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Preface 
The work of which this licentiate thesis is based upon has been 
conducted between September 2015 to January 2017. It is part of an 
ongoing Ph.D. project that has as an objective to further investigate the 
material properties of additive manufactured Ti-6Al-4V and the project 
is planned to be finished in 2020.   
     The work has mainly been conducted at Luleå University of 
Technology in collaboration with GKN Aerospace Engine Systems, which 
has been contracted to produce nozzles and engines for the Ariane 
rockets. To reduce the weight of these parts titanium has been deemed 
a possible alloy for replacing the heavier nickel based alloys. Titanium 
offers good mechanical properties in combination with relatively low 
density i.e. it has a high specific strength. However, prior to this material 
change more research on the topic must be performed from a material 
scientific point of view i.e. microstructure, texture and defects and their 
correlation to mechanical properties. 
     The work has been carried out under the supervision of Prof. Marta-
Lena Antti, Prof. Robert Pederson and Dr. Pia Åkerfeldt. The project is 
financed by “Nationellt rymdtekniskt forskningsprogram” (NRFP), the 
Graduate School of Space Technology and Space for Innovation and 
Growth (RIT). 
     This thesis comprises of a literature review with the objective to give 
the reader a deeper knowledge about the subject, to easier understand 
the scientific context of the appended papers. The thesis is composed 
of an introduction followed by chapters about crystal structures in 
titanium, titanium, additive manufacturing, texture, experimental 
methods, summary of the included papers, conclusions and future work 
and finally the appended papers I to IV.  
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Abstract 
Additive manufacturing (AM) is a layer wise manufacturing process, 
melting layer on layer, and it has a great design freedom making it 
possible to design structures with decreased weight and increased 
performance.  For the aerospace industry AM is a good option as weight 
saving is of major importance. There are however many topics left to 
investigate before additive manufactured titanium can be widely 
adopted for critical components, topics such as microstructure and 
texture and their correlation to mechanical properties.  
     The aim of this work has been to investigate the microstructure and 
texture of various AM processes. Microstructural features such as prior 

-  
characterized along with measurements of the hardness for five 
different AM processes. Some of these AM processes have also been 
investigated in the SKAT instrument in Dubna, Russia, to measure the 
texture. The textures from the different AM processes have been 
compared with one another and correlated to previous microstructural 
characterizations and mechanical properties. This is important 
knowledge as the microstructure and the texture set the basis for the 
mechanical properties. In case there is a strong texture, the material 
can have anisotropic mechanical behavior, which could be either 
wanted or unwanted depending on application.   
     phase increased 
boundary for the AM processes with low cooling rates, while it was 
discontinuous and even non-present for the AM processes with high 
cooling rates. The p was larger for the directed energy 
deposition (DED) processes than for the powder bed f
processes. Parallel bands were present for some DED processes while 
being non-present . Concerning the texture, it was 
found that laser metal wire deposition (LMwD) had a stronger texture 
than electron beam melting ( ) and selective laser melting (SLM). 
Texture inhomogeneity was found for the LMwD process, where the 
material closer to the substrate had stronger texture.   
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-    
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1 Introduction 
1.1 Introduction to the research project 
Titanium is a metal with good mechanical properties and corrosion 
resistance and its low weight makes it suitable for applications in 
aerospace industry where high specific strengths are needed [1-3]. 
Additive manufacturing (AM) can lead to decreased buy-to-fly ratio 
[4,5] and decreased lead time from design to finished product.  Dutta et 
al. [5] investigated published results of AMed and conventionally 
manufactured titanium and found the mechanical properties of AMed 
Ti-6Al-4V to be either as good as or in some cases even better than 
conventionally manufactured titanium. 
 
1.2 Aim and objectives of the project 
The aim of this project has been to increase the knowledge and obtain 
a deeper understanding of additive manufactured Ti-6Al-4V when it 
comes to the relationship between process parameters, microstructure 
and texture evolution. The objectives have been to characterize the 
microstructural features using conventional microscopy and measure 
the texture by using time of flight neutron diffraction and electron 
backscattered diffraction techniques.  
 
1.3 Research questions 
The following research questions are addressed in this work: 

 What are the microstructure characteristics in Ti-6Al-4V 
manufactured with different additive manufacturing 
processes? 

 What are the texture characteristics in Ti-6Al-4V 
manufactured with different additive manufacturing 
processes? 
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2 Additive manufacturing 
Additive manufacturing (AM) is a manufacturing process that 
manufactures three dimensional parts based on a computer aided 
design (CAD) model. The three dimensional CAD model is sliced into 
many two dimensional layers. These two dimensional layers are then 
melted onto each other, either by wire or powder, and together they 
result in a three dimensional component, which corresponds to the CAD 
model. AM differs from conventional subtractive manufacturing, where 
material is removed until the wanted shape is obtained, as material is 
added during AM instead of subtracted. AM, or rapid prototyping as it 
was called before, has been used since the 80s [6,7] en, it was 
mainly used for making prototypes at an early stage of the product 
development, while conventional subtractive manufacturing, such as 
milling, was used as the manufacturing process. Since then the AM 
technology has improved and new companies such as Arcam (founded 
in 1997 [8]) or Concept Laser (founded in 2000 [9]) have started. When 
AM was used for prototyping, polymers was the main material used, but 
nowadays metals, ceramics [10] and even composites [11,12] can be 
manufactured by AM. These advances in the technology has 
revolutionized AM as a manufacturing process to the degree that 

MAX 8) with an additively manufactured fuel nozzle in their LEAP-
engines [13]. In 2017 Siemens announced another breakthrough, 
namely the first successful full load test of a complete AM turbine blade 
[14].   
      
2.1 Different AM processes 
There are several different AM processes available [6,15-17]. For 
metals, AM can be categorized into two groups, powder bed fusion 

processes use a powder bed as material supply while the DED processes 
use wire or blown powder to deposit material. The energy source used 

-torch (tungsten inert gas), 
also known as gas tungsten arc welding (GTAW) and electron beam. 
One process within the DED group is shaped metal deposition (SMD) 
[18] that combines a TIG-torch with wire deposition. The same setup 
but with laser instead of TIG-torch is denoted laser metal wire 
deposition (LMwD) [18,19], also known as wire laser additive 
manufacturing (WLAM). If blown powder is used together with the laser 
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beam instead of wire deposition the process is called laser metal power 
deposition (LMpD), or as it is sometimes called laser engineering net 
shape (LENS). Electron beam with a deposited wire is another possible 

3) 
[20,21]. 
     The setup is similar for both the wire and the blown powder 
processes. There is an instrument that feeds the material into the focus 
of the energy, which could either be TIG-torch [17,18,22], electron 
beam [19-21] or laser [23,24]
are attached to a robotic arm that moves the energy focus and material 
on a predefined path, melting layer on layer on a substrate. The DED 
processes are sometimes built “in house”, by combining a robotic arm 

complete systems from e.g. Trumpf or Sciaky. The overall benefits for 

processes, sometimes more than 10 times higher [25]. The DED 

processes if non-vertical objects are manufactured. There is a limit to 
the siz
to the size of the machine. Historically the maximum size has been 
around 300 mm x 300 mm x 300 mm large, but General Electric has 
recently announced that they will deliver a 1 m x 1m x 1m selective laser 
melting (SLM) machine in 2018 [5,26]

 an electron beam melts a powder bed, and 
SLM, also known as direct metal laser sintering (DMLS), where a laser is 
used instead of an electron beam.  Figure 1 shows an overview of the 
SLM process.  First the feed cartridges are moved up and the counter 
rotating powder leveling rollers spread the powder over the build area. 
At the same time, the piston that is controlling the build platform is 
moved down the same height as the added powder layer. Then the laser 
melts the 2-dimensional shape of a layer according to the CAD model 
and once a layer is finished the process repeats itself until the whole 3-
dimensional component is manufactured. At the final stage the 
manufactured component is removed from the powder batch and 
residual powder from the built a

instead of a laser beam and that the feed cartridges are placed 
differently. It is possible to use several lasers simultaneously [27], which 
makes it possible to keep many melt zones active at the same time 
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leading to faster builds. Electron beam based systems can only use one 
electron beam at the same time due to the configuration of an electron 
beam. However, electron beams can rapidly change position as they are 
maneuvered via magnetic forces. These position changes are so fast 
that the electron beam can be considered to be at different places more 
or less simultaneously.  Arcam call this technology “multibeam system” 
[8] and the result is the same as when using several lasers,  i.e. increased 
production rate.   
     ile SLM systems 
operate in either purified Ar- or N2 gas [28]. There is also a difference in 
temperature during building between the two processes. The SLM 
process operates at significantl
process. The temperature in the build platform is maintained at around 
90° C for SLM [28]
[29,30]. Depending on the atmosphere being used, different cooling 
rates can be expected. Ar- and N2 gas transfer heat better than vacuum 
and N2 has a heat conductivity that is 40 % higher than Ar [31].  

 
Figure 1: Overview of the selective laser melting (SLM) process [7]. 
 
      
[32], which is due to high viscosity and poor liquid formation causing a 
spheroidization of the melt pool. This phenomenon could lead to 
discontinuous scan tracks and bad interline bonding [6] and can also 
lead to delamination and porosity [33]. Another negative aspect is that 
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powder is reused repeatedly. This is not the case for the DED processes 
where all the deposited material is used. One drawback on the other 

complex, which is shown in Figure 2, showing two acetabular cups and 
a cranio-maxillofacial implant. These examples would be impossible or 
at least very hard to manufacture with conventional manufacturing or 
DED processes. DED processes are considered as potentially good 
repairing techniques, where broken items could be welded back into 
shape with the addition of deposited material. This repair possibility is 

 
 

 
Figure 2: To the left there are two acetabular cups with integrated trabecular 
(supporting) structures, for improving the osseointegration (bone ingrowth). To the right 
is a custom made cranio-maxillofacial implant [34]. 
    

2.2 Benefits and drawbacks of AM 
AM as a manufacturing process can be time saving in many scenarios. 
Changing a design can be time consuming for conventional 
manufacturing processes as the number of tools changes and 
construction steps is increased. For AM changing design makes no 
impact on time as there are no such things as tool changes. An example 
of the time saving aspect of AM is given by Siemens that has 
traditionally used casting for making turbine blades, which is a process 

been able to improve the manufacturing process by implementing AMs 
benefits e.g. reduced lead time. From the design phase to finished 
product the lead time of turbine blades has decreased from 2 years to 
2 months [14]. So, although the actual AM manufacturing takes a lot of 
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time, the whole product development process could be significantly 
faster than with conventional manufacturing processes.  
     Another benefit of AM is its weight saving possibilities [5], as hollow 
structures can be manufactured along with topology optimization. An 
example of this is the fuel nozzle of the LEAP-
manufactured in one single complex part instead of assembling many 
smaller parts, which leads to a reduced weight and making the fuel 
nozzle even more durable. Partly due to this the LEAP-
reduced fuel consumption by 15% [13]. AM also has some drawbacks 
like reduced production speed compared to conventional 
manufacturing for certain components. Another is the surface accuracy 
of AM, which is normally in the range of a few tens of microns [7], so 
depending on the applications different (mechanical or etching) post 
treatments are always needed. There is also an effect called the “stair-
stepping effect”, which is that you must build the layers in a stair 
formation so that every layer is fully supported. This effect is expected 
to decrease for increasing inclination angles, however, for increasing 
layer thicknesses the effect is expected to increase [35].  This effect 
renders in an increased surface roughness i.e. decreased accuracy 
[7,35]. Poor repeatability is another parameter as there are so many 
process parameters affecting the final component, making it hard to 
obtain the same product in e.g. two different machines from the same 
machine version. Defects such as inclusions, porosity and lack of fusion 
(LOF) [23], have also been found in AM material. These defects are 
crucial to the mechanical properties and this is a drawback for AM if it 
is not under control.  
     Other drawbacks concerning mechanical properties is that of 
anisotropy  [36,37], which is something that could be either wanted or 
unwanted depending on the intended use of the manufactured 
component. To conclude AM has many benefits. Although some say 
that AM could be the only manufacturing method in the future, this will 
most likely not be the case. Conventional subtractive processes have 
many benefits in various scenarios. And one new manufacturing 
process does not necessarily have to lead to the end of other 
manufacturing processes. They should rather be used together, and by 
doing so make the production chain even more effective by 
implementing the benefits from all different manufacturing processes.   
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3 Titanium and its alloys 
3.1 Crystal structures in titanium 

 [2]. The placement of the 
Figure 3

composed of one atom that is surrounded by eight eights of an atom, 
amounting to a total of 2 atoms for each unit cell. HCP is composed of 
three midplane atoms, two halves of an  atom at the bottom and top 
and twelve sixths of an atom, amounting to 6 atoms in total [38]. The 

 

 
Figure 3: A body centered cubic crystal structure to the left and a hexagonal close packed 
crystal structure to the right. Planes with highest densities are indicated (from [2] and 
[39]).   
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At ro
a axis is 0.295 nm and the c 

axis 0.468 nm. To explain the orientation of a plane, Miller indices are 
often used, which is defined as the reciprocals of the intercepts that the 
plane make with the crystallographic axes [39]. The HCP crystal 
structure constitutes of four axes, a1, a2, a3 and c (shown in Figure 3), 

a, b,  and c (shown 
in Figure 4). Some close packed planes of a cubic lattice is shown in 
Figure 4 where the combination of plane (110), which has the highest 
planar density, with direction [111], which has the highest linear 

also other families of planes {211} and {321} that with slip directions 

[38].  

 
Figure 4: Some of the close packed planes for a cubic lattice along with indicated 
directions [001], [110] and [111] [39].  

The HCP has three different families, {0001}, {1010} and {1011} that 
can form slip systems with the slip direction <1120> depending on the 
temperature [38,40]. The HCP crystal structure can have between 3 to 

tween 
12 to 24 active slip systems.  
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     The smaller number of slip systems in HCP metals make them less 

intercept the axes a1, a2, a3  and c.  The axes a1, a2, a3  are separated at 
an angle of 120° from each other as shown in upper left corner in Figure 
5. 
  

 
Figure 5: An HCP is composed of 4 axes, a1, a2, a3 and c as shown in upper left corner. 
The a axe are separated 120° from each other. In the upper right corner some planes are 
shown. Below it is a figure showing directions in the HCP structure. The figure in the 
bottom left corner shows how the directions are deduced for a hexagonal structure [39]. 

Titanium and its alloys can be used for a wide range of applications 
ranging from aerospace components to surgical implants [3]. Titanium 
alloys can be classified 
[41]. It is also possible to add 

 (metastable) ing 
though, because s [2]. 
What defines each alloy group is the dominating phase at room 
temperature.  Once alloying elements are added a mixture of both 
and phases can exist. 
C, N, O and Al can be used [2,41]. Figure 6 is a schematic binary phase 
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diagram indicating the main groups of the alloys.  If an increased 
left to right i.e. 

 

 
Figure 6: A phase diagram with the  stabilizing concentration on the x axis and the 
temperature on the y axis, showing the concentration of  stabilizers that is needed to 
form the , , or  alloys  [2].  
 

ing elements are categorized into either eutectoid or 
isomorphous. T  to the formation of a 
eutectoid phase diagram (see Figure 7
stabilizers leads to the formation of an isomorphous phase diagram. 

[2,41]. With an increased 
xAy (TixAy is a titanium compound 

with ) is formed at room temperature. Addition of 
Zr or Sn has and these two 
alloying elements are denoted neutral stabilizers.  
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Figure 7: Phase diagrams showing the effect of alloying elements. With an increased 
amount of  stabilizers the  phase is stabilized. With an increasing addition of 
isomorphous  stabilizers the  phase is stabilized. For eutectoid  stabilizers TixAy is 
formed. If neutral stabilizers such as Zr and Sn are added to the alloy no significant effect 
of neither  nor  phase occurs [2].  

