLM. 

This work will be focused on Stainless steel 316L. EBM has mostly been used 

for other alloys64–67; only a few earlier studies have been made on Stainless 

steel 316L68–70.EBM manufactured SS 316L is investigated in Papers I, II, and 

V. 

1.4 Hot Isostatic pressing and heat treatment 

Hot isostatic pressing (HIP) is a well-established powder metallurgy process 

that can be used in several different ways. HIP is a process where high pres-

sure in the form of a gas pressure combined with an elevated temperature is 
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applied to the specimen. HIP can either be used to solidify a metal powder 

into a dens part or to heat treat already built parts. During the HIPing process, 

one of the main driving forces for diffusion is the reduction of surface energy 

in pores but also the reduction of disordered areas such as grain boundaries 

and dislocations71. Thus the primary use of HIP is considered to be the re-

moval of pores through diffusion, but it can also be used for other purposes72. 

1.5 Stainless Steel 316L 

Stainless steel 316L is an austenitic steel grade containing Molybdenum and 

low carbon content that is used in exhaust manifolds, locomotion industry, 

aerospace, and more. Type 316L has excellent corrosion resistance due to the 

Molybdenum content. It also had excellent chemical resistance against several 

agents. The low amount of carbon added to the alloy improves the weldability 

by lowering the amount of harmful carbide precipitation. It is not possible to 

harden type 316L by heat treatment, but it is possible to cold work. The mate-

rial can be readily formed, and the material can withstand elevated tempera-

ture73,74.  

1.6 Aim of this study 

This study aims to gain a deeper understanding of how heat treatment affects 

the microstructure and the overall structure of additive manufactured 316L 

stainless steel, manufactured utilizing powder bed fusion. The manufacturing 

methods used in this work are Selective laser melting and Electron beam melt-

ing. Thermal history of powder bed fusion manufacturing methods is compli-

cated, and how heat treatment affects these materials have not been fully ex-

plored.  

 

Grade 316L parts manufactured using selective laser melting has the cellular 

structure that enhances the strength compared to forged material. It has a hi-

erarchical microstructure consisting of melt-pools, grains, and sub-grains. 

This material was HIPed at two different temperatures to examine how the 

regular microstructure changes during this process. This was done to keep the 

superior mechanical properties when HIP joining two separate parts. How the 

cellular structure, as well as the grain size and morphology changes during 
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these processes, were investigated and relate this to changes in mechanical 

properties.  

 

During the EBM process, the part is subjected to an elevated temperature. 

How this affects the finished piece is investigated and analyzed. Several dif-

ferent heating effects are considered and studied to understand what parame-

ters affect the finished microstructure and mechanical properties. Additional 

heat treatment on the parts built with EBM is conducted to test the transfor-

mation speed of the microstructure. 
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2. Experimental settings and analysis 

2.1 Precursor powder 

The Stainless Steel 316L powder that was used in this study was a gas-atom-

ized powder75 from Carpenter powder products AB (Torshälla, Sweden) with 

compositions as listed in table 1. SS 316L is an alloy with high Nickel and 

Chromium content and 2-3% Molybdenum, and reduced carbon content for 

weldability76. This composition gives excellent resistance to corrosion, pri-

marily against pitting corrosion. The powder has mostly spherical particles 

with only a low number of deformed particles. For the SLM studies, a size 

range of 15 to 45µm was used, and for the EBM, a size range of 53-150µm 

was used. 

 
Table 1. Composition of the precursor powders used. 

 C Si Mn P Cr Ni Mo N Fe 

SLM1 0.020 0.47 1.34 0.017 16.5 10.2 2.11 --- 69.2 

SLM2 0.015 0.45 1.71 0.009 17.6 12.2 2.51 0.080 65.4 

EBM 0.015 0.45 1.71 0.009 17.6 12.2 2.51 0.080 65.4 

2.2 Manufacturing and settings 

2.2.1 Selective laser melting 

SLM samples were prepared using an EOSINT M 270 machine (EOS GmbH, 

Krailling, Germany) with a continuous Yb-fiber laser of 200W and a spot size 

of ~75 µm. The atmosphere was nitrogen gas with a maximum of 1.2% oxy-

gen in the building chamber. The scanning strategy that was used was a 67° 

rotation between layers, and the scanning parameters used can be seen in table 

2. For the work in section 3.2.3, the rotation was 90° between layers, the scan 

speed was 800 mm/s, and the linespacing was 100 µm. 

