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I 

Preface 
 
The work of this doctoral thesis has been performed between August 2015 and September 
2019. The general purpose of this work has been to increase the knowledge of additively 
manufactured Ti-6Al-4V regarding microstructure, texture and hydrogen embrittlement. Ti-
6Al-4V manufactured with several different additive manufacturing (AM) processes have been 
addressed, but with the main focus on the two powder bed processes electron beam melting 
(EBM) and selective laser melting (SLM). The work has been performed at Luleå University of 
Technology and at Monash Centre of Additive Manufacturing (MCAM), which is a part of 
Monash University, Melbourne Australia. GKN Aerospace Engine Systems has been involved 
in the work as a collaborative industrial partner, where the main interaction and support has 
been between GKN in Trollhättan, Sweden. GKNs facility in Filton, United Kingdom, has 
also been involved in sample manufacturing. The texture measurements using neutron time of 
flight (TOF) diffraction were performed in Dubna, Russia at Frank Laboratory of Neutron 
Physics at the Joint Institute for Nuclear Research, using the spektrometer kolitshestvennovo 
analiza tekstury (SKAT) instrument, and in Los Alamos, USA, at Los Alamos Neutron Science 
Center, using the texture instrument high pressure preferred orientation (HIPPO). In addition, a 
neutron imaging experiment was conducted at Paul Scherrer Institute (PSI) in Villigen, 
Switzerland, using the imaging with cold neutrons (ICON) instrument. The interest of additively 
manufactured Ti-6Al-4V originates from GKN Aerospace Engine Systems that develops and 
manufactures parts for the European space rocket Ariane. In aerospace, weight is of utter 
importance as reduced weight of components reduces the fuel costs and makes it possible to 
transport increased loads. Therefore, titanium has been suggested to replace heavier metal 
alloys due to titanium’s high specific strength and overall good properties. The work has been 
performed under the supervision of Professor Marta-Lena Antti, Professor Robert Pederson 
and Dr. Pia Åkerfeldt at Luleå University of Technology and by Professor Xinhua Wu and 
Professor Aijun Huang at MCAM. The project has been financed by three parties Space for 
Innovation and Growth (RIT), National Aviation Research Program (NRFP) and the Graduate 
School of Space Technology.  
   
Luleå, August 2019 
 
 
Magnus Neikter 
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Abstract 
 
Titanium is a biocompatible metal with high specific strength and excellent corrosion 
resistance. It is widely applied within additive manufacturing (AM). The thermal cycles and all 
the different process parameters in AM render different microstructures. This and the presence 
of texture, residual stresses and defects affect the mechanical properties. In this project, these 
issues of additively manufactured Ti-6Al-4V have been addressed, with a focus on 
microstructure. To deepen the understanding of AM built Ti-6Al-4V a wide collection of 
different AM processes have been investigated; three AM processes from the subgroup directed 
energy deposition (DED), namely laser metal wire deposition (LMwD), shaped metal 
deposition (SMD) and laser metal powder deposition (LMpD). Moreover, two AM processes 
belonging to the subgroup powder bed fusion (PBF) have been investigated as well, namely 
electron beam melting (EBM) and selective laser melting (SLM). Several characterization 
methods such as electron backscattered diffraction (EBSD), scanning electron microscope 
(SEM) and light optical microscope (LOM) and stereomicroscope have been used for 
characterizing the microstructures, whereas neutron time of flight (TOF) diffraction has been 
used for investigating the three-dimensional bulk texture. Moreover, for two-dimensional 
texture EBSD has been used. Some of the findings of this work are that LMwD had a stronger 
texture (both from the EBSD and neutron TOF diffraction data) than the two investigated 
PBF processes. This was further supported by the microstructural characterization that showed 
that LMwD had larger prior  grains than both SLM and EBM built material. Both cast and 
EBM built Ti-6Al-4V were investigated using TOF diffraction. The results showed that the 
cast had more than twice the amount of texture than the EBM material, which was explained 
by the coarser microstructure of the cast material, with large  colonies where numerous  
laths had the same crystal orientation. The binary microstructure pattern (BMP) that is found 
in SLM built material was furthermore characterized in detail. It was found that the BMP is 
composed of a fine microstructure zone (FMZ) that surrounds a coarse microstructure zone 
(CMZ). By performing a  grain reconstruction it was shown that each FMZ and CMZ 
belonged to separate  grains, explaining why the BMP does not disappear unless heat 
treatment is conducted above the  transus temperature. A phenomenon that is known to 
degrade the mechanical properties of titanium is hydrogen embrittlement (HE). Titanium is a 
so-called hydride forming metal, where hydrogen reacts with titanium forming titanium 
hydrides. This formation cause reduced mechanical properties and is of wide interest, especially 
for conditions where titanium is exposed to excessive amounts of hydrogen. To investigate 
how hydrogen affects EBM built Ti-6Al-V fatigue crack growth (FCG) experiments were 
conducted in two different atmospheres; air and hydrogen. The FCG rates of the two scenarios 
were compared. From the experiments, it was shown that by introducing the EBM built Ti-
6Al-4V to a hydrogen-rich atmosphere the FCG rate was increased. Below K 23 , 
the average FCG rate was similar for the hydrogen and air tested materials. Above this K the 
FCG rate accelerated for the hydrogen-tested material, reaching a maximum of 13 times faster 
FCG rate than the corresponding FCG rate in air. The EBM tested material was furthermore 
compared to cast and forged material that was previously tested using the same K. From this 
comparison it was concluded that cast Ti-6Al-4V had the earliest onset of FCG rate 
acceleration, occurring at K 17 , while for the forged material the same acceleration 
onset occurred at 26 . The reason for this was explained by the difference in 
microstructure, where the cast Ti-6Al-4V had the coarsest microstructure.  
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1 Introduction 
1.1 The research project 
Additive manufacturing (AM) has several advantages for the space industry. AM is a 
manufacturing method that is cost-effective for low volume production, enabling weight 
savings through optimized design (topology optimization) and production of complex 
components merging several functions [1,2]. The alloy Ti-6Al-4V is of interest for applications 
in rocket engines. However, AM built Ti-6Al-4V is different in several aspects compared to 
conventionally manufactured materials e.g. cast and wrought [3-6]. Two of the most important 
aspects are microstructure and texture as they affect mechanical behavior. Additionally, in 
certain space applications, the material is exposed to hydrogen, which can lead to 
embrittlement of the material. Therefore, it is of interest to study how AM built Ti-6Al-4V is 
influenced by hydrogen-rich atmospheres to judge the potential use of the specific alloy.  
 
1.2 The aim and objectives  
The aim has been to increase the understanding of how Ti-6Al-4V microstructure 
characteristics vary between selected AM processes and how hydrogen may influence the 
alloy’s performance. The objective has been to conduct extensive microstructural 
characterization of standard built material from the selected AM processes. Besides 
conventional characterization carried out by light optical microscopes (LOM) and scanning 
electron microscopes (SEM), the texture within the material was studied with neutron time of 
flight (TOF) diffraction. To investigate the performance in hydrogen environment, fatigue 
crack growth (FCG) testing was conducted on electron beam melted Ti-6Al-4V exposed to 
two different atmospheres; air and hydrogen.    
 
Based on the aim, the following research questions have been addressed in this thesis:  
 

What are the microstructure characteristics of Ti-6Al-4V built with powder bed fusion 
and directed energy deposition?   
How does hydrogen influence the fatigue crack growth properties of electron beam 
melted Ti-6Al-4V?
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2 Titanium 
Titanium is the ninth most abundant element and the fourth most abundant structural metal in 
the earth’s crust [3,7,8] and it has several advantages, such as good corrosion resistance and 
good mechanical properties while having low density i.e. high specific strength. The density is 
4.5 g/cm3, which is relatively good compared to other structural metals (see Figure 1 a)). 
Titanium is mainly present as rutile (TiO2) and ilmenite (FeTiO3) and these ores were 
discovered at the end of the 18th century. Ilmenite is mainly found in the Ilmen mountains in 
Russia, whereas rutile from beach sands in India, Australia, and Mexico [8]. The name 
titanium origins from Greek mythology, where the Titans were a powerful race of divine 
beings. Nevertheless, they were hated by their father and due to that detained in captivity in 
the earth’s crust, just like titanium ore. Apart from Rutile and Ilmenite, there are several more 
titanium minerals existing (as shown in Table 1). The chemical formula for Rutile, Anatase, 
and Brookite are the same (TiO2), but their crystal structure differs. The titanium content of 
these three minerals is high, amounting to 95 weight percent TiO2, whereas ilmenite has a 
content ranging from 40 to 65 weight percent.  
 
Table 1: Different titanium minerals, their chemical composition and their TiO2 content [9]. 
Mineral Composition TiO2 content (%) 
Rutile TiO2 (tetragonal, twinned) 95 
Anatase TiO2 (tetragonal, near octahedral) 95 
Brookite TiO2 (orthorhombic) 95 
Ilmenite FeO·TiO2 40-65 
Leucoxene Fe2O3·nTiO2 >65 
Arizonite Fe2O3·nTiO2·mH2O - 
Perovskite CaTiO3 - 
Geikielite MgTiO3 - 
Titanite or sphene CaTiSiO5 - 
Titaniferous magnetite (Fe·Ti)2O3 - 
 
     Extracting pure titanium from the minerals is not easy because titanium is very reactive 
with oxygen. Therefore, it was not until the middle of the 20th century that an effective way of 
extracting the metal was invented. The chemical process for extracting the titanium from the 
ore is called Kroll’s process and the chemical reaction for Ilmenite is: 

+ + +   Equation 1 
Thus, the reaction renders Rutile, which then can be further reduced using chlorine gas:  

+ 2 + 2 + 2   Equation 2 
The reduction of titanium chloride is executed using liquid magnesium in an inert atmosphere 
at a temperature around 800 °C [3,10], according to: 

+ 2  + 2   Equation 3 
The titanium from Kroll’s process is generally called titanium sponge because it looks spongy 
and it is porous. The complex batch process makes titanium a rather expensive metal, 
compared to e.g. steel. The titanium ores are not found in high concentrations [8], 
contributing to the higher price. Overall titanium alloys have very good specific strength 
compared to other structural alloys, only being superseded by carbon fiber reinforced polymer 
(CFRP). The specific strength of titanium decreases with temperature, as shown in Figure 1 b). 
Titanium alloys are used up to 580 °C (for the alloy Ti834) due to the formation of a brittle 
surface layer called  case, and the alloy Ti-6Al-4V has a maximum service temperature of 350 
°C [8,11]. For higher temperatures Ni-based alloys are an option. For even higher 
temperatures, titanium-aluminide alloys are an alternative, for example TiAl can be used in 
turbines. The engine GEnx™ from General Electric is the first commercial aircraft engine that 
uses the TiAl alloy 48–2–2, for low-pressure turbine blades [12].  
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Figure 1: In a) selected metals and their densities are shown. In b) the specific strength versus the temperature is 
plotted for titanium with some structural alloys for comparison [8].  
 
2.1 Crystal structures of titanium 
Two types of crystal structures are possible for titanium, either body centered cubic (BCC) or 
hexagonal close-packed (HCP) crystal structure. For commercially pure (CP) titanium, the 
allotropic transformation goes from BCC to HCP. The phase that constitutes the BCC is 
called  phase whereas for HCP the name is  phase [8]. These two crystal structures and the 
phase transformation temperature (being 882 °C for pure Ti) is of importance for various 
thermomechanical processes and heat treatments (HT) for different titanium alloys. In addition, 
diffusion rates are closely linked to these two types of crystal structures [8], and they can 
furthermore influence texture. High amounts of  phase, i.e. a large number of HCP crystals, 
renders the alloy more prone to anisotropy in case of strong texture, due to the inherent 
anisotropy of the HCP crystal structure. To exemplify; if an HCP crystal is loaded 
perpendicular to the basal plane (0002) Young’s modulus will be 145 GPa, whereas parallel to 
the basal plane it is only 100 GPa [8]. Figure 2 shows the orientation of the atoms in these two 
crystal structures, where the left in the figure corresponds to the BCC and the right to the 
HCP crystal structure. The BCC has two atoms per unit cell, and the HCP has 6 atoms per 
unit cell [13]. The atomic packing factor is slightly higher for HCP than for BCC, 0.74 and 
0.68 respectively. Some of the slip planes that can be active in BCC and HCP are shown in 
Figure 2. Other possible slip planes for BCC could be the families {211} and {321}, which are 
activated is depending on temperature [13]. The HCP crystal structure has three different 
families that can form slip systems, {0001}, {1010} and {1011} with the slip direction 
<1120>. Which slip systems that are activated also depends on temperature [13,14]. The BCC 
can have between 12 and 24 slip systems, while HCP has a lower amount, between 3 to 6. 
This makes HCP metals more brittle compared to BCC metals.  

 
Figure 2: To the left a body-centered cubic is shown, on the right a hexagonal close-packed crystal structure. Some 
possible slip planes that can be active are also shown [3,15].  
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2.2 Alloy groups and alloying elements 
Titanium alloys are mainly categorized into three different groups; , + , and  alloys, where 
the amount of  and  phase at room temperature decides their classification [16]. These alloy 
groups have different amounts of  stabilizing alloying elements, as shown in Figure 3  a) and 
Figure 4. With increased amounts of  phase, the  phase field is shifted to lower temperatures, 
whereas increased amounts of  phase affect in the opposite direction i.e. extend the  phase 
field to higher temperatures [8]. There are moreover two other classifications that can be used 
to categorize the titanium alloys, near  alloys and near (metastable)  alloys. The alloying 
elements that stabilize the  phase are the following; V, Mo, Nb, Ta, Fe, Mn, Cr, Ni, Cu, Si 
and H [3,16], where the first 4 are called isomorphous  stabilizers and the remaining ones 
eutectoid  stabilizers, as shown in Figure 4. In the case of high addition of eutectoid  
stabilizers, the titanium can form compounds with the  stabilizers (designated TixAy in Figure 
4). There are also elements that can stabilize the  phase and these are Al, O, N and C. 
Additions of the elements Zr and Sn do not influence neither the  nor the  phase, thus 
called neutral stabilizers. When cooling from the  phase to the  phase the densest {110} 
planes transform to the basal planes {0001}. In this phase transformation, a distortion between 
the atoms is formed (see Figure 3 b)) as the distance between the basal planes for the  phase is 
larger than the distance between the {110} planes for the  phase [8]. For the HCP structure, 
this leads to a contraction of the c axis in the HCP structure, relative to the a axis. Meaning 
that the c/a ratio decrease, being less than the ideal HCP atomic packing. Due to these effects, 
the volume increases slightly during the  to  transformation [8]. This  to  transformation 
is defined according to Burger’s orientation relationship; {0001} ||{110}  and 
<1120> ||<111>  [3,17]. The slip directions and slip planes render 12 possible  variants for 
each  orientation. For the two different phases, the diffusion properties are different, affecting 
e.g. hydrogen embrittlement. The reason for the diffusion difference is related to the atomic 
packing of the HCP and BCC crystal structure. The diffusion is lower in the denser HCP 
crystal structure compared to the less dense BCC crystal structure. Because of the diffusional 
difference within the two phases, the microstructure affects the diffusion rate.    

 
Figure 3: a) Phase diagram for titanium with the different alloy classifications. Titanium alloys can be divided into 
three main groups , +  and  alloys, where the amount of  stabilizers is the parameter setting them apart [3]. 
b) the distortions of the atoms from the  to  phase transformation. This occurs due to that the distance between the 
{0001} is larger than the corresponding distance between the {110} planes [8].   
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Figure 4: The elements that stabilize the  phase are Al, O, N and C, while the phases that stabilize the  phase 
are categorized into either isomorphous (V, Mo, Nb, and Ta) or eutectoid (Fe, Mn, Cr, Ni, Cu, Si, and H) 
stabilizers. There are also elements (Zr and Sn) that do not affect either of the two phases [3].   
 

There are several different types of titanium alloys available and in Table 2 some of these 
alloys are shown. They are categorized into the three mentioned groups i.e. ,  + , and  
alloys, and each category has different properties. The  type of titanium alloys are categorized 
into different grades, and for the CP grades, only the iron and oxygen compositions are 
different. With increased oxygen content the strength of the alloys is increased, as shown in 
Table 2. Grade 2 has a yield strength of 280 MPa, whereas grade 3 has a yield strength of 380 
i.e. only by increasing the oxygen content from 0.25 to 0.035 wt%, the yield strength increases 
with 100 MPa [3]. The  alloys have good workability and due to their high corrosion 
resistance, they are often used in corrosive environments such as the marine or the 
petrochemical industry. Due to the higher diffusion rate in the  phase, lower weight fraction 
of this phase is preferred at elevated temperatures as temperature itself increases the diffusion 
rate. Low  phase fraction can render the  lath thickness close to zero in a colony structure, 
thus only low angle grain boundaries separate parallel  laths.  
 
Table 2: An overview of some available titanium alloys categorized into the three different alloy groups i.e. ,  + 
 and , their  transus temperature and their yield strength [3,11,18,19]. 

Alloy type Alloy composition (wt%) T  (°C) ys(MPa) 
 alloys and CP-Ti    

Grade 1 CP-Ti (0.2Fe, 0.18O)  890 170 
Grade 2 CP-Ti (0.3Fe, 0.25O)  915 280 
Grade 3 CP-Ti (0.3Fe, 0.35O) 920 380
Grade 4 CP-Ti (0.5Fe, 0.40O)  950 480 
Grade 6 Ti-5Al-2.5Sn  1040 795 
Grade 7 Ti-0.2Pd  915 275 
Grade 9 Ti-3Al-2.5V  935 485 
Grade 12 Ti-0.3Mo-0.8Ni  880 345 
 +  alloys    

Ti-811 Ti-8Al-1V-1Mo 1040 830 
IMI 685 Ti-6Al-5Zr-0.5Mo-0.25Si 1020 910 
IMI 834 Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C 1045 910 
Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si  995 830 
Ti-6-4 Ti-6Al-4V (0.2O)  995 830 
Ti-6-4 ELI  Ti-6Al-4V (0.13O)  975 760 
Ti-662 Ti-662 Ti-6Al-6V-2Sn  945 970 
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IMI 550 Ti-4Al-2Sn-4Mo-0.5Si  975 960 
Ti-811 Ti-8Al-1V-1Mo  1040 930 
IMI 685 Ti-6Al-5Zr-0.5Mo-0.25Si  1020 900 
IMI 834 Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C  1045 1000 
 alloys    

Ti-6246 Ti-6Al-2Sn-4Zr-6Mo  940 1030 
Ti-17 Ti-5Al-2Sn-2Zr-4Mo-4Cr  890 1100 
Ti-10-2-3 Ti-10V-2Fe-3Al  800 1100 
Beta 21S Ti-15Mo-2.7Nb-3Al-0.2Si  810 793 
Ti-LCB Ti-6.8Mo-4.5Fe-1.5Al  810 990 
Ti-15-3 Ti-15V-3Cr-3Al-3Sn  760 965 
Beta C Ti-3Al-8V-6Cr-4Mo-4Zr  730 830 
B120VCA  Ti-13V-11Cr-3Al  700 1100 
 
     Slip can occur over long distances, which decreases both high and low cycle fatigue 
properties. A solution to this problem, by creating dislocation obstacles in the  lath interfaces, 
is to add silicon to the alloy, forming intermetallic TiSi compounds. Due to the different 
crystal structures of these silicides, they are incoherent with respect to  and  and precipitate 
to the grain boundary, where they hinder dislocation movement [3]. The  +  alloys have a 
good combination of high strength and ductility, and they are therefore the most utilized types 
of titanium alloys, having both good cast- and weldability [8,20]. The  alloys have higher 
strengths than the two other alloy groups as well as high toughness and fatigue strength [3]. 
However, due to the expensive alloying elements,  alloys are more expensive, only 
amounting to 4% of the market in the USA. The alloying elements also increase the density, 
which is unwanted in e.g. the aerospace industry where low weights are desired. 
 
2.3 Ti-6Al-4V and its microstructures 
Ti-6Al-4V was invented in the USA in 1954 and is still the titanium alloy most widely used, 
amounting to 56% of the total titanium market in the USA [3]. This alloy can be found in 
several different applications e.g. jet engines or high-quality car engines. The reason for its 
wide range of applications is that it has good strength while having low density i.e. high 
specific strength. It furthermore has good corrosion resistance [3] and relatively high elastic 
modulus [21]. However, Ti-6Al–4 V has a low wear resistance [22] and the relatively high 
elastic modulus can be an issue for medical implants. Ti-6Al-4V is an +  alloy and an 
example of its microstructural evolution during cooling from the  phase field is shown in 
Figure 5, showing a phase diagram of titanium with 6 wt% aluminum. Typically Ti-6Al-4V 
material has three microstructures; basketweave, colony  or martensite depending on cooling 
rate. When Ti-6Al-4V is cooled from liquid to solid phase, which happens between 1605-
1660 °C [23] (depending on the alloy’s purity), the alloy is composed of 100%  phase. Thus, 

 grains are formed as shown in the upper right part of Figure 5 (illustrates fast cooling rate). 
When the temperature is decreased below the  transus temperature, which is 975-995 °C for 
Ti-6Al-4V [3,24],  phase start to nucleate at the  grain boundary forming grain boundary  
(GB- ) and an example of GB-  is shown in Figure 16 a) (chapter 4.2). From the  grain 
boundary,  laths start to nucleate and grow following Burgers orientation relationship. The  
laths are separated from each other by a thin layer of residual  phase. This type of 
microstructure is called colony  and is obtained through slow cooling rates. For faster cooling 
rates the GB-  will either be non-existent or discontinuous.  laths will start to nucleate from 
the  grain, then by point nucleation new  laths will start to grow perpendicularly to the 
already existing  laths. This microstructure that is formed is called basketweave.  
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     The definition of an  colony is when these  laths grow parallel to each other with the 
same crystal orientation. If slow cooling from the  phase field is performed the size of the  
colonies can actually become as large as half the size of the prior  grain [3]. The name 
Widmanstätten can also be used for both basketweave and colony . The alternative, 
martensite, is obtained for very fast cooling rates. It is formed through a diffusionless 
transformation that is supersaturated with  stabilizers, having a high dislocation density. The 
martensite is normally designated ’, having a similar crystal structure as the  phase but with 
slightly different lattice axes lengths. The martensite renders a stronger material, but with a 
decrease in ductility. Therefore, if martensite is wanted annealing heat treatments are often 
performed to relieve residual stresses and increase ductility. Throughout the annealing process, 
the supersaturated  phase is precipitated to the ’ needle boundaries or at dislocations. 
Normally the martensite is achieved through fast cooling rates i.e. quenching. But it is also 
possible to form stress-induced martensite by applying stresses to the material [16]. Apart from 

’, there is also the possibility of orthorhombic martensite with the designation ’’. This type 
of martensite is only found in titanium alloys with high concentrations of  stabilizers.  