3.2 Ti-6Al-4V 
Out of all the different titanium alloys Ti-6Al-4V is the most frequently 
used, amounting to ~50% of all the titanium used in the world and ~80 
% of the titanium used within the aerospace sector [2,42]. The alloy 
contains 6 w% aluminum and 4 w% vanadium, 
alloy, with excellent strength along with high toughness and corrosion 
resistance. Ti-6Al-4V solidifies below 1605-1660° C [43] depending on 
the alloy’s purity. When cooled below this temperature the liquid alloy 

s  Figure 
8, which shows the microstructural evolution when cooling from the 

. For intermediate 
cooling rates a typical Widmanstätten microstructure, as shown in the 
Figure 8, is formed. The  transus temperature, above which only  
phase exists, is between 975-995° C for Ti-6Al-4V   [2,3]. This  transus 
temperature is strongly influenced by both substitutional and 
interstitial elements, i.e. the purity of the alloy. When the alloy is cooled 
below the  transus tempera  
as laths. The location and number of these nucleus depend to a large 
extent on the cooling rate. For moderate cooling rates 
grain boundary. When the nucleous start to grow they will form along 
s

microstructure is called Widmanstätten microstructure. If faster cooling 
, apart from nucleating at the grain 
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boundary, also 
 

laths growing from the inside of the  grain will eventually coincide and 
grow into one another. This intertwined type of microstructure is called 
basketweave.  
     If very fast cooling is performed, i.e. quenching, a diffusionless 
acicular martensitic microstructure is formed, having a distorted 
hexagonal close packed (HCP) crystal stru
There is also another form of martensite with an orthorhombic crystal 
structure [41] , that can be formed in titanium 
alloys having . The martensite 
is composed of needle like laths, where each lath has a different variant 

[2], being inclined 0, 
other [44]. The martensite found in titanium has a high dislocation 

precipitates are precipitated to the lath boundaries or at 
dislocations. Martensite can be formed not only by quenching 
(athermal martensite)  but also by applying a stress on the material 
(stress induced martensite) [41].  
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Figure 8: The development of a Widmanstätten microstructure for a titanium alloy. 
Above the  transus temperature the alloy is composed of  grains. When the 
temperature is decreased  phase is formed at the  grain boundary. Then  laths start 
to nucleate at the  grain boundary, growing into the whole  grain [3].  
 
3.3 Prior  grains 
Figure 9 indicates the complexity of AM showing the thermal history of 
one layer throughout one build. The unique manufacturing process of 
AM renders in a more advanced thermal history compared to 
subtractive manufacturing. The thermal history is of importance as the 
microstructure of a metal is affected by heating and the microstructure 
is important as it influences the mechanical properties. The 
temperature of the first built layer will exceed the liquidus temperature 
when a second layer is added. The temperature of the first layer will 

 the coming three layers added [45]. 
These thermal cycles of AM make it harder to predict the 
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microstructure and it can also render in a phenomena called parallel 
bands (see section 3.5  

 
Figure 9: Thermal history of the first AM layer of Ti-6Al-4V. This first layer is heated  
above the liquidus temperature when adding the second layer and up to the fourth layer 
the first layer exceeds the  transus temperature [45].  
 

been characterized (see right image in Figure 
10) and reported for a wide range of AM processes [15-17,46-49]. They 
typically grow epitaxially from one layer to another and have been 
reported to have a distinct [001] growth direction [50,51], 
perpendicular to the built layers. The size of the 
directly depend on the cooling rate a - , 
but 
melt temperature. It has been shown that if heat treatment is 

 semi- [47]. The prior 
ize depending on the AM process. Sandgren et al. [15] 

for example reported 
for LMpD, Simonelli et al. [46] 
found the width to be 103 μm and Lancaster et al. [48] 
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Figure 10: An inverse pole figure map is shown from EBM built Ti-6Al-4V material (left), 
and the corresponding prior  grain reconstruction (right). The arrow indicates build 
direction, perpendicular to the layers [50].  
 

sometimes be difficult to characterize. In material 
from AM processes with fast cooling rates so called ‘parallel bands’ are 
observed (more about this in section 3.4), which could be 

 grain boundaries if not being careful -  
would clearly reveal the prior  grains, but -
built material. A solution for the characterization problems of prior 
grains is 
according to the   

[2,51,52] with a special software, e.g. ARGPE. Several works 
have been published on this matter, e.g. [50,51,53] and in Figure 10 the 
work of de Formanoir et al. [50] is shown. To the left an inverse pole 
figure (IPF) map is shown and the right image is the reconstructed prior 

 
 
3.4  

- ders 
-

- [50]. In Figure 11 one can see G -
white diagonal line crossing through the transformed  microstructure.  
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Figure 11: To the left is a graph showing the yield strength as a function of  lath 
thickness. To the right is the microstructure of a continuously built laser metal wire 
deposited Ti-6Al-4V sample (LMwD-0), showing GB-  that is crossing through the 
transformed  microstructure [2]. 
 

he cooling rate from the 

large number of process parameters involved in AM the cooling rates 
vary a lot, both in different AM processes but also within one and the 

size even if the same AM process is used. An example of that is the 
findings of de Formanoir et al. [50]  of an of 1.9 μm for 

-6Al-4V material. Lancaster et al. [48] and Seifi et al. [54] 
-6Al-4V material and 

found it to be 0.79 and 1.2 μm, respectively. Rafi et al. [55] and 
Vrancken et al. [47]  and found 
the laths in this material to be in the range of 1 to 2 μm. In other 
words, it is hard to define an exact thickness value of laths for each 
AM process. T
colony size is the single most important microstructural feature for the 
mechanical properties of titanium alloys [51,56]
size is therefore a good indicator of the strength of the titanium alloy. 
In Figure 11 a graph is shown of the yield strength as a function of the 

The yield strength decreases 

size rapidly when changing cooling rate from 100°C/min to 8000°C/min 
[2]

and each 
crystal orientation is distinguished in various colors, as shown in the IPF 
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map of Figure 10
es. 

 
3.5 Parallel bands 
Parallel bands, also known as layer bands, is a phenomenon that has 
been observed in various AM processes [15,22,24,25,57,58]. Normally 
the common denominator for where these bands occur is in materials 
manufactured in processes that have fast cooling rates. According to 
Kelly et al. [24] these parallel bands are developed due to a specific 
combination of peak temperature, time at peak temperature, and 
cooling rate. According to Kobryn et al. [59] the parallel bands could be 
explained by a new heat affected zone being created in the deposit each 
time the heat source passes, causing these macrostructural and 
microstructural changes. It is also explained by a difference in 
microstructure within the parallel bands and in between them. In each 
band band 
a basketweav
above and below a parallel band, and found them to be smaller above 
the parallel bands and larger below the parallel bands. The same 
findings were presented by Martina et al. [25]. Compositional effects on 
these parallel bands were also analyzed, but without finding any 
evidence of chemical compositional variations, leading to the 
conclusion that the bands are solely a thermal phenomenon [24]. 
Several values of the size of the parallel bands have been reported. 
Sandgren et al. [15] found them to be 550 μm in average, while Kelly et 
al. [24] reported an average size of 165 μm. Figure 12 shows the 
microstructural evolution of layers n to n  steady state has been 
reached. Layer n 
microstructure. Then layer n during that time a part of 
layer n is re-melted and heats the rest of layer n above the  transus 
temperature followed by fast cooling, which renders in fine 
basketweave microstructure for a part of layer n. Thereafter layer n
is deposited, which heats up layer n and n

is less than before. 
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Figure 12: Illustration showing the formation of a parallel band (layer band) and 
microstructural evolution of layers n to n 3 after steady state has been reached. At layer 
n fine colony  is obtained, when depositing layer n 1 mixed colony  and basketweave 
is obtained. Layer n 2 heats up n and n 1 again and when adding layer n 3 the parallel 
band is created  [24]. 

When adding layer n n 
transus temperature, which along with slow cooling renders in a colony 
morphology. The area below this colony morphology does not reach 
sufficiently high temperature to create colony morphology, rather a 

4 
etc., are deposited they will not reheat layer n to a temperature that 
will affect the microstructure anymore, which makes the newly formed 
parallel band morphology a permanent feature in the built material. 
Kelly et al. [24] performed heat treatments on materials with parallel 

temperature did not affect the parallel bands, concluding that parallel 
bands are created with temperatures ab
transus temperature. 
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4 Texture measurements  
4.1 Introduction to texture measurements 
For measuring texture of a material neutron diffraction is a prominent 
method to use, as the neutrons neutral charge lead to high penetration 
depths [60-62]. This makes it possible to obtain the average texture of 
a large volume with good statistics, even spherical samples with 
diameters of 10 cm can be measured [61]. Another benefit is that no 
absorption corrections have to be performed [62]. It is a beneficial 
texture characterization technique for materials with large grains, 
which is the case for additive manufactured Ti-6Al-4V that have large 

[15,23,51,55]. The principle of texture measurements is 
g’s law [39,60,61], which is a law that explains the 

reflection of radiation at the lattice planes: 
    2 =     (1) 
Where d is the lattice spac n an integer and 

 the wavelength of the radiation. The radiation can come from 
different sources, such as electrons, X-rays or neutrons and each source 
has different benefits [60,61,63]. Electron diffraction for example, i.e. 
scanning electron microscope (SEM) or transmission electron 
microscope (TEM) are techniques where misorientation and crystal 
orientation relationship can be obtained. The drawback with the 
electron diffraction techniques is the very small penetration depth (20 
nm) compared to the neutron and synchrotron techniques [64].  
 
4.2 Electron backscattered diffraction 

 is attached to a SEM and with  it is possible to 
obtain local texture, misorientation, phase identification and the 
orientation of individual grains [64,65] are obtained 
by applying an electron beam to a 70° titled sample. The electrons are 
diffracted and create cones that are hitting a phosphorus screen, as 
shown in Figure 13. When the electrons hit the phosphor screen, light 
is created and a camera acquires the pattern that the light creates. The 
camera used is normally a charge coupled device (CCD) that can make 
binned images of 100 x 100 pixels with a rate of 1000 frames per second 
[64].   
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Figure 13: To the left the setup of an EBSD measurement is shown, the electron gun is 
emitting an electron beam that scatter on the sample (the brown part) and the Kikuchi 
bands are acquired from the phosphor screen. To the right the electrons diffracting on a 
plane forming cones are shown. The cones create a light signal once hitting the phosphor 
screen. The plane in between the cones is a geometric projection of the diffracted plane 
[64]. 
 
     Electrons are diffracted from both the front and back of each plane, 
which render in two cones per plane. Two cones that intercept the 
image plane 

is  angle [65]. These lines are called Kikuchi lines and 
together they form a Kikuchi pattern. From these Kikuchi bands, it is 
possible to determine the crystal structure of the material, as the width 
of a pair of Kikuchi lines are inversely related to the atomic spacing 
between the crystallographic planes. 
elaborated that if the lattice spacing d  is 
increased, leading to a larger atomic spacing and a larger width 
between the Kikuchi line pair [65].   
     The intersections of the Kikuchi lines are also of importance as the 
intersection zones are related to a specific crystallographic orientation 
[65]. The Kikuchi line intersections represent the orientation within the 
crystal and the Kikuchi line pair represents planes. Together they form 

about the material, as 
mentioned in section 3.2-3.3.  measurements can 
be presented in the form of pole figures, which show the materials 
texture for a crystallographic plane. However, the results are often 
presented as inverse pole figures (IPF) and an example of an IPF map is 
shown in Figure 10. An IPF shows the opposite of a pole figure i.e. it 
indicates the crystallographic pole of a specific sample direction [64]. In 
Figure 14, the normal direction pole figures of three different textures, 
cubic (a), copper (b) and brass (c) are shown. The symmetry of the 
crystals is reflected.  the symmetry the whole IPF can be 
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recovered from the stereographic triangles (amounting to 24 in total) 
that is shown below the IPFs in Figure 14. The Miller indices for these 
stereographic triangles indicate the directions.       

 
Figure 14: The normal direction IPF for three types of textures, standard cubic, copper 
and brass respectively (from left to the right). The IPF are divided into 24 stereographic 
triangles with the standard stereographic triangles outlined. The Miller indices of these 
triangles refer to the directions in local crystallographic frame [64]. 
      
Historically the spatial resolution (the possibility to distinguish points 
that are close to each other), which depends on specimen tilt, 
accelerating voltage and density of the specimen, has been too low to 
measure the orientation of single crystals. As a solution to this so called 
orientation distribution functions (ODF) have been constructed. An ODF 
shows a diffraction pattern of probabilistic information of the 
orientations of grains within the measured region and is used within 
material science to analyze texture or to deduce pole figures [66-68]. 
An ODF is indicating the probability to find an element within the 
investigated volume with a certain crystal orientation [64]. These ODFs 
are useful for texture analyzes and is a good complement to pole 
figures. The discrete orientation measurements can be approximated 
with a good level of accuracy and give an efficient expression of the 
texture in the material, i.e. accurate ODFs. ODFs and pole figures use 
multiples of random density (MRD) to quantify the texture in the 
material, where MRD is the expected distribution intensity in the 
material. High MRD is by this definition the same as strong texture and 
low MRD is equal weak texture, i.e. random orientation of the crystals 
within the material.  
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4.3 Neutron time of flight diffraction 
T g’s law for the d-spacing, i.e. lattice spacing,  there are 
two types of neutron diffraction techniques that use different types of 
beams for texture measurements [61,69]. When using a 
monochromatic beam (i.e. radiation with one 
angle must be varied, which is used for the conventional angle 
dispersive methods. The second option is to use a polychromatic beam 
(i.e. radiation with more than one type of wavelength) at a constant 
scattering angle, which is used for time of flight (TOF) diffraction 
experiments. There are several neutron diffraction facilities, including 
TOF, angle dispersive method, spallation sources etc. around the world. 
For instance, TOF diffraction sources are available at the SKAT 
instrument in Russia [70,71], the HIPPO instrument in USA [72,73] and 
the GEM instrument in UK [74]. To verify the reliability of all the 
detectors, a textured polycrystalline calcite standard sample has been 
sent out to all these facilities. This is to make sure that the 
measurements of the neutron diffraction experiments correlate well 
with each other. To the left in Figure 15 
on the x axis and the wavelength on the y axis is shown. In the case of 
polych ragg angle, this would correspond 
to =45°), while 
monochromatic radiation would correspond to the horizontal axis with 

 
The neutron TOF diffraction experiment may be explained in the 
following way. Neutrons are excited from a radioactive pulsing neutron 
source (PNS) e.g. polonium oxide. At the same time, the pulsing neutron 
source (PNS), see Figure 15, sends out an electrical pulse (EP) to the 
time analyzer. The neutrons travel the path through the beamline (with 
length L1) and hit the sample (S).  The neutrons are then diffracted on 
the planes in the sample and thereafter detected by the detectors (D) 
after traveling the length L2. For neutron TOF diffraction experiments 
the wavelength of the neutrons is determined by the time it takes for 
them to fly a specific distance and the wavelength can be calculated 

 =      (2) 
where t is the time of flight, h the Planck’s constant, = +  that 
are the lengths stated in Figure 15,  m the mass of one neutron and  
the wavelength. With these parameters, the time analyzer can calculate 
the d-spacing’s of the neutrons by combining equation (1) and (2): 
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    =    (3) 

Figure 15: To the left a diagram of the Bragg’s law for a BCC lattice is shown, where the 
vertical line corresponds to a fixed Bragg angle and the horizontal a fixed wavelength. 
An overview of a TOF experiment to the right. The neutrons are emitted from the pulsing 
neutron source (PNS) and simultaneously an electric pulse (EP) is emitted to the time 
analyzer. The neutrons are diffracted on the sample (S) where 2  is the diffraction angle 
and then detected by the detector (D). The time analyzer is creating a spectrum of the 
counted pulses as a function of time [69].  
 