 



10 

 

Table 2. SLM scanning parameters 

Scan speed 

(mm/s) 

Layer thickness 

(µm) 

Laser power 

(W) 

Line spacing 

(µm) 

850 20 195 150 

2.2.2 Electron beam melting 

EBM samples were manufactured using an ARCAM A2 machine (ARCAM 

AB, Mölndal, Sweden). The building environment was at high vacuum where 

the building plate was set to have a target temperature of 800°C. The laser 

settings had been tuned for a fully dense material with a layer thickness of 

70µm and a 90° rotation between layers. 

2.2.3 Hot isostatic pressing 

HIP treatment of stainless-steel parts manufactured with SLM was conducted 

to investigate the resulting structure. Two different sets of HIP parameters 

were used. The first was a 90 minutes single step HIP treatment at a tempera-

ture of 1150°C and a pressure of 100MPa. The cooling speed was set to 

~190°C/min. This set of parameters is in the conventionally used range of val-

ues for HIPing 316L stainless steel samples. The second set of HIP parameters 

is shown in Table 3 and has a lower temperature with a longer holding time. 

The entire HIP cycle is designed the same as how the HIP of the F4E parts 

will be carried out. 

 

2.3 Characterization methods 

Scanning electron microscope (SEM) imaging was done using a JEOL JSM-

7000F field emission scanning electron microscope (JEOL, Tokyo, Japan). 

Table 3. The second set of HIP parameters. 

Heating Holding Cooling Heating Holding Cool-

ing 

Heating Holding Cool-

ing 

6°C/min 120min 

at 

1040°C, 

100MPa 

Air 12°C/min 60min 

at 

980°C, 

50MPa 

Gas 

cool-

ing 

5°C/min 120min at 

580°C/min, 

100MPa 

Air 
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Before SEM imaging, the samples were polished to a scratch-free surface and 

etched using Kroll´s reagent (2 vol% HF and 8 vol% HNO3) to expose the 

microstructure. A transmission electron microscope (TEM, FEG-2100F, 

JEOL, Tokyo, Japan) was used to study the defects in the samples. TEM sam-

ples were prepared using Jet polishing with Struers TenuPol-5 (Struers, Balle-

rup, Denmark). X-ray Diffraction (XRD) pattern was collected using a PAN-

alytical X'Pert Pro with a copper anode with wavelength 0.154 nm (40mV 

voltage and 20mA current.) To study the grain morphology, cross-section pol-

ishing (CP) was used, using an argon beam polisher (SM-09010, JEOL, To-

kyo, Japan.) 

2.3.1 Mechanical testing 

Vickers hardness test was carried out using a Zwick/Roell ZHV indenter under 

1kgf load and a dwell time of 10s. The tensile testing of samples discussed in 

section 3.2.1 was done at Siemens (Siemens Industrial Turbomachinery AB, 

Finspång, Sweden). Tensile testing of the specimen in section 3.2.2 was car-

ried out by Tecnalia (San Sebastian, Spain). A Gleeble-3800 thermal-mechan-

ical simulator (DSI, New York, USA) was used in the testing performed in 

section 3.2.3. For the samples in section 3.4.3, an Instron 5966 with an AVE 

2 Extensometer was used (Instron European Headquarters, High Wycombe, 

Buckinghamshire, United Kingdom). 
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3.Results and Discussion 

3.1 Parameter selection for SLM 

When using powder bed fusion, the parameter selection is one of the most 

critical steps. Three different sets of parameters were tested before the main 

experiments started for the SLM to decide which ones to use. The SLM1 pow-

der was used in this work, and the focus was to achieve high density in the 

material. A rough estimate of the parameter window was gained through a 

literature study and then slightly modified to achieve a shorter manufacturing 

time. The resulting densities for sample #2 and #3 are similar, and they are 

both above 99%. They also have a similar hardness. Studying the microstruc-

ture of the sample, they all look similar to each other and to earlier work. Clear 

sub-grain boundaries can be observed, that at certain areas form cells, and in 

others, form a lamellar structure. The tested parameters and the density and 

hardness can be seen in Table 4, and the microstructure of sample #2 can be 

seen in Figure 3. The reference is a conventional capsulation HIP using the 

same powder. 

 

 

Table 4. Parameters, density, and hardness for the three tests and the ref-

erence. 