 
Figure 5: Phase diagram for titanium with 6 wt% aluminum. Above the  transus temperature (the temperature 
between the   +  phase fields) the microstructure is composed of  grains. When the temperature is decreased 
below the  transus temperature,  laths nucleate and grow from the  grain boundary. These  laths will then 
grow larger and larger until equilibrium is reached [24].   

y y g
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3 Additive manufacturing 
AM as a manufacturing process has many advantages over conventional subtractive machining. 
The lead times can be decreased along with the buy-to-fly ratio [1,2,25] and the labor and 
tooling cost [26] can be reduced. It has existed since the 1980s [27], back then it was mainly 
used for prototyping and was thus called rapid prototyping instead of AM. It was a faster way 
to obtain prototypes and it facilitated the visualization of engineer’s ideas. However, the 
properties of the manufactured parts were not good and mainly polymers were used. There has 
been tremendous research within this area in the last decades and several new companies 
producing AM machines have emerged, along with companies that have started to use AM in 
their production. For example, Porsche has begun to use AM for producing spare parts that are 
no longer in stock, both in metals and polymers. Another example is Audi that uses selective 
laser melting (SLM) to build water adapters for their W12 engine [28]. AM is comparably 
expensive and several issues are persistent, such as defects [29] and the effect of process 
parameter on microstructure [30]. Nonetheless, AM opens up manufacturing possibilities of 
complex structures that have not been possible previously. Moreover, for low lot size 
production, it can be economically favorable with AM. From the start of AM until today there 
have been many terms describing the process of additive manufacturing. One term is 
automated fabrication that was an AM technology developed in the early 1990s. This term 
emphasizes the removal of manual tasks and that the process should be as automated as 
possible. Another term is freeform fabrication, which emphasizes the possibility to produce 
complex 3D geometries. Stereolithography and 3D printing are two terms that initially were 
used to describe specific machines. Stereolithography was used by the company 3D Systems 
while 3D printing was used by researchers at MIT. Both terms are linked to extend 2D into a 
third dimension. The term additive manufacturing is linked to the fact that the process involves 
adding layer on layer. There are some eminent advantages of AM, even though the model is 
complex AM machines can perform the build in one step while conventional methods would 
need several steps, e.g. tool changes, to do the same manufacturing [31]. Small changes can 
lead to a drastic increase of stages for conventional manufacturing while it changes nothing for 
AM. Therefore, it is easier to predict the time to manufacture models regardless of complexity. 
With AM a geometrically complex part that takes a couple of days to manufacture, would 
most likely take several weeks with computer numerical controlled (CNC) machining [32]. 
The AM process can be described in 8 steps [32]: 
 

1. Computer aided design (CAD): First a digital model of the part is made by using a 
CAD solid modeling software. 

2. Conversion: When the digital model is finished it has to be converted to the 
stereolitograph (STL) file format. This format is the one that the AM machines use and 
almost every CAD system supports it. This STL file is then the basis for calculation of 
the slices of the model. 

3. Transfer to the machine: The third step is the transfer of the STL file to the AM 
machine. In this step, some manipulation can be done so that the build has the correct 
position and size. 

4. Setup: Before the building starts, the equipment has to be set up. The settings can 
constitute of power, speed, layer thickness, and a number of other parameters related to 
material and process constraints, etc. 

5. Build: The fifth step is the actual building of the CAD model, melting layer by layer. 
This process can be semi or fully automated but some online monitoring is often 
conducted, so that the machine does not run out of material or that some software 
error occurs. 

6. Removal: Once the part is manufactured it has to be removed from the process, which 
normally is done manually. 
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7. Post-processing: After the build, the part might need some post-processing before it is 
completely finished. Of course, depending on the material and AM process used, some 
parts might need machining, cleaning, polishing, removal of support structures, hot 
isostatic pressing (HIP) and heat treatments.    

8. Application: At this stage, the part can be ready for use. Nevertheless, it could also need 
some additional treatments, like painting, or assembling with other components before 
it is fully usable.  

      
     There exist several different AM processes [33-36] for metals and the number of important 
process parameters is different for different processes. The AM processes for metals can be 
categorized into two main groups, powder bed fusion (PBF) and directed energy deposition 
(DED). The difference between the two groups is that for DED the processes are deposition 
based e.g. deposition of wire or powder, whereas for PBF the processes are based on powder 
beds. There are several different heat sources such as arc and laser [37,38] or electron beam 
[39-41]. The thermal history of material manufactured with AM differs from e.g. cast, where 
Figure 6 a) shows a notional thermal history that is typically observed in AM. When melting a 
layer onto a base layer, the base layer is re-melted. For Ti-6Al-4V up to the fourth added layer, 
the base layer will reach above the  transus temperature. Although the temperature does not 
reach above the  transus temperature, coarsening effect of the microstructure can still occur 
after the 4th added layer. This thermal history renders the characteristics of the epitaxial growth 
of the  grains (as discussed in chapter 4.1) and the layer bands (as discussed in chapter 4.4), 
characteristics that are not observed in conventional manufacturing processes.        

 
Figure 6: In a) the thermal history of one layer is shown for Ti-6Al-4V i.e. time index 1 means the temperature of 
the base layer once one layer has been added, 2 after two added layers, etc. When adding a layer the preceding layer 
is heated above the melting temperature and up to the fourth added layer, the layer reaches above the  transus 
temperature. After the fourth added layer there can still be a coarsening effect of the microstructure [25]. In b) an 
overview of a directed energy deposition system is shown. A wire feeder feeds the wire into an energy source, such as 
laser or electron beam, the wire then melts upon a previously deposited layer or substrate [42]. 
 
3.1 Directed energy deposition 
In the field of AM, there are many acronyms for sometimes seemingly the same manufacturing 
process. In this work, the following acronyms for the DED based AM process have been used. 
For the AM process where the deposition of wire has been melted by a TIG torch, the process 
has been called shaped metal deposition (SMD) [36,43-45]. Another possible name for the 
same process could be wire arc additive manufacturing (WAAM). The combination of laser 
and deposition of wire has in the current work been called laser metal wire deposition 
(LMwD) [41,44], it could however also be called laser beam melting (LBM). Laser combined 
with deposition of powder has been called laser metal powder deposition (LMpD) in the 
current work, another possible name for this AM process is laser engineering net shaping 
(LENS) [46,47]. One part of the DED process is a wire or powder feeder (slightly different 
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setups for the two cases). The material feeder feeds material into a heat source and Figure 6 b) 
shows an example of this method, more precisely the process electron beam freeform 
fabrication (EBF3), which is a wire-based DED process that uses electron beam as an energy 
source. Once the material is within the heat source, the material melts onto the previously 
built layer or onto the substrate, in accordance with the predefined CAD model. Several two-
dimensional layers of molten material at the end amounts to the three-dimensional component. 
For metals that react with the environment, e.g. oxygen in air, a hood must be used around 
the build. Within the hood, either an inert gas, such as argon can be used, or vacuum in the 
case of the EBF3 process due to the nature of electrons and their interactions. DED processes 
generally have fast build rates but it is important that the process parameters are well optimized. 
Otherwise, issues like delamination can occur, which is a common issue that can happen if the 
speed of the energy source is too fast i.e. too low energy input. With too fast speed, there will 
not be enough energy input to melt the material. Apart from fast build rates DED built 
material also has the benefit of fully dense builds, and no build supports are needed. Moreover, 
DED processes can be utilized for repairing broken or worn out parts.    
     Figure 7 shows a setup of LMwD in regard to feeding rates and wire positions. Va is the 
nominal feed rate i.e. the rate optimal for the distance a between the end of the nozzle and 
substrate. Vw is the actual feed rate of the wire. In option A the feed rate of the wire is optimal 
for the distance a, which leads to smooth deposited layer. In option B the feed rate is the same 
as in option A but the distance between the end of the nozzle and the substrate is increased. 
This leads to that the wire is melted higher above the substrate, which consequently leads to 
drop formation, leaving a wavy deposited layer. In option C the feed rate is higher than in A 
while keeping the same distance a. Here the wire does not have time to melt before merging 
with the substrate. In option D both the feed rate of the wire and the distance between the 
end of the nozzle and substrate is increased in regard to Va and a respectively. With this 
configuration, the results will be the same as in option A. The higher feed rate is canceled out 
with the increased energy absorbed into the larger area of the wire. Conclusively option A and 
D are good options, but D is better in the regard that one can have a faster manufacturing 
process. Options B and C are not wanted, and especially option C can be catastrophic.  
     In Figure 8 one can see different positions of the wire into the laser beam.  The more wire 
that is present in the laser beam the more energy is absorbed by the wire facilitating a higher 
deposition rate. Distance c means a higher deposition rate than b and b is higher than a. There 
is also the last possibility when there is too much wire so that not all the wire is melted. So to 
obtain an optimal deposition rate the wire should be in the process windows of a<b<c. 
Therefore, there is a limit of the feed rate of wire depending on the laser.  
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Figure 7: Setup of LMwD in regard to feeding rate and wire position. Va is the nominal feed rate i.e. the rate 
optimal for the distance a between the end of the nozzle and substrate. Vw is the feed rate for the wire. Option B 
leads to drop formation on the surface because the distance is larger than a. In C the feed rate is high while 
maintaining the same distance a. This causes the wire and the substrate to not melt properly resulting in insufficient 
bonding between the wire and the substrate. A and D are good options to use (courtesy Dr. Almir Heralic). 
 
 

  
Figure 8: Depending on how the wire is situated into the energy beam different results will be obtained. Using a 
distance a (see left example) will result in a lower deposition rate than for b and c (middle), whereas to the right is an 
example of too much wire inside the energy beam, resulting in un-melted material (courtesy Dr. Almir Heralic).  
 
     How the wire is fed into the melt is also of importance. Depending on how the wire is 
oriented towards the deposition direction the properties of the built material can be different. 
Figure 9 shows three different feeding directions of the wire; back feeding, side feeding, and 
front feeding. For the three different feeding directions, the one that obtains the best surface 
finish for titanium and nickel-based alloys is front feeding. Moreover, for side and back feeding 
the feeding rate is limited in comparison to front feeding [48]. The feeding direction is material 
dependent. With back feeding, one can get a wavy surface with bulbs on the sides for stainless 
steels. With aluminum, back-feeding gives a more efficient and stable deposition. Hence, to 
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obtain the optimum quality one has to consider this and use the feeding direction that is most 
optimal for each material [48]. 

 
Figure 9:  Three feeding directions; back, font and side feeding, and their orientation in regard to the wire [49].  
 
3.2 Powder bed fusion 
There are two major PBF processes; (SLM) [50-54] and electron beam melting (EBM) 
[4,55,56]. The main difference between these two processes is the energy source; EBM uses an 
electron beam whereas SLM uses a laser to melt the powder bed. There are other differences 
between them as well e.g. feed cartridges are placed differently. SLM uses an Ar or N2 gas [57] 
(the heat conductivity of N2 is 40 % higher than Ar [58]) instead of a vacuum atmosphere, used 
in the EBM process. Argon has a higher thermal conductivity than vacuum that increases the 
cooling rate. In addition, there is little pre-heating of the build for SLM, which renders a finer 
microstructure of material built with SLM compared to EBM. The setup is somewhat the same 
for the two processes; there is a powder that is distributed from a powder stock (powder 
hopper in the case of EBM) over the build platform (as shown in Figure 10 by a leveling 
blade). The laser or electron beam can then perform the contouring and hatching. Then the 
build platform is lowered with the same height as one layer and the process can restart. When 
using laser as power source it is possible to use several lasers simultaneously [59]. The benefit 
with this setup is that it is possible to keep many melt zones active concurrently, which renders 
faster build rate. Due to the limits of the electron beam configuration, it is only possible to 
have one electron beam operating once. A benefit with an electron beam, which is 
maneuvered via magnetic forces, is that positions can be changed abruptly. The position 
changes are conducted so fast that the beam can be regarded as being in more than one place 
simultaneously, called “multibeam system” by Arcam [60], resulting in an increased production 
rate. Another difference between the two PBF processes is that for SLM the operation 
temperature is lower than for the EBM process. For manufacturing of titanium, the 
temperature in SLM is kept at around 100 °C [52,57], whereas for EBM the normal range is 
between 650 and 700 °C [4,61]. For the SLM processes, there is a phenomenon called balling 
[62]. This can occur due to poor liquid formation and high viscosity, which then cause 
spheroidization of the melt pool. This phenomenon is unwanted for the process as it could 
lead to discontinuous scan tracks and bad interline bonding [33]. It can furthermore lead to 
delamination and porosity [63]. Attar et al. [64] investigated how the process parameters power 
and speed affected the tensile properties for CP titanium. The results are shown in Figure 11 
a). Three different setups were investigated designated sample A, B, and C. Sample A was built 
using a power of 85 W and speed 71 mm/s, sample B 135 W and 112 mm/s, sample C 165 W 
and 138 mm/s. The difference in power and speed between the different material resulted in a 
relative density of 96.4%, 98.7%, and 99.5% respectively. The material having the highest 
relative density showed the best tensile properties, whereas the material that had the lowest 
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relative density had the lowest tensile properties. This example shows how important the 
process parameters are for mechanical properties.  

 
Figure 10: A schematic of the SLM process. (1) First, the piston has to move upwards for supplying the leveling 
blade (2) with powder, which is then distributed over the build platform. Once the powder is evenly distributed, the 
excess powder is moved into the third column (3), which has a piston that moves the column downwards. After the 
contouring and hatching (4) have taken place the build platform (5) moves down with the same height as the layer 
thickness. Then the process restarts from (1) until the whole three-dimensional component is manufactured.  
 
     The EBM process is constructed into different themes for each step of the process. The 
sintering is controlled by a preheating theme which is divided into preheat 1 (area surrounding 
the outermost samples in the build envelope) and preheat 2 (surrounding each individual part 
in the build envelope). Preheat is always the first step for each layer followed by the melt 
theme, according to the STL design, for fusion of the bulk material. The melt theme is 
constructed by two separate steps; first the contouring, which is used to create a solid border 
between the bulk and the STL design, followed by the hatching which is fusion of the 
powder. The contour is an important step of the EBM process where defects are commonly 
found in the vicinity of the contour, due to point melting of the contour while the hatch is 
melted continuously  [29,53,65]. Once a layer has been completed, another layer of powder is 
added on top of the previously processed layer, then the process repeats itself, until several 2 
dimensional layers together make a three-dimensional part, according to the STL design.  

 
Figure 11: a) Three different samples were tested A, B, and C. The samples had different process parameters that 
consequently resulted in different strengths [64].  b) An illustration of the EBM process. Prior to the hatching a 
preheat 1 is performed to sinter the powder of an area within the build envelope, including all the to be manufactured 
parts. Then a second preheat is performed near the surroundings of each individual part. Contouring is performed to 
create a solid border between the bulk powder and the edges of the component, then hatching is performed to fuse the 
powder according to the STL design (courtesy Magnus Persson from GE Additive).  
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3.3 Feedstock material 
The feedstock material is of utter importance for the final properties of components 
manufactured with AM, where feedstock can be categorized into either powder or wire. If the 
feedstock material is contaminated with other elements, e.g. too high oxygen content, the 
chemical composition of the AM built material will also be altered, thus affecting the 
mechanical properties. For powder feedstock, the aspects that are important to consider are 
particle shape, size distribution, chemical composition and powder flowability [66-68]. Powder 
particle shape depends on the powder manufacturing process. Powder manufacturing processes 
that render spherical powder grain morphology are usually preferred for powder bed AM 
because spherical shape increases the flowability. With good flowability, the powder is easily 
distributed over the powder bed. Decreased powder particle size decrease the flowability [68], 
and bad powder distribution leads to porosity. Depending on which AM process that the 
powder is intended for, different sizes of the powder are used. For SLM the powder particle 
size is typically within the range of 10 to 45 m, while for EBM the range is normally within 
45 to 100 m, whereas for DED it is usually between 45 to 150 m [68-70]. Powder is 
commonly reused. However, recycling powder can lead to uptake of e.g. oxygen [71], which 
change the chemical composition of the alloy, therefore changing the intended properties e.g. 
oxygen reduces both ductility and fracture toughness of titanium [72,73]. The oxygen content 
has also been shown to be inversely related to the size of the powder; the smaller the powder 
particles the larger the ratio of oxygen [74]. Apart from oxygen, Tang et al. [71] reported that 
reuse of powder can lead to reduced aluminum and vanadium contents. Nonetheless, by 
mixing reused powder with virgin powder the composition specifications for Ti-6Al-4V can 
be met. Production of powder can be achieved by either mechanical, atomization or chemical 
processes where the different subgroups are shown in Figure 12 [66,68]. For AM, with the 
strict powder size and particle shape requirements for powder bed AM and LMpD, gas and 
plasma atomization are the two viable production methods.  

 
Figure 12: Overview of some powder manufacturing processes. Mainly three groups exist; mechanical, atomization 
or chemical. For these groups, there are then several methods, note that more methods exist.   
 
     For gas atomization molten metal in a tundish is fed into a nozzle by gravity, and high-
pressure inert gas is used, e.g. argon, to atomize the powder [66]. This process is good for 
minimizing the risk of contamination and oxidation, thus suitable for reactive metals. There 
are different types of gas atomization processes, where either a vacuum- or electrode induction 
furnace can be used to melt the metal. The vacuum induction gas atomization (VIGA) process 
has a risk of contamination from refractory metals from the ceramic crucibles [66]. However, 
the electrode induction gas atomization (EIGA) process solves this contamination issue.  
     For the EIGA process, the feedstock is a metal rod. The rod is melted by an induction coil 
and the molten metal enters the atomization chamber directly, hence skipping the tundish 
stage. The metal is in no contact with any other materials during the melting step which 
minimizes contamination issues [75]. The VIGA process renders high sphericity and 
cleanliness, whereas EIGA results in overall fine powder, with drawbacks of satellites and 
porosity. Another powder production method is plasma atomization, which utilizes a plasma to 
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melt a wire-based feedstock. This process renders fine powder with satellites. Wire is fed into 
an argon plasma torch (around 10 000 °C [68]) and the torch both melt and atomize the metal 
at the same time [66,76]. To increase the production rate an induction coil can be added to 
pre-heat the wire before melting/atomizing it in the plasma [77]. An alternative plasma-based 
process is to replace the wire with a rotating bar, forming the plasma rotating electrode process 
(PREP). The PREP process is performed in an inert atmosphere (like the other processes) and 
when the plasma melts the bar small amounts of metal are ejected from the surface by the 
centripetal force and solidify before hitting the wall [66]. The PREP process renders high 
purity powder with no satellites. However, the powder is coarse and it is not suitable for e.g. 
the SLM process that demands small powder dimensions. Examples of gas atomized and PREP 
Ti-6Al-4V powder are shown in Figure 13, to the left and right respectively. For the gas 
atomized powder satellites are clearly visible.  

  
Figure 13: SEM images showing the morphology of a) gas atomized Ti-6Al-4V powder and b) PREP 
manufactured Ti-6Al-4V. In a) satellites are observed on several powder particles, whereas in b) these satellites are 
significantly fewer [78].  
      
     Wire-based feedstock normally ranges in diameters between 0.2 to 1.2 mm [48] and one 
possible production method is friction extrusion [79,80]. This process does not require the 
material to be melted, the material is simply consolidated by a force when it is extruded, thus 
saving energy [79]. Wire-based feedstock can also be manufactured in a repetitive manner 
where the feedstock is pressed through several dies, where each die plastically deforms the wire 
[81]. This angle is responsible for the plastic deformation through shearing between wire 
segments when passing through the angled channel intersection [82]. Normally six passes are 
performed and the working temperature ranges between 200 to 400 °C. After these iterations, 
the semi-finished wire can be further processed at elevated temperatures using a wire-drawing 
machine [83]. The wire-drawing process leads to strengthening of the wire. Several extrusion 
components and their geometries are important for the properties of both the process itself and 
the final microstructure of the wire. For example, the die and its geometry affects the flow 
pattern of the wire [80]. This was shown by Nakashima et al. [84] that investigated different 
angles, which showed that an ultra ne microstructure composed of equiaxed grains that were 
separated by high angles of misorientation grain boundaries, was easiest obtained when the 
channel intersection was ~ 90°. In addition, how the material is orientated after each iteration 
is of importance for the final properties, where three distinct processing routes exist; route A 
no rotation of the material between each iteration, route B a rotation of 90° is performed 
between each iteration, and then route C where the material is rotated 180° [82].  
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4 Additively manufactured Ti-6Al-4V 
4.1 Prior beta grains 
In AM built Ti-6Al-4V the  grains grow epitaxially across several layers with a distinct [001] 
growth direction [17,85]. In Figure 14 a) an example of  grain morphology taken from LOM 
is shown, with numerous prior  grains in the build direction. Figure 14 b) is an inverse pole 
figure (IPF) map and c) its corresponding  grain reconstruction, while Figure 14 c) to f) 
shows the effect of  geometry on  grain morphology [86]. By changing from 1 to 5 mm in 
wall thickness the  grain morphology changes drastically. When the wall is thinner than 2 
mm, a curved morphology of the  grains is formed at the outer layer. Which is explained by 
that the finely curved  grains are nucleated from the surrounding powder bed growing 
inwards following the melt pool, until meeting un upward growing  grain that nucleates from 
the previously deposited layer where no powder nucleation was possible [86]. It is believed 
that small melt pools, directional heat conduction, and high cooling rates are responsible for 
this columnar morphology. The columnar prior  grains have been observed in additively 
manufactured Ti-6Al-4V for numerous AM processes [34-36,87-90]. Figure 15 a) illustrates 
the formation mechanism of the columnar  grains in AM built material. The dendrites grow 
from the solid  interface into the liquid +  phase field. The dendritic nucleation occurs from 
previous  grains and the solidification range for liquid + , Tfr, for Ti-6Al-4V is 5 K [91]. 
This narrow solidification range of the liquid +  makes the solidification occur rapidly and 
the epitaxially nucleated  grains thus forms quickly. In addition, the fast cooling rates in AM 
in combination with the absence of potent nucleant particles ahead of the  grains, prevent 
nucleation that otherwise would stop the epitaxial growth. The size of the prior  grains 
depends on the holding time between the melting and  transus temperature.  