So, the TOF is proportional to the lattice spacing d  
(3), a spectrum can be created, where the intensity is plotted for each 
d-spacing. The peaks in the spectrums correspond to various 
crystallographic planes. Figure 16 demonstrates the creation of a pole 
figure: from a sample, to a three-dimensional sphere, to a pole figure. 
The measured sample is shown in (a) with its three faces Z, X and Y and 
the measured pole P. Texture is three dimensional as illustrated by the 
sphere in (b) where the pole P 
projecting the upper hemisphere down to 2 dimensions (c) is obtained 
[61].    

 
Figure 16: The transformation from a sample (a) with three surfaces, Z, X and Y and a 
pole P to spherical coordinates ,  in (b), followed by a projection of the upper 
hemisphere into 2 dimensions in (c), with the same coordinates for P [61]. 
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5 Materials and experimental methods 
In the following chapter, the materials and the experimental methods 
used in papers 1-4 are described and explained in detail.  
 
5.1 Material  
In the present work five different AM processes has been investigated; 

samples, an Arcam Q20 
and an S12 machine and for SLM an EOS 290 machine were used to build 
the material. For LMD (both wire and powder) a fiber laser attached to 
a six-axis robot was used and the depositions were made on a Ti-6Al-4V 
substrate in argon atmosphere. Two sets of process parameters were 
investigated for LMwD to demonstrate the influence on the 
microstructure. The sets of process parameters were either with a two 
minutes break between each added layer (LMwD-2) or without break 
i.e. continuously adding layers (LMwD-0). For SMD a similar setup as for 
LMwD was used, but with a TIG-torch heat source, instead, which 
continuously melted a wire without break between the layers. The P F 
processes and LMpD did not receive any post heat treatment, while the 
LMwD samples were heated at 704 °C and the SMD material at a 
temperature of 670° C for two hours each. These heat treatments were 
performed to reduce residual stresses and do not affect the 
microstructure of Ti-6Al-4V [17,75].  
 
5.2 Specimen preparation 
Prior to characterization in a light optical microscope (LOM) the samples 
were polished according to conventional polishing methods for 
titanium alloys and to reveal the microstructure the samples were 
etched with Kroll’s etchant according to the ASTM Standard E 407 (192). 

the samples were polished to the final 
step of colloidal silica, which has a particle size around 10 nm [76,77]. 
The samples were then subsequently electrolytically polished with 
Struers A3 solution, 18 seconds with 20 V polishing, followed by 3 
seconds etching with 14 V. For the neutron TOF diffraction texture 
measurements no specimen preparation was needed.  
 
5.3 Hardness measurements 
The hardness measurements were performed in Vickers with a 
Matsuzawa MXT-
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performed at room temperature and a load of 300g was used. The 
distance between the hardness indentions was kept to at least four 
diameters [78] to avoid deformation hardening influencing the 
measurements.  
 
5.4 Measurements with light optical microscopy  
The LOM used was a Nikon eclipse MA200 and the stereomicroscope a 
Nikon SMZ1270. in one direction, 
perpendicular to the layers, in Paper I (see appended papers) and in two 
directions, parallel and perpendicular to the layers, in Paper III (see 
appended papers). Measurements  were performed 
on all the investigated samples according to the ASTM 112-3 standard. 
In order to measure the large grains high resolution images were 
captured with the LOM and thereafter 
were marked using an image editing software (Photoshop CC 2015). As 

 marked, the sample was 
simultaneously evaluated with a stereomicroscope that had another 
contrast, to mark the grain boundaries as accurate as possible. A total 
of performed per sample. 
The thickness measurements o - were carried out 
by using the software 
different areas A-E (for illustration see Paper I and III) were chosen to 
obtain good statistic, and in each of these areas 200 measurements 
were per  on samples 
both parallel and perpendicular to the layers. -
were performed on the samples perpendicular to the layers and in total 
200 measurements were carried out boundaries.  
 
5.5 Measurements with EBSD 
T  was carried out in a scanning electron 
microscope, Jeol IT300LV, equipped with the  detector Oxford 
Nordlys Max3. To obtain good quality IPF maps, the acceleration voltage 
was set to 25 kV and the step size to 1.5 μm. To cover a large area, 200 
times magnification was used. The IPF images were colored relative to 
the build direction (perpendicular to the layers).   
 
 



Magnus Neikter                                       Licentiate Thesis 
 

40 
 

5.6 Neutron diffraction texture measurements 
The neutron time of flight (TOF) diffraction texture measurements were 
performed in the Spektrometer Kolitshestvennovo Analiza Tekstury 
(SKAT) [70] instrument in Dubna, Russia. The total length for this 
experiment was 103.81 meters and the d spacing range of the SKAT 
instruments was between 0.6 to 4.8 Å [70,71]. In total 19 3He detectors 
with a scattering angle of 2  The neutron flux on the 
investigated material was 106 n/cm2/s and the wavelength range was 
between 0.8 to 7.6 Å. The measurements were conducted for 360  with 

with a 5°x5° grid. The exposure times varied between 1150 to 2300 
seconds per step depending on the size of the samples, which 
corresponds to a total measurement time between 23 to 45.5 hours per 
sample. Once the measurements were finished a diffraction pattern 
with 1368 spectrums from the 19 detectors (72 sample positions) was 
obtained. After the data was processed it was analyzed with the Geotof 
software, which is a program that is used for the SKAT instrument to 
convert the data files into useable data files for the MAUD (Materials 
Analyzing Using Diffraction) software. In MAUD, pole figures were 
created from the texture data by using the Rietveld method [79,80]. The 
texture was refined with the least squares Rietveld refinement 
procedure [80] and the process of how to operate the MAUD software 
for obtaining pole figures is thoroughly explained by Lutterotti et al. [81] 
and Wenk et al. [72].  
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6 Summary of appended papers 
Paper I 
Title: Microstructure characterisation of Ti-6Al-4V from different 
additive manufacturing processes 
Authors: Magnus Neikter, Pia Åkerfeldt, Robert Pederson and Marta-
Lena Antti 
Summary: In this article, a microstructural characterization of five 
different AM processes was performed. The five different AM processes 
were three DED processes, SMD, LMwD and LMpD and 

. The microstructural features that were 
 laths - the  grains. For these 

three microstructural features, the thicknesses were measured in a 
LOM. F the 
measured values were compared for the different AM processed 
material. 
sample, the purpose of doing this was to obtain a good average result 
that corresponds well to the whole sample i.e. an average value that 

compare if there were any differences between the areas, to compare 
if  or not in the built material. 
LMwD was moreover analyzed by changing a process parameter to 
show the influence on the final microstructure. The process parameter 
that was changed was from continuously adding layers to a 2 minutes 
break between each added layer. The result was a coarser 
microstructure for the material that was built continuously. The 
microstructural features were only measured in one dimension, 
perpendicular to the layers.  From this work it could be concluded that 

 
 
Author’s contribution: The author planned and conducted the 
experimental part of the work. He made the sample preparations, 
performed measurements in the LOM and analyzed the result and 
finally wrote the paper. He also presented the work at a conference.  
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Paper II 
 
Title: Microstructure and defects  in additive manufactured titanium: 
A comparison between microtomography and optical microscopy  
 
Authors: Magnus Neikter, Fredrik Forsberg, Henrik Lycksam, Robert 
Pederson and Marta-Lena Antti 
 
Summary: For this extended abstract, a comparative study of LOM and 
X-ray microtomography (XMT) was performed. XMT is a method that 
scans samples in 360 degrees, capturing many X-ray projections. These 
X-ray projections are then reconstructed in a software which results in 
a three-dimensional image of the sample. This comparative study was 
performed to see how good these two characterization methods were 
compared to one another. A comparison regarding defects and 
microstructure were done Ti-6Al-4V sample. 
The objective was to see if it was possible to see the microstructure with 
XMT, but also to see how good it was to characterize defects such as 
LOF, porosity and inclusions. And all these three defects were detected 
by the XMT. The inclusions that were found are believed to be tungsten 
inclusions. Then the same sample was cut, polished according to 
conventional methods for titanium alloys and etched with Kroll’s 
etchant and analyzed in LOM. The objective with this part of the study 
was to try to identify the same defects as were identified in the 3D 
tomography along with the microstructure. The macrostructure of  the 

as clear compared to the etched surface.   
 
Author’s contribution:  
The author made the sample preparations along with the 
microstructural characterization with LOM. He also wrote the extended 
abstract.  
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Paper III 
 
Title: Microstructural characterization of additive manufactured Ti-
6Al-4V 
 
Authors: Magnus Neikter, Pia Åkerfeldt, Robert Pederson and Marta-
Lena Antti 
 
Summary: In this work, an extension of the microstructural 
characterization in paper I was performed. The same AM processes 

in regard to the same 
microstructural features; -  grains. The main 
difference between the two papers is that for paper III a two-
dimensional characterization was performed, both parallel and 
perpendicular to the deposited layers ( - was 
analyzed perpendicular to the layers). The reason for characterization 
of two dimensions is that i.e. . Moreover, 
in this were . The 

to characterize as they can be hard to distinguish 
from one another purpose, s a powerful tool, as it 
shows the crystal orientation. A
with the same crystal orientation, making it easier to see which  laths 
that belong to which  colony. 
was LMwD-0. To further link the microstructure to mechanical 
properties hardness indentations were performed perpendicular to the 
layers and LMpD was found to have the highest hardness. With this 
investigat -
increase in AM material with decreased cooling rates.  
     The objective with this article was to give a microstructural overview, 
in two dimensions, of the investigated AM processes. AM processes 
that were built with standard process parameters.  
 
Author’s contribution:  
The author prepared all the samples, made investigations with LOM 

also analyzed the results and wrote 
the article.  
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Paper IV 
 
Title: Alpha texture variations in additive manufactured Ti-6Al-4V 
investigated with neutron diffraction 
 
Authors: Magnus Neikter, Robin Woracek, Tuerdi Maimaitiyili, 
Christian Scheffzük, Markus Strobl, Marta-Lena Antti, Pia Åkerfeldt, 
Robert Pederson  
 
Summary: For paper IV textures of three AM processes, 
and SLM were measured with neutron TOF diffraction with the SKAT 
instrument. Measurements were performed on samples from each of 
these AM processes throughout one week. And the measurements 
culminated in raw data that was processed in the software Geotof and 
MAUD, resulting phase for various planes. These 
pole figures were then analyzed and the objective was to see if there 
was any texture difference between the investigated AM processes. 
And to link these texture findings to previous microstructural 
investigations and mechanical properties. It was found that LMwD had 
a stronger text
similar texture. Correlating well with the findings in Paper I and III where 

The 
direction with the most preferential growth could also be determined 
to [1123]   
     Moreover, the LMwD sample was cut into two pieces, a top and a 
bottom part. Then each part was measured for their individual texture. 
The reason was to see if there were any texture inhomogeneities 
between the two parts i.e. if the part closer to the substrate had a 
different texture compared to the part further away from the substrate. 
And the result was a stronger texture for the part closer to the 
substrate.  
 
Author’s contribution:  
The author participated at the texture measurements in Dubna, plotted 
the pole figures and wrote the paper. 
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7 Conclusions and future work 
7.1 Conclusions 
What are the microstructure characteristics in Ti-6Al-4V manufactured 
with different additive manufacturing processes? 
From the microstructural characterization of the different AM 
processes it can be stated that the prio
largest in the SMD built material. 
colonies is of importance for understanding the mechanical properties 

useful tool for this 
task. For the DED 
size, it was concluded from qualitatively analyzing the IPF maps that 
LMwD- ensued by LMwD-2 and SMD. For 
SLM it seemed like it had o have 
sm LMpD did on the other hand have 

 processes. Two versions of LMwD was 
investigated, one with continuous adding layer and then one with 2 
minutes break between each added layer. When comparing these two 
sets of process parameters it was observed that the process with 2 
minutes break had much finer microstructure and higher hardness. Fine 

 relate e the microhardness. 
Therefore, the SMD material along with the LMpD material were found 
to have the highest microhardness of the investigated AM processes. 

macroscopic LOM images, revealed some differences between their 
microstructures. SLM built material has a microstructure that is finer 
and more intertwined and 
built material. For the AM material with slower cooling rate it was found 

-
- -

was non-existing in the LMpD built material.  
What are the texture characteristics in Ti-6Al-4V manufactured with 
different additive manufacturing processes? 
For the neutron TOF diffraction experiment it was found that there is a 
texture variation between the investigated AM processes. This was 
something that was somewhat expected due to the previous 
microstructural investigation that showed variation of both 

properties i.e. hardness. 
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were not analyzed with the TOF neutron diffraction experiment. LMwD 
that had similar microstructure  was analyzed and 
showed the strongest texture

to [1123]. 
Texture inhomogeneity was also investigated by comparing a bottom 
and top part that was cut from the same LMwD sample. The findings 
were that the bottom part, closer to the substrate, had a stronger 
texture. 
   
7.2 Future work 
More work will be performed on texture, where one interesting 
technique is neutron imaging for determining texture inhomogeneity. 
In Paper III texture inhomogeneity was investigated by comparing the 
bottom and top part of a sample that was cut into two pieces, to 
determine if there was any texture variation on the part closest to the 
surface, opposed to the one further away. This is a possible way to 
investigate texture inhomogeneity, but only for larger pieces. While 
with neutron imaging it is possible to clearly distinguish the texture on 
zones close to each other. Figure 17 shows an example of neutron 
imaging, where two different steel samples have been measured with a 
wavelength dispersive neutron radiography by using a double crystal 
monochromator. Two areas have been measured on sample 1 and 2 
with this i are 
shown in the graphs to the right in Figure 17
patters are seemingly the same, which indicates a low degree of 
preferred crystal orientation [82]. While sample 2 shows 
edge pattern and that the central part of sample 2 shows another 
transmission at 4 Å, indicating texture inhomogeneity in the sample. 
Furthermore, more defect characterization is also a future work and 
how defects affects the mechanical properties. As can be read in the 
Paper II 3D-tomography is a good tool to use for finding defects, such 
as lack of fusion, porosity and inclusions. So, a possibility would be to 
scan samples prior to mechanical testing, such as tension and fatigue 
testing, and then afterwards make a fractography and correlate it to the 
defects that were detected with the 3D-tomography. Moreover, a plan 
is to do fatigue crack growth testing in hydrogen and in air atmosphere 
and then compare the result of these tests with one another. Hydrogen 
embrittlement is known to cause premature mechanical failure, so the 

-6Al-
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built Ti-6Al-4V, so an idea is to also make a comparison between these 
two sets of data. In connection to the hydrogen embrittlement 
experiment neutron imaging is also planned, as neutron imaging is a 
good technique for detecting hydrogen. Detecting hydrogen with 
synchrotron is hard as hydrogen has one electron per nucleus i.e. the 
electrons per nucleus is equal to one.   

 
Figure 17: Here the result of two stainless-steel samples that has been tested with 
wavelength dispersive neutron radiography by using a double crystal monochromator is 
shown. Both in sample 1 and 2, two areas have been measured. For sample 1 the Bragg 
edge pattern of the two areas like the same, while the two Bragg edge patterns for 
sample 2 do not look alike, meaning that there is texture inhomogeneity [82].  