 Scan speed 

(mm/s) 

Layer thick-

ness (µm) 

Laser 

power 

(W) 

Line spacing 

(µm) 

Density 

(g/cm3) 

Hardness 

(Hv) 

#1 500 20 180 100 7.89±0.02 219±7 

#2 850 20 195 80 7.93±0.01 216±6 

#3 850 20 195 150 7.94±0.01 221±10 

REF     7.96±0.01 178±3 
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Figure 3. SEM image of the SLM manufactured material. 

3.2 Thermal influences on SLM manufactured 316L 

stainless steel  

In paper VI, the effects of HIP are examined for two different HIP cycles.   

3.2.1 Hot isostatic pressing at 1150°C 

The change in density after HIPing the material is not detectable using Archi-

medes method, and the standard deviation in the results is in the same range 

as the change itself. The difference for all samples has been measured to less 

than 0.2% (8g/cm3 as reference). This is expected since if the parameters for 

the printing have been tuned, the resulting density that can be achieved is 

above 99%, which is similar to what the reference sample is showing. There 

is also no shrinkage of the parts when HIPed after manufactured. The change 

is less than 0.001% in height and width of a cylindrically shaped sample. With 

the knowledge of the tiny difference in density, this finding is expected and 

shows that SLM can manufacture fully dense parts that need no pre-treatment 

for the sake of improving density.  
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To study the morphology of the grains, cross-section polishing was conducted 

before investigating with the SEM. Figure 4A shows the grain morphology of 

the raw SLM manufactured sample where the observed grains have irregular 

size and shape, and the precise grain boundaries are difficult to distinguish. 

The contrast gradients that can be seen in many of the grains are low angle 

boundaries within the larger grains. After the material has undergone HIP 

treatment, the grain morphology changes drastically to form what can be seen 

in Figure 4B. The material has experienced recrystallization that has devel-

oped a structure with courser and more uniformly sized grains with fewer low 

angle boundaries present than in the first sample. Further changes that can be 

observed are the disappearance of the cellular structure and the size of the 

inclusions. Figure 4C and Figure 4D are comparisons of before and after HIP 

with regards to the cellular structure, as well as the melt pool boundaries. 

These structural elements are from the fast solidification of the material, and 

due to this, segregation of chemical elements occurs, resulting in a non-equi-

librium state. Both structural elements disappear after HIP treatment with 

these settings and are replaced with more discernable grain boundaries as well 

as several micro-sized inclusions. It is also of interest to compare this sample 

to a sample that has been produced using conventional HIP of a capsulated 

powder (Figure 4E). Two significant features can be noted that distinguish this 

sample from the SLM + HIPed sample. Firstly, several annealing twins can be 

observed, and secondly, there are fewer inclusions in the conventionally 

HIPed sample. Thus, by producing the parts using SLM, it is possible to in-

crease the number of inclusions in the material and retain them after HIP treat-

ment.  

 

The mechanical properties of the resulting material are good when compared 

to traditional manufacturing methods. The SLM sample has a 0.2% yield 

strength of 615 ± 1.3MPa with a UTS of 725 ± 1.6MPa. These values are 

comparable with earlier results for similar samples. After HIP, the values de-

crease to a 0.2% yield strength of 284 ± 2.0MPa and a UTS of 636 ± 1.3MPa. 

The primary difference here is the lowering of the yield strength with more 

than 50%. Stainless Steel manufactured with SLM has a high yield strength 

due to its cellular structure that forms a dislocation network that is pinning 

dislocation movement during stress, and thus inhibiting strain. The cellular 

structure has also disappeared, and because of that, the yield strength has de-

creased significantly to similar levels to annealed stainless steel (TS: 515 MPa, 

YS: 205 MPa)77. The modulus of the parts is similar to each other and close 

to the traditional value for the material. Measuring the area reduction shows 
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that the HIP process decreases the scattering of values somewhat, forming a 

more homogeneous material concerning plasticity. The values recorded for 

area reduction are 42 ± 4.1% for SLM manufactured and 36 ± 0.8% after HIP. 

The hardness value is recorded to 178±8 Hv, which is a lowering compared to 

as-printed material. Hardness in stainless steel can be correlated to the tensile 

strength78, and it is thus expected that the hardness drops together with the 

strength.  