 
Figure 14: In a) a macroscopic image of EBM built Ti-6Al-4V is shown perpendicular to the layers, with columnar 
prior  grains [6]. In b) an inverse pole figure (IPF) map is shown where c) is the same area, but with reconstructed 
 grains. In c) to f) the effect of build geometry on  grain size in EBM built Ti-6Al-4V using different wall 

thicknesses is shown. In c) the wall thickness is 1 mm followed by 1.5, 2.0 and 5.0 mm for d), e) and f) 
respectively [86].   
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     The size is thus not directly dependent on the cooling rate from the  transus to room 
temperature, which is the case of other microstructural features, such as  laths, GB- , and  
colonies. The prior  grains are an important microstructural feature as it defines the maximum 
size of the  colonies (  colonies cannot be larger than the  grains from wherein they grow) 
[3]. There are ways to make sure that  grains do not achieve the characteristic columnar 
morphology. One way is through deformation. By deforming wire-based AM with rolling, i.e. 
after deposition of wire the layer is directly rolled, it is possible to change the columnar  grain 
morphology in Ti-6Al-4V to equiaxed [92]. The reason for this change is that recrystallization 
occurs in the deformed layer when it is heated up by the next deposited layer. By adding low 
amounts of boron (up to 0.13 wt.%) to Ti-6Al-4V, Bermingham et al. [93] produced smaller 
prior  grains in SMD built material. This effect was attributed to boron solutes restricting 
lateral dendrite growth, allowing numerous grains to grow in the wider solidification range of 
the Ti-6Al-4V-B alloy. The solidification range for Ti-6Al-4V with the addition of boron is 
roughly 130 K [93], which is more than 20 times larger than Ti-6Al-4V without the addition 
of boron. The lateral precipitation of TiB particles from the columnar dendrites, as shown in 
Figure 15 b), restrict lateral growth of the  grains and therefore also promoting nucleation of 
neighboring dendrites. Due to the extended solidification range for Ti-6Al-4V-B, the 
dendritic growth does not freeze as fast as in the case of no boron addition i.e. extended 
solidification period. This promotes a more curvy morphology of the  grains, as the heat 
extraction occurs both from the previously added layer and from the current deposited layer 
i.e. downwards and to the left in Figure 15 respectively. 

 
Figure 15:  grain growth in DED built Ti-6Al-4V, in a) without any addition of boron and in b) with boron. 
With boron, the solidification range Tfr is increased i.e. liquid + solid zone, from the 5K to 130 K. The increased 

Tfr for Ti-6Al-4V-B causes a curved appearance of the  grains, as the nucleation period is increased and the 
thermal gradients (shown as arrows) are both from the previous and from the currently added layer [93].  
  
4.2 Alpha laths, grain boundary alpha, and alpha colonies 
An example of  laths is shown in Figure 16 a) (see white arrows) and the  lath thickness, 
which is related to the size of the  colonies, is a good indicator of the yield strength of the 
material [3]. Figure 16 b) shows this correlation between  lath thickness and the yield strength 
i.e. the thinner the  laths the higher the yield strength (YS). The thickness is dependent on 
the cooling rate of the material and a slower cooling rate renders coarser  laths whereas faster 
cooling leads to a decrease in thickness. The  lath thickness can vary quite a bit, from below 1 
μm in thickness to several μm. Apart from the thickness, the distribution of the  laths is also 
dependent on the cooling rate. For fast cooling rates, the  laths obtain a characteristic 
basketweave pattern, as shown in Figure 16 a). With a slower cooling rate the  laths will 
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nucleate with the same crystal orientation, being parallel to one another. In-between the  
laths there are small amounts of  phase. In Figure 16 a) the residual  phase is shown in black 
whereas the  phase is shown as white.  

 
Figure 16: a) White arrows show examples of  laths and in the middle of the image white dots indicate GB-  
[94]. b) Shows how the thickness of the  laths influence the yield strength (YS) of the material i.e. smaller 
thickness is equal to higher yield strength [3].  
 
     For additively manufactured Ti-6Al-4V there have been reports of various thicknesses of 
the  laths, which can be explained by variations in cooling rate. Formanoir et al. [85] did 
report an  lath thickness of 1.9 μm for as-built EBM Ti-6Al-4V material, whereas Lancaster 
et al. [89], Seifi et al. [95] and Shui et al. [96] measured the  lath thickness of EBM built Ti-
6Al-4V to be 0.79, 1.2 and 1.7 μm, respectively. Vrancken et al. [88] and Rafi et al. [4] 
investigated SLM built Ti-6Al-4V and reported an  lath thickness in the range of 1 to 2 μm. 
If post-build heat treatments are performed the  laths will coarsen as shown in Figure 17. In 
Figure 17 a) as-built EBM Ti-6Al-4V is shown, whereas in b) and c) heat-treated and HIPed 
at 920 °C for 2 hours each is shown respectively. The size of the  laths is different in these 
three scenarios ranging from 1.7 to 3.2 μm (adding the HIPing pressure 100 MPa did not 
change the size compared to the HT) [96]. Moreover, Shui et al. [96] found the amount of  
phase to increase from 1.5% in as-built condition to 4.6% after heat treatment. In Figure 16 a), 
an example of GB-  is shown, where the white dots indicate the boundary of the GB- . The 
thickness of GB-  depends on the cooling rate from the  transus temperature to room 
temperature, where slow cooling rate renders a continuous and thick layer of  phase [85] and 
the opposite for fast cooling that renders a thin and discontinuous GB- . Carrol et al. [97] 
investigated the anisotropic tensile properties of LMpD and found the ductility to vary 
between 11% to 14% depending on if the load was applied parallel or perpendicular to the 
layers, respectively. The presence of anisotropic ductility was attributed to the GB-  along the 
prior  grain boundary. The stated reason was that GB-  serves as a path where damage can 
accumulate, leading to fracture. The microstructural feature that is the most detrimental for the 
mechanical properties of titanium alloys is the size of the  colonies [17,98]. The size of the  
colonies depends on the cooling rate from the  transus temperature to room temperature, 
where fast cooling rate renders small  colonies and the opposite for slow cooling rates.  
colonies consist of  laths that grow in the same crystal direction (for examples of  colonies 
see Paper I). Characterization of the  colony size is easiest performed with electron 
backscattered diffraction (EBSD), as this technique shows the crystal orientation. Nonetheless, 
measuring the  colony size can be a bit precarious due to the stereology effect i.e. EBSD gives 
a two-dimensional representation of three-dimensional  colonies. The basketweave type of 
microstructure where the  colonies are entangled into one another is extra delicate. Note that 
the stereology effect is present when measuring  laths as well.   
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Figure 17: IPF maps of a) as-built EBM Ti-6Al-4V, b) heat-treated for 2 hours at a temperature of 920 °C, c) 
HIPed at 920 °C for 2 hours with a pressure of 100 MPa. The figures below (a’-c’) show their respective phase 
maps [96]. 
 
4.3 Binary microstructure pattern in SLM  
In SLM built material there is a phenomenon that is called binary microstructure pattern 
(BMP), due to the double microstructures which form a pattern in the material when viewing 
an etched cross-section parallel to the layers, as shown in Figure 18. The BMP is not only 
present for material built with titanium but exists also for e.g. steel [99] and nickel-based 
superalloys [100]. This BMP has been shown to correlate with the AM process parameter 
hatch distance [52,101,102], where an increase in hatch distance renders an increased size of 
the pattern. The hatch distance and the width of one square is 180 μm in the example of 
Figure 18 a). The morphology of the BMP can also vary depending on which type of scanning 
strategies that are used. They could as an example be square formed as shown by Cao et al. 
[52] in Figure 18 a) or wavy as shown by Thijs et al. [50] (see Figure 18 b)). Between the 
squares, distinguishing the zones from one another is a zone with a finer microstructure, 
whereas the squares i.e. bulk material, have a coarser microstructure. 

 
Figure 18: a) The binary microstructure pattern in SLM built Ti-6Al-4V[52]. b) Macrostructural binary 
microstructure pattern but with another shape due to the alternated scanning strategy [50].   
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4.4 Layer bands 
Layer bands, also called parallel bands, have been observed in various DED processes 
[5,34,38,43,103,104] e.g. LMwD, LMpD, and SMD. An example of layer bands in LMwD 
built Ti-6Al-4V is shown in Figure 19 a) i.e. the white horizontal bands. What these AM 
processes all have in common is fast cooling rates. Kelly et al. [38] investigated this 
phenomenon and according to the authors, these parallel bands are developed when a specific 
combination of peak temperature, time at peak temperature, and cooling rate is achieved. 
Kobryn et al. [105] explained the formation of parallel bands by the creation of new heat-
affected zones in the deposit. Figure 19 b) shows the formation of one layer band. Layer n starts 
with a fine colony  microstructure and when adding layer n+1 a part of layer n reaches above 
the melting temperature, leading to the formation of a fine basketweave microstructure in the 
bottom of layer n. When adding layer n+2 the whole layer n reaches above the  transus 
temperature. When adding layer n+3 a graded basketweave microstructure is formed in layer n 
and above this graded region, at the depth where the  transus temperature reaches, the layer 
band is formed. In the layer band the microstructure is colony  and in-between each layer 
band there is a basketweave microstructure. This microstructural difference has been observed 
by several authors e.g. Kelly et al. [38] and Ho et al. [106]. Apart from the microstructure, 
lower solute partitioning makes the layer bands etch white, whereas the darker regions etch 
dark due to a greater  –  solute partitioning [106]. Martina et al. [104] also investigated the 
layer band phenomenon and measured the  lath thickness above and below a layer band. The 
result showed that the thickness was smaller above the layer bands and larger below, correlating 
well with measurements of Kelly et al. [38].       

 
Figure 19: In a) an example of layer band (see black arrows) morphology in LMwD built Ti-6Al-4V is shown. In 
b) the microstructural history of 4 added layers is shown. Layer n has a fine colony  but when adding layer n+1 a 
part of layer n reaches above the melting temperature, leading to the formation of a fine basketweave microstructure. 
When adding layer n+2 the whole layer n reaches above the  transus temperature leading to the formation of a fine 
basketweave microstructure for this layer. When adding layer n+3 a graded basketweave microstructure is formed in 
layer n and above it, at the depth of the  transus temperature, the layer band is formed [38].   
 
     In a recent study by Ho et al. [106] the occurrence of layer bands due to segregation was 
shown for the first time in wire-based DED built material. By using electron probe micro 
analyzer (EPMA) technique Ho et al. managed to show that there is element segregation 
within the layers bands. There was a weak tendency towards Al and V segregation, but for Fe, 
strong segregation was detected. The explanation put forward by the authors was that a 
transient solute boundary layer developed at the solidification front. The reason that Fe 
segregated, and not the Al and V, was attributed to the lower partition energy of Fe. Iron is a 
strong  stabilizer, thus local segregation of this element changes the /  ratio, influencing the 
local microstructure. Ho et al. [106] noted that the microsegregation became more 
homogenized deeper into the build, due to the thermal exposure and high diffusivity of Fe in 
Ti.  
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4.5 Mechanical properties 
Table 3 summarizes typical reported mechanical properties for as-built Ti-6Al-4V 
manufactured with different AM processes. For comparison typical properties of wrought and 
cast Ti-6Al-4V is also included in the table. A difference between wrought/cast material and 
AM built Ti-6Al-4V is the anisotropy i.e. mechanical properties are different if the load is 
applied parallel or perpendicular to the build direction. This anisotropy is present for both 
ductility and strength. When load is applied parallel to the layers (called horizontal in Table 3), 
the highest YS and ultimate tensile strength (UTS) are obtained. When the load is applied 
perpendicular to the layers (called vertical in Table 3), the highest ductility is obtained. 
Depending on AM process there are also differences as shown in Table 3. The strongest 
material is obtained by using the SLM process, where the UTS in horizontal mode is between 
1269 and 1279 MPa [4,107], even superseding the strength of wrought material. However, the 
ductility is only around 5%. The most ductile material is obtained using the EBM process, in 
horizontal mode, showing a maximum elongation of 16.3 % [56]. For the DED processes, 
LMwD has the highest UTS. The most ductile DED process according to the cited references 
is LMpD, with an elongation to fracture of 12%. For AM built Ti-6Al-4V the fatigue 
properties have been investigated in numerous studies [4,44,88,108-114]. As discussed by 
Lewandowski et al. [115], most of the fatigue experiments that have been investigated have 
used high cycle fatigue (HCF), whereas low cycle fatigue (LCF) experiments have been less 
explored. 
 
Table 3: Overview of the mechanical properties for AM built and conventional cast and wrought Ti-6Al-4V (as-
built). YS stands for yield strength whereas UTS is the ultimate tensile strength. The elongation is in percent (%).  
Process Direction Elongation  YS (MPa) UTS (MPa) Reference 
SLM Vertical 4.9-6 1125-1143 1216-1219 [4,107] 
 Horizontal 5-6 1093-1195 1269-1279 [4,107] 
EBM Vertical 13.8-15 879-880 924-953 [116-118] 
 Horizontal 12.1-16.3 852-970 900-971 [56,116,117] 
LMwD Vertical 8-16 790-860 880-950 [37,116] 
 Horizontal 2-12 800-985 920-1050 [37,116] 
LMpD Vertical 1.7-5 522-950 797-1025 [119,120] 
 Horizontal 6.4-12 892-950 911-1025 [119,120] 
SMD Vertical 11.7 803 918 [90] 
 Horizontal 8.7 950 1033 [90] 
Wrought -  14-16 925-1150 1000-1200 [24,121] 
Cast -         5-8 800-896 900-1000 [24,122] 
 
     The fatigue properties of AM built material has been compared to that of cast and wrought 
Ti-6Al-4V. Rafi et al. [4] showed that SLM built Ti-6Al-4V has better HCF properties than 
cast, whereas Facchini et al. [108] reported better HCF properties than wrought Ti-6Al-4V 
after a post-process HIP treatment. HIPing is a post-process that has been reported to increase 
fatigue life [111,123,124]. Defects are known to decrease the fatigue life, so by implementing a 
HIP post-treatment pores can be closed, pores that otherwise would act as crack initiation sites. 
Surface roughness, residual stresses, and defects can also contribute to reduced fatigue 
properties [115]. Prabhu et al. [114]  reported that surface roughness had a severe effect on 
fatigue properties. With un-melted powder at the surface, the fatigue properties were reduced 
with one order of magnitude. The reason for this was illustrated with the modeling of 
elementary tomography data by Neikter et al. [29], no/little stress is applied to surface 
extremities, whereas at notches at the surface high stresses become concentrated. According to 
the investigation of Kobryn et al. [113], the fatigue performance of LMpD was superior to that 
of cast Ti-6Al-4V, whereas it was in the scatter of wrought-annealed material. Table 4 shows 
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the FCG properties of Ti-6Al-4V manufactured with the SLM and EBM processes. Edwards et 
al. [125] noted that the orientation dependence in SLM built Ti-6Al-4V was not discernible, 
correlating well with the findings of Åkerfeldt et al. [126] that investigated LMwD built Ti-
6Al-4V. Seifi et al. [127] noted an orientation dependence for EBM built Ti-6Al-4V when 
investigating the FCG properties of vertically and horizontally built samples. Defects such as 
porosity and LOF were present, which possibly affected the measurements, causing anisotropy. 
Edwards et al. [125] also investigated the fracture toughness of as-built SLM Ti-6Al-4V and 
found it to be inferior to cast, wrought and EBM built material. Their explanation for this was 
the martensitic microstructure in the SLM material, causing a brittle fracture. Seifi et al. also 
performed fracture toughness measurements, but instead of SLM, EBM built Ti-6Al-4V was 
analyzed. The result showed properties in the range of cast and wrought material that in some 
cases were even superior.    
 
Table 4: Fatigue crack growth properties of PBF built Ti-6Al-4V (as-built material, without any post-processing), 
showing the process, orientation, frequency, load ratio, critical stress intensity and their corresponding references.   
Process Orientation Freq. (Hz) Load R.(R) KC (MPa ) Ref. 
SLM Vertical 10  0.1 40  [125,128] 
 Horizontal 10 0.1 37  [125] 
EBM Vertical 20 0.3 69 [127] 
 Horizontal 20 0.1-0-3 53-96 [127,129] 

 
4.6 Residual stresses 
Residual stresses (RS) can occur in a material due to mechanical loads, thermochemical 
reactions or thermal processing e.g. quenching (different cooling rates within a material causes 
differences in thermal expansion and contraction) [130,131]. RS is generally unwanted in AM 
built material as it can lead to distortions. RS is static stress and exists in material even though 
no external load is applied and it can affect the mechanical properties. The RS can either be 
compressive or tensile and depending on the type, differences in mechanical properties can be 
achieved. For AM materials, the main reason for RS is thermal processing, due to the 
repetitive melting and solidification. Superposition of the locally induced RS for each added 
layer amounts to a final macroscopic RS. Due to the point melting temperature gradients are 
created between different areas in the AM built material. Faster cooling rates render larger 
magnitude of RS. To measure RS in material several different types of techniques can be 
utilized, such as drilling a hole in the material, contouring or through nondestructive 
synchrotron x-ray and neutron diffraction measurements [130,132]. Synchrotron x-ray and 
neutron diffraction-based RS measurements are the most accurate methods and they can be 
used to both measure local and global RS in the material [130,131]. To measure the RS of a 
crystalline material it is typically irradiated with either photons or neutrons (depending on 
whether synchrotron x-ray or neutron diffraction is used). Throughout a measurement, several 
different detectors record the diffraction patterns for different Bragg angles. The interplanar 
lattice spacing d changes due to RS, and it can be regarded as a strain gauge [133], due to that 
the lattice spacing will be increased by tensile stresses while being reduced when compressive 
stresses are applied. Thus, by measuring d and comparing it with a stress-free lattice spacing (d0) 
the strain ( ) of the material can be calculated according to [130,134]: 

=
 

       Equation 4 

For an HCP crystal structures the strain is calculated according to [133,135]: 

=
  

   Equation 5 
For the definition of c and a, see chapter 2.1, 0 signifies strain-free parameters. Apart from static 
loads, RS can also alter the fatigue properties, but it depends on the type of fatigue. For LCF 
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there is no critical impact of RS while for HCF it is more severe. The reason for this 
difference is that for LCF the loads are higher than in HCF, causing critical plasticity near the 
crack tip, removing the RS already after the first cycle [136]. For HCF however, that have 
lower loads the RS is not washed out. Superposition of residual stresses onto dynamic loads 
does not change the stress intensity K i.e. not altering the Paris regime. It does, however, 
change the mean applied stress and the R-ratio (see chapter 7.6 for the definition of R-ratio). 
This affects the threshold and rupture values Kth and Kmax [137,138]. Note that compressive 
residual stresses can also have a positive effect on the FCG properties by causing crack closure 
[136].  
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5 Texture 
The definition of texture is the distribution of crystallographic orientations in a polycrystalline 
material. Random orientation signifies no texture, whereas preferred crystal orientation 
signifies texture. To investigate the texture in metals there are several options, such as x-ray 
diffraction, EBSD and neutron diffraction. They have different penetration depths where 
neutrons have the highest of ~10, x-rays ~10-1-10-2 and electrons of ~10-4 mm [139]. When 
waves and particles are diffracted on a lattice plane they follow the relationship described by 
Bragg’s law [140]: 
 

2 =    Equation 6 
 
Where d is the lattice spacing,  the diffraction angle, n an integer and  the wavelength of the 
radiation.  
     Figure 20 shows an HCP crystal with two different orientations and their effect on the 
resulting pole figures. In case the basal plane (0002) lies in the plane parallel to the rolling 
direction (RD) and transversal direction (TD) with a direction parallel to the normal direction 
(ND), as shown in Figure 20 a), the pole will lie in the middle of the pole figure. However, if 
the crystal is oriented in such a way that the (0002) lies in the plane parallel to RD and ND the 
pole will lie to the left and right in the pole figure. Strong texture can lead to anisotropic 
mechanical properties, due to inherent anisotropy of crystal structures (see Figure 25 b)).   

 
Figure 20: a) The correlation between (0002) pole figures and the orientation of an HCP crystal relative to the 
rolling direction. b) The anisotropic Young’s modulus of the  phase in titanium [8].  
 
5.1 Texture from electron backscattered diffraction 
EBSD is widely available and has been used in numerous texture studies [17,86,113]. With 
EBSD the local texture in small sampling volumes can be measured along with the orientation 
of individual grains [141,142]. Moreover, misorientation between neighboring grains and 
phase identification can also be obtained. For EBSD, the small penetration depth (20 nm) of 
electrons renders the texture somewhat two-dimensional [141]. EBSD is a supplement to an 
SEM and Figure 21 shows the setup of EBSD.   
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Figure 21: A simplified setup of an EBSD measurement is shown to the left. Electrons are emitted from a filament 
and transferred through a column. Once the electrons hit the sample (brown rectangular cuboid) they are diffracted on 
a diffracting plane (see right part of the figure), and cones of electrons are formed leading to Kikuchi lines, which are 
detected by a phosphor screen [141].  
 
     Electrons are emitted from an electron gun and travel through a column that has several 
lenses, apertures, etc. When the electrons exit the column they hit the sample (brown cuboid 
in Figure 21) that optimally should be tilted 70°. The electrons are then diffracted on the 
planes of the crystals in the material forming cones of electrons. As the electrons are diffracted 
from both the front and back of each plane two cones are formed per plane. The two cones 
that intercept the image plane can then be observed as two lines separated with the angle 2 , 
where  is the Bragg angle [142] (see Equation 6). These lines are called Kikuchi bands and 
they enable determination of the crystal structure of the material. The width of a pair of 
Kikuchi lines is inversely related to the atomic spacing between the crystallographic planes, 
which is specific for each type of material. If the lattice spacing d is decreased the Bragg angle is 
increased according to Bragg’s law [142]. The intersections of the Kikuchi lines also have 
importance. The reason for that is that the intersection zones are related to a specific 
crystallographic orientation [142]. 
 