Apart from these topics  
different surface conditions and/or dimensions would also be of 
interest. At Luleå University of Technology a new Gleeble 3800 system 
has recently been installed, it is a machine that can apply 20 tons of 
static force on a sample along with heating specimens at a rate that 
exceeds 10000° C per second and stroke rates up to 2,000mm per 
second. This will make it possible to also investigate thermal cycling and 
fatigue at the same time. Residual stress measurements have been 
conducted at the synchrotron facility in Grenoble. The purpose has 
been to investigate the residual stresses that are present in LMwD built 
material and to verify a modelling model that has been developed at 
Luleå university of technology. More work is planned on this topic too. 
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Abstract. The focus of this work has been microstructure characterisation of Ti-6Al-4V 

manufactured by five different additive manufacturing (AM) processes. The microstructure 

features being characterised are the prior β size, grain boundary α and α lath thickness. It was 

found that material manufactured with powder bed fusion processes has smaller prior β grains 

than the material from directed energy deposition processes. The AM processes with fast 

cooling rate render in thinner α laths and also thinner, and in some cases discontinuous, grain 

boundary α. Furthermore, it has been observed that material manufactured with the directed 

energy deposition processes has parallel bands, except for one condition when the parameters 

were changed, while the powder bed fusion processes do not have any parallel bands.        

1. Introduction 

Additive manufacturing (AM) has emerged as a promising manufacturing process for components 

with complex geometries and low lot sizes. Many different AM processes for metals have been 

developed [1-7], having different characteristics. Directed energy deposition processes where wire is 

used are preferred when higher deposition rates are wanted while powder bed fusion processes are 

better for manufacturing of parts with higher complexity. Titanium has high affinity to oxygen and if 

not protected in inert atmosphere during manufacturing, this will create a brittle surface layer beneath 

the metal surface called alpha case [8], which may significantly reduce important mechanical 

properties. The high oxygen affinity makes the production process of titanium sponge complex, which 

is one of the reasons why titanium metal is more expensive than e.g. steel. Furthermore, when taking 

into consideration manufacturing of components, titanium parts become even more expensive in the 

sense that up to 80% [9] of the original titanium material is machined away when using conventional 

subtractive manufacturing processes. Additive manufacturing is therefore extra attractive when 

considering making titanium alloy components. Additive manufacturing takes place in inert 

atmospheres, usually in argon gas or in vacuum. The loss of expensive titanium metal during AM is 

low for all processes. For powder bed fusion processes the powder that is not melted during the build 

can be recycled over and over again, making the final usage up to almost 100%, compared to 

conventional subtractive manufacturing with buy-to-fly ratios as low as 20% [9]. The typical 

microstructure of additive manufactured titanium consists of columnar prior beta (β) grains (see 
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section 3.1 for examples of prior β grains) that grow epitaxially [4,10-11] across several layers. When 

cooling below the β transus temperature alpha () phase starts to form, first at the β grain boundaries 

and then, depending on cooling rate, the α phase grows along the β grain boundaries or into the β 

grains in a platelet form (see figure 1 for examples of grain boundary α and α laths). The extent of 

alpha phase at the prior β grain boundaries as well as the size and distribution of α laths inside the 

prior β grains depend on cooling rate [2,6,12-14]. Faster cooling rates render in less or no alpha phase 

at the prior β grain boundaries, whereas the size (length/thickness) of individual α laths decreases with 

increasing cooling rate. Parallel band morphology is sometimes found in AM materials and could 

easily be interpreted as the deposited layers, which is not the case. As discussed by Kelly et al. [15] the 

parallel bands are rather a macroscopic phenomenon that is dependent on peak temperature, time at 

peak temperature and cooling rate. The aim of this work is to present typical microstructures and 

quantitative results of selected microstructure features that are characteristic for Ti-6Al-4V material 

built with the five chosen AM processes. It should be pointed out that significant variation of 

microstructures can be achieved within each AM process by varying the process parameters. As an 

example of that, Ti-6Al-4V material was built with Laser Metal wire Deposition (LMwD) using two 

different process parameter settings (LMwD-0 and LMwD-2). 

 

 
Figure 1. An example of a Ti-6Al-4V microstructure where the white dotted lines show the grain 

boundary α and the white arrows examples of α laths. 

2. Method  

In this work, the microstructure in material built from five different AM processes have been 

characterised, regarding the prior β grain size, α lath thickness and grain boundary α. The chosen AM 

processes for this investigation are LMwD, where a laser is used as energy source and a wire for 

deposition of material. Two differently built batches of material from this AM process have been 

investigated, one in which each layer was deposited continuously (LMwD-0) and one which included 

a two minutes break between each added layer (LMwD-2). Laser Metal powder Deposition (LMpD) is 

also investigated here, which is an AM process where laser combined with blown powder is used. 

TIG-torch energy source combined with wire is yet another process that has also been included in this 

work and it is here called Shaped Metal Deposition (SMD). These three AM processes (LMwD, 

LMpD and SMD) belong to the directed energy deposition group of AM processes. Two powder bed 

fusion processes were also investigated - Electron Beam Melting (EBM), where an electron beam is 

used as energy source, and Selective Laser Melting (SLM), where a laser beam energy source is used. 

The SMD sample received a post heat treatment of 670 °C/2h, while the LMwD samples were 

exposed to 704 °C/2h. These heat treatments were performed for releasing stresses and do not affect 

the microstructure [16]. For the LMpD sample no post heat treatment was performed. The powder bed 

fusion materials were built using an EOS 290 machine (SLM) and an Arcam Q20 machine (EBM). 

None of the powder bed fusion materials where post build treated. In this work cross-sections 

perpendicular to the layers were characterised, i.e. cross sections across many layers. The sample 
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preparation was done according to conventional processes for titanium alloys. To reveal the 

microstructure, the samples were etched by Kroll’s etchant consisting of 92 ml distilled water, 6 ml 

HNO3 and 2 ml HF. The microstructure characterisation was done using a light optical microscope 

(LOM, Nikon Eclipse MA200) and its software (NIS Elements BR) and a stereomicroscope (Nikon 

SMZ1270).  

The prior β grain measurements were performed in accordance to ASTM 112-13 [17] and by using 

large image stitching in the LOM. However, in order to measure the prior β grain size accurately, 

before each measurement the prior β grain boundaries were carefully marked in the images at a higher 

magnification by using an image editing software (Photoshop CC 2015), with stereomicroscope 

images taken into consideration. In total 500 prior β grain size measurements were done per sample. 

The grain boundary α thickness was measured by using a grid tool in the LOM to avoid biased results 

and to obtain a more accurate average value of the thickness. A grid of squares (each square: 100x100 

µm) was applied in the live image and within squares having grain boundary α one measurement was 

conducted. In total 200 measurements per sample were carried out. 

The α laths were measured in five different areas on each sample; see illustrated location of the 

measurements in figure 2, denoted A-E in the EBM sample. In total 200 measurements per area were 

conducted, i.e. 1000 measurements per sample. 

 

3. Results and discussion 

3.1 Prior beta grains 

In figure 2 macroscopic LOM overview images of Ti-6Al-4V material built with the five different AM 

processes are shown. Two characteristic prior β grains have been indicated with white dotted lines in 

the LMwD-0 and SLM materials. In Figure 3 the result of the prior β grain size measurements are 

summarized. Here it can be seen that material from the powder bed fusion processes (EBM and SLM) 

have smaller prior β grain size than the material built using directed energy deposition processes 

(LMwD, LMpD and SMD). This is clear also when comparing the materials of EBM and SLM with 

e.g. LMwD and SMD in Figure 2.  

The prior β grain size is mainly determined by the time the material is exposed to temperatures above 

the β transus temperature. Normally the β transus temperature is around 995°C for Ti-6Al-4V, but the 

β transus temperature depends on the exact chemical composition of the alloy and can therefore vary 

between 970~1000°C [18]. Longer time and increased temperature above the β transus temperature 

lead to increased β grain size. Based on the findings in the present investigation it can be seen that the 

material built with the LMwD-0 and SMD processes have the largest prior β grains, whereas the 

materials from both powder bed fusion processes (EBM and SLM) show significantly smaller prior β 

grain size. It is thus evident that the materials built from LMwD-0 and SMD endure longer time above 

the β transus temperature compared to EBM and SLM. The reason for these differences are found in 

the different process setups (powder bed versus wire based deposition) and their distinct process 

parameters that influence the heat input. These differences then determine the cooling rate from above 

the β transus temperature and thus the prior β grain size.      
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Figure 2. Overview LOM images of the different macrostructures of the five AM processes. The 

white arrows show prior β grain boundaries (white dotted lines) and the letters A-E illustrate the 

location of the α lath measurements on all the samples. 

 
Figure 3. The prior β grain size in Ti-6Al-4V material built with five different AM processes. Overall 

the directed energy deposition based AM processes (LMwD, LMpD and SMD) have larger prior β 

grain sizes compared with material from the powder bed fusion processes (EBM and SLM). 
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3.2 Grain boundary alpha  

The result of the grain boundary α measurements can be seen in Table 1. The LMwD-0 material 

exhibits the thickest grain boundary α, followed by material from the powder bed fusion processes 

(EBM and SLM). Materials from LMwD-2 and SMD processes exhibit discontinuous grain boundary 

α with the average thickness less than one micrometer. Material from the LMpD process contains no 

grain boundary α and this is a result of the fast cooling of this AM process.   

 

           Table 1. Average and maximum thickness of grain boundary α 

  in Ti-6Al-4V material built with different AM processes. 

Name Avg.  grain boundary α Max grain boundary α 

LMwD-2 0.7 (discontinuous) ± 0.1 1.2 

LMwD-0 3.5 ± 1.4 7.7 

LMpD - - 

SMD 0.6 (discontinuous) ± 0.1 1.0 

EBM 2.9 ± 0.5 4.3 

SLM 2.6 ± 0.7 4.6 

 

3.3 Parallel bands 

In Figure 2 parallel bands can be seen in the SMD, LMwD-2 and LMpD material. These are 

characterised by their wavy texture, which can be compared to e.g. EBM and SLM that have no 

parallel bands. Others have reported parallel bands for LMpD [13], LMwD [15] and SMD [4] as well. 

In the present work, the regions in between bands contain  thicker α laths than regions within a band, 

where  thinner α laths dominate. The reason for this is that the region with coarser α laths is closer to 

the fusion zone of next deposited layer, which renders in some coarseing of the microstructure closest 

to the fusion zone. This corresponds well with the findings of Sandgren et al. [2].  

 

3.4 Alpha laths 

Figure 4 shows overview LOM images of the different microstructures found in material from the 

investigated AM processes. The microstructure in material built using the LMpD process is unclear 

and difficult to distinguish, which suggests a martensitic transformed microstructure. The 

microstructures in the SMD and LMwD-2 material are very similar and are basket weave types of 

microstructures. The same type of microstructure, but coarser, is also found in the powder bed fusion 

manufactured materials, i.e. for EBM and SLM. The microstructure in the LMwD-0 material shows 

colonies of α laths, i.e. several α laths oriented in parallel forming colonies. This indicates that the 

cooling rate below the β transus temperature was slower than in materials built with the other AM 

processes, and the microstructure of LMwD-0 equates to the Widmanstätten colony morphology. In 

figure 4 the thicknesses of the laths are clearly visible, except for the LMpD material. The appearance 

of the α lath thicknesses is supported by the measurements shown in Figure 5 where SMD has the 

thinnest α laths with an average thickness of 0.7 μm, followed by LMwD-2 (1 μm), SLM (1.5 μm), 

EBM (1.5 μm) and LMwD-0 (2.3 μm). Seifi et al. [6] investigated EBM Ti-6Al-4V material and found 

the α laths to be in the range of 1 to 1.2 µm. Rafi et al. [14] investigated the α laths of SLM Ti-6Al-4V 

material and determined the thickness to be in the range of 1 to 2 µm. These results correspond well 

with the results in the present work.  
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Figure 4. Overview of the different microstructures of the five AM- processes. SMD, EBM, LMwD-2 

and SLM have basket weave morphology, LMwD-0 Widmanstätten colony and LMpD martensitic 

morphology. 
 

Sandgren et al. [2] measured the α lath thickness to be 0.7 µm for their LMwD Ti-6Al-4V material, 

which corresponds well with the findings of Baufeld et al. [12], that found the corresponding thickness 

to be 0.6 µm. These results are close to the results found in the present work in the LMwD-2 Ti-6Al-

4V material (1 µm). In order to investigate if the size of α laths varies in different regions of AM 

materials, different regions were selected within the same AM material, as depicted schematically in 

the micrograph for the EBM material in figure 2. The results from these measurements, shown in 

figure 5, reveal that in most types of AM material the α lath thickness is quite constant, even though 

the standard deviation for some of the materials is large, especially for the LMwD-0 material.  

From the microstructural characterisation, it is possible to get an estimation of the mechanical 

properties of the different material. The α colony size is known to be the microstructural feature that is 

most important for the mechanical properties as it correlates with the slip length of the material [19]. 

Smaller α colonies render in higher strength and their size is somewhat correlating with the α lath and 

grain boundary α thickness, where the prior β grain set the boundary for how large the α colonies can 

become. Faster cooling rates decrease the size of the α colonies along with the thickness of the α laths 

and grain boundary α i.e. thinner α lath is closely linked to smaller α colonies. So, from the findings 

LMpD is estimated to have the highest strength of the here investigated material, while LMwD-0 is 

estimated to have the lowest. 
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Figure 5. The α lath thickness in micrometer of the different AM processes on the different areas A-E, 

from figure 2. The column Avg.  is the average of the five areas A-E. 

The thickness of the grain boundary α along with the α colony size affect the ductility of the material, 

where very high cooling rates i.e. small α colonies and thin/non-existent grain boundary α render in 

poor ductility. Very slow cooling rates do not lead to the best ductility either, the εmax is rather found at 

cooling rates of 100º C/min [19]. The cooling rates of the here investigated materials are above this 

rate which consequently results in that LMwD-0 is estimated to be the material with the highest 

ductility while LMpD should have the lowest. In between these two materials the mechanical 

properties of the other materials are most likely found by following the α lath thickness trend 

presented in this work.  

 

4. Conclusions 

In this work, materials manufactured with the powder bed fusion processes (EBM and SLM) have 

similar microstructures, i.e. prior β grain size, grain boundary α, and α lath size. The directed energy 

deposition processes (LMwD, LMpD and SMD) render in larger prior β grains than in material from 

the powder bed fusion processes. The parallel band phenomenon was present in materials from the 

SMD, LMpD and LMwD-2 processes, while non-existing in material from the LMwD-0, EBM and 

SLM built materials. Continuous manufacturing of Ti-6Al-4V material with the LMwD process, 

compared with introducing a 2 minutes holding time between each deposited layer, renders in 

significantly larger prior β grain size, thicker α phase layers in the prior β grain boundaries and thicker 

α laths.    
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Summary: The aim of this work has been to compare two different analysing methods; x-ray microtomography and 
light optical microscopy, when it comes to defects and microstructure of additively manufactured Ti-6Al-4V. The 
results show that both techniques have their pros and cons: microtomography is the preferred choice for defect detection 
by analysing the full 3D sample volume, while light optical microscopy is better for analysing finer details in 2D.   

1. INTRODUCTION 

Electron Beam Melting (EBM) is an Additive Manufacturing (AM) method that manufactures, through melting 
layer-by-layer of metallic powder with an electron beam, near net shaping products [1] with little material waste. 
Its high accuracy makes it attractive for several different applications, such as for example medical implants as 
well as for aerospace industry, where high complexity and functionality is normally required. Compared with 
most other conventional manufacturing equipment and methods, the EBM equipment is more expensive which has 
the effect that the actual material cost of the final component produced becomes a smaller part of the total part 
cost. This makes titanium alloys, which are normally more expensive than other metallic materials, to be attractive 
for use in such AM processes. Further reasons to use titanium is due to its good mechanical properties, having the 
same mechanical properties as some steel grades, while having half the density, thus giving titanium a high 
specific strength. Furthermore titanium also has good biocompatibility and great corrosion resistance. For cyclic 
loaded components manufactured with AM, defects such as pores and Lack Of Fusion (LOF) have previously 
been found to dramatically decrease important mechanical properties, such as fatigue strength. In order to 
understand where and why such defects form during additive manufacturing, cutting of material and 
metallographic cross-section investigations is normally performed. This way of examining built material is time 
consuming and, even more important, not completely accurate because of that only limited part of the built 
material is investigated. In addition, this examination method permanently destroys the material.  