 

 
Figure 4. SEM image of (A) Cross-section polished SLM manufactured sample, 

(B) Cross-section polished SLM manufactured sample post-treated with HIP 
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at 1150°C, (C) Etched SLM manufactured sample, (D) Etched SLM manufac-

tured sample post-treated with HIP at 1150°C, (E) conventionally manufac-

tured sample using and capsulated powder in HIP. From paper 6. 

 

3.2.2 Hot isostatic pressing at 1040°C 

Further testing was performed using a lower temperature for the primary HIP 

step to investigate the possibility of keeping the superior yield strength and 

tensile strength of the purely SLM manufactured sample after HIP. In Figure 

5, the resulting structure shows that after HIP at this temperature, the grain 

morphology resembles that of the as-manufactured sample observed in Figure 

4A. This is contrary to what was observed for the higher HIP temperature 

where the grain structure had become coarser and more homogeneous in size 

and geometry. Like the as-manufactured SLM sample, no clear grain bound-

aries can be observed; instead, a rapid contrast shift along the entire area is 

present. The cellular structure and the melt-pools have disappeared after this 

HIP treatment, the same as with the higher temperature. This indicates that 

there is no grain growth or other change in grain morphology, but there is still 

a relaxing effect on the material in the form of homogenizing concerning the 

chemical elements. This sample will, due to the finer grain morphology, have 

a higher strength than the sample HIPed at higher temperatures. The internal 

dislocation networks and the segregation of heavier elements have disap-

peared to form a more homogeneous material. The amount of inclusions and 

the distribution of them in the material is similar to the previously discussed 

material. Figures 5A and 5B show a side by side comparison with a conven-

tionally HIPed powder to visualize the effect of the SLM manufacturing tech-

nique on the resulting material. Figures 5C and 5D show monochrome images 

of the same area as the figures above to visualize the difference in the disper-

sion and size of inclusions in the studied sample compared to the convention-

ally HIPed sample. The total volume of inclusions in the SLM manufactured 

sample is more than double the amount in the HIP sample with 1.04 ± 0.14% 

compared to 0.42 ± 0.06%.  

 

When measuring the mechanical properties, the results are consistent with in-

vestigations of the microstructure. The resulting tensile strength for the mate-

rial is 647.9 ± 2.2MPa, and the 0.2% yield strength is 417.2 ± 7.2MPa. The 

ultimate tensile strength is comparable to the other HIPed sample. What has 

been improved is the yield strength, where an increase of approximately 50% 
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is observed. This is in agreement with expectations due to the different grain 

morphology. The sample HIPed at a lower temperature has finer grains that 

will help pin the dislocation movement and increase the yield strength. Grain 

size has an impact on many different mechanical properties, but the effect on 

early-stage deformation is high79. 

 

 

 
Figure 5. (A) SEM image of Cross-section polished  SLM manufactured sam-

ple post-treated with HIP at 1040°C, (B) SEM image of Cross-section pol-

ished conventionally manufactured sample using and capsulated powder in 

HIP, (C) monochrome image of inclusions in SLM manufactured sample post-

treated with HIP at 1040°C, (D) monochrome image of inclusions in conven-

tionally manufactured sample using and capsulated powder in HIP. From pa-

per VI. 

 

Table 5. Mechanical properties of the different samples. 

 YS UTS 

SLM 615 ± 1.3 725 ± 1.6 

SLM + HIP at 1150°C 284 ± 2.0 636 ± 1.3 

SLM + HIP at 1040°C 417.2 ± 7.2 647.9 ± 2.2 

Annealed steel bar 205 515 
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3.2.3 Heat treatment and tensile tests at 800°C 

It was found in paper IV that conventional heat treatment of the SLM manu-

factured SS 316L does not affect the microstructure of the material. Heat treat-

ment was done for 30 minutes and 10 hours. The melt tracks are still clearly 

visible using an optical microscope, together with the sub-grain cellular struc-

ture. SEM imaging and EBSD also show that the cellular structure remains 

with the same size as pre-heat-treatment and that the grain morphology is un-

affected. Tensile tests at two different strain rates gave similar results. At 0.05 

s-1 and 0.25 s-1, the UTS are 410 ± 5 MPa and 420 ± 5 MPa, respectively. 

During the tensile testing, Lüders bands appeared at the yield point, resulting 

in a flat region on the stress-strain curve. This is due to the discrete energy 

levels the dislocations need to overcome to move. 