5.2 Texture from neutron time of flight diffraction 
Neutron time of flight (TOF) diffraction is a method for obtaining the three-dimensional 
texture of the bulk material [143-147]. It has previously [148-150] been used to investigate 
titanium’s texture. However, for AM Ti-6Al-4V only limited research has been conducted 
[151,152]. Due to neutrons neutral charge, they have high penetration depths [140,153,154], 
facilitating measurements of bulk texture. Since absorption of neutrons in most materials is 
weak, usually no absorption corrections have to be performed for neutron diffraction [154]. 
Neutron diffractometers can be installed at steady-state neutron sources or at pulsed neutron 
sources. For steady-state neutron sources polycrystalline samples and powders are investigated 
using a monochromatic (single wavelength) beam. In order to measure a diffractogram of a 
polycrystalline sample (i.e. several Bragg peaks corresponding to different lattice plane families), 
the diffracted signal needs to be measured at several angles and hence the method is often 
termed angular dispersive. For pulsed neutron sources, a polychromatic beam is produced in a 
pulsed mode at a certain frequency and as the neutrons travel to the detector they are separated 
by time and hence wavelength which can be recorded by the detector system [140,155]. In 
this method, one angle is principally sufficient to record a complete diffraction pattern and 
hence often termed wavelength dispersive TOF method. Figure 22 exemplifies these two 
modes, where the vertical line corresponds to a polychromatic beam (pulsed neutron source) 
with a fixed Bragg angle 45°. The horizontal line corresponds to a monochromatic beam 
(steady-state neutron source), where the wavelength  = 0.1444 nm. The way neutron TOF 
diffraction experiments works are the following (see Figure 22); Neutrons are as an example 
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exited from a pulsed neutron source (PNS). The moment neutrons are produced/released at 
the pulsed source, this is regarded as the time t0. Then neutrons travel along the beamline 
(which has length L1) and then hit the sample (S). On the crystal planes of the sample material, 
neutrons are then diffracted and travel length L2 to the detectors, where the neutrons are 
detected. By knowing the time from the neutrons were exited (t0) until they are detected by 
the detector, the TOF is obtained. The wavelength of the neutrons can then be determined by 
the time it takes the neutrons to fly the specific distance = + .  The wavelength can 
then be calculated according to de Broglie’s relationship: 
 

 =     Equation 7 
 
Where t is the TOF,  the wavelength, h the Planck’s constant and m the mass. The d-
spacing’s can then be calculated by combining equation 6 and 7: 
 

   =     Equation 8 
 
The result from a neutron TOF diffraction experiment is typically a diffraction pattern 
(diffractogram) as exemplified in Figure 23, showing the diffraction pattern for one detector. 
This diffraction pattern follows Equation 8 where the intensity for each d spacing is plotted on 
the y-axis. Each peak in this diffraction pattern corresponds to a specific crystallographic lattice 
plane family. As mentioned previously, neutron diffraction is widely used for structure analysis 
and for residual lattice strain analysis. In the latter case, only small shifts of Bragg peaks relative 
to an unstressed lattice are probed. Moreover, neutron TOF [143-147] diffraction is especially 
beneficial for obtaining the three-dimensional texture of bulk material. 
 

 
 
Figure 22: To the left, a plot is shown for a BCC crystal, following Bragg’s law. The vertical line corresponds to a 
fixed angle (polychromatic) whereas the horizontal line corresponds to a fixed wavelength (monochromatic). To the 
right an example of a neutron TOF diffraction experiment is shown. An electric pulse (EP) is transmitted to the 
time analyzer once the pulsed neutron source (PNS) emits neutrons, to keep track on when the neutrons start their 
journey. Then the neutrons are diffracted by the samples and detected by the detector. The time it takes for the 
neutrons from PNS to the detector is the TOF [155]. 
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Figure 23: A neutron TOF diffraction pattern for an EBM built Ti-6Al-4V material. The estimated Bragg 
diffraction peak positions are given for the two phases  and  [151].  
 
     In order to measure and describe the texture of a sample, one typically records pole figures. 
The most efficient way to perform texture measurements by neutron diffraction is in TOF 
while also utilizing a large detector coverage, in order to minimize the sample orientations 
required to fill the pole figure. In such a case, several detectors are mounted at different 
scattering angles around the sample, each providing an individual diffraction pattern. 
Depending on the detector coverage and symmetry of the crystal structure, the sample may 
need to be rotated. After the data collection, a structure refinement is performed, commonly 
used is the Rietveld refinement [156,157]. The determined intensities are then basically 
translated into the pole figures, where each detector bank corresponds to one point on the pole 
figure for that specific sample rotation.  
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6 Hydrogen embrittlement in titanium 
6.1 Introduction 
Hydrogen is an interstitial element that can cause reduced mechanical properties and premature 
failure in several different materials e.g. steel [158], copper [159] and titanium [160]. The 
mechanisms behind hydrogen embrittlement (HE) are different between various metals. In 
steels, interstitial hydrogen reacts with carbon in the alloy, leading to the formation of methane 
(CH4) from the reaction 4H+C CH4 [161]. In copper, the reaction that occurs is 
2H+O H2O [162], i.e. formation of water. Both methane and water are larger molecules 
than individual hydrogen atoms and this leads to increased pressure within the material and 
possible crack formation. HE in titanium is a complex phenomenon as hydrogen is a small 
atom that easily diffuses into the material and interacts with the lattice. HE of titanium is 
highly dependent on the titanium alloy type, if it is an , +  or a  alloy and the 
corresponding microstructures. In titanium with no alloying elements, i.e. CP titanium, HE is 
not a severe issue under normal conditions. However, if a notch is present even CP titanium 
can become susceptible to HE, especially at high strain rates, or when the microstructure have 
large grain size [163].  
 
6.2 Interaction Ti-H and the effect of microstructure 
The  and  phase react differently with hydrogen, and there is a difference in the potential 
hydrogen solubility and diffusion rate. For the  phase, the maximum solid solubility of 
hydrogen is 4.7 at.% at 300 °C, a solubility that decreases fast with decreased temperature. 
Therefore, a small hydrogen uptake can generate hydrides in  titanium. Hydride formation 
affects the lattice parameters of both the  and  phases, where the  phase has a potential 
volume increase of 18 % whereas the  phase 5.35 %. The resulting stresses from the volume 
changes affect the nucleation of hydrides and they grow with increasing stress levels. For the  
phase the solid solubility of hydrogen at 300 °C can be as high as 50 at.% [163]. The reason for 
this is explained by the different interstitial sites in the  and  crystal structures. Hydrogen 
prefers the tetrahedral interstitial sites [164] and the BCC structure (  phase) has 12 tetrahedral 
and 6 octahedral interstitial sites, whereas HCP (  phase) only have 4 and 2 sites, respectively.  
The diffusion rate for hydrogen in the  phase is D  = 1.45 x 10–16 m2/s, whereas for the  
phase it is D  = 5.45 x 10–12 m2/s at room temperature [165-167]. In Figure 24 a) the 
hydrogen diffusion rates at different temperatures for titanium, nickel, niobium, and iron are 
shown. Titanium has the lowest hydrogen diffusion rate of the compared metals. From the 
figure, it is also evident that the hydrogen diffusion rate for the more close-packed metals 
(titanium HCP, nickel FCC) has stronger temperature dependence than the metals with less 
close-packed crystal structures (iron/niobium BCC). The diffusion of hydrogen is also 
dependent on the number of dislocations as hydrogen can be transported faster through 
dislocations than through lattice diffusion. Tal-Gutelmacher et al. [163] compared the 
hydrogen solubility in titanium with different type of microstructures. They found that 
microstructures with continuous  phase had the highest solubility of hydrogen. Apart from 
microstructure, the hydrogen absorption rate, depends on parameters such as pressure and 
applied stress. Hydrogen prefers to diffuse in the  lattices and can react with the  phase along 
the /  grain boundaries [163].  
     To prevent HE from occurring it is crucial to minimize metal interaction with hydrogen. 
Especially during fabrication at higher temperatures, it is important to stay away from 
hydrogen-rich sources e.g. water. Hydrogen can also interact with titanium during post-
processing stages. An example is when titanium is etched with hydrofluoric and nitric acid, 
which is done to remove the brittle  case [168].  
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     HE can be categorized into two groups; internal HE and hydrogen environment 
embrittlement (HEE). Internal HE is defined as hydrogen being trapped within the material 
during manufacturing and embrittlement occurring once a critical stress is applied. Hydrides 
can then, for example, be formed in the front of a crack and the crack can then grow by 
cutting through the hydrides. The presence of hydrostatic stresses is of importance for internal 
HE [169]. HEE occurs when the material is exposed to a hydrogen-rich environment and 
involves the chemical reaction between the hydrogen and the metal, in combination with 
applied stress. The hydrogen from the hydrogen-rich environment is then adsorbed to the 
surface of the metal. 
  
6.3 Ti-H phase diagram 
According to the phase diagram in Figure 29 b), increasing the hydrogen content drastically 
decreases the    transformation temperature, from 882 °C, at zero hydrogen, to 298 °C 
when 24.5 at.% hydrogen is present, showing the high stabilizing effect hydrogen has on the  
phase [163].   

 
Figure 24: a) Hydrogen diffusion coefficients for titanium, nickel, niobium, and iron. b) Binary phase diagram for 
Ti-H for pressures below 1MPa. Four different hydride phases can form; , , x and  at different temperatures and 
hydrogen concentrations [169,170]. 
 
     In titanium, there are four different types of hydrides that can be formed; , ,  and  
[163,164], depending on hydrogen content and temperature. The hydride  is not easily 
obtained and is only found at 41-47 at.% hydrogen at temperatures around ~ -200 °C.  
hydrides are more easily formed, from 0 to 60 at.% hydrogen up to ~ 160 °C. The  hydrides 
are only formed when large amounts of hydrogen are present within the titanium, i.e. >60 
at.% hydrogen and at temperatures below -50 °C. The  type of hydrides is formed at higher 
temperatures ~ >160 °C, or when the hydrogen content is above 50 at.%. No hydrides can be 
formed above the eutectoid temperature 298 °C except when excessive hydrogen is available, 
i.e. 58.3 at.%. 
  
6.4 Hydrogen embrittlement mechanisms  
There are four mechanisms that contribute to HE, stress induced hydride formation (SIHF), 
hydrogen enhanced decohesion (HEDE), adsorption-induced dislocation emission (AIDE), and 
hydrogen enhanced localized plasticity (HELP). Determining which mechanism that is 
responsible in each case of HE is difficult as combinations of these different hydrogen 
embrittlement mechanisms could be the case as well [171]. An example of the complexity is 
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the work from Shih et al. [172], that investigated HE of  titanium with in situ TEM and 
observed two different fracture mechanisms that depended on stress intensity. For low-stress 
intensities crack propagated by continuous formation and cleavage of hydrides i.e. SIHF, while 
at high-stress intensities the mechanism was reported to be HELP where crack propagation 
exceeded the rate of which the hydride could form in front of the crack.   
 
Stress induced hydride formation 
The SIHF mechanism occurs when a stress is applied and involves different processes. First, the 
hydrogen is diffused to the crack tip and at the crack tip the hydrogen reacts with the titanium 
and forms brittle titanium-hydrides, nucleating and growing until a critical size is reached. 
Then cleavage occurs of these titanium-hydrides and the crack stops at the hydride-titanium 
interface. This continuous formation and cleavage of hydrides lead to decreased mechanical 
properties and premature failure. The SIHF mechanisms can only occur in the regime where 
the temperature and strain-rate allow time for the hydrogen to diffuse and nucleate ahead of 
the crack tip and at the temperature where the hydrides are stable [173]. There is proof of 
SIHF, such as in-situ transmission electron microscope (TEM) and the observation of hydrides 
on both sides of the cleavage surfaces [169,173].  
 
Hydrogen enhanced decohesion 
For the mechanism HEDE, the hydrogen stimulates the breakage of atomic bonds by lowering 
the surface free energy of the metal by charge transfer from the hydrogen to the metal, ahead 
of the crack tip. The weakening of the interatomic bonding occurs so that tensile de-cohesion 
of the atoms occurs. High concentrations of hydrogen and resulting decohesion can occur at 
sharp crack tips or ahead of the crack tip (in the range of nanometers) where a maximum in 
tensile stress is found due to dislocation shielding effects. It can also occur ahead of the crack 
tip (in the range of micrometers) where the hydrostatic stresses are the highest, or ahead of the 
crack at particle-matrix interfaces. The HEDE model is supported by quantum mechanical 
calculations and by high hydrogen concentrations at e.g. particle-matrix interface [169,174,175].  
 
Adsorption-induced dislocation emission 
For the AIDE mechanism, hydrogen is adsorbed at the crack tip, which weakens the 
interatomic bonds of the metal atoms, because of the shearing of atoms. Moreover, the AIDE 
mechanism occurs in two steps, first nucleation and then succeeding dislocation movement 
from the crack tip [169], enhancing the crack growth. Furthermore, the model encompasses 
nucleation of microvoids ahead of the crack tip. These voids can appear in the plastic zone 
ahead of the crack tip at second phase particles or slip band intersections etc. The reason for 
this is that in this region the required stresses are sufficiently high. These microvoids are 
consequently responsible for the increased crack growth as well, and results in re-sharpening of 
the crack tip, increasing the stress concentration even further. Atomistic modeling and surface 
observations support this model. Moreover, the presence of high hydrogen concentrations on 
adsorbed surfaces renders further support for this mechanism [169,176-178].  
 
Hydrogen enhanced localized plasticity 
For the HELP mechanism, solute hydrogen facilitates dislocation motion [179], causing HE. 
At first, hydrogen concentrates at the crack tip due to the tri-axial stresses, leading to increased 
localized plasticity in this area due to the increased dislocation activity. This increases the 
plastic deformation of the metal when stress is applied due to a more localized micro void 
coalescence. Support for this mechanism is found from elastic theory and from in-situ TEM 
observations  [169,180,181].  
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6.5 Fatigue crack growth in hydrogen-rich environment  
Fatigue crack growth (FCG) rate depends on the environment, where crack growth rates have 
been reported to be up to 10 times higher in air compared to vacuum [182]. Pittinato [183] 
investigated the FCG rate of Ti-6Al-4V in different atmospheres and temperatures and found a 
temperature dependence. At -129 °C there was no difference in FCG when comparing He 
and H atmosphere, but for -73 °C to ambient temperature there was an increase in the FCG 
rate in the H atmosphere. The explanation for this was that at lower temperatures the 
hydrogen diffusion rate is lowered, leading to decreased hydrogen diffusion depth ahead of the 
crack tip. Gaddam et al. [184] investigated how hydrogen atmosphere affected the FCG 
properties of forged Ti-6Al-4V and found that a high-pressure hydrogen atmosphere affected 
the FCG resistance negatively. A change in embrittlement was observed from the FCG data 
and it was correlated to the fracture surfaces. Based on the findings, Gaddam et al. [184] 
formulated a hypothesis that at low K values, the hydrogen interaction is low. Therefore, 
FCG in hydrogen for low K values is dominated by the same mechanism as in air 
atmosphere. At higher K values, on the other hand, the hydrogen interaction is increased. 
Two competing mechanisms were suggested. HE fracture is faster compared to air at high K 
values, increasing the FCG rate. On the other hand, crack branching due to crack tip shielding 
decreased the FCG rate. These competing mechanisms were suggested to explain the 
fluctuations in FCG rate.  
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7 Materials and experimental methods 
7.1 Material 
Throughout this work, Ti-6Al-4V material manufactured with five different AM processes 
have been investigated. The main focus has been on the EBM and SLM processes followed by 
LMwD, SMD and LMpD. The EBM built samples have been manufactured using an Arcam 
Q20/Q20+ and an S12 machine while EOS 290 and Concept Laser X-Line 1000 were used 
for SLM built materials. For the material built with the Concept Laser X-Line 1000 machine 
(see Paper III), the effect of hatch distance on the BMP was investigated (see Table 5 for 
process parameters used). The EBM built samples used for the FCG experiment (see Paper IV 
and VI) received a hot isostatic pressing (HIP), at 920±10° C for two hours with 1020 bars 
pressure in vacuum. After HIP the samples were heat-treated at 704±10° C for two hours in 
vacuum.  
 
Table 5: Process parameters for the SLM built materials, using the Concept Laser X-Line 1000 machine. L. = 
layer height and E. = energy density. 
Hatch Hatching Overlapping Power Speed L. E. Density 
0.108 mm 90  70 % 350 W 770 50 m 84 J/mm3 
0.144 mm 90  60 % 350 W 770 50 m 63 J/mm3 
0.180 mm 90  50 % 350 W 770 50 m 51 J/mm3 
0.216 mm 90  40 % 350 W 770 50 m 42 J/mm3 
 
     LMwD and LMpD (Paper I and II) were performed with a fiber laser attached to a six axes 
robot, where depositions were conducted on a Ti-6Al-4V substrate in an inert argon 
atmosphere. For LMwD two sets of builds were investigated: either two minutes waiting time 
between each added layer (LMwD-2) or continuously adding the layers (LMwD-0) without 
holding time. The SMD process uses the same machine setup as for LMwD/LMpD but with 
the difference that a TIG torch was used instead of a fiber laser. Normalizing post-heat 
treatments to relieve residual stresses were performed for all wire deposited built samples. The 
LMwD samples were heated at 704 °C for two hours, while for SMD the temperature was 670 
°C for two hours. According to [36,112] these temperatures should not affect the 
microstructure.  
     In the texture measurements at Los Alamos Neutron Science Center (LANSCE) (see Paper 
V) cast Ti-6Al-4V was compared to the EBM samples. The cast sample was machined from a 
large cast block into the same dimensions as the EBM samples. The EBM samples used for this 
experiment were manufactured using a Q20+ EBM, using control version 5.2.52 along with 
standard process themes version 5.2.24. Parameters for the different themes are shown in Table 
6. The samples had the dimensions 10 x 10 x 15 mm and 10 x 15 x 10 mm (width, length, and 
height i.e. vertically and horizontally built respectively) and were created in the software 
Materialise Magics. The samples were positioned in the center of the build-chamber with a 2 
mm clearance using a steel start plate. After manufacturing, the samples were separated from 
sintered powder using an Arcam powder recovery system (PRS).  
 
Table 6: The parameters used to manufacture the EBM samples for the texture measurement at LANSCE. The 
build is categorized into preheat of the material followed by the melting, which is composed of an outer and inner 
contour and hatching.   
Parameters Preheat [1 / 2] Melting [Outer-/Inner- Contour/ Hatch] Unit 
Average current 0 / 13.95  - [mA] 
Focus offset 100 / 100  6 / 6 / 45 [mA] 
Speed 40500 / 40500 450 / 450/ - [mm/s] 
Current 36 / 45 9 / 9 / 19 [mA] 
Speed function - - / - / 32 [ - ] 
 



 Chapter 7: Materials and experimental methods 

34 
  

7.2 Sample preparation 
The samples were ground and polished according to conventional polishing methods for 
titanium alloys. Subsequently, the samples characterized with LOM were etched with Kroll’s 
etchant according to the American society for testing materials (ASTM) Standard E 407 (192) 
to reveal the microstructures. The EBSD samples were either polished/ground in a similar 
fashion as for the LOM or electrolytically polished. Generally, electrolytic polishing was 
utilized when the samples were large enough for that polishing machine. The parameters used 
for electrolytic polishing were 18 seconds with 20 V polishing, followed by 3 seconds polishing 
with 14 V, both steps using Struers A3 solution.  
 
7.3 Light optical microscopy measurements 
The LOM Nikon eclipse MA200 and Olympus GX51 were used to perform microstructural 
characterizations, using magnifications up to 1000x. For larger overviews, stereomicroscope 
Nikon SMZ1270 was used. In Paper I the measurements of the prior  grains were performed 
on samples from all the investigated AM processes according to the ASTM 112-3 standard, 
both perpendicular and parallel to the built layers. High-resolution images were captured with 
LOM and then stitched together for measuring the large prior  grains. The prior  grain 
boundaries were marked using the image editing software Photoshop CC 2015, during 
simultaneous evaluation with a stereomicroscope. The contrast simplified the marking of the 
grain boundaries. The number of measurements of prior  grain per sample was 500. For the 
GB-  and  laths thickness measurements the software NIS Elements BR, was utilized. To 
obtain good statistics of the  lath thickness five different areas A-E (see illustration in Paper I) 
were measured. For each one of these areas 200 measurements were conducted, thus 
amounting to 1000 measurements in total per sample. These measurements were performed on 
cross-sections that were parallel and perpendicular to the layers. The GB-  measurements were 
performed on the samples perpendicular to the layers and 200 measurements were conducted.    
 
7.4 EBSD measurements and  grain reconstruction 
The EBSD measurements were performed using two different SEM, a Jeol IT300LV and a Jeol 
JSM7001, equipped with Nordlysmax2 detectors. The software used was Oxford Instruments 
Aztec. Different acceleration voltages were used depending on magnification, from 15 to 25 
kV. The higher acceleration voltage the higher the interaction volume of the investigated 
material. Various sets of magnification have been used with various step sizes, ranging from 0.3 
to 2 μm. The results of the measurements were presented in the form of inverse pole figure 
and Euler maps. For Paper II EBSD was also used to obtain pole figures by using Oxford 
Instruments software Mambo. For the  reconstruction, the software ARPGE [185,186] was 
used. The software uses the crystal orientation of the daughter grains to calculate the parent 
grain using Burger’s orientation relationship. According to this orientation relationship, 12  
variants can have the same  crystallographic origin from the    transformation. From the 
reverse phase transformation,   , 6  variants can have the same  crystallographic origin 
[187]. At least 4  variants [188] has to be known to calculate their parent  crystallographic 
orientation. The settings used for the reconstruction software were: a minimum number of 
daughter grains per parent grain 5, step for nucleation 2°, step for growth 2°, nucleation angle 
stop 15°, growth angle stop 20°. ARPGE was furthermore used to plot the reconstructed  
phase pole figures shown in Paper II.   
      