2. EXPERIMENTAL METHOD 

X-ray microtomography (XMT) is a method for 3D imaging of a specimen, based on the density distribution in the 
material. During a scan, a large number of x-ray projection images are captured at equal angles as the sample 
makes one full rotation, and the full 3D-microstructure is reconstructed using tomographic reconstruction 
software.  
The experiments were performed using a LOM, Nikon eclipse MA200, and the XMT machine Zeiss Xradia 510 
Versa. The sample was manufactured using the Electron Beam Melting technique by Arcam using the powder size 
50 µm of Ti-6Al-4V. The sample diameter ranged from 6 to 10 mm, and the height was 30 mm. To obtain images 
for the LOM the sample first had to be cut into a cross-section perpendicular to the layers, then polished according 
to conventional methods and finally etched with Kroll’s etchant. For the microtomography no sample preparation 
was needed. The scanning was carried out with a field of view of 11.6 mm, and a spatial resolution of 11.3 μm.      

                                                             
* e-mail: magnus.neikter@ltu.se 
† e-mail: fredrik.forsberg@ltu.se 



3. RESULTS, DISCUSSION AND CONCLUSIONS  

In this work a small tungsten particle was detected in the XMT images, while being undetectable using the LOM, 
on the EBM sample. The tungsten particle should not be present in the build as this small, and detrimental, 
inclusion could be a crack initiation site.  In material science the microstructure is a very important as it 
determines the mechanical properties of the material. In AM the microstructure is hard to predict as it depends on 
both heating cycles and cooling rate, which for AM can be complex. In additively manufactured titanium prior 
beta grains grows epitaxially with a β <100> crystal growth [2-3] from one layer to another towards the heat 
source. Figure 1 shows two representations of these prior beta grains, captured using XMT (left) and etched LOM 
(right). XMT on one hand gives a full 3D representation, which is especially important when there are local 
variations in the sample that could stay undetected in a 2D representation.  The high spatial resolution in LOM on 
the other hand allows studies of much finer details, but restricted to 2D. XMT usually do not require any sample 
preparation, compared to for example LOM, where the sample first has to be cut, polished throughout many 
grinding steps and finally etched.  
Both XMT and LOM have their positive and negative sides, and the best way forward is probably to use them 
complementary and get the best aspects from both.  The fact that XMT scanning is non-destructive allows us to do 
just that. First scan the entire batch of samples with XMT at a spatial scale that gives sufficient resolution for 
identification of the features of interest, and still with scanning times that are acceptable. From the complete 3D 
XMT data it should be possible to identify certain regions of interest, where one can cut and prepare the sample 
for a more thorough high-resolution study using LOM.  
 
 

	  

Figure 1: 3D visualization of the prior beta grains in an AM sample, captured using XMT  (left), and an etched optical 
microscopy image (right) 
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Abstract: In this work, the microstructures of Ti-6Al-4V manufactured by different additive 
manufacturing (AM) processes have been characterized and compared. The microstructural features that 
were characterized are the α lath thickness, grain boundary α (GB-α) thickness, prior β grain size and α 
colony size. In addition, the microhardnesses were also measured and compared. The microstructure of 
shaped metal deposited (SMD) Ti-6Al-4V material showed the smallest variations in α lath size, whereas 
the material manufactured with laser metal wire deposition-0 (LMwD-0) showed the largest variation. 
The prior β grain size was found to be smaller in material manufactured with powder bed fusion (PBF) 
as compared with corresponding material manufactured with the directed energy deposition (DED) 
processes. Parallel bands were only observed in materials manufactured with DED processes while 
being non-present in material manufactured with PBF processes.  
 
Keywords: Additive manufacturing; shaped metal deposition; selective laser melting; electron beam 
melting; laser metal wire/powder deposition; Ti-6Al-4V 

 
1. Introduction 
The alloy Ti-6Al-4V is the most widely used titanium alloy within the aerospace industry. This is due 
to its high specific strength, good corrosion resistance and fatigue strength [1]. It is a relatively expensive 
alloy and in conventional subtractive machining typically more than 80% or more of the material itself, 
is machined off in order to reach the final component geometry [2]. This is one reason for why AM has 
become an interesting alternative manufacturing process, because AM offers potentially more near net 
shape components with low buy-to-fly ratio [3].  
Upon cooling titanium from its melting temperature, 1670º C, the melt solidifies into β phase (BCC 
structure) [1] and β grains start to form. The β grains of additively manufactured Ti-6Al-4V are typically 
columnar shaped and grow epitaxially, perpendicular to the deposited layers [4-10], due to thermal 
gradients from the heat source [11,12]. When the temperature drops below the β transus temperature, 
which is 995° C for titanium, the β phase starts to transform into α phase (HCP structure) following the 
Burgers relationship  {0001}α||{110}β, <1120>α||<111>β [1,13,14]. For cooling rates typically found in 
the AM processes of this work the α phase nucleates at the prior β grain boundaries. In some AM 
materials the α phase forms grain boundary α (GB-α) whereas in other AM materials the α phase mainly 
grows within the prior β grains as laths. When a number of these laths grow in parallell direction they 
form so called ‘α colonies’.  

If the cooling rate is too fast for a complete α colony structure to form, the nucleation of α phase 
simultaneously occurrs both within the prior β grains and at the prior β grain boundaries. When α laths 
growing from both these locations meet each other, a ‘basket weave’ type of microstructure forms. For 
very high cooling rates also diffusion less martensitic transformation has been observed in some AM 
materials. Cooling rate is here important as it determines the diffusion controlled α phase growth, both 
for the GB-α and the α laths. In the present AM processes, the α transforms into α laths arranged in 
Widmanstätten or basket weave morphology (in one case martensite).  

Today several different AM processes exist, and they all have in common that they add layer on layer 
to form the wanted geometry by using an energy source (that could either by laser, electron beam or an 
electric arc) to melt the added material (that could be in powder or wire form). Each combination of 
energy source and material form renders in process specific thermal histories in the built material that 
consequently leads to unique microstructures and mechanical properties. To date, most published 
research found in open literature has focused on materials manufactured with single AM processes and 
only limited work has compared results from different AM processes. In this work materials 
manufactured with three DED processes and two PBF processes were compared. The DED processes 



comprise 1a) melting wire continuously with laser, i.e. without any temporal pause between each layer 
(LMwD-0), 1b) same as in 1a) but with 2 minutes pause between each layer deposition (LMwD-2), 2) 
melting blown powder using laser as an energy source (laser metal powder deposition LMpD) and 3) 
melting wire with a TIG-torch (shape metal deposition, SMD). Materials manufactured with two PBF 
processes were also involved in this work, namely 4) melting powder bed with an electron beam 
(electron beam melting, EBM) and 5) melting powder bed with laser (selective laser melting, SLM). It 
should be pointed out that the variation of process parameters within each AM process itself can lead to 
significant changes of the microstructures, which is exemplified in the present work by the materials 
from the LMwD-0 and LMwD-2 processes, respectively. The intention of the present work is not to 
present a complete map of all microstructures that can possibly form in the here investigated AM 
processes, but rather to show the typical microstructures achieved in each AM process for this specific 
titanium alloy when using realistic process build parameters. 

 
2. Experimental method 
The SLM samples were built with an EOS 290 and the EBM samples with an Arcam Q20 machine.  
These PBF samples (SLM and EBM) were “as built” without any post built treatment. The LMwD 
samples received a post weld heat treatment at a temperature of 704 °C for two hours, while for SMD 
the corresponding heat treatment temperature was kept at 670° C. The reason for these post heat 
treatments was to release residual stresses, and the heat treatments are not believed to affect the 
microstructure  [8,15]. For LMpD no post built heat treatment was performed. The microstructures of 
the samples were analyzed by light optical microscope (LOM, Nikon eclipse MA200), stereomicroscope 
(Nikon SMZ1270) and scanning electron microscope (SEM, Jeol IT300LV). The SEM is equipped with 
an electron back scatter detector (EBSD, Oxford Nordlys Max3 detector), and the acceleration voltage 
was set to 25 kV to obtain sufficient interaction volume. The step size used was 1.5 µm along with a 
magnification of 200 times to cover a broad area. The data was then presented as inverse pole figure 
(IPF) maps that were colored relative to the build direction. The samples were polished according to 
conventional methods for titanium alloys and etched by Kroll’s etchant according to the ASTM Standard 
E 407 (192). Prior to EBSD the samples were electrolytically polished for 18 seconds with 20 V, 
followed by 3 seconds etching with 14 V, both steps were performed with Struers A3 solution.  

     The measurements of the prior β grains were performed in accordance to the ASTM 112-3 
standard and in two directions on all samples, parallel and perpendicular to the direction of the layers. 
The thickness measurements of the GB-α and α laths were performed using LOM and the software NIS 
Elements BR. The GB-α thickness was measured on 200 locations at the samples perpendicular to the 
layers. The α laths were measured 200 times on each area A-E as illustrated in Figure 1, both parallel 
and perpendicular to the layers. Hardness measurements (Vickers) were carried out on all samples 
perpendicular to the layers with a Matsuzawa MXT-α microhardness tester. The hardness was measured 
at room temperature at a load of 300g. Each layer was measured 5 times, and the average values are 
presented. The hardness indentions were spaced at least 4 diameters [16] apart from one another, to not 
induce hardening effects. The dotted straight white lines on LMwD-2 in Figure 1 show typical hardness 
indentations.  

 
3. Results and discussion 
Figure 1 and 2 show macroscopic overviews of the material perpendicular (Figure 1) and parallel (Figure 
2) to the layers of each type of AM process. During cooling the β grain solidification direction follows 
the temperature gradient. This is the reason for the elongated columnar β grains that were seen in all 
investigated AM materials, see the dotted lines for the EBM, LMpD and LMwD-0 material in Figure 2. 
The sizes of these β grains varied, however, with process dependent variables, such as  heat input, time 
at high temperatures, and cooling rates. Because almost all β phase in the Ti-6Al-4V alloy transforms 
into α phase at lower temperature, the designation ‘β grain’ is henceforth referred to as ‘prior β grain’. 

In Figure 3 the microstructures of the 6 AM materials in this work are shown in higher magnification. 
Here the martensitic nature of LMpD is evident as well as the different α lath thicknesses of the 
microstructures. In LMwD-0 the colony morphology is clear with ordered α laths, while for SMD, EBM, 
SLM and LMwD-2 the basket weave type of microstructure dominates, where the intertwined α laths 
are the characterisitic feature. 

 



 
Figure 1. Macroscopic images perpendicular to the layers of Ti-6Al-4V built with different AM processes. Area A-E in 
SLM presents where the α laths were measured. The straight white lines in LMwD-2 illustrate where the hardness 
indentations were performed. The dotted lines in EBM, LMpD and LMwD-0 indicate the prior β grains. The dotted 
lines in SMD indicates the parallel bands. 

 
3.1. Prior beta grain morphology 

The size of the columnar prior β grains is mainly determined by the dwell time between the liquidus and 
β transus temperature (995° C for Ti-6Al-4V), rather than the cooling rate which is the case for the other 
microstructural features like α laths and GB-α [1,17,18]. The prior β grains can be seen in all the AM 
materials, although their sizes vary. The quantitative analysis of the measured prior β grain size in each 
type of AM material is summarized in Table 1. However, it was difficult to clearly distinguish the prior 
β grain boundaries in SMD, LMwD-2 and LMpD materials because of formation of parallel bands. The 
prior β grain size in PBF material was significantly smaller compared to that in material from the DED 
processes. In Figure 2 macroscopic overviews parallel to the layers can be seen. Here the prior β grain 
boundaries have been indicated with white dots. 
 

 
Name Perpendicular Parallel Mean intercept GB-α Max GB-α 
LMwD-2 354 ± 21 479 ± 29 433 0.7 (discont.) ± 0.1 1.2 
LMwD-0 545 ± 21 376 ± 5 453 3.5 ± 1.4 7.7 

LMpD 215 ± 23 189 ± 5 202 - - 
SMD 516 ± 48 503 ± 24 510 0.6 (discont.) ± 0.1 1.0 
EBM 97 ± 2 90 ± 2 93 2.9 ± 0.5 4.3 
SLM 87 ± 10 86 ± 11 87 2.6 ± 0.7 4.6 

Table 1. Average prior β grain size (µm) measured according to the ASTM 112-3 standard followed by mean 
intercept, GB-α and max GB-α sizes, each measured 200 times. All sizes are in microns. Discontinuous (discont.) 
signifies that the GB-α is not continuously distributed along the prior β grains boundary. 

 
 
 



 
Figure 2. Macroscopic images parallel to the layers of Ti-6Al-4V built with different AM processes i.e. the build direction 
is perpendicular to the plane of the paper. The dotted lines indicate the prior β grain boundaries. 

 
As seen in Table 1 the AM process having the largest prior β grains is SMD (510 µm) followed by 

LMwD-0 (453 µm), LMwD-2 (433 µm), LMpD (202 µm), EBM (93 µm) and SLM (87 µm). Sandgren 
et al. [6] reported that for LMwD the prior β grain size ranged from 0.2 to 4 mm in width, correlating 
well with the present work where the width of 0.4 mm was measured. For EBM, Lancaster et al. [12] 
reported a prior β width of 246 µm, which is more than twice the width found in the present work. Heat 
treatments performed on SLM showed that if the heat treatment is performed above the β transus 
temperature then the columnar β grains grow dramatically and form large semi-equiaxed prior β grains 
[19]. Simonelli et al. [10] characterized the microstructure for SLM produced with a Renishaw 250 
machine and measured the prior β width to 103 ± 32 μm, which is similar to what is found in the present 
work.  

It should be pointed out though, that these comparisons are tricky as many process parameters 
influence the final microstructure. Another uncertainty in these kinds of quantitative measurements is 
the statistical reliability. In materials consisting of coarse prior β grains only a limited number of prior 
β grains will fit in an examined cross section, compared to material with smaller prior β grains, thus 
rendering in less statistical data and most likely also a larger scatter. In addition, in some AM materials 
the prior β grain boundaries are not always easy to distinguish in LOM, often making grain boundary 
location subjective. This could be an explanation for the larger variance between the measurements 
perpendicular and parallel to the layers, when comparing the two LMwD built materials, see Table 1.  

Regarding the existence of α phase in the prior β grain boundaries, as seen in Table 1, it was most 
pronounced in the continuously built LMwD material, followed by EBM material and SLM material. In 
materials from LMwD-2 and SMD only fractions of GB-α were found, and in the LMpD material no α 
phase existed in the prior β grain boundaries.  

 
 
 



3.2. Layer bands 
As discussed by Kelly et al. [20] a phenomenon called parallel bands, or layer bands, can be found in 
material manufactured with AM processes that expose the built material to a specific combination of 
peak temperature, time at peak temperature and cooling rate. Sandgren [6] et al. measured layer bands 
for LMpD and reported their size to be between 300 to 800 µm. Kelly et al. [20] observed a size of 165 
µm for LMwD. In the present work corresponding sizes were measured to be approximatelly 370 and 
850 µm for LMpD and LMwD-2 respectively, while for SMD it was 550 µm. Kelly et al. [20] and 
Sandgren et al. [6] found these layer bands for LMwD, Baufeld et al. [8] and F. Wang et al. [21] found 
these for SMD, while Zhai et al. [22] observed it for LMpD. In Figure 1 the layer bands for LMpD, 
SMD and LMwD-2 can be distinguished through their wavy texture and for SMD . In accordance with 
the findings of Kelly et al. the present work found Widmansätten in the layers and a basketweave 
morphology between the layers in materials from LMpD, LMwD-2 and SMD. 