3.4 Electron beam melted stainless steel 

3.4.1 Microstructure of a small build 

It was revealed in paper I that the structure of EBM manufactured parts is like 

that of SLM manufactured parts in some respects and different in others. The 

main reason for the heterogenic structure formed during SLM is the fast cool-

ing of the material so a comparable response is therefore also expected for the 

EBM method. Due to the heating of the powder bed and building plate in the 

EBM process, the cooling speed will be slower than that of the SLM method. 

This results in a cellular structure that is coarser for the EBM manufactured 

samples compared to the SLM manufactured sample. The cellular walls are 

also thicker. The interior cell-size for the EBM material is ~1µm which is 

double that of the SLM cells. The cell boundaries for the EBM material is 

close to 0.5µm, and this is ten times thicker than the SLM samples size (Figure 

6 visualizes the difference). This cellular structure is due to the segregation of 

chemical elements when the material cools down after melting. With a slower 

cooling time, the diffusion of elements in the material will be closer to equi-

librium. Because of this, the segregation will not be as pronounced, which 

results in thicker cell boundaries. The growth of the cells will also have pro-

gressed for a longer time in the EBM sample resulting in the observed courser 

structure. In EBM manufactured parts, precipitates (Figure 6C and 6D) can be 
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observed in certain areas of the sample, often at grain boundaries and in cell 

boundaries. These precipitates consist of high concentrations of Molybdenum 

and Chromium, which are both ferrite stabilizers and thus will stay in the melt 

for a longer period during the rapid solidification. The elements will get 

trapped in the cell boundaries where they will form these precipitates. The 

reason for a higher amount in the grain boundaries is the higher diffusion 

speed and thus the possibility to agglomerate. 

 

 
Figure 6. SEM images of (A) SLM manufactured sample, (B) EBM manufac-

tures sample, (C), (D) precipitates in EBM manufactured sample.  

 

The grain morphology of the EBM sample, as can be seen in Figure 7, has a 

more homogeneous form and size compared to the SLM sample. Viewing the 

sample along the building direction, the grains are moderately elongated with 

aspect ratios of 1:2 to 1:5, but still homogeneous in shape and direction. Look-

ing at the EBSD pattern, it can also be seen that the preferred growth direction 

is the (001) direction, with ~60% of the studied area having this crystallo-

graphic orientation. This finding is further verified with the XRD data in Fig-

ure 8, showing a higher peak for the (002) direction. Viewing the sample per-

pendicular to the building direction reveals that the grains are elongated in this 
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direction, with several of them reaching 1mm in length. This is a form of epi-

taxial grain growth that is often seen in welding80. In each layer of new mate-

rial, the grains continue to grow in the same direction as the underlying grains. 

This will form long grains with large aspect ratios, oriented in the same direc-

tion as can be seen in Figure 7B.  

 

 
Figure 7. Grain morphology of an EBM sample in a (A) top-down view and 

(B) side view, from paper II. 

 

 
Figure 8. XRD measurement on EBM sample. 
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3.4.2 Microstructure of a large build 

When the parts produced with the EBM technique are larger than one to two 

centimeters high, the microstructure will not be homogeneous on a centimeter 

length scale. It was revealed in paper II that at the top of the part, the micro-

structure looks like what has been discussed in section 3.4.1. Further down, it 

changes to be more homogeneous. Moving down the sample, the cellular 

structure and the melt pools gradually disappear, while the grains and grain 

boundaries appear more clearly. As has been discussed earlier, the reasons for 

these structural elements are fast heating and cooling speeds. The material 

can’t attain chemical equilibrium during cooling. The fact that these elements 

disappear at the lower areas of a manufactured part implies that the material 

progress towards a more homogeneous material, the longer the part stays in 

the process.  

 

Three primary factors might impact the development of the changes in the 

structure. 

 

1. The first factor is the heating of both the powder bed and the manufactured 

part. Keeping the build at an elevated temperature of ~800°C during man-

ufacturing will have an annealing effect on the built part. The lower areas 

of the manufactured part have been exposed to this temperature for a longer 

time than the top area of the same part, resulting in an inhomogeneity in 

the effective processing parameters of the build. 

 

2. With each new scan of the electron beam, heat is generated at the top sur-

face of the part. The heat will be conducted down through the previously 

built areas of the sample and will push the temperature over 800°C for short 

moments. This will keep happening throughout the entire manufacturing 

process, producing an alternating heating and cooling effect on the part. 