7.5 Texture measurements with neutron time of flight diffraction 
For the texture measurements, using neutron TOF diffraction, the spektrometer 
kolitshestvennovo analiza tekstury (SKAT) [146,147] and the high pressure preferred 
orientation (HIPPO) instrument [145,152,189,190] were used. These instruments are powerful 
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tools to measure the average bulk texture of materials and are located in Dubna, Russia, and 
LANSCE, in New Mexico USA, respectively. The length of the path of the neutron for the 
SKAT instrument was 103.81 meters and the d spacing range was fixed between 0.6 to 4.8 Å. 
The flux of the neutron was 106 n/cm2/s and their wavelength range was between 0.8 to 7.6 
Å. For the experiment, 19 detectors (3He type) were used with a scattering angle of 2 =90°. 
To get the average texture of the whole investigated material volume, 360  was measured with 
an incremental step angle of 5°, rendering it possible to create 5°x5° grid pole figures. 
Depending on the size of the samples, the exposure times were varied between 1150 to 2300 
seconds (between 23 to 45.5 hours per sample) i.e. samples with smaller interaction volume 
needed more time to obtain a sufficient amount of texture statistics. The results of the 
measurements were diffraction patterns, 1368 spectrums from the 19 detectors i.e. 72 sample 
positions. Then data were processed with the Geotof software (used for converting SKAT 
results to data that can be used for the MAUD (materials analyzing using diffraction) software.  
     The distance between the measured samples at the HIPPO instrument to the moderator 
was 9 meters. The neutron flux, using a proton accelerator that operated with a current of 120 
μA, was roughly 2.4 x 107 neutrons cm-2s-1 [145]. For the texture experiment the orientations 
2 =0, 67.5 and 90° were used, where the HIPPO instrument is composed of 1200 3He tubes. 
The exposure time was set to 20 minutes. The beam spot size that was utilized was 10 mm in 
diameter. Once in MAUD, the texture data was refined using the Rietveld method [156,157]. 
The refinement that was used was the least-squares Rietveld refinement procedure [157], the 
orientation distributions were fitted according to the Entropy-Williams–Imhof–Matthies–Vinel 
algorithm (E-WIMV) [191] and the process is thoroughly explained by Lutterotti et al. [192] 
and Wenk et al. [144]. Exported data from MAUD was then used to plot pole figures in the 
software PF-plot.  
 
7.6 Fatigue crack growth 
With an FCG experiment, it is possible to investigate how well the material withstands crack 
propagation, i.e. the load needed to propagate the crack, where the origin is a notch. To 
perform FCG experiments there are two types of test specimens that are normally used, Kb 
specimens (see Figure 25 a) and b)) or compact tension specimens (see Figure 25 c)). The 
geometry of these two types of specimens are different (see dimensions in Figure 25) but they 
do principally work in the same way. There is a notch on the sample where the crack will start 
from as the stress concentration is highest at this location. Then stress is applied in cycles with a 
defined R-ratio: 

=    Equation 9 

Where min/max are the minimum and maximum stresses applied to the specimens during one 
cycle. In case min is negative the specimen will be exposed to compressive stresses. For each 
stress cycle the crack grow larger and larger where the result is normally presented as crack 
growth rate da/dN (where a equals the crack length and N the number of cycles), versus stress 
intensity (MPa m1/2) as defined by Paris law, which can also be used to determine the mean 
curves:  

=    Equation 10 
 
Where  is the range of the stress intensity factor between the maximum and minimum 
loading MPa(m1/2), C and n are material constants. 
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Figure 25: A schematic illustration of a Kb specimen that can be used to investigate FCG. a) overview of the whole 
bar and b) a cross-section [184]. c) Schematic of a compact tension (CT) specimen that can be used for FCG (RD 
stands for rolling direction) [160]. 
 
To calculate the transition between the different zones on the fracture surface the following 
equation can be used [193]: 

=    Equation 11 
Where Y is a geometrical factor that is dependent on the crack length a and the width of the 
sample w:  

= sec ( / )  Equation 12 
If the crack length atransition is known (can be observed from fractography), Ktransition can thus be 
calculated according to: 

=  Equation 13 
For the pre-crack the samples can be exposed to elevated temperatures to oxidize the titanium, 
giving it a color making it easier to distinguish the pre-crack area from the crack area, called 
tinting. This is also performed prior to tensile deformation of the samples to mark the crack 
area.  A Direct Current Potential Drop (DCPD) can be used for FCG testing. This is a method 
that passes a current through the sample, generating a voltage across the area where the crack 
tip is. DCPD measures the resistance as a propagating crack leads to a change in resistance 
which results in a measured potential drop, which then can be translated into a crack length. In 
the conducted work EBM built specimens have been tested using FCG, investing the FCG 
rate in two atmospheres; air and hydrogen. The Kb type of test bars were manufactured by 
machining from cylindrical as-built samples. Two different test facilities were utilized, Metcut 
in the USA measured the FCG rate for the air atmosphere whereas The Welding Institute 
(TWI) in the UK measured the FCG rate in hydrogen. 2 Kb bars were tested in hydrogen and 
2 Kb bars were tested in air. The hydrogen tested samples were exposed to a hydrogen 
atmosphere with a pressure of 150 bars. Prior to the FCG testing notches were created using 
electric discharge machining (EDM). The notches had the dimensions 0.5 mm high, 0.1 mm 
deep and 1.2 mm long. The pre-cracking was performed using the frequency of 10 Hz. Two 
temperatures, 450 and 350 °C, were used for tinting to identify the two crack zones. The 
fatigue testing was performed with a load perpendicular to the built layers with R= min/ max=0 
and test frequency of 0.5 Hz. The results from the FCG test were then later presented as crack 
propagation versus stress intensity diagrams.  
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8 Summary of appended papers 
Paper I 
 
Title: Microstructural characterization and comparison of Ti-6Al-4V manufactured with 
different additive manufacturing processes 
 
Authors: Magnus Neikter, Pia Åkerfeldt, Robert Pederson, Marta-Lena Antti and Viktor 
Sandell 
 
Journal: Materials Characterization  
 
Publishing date: 10 February 2018 
 
Keywords: Additive manufacturing; Shaped metal deposition (SMD); Selective laser melting 
(SLM); Electron beam melting (EBM); Laser metal wire/powder deposition (LMp/wD; Ti-
6Al-4V 
 
Summary: In this work, five different AM processes were compared regarding 
microstructures. The AM processes that were investigated were; EBM, SLM, LMwD, LMpD, 
and SMD. For LMwD the wire was continuously added (LMwD-0) or there was a 2 minutes 
break between each added layers (LMwD-2). Four microstructural features were investigated; 

 laths, GB- , prior  grains, and  colony, in regard to thickness/size. For the  laths and 
GB-  thickness, a LOM was used, while for the prior  grains an additional stereomicroscope, 
apart from LOM as well, was utilized to get a better overview while marking the grains prior 
to the measurement. Five different areas (see Figure 1 in Paper I) on each sample were selected 
to measure the  laths, with the purpose to obtain a good average result but also to investigate 
any variation within the build. The microstructural characterizations were performed 
perpendicular and parallel to the layers, except for GB-  that was only measured perpendicular 
to the layers. The size of the  colonies was characterized by EBSD, which is a suitable 
technique for obtaining the  colony size as the definition of one colony is  laths with the 
same crystal orientation. The AM process with the largest  colony was LMwD-0. Hardness 
profile measurements were performed perpendicular to the layers, to compare the hardness 
values between the different materials, and to see if there was any variation within the build. 
The LMpD built material was found to be the hardest, whereas LMwD-0 was softest. The 
objective with this work was to make an overview and a comparison of the microstructural 
features that are seen in different AM processes. The  phase in the prior  grain boundaries 
was found to increase in the AM that had slow cooling rates and consequently, the LMwD-0 
material had the largest amount of GB- , whereas in the LMpD material the GB-  was non-
existent. Although the AM process parameters were kept constant during manufacturing, 
significant variations of microstructure and microhardness were present within the same build. 
 
Author’s contribution: The author planned the work, made the sample preparations, 
measured the  laths and GB-  thickness, performed the EBSD characterization and finally 
analyzed the results and wrote the paper. 
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Paper II 
 
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 and Christina Bjerkén 
 
Journal: Additive Manufacturing 
 
Publishing date: 18 August 2018 
 
Keywords: Neutron time of flight diffraction; SKAT; Texture; Ti-6Al-4V; Additive 
manufacturing (AM) 
 
Summary: Texture is of importance as it can affect the mechanical properties anisotropically. 
Texture is defined as the amount of preferential crystal orientation i.e. if many crystals are 
oriented in the same direction the material will have a strong texture. In case of strong texture 
in a material, one direction will sustain higher load than a perpendicular direction. When there 
is no texture in the material, both load directions render similar results. In this paper, three 
different AM processes, EBM, SLM, and LMwD were compared regarding average bulk 
texture. Neutron TOF diffraction was used to measure the bulk texture and it was then 
compared to texture obtained by EBSD. Thus, additional measurements with EBSD were 
performed on both horizontal and vertical cross-sections i.e. parallel and perpendicular to the 
built layers. For LMwD the sample was cut into two pieces, one top, and one bottom part of 
the build. This was done to investigate potential texture inhomogeneity. The result from the 
measurements was that the material built with the LMwD process had a stronger texture than 
the material from the SLM and EBM processes. The PBF processes SLM and EBM did have a 
similar texture level. In addition, the LMwD part closer to the substrate (bottom part) had a 
stronger texture compared to the one further away (top part). Therefore, texture 
inhomogeneity was concluded to be present within the LMwD built Ti-6Al-4V. The texture 
from the EBSD measurements had a significantly stronger texture than the texture obtained 
from the neutron TOF diffraction experiment. This was explained by EBSD measurements 
probing a lower volume, thus the texture present was magnified. The texture of the neutron 
TOF diffraction experiment thus shows more reliable bulk average texture, even though large 
EBSD maps were characterized.    
      
Author’s contribution: The author went to Dubna to participate during the neutron TOF 
diffraction measurements, and then used data from the measurements to plot the pole figures, 
then wrote the paper.  
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Paper III 
 
Title: Microstructural characterization of binary microstructure pattern in selective laser 
melted Ti-6Al-4V 
 
Authors: Magnus Neikter, Aijun Huang, and Xinhua Wu 
 
Journal: The International Journal of Advanced Manufacturing Technology 
 
Publishing date: 2 July 2019 
 
Keywords: Selective laser melting (SLM); Microstructure; Chessboard; Ti-6Al-4V; Prior beta 
 
Summary: The macrostructural phenomenon BMP that is observed in selective laser melted 
material was investigated in this paper. The BMP constitutes of a fine microstructure zone 
(FMZ) and a coarse microstructure zone (CMZ) i.e. one square when 90 degrees hatching is 
performed. In this work, a microstructural characterization was performed on the FMZ that 
surrounds the CMZ, and on the CMZ. Moreover, different overlappings of the laser i.e. 
different hatch spacing’s, and their effect on these two zones were investigated. The 
overlappings that were investigated were 70%, 60%, 50%, and 40%. In addition, four different 
heat treatments (HT), 700 °C, 800 °C, 900 °C, and 1020 °C, two hours each, were performed 
to investigate at which temperature the BMP decomposes. To explain the decomposition 
temperature of the BMP EBSD was conducted, both parallel and perpendicular to the build 
direction, along with  grain reconstruction. Moreover, a thin wall was built to investigate the 
thickness of the heat-affected zone (HAZ). From these investigations, it could be concluded 
that the FMZ had a finer microstructure than the CMZ. Increasing the hatch distance 
increased the distance between the FMZs i.e. increased the width of the squares. A coarsening 
of the microstructure was observed for the 800 and 900 °C HTs, however, the BMP was still 
existing. First, at a temperature that reached above the  transus temperature, 1020 °C, the 
BMP fully decomposed. The reason for this was explained with EBSD characterization and  
grain reconstruction. The  grain reconstruction showed that each CMZ and FMZ were 
individual prior  grains. Previous research [3] has shown that the prior  grains are only 
altered above the  transus temperature, thus explaining the BMP decomposition temperature.  
 
Author’s contribution: The author performed the sample preparation, performed the 
microstructural characterization, performed EBSD investigations and wrote the paper.   
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Paper IV 
 
Title: Texture of electron beam melted Ti-6Al-4V measured with neutron diffraction 
 
Authors: Magnus Neikter, Robin Woracek, Celine Durniak, Magnus Persson, Marta-Lena 
Antti, Pia Åkerfeldt, Robert Pederson, Jiaxu Zhang, Sven Vogel and Markus Strobl 
 
Journal: The 14th world conference on titanium  
 
Publishing date: Accepted for publication 
 
Keywords: Neutron time-of-flight diffraction; Texture; Ti-6Al-4V; Electron beam melting; 
Cast 
 
Summary: The bulk mechanical properties can be affected anisotropically in case there is 
texture present in the material, hence texture in additively manufactured material is of 
importance to investigate and understand. Electron beam melted Ti-6Al-4V has been found to 
have anisotropic mechanical properties, therefore texture variations of EBM built Ti-6Al-4V 
has been investigated in this work using neutron time of flight. Two EBM samples were 
produced having different build directions, vertical and horizontal, to investigate build 
orientation texture dependence. Cast material was furthermore analyzed. To explain the 
observed texture results a microstructural characterization was performed on all the materials. A 
coarser microstructure of the cast material was observed, compared to the EBM built material. 
The texture of the EBM built material was found to be weak compared to the cast material, 
which had more than twice the amount of texture. 
 
Author’s contribution: The author wrote the beamline application, organized the 
experiment, wrote the paper and performed the microstructural characterization.   
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Paper V 
 
Title: Fatigue crack growth of electron beam melted Ti-6Al-4V in high-pressure hydrogen 
 
Authors: Magnus Neikter, Magnus Colliander Hörnqvist, Claudia de Andrade Schwerz, 
Thomas Hansson, Pia Åkerfeldt, Robert Pederson and Marta-Lena Antti 
 
Publishing date: To be submitted 
 
Keywords: Fatigue crack growth (FCG); Electron beam melting (EBM); Ti-6Al-4V; 
Hydrogen embrittlement (HE) 
 
Summary: Hydrogen is known to cause hydrogen embrittlement of titanium, but there has 
not been a lot of research conducted on AM built titanium and how this type of material is 
affected by hydrogen. The microstructure of AM built titanium is different compared to 
conventionally built material i.e. cast and wrought. Therefore, it is possible that the effect of 
hydrogen is different, as the distribution and amount of phases change properties such as 
hydrogen diffusivity. This paper focusses on fatigue crack growth of EBM built Ti-6Al-4V 
using two different atmospheres, oxygen, and hydrogen. By doing this, it was possible to 
compare the FCG rate for the two atmospheres and draw conclusions on whether the 
hydrogen affected the material or not. Fractography work was conducted to investigate crack 
profiles and link microstructural features with crack propagation. It was found that the EBM 
material exposed to high-pressure hydrogen had an increased FCG rate. Above K 23 

 the FCG rate increased rapidly, reaching a relative rate of ~10 times faster compared 
to the air tested material. From fractography work it was observed that two types of cracks 
were present in the hydrogen tested material, secondary (mainly parallel to the crack 
propagation) and vertical cracks (mainly perpendicular to the crack propagation). These cracks 
were predominantly present at the region of accelerated crack rate. EBM built material was 
compared to the FCG properties of already published data of forged and cast Ti-6Al-4V, to 
investigate the effect of different microstructures on hydrogen embrittlement. From the FCG 
measurements is was concluded that the cast material had the earliest onset of FCG rate 
increase compared to the two other types of material. This increase in FCG rate occurred at 

material, thus the EBM built material positions itself in-between. This difference was explained 
from the microstructural characterization; the cast Ti-6Al-4V had coarser microstructure than 
both the EBM and forged material.  
 
Author’s contribution: The author wrote the paper, analyzed the FCG data and performed 
the sample preparation, and fractography.  
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9 Conclusions 
-What are the microstructure and texture characteristics of Ti-6Al-4V built with different additive 
manufacturing processes?   
The AM process that had the finest microstructure was LMpD, followed by SMD, LMwD-2, 
SLM, EBM, and LMwD-0. Introducing a 2-minute holding time between each added layer 
rendered a large variation in  lath thickness for LMwD. LMwD and SMD had the largest 
prior  grains, whereas EBM and SLM had the smallest size.  
     The amount of GB-  found in the prior  grain boundaries correlated well with the 
cooling rates. Processes with fast cooling rates had smaller discontinuous amounts of GB- , 
whereas slow cooling rates rendered thick and continuous GB-  e.g. LMwD-0. LMpD with 
its martensitic microstructure had no GB-  at all, as the fast cooling rate in this process 
suppressed the  phase nucleation at the  grain boundaries.  
     LMwD-0 had the largest  colonies, followed by LMwD-2 and SMD. SLM seemed to 
have smaller  colony size than EBM, whereas LMpD had smaller colonies than both of them. 
The macrostructural phenomenon parallel bands, also known as layer bands, were observed for 
the wire-based AM processes with fast cooling rates. Overall, a significant variation in 
microstructure and hardness was observed although the process parameters were kept constant 
throughout the builds.  
     For LMwD, EBM and SLM a variation in texture was observed, where the EBM and SLM 
showed a weaker texture than LMwD. Texture inhomogeneity was observed in LMwD, with 
stronger texture closer to the substrate.  
     The binary microstructure pattern of SLM consisted of two zones; a fine and a coarse 
microstructure zone. The pattern is related to the formation of the prior  grains, which 
explains why this pattern still exists at heat treatment below the  transus temperature. 
 
-How is hydrogen embrittlement affecting the fatigue crack growth properties of electron beam melted Ti-
6Al-4V?  
From the FCG experiments performed in air and hydrogen atmosphere is was shown that 
EBM built Ti-6Al-4V was affected by hydrogen embrittlement. The fatigue crack could be 
categorized into two steps; below and above K 23 . Below this K, a relatively flat 
fracture surface was observed, with a fluctuating FCG rate. Above, the FCG rate accelerated 
compared to the air atmosphere and large cracks with a vertical direction (perpendicular to the 
crack propagation direction) were observed. Smaller secondary cracks, with a predominant 
orientation parallel to the crack propagation direction, were also present below the crack 
surface. When comparing the EBM material to already published cast and forged FCG data it 
was observed that the EBM built Ti-6Al-4V was found to have better FCG properties in high-
pressure hydrogen compared to cast material, while being slightly lower than wrought.  
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10 Concluding remarks and future work 
Additive manufacturing is a promising manufacturing process, offering many advantages. 
However, there are still several barriers for the manufacturing process before it can be used 
extensively for a wide range of load-bearing applications. Defects are one issue [29], where 
defects like LOF [37,120,194,195] have shown to have detrimental effects on components 
exposed to cyclic loads. Microstructure variation [30] is another issue, as well as texture [151], 
and all these issues can cause anisotropic mechanical behavior [196,197]. Furthermore, there 
are many different process parameters that alter the microstructure and thus the mechanical 
properties, so AM is a challenging process to qualify. Another problem that occurs with AM 
built material is rough surfaces [29,198] that lead to high-stress concentrations at the surface, 
causing fractures. Nonetheless, the challenges with AM can be overcome; inner porosity can as 
an example be closed by performing HIP [55,194]. To remove surface roughness grinding or 
etching can be conducted. The columnar prior  grains can be removed by in-situ 
deformation [92]. However, the idea with AM is a manufacturing process without any tool 
changes or extra process steps. Therefore, each introduction of extra process steps increases the 
cost and decreases the strength of AM. Some voices say that AM will revolutionize future 
manufacturing, where all manufacturing will be performed using AM. The likelihood of this 
happening, though, is not very high as conventional manufacturing processes are cheaper for 
components with low complexity and for large lot sizes. However, AM will most likely be a 
good complement for future manufacturing in those cases, where this process is beneficial i.e. 
high complexity components. A novel approach to this is to combine AM with subtractive 
machining, where one such hybrid method is called large additive subtractive integrated 
modular machine (LASIMM) [199]. The LASIMM process combines WAAM with subtractive 
manufacturing. The objective of this hybrid machining is to reduce the time and cost for 
current AM processes with 20% and increase productivity with 15%, contributing to the 
standardization of hybrid processes. Moreover, the hybrid system minimizes the needed floor 
space and reduces the supply chain. This type of hybrid solution could become a 
manufacturing standard in the future.  
     There has been a tremendous effort in pushing AM processes into use, and the industry has 
started to use it more and more. Airbus has, for example, decided to use the EOS M 400-4 
system for serial production of latch shafts for doors in their A350 passenger aircraft [200]. By 
using the SLM process and titanium, they have been able to reduce the price with 25% and 
weight with 45%. The production is set to start in 2019 with an expected start of service in 
2020. Siemens is another company that has produced a fully functional component with SLM; 
a gas turbine burner. They began manufacturing in 2017 and the first turbines have now been 
in operation for over 8000 hours without any reported issues. By implementing AM Siemens 
was able to increase the functionality of a gas turbine burner and manufacture it in one piece 
instead of 13 pieces with 18 welds [200]. These are two good examples where AM has been 
implemented with success. However, prior to implementing AM in specific applications, more 
research has to be conducted. One such specific application is components used in 
environments with an excess of solute hydrogen e.g. liquid hydrogen used as fuel. As 
mentioned, the microstructure is different in AM built material compared to e.g. wrought and 
cast. There is thus an interest in investigating how hydrogen embrittlement effects additively 
manufactured material, which has been a part of this thesis. 
     Detecting hydrogen is hard as it is the smallest known atom. Therefore, detecting titanium 
hydrides with SEM, for example, can be devious. Neutron tomography, or neutron imaging, is 
theoretically a very good technique for hydrogen detection. To investigate the usage of this 
technique an application for beamline time at Paul Sherrer Institute (PSI) was submitted, for 
the instrument “imaging with cold neutrons” (ICON). In theory, titanium is a good material 
for hydrogen detection as the attenuation difference is even higher than that of e.g. steel. For 
hydrogen at neutrons with 1.8 Å wavelength, the attenuation coefficient is 3.44 cm-1, whereas 
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for titanium it is 0.60 cm-1 (compared to steel that has the value 1.19 cm-1). The larger the 
contrast difference the easier it is to detect the hydrogen. The experiment, however, was 
unsuccessful i.e. no hydrogen was detected. To be successful, enough contrast difference is 
needed to get a good signal to noise level. Therefore, if the hydrogen would have been 
distributed in more places in the sample (e.g. at an elongated crack), it might have increased 
the likelihood of success. The spatial resolution of neutron imaging is not very good, although 
there have been tremendous improvements in the last decades. The small secondary cracks in 
the sample were clearly too small for detection with this resolution. Altogether, larger cracks 
and more hydrogen would be needed to have a successful experiment with the properties of 
the present instruments. Taking this into consideration and with the new instruments planned 
at e.g. European spallation source (ESS), this would be a good continuation for future work.    
      