 
3.3. Alpha phase in prior beta grain boundaries 

The influence of GB-α on microhardness is negligible; however, it affects other important mechanical 
properties, such as fracture toughness [23], and it is therefore important to understand under what 
circumstances the GB-α forms and grows, especially when considering developing AM of Ti-6Al-4V 
for load bearing high performing components.  
     Alpha phase in the prior β grain boundaries was found in materials produced with several of the 
investigated AM processes, and the measured average thicknesses of these are summarized in Table 1. 
The typical appearance of GB-α is shown in Figure 6 for the EBM material, where the white arrows 
indicates some GB-α. Material deposited with LMwD-0 was found to have the thickest GB-α (3.5 µm), 
followed by EBM material (2.9 µm), SLM (2.6 µm), LMwD-2 (0.7 µm), SMD (0.6 µm) and LMpD (0 
µm). The thickness and amount of GB-α is mainly determined by the cooling rate. For higher cooling 
rates, less GB-α is formed and in the case of slow cooling continuous thick GB-α is formed [24]. For 
LMpD the cooling rates are fast enough for martensitic transformation to occur, thus no GB-α is formed 
at all. It is also noteworthy that in material built with SMD and LMwD-2 the GB-α is discontinuous, 
meaning that the GB-α only have limited time to nucleate and grow while for materials produced with 
the other AM processes the GB-α had longer time to grow and therefore also found to be continuously 
distributed along the prior β grain boundaries.  
 

3.4. Alpha lath thickness 
In Figure 3 examples of α laths are marked with dotted lines and arrows. In each type of AM material, 
the α lath thickness was measured on five different areas (A-E), see Figure 1, to obtain a good 
representative average. These results are presented in Table 2. Here it can be observed that the thickness 
of α laths was smallest in SMD material (0.7 µm) followed by LMwD-2 material (0.9 µm), SLM material 
(1.5 µm), EBM material (1.7 µm), and LMwD-0 material (2.1 µm). Because of the martensitic 
microstructure in the material produced with LMpD no α laths were found. The material produced with 
LMwD-0 showed the largest scatter in α lath thickness. Based on the measurements and the micrographs 
shown in Figure 3 the material produced with SMD exhibited smallest thickness of α laths and lowest 
variation. However, the α lath thicknesses parallel and perpendicular to the layers were effectively the 
same when considering the well-known statistical rule; anything less than three times the standard 
deviation is insignificant difference. 

 
 Parallel (µm) Perpendicular (µm) Reference (µm) 
LMwD-2 0.9 ± 0.3 1.0 ± 0.2 0.6 [25] 
LMwD-0 2.3 ± 1.0 1.9 ± 0.8 0.6 [25] 
LMpD - - - 
SMD 0.7 ± 0.1 0.8 ± 0.2 0.6 [25] 
EBM 2.0 ± 0.6 1.5 ± 0.4 0.8-1.9   [12,24,26] 
SLM 1.5 ± 0.5 1.5 ± 0.5 1-2  [4,19] 

Table 2. Average α lath thickness and standard deviation in µm for the six AM materials parallel and perpendicular 
to the layers. In the reference column reported measurements of the AM materials are shown.  



 

 
Figure 3. Overview of the microstructures of the different AM-processes. Showing the basket weave microstructures of 
EBM, SLM, SMD and LMwD-2. The martensitic microstructure of LMpD and the Widmanstätten colony morphology 
of LMwD-0. The dotted black lines and the arrows in EBM and LMwD-0 show examples of α laths. The white dots in 
LMwD-0 indicate α colonies.  

 
     In literature, the α lath thicknesses in Ti-6Al-4V material produced with different AM processes have 
been reported to be as follows:  Baufeld et al. [25] found that the α lath thickness was about 0.6 µm for 
LMwD, which corresponds well with the present results of LMwD-2. Lancaster et al. [12] found that 
the α lath thickness was 0.79 µm for EBM, while in the work of Seifi et al. [26] the α lath thickness was 
between 1 to 1.2 µm (for the EBM machines A2 and A2X respectively). Formanoir et al. [24] measured 
the α lath thickness in samples from an A2 machine, finding it to be 1.9 µm in as built material. The as 
built material from the EBM process that was characterized in the present work correlates best with the 
findings of Formanoir et al. For Ti-6Al-4V material produced with the SLM process Rafi et al. [4] 
reported that the α laths had a thickness of 1 to 2 µm. This is corresponding well to the result of Vrancken 
[19] that investigated how the cooling rate affected the microstructure in SLM produced material when 
the material was heated  to 850° C and 950° C then held there at 2 hours followed by different cooling 
rates. After furnace cooling from 850° C and 950° C the α laths were measured to be 1.27 ± 0.13 and 
2.23 ± 0.12 respectively. After air cooling the α lath sizes were 1.22 ± 0.09 and 1.57 ± 0.21, respectively 
and after quenching with water 1.16 ± 0.13 and 1.48 ± 0.14 µm, respectively. From these heat treatments 
it could be concluded that the α lath thickness depends on cooling rate at temperatures closer to the 
transus temperature, rather than at temperatures in the vicinity of 850° C. This is furthermore explained 
by the high temperature x-ray diffraction experiment performed by Pederson et al. [27] showing how 
the α phase content decreases at higher temperature, increasing the effect of cooling rate and allowing α 
laths to grow larger. In the present work the as built SLM material consisted of α laths with an average 
size of 1.5 ± 0.5 µm.  

In the scientific community, there are numerous publications reporting about the microstructure in 
materials produced with different AM processes. E.g. Seifi et al. [26] reported the main microstructure 
of EBM material to be basket weave while Murr et al. [28] reported martensite and β phase intermixed 
with refined acicular α. One reason for this discrepancy is that different process parameters have a 
significant influence on the microstructure formed in as built material. This was also clearly shown in 
the present work where material produced with LMwD, with and without a 2 minutes stop between each 
added layer, resulted in significantly different microstructures, see Figures 1 and 3. The two-minute stop 
between each layer leaves the deposit to cool to a much lower temperature before the next layer is 



deposited. This renders in a higher cooling rate of the next layer deposit, as compared with what would 
be the case in continuously built LMwD material. Higher cooling rate renders in smaller α lath size and 
increased hardness, as seen in Figure 4. Based on this it can be concluded that the process parameters 
are of importance when determining/designing the microstructure in the as built material and therefore 
also the mechanical properties. Even if post built treatments are performed on material after deposition, 
such as HIP and/or various types of normalization heat treatments, these post processing treatments will 
only change the as built microstructure to a limited extent. Therefore, the as built condition including 
the as received microstructure is important because it limits the final mechanical properties of AM 
material.  

Having a TIG torch as energy source with large input energy could easily lead to the belief that SMD 
should have thick α laths and large prior β grains, but in the present work SMD proved to have one of 
the thinnest α laths combined with largest prior β grains. This is furthermore supported by Baufeld et al. 
[8,15] that also made measurements of SMD and found the average α lath size to be 0.6 µm. 
Furthermore, in their work the influence of post heat treatment was evaluated for SMD and LMD at 
843°C and 600°C, respectively, and Baufeld et al. did not report any coarsening of the microstructures. 
This is in the same temperature range as in the current work, supporting our assertion that the post heat 
treatments in the present work do not coarsen the microstructure.  

The GB-α is just as the α laths dependent on the cooling rate and this correlation is well presented in 
the findings where the AM processes having smaller α laths, i.e. higher cooling rates, also have less 
amount of GB-α. Its noteworthy though, that it is possible to obtain thick GB-α along with fine α laths 
as GB-α is mainly formed near the transus temperature. So, if forced cooling is performed after a longer 
dwell time near the transus temperature, this combination is possible to obtain.  

 
3.5. Hardness 

Figure 4 shows the microhardness results for the different AM Ti-6Al-4V materials. The microhardness 
was measured across each prepared sample. The designation “distance” on the x-axis in Figure 4 refers 
to the distance when moving from one end of the samples to the other. The direction across each sample 
was perpendicular to the deposited layers. The microstructure varies within each single layer which 
explains the wave-formed hardness variation observed in Figure 4. Each data point in Figure 4 is the 
average value out of five measurements, and the standard deviation for each average value is also 
included in the figure. Based on these average values it can be derived that the material deposited with 
LMpD was hardest (385 HV), then followed by SMD material (378 HV), LMwD-2 material (364 HV), 
SLM material (342 HV), EBM material (337 HV) and LMwD-0 material (323 HV). The hardness of 
LMpD Ti-6Al-4V material has been reported [22] to be 345 HV, which is ~40 HV lower than reported 
in this work. The here investigated LMpD material is in as-built condition, whereas for the material in 
[22] was post heat treatment at 760°C for one hour. For SMD Baufeld et al. [8] reported an average 
hardness value of 324 HV, being 50 HV softer than the SMD material evaluated here. Brandl et al. [15] 
investigated as built LMwD material and found it to be 355 HV. An additional heat treatment at 843 °C 
for 2 hours was also performed on their material which was found to have negligible influence on the 
hardness (356 HV). In addition, they also performed hardness profiles from the top to the bottom of the 
built material, where the hardness at the top of the wall was found to be slightly higher and decreasing 
when going down in the wall to earlier deposited layers. The LMwD material investigated here was post 
built treated with a similar heat treatment and found to render in similar hardness as reported by Brandl 
et al.  

Average hardness for SLM Ti-6Al-4V material has been reported in [29] to be 395 HV which is 53 
HV higher than what was found in the present work. Worth noticing is that even though SMD Ti-6Al-
4V material have the coarsest prior β grain size of all investigated AM materials, the α lath size was 
found to be among the smallest in this work and hence the microhardness of this material was found to 
be among the highest (second after LMpD). The SMD process is normally used in manufacturing when 
high deposition rates are important, such as kilograms per hour of deposited material. In practice, this 
means large energy input during deposition and therefore only limited cooling rates are possible to 
achieve in material built with this AM process.  

The high energy input is as well reflected in the investigated SMD material through the measured 
coarse prior β grains size, see Table 1. At the same time, the α laths thickness inside the prior β grains 
in the SMD material was found to be smaller compared to most of the other AM materials, indicating a 



relatively fast cooling rate from the β transus temperature, compared to the other AM processes. In 
addition, the observed discontinuous α phase in the prior β grain boundaries is also a strong indication 
of that a relatively fast cooling from the β transus temperature occurred. 

In summary, it is clear from Figure 4 that the microhardness in different AM Ti-6Al-4V materials 
varies significantly depending on AM process used.  

In addition, the microhardness within the same build also varies, even within one layer the hardness 
varies. Since hardness is defined as resistance to plastic deformation, the present microhardness data 
also indicates how the strength of the different AM materials would be, both regarding materials 
produced with different AM processes, and regarding material manufactured with the same process but 
with different process parameters.  

  
Figure 4. Micro hardness profiles of the here investigated additive manufacture Ti-6Al-4V materials. 

 
3.6. Alpha colony size  

According to the Burgers relationship three α variants can be formed from each of the four <111>β 

directions, amounting to twelve different variants [24]. When several α laths have the same variant they 
form α colonies, and the size of these colonies is considered to be the single most important 
microstructural feature with regard to mechanical properties, where smaller α colonies generally render 
in improved mechanical properties [13,23].  

In Figure 5 IPF maps are shown for the DED and PBF processes parallel to the layers. As these IPF 
maps reveal each individual α lath crystallographic orientation in one and the same color it is thereby 
possible to distinguish the α colony size. In LOM, as can be seen in Figure 3, it is also possible to 
distinguish α colonies e.g. for LMwD-0 (see the white dots that indicate α colonies). However, for the 
basket weave morphologies were the α laths are intertwined, the α colony boarders are not that easy to 
distinguish; thus EBSD is superior over LOM when it comes to α colony determination.  

When comparing the IPF maps of the DED processes in Figure 5, it is evident that SMD and LMwD-
2 materials have significantly finer microstructure than LMwD-0 material, which corresponds well with 
the findings by LOM. Furthermore, it can also be concluded that the α colony size in LMwD-0 material 
is coarser than in SMD and LMwD-2 materials. When comparing the IPF maps of SMD with LMwD-2 
it seems like SMD has a microstructure that is even more intertwined than in LMwD-2 material.  

 



 
Figure 5. IPF maps revealing the crystallographic orientation of microstructures in Ti-6Al-4V material manufactured 
with the DED and PBF processes. Images are taken parallel to the deposition layers. 

 
For the PBF processes and LMpD the prior β grains are smaller than the wire based DED processes, 

thus it is possible to see the “circular” shaped prior β grains for these processes in Figure 5. Here the 
very fine martensitic microstructure of LMpD is also evident when comparing with the other processes. 
Figure 6 shows the IPF maps of the PBF manufactured materials together with corresponding LOM 
micrographs (right side). From the previous measurements of α lath and GB-α thickness and prior β size 
it can be concluded that the two PBF processes have seemingly the same microstructure. But by 
comparing the two IPF maps of the PBF processes with one another it is evident that the shape of the 
prior β grains of EBM and SLM differs. The EBM process results in more elongated prior β grains, 
where the GB-α clearly distinguishes the borders, if compared to the SLM processes. The IPF maps for 
SLM parallel and perpendicular to the layers look seemingly the same, supporting the findings of the 
prior β grains in Figure 1 and Figure 2, that the prior β grains do not have elongated columnar shape. 
By comparing the IPF map of EBM and SLM in Figure 5 it also seems like the α colony size is slightly 
larger for EBM than for SLM and that the basket weave morphology in SLM is more intertwined.    

 



 
Figure 6. IPF maps of the PBF manufacture Ti-6Al-4V materials, where the arrows indicate the build direction. To the 
right corresponding LOM images are shown. The white arrows in EBM show examples of GB-α. 

 
Figure 7 shows the IPF maps for SMD and LMpD manufactured materials along with corresponding 

LOM images. Because of the coarse prior β grains found in the SMD manufactured material, the IPF 
map and micrograph of the SMD material in Figure 7 only cover part of an area within one single prior 
β grain and therefore no prior β grain boundaries are seen. In Figure 8 the IPF maps of the LMwD 
manufactured materials and corresponding LOM images are shown. The basket weave morphology in 
both perpendicular and parallel direction is seemingly the same in LMwD-2 material. LMwD-0 material 
has larger colony size than LMwD-2 material.  

 

 
Figure 7. IPF maps of SMD and LMpD Ti-6Al-4V materials, where the arrows indicate the build direction. To the 

right corresponding LOM images are shown. 
 



 
Figure 8. IPF maps of LMwD Ti-6Al-4V materials, where the arrows indicate the build direction. To the right 
corresponding LOM images are shown. 

 
 
The α colony size is, just as the GB-α and α lath thickness, dependent on the cooling from the β 

transus temperature. Fast cooling renders in smaller α colonies, and vice versa [23]. This was confirmed 
in the present work where the microstructure of LMwD-0 material contained thicker α laths, more 
pronounced GB-α, and also larger α colonies, than in the LMwD-2 material. It is important to remember 
that the size of the prior β grains also sets the boundaries of the maximum α colony size. An α colony 
cannot be larger than its parent β grain, and the β grain is not directly linked to the cooling rate.  

 
4. Conclusions 
The main objective of this work was to characterize and compare the microstructures and hardness in 
Ti-6Al-4V material produced with five different additive manufacturing processes and the conclusions 
are the following ones: 
 

• The prior β grain size was largest in the material built with SMD.  
• SMD material, together with the LMpD material, were found to have the highest microhardness.  
• For materials manufactured with LMwD it was found that by introducing a 2 minutes break 

between each layer deposition, as oppose to a continuous deposition, a significant finer overall 
microstructure forms.  

• Alpha phase in the prior β grain boundaries was found to increase in AM materials with 
decreased cooling rate, being most pronounced in the continuously built LMwD material, 
whereas no GB-α existed in the LMpD material. 

• The microstructure of SLM material had a somewhat finer intertwined microstructure and less 
elongated prior β grains than EBM.  