 

3. The last factor is an effect of the geometry of the part. When a new layer 

is melted on top of the part, the cooling speed will be affected by the ge-

ometry of the part. If there is a larger bulk of solidified material underneath 

the melted area, the heat will disperse quickly, which will result in a fast 

cooling speed. On the other hand, if the volume of material under the 

melted area is smaller, the cooling rate will be slower. 
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3.4.3 Mechanical properties of EMB samples 

In papers I and II, Vickers indentation testing was performed, and in paper V, 

tensile testing was performed. This was done at several different areas of the 

EBM manufactured part to discern what the effect of the microstructural dif-

ferences is on the mechanical properties. Vickers indentation testing was con-

ducted at three different regions with 12 individual indentations in each area; 

at the top, 10mm from the top, and 40mm from the top. The obtained results 

are listed in Table 6. There is no discernible difference in the hardness between 

the different areas.  

 

Table 6. Hardness at different areas of an EBM sample. 

Area Hardness 1kgf [HV] 

Top 161 ± 11 

10mm from the top 157 ± 10 

40mm from the top 164 ± 13 

 

Tensile testing was done on 1.5mm thick samples cut from a 100mm high bar 

to test the tensile strength along the entire build height. The obtained mean 

ultimate tensile strength is 562 ± 4MPa, yield strength is 261 ± 3MPa, and 

elongation is 68 ± 5%. The results show a homogeneous material with slight 

fluctuations in the strength that trends towards a slight decrease in lower areas 

(Figure 9). This trend is present, and the total change in strength over the 

height of the sample is slightly higher than the standard deviation of the mean 

strength for the whole part, but still not significant enough to draw any con-

clusions on the subject whether the strength changes with the changing struc-

ture of the material.  

 

 
Figure 9. UTS and YS of the EBM manufactured material as a function of 

distance from the top. 
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Comparing the structure of the EBM material with that of SLM manufactured 

material, higher strength at the upper part of the material is expected. The dif-

ference between the two is the thinner cell walls in the SLM material. This 

implies that the concentration of segregated elements is higher in the SLM 

material due to the smaller volume to which they are confined. This smaller 

confinement will generate higher dislocation count and, therefore, a higher 

strength. Studying a TEM image (Figure 10) taken from the top part of an 

EMB sample reveal that the number of dislocations is far less than in an SLM 

sample. This will reduce the pinning effect on the dislocation movement and 

reduce the strength possible to achieve. The strength of the EMB material is 

still above that of conventionally manufactured steel due to the high number 

of precipitates.  

 

 
Figure 10. TEM image of the top area of an EBM sample, 

showing a few dislocations. 

3.4.4 Analyzing the effects of material geometry on the 

microstructure 

To analyze the different effects outlined in section 4.4.2, several tests were 

conducted in paper V. To test the impact from cooling speed, and the waves 
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of conducting heat from the top, two triangular shaped specimens where man-

ufactured, their geometries can be seen in Figure 11. One of these samples 

will have a larger bulk volume under the scanning track; the other sample will 

have a smaller bulk volume underneath the scanning area. When studying the 

top area of these two samples, they show apparent differences in microstruc-

ture that are consistent with the difference that is observed for the top and 

bottom area of a normal EBM manufactured sample. This indicates that the 

geometry of the produced sample plays a role in how the microstructure de-

velops in terms of the cellular size. The sample that has a smaller volume un-

derneath the surface of the sample show smaller interiors of the cells coupled 

with thicker cell boundaries (Figure 12A), meaning the solidification process 

and cooling was slower. The chemical elements have diffused through the ma-

terial to form a more chemically homogeneous material. Looking at the sam-

ple that has a high bulk mass under the top layer, the segregation network is 

clear and more pronounced than the first sample. Cooling speed and solidifi-

cation has been faster, resulting in higher segregation that is reflected in the 

observed microstructure.  

 
Figure 11. Geometry of the two triangular samples. 
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Figure 12. SEM images of the triangle, (A) pointing down and, (B) pointing 

up. 