Proposals for future work are the following: 

Investigate hydrogen diffusion in additively manufactured material and its anisotropic 
microstructure. A possible way to determine the diffusion rate was invented by Holman 
et al. [166], a method that has been used by e.g. Christ et al. [201] for determining the 
diffusion rate. Permeation measurements are difficult for titanium below 600 °C due to 
the thick oxide layer. To perform the experiment a rod has to be half-covered with 
polytetrafluorethylene tape, then embedded in epoxy resin. Then the remaining half 
rod can be charged with hydrogen galvanostatically by emerging the rod in 3.67 mol/L 
phosphoric acid and 1.13 mol/L hydrofluoric acid at a current density of 250 mA/cm2 
for a duration of 60 minutes at room temperature. With this setup, between 300 to 
2800 ppm hydrogen can be obtained for the exposed rod, while the covered half 
remains unaffected [201]. Then the rod can be heat treated at elevated temperatures 
with the purpose of promoting hydrogen diffusion in the material from the hydrogen-
rich part of the rod to the hydrogen-free part. The titanium oxide hinders hydrogen to 
diffuse out from the material, at temperatures below 600 °C. Quickly after the heat 
treatment, the rod should then be cut into small discs, then each disc should be 
measured for hydrogen (LECO RH-404 is a suitable machine for this), then the 
hydrogen concentration for each disk is obtained and one can plot a concentration 
profile. This experiment could then be performed both on horizontally and vertically 
built AM samples, to investigate if there are anisotropic diffusion properties.  
Detecting hydrides with neutron imaging can be challenging, where spatial resolution is 
one issue. Synchrotron has a higher spatial resolution compared to neutron imaging. 
The problem with synchrotron x-rays, though, is that they cannot detect the hydrogen 
directly. It can detect crystal structures, and for titanium hydrides, there is a crystal 
structure difference. Therefore, it is possible to detect TiH at secondary crack tips, with 
x-ray synchrotron diffraction. In addition, TEM characterization along the crack could 
be of interest.  
Investigating possible texture influences on secondary cracks would be of interest e.g. if 
the secondary cracks nucleate across /  interfaces with a certain crystal orientation, 
concerning the crack propagation direction. EBSD could shed some more light on this, 
but the sample preparation for EBSD close to fracture surfaces needs to be performed 
carefully to obtain trustworthy results.  
A continuation of the EBSD and neutron TOF diffraction in this work could be to 
investigate the texture evolution when plastic deformation is applied. Ex-situ would be 
a feasible way to perform such an experiment. Both tensile and compressive loading 
could be of interest. With compression larger deformation rates are possible.    
Investigating the influence of the BMP on mechanical properties would also be an 
interesting continuation of the conducted work. As been shown, the BMP constitutes 
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of a fine and a coarse microstructure and fine martensitic microstructures are more 
brittle. Hence, a theory is that the FMZ could influence the fracture strength. A way to 
prove, or to disprove, this theory that the FMZ reduces the fatigue life and tensile 
strength is to perform fatigue and tensile testing. The tests should then be performed 
with the load parallel to the built layers. By conducting quantitative fractography it 
would then be possible to investigate where the fracture starts, e.g. in the interface 
between the CMZ and FMZ, in the FMZ or in the CMZ. However, this type of work 
would be complicated because defects have an important role in decreasing fatigue life, 
so one would need to take this into consideration.  
As discussed in chapter 4.4, the layer band morphology has been shown to have 
microsegregation of iron, where EPMA has been used as a tool to detect this 
segregation. It is possible that the BMP observed in the SLM process also constitutes of 
this type of microsegregation. In Paper III an attempt to detect possible segregation was 
performed by measuring the chemical composition using EDS. Nonetheless, EDS is 
not as accurate as EPMA and the results were inconclusive. It would thus be of interest 
to investigate the BMP with EPMA, to shed some more light whether it is 
segregational effects that cause the formation of BMP.   
Overall, the tensile properties of AM Ti-6Al-4V are quite well-covered scientifically. 
Nevertheless, little research has been conducted for low cycle fatigue, fracture 
toughness, fatigue crack growth, creep, impact toughness and environmental effects on 
these properties e.g. in hydrogen environments. Especially among all the different AM 
processes available, SLM and EBM are the two processes that have received most 
attention.  
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A B S T R A C T

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 micro-
hardnesses 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.

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 be-
come 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, 1670 °C, the
melt solidifies into β phase (BCC structure) [1] and β grains start to
form. The β grains of additively manufactured Ti-6Al-4 V 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 the titanium alloy Ti-6Al-4 V, 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 typi-
cally 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 parallel 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 occurs 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 [1]. For very high cooling rates also dif-
fusion less martensitic transformation [15] has been observed in some
AM materials. Cooling rate is here important as it determines the dif-
fusion 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 ma-
terials manufactured with single AM processes and only limited work
has compared results from different AM processes. In this work mate-
rials manufactured with three DED processes and two PBF processes
were compared. The DED processes comprise 1a) melting wire con-
tinuously with laser, i.e. without any temporal pause between each
layer (LMwD-0), 1b) same as in 1a) but with 2min pause between each
layer deposition (LMwD-2), 2) melting blown powder using laser as an
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energy source (laser metal powder deposition LMpD) and 3) melting
wire with a TIG-torch (shape metal deposition, SMD). Materials man-
ufactured 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, re-
spectively. The intention of the present work is not to present a com-
plete map of all microstructures that can possibly form in the here in-
vestigated 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 re-
ceived a post weld heat treatment at a temperature of 704 °C for 2 h,
while for SMD the corresponding heat treatment temperature was kept
at 670 °C. The reason for these post heat treatments was to release re-
sidual stresses, and the heat treatments are not believed to affect the
microstructure [8,16]. 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 s
with 20 V, followed by 3 s etching with 14 V, both steps were performed
with Struers A3 solution.

The measurements of the prior β grains were performed in ac-
cordance 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
Fig. 1, both parallel and perpendicular to the layers. Hardness mea-
surements (Vickers) were carried out on all samples perpendicular to
the layers with a Matsuzawa MXT-αmicrohardness tester. The hardness
was measured at room temperature at a load of 300 g. Each layer was
measured 5 times, and the average values are presented. The hardness
indentations were spaced at least 4 diameters [17] apart from one an-
other, to not induce hardening effects. The dotted straight white lines
on LMwD-2 in Fig. 1 show typical hardness indentations.

3. Results and Discussion

Figs. 1 and 2 show macroscopic overviews of the material perpen-
dicular (Fig. 1) and parallel (Fig. 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 Fig. 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 Fig. 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 micro-
structures. 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 char-
acteristic feature.

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 [1,18,19]. 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 Fig. 2 macroscopic overviews
parallel to the layers can be seen. Here the prior β grain boundaries
have been indicated with white dots.

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 4mm
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 [20]. Simonelli et al. [10] characterized the micro-
structure for SLM produced with a Renishaw 250 machine and mea-
sured 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 statis-
tical 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 dis-
tinguish in LOM, often making grain boundary location subjective. This
could be an explanation for the larger variance between the measure-
ments 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 ma-
terials 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 bound-
aries.

3.2. Layer Bands

As discussed by Kelly et al. [21] a phenomenon called parallel bands,
or layer bands, can be found in material manufactured with AM pro-
cesses 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 and 800 μm. Kelly et al. [21] observed a size of 165 μm for
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LMwD. In the present work corresponding sizes were measured to be
approximately 370 and 850 μm for LMpD and LMwD-2 respectively,
while for SMD it was 550 μm. Kelly et al. [21] and Sandgren et al. [6]
found these layer bands for LMwD, Baufeld et al. [8] and F. Wang et al.
[22] found these for SMD, while Zhai et al. [23] observed it for LMpD.
In Fig. 1 the layer bands for LMpD, SMD and LMwD-2 can be dis-
tinguished 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 tough-
ness [24], and it is therefore important to understand under what

Fig. 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 hard-
ness indentations were performed. The dotted lines in EBM,
LMpD and LMwD-0 indicate the prior β grains. The dotted
lines in SMD indicate the parallel bands.

Fig. 2. Macroscopic images parallel to the layers of Ti-6Al-4 V 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.
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circumstances the GB-α forms and grows, especially when considering
developing AM of Ti-6Al-4V for load bearing high performing compo-
nents.

Alpha phase in the prior β grain boundaries was found in materials
produced with several of the investigated AM processes, and the mea-
sured average thicknesses of these are summarized in Table 1. The ty-
pical appearance of GB-α is shown in Fig. 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 [25]. 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 Fig. 3 examples of α laths are marked with dotted lines and ar-
rows. In each type of AM material, the α lath thickness was measured
on five different areas (A–E), see Fig. 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 Fig. 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.

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. [26] 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. [27] the α lath thickness was
between 1 and 1.2 μm (for the EBM machines A2 and A2X respectively).
Formanoir et al. [25] 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 [20] 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 h 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, re-
spectively 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 tem-
peratures 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.
[28] 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 re-
porting about the microstructure in materials produced with different
AM processes. E.g. Seifi et al. [27] reported the main microstructure of
EBM material to be basket weave while Murr et al. [29] reported
martensite and β phase intermixed with refined acicular α. One reason

Fig. 3. Overview of the microstructures of the different AM-processes. Showing the
basket weave microstructures of EBM, SLM, SMD and LMwD-2. The martensitic micro-
structure 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.

Table 1
Average prior β grain size (μm) measured according to the ASTM 112–3 standard fol-
lowed 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 dis-
tributed along the prior β grains boundary.

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 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.

Parallel (μm) Perpendicular (μm) Reference (μm)

LMwD-2 0.9 ± 0.3 1.0 ± 0.2 0.6 [26]
LMwD-0 2.3 ± 1.0 1.9 ± 0.8 0.6 [26]
LMpD – – –
SMD 0.7 ± 0.1 0.8 ± 0.2 0.6 [26]
EBM 2.0 ± 0.6 1.5 ± 0.4 0.8–1.9 [12,25,27]
SLM 1.5 ± 0.5 1.5 ± 0.5 1–2 [4,20]
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for this discrepancy is that different process parameters have a sig-
nificant influence on the microstructure formed in as built material.
This was also clearly shown in the present work where material pro-
duced with LMwD, with and without a 2min stop between each added
layer, resulted in significantly different microstructures, see Figs. 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 hard-
ness, as seen in Fig. 4. Based on this it can be concluded that the process
parameters are of importance when determining/designing the micro-
structure 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 condi-
tion 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 further-
more supported by Baufeld et al. [8,16] 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 tem-
perature range as in the current work, supporting our assertion that the
post heat treatments in the present work do not coarsen the micro-
structure.

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 pro-
cesses having smaller α laths, i.e. higher cooling rates, also have less
amount of GB-α. It's 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

Fig. 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 Fig. 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 Fig. 4. Each data point in
Fig. 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-4 V material has been reported [23] 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 [23] was post heat
treatment at 760 °C for 1 h. 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. [16] investigated as built LMwD
material and found it to be 355 HV. An additional heat treatment at
843 °C for 2 h 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
[30] 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 ma-
terial have the coarsest prior β grain size of all investigated AM mate-
rials, 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

Fig. 4. Micro hardness profiles of the here investigated additive manufacture Ti-6Al-4 V materials.
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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 Fig. 4 that the microhardness in dif-
ferent 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 re-
garding material manufactured with the same process but with different
process parameters.

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 [25]. 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 mechan-
ical properties, where smaller α colonies generally render in improved
mechanical properties [13,24].

In Fig. 5 IPF maps are shown for the DED and PBF processes parallel
to the layers. As these IPF maps reveal each individual α lath crystal-
lographic orientation in one and the same color it is thereby possible to
distinguish the α colony size. In LOM, as can be seen in Fig. 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 Fig. 5, it is
evident that SMD and LMwD-2 materials have significantly finer mi-
crostructure 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.

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 Fig. 5. Here the very fine
martensitic microstructure of LMpD is also evident when comparing
with the other processes.

Fig. 6 shows the IPF maps of the PBF manufactured materials to-
gether 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 pro-
cesses 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 Figs. 1 and 2, that the prior β grains do
not have elongated columnar shape. By comparing the IPF map of EBM
and SLM in Fig. 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.

Fig. 7 shows the IPF maps for SMD and LMpD manufactured ma-
terials 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 Fig. 7 only cover part of an area
within one single prior β grain and therefore no prior β grain

Fig. 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.
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boundaries are seen. In Fig. 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.

The α colony size is, just as the GB-α and α lath thickness, depen-
dent on the cooling from the β transus temperature. Fast cooling ren-
ders in smaller α colonies, and vice versa [24]. This was confirmed in
the present work where the microstructure of LMwD-0 material con-
tained thicker α laths, more pronounced GB-α, and also larger α co-
lonies, 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 in-
troducing a 2min 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 inter-
twined 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 manu-
facturing it can be concluded that significant variations of micro-
structure and microhardness occurred within the same build.
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A B S T R A C T

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 manu-
facturing process. Electron backscattered diffraction (EBSD) was also performed on material parallel and per-
pendicular to the build direction 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. The
crystal direction of the α phase with the strongest texture component was [1123].

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 topology optimization along with de-
creased 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 crystallographic microstructural differences, such as texture
and residual stress/strain has to be performed. Qualitative texture
measurements has reported [9] that EBM samples were free of pre-
ferential orientation, contrary to the SLM samples that showed a

significant preference towards the hexagonal basal plane. Generally
speaking, only rarely do technical components made from poly-
crystalline alloys consist of randomly orientated grains (i.e. texture-
free). Most of the time, the grain orientations follow a pattern that is
induced by the forming/manufacturing processes such as crystallization
from the melt, rolling or other thermomechanical processes. This pat-
tern is referred to as preferential crystal/grain orientation or texture.
Texture, due to elastic and plastic anisotropy [10], leads 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 [8,11–14] materials. Thus de-
tailed 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.
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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 [15]. 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 [15–17]. Depending on the technique, either an overall
average texture in a significant 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 experi-
ments, however mainly small and fine-grained samples can effectively
be investigated [15] while neutrons in contrast penetrate deep into the
bulk material. 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 [16,17], with factors of
up to 102–104 higher than X-rays [18] 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 as-
sessment of coarse grained materials like the samples of interest in this
work related to AM processes [8,19–21]. Neutron diffraction is more
accurate and reliable as well due to negligible attenuation and surface
effects [18]. 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 [22] is advantageous.

Neutron diffraction measures lattice spacing based on Bragg's law:

=dsinθ nλ2 , (1)

where θ is the angle between the incident beam and the (hkl) lattice
plane, d is the lattice spacing of the (hkl) plane of interest and λ is the
incident neutron wavelength. While diffractometers at steady state
neutron sources (e.g. research reactors) usually utilize a mono-
chromator and work in an angular dispersive mode (i.e. λ is fixed and
they probe 2θ), diffractometers at pulsed sources (e.g. spallation
sources or pulsed reactors as utilized here) work in a wavelength dis-
persive 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 1 Å 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/λ=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/2mLsinθ. (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, lat-
tice spacing can 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. Fig. 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 Fig. 1,
it can be seen that the range and resolution of the smaller d spacing’s

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.

The intensity of the measured Bragg diffraction lines varies depen-
dent 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 and it is the
most detailed way of representing the texture [16]. 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 inver-
sion center [17] due to the fact that hkl and hkl are equivalent, i.e. it is
insignificant whether the neutrons approach the front or the back of a
plane.

Texture measurements by TOF neutron diffraction have been espe-
cially useful to study the in-situ phase transformations of con-
ventionally manufactured Ti-6Al-4V alloys [23–26], while the objective
of this work has been to characterize the average resulting texture of
samples built by AM, consisting of mainly alpha phase and without
additional post processing. 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 pro-
cesses 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 [8,27] and microstructures [27,28].
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

Fig. 1. A typical TOF diffraction pattern of an EBM Ti-6Al-4V sample.
Estimated Bragg diffraction peak positions and corresponding hkl indices of α-
Ti and β-Ti are also given with color coded vertical lines and letters, respec-
tively.
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fusion (PBF) processes, named SLM (selective laser melting) and EBM
(electron beam melting), and one DED (directed energy deposit) pro-
cess named laser metal wire deposition (LMwD). These samples are
shown in Fig. 2. Separate samples were manufactured 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, having a layer thickness of 90 μm.
For the SLM process, the same EOS 290 machine was used for all
samples, having a layer thickness of 50 μm. For the EBM material a
vacuum atmosphere was used while for the SLM built material the at-
mosphere was argon. For the LMwD process a laser and a wire feeding
system are attached to a robotic arm that melts the wire from a se-
quence that is defined in accordance to a computer aided design model.
The LMwD samples were built with a fibre laser and the power used was
between 2–3 kW. The feeding of the wire was continuous and per-
formed in an inert argon atmosphere with less than 20 ppm oxygen. The
substrate used was titanium. After the manufacturing the LMwD ma-
terial was machined using 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). The shape of the
samples were cylindrical with diameters ranging from 12 to 20mm and
heights from 25 to 72mm, as shown in Table 1. None of the samples
from the investigated AM processes received any post heat treatment.

2.2. EBSD measurements and β phase reconstruction

The surface characterized with EBSD was from the middle of the
samples, to remove possible substrate related cooling effects that can
render microstructural and texture differences, parallel and perpendi-
cular to the build direction (build direction is defined as perpendicular
to the layers). Prior to the EBSD measurements the samples were po-
lished according to conventional methods for titanium alloys. The
samples were also electrolytically polished and etched with Struers A3
solution, first a polish for 18 s with 20 V, pursued by 3 s 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× . The result was
then presented as pole figures and Euler maps for analyzing the mi-
crostructures, where the crystallographic orientation is defined ac-
cording to the three Euler angles (φ1, Φ, φ2) [29]. The pole figures were
created by using the software Salsa.

To reconstruct the β phase of the EBSD data a software called
ARPGE [30,31] was used with the quadruplets setting. For the re-
construction ARPGE utilize Burgers orientationship,
{0001}α||{110}β, < 1120> α||< 111> β [2,19], to recreate the
parent grain from the crystal orientation obtained from the daughter
grains, where 12 α variants are possible for the β→α transformation.
Knowing at least 4 α variants [32] makes it possible to calculate their
parent β grain. The software settings used were; min. number of
daughter grains per parent grain: 5, step for nucleation: 2°, step for
growth: 2°, nucleation angle stop: 15°, growth angle stop: 20°. ARPGE
was also utilized to plot the pole figures for the β phase.

2.3. Neutron time-of-flight diffraction texture measurement

For the neutron TOF diffraction experiment the SKAT texture in-
strument [33,34] (see Figs. 3 and 4) 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
2MW with a repetition rate of 5 Hz [35]. The SKAT instrument is
characterized by a total flight path of 104.244 ± 0.055m and the
range of d spacing’s that can be probed is between 0.6–4.8 Å [33,34].
The ring diameter where the detectors are attached is 2m 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 with a scattering angle of 2θ=90°. The
neutron flux at the sample position of the SKAT instrument is 106 n/
cm2/s and the wavelength range is between 0.8–7.6 Å. The maximum
volume in which texture can be obtained is 30 cm3, because the beam
cross section is HxW=95×50 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 55×55 mm2 placed directly in front of the detectors
[33]. The resolution of the SKAT instrument is Δd/d=5×10−3 at
d=2.5 Å. In Fig. 4a), 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. Fig. 4b)
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 that is transparent for neutrons and thus not
affecting the texture experiment.

In Fig. 3a) the front view of the SKAT instrument can be seen (the
back of the instrument is seen in Fig. 4). 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. In b) the
positioning of the sample towards the incident beam is shown. In c)
there is a circle in the unit sphere and it is corresponding to the

Fig. 2. Overview of the samples investigated with neutron diffraction. The SLM
sample a), the top, b), and bottom, c), LMwD samples and the EBM sample, d). Z
indicates the build direction of the samples. The black double edged arrows
show corresponding locations of the EBSD measurements i.e. far away from any
surface related effects.

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°
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scattering vectors of the detectors. The equatorial plane, the Y-X plane,
is corresponding to its stereographic projection, this becomes the pole
figure plane. The detectors on the SKAT instrument are named A to S,
where S is at the center of the pole figure as seen in Fig. 3d). A grid of
the measured pole figure is also shown, where the small half-circle is
the projection of the scattering vectors. The grid is a 5°×5° grid,
characterized by the small dots and each dot signifies where the pole

density data is positioned.

2.4. Data acquisition

Each measurement was performed on a range of 360° with incre-
ments of α=5° in the angular scans. Exposure times per step were
ranging between 1150 and 2300s (Table 1), resulting in total exposure

Fig. 3. Geometry of the neutron time-of-flight diffraction experiment performed on the SKAT instrument (adapted after [34]). a) 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) the sample
placement in regard to the incident neutron beam and the collimators. c) a dotted circle (in the Z-X plane) within a sphere is shown, and this circle corresponds to the
scattering vectors of the detectors and below in the Y-X equatorial plane is its stereographic projection. d) a grid of the measured pole figure, where each dot signifies
where the pole data is positioned, a 5°×5° grid has been realized. The sample is rotated around the Z-axis in angular steps defined by α.

Fig. 4. a) The back of the SKAT texture in-
strument 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 in-
cident neutron beam where the black arrow is
in the build direction Z. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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times of 31.5 h for the EBM sample, 45.5 h for the SLM sample and 23 h
for the LMwD samples. The reason for the time variations between the
samples lies in their different physical sizes leading to different acqui-
sition times to reach sufficient counting statistics. The texture mea-
surements 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°×5° pole figure grid.

2.5. Data treatment

For each sample, neutron diffraction patterns (similar to Fig. 1)
were obtained from the 1368 individual measurements in the 19 de-
tectors (72 sample positions at different angles α (see Fig. 2c). The
texture data were analyzed with MAUD software, which is a software
that uses the Rietveld method [22,36]. The methodology to complete
pole figures from the data is thoroughly described by Wenk et al. [37]
and Lutterotti et al. [38], where the texture is refined according to a
least squares Rietveld refinement procedure [22]. The orientation dis-
tributions were fitted in accordance to the discrete algorithm EWIMV
[39], which allows the data to be entered to arbitrary pole figure po-
sitions. 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 Fig. 5). In these
Euler maps the microstructure of the three AM processes can be seen
perpendicular (a–c) and parallel (d–f) to the build direction. According
to the maps both EBM and SLM have a fine microstructure while LMwD
has a coarser Widmanstätten morphology. As the Euler maps show
crystals with the same crystal orientation in the same color, the Euler
map is a good tool for distinguishing the α colonies as α colonies are
composed of α laths with the same crystal orientation. The α colonies
are larger for LMwD while being seemingly the same for EBM and SLM.
The prior β grains, that set the limit for how large the α colonies can
become, are seen in the two PBF processes, where the black dotted lines

in c) show a circular shape of the prior β grain perpendicular to the
build direction of SLM. The markings were performed at boundaries
with different crystal orientations according to the reconstructed β
grains from the ARPGE software and operators experience. In e) the
elongated shape of the prior β grain parallel to the build direction is
shown. According to these Euler maps the SLM and EBM have see-
mingly the same size of the prior β grains while LMwD has much larger
ones (the map does not even cover one prior β grain). However, the
shapes of the prior β grains for EBM and SLM are not the same. Per-
pendicular to the build direction both EBM and SLM have circular
shapes of their prior β grains, while in the perpendicular case EBM has
more elongated prior β grains.