• LMwD-0 had the largest α colonies out of the investigated wire DED processes, followed by 
LMwD-2 and SMD. SLM seemed to have smaller α colonies than EBM, while LMpD had 
smaller α colonies than both the PBF processes. 

• Even if AM process parameters were kept constant during manufacturing it can be concluded 
that significant variations of microstructure and microhardness occurred within the same build.  

  
 
 



 
5. Acknowledgement 
The author wants to acknowledge the students Gabriel Diaz Gonzáles and Viktor Sandell for their 
dedicated work during parts of this project. Finally, the author would like to show his appreciation to 
GKN-Aerospace for their continuous support.  The financial support from “Nationellt rymdtekniskt 
forskningsprogram” (NRFP), the EU funded “Space for innovation and growth” (RIT) and the 
“Graduate School of Space Technology” at Luleå University of Technology is also greatly appreciated. 
 
6. References 

[1]Lütjering G, Williams JC. Titanium. Second ed.: Springer; 20079783540713975. 
[2]Gibson I, Rosen DW, Stucker B. Additive manufacturing technologies. : Springer; 2010. 
[3]Klahn C, Leutenecker B, Meboldt M. Design for Additive Manufacturing–Supporting the 

substitution of components in series products. Procedia CIRP 2014;21:138-143. 
[4]Rafi HK, Karthik NV, Gong H, Starr TL, Stucker BE. Microstructures and mechanical properties 

of Ti6Al4V parts fabricated by selective laser melting and electron beam melting. Journal of Materials 
Engineering and Performance 2013;22(12):3872-3883. 

[5]Zhao X, Li S, Zhang M, Liu Y, Sercombe TB, Wang S, et al. Comparison of the microstructures 
and mechanical properties of Ti–6Al–4V fabricated by selective laser melting and electron beam 
melting. Mater Des 2016;95:21-31. 

[6]Sandgren HR, Zhai Y, Lados DA, Shade PA, Schuren JC, Groeber MA, et al. Characterization of 
fatigue crack growth behavior in LENS fabricated Ti-6Al-4V using high-energy synchrotron x-ray 
microtomography. Additive Manufacturing 2016;12:132-141. 

[7]Bian L, Thompson SM, Shamsaei N. Mechanical properties and microstructural features of direct 
laser-deposited Ti-6Al-4V. JOM 2015;67(3):629-638. 

[8]Baufeld B, Biest Ovd, Gault R. Microstructure of Ti-6Al-4V specimens produced by shaped metal 
deposition. International Journal of Materials Research 2009;100(11):1536-1542. 

[9]Åkerfeldt P, Antti M, Pederson R. Influence of microstructure on mechanical properties of laser 
metal wire-deposited Ti-6Al-4V. Materials Science and Engineering: A 2016;674:428-437. 

[10]Simonelli M, Tse YY, Tuck C. On the texture formation of selective laser melted Ti-6Al-4V. 
Metallurgical and Materials Transactions A 2014;45(6):2863-2872. 

[11]Antonysamy AA, Meyer J, Prangnell PB. Effect of build geometry on the β-grain structure and 
texture in additive manufacture of Ti 6Al 4V by selective electron beam melting. Mater Charact 
2013;84:153-168. 

[12]Lancaster R, Davies G, Illsley H, Jeffs S, Baxter G. Structural integrity of an electron beam 
melted titanium alloy. Materials 2016;9(6):470. 

[13]Al-Bermani SS, Blackmore ML, Zhang W, Todd I. The origin of microstructural diversity, 
texture, and mechanical properties in electron beam melted Ti-6Al-4V. Metallurgical and materials 
transactions a 2010;41(13):3422-3434. 

[14]Sridharan N, Chaudhary A, Nandwana P, Babu SS. Texture Evolution During Laser Direct Metal 
Deposition of Ti-6Al-4V. JOM 2016;68(3):772-777. 

[15]Brandl E, Baufeld B, Leyens C, Gault R. Additive manufactured Ti-6Al-4V using welding wire: 
comparison of laser and arc beam deposition and evaluation with respect to aerospace material 
specifications. Physics Procedia 2010;5:595-606. 

[16]Pope JE, Pope E. Rule of thumb for mechanical engineers—A manual of quick, accurate 
solutions to everyday mechanical engineering problems. : Gulf Publishing Company, Houston, Texas. 
Google Scholar; 1997. 

[17]Stanford N, Bate PS. Crystallographic variant selection in Ti–6Al–4V. Acta Materialia 
2004;52(17):5215-5224. 

[18]Tiley J, Searles T, Lee E, Kar S, Banerjee R, Russ JC, et al. Quantification of microstructural 
features in α/β titanium alloys. Materials Science and Engineering: A 2004;372(1):191-198. 

[19]Vrancken B, Thijs L, Kruth J, Van Humbeeck J. Heat treatment of Ti6Al4V produced by 
Selective Laser Melting: Microstructure and mechanical properties. J Alloys Compounds 2012;541:177-
185. 

[20]Kelly SM, Kampe SL. Microstructural evolution in laser-deposited multilayer Ti-6Al-4V builds: 
Part I. Microstructural characterization. Metallurgical and Materials Transactions 2004;35(6):1861. 



[21]Wang F, Williams S, Colegrove P, Antonysamy AA. Microstructure and mechanical properties 
of wire and arc additive manufactured Ti-6Al-4V. Metallurgical and Materials Transactions A 
2013;44(2):968-977. 

[22]Zhai Y, Lados DA, Brown EJ, Vigilante GN. Fatigue crack growth behavior and microstructural 
mechanisms in Ti-6Al-4V manufactured by laser engineered net shaping. Int J Fatigue 2016;93:51-63. 

[23]Lütjering G. Influence of processing on microstructure and mechanical properties of (α β) 
titanium alloys. Materials Science and Engineering: A 1998;243(1):32-45. 

[24]de Formanoir C, Michotte S, Rigo O, Germain L, Godet S. Electron beam melted Ti–6Al–4V: 
Microstructure, texture and mechanical behavior of the as-built and heat-treated material. Materials 
Science and Engineering: A 2016;652:105-119. 

[25]Baufeld B, Brandl E, Van der Biest O. Wire based additive layer manufacturing: Comparison of 
microstructure and mechanical properties of Ti–6Al–4V components fabricated by laser-beam 
deposition and shaped metal deposition. J Mater Process Technol 2011;211(6):1146-1158. 

[26]Seifi M, Salem A, Satko D, Shaffer J, Lewandowski JJ. Defect distribution and microstructure 
heterogeneity effects on fracture resistance and fatigue behavior of EBM Ti–6Al–4V. Int J Fatigue 
2017;94:263-287. 

[27]Pederson R, Babushkin O, Warren R, Skystedt F. The Use of High Temperature X-Ray 
Diffractometry to Study Phase Transformations in Ti-6Al-4V. BOOK-INSTITUTE OF MATERIALS 
2001;775:41-50. 

[28]Murr LE, Gaytan SM, Medina F, Martinez E, Martinez JL, Hernandez DH, et al. Characterization 
of Ti–6Al–4V open cellular foams fabricated by additive manufacturing using electron beam melting. 
Materials Science and Engineering: A 2010;527(7):1861-1868. 

[29]Ewa ŚR, Jacek B, Grzegorz B. The application of direct metal laser sintering (DMLS) of titanium 
alloy powder in fabricating components of aircraft structures. Key Eng Mat 2016;687. 

  





 

 

 
 
 

Paper IV 
 

Alpha texture variations in additive 
manufactured Ti-6Al-4V investigated with 

neutron diffraction 
 

 
 
 

Magnus Neikter, Robin Woracek, Tuerdi Maimaitiyili, Christian 
Scheffzük, Markus Strobl, Marta-Lena Antti, Pia Åkerfeldt, Robert 

Pederson and C  
 

Journal paper 
Submitted for publication in 2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





 

1 
 

Alpha texture variations in additive manufactured
Ti-6Al-4V investigated with neutron diffraction 

M. Neikter1*, R. Woracek2, T. Maimaitiyili3,7, Ch. Scheffzük3,4, M. Strobl2,3,5,
M.-L. Antti1, P. Åkerfeldt1, R. Pederson6 and C. Bjerkén7

1Luleå University of Technology, Luleå (Sweden), 2European Spallation Source ERIC, Lund
(Sweden), 3Paul Scherrer Institute, Villigen, (Switzerlx§and), 3Karlsruhe Institute of 

Technology, Karlsruhe (Germany), 4Frank Laboratory of Neutron Physics, Dubna (Russia), 
5Niels Bohr Institute, Copenhagen (Denmark), 6University West, Trollhättan (Sweden),

7Malmö University, Malmö (Sweden),
*Corresponding author: magnus.neikter@ltu.se, phone: +46 (0)920-492378

Abstract: Variation of texture in Ti-6Al-4V samples produced by three different additive manufacturing 
(AM) processes has been studied by neutron time-of-flight (TOF) diffraction. The investigated AM 
processes were electron beam melting (EBM), selective laser melting (SLM) and laser metal wire 
deposition (LMwD). Additionally, for the LMwD material separate measurements were done on 
samples from the top and bottom pieces in order to detect potential texture variations between areas
close to and distant from the supporting substrate in the manufacturing process. Electron backscattered 
diffraction (EBSD) was also performed on material parallel and perpendicular to the layers to 
characterize the microstructure. Understanding the context of texture for AM processes is of significant 
relevance as texture can be linked to anisotropic mechanical behavior. It was found that LMwD had the 
strongest texture while the two powder bed fusion (PBF) processes EBM and SLM displayed 
comparatively weaker texture. The texture of EBM and SLM was of the same order of magnitude. These 
results correlate well with previous microstructural studies. Additionally, texture variations were found 
in the LMwD sample, where the part closest to the substrate featured stronger texture than the 
corresponding top part. phase with the strongest texture was [1123].
Keywords: Neutron time-of-flight diffraction, SKAT, texture, Ti-6Al-4V, additive manufacturing

1. Introduction
Ti-6Al-4V is a titanium alloy with good mechanical properties [1-4] and its low density gives it a high 
specific strength. Due to this it is the most widely used titanium alloy within the aerospace industry 
[2,5]. Additive manufacturing (AM) has attracted more and more interest as it can lead to reduced weight 
by increased functionality and hollow structures, along with decreased buy-to-fly ratio and lead time 
[4,6,7]. However, before AM can be fully adopted further research into areas such as defects e.g.
porosity and lack of fusion [7,8] as well as anisotropic mechanical behavior linked to texture has to be 
performed.

Generally speaking, only rarely do technical components made from polycrystalline alloys consist of 
randomly orientated grains (i.e. are texture-free). Most of the time, the grain orientations follow a pattern 
that are induced by the forming/manufacturing processes such as crystallization from the melt, rolling
or other thermomechanical processes. This pattern is referred to as preferential crystal/grain orientation 
or texture. Texture, due to elastic and plastic anisotropy [9], lead to anisotropic global mechanical 
behavior, which can be either wanted or unwanted depending on the application. Anisotropic mechanical 
behavior and texture are well known to occur in AM [8,10-13] materials. Thus detailed texture 
investigations are an important asset for understanding the mechanisms that create specific textures and 
link the texture to corresponding mechanical properties in various loading directions. Texture can be 
assessed by diffraction and scattering techniques and the choice of method depends on a number of 
factors including material characteristics, sample size and desired information and of course also on 
instrument availability [14]. Different diffraction techniques include synchrotron X-ray diffraction,
electron diffraction by using a scanning- (SEM) or transmission electron microscope (TEM) as well as 
neutron diffraction [14-16]. Depending on the technique, either an overall average texture in a significant 
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volume, local texture of a subset of individual grains or even orientation gradients within grains can be 
addressed. In neutron diffraction an average texture over many crystal grains is measured with the 
drawback that local information such as for example orientation relationship between neighboring grains
is lost. On the other hand, imaging techniques such as e.g. SEM using an electron backscattered detector, 
can resolve individual crystal grains and the local orientation correlations but the overall texture and 
long-range average is missing. Synchrotron X-rays enable fast and in-situ experiments, however mainly 
small and fine-grained samples can effectively be investigated [14] while neutrons in contrast penetrate 
deep into bulk samples. Because neutrons have no charge, they only scatter from nuclei, as opposed to 
X-rays that scatter from the electron cloud. The high penetration of neutrons for many metals [15,16],
with factors of up to 102-104 higher than X-rays [17] enable average texture values in the bulk of larger 
samples to be obtained and additionally allows scanning in the depth of the bulk material. Neutrons also 
enable assessment of coarse grained materials like the samples of interest in this work related to AM 
processes [8,18-20]. Neutron diffraction is more accurate and reliable also due to negligible attenuation 
and surface effects [17]. The application of neutron time-of-flight (TOF) method allows simultaneous 
detection of many Bragg reflection lines, so that the texture determination using full diffraction pattern 
analyzing methods, like the Rietveld method [21] is advantageous.

Neutron diffraction measures lattice spacing based on Bragg's law: 2 = (1),
angle between the incident beam and the (hkl) lattice plane, d is the lattice spacing of the (hkl) plane of 

While diffractometers at steady state neutron sources 
(e.g. research reactors) usually utilize a monochromator and work in an angular dispersive mode (i.e.
is fixed and they probe 2 ), diffractometers at spallation sources work in a wavelength dispersive mode
by exploiting the TOF approach. Neutrons are produced at a certain repetition rate at the source (and 
this ‘source pulse’ contains neutrons of a wavelength band that typically spans from below 1Å to several 
Å) and travel (usually through neutron guides) to the sample from where they diffract into the detector 
elements. By measuring the time between that the neutrons need to travel from the source to the detector, 
their incident neutron wavelength can be determined by their time-of-flight according to the de Broglie 
relation: h mL/t, (2), where h is Planck's constant, m is the neutron mass, L is the length of the neutron 
flight path, and t is the time it takes for a neutron to travel from the source to the detector. Combining 
Eqs. (1) and (2), will give: d=ht/2mLsin 3). As shown in Eq. (3), the lattice spacing is proportional to 
the TOF of the scattered neutron. Therefore, by measuring flight time of the diffracted neutron beam 
with detectors placed at fixed distances and angles, lattice spacing can easily be calculated. Since d
spacing is proportional to time, TOF diffraction patterns are normally displayed with the ordinate axis 
going from small to large d spacing. Figure 1 shows an example of a TOF neutron diffraction pattern,
where diffraction intensities are plotted as function of d spacing, recorded for one of the EBM samples.
From Figure 1, it can be seen that the range and resolution of the smaller d spacings can be resolved.
Because of such advantages, structural parameters of the sample material, especially when consisting of 
multiple phases and possessing microstructural variations, as is often the case for additively 
manufactured titanium alloys, can be analyzed very effectively.

In case the crystal grains are oriented randomly, without preferred orientation, the diffraction pattern 
is rotation invariant. However, if grains possess preferred orientations, i.e. if the grains are not randomly 
orientated, the material is textured. So the intensity of the measured Bragg diffraction lines varies 
dependent on the sample orientation and hence, by rotating the sample its texture can be probed. The 
diffracted intensities measured in specific directions by different detector elements and dependent on 
the sample orientation can be used to create pole figures. Such pole figures are used to present the 
distribution of a specific set of crystallographic directions relative to certain specimen directions, in the 
case of AM for example the build direction. Results can also be shown as inverse pole figures (IPF) that
are used to show the distribution of a selected direction in the specimen relative to the crystal axes. The 
orientation distribution function (ODF) shows the orientation of a given crystal relative to the sample 
coordinate system in a three dimensional space, where the coordinates are defined by three Euler angles 

detailed way of representing the texture [15].
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Figure 1: A typical TOF diffraction pattern of an EBM Ti-6Al-4V sample. Estimated Bragg diffraction peak positions and 
corresponding hkl - -Ti are also given with color coded vertical lines and letters, respectively.