 

Additional samples with different heights were produced for discerning the 

effect of conducted heat through a sample with an equal mass of solidified 

bulk material but where the part is not the same height as the total build. This 

implies that the top of the shorter samples will have stayed at the elevated 

temperature of 800°C for the same time as an area of another part at the same 

height but without the added heat from the addition of layers on top. Figure 

13 shows several different regions of 3 different samples from the same build 

but with different heights. The most prominent revelation is that the 7cm high 

sample has a clear cellular microstructure at the top, compared to the 10cm 

high sample at 7 cm height that has a more diffuse microstructure. This dif-

ference is due to the extra heat from the heatwaves created when manufactur-

ing additional layers on top of the sample. In the 7cm sample, no other layers 

have been added, so the microstructure remains similar to what it looks like 

directly after the actual layer. The 10cm sample area has been subjected to 

additional heat that has enabled the structure to approach chemical equilibrium 

due to faster diffusion at higher temperatures. Studying the same phenomenon 

at 4cm height, the change is not as outstanding. The 4cm sample has stayed at 

elevated temperature a lot longer than the top part of the 7cm sample, allowing 

for more diffusion of segregated elements and thus lessening the segregation. 

The microstructure is therefore not as well defined as the top of the 7cm sam-

ple is and comparing to the 10cm sample at 4 cm height, no difference is no-

ticeable. The change of the cell boundary thickness verifies these observa-

tions, as can be seen in Table 7. 
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Table 7. The thickness of the cell boundaries in different areas. 

 10 cm sample 7 cm sample 4 cm sample 

10 cm from the top 0.46 ± 0.05 µm   

7 cm from the top 0.99 ± 0.27 µm 0.70 ± 0.10 µm  

4 cm from the top 1.28 ± 0.18 µm  0.95 ± 0.21 

µm 

 

 
Figure 13, SEM images of different samples and areas: (A) the 10cm sample, 

7 cm from the building plate, (B) the 7cm sample, 7 cm from the building plate, 

(C) 10 cm sample, 4 cm from the building plate, (D) the 4cm sample, 4 cm 

from the building plate. 

3.4.5 Heat treatment of EBM manufactured 316L stainless steel 

As has been discussed, the EBM process takes place at an elevated tempera-

ture of approximately 800°C. How this affects the microstructure is examined 

by heat-treating the same area of a sample at 800°C for different periods and 

investigating how the microstructure changes with time. The test series of im-

ages (Figure 14) shows a microstructure that changes drastically over 40 

hours. The cellular structure will stay intact and mostly the same for the first 



27 

5 hours of heat treatment. There is a slight increase in the thickness of the 

cellular boundaries. After 9 hours, the cellular structure is starting to disappear 

in certain areas, and the border has become even thicker, the exact boundary 

thickness can be seen in Table 8. This continues with more prolonged heat 

treatment, and after 40 hours, the cellular structure is completely gone. The 

change is the fastest during the first few hours and slows down as the material 

approaches an equilibrium state. Another observation is that the grain mor-

phology does not change at this temperature. The shape and size of the grains 

stay the same through the entire heat treatment. This implies that the primary 

mechanism at work is the diffusion of segregated elements in the cell bound-

aries. It also shows that the microstructure can change at this temperature, but 

it takes a significant amount of time. The total build time for the build that 

included these samples where ~44 hours, which is enough to change the mi-

crostructure for the lower parts of the build. 

 

 
Figure 14. The microstructure of the top part of an EBM sample after (A) 2 

hours, (B) 5 hours, (C) 10 hours, and (D) 40 hours of heat treatment at 800°C. 

 

Table 8. Cell wall thickness after heat treatment at 800°C. 

2 hours 5 hours 10 hours 40 hours 

0.52 ± 0.10µm 0.71 ± 0.11µm 0.84 ± 0.16µm N/A 
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4.Summary and conclusions 

 

This work has been a continuation of the investigation into the effects and 

properties of additively manufactured stainless steel 316L parts. The focus has 

been on the thermal influence on the properties and structure. Several new 

insights have been gained, summarized in these six points: 

 

• The cellular structure is challenging to preserve during HIP treat-

ment of the material. Going lower in temperature than what was 

done in this work will cause the initial intent of fusing parts to 

become impossible. Due to the elevated temperature and pres-

sure, the dislocation movement is initiated, followed by the anni-

hilation of dislocations with opposite signs. At the same time, 

the elevated temperature will generate a higher rate of diffusion 

for the segregated elements  

• The two different HIP temperatures yielded different effects on 

microstructure and mechanical properties. With the high-tem-

perature HIP, recrystallization has occurred, resulting in larger 

grains with more uniform sizes. The mechanical properties were 

still higher than an annealed SS316L bar. This shows that the in-

clusions formed during SLM are improving the mechanical prop-

erties of the material.  