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 dis-
tribution (MRD) and was plotted in accordance to the color levels seen
next to the figures. The density is normalized and a value of 1 corre-
sponds to a random distribution of grain orientation, i.e. random tex-
ture. 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 di-
rection than in a random distribution. The build direction (i.e. per-
pendicular to the layers) of the samples is in the Z direction for all
samples and is indicated in Figs. 5 and 6 as out of the plane. The di-
rections X and Y create the plane parallel to the additive manufactured
layers. With this information it is possible to deduce preferential crystal
direction. The maximum/minimum MRD values of the neutron TOF
experiment of the various planes are shown in Table 2.

3.2.1. Pole figures of the α phase
In Fig. 6 the pole figures of specific lattice planes (the slip planes)

for the α phase are shown. It can be seen that the texture distribution in
the LMwD samples are reasonably the same in the different lattice

Fig. 5. Euler maps showing the microstructure of the three different AM processes. Here it can be seen that the microstructure of the EBM, b), and SLM, c), is finer
than the microstructure of LMwD, a). The larger size of the prior β grains is also evident as the Euler map of LMwD is within one grain i.e. no prior β grain boundaries
can be seen. However, both for EBM and SLM many prior β grains can be seen. The dotted black lines in a)–c), e) and f) show prior β grain boundaries. No boundary is
marked for d), as the prior β grain is larger than the investigated area. BD i.e. build direction.
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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 that are quite similar from a manu-
facturing point of view compared to the DED process LMwD. As can be
seen in

Table 2 the sample LMwD-B had the highest MRD value for the α
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 general
preferential texture growth in the α phase for the AM processes lied
between the Z, X and Y axis, giving the direction [1123].

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 figures. The pronounced orientation
components in LMwD-B are a hint of a superimposed higher symme-
trical deformation or recrystallization. It can furthermore also be stated
that there is a texture inhomogeneity between the LMwD-B and LMwD-
T samples.

Fig. 7 shows the pole figures that were obtained from the EBM
measurements perpendicular to the build direction, for LMwD the
highest MRD value was 36.89, whereas for EBM and SLM it was 11.70
and 7.69 respectively.

3.2.2. Pole figures of the β phase
Fig. 8 shows the pole figures of the β phase, reconstructed from the

EBSD data and plotted with poles. For LMwD very few β grains were
detected because of their large size. Consequently the LMwD β grains
measurements rendered in low statistics, opposed to SLM that had
several β grains i.e. more reliable statistics.

Noteworthy is that misinterpreted β grains, which can be caused by
bad indexing of the EBSD, can lead to faulty pole figures. However, the
EBSD data for this investigation was relatively good with 99.26%

Fig. 6. 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 build direction, while Y and X are in the plane perpendicular to the build direction. The HCP crystal structure (from Ref. [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.

Table 2
Maximum and minimum Multiples of Random Distribution (MRD) for the α
phase.

(0002) (1011) (1010)

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
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indexing for LMwD, 94.65% for EBM and 93.77% for SLM.
For LMwD the strongest β texture was found in-between the Y-Z-X

axis i.e. [111] direction, for both the investigated planes. The poles for
EBM are well distributed although there seems to be a prevalence for
the [111] direction as well. For SLM, plane (211), the strongest texture
is found in [001]. For the plane (110) however the strongest texture
component can once more be found in the [111] direction.

4. Discussion

4.1. Alpha phase texture

By comparing the pole figures and their corresponding MRD values
it is evident that there is a texture variation of the different AM pro-
cesses. These texture differences measured with the neutron TOF dif-
fraction experiment is in good correlation with differences in mechan-
ical properties shown in previous research. Åkerfeldt et al. [8] found
that LMwD showed 4% higher ultimate tensile strength if loaded per-
pendicular to the build direction compared to parallel loading. On the
other hand, when loading parallel to the build direction 25–33% higher
fracture elongation was observed. Brandão et al. [14] investigated the
mechanical properties of SLM and the findings were not as differ-
entiating as in the case of LMwD. If loading parallel to the build di-
rection the ultimate tensile strength was roughly 1% less compared to if
the loading took place perpendicular to the build direction. Parallel the

build direction the fracture elongation was 5% higher. Edward et al.
[40] investigated the dependence of build direction on the ultimate
tensile strength of EBM and found it to be 2% higher parallel to the
build direction compared to perpendicular. The same study showed that
if the load was parallel to the build direction the elongation to fracture
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, for instance defects have been
shown to have an impact as well [41].

The shape of the prior β grains have been reported to have more
elongated grains in other studies [42,43], and the reason for the more
circular shape in the present work could be related to process para-
meters as well. Thijs et al. [44] did as an example report an effect of the
shape of the prior β grains due to scanning pattern.

The microstructure of LMwD parallel and perpendicular to the build
direction are slightly different, where the microstructure parallel to the
build direction is finer than perpendicular to it. The reason for this is
likely related to that the investigated material is not at the exactly same
position of the bar, and according to previous work [45] there is a large
α lath thickness variation for LMwD.

As discussed by Tromans [46] planes have different Young’s mod-
ulus, 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

Fig. 7. Overview of the pole figures for the LMwD, EBM and SLM samples from the EBSD measurements. The Z direction is equal to the build direction i.e.
perpendicular to the layers. The color code shows the increasing texture where 1 (black line) corresponds to the lowest MRD and 5 (bright green) highest MRD. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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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 [45] been extensively performed on the
here investigated AM processes and the findings were that the LMwD
process has larger prior β grains than the other AM processes. This
seems to, along with the amount and distribution of grain boundary α,
affect the texture and thus mechanical properties. This is also the case
of the Euler maps seen in this work, where not even one prior β grain in
the Euler map of LMwD is covered in the case of parallel to the build
direction, while several prior β grains can be seen in the two BPF
processes. With these conclusions of mechanical properties and mi-
crostructure of the investigated AM processes, the findings of the pre-
sent work are in good correlation with literature, where LMwD has a
higher MRD value than EBM and SLM for the α phase. Bhattacharyya
et al. [23], who were investigating the α to β transformation by
tracking texture evolution in conventional Ti-6Al-4V, found the same
texture distribution of the (0002) as was found herein for the EBM and
SLM processes, while the texture distributions of LMwD samples in-
vestigated in our study are different. The study by Tiferet et al. [9]
reported significant texture for Ti-6Al-4V samples made by SLM, but
nearly no texture for samples made by EBM, which is different from our
findings. This could be attributed to different AM processing para-
meters, underling a need for more detailed studied of the influence of
AM process parameters.

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 a difference in the

microstructure and consequently in texture. Previous studies (e.g. [47])
have shown that there are hardness and microstructural differences
between materials close to the substrate, if compared with materials
further away, supporting this theory.

4.2. Comparison between neutron diffraction and EBSD pole figures

The texture measurements with EBSD indicated higher MRD values
than the corresponding neutron TOF diffraction measurements. The
reason is most likely connected to the much smaller sampling volume of
the EBSD measurements, which is related to that EBSD has a penetra-
tion depth of 20 nm [29]. Making EBSD close to being a two dimen-
sional texture characterization technique compared to neutron TOF
diffraction. The investigated EBSD area for three AM processes had
relatively few grains (especially in the case of LMwD), which conse-
quently also leads to unreliable statistics. This is of course a benefit with
the neutron diffraction method over EBSD. The texture result do how-
ever keep the same trend for both the methods, where LMwD has the
strongest texture followed by EBM and SLM. By comparing the pole
figures of the same plane for the two methods with one another it is also
evident that there is no clear correlation between them. For LMwD
nonetheless the texture component [1123] is prominent for both
methods for the (0002) and (1011) planes, although with the addition of
a strong [0001] pole for the EBSD pole figures. The planes (1010) and
(1011) correlate for the EBM and SLM material in the sense of having
weak texture components.

4.3. Beta phase texture

Given the neutron diffraction data it is impossible to re-create the

Fig. 8. Pole figures of the reconstructed β phase of the EBSD data. Showing the two slip planes (211) and (110). The pole figures are plotted with poles and not pole
density.
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prior β phase texture, as the texture information is an average of the
investigated material i.e. orientation relationship between neighboring
grains is lost. The crystal relationship between individual α laths are
known with EBSD and it is thus possible to re-create the prior β phase
using Burgers orientation relationship.

EBM nor SLM exhibited any strong α texture compared to LMwD
and this is seen for the β phase as well as the poles are well distributed
in the pole figures. The investigated SLM material, in plane (211), was
the most prominent β texture found in the [001] direction. This
strong<001 > β phase texture has been reported in several other
texture investigations of AM built material [19,27,48], being parallel to
the build direction Z. The explanation is that this direction has the
highest thermal gradient i.e. from the melt pool to the substrate. An-
tonysamy et al. [48] explained texture found in the other directions, X
and Y, by the AM process parameter raster pattern, because the change
in melting pattern induces different thermal gradients for each layer.
Build height of the component was another parameter that affected the
overall texture [48]. According to Burgers orientation relationship, the
planes {0002}α are parallel to {110}β, and for LMwD this texture cor-
relation exists as the texture components exists at the same location.
The texture of the β phase is important, as is sets the texture evolution
boundary of the α phase during the β→α phase transformation.

5. Conclusions

The following conclusions can be drawn from this work:

• There is a texture variation between the three different AM pro-
cesses investigated in this work.

• The two powder bed fusion (PBF) processes EBM and SLM displayed
comparatively weaker texture than LMwD, which had the strongest
texture.

• The most pronounced MRD values for the α phase of the AM pro-
cesses are found for the (0002) lattice plane family in LMwD-B

• By comparing LMwD-B with LMwD-T, there is an inhomogeneity in
the texture of this AM process. The part closer to the substrate ex-
hibited more pronounced crystal orientations in the same direction
than compared with the part further away.

• The strongest texture component of the α phase was in the pyr-
amidal [1123] direction.
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Abstract
Selective laser melting (SLM) is an additive manufacturing process that offers efficient manufacturing of complex parts with
good mechanical properties. For SLM, process parameters and post-processing are of importance as they affect the microstruc-
ture and consequently the mechanical properties. A feature in the microstructure, which is formed in SLM due to the fast cooling
rate, is a binary microstructure pattern (BMP). The BMP is found in the horizontal plane and is formed with various laser scan
angles between adjacent layers. The easiest distinguishable strategy is 90°, which renders a shape similar to a chessboard. In this
work, the BMP phenomenon was investigated in detail and a microstructural characterization was performed on the fine
microstructure zone (FMZ) that separates the coarse microstructure zones (CMZ), by using light optical and scanning electron
microscopes (SEM) that were equipped with electron backscattered (EBSD) and energy dispersive x-ray spectroscopy (EDS)
detectors. Moreover, the effect of the process parameter hatch distance on the BMPwas investigated and the overlapping between
neighboring scan tracks in SLM was found to influence the size of the BMP, while the thickness of the FMZ remained constant.
Different post-SLM heat treatments were performed and it was shown that the BMP retained unless the heat treatment temper-
ature reached above the β transus temperature. EBSD and β grain reconstruction were performed as well to reveal the columnar
β grain orientations. The result showed that each CMZ and FMZ originates from a respective parent β grains.

Keywords Selective laser melting (SLM) .Microstructure . Chessboard . Ti-6Al-4V . Prior beta

1 Introduction

In order to achieve desired mechanical properties of metallic
products by additive manufacturing (AM), it is important to
control the process parameters that affect heat input to the
material and the cooling rate, which in turn affect the micro-
structure. In AM, there are a large number of tunable process
parameters [1–5] and relatively complex thermal history [6]
that results in microstructural changes. As one of many AM
processes [6, 7], the selective laser melting (SLM) process
uses a focused laser beam to melt consecutive layers of metal

powder. It is a widely used powder bed fusion process and is
advantageous in making small batches of geometrically com-
plex parts with a high level of customization, shortened lead
times, and reduced material cost [8]. The geometrical freedom
of design for AM allows for reduced use of materials, which
makes relatively expensive materials such as titanium alloys
particularly interesting for AM.

The SLM process has a faster cooling rate than the electron
beam melting (EBM) process due to the argon atmosphere in
SLM having higher thermal conductivity than a vacuum in
EBM [9] and that the build platform is kept at a lower tem-
perature ~ 100 °C [3]. The fast cooling rate results in the
formation of predominant martensitic α′ microstructure [3,
10, 11], where prior β grains grow epitaxially throughout
the deposition layers [3, 8, 12–14]. It renders a material with
high strength and low ductility, residual stresses [15], solidifi-
cation texture [16], and twins [17], which is opposite to the
EBM-built material that has a coarser basketweave [4] micro-
structure and little residual stresses [18]. Scanning strategies
are important for the residual stresses in selective laser melt-
ing. For example, Mugwagwa et al. [19] have shown that the
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chessboard scanning strategy resulted in 40% less residual
stresses compared to the default island scanning strategy.
One the other hand, Ali et al. [20] reported that the 90° alter-
nating strategy to result in the lowest amount of residual
stresses of five investigated strategies. Apart from residual
stresses, scanning strategies have also been shown to influ-
ence the relative density [21, 22].

The α′ needles can be categorized into four subgroups [12,
23]: primary, secondary, tertiary, and quaternary. The width of
the acicular α′ needles ranges from microns in the case of
primary α′ down to nanometers for quaternary α′. It is believed
that the primary and secondary martensitic needles nucleate at
an early stage of the β to α′ phase transformation, whereas the
tertiary and quaternary needles at a later stage, thus their nucle-
ation is hindered by the existing primary and secondary α′
needles [12]. The mechanical properties are largely influenced
by the size of the martensitic acicular α′ needles and the orien-
tation of the prior β grains, which is partly responsible for the
mechanical anisotropy observed in SLM built titanium alloys
[10, 24, 25]. The prevalent martensitic α′ microstructure of
SLM Ti-6Al-4Voften results in high strength and low ductility.
To overcome the decreased ductility, post-SLM heat treatment,
with the sacrifice of strength [24], can be performed. Xu et al.
[8] performed post-SLM heat treatments on SLM built Ti-6Al-
4V to understand at which temperatures an ultrafine α + β
could be obtained with good mechanical properties, with the
result being in the range of 400 °C for 2 h [8]. Cao et al. [17]
investigated the influence of different post-SLMheat treatments
on martensite decomposition, this was performed by measuring
the β phase fraction and subsequent transmission electron mi-
croscope (TEM) analysis of retained martensite. It was shown
that heat treatments at 700 and 800 °C for 2 h are insufficient to
fully decompose themartensite. However, after a heat treatment
at 800 °C for 6 h, a complete martensite decomposition was
achieved, which resulted in increased ductility. It is also known
that sub β transus (995 °C for Ti-6Al-4V [26]) heat treatments
do not alter the size and shape of the prior β grains, while super
β transus heat treatments cause significant β grain growth and
transformation of columnar β grains to equiaxed β grains [1].

Apart from post-SLM heat treatments, process parameters
are also important for the final mechanical properties, affecting,
e.g., defects [27] and microstructure [4]. For example, Pal et al.
[23] vary the process parameter energy density by adjusting the
scanning speed andmeasured the impact on volume, shape, and
number of pores. They found a difference of 2.45% between the
sample with the highest and lowest relative density. Xu et al. [8]
demonstrated the possibility of achieving an in situ martensite
decomposition in the SLM process through the control of pro-
cess parameters, i.e., layer thickness and laser beam focal offset
distance. By optimizing the energy density, Xu et al. [8] obtain-
ed an ultrafineα +βmicrostructure with slightly lower strength
(> 1100 MPa) but much higher ductility (11.4% elongation to
failure) than martensite.

In the SLM process, there is a phenomenon called the
binary microstructure pattern (BMP), since the pattern
consists of two different microstructures. Fine microstruc-
ture zones (FMZ) are formed around a coarse microstruc-
ture zone (CMZ), which can potentially affect the me-
chanical properties. The size of the BMP has been shown
to correlate with the hatch spacing [3, 10, 12], where an
increase in hatch spacing renders an increased size of the
BMP. Thijs et al. [28] investigated different scanning
strategies for SLM built Ti-6Al-4V and found the mor-
phology of the BMP varies. The BMP is not unique only
for titanium but is also present in other SLM built mate-
rials, e.g., 316 stainless steel [29] and nickel-based super-
alloys [30].

This paper characterizes the microstructural difference be-
tween FMZ and CMZ by using scanning electron microscope
(SEM), light optical microscope (LOM), and electron
backscattered diffraction (EBSD). In addition to the EBSD,
prior β grain reconstruction is utilized to show the correlation
of β grain morphology with BMP. Furthermore, the effect of
the overlapping between neighboring hatches on the BMP is
investigated.

2 Material and method

The powder used in this study was gas atomized Ti-6Al-4V
powder provided by Falcon Tech Co. AConcept Laser X-Line
1000 was used to fabricate the samples, while the process
chamber was flooded with argon gas and the substrate heated
and held at 100 °C. To investigate the influence of the hatch
distance on the size of CMZ and FMZ, the overlapping be-
tween neighboring scan tracks was defined as shown in Eq. 1.
Four cuboid samples (Sample A–D) with dimensions 8 mm×
8 mm× 40 mm were manufactured using various hatch dis-
tances, thus resulting in different amounts of overlapping. The
molten track width (MTW) in Eq. 1 was determined experi-
mentally. A cylindrical thin wall sample with a single pass
each layer was fabricated using the laser power, scan speed,
and layer thickness as defined in Table 1. The inner and outer
diameters of the cylindrical thin wall sample were then mea-
sured using a Crysta-Apex S coordinate measuring machine.
The MTW was taken as half the difference between the inner
and outer diameters and was measured as 0.360 mm. The
overlapping can thus be defined as:

Overlapping ¼ 1−
hatch distance

MTW
ð1Þ

The energy densities were calculated based on the process
parameters according to [28], where P is the laser power, v the
scan speed, h the hatch distance, and t the layer thickness:
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E ¼ P
v*h*t

ð2Þ

The energy density values for the different material are
shown in Table 1. In addition, the target laser spot size was
0.1 mm. For the microstructural characterization, the samples
were baked into a conductive phenolic cure and then ground
and polished according to standardmetallographic preparation
for titanium alloys. The samples were etched with Kroll’s
reagent according to ASTM Standard E 407 (192) to reveal
the microstructure. The LOM used for the investigation was
an Olympus GX51. Three types of SEMs were used for the
work, an FEI Quanta 3D FEG, Jeol JSM7001F, and Jeol
IT300LV. The former two were used for the α′ needle mea-
surements, whereas the latter two were used for the EBSD
characterization. The last SEM was also used for the EDS
mapping. For the measurement of the width and length of
the martensitic needles, high-resolution images were obtained
by using SEM. The width and length of several hundred mar-
tensitic needles, on a considerable number of locations, were
then measured using the software Image J. For EBSD, the
detector NordlysMax2 was utilized and the parameters were
set to an acceleration voltage of 20 kV along with a step size
ranging from 0.3 to 1.5 μm. The result was then later present-
ed as inverse pole figure (IPF) maps.

Heat treatments were conducted at 700, 800, 900, and
1020 °C for 2 h each followed by air cooling to room temper-
ature, to investigate the effect of heat treatments on the BMP.
The samples used for the EBSDmeasurements had 50% over-
lapping and were exposed to the heat treatment 700 °C for 2 h
to relieve residual stresses. A single line experiment was con-
ducted on a Ti-6Al-4Valloy substrate to study the shape of the
melt pool and heat-affected zone (HAZ). The substrate was
heated up to 100 °C and a thin layer of powder was coated on
the substrate. In order to approach the target value of the layer
thickness of 50μm, some fine adjustment was carried out. The
adjustment started by coating a relatively thick layer of pow-
der (a few hundred microns). Then the height of the substrate
was raised gradually to a level at which the recoater is just
making contact with the substrate surface without leaving be-
hind any powder. Finally, the substrate was lowered by 50 μm
and a layer of powder was coated onto the substrate. The
single line exposure was conducted at a laser power of
350 W and a scan speed of 770 mm/s. The chosen process
parameters originate from previous research conducted at

Monash Centre for AdditiveManufacturing [3], where param-
eter set C in Table 1 resulted in the best overall properties.

Figure 1a illustrates the relationship between the FMZ,
CMZ, HAZ, and the melt zone (MZ, for one laser pass) for
50% overlapping. In, Fig. 1b, the 900 hatching pattern that was
used in the investigation is shown. The reason for using 900

was because it was deemed to be easier distinguishable than
other angles.

The EBSD data was used to reconstruct β grains with a
software called ARPGE [31]. ARPGE uses the crystal orien-
tation from the daughter grains to recreate the parent grain by
using Burger’s orientation relationship, where twelve α (α
and α′ has the same crystal structure) variants can originate
from one β crystallographic orientation during the β→ α
transformation. Humbert et al. showed [32] that for the inverse
transformation, α→β, there can be six β variants originating
from one α crystallographic orientation. By knowing at least
four α variants [33], it is then possible to calculate their parent
β crystallographic orientation. The standard settings used for
ARPGE were as follows: a minimum number of daughter
grains per parent grain: 5°, step for nucleation: 2°, step for
growth: 2°, nucleation angle stop: 15°, growth angle stop:
20°. Energy dispersive x-ray spectroscopy (EDS) mapping
was performed to investigate if the segregation effect could
be responsible for the microstructural variation between FMZ
and CMZ. The EDS analysis was carried out on the elements
that constitute Ti-6Al-4V, i.e., Ti, Al, V, Fe, O, and C.