An advantage of the time-of-flight method in comparison to the angle-dispersive method is that the 
sample rotates only around one axis. The pole figures, as shown in the result section, are symmetric
regarding its upper and lower hemisphere. This is because the scattering geometry implies an inversion 
center [16] due to the fact that and are equivalent, i.e. it is insignificant whether the neutrons 
approach the front or the back of a plane. The objective of this work has been to characterize the average 
texture within extended gauge volumes of entire samples, embedded in the neutron beam probed by
neutron TOF diffraction. Electron backscattered diffraction (EBSD) was utilized to probe surfaces areas 
in greater detail, i.e. on a level of individual grains. The samples originate from three different AM 
processes and the purpose has been to compare the texture in the bulk and surface of additively 
manufactured specimen, and to link the findings with previous studies of anisotropy and microstructures.
In addition, spatial variations dependent on position was assessed in one specific sample (LMwD),
where a bottom part (LMwD-B) close to the AM support substrate, and a top part (LMwD-T) were
measured separately.

2. Experimental
2.1 Material
Three AM processes were investigated in this work, two powder bed fusion (PBF) processes, named
SLM (selective laser melting) and EBM (electron beam melting), and one directed energy deposit (DED)
process named laser metal wire deposition (LMwD). Separate samples were manufactures for the TOF 
neutron diffraction and EBSD measurements. The EBM sample used for the TOF neutron diffraction 
experiment was manufactured from an Arcam S12 machine, while the sample used for the EBSD 
experiment was made using Arcam Q20 machine. For the SLM process, the same EOS 290 machine 
was used for all samples. For the LMwD process a laser and a wire feeding system are attached to a 
robotic arm that melts the wire from a sequence that is defined in accordance to a computer aided design 
model. The LMwD samples were built with continuous wire feeding and machined to cylindrical shapes
by electric discharge machining. For the TOF neutron diffraction experiment, one sample was cut from 
a position close to the build plate, the bottom sample (LMwD-B) and one sample was cut from above 
that, the top sample (LMwD-T).

None of the samples from the investigated AM processes received any post heat treatment. The 
dimensions of the samples for neutron TOF diffraction experiment were cylindrical with diameters
ranging from 12 – 20 mm and heights from 25 – 72 mm, as shown in Table 1.



 

4 
 

Table 1: Dimensions and measurement speed of samples used for TOF experiments
EBM SLM LMwD-B/T

Diameter (mm) 16 12 20
Height (mm) 38 72 25
Time/Step (s/°) 1600/5° 2300/5° 1150/5°

2.2 EBSD measurements
The surface characterized with EBSD was from the middle of an untested tensile bar, to remove possible 
substrate related cooling effects, parallel and perpendicular to the layers. Prior to the EBSD 
measurements the samples were polished according to conventional methods for titanium alloys. The 
samples were also electrolytically polished and etched with Struers A3 solution, first a polish for 18 
seconds with 20 V, pursued by 3 seconds etching with 14 V. For the measurements a SEM (Jeol 
IT300LV) along with an EBSD detector (Oxford Nordlys Max3) detector were used. To obtain a good 
interaction volume the acceleration voltage was set to 25 kV. The step size was 1.5 μm and the 
magnification was set to 200 times. The result was then presented as Euler maps for analyzing the 
microstructures 1,

2 [22]. The MRD of the EBSD measurements were also obtained. EBSD has a penetration depth of 
20 nm [22]. So, the EBSD technique is close to being a two dimensional texture characterization 
technique compared to neutron TOF diffraction. 

2.3 Neutron time-of-flight diffraction texture measurement 
For the neutron TOF diffraction experiment the SKAT texture instrument [23,24] (see Figure 2 and
Figure 3) at Frank Laboratory of Neutron Physics at the Joint Institute for Nuclear Research in Dubna 
(Russia) was used. The instrument is operated on the pulsed neutron source IBR-2M, the neutron pulse
have a pulse half-width of 200 μs at a power of 2 MW with a repetition rate of 5 Hz [25]. The SKAT 
instrument is characterized by a total flight path of 104.244 ± 0.055 meters and the range of d spacing’s
that can be probed is between 0.6-4.8Å [23,24]. The ring diameter where the detectors are attached is 2 
meters in diameter and the distance between the detectors and the sample is precisely one meter. The 
detector arrangement of the instrument used is a layout of 19 3He detectors at the ring at a scattering 
angle of The neutron flux at the sample position of the SKAT instrument is 106 n/cm2/s and the 
wavelength range is 0.8 to 7.6 Å. The maximum volume in which texture can be obtained is 30 cm3,
because the beam cross section is HxW = 95 x 50 mm2, but depending of the material absorption 
properties smaller maximum volume is more reasonable. The collimators used at the SKAT instrument 
are Soller  collimators  with gadolinium coated lamellas with an angular dispersion of 18’ and a cross 
section of 55 times 55 mm2 placed directly in front of the detectors [23]. The resolution of the SKAT 
instrument is = 5 x 10-3 at d = 2.5 Å. In Figure 3 a), the end of the neutron guide transporting the 
neutrons to the sample position is the blue squared section, while all the 19 3He detectors are situated at 
the arch above the sample, with a scattering angle of 90°. Figure 3 b) shows the instrument sample 
setup. All samples were mounted onto a glass rod, which was positioned out of the beam and would 
only add incoherent background is transparent for neutrons and thus not affecting the texture experiment. 

The detectors on the SKAT instrument are named A to S, where S is at the center of the pole figure 
as seen in Figure 2. In the middle of this figure there is a circle in the unit sphere and it is corresponding 
to the scattering vectors of the detectors. The equatorial plane, the Y-X plane, is corresponding to its 
stereographic projection, this becomes the pole figure plane. To the right in the figure is a grid of the 
measured pole figure, where the small half-circle is the projection of the scattering vectors. The grid is 
a 5°x5° grid, characterized by the small dots and each dot signifies where the pole density data is 
positioned. In the upper left of Figure 2 the front view of the SKAT instrument can be seen (the back of 
the instrument is seen in Figure 3). Below this front view is the top view of the SKAT instrument, 
showing the positioning of the sample in relation to the incoming neutron beam, i.e. it’s a 45° angle.   
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Figure 2: Geometry of the neutron time-of-flight diffraction experiment performed on the SKAT instrument (adapted after 
[24]). To the left is a front view of the detector showing the placement of the detectors and below a top view of the SKAT 
instrument showing the placement of the sample in relation to the instrument. b) In the middle, a dotted circle (in the Z-X plane) 
within a sphere is seen, and this circle corresponds to the scattering vectors of the detectors and below in the Y-X equatorial 
plane is its stereographic projection. c) To the right is a grid of the measured pole figure, where each dot signifies where the 
pole data is positioned, a 5°x5° grid has been realized. The sample is rotated around the Z-
d) Showing another illustrated view of the sample in relation to the neutron beam and the detectors. 

Figure 3: a) The back of the SKAT texture instrument where the detectors are placed as an arch above the sample. The blue 
square pipe corresponds to the neutron beamline. b) The mounting of the SLM sample in 45° to the incident neutron beam
where the black arrow is in the build direction Z.
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2.4 Data acquisition
Each measurement was performed on a range of 360° with increments of 5 degrees in the angular 
scans. Exposure times per step were ranging between 1150 and 2300 sec (Table 1), resulting in total 
exposure times of 31.5 hours for the EBM sample, 45.5 hours for the SLM sample and 23 hours for the 
LMwD samples. The reason for the time variations between the samples lies in their different physical 
sizes leading to different acquisition times to reach sufficient counting statistics. The texture 
measurements were carried out by rotating the sample around the cylinder axis in steps of 5°, so that the 
TOF diffraction pattern could be recorded in a 5°x5° pole figure grid.

2.5 Data treatment
For each sample, neutron diffraction patterns (similar to Figure 1) were obtained from the 1368
individual measurements in the 19 detectors (72 sample positions at different angles a (see Figure 2c). 
The texture data were analyzed with MAUD software, which is a software that uses the Rietveld method
[21,26]. The methodology to complete pole figures from the data is thoroughly described by Wenk et 
al. [27] and Lutterotti et al. [28], where the texture is refined according to a least squares Rietveld 
refinement procedure [21]. The orientation distributions were fitted in accordance to the discrete 
algorithm EWIMV [29], which allows the data to be entered to arbitrary pole figure positions. The 
software used for plotting the pole figures was PF-plot. 

3. Results
3.1 Microstructures of investigated AM processes
The EBSD measurements resulted in Euler maps (see Figure 4). In these Euler maps the microstructure 
of the three AM processes can be seen parallel (a to c) and perpendicular (d to f) to the layers. According 
to the maps both EBM and SLM have a fine basket weave microstructure while LMwD has a coarser 
Widmanstätten morphology. As the Euler maps show crystals with the same crystal orientation in the 

the same for EBM and SLM. 

Figure 4: Euler maps showing the microstructure of the three different AM processes. Here it can be seen that the 

evident as the Euler map of 
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processes
layers of SLM. .

However, the shapes
for EBM and SLM are not the same. Parallel to the layers both EBM and SLM have 

grains. The texture was also analyzed with EBSD for these maps and where LMwD had a maximum 
MRD value of 54.29, while EBM and SLM had 11.7 and 7.69 respectively. 

3.2 Pole figures
Pole figures show the level of texture for a specific lattice plane family. The level of texture is defined 
as multiples of random distribution (MRD) and was plotted in accordance to the color levels seen next 
to the figures. The density is normalized and a value of 1 corresponds to a random distribution of grain 
orientation, i.e. random texture. The pole figures are shown in the same manner as topographic maps.
An increasing value would correspond to higher elevation in a topographic map. Here, higher MRD 
values correspond to stronger texture e.g. MRD 2 is twice the texture as MRD 1, or twice as many grains 
are aligned with the corresponding lattice planes into this direction than in a random distribution. The 
build direction (i.e. perpendicular to the layers) of the samples is in the Z direction for all samples and 
is indicated in Figures 4-7 as out of the plane. The directions X and Y create the plane parallel to the 
additive manufactured layers. With this information it is possible to deduce preferential crystal direction. 
If there, as an example, is a strong texture in the middle of phase pole figure, this indicates that the 
sample has a preferential crystal direction in the [0001] direction. The maximum/minimum MRD values 
of the various planes are shown in Table 2.

3.3 Pole figures of the alpha phase
In Figure 4 the pole figures of specific lattice planes (the slip planes) for the phase are shown. It can 
be seen that the texture distribution in the LMwD samples are reasonably the same in the different lattice 
planes. For the EBM and SLM processes there is more dissimilarity between specific lattice planes. The 
EBM and SLM process do on the other hand coincide better with each other which is probably due to
that they are both PBF processes quite similar from a manufacturing point of view compared to the DED 
process LMwD. As can be seen in Table 2 the sample LMwD-B had
phase. The value for LMwD-T was lower but still higher than the two PBF processes. The strongest
texture was found for the (0002) plane, while the weakest texture was found in the plane (1010). The 
preferential texture growth in the phase for the AM processes lied between the Z, X and Y axis, giving 
the direction [1123].

Table 2
(0002) (10 1) (10 0)

Max/Min MRD LMwD-B ( ) 3.49/0.06 1.84/0.52 1.55/0.50
Max/Min MRD LMwD-T ( ) 2.82/0.06 1.56/0.65 1.47/0.50

Max/Min MRD EBM ( ) 1.56/0.64 1.12/0.89 1.15/0.64
Max/Min MRD SLM ( ) 1.65/0.23 1.23/0.51 1.12/0.67

The texture of the LMwD-B sample is characterized by texture components, corresponding to 
orientations, whereas the texture of the samples –LMwD-T, EBM, and SLM are characterized by fibre 
textures, i.e. a ring distribution around the cylindrical axis Z, which is strongly pronounced in the (0002) 
pole figure. The pronounced orientation components in LMwD-B are a hint of a superimposed higher 
symmetrical deformation or recrystallization. It can furthermore also be stated that there is a texture 
inhomogeneity between the LMwD-B and LMwD-T samples. 
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Figure 5: Overview of the equal area projected pole figures from the alpha phase for the four samples LMwD-B/T, SLM and 
EBM. The color codes show the MRD values. Z is in the direction perpendicular to the layers, while Y and X are in the plane 
parallel to the layers. The HCP crystal structure (from [2]) shows the three HCP slip planes that are plotted in the pole figures.
The black arrows mark the zones where the highest intensity in the pole figure was found. 

4. Discussion 
4.1 Alpha phase pole figures
By comparing the pole figures and their corresponding MRD values it is evident that there is a texture 
variation of the different AM processes. This texture differences measured with the neutron TOF
diffraction experiment is in good correlation with differences in mechanical properties shown in 
previous research. Åkerfeldt et al. [8] found that LMwD showed 4% higher ultimate tensile strength if 
loaded parallel to the layers compared to perpendicular loading. On the other hand, when loading 
perpendicular to the layers 25-33% higher fracture elongation was observed. Brandão et al. [13]
investigated the mechanical properties of SLM and the findings were not as differentiating as in the case 
of LMwD. If loading perpendicular to the layers the ultimate tensile strength was roughly 1% less 
compared to if the loading took place parallel to the layers. Perpendicular the layers the fracture 
elongation was 5% higher. Edward et al. [30] investigated the dependence of build direction on the 
ultimate tensile strength of EBM and found it to be 2% higher perpendicular to the layers compared to 
parallel. The same study showed that if the load was perpendicular to the layers the elongation to fracture 
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was also around 1% higher. In summary, literature concludes that the mechanical properties of LMwD 
have a more anisotropic behavior than that of SLM and EBM. It is important to keep in mind that not 
solely texture explain the anisotropic behavior, as defects have been shown to have an impact too [31].
However, as discussed by Tromans [32] planes have different Young’s modulus, whereas titanium is 
the metal with the highest anisotropy of the, by Tromans, investigated metals. So, a strong texture for 
different planes affect the mechanical properties.  The basal plane (0002) was shown to have the highest
Young’s modulus, which is the plane where LMwD had the strongest texture. The stronger texture of 
this plane combined with the higher Young’s modulus could partly explain the anisotropic findings of 
LMwD by Åkerfeldt et al. [8]. Microstructure characterization has previously [8,33,34] been extensively 
performed on the here investigated AM processes and the findings were that the LMwD process has 
larger grains than the other AM processes. This seems to, along with the amount and distribution 

affect the texture and thus mechanical properties. This is also the case of the Euler 
maps seen in this work, where not even one

o BPF processes. With these conclusions of mechanical 
properties and microstructure of the investigated AM processes, the findings of the present work are in 
good correlation with literature, w
phase. Bhattacharyyan et al. [35]
evolution in Ti-6Al-4V, found the same texture distribution of the (0002) as for the EBM and SLM 
processes, while the texture distribution of LMwD looked different.

The bottom part of the LMwD sample is showing a stronger texture than the its top counterpart. This 
texture difference probably has to do with that the bottom part is attached to the substrate. By being 
attached to the substrate the fast cooling could render in a difference in microstructure and consequently 
in texture. Previous studies (e.g. [36]) have shown that there are hardness and microstructural differences 
between material close to the substrate, if compared with material further away, supporting this theory.  

The texture measurements with EBSD indicated higher MRD values than the corresponding neutron 
TOF diffraction measurements. This difference is most likely connected to the small sampling volume, 
with few grains (especially in the case of LMwD), of the EBSD measurement, which consequently leads 
to unreliable statistics. This smaller sampling volume do however render in finer detailed micrographs 
for analyzing the microstructure.    

Conclusions
The following conclusions can be drawn from this work:

There is a texture variation between the different AM processes.
LMwD was the AM process that had the strongest texture.

of the AM processes is found in LMwD-B (0002)
By comparing LMwD-B with LMwD-T there is an inhomogeneity in the texture of this AM 
process. The part closer to the substrate exhibited more pronounced crystal orientations in the 
same direction than compared with the part further away. 
The preferential growth direction of the phase was in [1123].
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