• The sample HIPed at a lower temperature retained the fine, ir-

regular grain morphology of the as-SLM material. This specimen 

exhibits even better mechanical properties with a YS ~100% 

higher than the higher temperature HIP. 

• Parts manufactured using EBM share some features with what is 

seen in SLM parts, but they have significant differences in me-

chanical properties and microstructure. They lack the dislocation 
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networks present in SLM manufactured samples and, therefore, 

have lower strength. 

• The structure of the EBM sample has a unique look with a long-

range heterogenic structure. A segregation network is present at 

the top of the sample, similar to what is observed in SLM manu-

factured samples. This structure fades away in the lower parts of 

the sample. At around 20cm from the top, this structure is gone, 

and a homogeneous material is existent. This is mostly due to 

the elevated temperature, but variations in microstructure are 

also observed with varying geometries of the specimen. 

• Regardless of the varying microstructure in an EBM specimen, 

the YS (261 ± 3MPa) and UTS (562 ± 4MPa) of EBM manufac-

tured samples are very consistent through the sample.  
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Sammanfattning 

Additiv tillverkning har som tillverkningsmetod de senaste åren blivit accep-

terat som förmögen att tillverka delar för användning i slutprodukter. I den här 

avhandlingen tillverkas delar av rostfritt stål 316L med två olika pulver-bädds 

tekniker; selektiv lasersmältning (SLM) och elektronstrålesmältning (EBM). 

Det är välkänt att delar tillverkade med de här metoderna har unika mikro-

strukturer och mekaniska egenskaper som inte tidigare träffats på i storskalig 

produktion med andra metoder. Drivkraften bakom tillkomsten av de här 

strukturerna är den snabba kylhastigheten som medför segregering av grun-

dämnen vilken leder till an inhomogen mikrostruktur. Hur de här strukturerna 

reagerar på värmebehandling är mindre välkänt, men är en grundläggande 

fråga inom många applikationer. Delar tillverkade med selektiv lasersmält-

ning behandlades med Het isostatisk pressning (HIP) för att utforska om 

materialet behåller sina unika drag. Två olika HIP cyklar användes, en vid 

1150°C och en vid 1040°C. I båda fallen försvann den cellulära sub-korn 

strukturen. Det upptäcktes att kornen växer under cykeln som använder en 

högre temperatur, därför försämras de mekaniska egenskaperna signifikant. 

”Som tillverkade” delar fås sträckgräns (615±1 MPa), brottgräns (725±2 MPa) 

och mikrohårdhet (211±10 Hv), jämfört med sträckgräns (284±2 MPa), brott-

gräns (636±1 MPa) och mikrohårdhet (178±8 Hv) efter 1150°C HIP. När 

1040°C HIP används kvarstår en finare kornstruktur än för 1150°C provet hos 

materialet, vilket resulterar i högre sträckgräns (417±7 MPa). Värdet för brott-

gräns är liknande som hos 1150°C provet. Det upptäcks också att de väl dis-

tribuerade inkluderingarna som bildas under SLM kvarstår efter HIP och bi-

drar till de förhöjda mekaniska egenskaperna jämfört med konventionellt 

glödgat stål (TS: 515 MPa, YS: 205MPa). Prover som tillverkats med EBM 

undersöktes för att förstå hur in-situ värmebehandlingen som är närvarande 

påverkar materialet. Materialet har utöver den cellulära strukturen en lång-

sträckt heterogen struktur där den cellulära strukturen finns i toppen av proven 

men försvinner längre ner. Prover med olika geometri tillverkades för att un-

dersöka hur värmeflödet, kylningshastighet och värmebehandlingen vid 

800°C påverkar materialet. Tjockleken på cellväggarna uppmättes på flera 

olika ställen vilket visade att geometrin och storleken på de tillverkade delarna 
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har en signifikant påverkan på mikrostrukturen. Det upptäcktes också att brott-

gränsen (562±4 MPa) och mikrohårdheten (161±11 Hv) inte påverkas av änd-

ringen av mikrostrukturen, vilket ger ett mycket homogent material beträf-

fande dessa parametrar. Värmebehandling av materialet vid 800 °C visar att 

cellstrukturen avtar efter flera timmar, men kornstrukturen kvarstår.  
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