3 Results

3.1 Microstructure and statistics of α′ geometry
in CMZ and FMZ

The microstructure of the as-built Ti-6Al-4V showed a dom-
inant presence of martensitic α′ needles due to the fast cooling
rate, where columnar prior β grains were found to span across
a few deposition layers and were aligned parallel to the build
direction, as shown in Fig. 2a. Figure 2b shows the boundary
between the FMZ and CMZ, where the coarser microstructure
of the CMZ is evident. The length and width of the α′ needles
were measured within the FMZ and CMZ, and the results of
these measurements are shown in Fig. 3 and Table 2. Figure 3a
shows the relationship between the aspect ratio and length of

Table 1 Process parameters for
the four investigated materials.
L. = layer and E. = energy

Set Hatch distance Hatching Overlapping Power Speed L. thickness E. density

A 0.108 mm 900 70% 350 W 770 mm/s 50 μm 84 J/mm3

B 0.144 mm 900 60% 350 W 770 mm/s 50 μm 63 J/mm3

C 0.180 mm 900 50% 350 W 770 mm/s 50 μm 51 J/mm3

D 0.216 mm 900 40% 350 W 770 mm/s 50 μm 42 J/mm3
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theα′ needles, whereas Fig. 3b shows the distribution of theα′
needles in regard to their width. The CMZ showed a wider
spread in the distribution of the α′ length (Fig. 3a) and width
(Fig. 3b). The observation that CMZ had a coarser microstruc-
ture is further validated by the higher median and average of
the length and width of the martensitic α′ needles found in
CMZ (Table 2). Additionally, the α′ needles in CMZ have a
larger maximum aspect ratio compared to those in FMZ.

Figure 3c shows the microstructure of SLM processed Ti-
64 sample in the vertical plane parallel to the build direction.
The columnar prior β grains grow epitaxially along the build
direction (Z). The FMZs separating prior β grains appear as
light contrast as indicated by the white arrows.

3.2 Effect of overlapping and HAZ measurement

Four different overlappings were tested: 40, 50, 60, and 70%
(see Fig. 4). The effect of the overlappings was measured on
both the width of the FMZ and CMZ. The results of these
measurements are shown in Fig. 5a. The width of the FMZ

for the four cases ranged from 15.8 ± 2.6 to 18.1 ± 1.8 μm.
The average widths of the CMZ for the 40, 50, 60, and 70%
overlapping were 212 ± 8 μm, 166 ± 12, 139 ± 13, and 106 ±
7, respectively. It is noteworthy that FMZ was absent between
neighboring CMZ in some cases. The α′ needles for neigh-
boring CMZ without FMZ in-between have different crystal-
lographic orientations, thus creating a boundary, even though
there is no FMZ in-between. Some CMZwere clear, i.e., areas
of dark contrast in Fig. 4, while others remained undefined
even after prolonged etching. In Fig. 5b, the white dotted lines
and the double pointing arrows indicate the HAZ, where a
microstructural difference indicated the HAZ and MZ inter-
face. The width of HAZ was measured to be 25 ± 7 μm.

3.3 Beta grain reconstruction

As Fig. 4 does not show the FMZ and CMZ clearly in some
cases, EBSD was used to further study the grain orientations
(see the IPF map in Fig. 6a). The β grains were then recon-
structed (see Fig. 6b) from Fig. 6a. Different colors represent

Fig. 1 a An illustration showing the relationship of the fine
microstructure zone (FMZ), coarse microstructure zone (CMZ), and
melt zone (MZ) with 50% overlapping of the laser beam (red half-
ellipse). The MZ is equal to the hatch spacing times two. Z is in the
build direction, Y the scan direction, and X the transverse direction.

The melt direction is from right to left, i.e., striped red lines indicate
melt zones that are re-melted. The hatching, as shown in b, was
performed with a 900 change between the adjacent layers, where red
and black correspond to two separate layers

Fig. 2 a Overview of the
macrostructure in SLM built Ti-
6Al-4V, showing the square BMP
at the top and the columnar prior
β grains on the sides. The black
arrow points at the build direction
(Z), i.e., perpendicular to the
layers. b An SEM image showing
the border of the fine
microstructure zone (FMZ) and
the coarse microstructure zone
(CMZ). The CMZ has both longer
and wider martensitic needles
than FMZ. The sample was
fabricated by 50% overlapping
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different crystallographic orientations. It is clear from Fig. 6
that each CMZ has a distinct β crystallographic orientation
from its neighboring β grains. From this result and the colum-
nar shape of the priorβ grains in Fig. 3c, theβ grains could be
regarded as rectangular cuboid shaped. It is noteworthy that
the EBSD result had a relatively high amount of non-indexed
pixels (~ 30%), which could be related to the fine martensitic
microstructure, residual stresses, and lattice distortion.
Consequently, not all reconstructed β grains are perfectly
square shaped in Fig. 6b.

For the lower magnification EBSD measurement, the step
size was too coarse for the β reconstruction to detect any
FMZ. However, for the higher magnification, EBSDmeasure-
ment shown in Fig. 7 where smaller step (0.3 μm) size was
used the FMZwas also determined to originate from a distinct
β grain. It is moreover evident that the FMZs between CMZ
can be discontinuous at some locations.

Figure 8 shows an IPF map on the vertical plane and its
corresponding reconstructed β grains. The β grains have a

columnar shape that grows through several layers. The width
of the β grains varies in size and in some cases the large β
grains are surrounded by smaller β grains that have the same
width as the FMZ.

3.4 Effect of heat treatments on BMP

Figure 9 shows the microstructural evolution on the horizontal
plane of SLM built Ti-64 after isothermal heat treatment at
temperatures of 700, 800, 900, and 1200 °C. At temperatures
below theβ transus temperature (995 °C), the BMP is retained
after heat treatments. For 700 °C heat treatment, there was no
obvious change to the microstructure compared to the as-built
condition. For heat treatments at higher temperatures of 800
and 900 °C, the microstructure became coarser, but the BMP
was still distinguishable. The BMP did, however, disappear
after heat treatment at 1020 °C for 2 h and a coarser
basketweave microstructure emerged.

Fig. 3 A graph showing the aspect ratio plotted against the length of the
α′ needles is shown in a for both the FMZ and CMZ (both axes are in
logarithmic format). The distribution of the α′ needles in regard to their
width for FMZ and CMZ is shown in b. In c, a side view of the

microstructure is shown where the black arrow indicates the build
direction and the white arrows the FMZ. The sample was fabricated by
50% overlappingwith the cross section being angled with 45° in regard to
the hatch lines

Table 2 The median, average,
and standard deviation for the
length, i.e., major axis, width, i.e.,
minor axis, and aspect ratio
(A.R.) for the fine microstructure
zone (FMZ) and coarse
microstructure zone (CMZ)

FMZ CMZ

Length (μm) Width (μm) A.R. Length (μm) Width (μm) A.R.

Median 3.9 0.4 8.4 6.3 0.5 12.7

Average 5.3 0.5 11.4 11.1 0.6 15.9

St. dev. 4.3 0.2 8.0 12.3 0.3 9.8
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3.5 EDS mapping

EDS mapping was performed in the horizontal plane to
investigate the element distribution. Ti-6Al-4V constitutes
of Ti, Al, and V and small amounts of Fe, O, and C and
all of these element concentrations were measured to clar-
ify if there were any segregational effects that could ex-
plain the formation of the binary microstructure.
However, the distribution maps of the elements were ho-
mogenous, as shown in Fig. 10, and the alloy composition
was according to Ti-6Al-4V standard (Ti ~ 90 wt%, Al ~

6 wt%, V ~ 4 wt%, Fe, O, and C < 1. This indicates that
no segregation effects were responsible for the formation
of the BMP.

3.6 Texture from EBSD measurement

In Fig. 11, pole figures based upon the EBSD measurement
presented in Fig. 8 are shown. Textures for the three hexago-
nal close-packed (HCP) slip planes are shown and the stron-
gest texture was present in the (0002) plane, for the X-Yplane.
In this direction (see red points in the (0002) plane), the

Fig. 4 LOM micrographs of 70%
(a), 60% (b), 50% (c), and 40%
(d) overlapping. With a
decreasing overlapping, the size
of the CMZ increased. The black
dashed line indicates roughly the
BMP for the four different
overlapping amounts

Fig. 5 a The measurements of the
width of the FMZs and the CMZs
are shown for the different
overlapping amounts 40%, 50%,
60%, and 70%. b Back-scattered
electron image of the cross
section of single track sample
fabricated on a Ti-6Al-4V
substrate showing both the width
and depth of the melt. The HAZ is
marked with the white double
pointing and the dotted line
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multiples of random distribution (MUD) reached 11.72. For
the two other investigated slip planes, no such strong texture
was present, reaching maximum MUD of ~ 6.

4 Discussion

Figure 1a schematically illustrates how the FMZ is correlated
with laser melting under the condition 50% overlapping. For
50% overlapping, the hatch distance is set at half of the mea-
sured track width (MTZ), and Fig. 1b illustrates the rotation of
the laser scan direction by 90°. If this pattern changes, the
pattern of the FMZ also changes [28]. The width of the
FMZ also sets an upper limit on the length of martensitic α′
needles. It is noteworthy that the maximum length of the ma-
jor axis for the α′ needles is in the same order of magnitude as
the width of the FMZ, i.e., roughly 20 μm. The hierarchical
martensitic (primary to quaternary α′ needles) structure that
was observed by Pal et al. [23] and Yang et al. [12] was also
observed in this work, for both the FMZ and CMZ.

Heat treatments were performed to investigate the temper-
ature at which the BMP would disappear. The BMP remained
after heat treatment at 900 °C for 2 h and disappeared after
heat treatment above theβ transus temperature (1020 °C). The

reason for this is explained by the reconstructed β grains from
the EBSD data. It was shown that the α′ crystals within the
same CMZ originate from the same parent β grain. Sub β
transus heat treatments are also reported to not alter either
the shape or the size of the prior β grains [26], therefore not
affecting the BMP. The result showed that the size of the β
grains is in direct correlation with the hatch distance. In addi-
tion, Zhang et al. [34] measured the prior β grain size with
LOM and also noted the correlation of the β grain size with
the hatch distance. The columnar grains are known to grow
through epitaxial growth and in the direction of the tempera-
ture gradient [35], and evidently the scan strategy acts as a
barrier for growth to occur outside the hatch.

In this work, the layer thickness was set to 50 μm.
Increasing this thickness would likely affect the BMP if the
other process parameters were kept constant. As explained by
Yadroitsev et al. [36], powder has a higher absorptivity and
lower thermal conductivity than the substrate. Thus, increas-
ing the layer thickness would result in a slower cooling rate.
The BMP is dependent on the fast cooling rate of the SLM
process; it is therefore possible that lowering the cooling rate
by increasing the layer thickness would remove the BMP.
However, remelting the substrate is crucial for stabilizing the
SLM process [36], so there is a limit to how much the layer

Fig. 6 Lower magnification
image of material where 50%
overlapping was used. The
material received a 700 °C heat
treatment for 2 h to relieve
residual stresses. a An IPF map
and b its corresponding β grain
reconstruction. Different colors
signify different crystal
orientations and each CMZ in b
correspond to one distinct β
grain. Z indicates the build
direction

Fig. 7 Higher magnification
EBSD on the horizontal plane.
The material received a 700 °C
heat treatment for 2 h to relieve
residual stresses. An IPF map is
shown in a and is its
corresponding β grain
reconstruction is shown in b.
Between the upper CMZs, FMZ
is present, whereas no FMZ is
present in between the lower
CMZs. Z indicates the build
direction
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thickness can be increased before affecting the properties of
the material severely. Moreover, increasing the layer thickness
would also increase the melt volume, in turn affecting the MZ
which from the presented results would alter the size of the
CMZ. As explained by AlMangour et al. [21], layer thickness
also affects the texture in the material. They found that partial
remelting increases the texture, which translates into smaller
layer thickness and/or hatch distance.

As illustrated in Fig. 1, the FMZ seems to coincide quite
well with the HAZ. When the hatch distance is increased
(reduced overlapping), the distance between the HAZ is also
increased, which is the case for the FMZ as well. One theory is
that the FMZ could essentially be the same as the HAZ. One
piece of evidence to support this theory is that the width of the
HAZ measured from single track sample (Fig. 5) is similar

(the same order of magnitude) to the width of the FMZ. The
width of the FMZ was moreover measured using several dif-
ferent overlappings, and it is roughly constant, as should be
the case of HAZ when the process parameters are constant. In
this work, the target laser spot size was 0.1 mm, and alternat-
ing this process parameter was not conducted. However, in-
creasing the spot size would undoubtedly increase theMZ and
increase the overlapping between neighboring scan tracks. If
the hatch distance remains constant, this would then decrease
the BMP, as shown in Fig. 4. Modeling is not a part of this
work, but if it would be possible to model the thermal history
(with all the necessary process parameters taken into consid-
eration), which should be different in the HAZ compared to
the FMZ, that would either further support or disprove the
theory that the HAZ is the same as the FMZ. It is, however,

Fig. 8 EBSD map on the vertical
plane. The material received a
700 °C heat treatment for 2 h to
relieve residual stresses. Note that
the cross section is angled with
45° in relation to the hatch lines.
In a, the IPF map is shown and b
shows the corresponding β grain
reconstruction. Z indicates the
build direction. The reconstructed
image shows that the β grains are
columnar and cover several layers

Fig. 9 Overview of the 4 heat
treatments. At 700 °C, see a, the
BMP and microstructure are the
same as in as-built condition,
whereas a coarsening effect of the
needles (α′→α) is observed at
800 and 900 °C, see b and c
respectively. The BMP
morphology still exists at 800 and
900 °C. However, for the 1020 °C
HT, the BMP disappears and
instead of a martensitic a basket
weave microstructure emerged
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possible that the formation of the FMZ is caused by cyclic
remelting of pre-solidified material. Previous work by, e.g.,
Kelly et al. [37] has shown that cyclic heating can cause mi-
crostructural changes in Ti-6Al-4V material. Modeling ther-
mal history could shed some light on this theory as well.

SLM is known to have high thermal gradients, i.e., martens-
itic microstructure, and these high thermal gradients can lead to
segregation phenomena. Thijs et al. [28] have shown that seg-
regation of Al can occur in SLM built Ti-6Al-4V. It is known
that differences in alloying elements can alter themicrostructure
[26], thus possibly explaining the microstructural difference in
CMZ and FMZ. Therefore, EDS mapping was performed to
investigate any possible segregational effect between the CMZ
and FMZ. The results showed a homogenous distribution, thus
indicating no presence of segregation in the material. It is, how-
ever, known that EDS has some accuracy issues [38]. In a
recent study, Alistair et al. [39] used an electron probe micro-

analyzer (EPMA), which is a chemical detection technique that
is more precise than EDS, to detect micro segregation effects in
the macrostructural parallel bands (a phenomenon that occurs
for wire-basedAMprocesses with fast cooling rates [37], where
the microstructure is altered). The result was that a segregation
layer was found in the boundary of each melt track, showing
evidence of weak segregation during solidification. The segre-
gation bandswere attributed to a transient solute boundary layer
at the solidification front. For themain alloying elements Al and
V, the effect was weak, and for Fe nonetheless it was significant
(due to the lower partition coefficient of Fe). The segregation of
Fe reduced the β stability, thus locally influencing the micro-
structure. The FMZoccurs in the boundary of eachmelt track as
well, in accordance with these findings. Therefore, a future
investigation would be to qualitatively investigate the BMP
with EPMA, possibly finding chemical segregations that are
not detectable with EDS.

Fig. 10 The EDS mapping result. Ti, Al, and V were the main constituents and very small amounts of Fe, O, and C were detected. No segregational
trends could be identified

Fig. 11 Pole figures of the three HCP slip planes from the EBSD
measurement shown in Fig. 8. To the right is the color code indicating
the level of multiples of random distribution (MUD), i.e., red signifies the

strongest texture. The strongest texture lies in the X-Yplane of the (0002)
plane, where Z is the build direction
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It was shown that the FMZ consists of individual prior β
grains, being separated from the CMZ priorβ grains. In Fig. 3c,
themicrostructure is shown from a side view, i.e., perpendicular
to the layers. The cooling rate to obtain martensitic microstruc-
tures is so fast that the nucleation of the α phase from the grain
boundaries is suppressed, thus what is shown in Fig. 3c cannot
be grain boundary α. The thin columnar microstructural fea-
tures with lighter contrast in Fig. 3c are thus determined to be
the FMZ rather than grain boundary α. Therefore, it could also
be argued that the FMZ has a columnar morphology as well,
separating the columnar prior β grains that originates from the
CMZ. Figure 7 shows a high-magnification IPF map and its
corresponding reconstructed βmap. It shows that the FMZ has
a different priorβ orientation compared to the CMZ. In Fig. 8, a
side view of the reconstructed β also shows that the larger β
grains are in most cases surrounded by thinner β grains that
have the same width as the FMZ. The fact that the FMZ and
CMZ originate from separate parent β grains confirmed by
EBSD and β reconstruction (Figs. 6, 7, and 8) suggests that
the binarymicrostructure observed in light microscopy are prior
β grains of different shapes and widths (Fig. 3c).

It is possible that the BMP affects the mechanical properties
because generally speaking different microstructures have dif-
ferent mechanical properties. The inhomogeneous microstruc-
ture could, for example, lead to crack initiation at the CMZ and
FMZ interface, leading to premature failure. Or it could act as
composite improving the properties. Linking the BMP to the
mechanical properties, whether they are deteriorated, the same
or improved, has not been the scope of this current, but could be
additional future work. A possible way would be to expose
SLM built material (with a BMP) to fatigue parallel the added
layers. Thus, through statistical fractography, an attempt to cor-
relate fracture surfaces to the microstructural features could be
investigated. However, defects would, of course, make this in-
vestigation difficult. It is however likely the pattern affects the
mechanical properties anisotropically as it has been observed to
be present SLM built material [24, 40, 41]. Qiu et al. [24]
attributed the anisotropy to the columnar structure of the prior
β grains and in this work has shown the BMP, in essence, are
the prior β grains. Although EBSD does not probe the whole
sample volume, the results show the presence of texture that
also would influence the mechanical properties anisotropically.
This texture is related to the columnar structure of the prior β
grains. Given this anisotropic behavior, one should design SLM
built components so that the intended load is applied in parallel
to the layers (which is where the strength is highest [40, 42]).

5 Conclusions

To further understand the formation of the binary microstruc-
ture pattern in selective laser-melted Ti-6Al-4V, a thorough
characterization was conducted, investigating the material

with a light optical microscope, a scanning electron micro-
scope and electron backscattered diffraction. The following
conclusions are then drawn:

& By measuring the α′ needles’ length and width, it shows
that the fine microstructure zone has a finer microstructure
than the corresponding coarse microstructure zone. In ad-
dition, the aspect ratio of martensite in the fine microstruc-
ture zone is lower than that in the coarse microstructure
zone.

& The size of the binary microstructure pattern depends on
the overlapping, i.e., hatch spacing, a decreased overlap-
ping (an increased hatch distance) renders an increased
size of the coarse microstructure zone. However, no such
trend was in evidence for the fine microstructure zone,
where the width of the fine microstructure zone remained
constant at different overlapping values.

& The binary microstructure pattern remained after sub β
transus temperature heat treatments while disappearing
above super β transus temperature.

& The coarse and fine microstructure zones have different
prior β grain orientations according to β grain
reconstructions.

Acknowledgments The author would like to thank Monash Centre for
Additive Manufacturing (MCAM) for making it possible to perform this
research. For proof reading assistance, the author would like to thank Dr.
Richard Kelly. Finally, the author would like to thank Dr. Zhuoer Chen,
Dr. Sheng Cao, and Dr. Kai Zhang for their valuable contributions.

Funding information The author received financial support from the
“Nationellt rymdtekniskt forsknings program” (NRFP), the EU funded
project “Space for innovation and growth” (RIT), and the “Graduate
School of Space Technology” at Luleå University of Technology and
“Hans Werthén Fonden.”

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4.0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Vrancken B, Thijs L, Kruth J, Van Humbeeck J (2012) Heat treat-
ment of Ti6Al4V produced by selective laser melting: microstruc-
ture and mechanical properties. J Alloys Compd 541:177–185

2. Xu W, Lui EW, Pateras A, Qian M, Brandt M (2017) In situ tailor-
ing microstructure in additively manufactured Ti-6Al-4V for supe-
rior mechanical performance. Acta Mater 125:390–400

3. Cao S, Chen Z, Lim CVS, Yang K, Jia Q, Jarvis T, Tomus D, Wu X
(2017) Defect, microstructure, and mechanical property of Ti-6Al-
4V alloy fabricated by high-power selective laser melting. JOM
69(12):2684–2692

Int J Adv Manuf Technol



4. Neikter M, Åkerfeldt P, Pederson R, Antti M, Sandell V (2018)
Microstructural characterization and comparison of Ti-6Al-4V
manufactured with different additive manufacturing processes.
Mater Charact 143:68–75

5. Neikter M (2017) Microstructure and texture of additive
manufactured Ti-6Al-4V. Luleå University of Technology, Luleå

6. Frazier WE (2014) Metal additive manufacturing: a review. J Mater
Eng Perform 23(6):1917–1928

7. Lewandowski JJ, Seifi M (2016) Metal additive manufacturing: a
review of mechanical properties. Annu Rev Mater Res 46:151–186

8. Xu W, Brandt M, Sun S, Elambasseril J, Liu Q, Latham K, Xia K,
Qian M (2015) Additive manufacturing of strong and ductile Ti–
6Al–4V by selective laser melting via in situ martensite decompo-
sition. Acta Mater 85:74–84

9. Faubert FM, Springer GS (1972) Measurement of the thermal con-
ductivity of argon, krypton, and nitrogen in the range 800–2000°K.
J Chem Phys 57(6):2333–2340

10. Yang J, Yu H, Wang Z, Zeng X (2017) Effect of crystallographic
orientation on mechanical anisotropy of selective laser melted Ti-
6Al-4Valloy. Mater Charact 127:137–145

11. Muhammad M, Pegues JW, Shamsaei N, Haghshenas M (2019)
Effect of heat treatments on microstructure/small-scale properties
of additive manufactured Ti-6Al-4V. Int J Adv Manuf Technol 1–
12. https://doi.org/10.1007/s00170-019-03789-w

12. Yang J, Yu H, Yin J, Gao M, Wang Z, Zeng X (2016) Formation
and control of martensite in Ti-6Al-4Valloy produced by selective
laser melting. Mater Des 108:308–318

13. He B, Wu W, Zhang L, Lu L, Yang Q, Long Q, Chang K (2018)
Microstructural characteristic and mechanical property of Ti6Al4V
alloy fabricated by selective laser melting. Vacuum 150:79–83

14. Magnus Neikter P, Åkerfeldt R (2017) Pederson and Marta-Lena
Antti. Microstructure characterisation of Ti-6Al-4V from different
additive manufacturing processes. IOP Conference Series:
Materials Science and Engineering: IOP Publishing

15. Mercelis P, Kruth J (2006) Residual stresses in selective laser
sintering and selective laser melting. Rapid Prototyp J 12(5):254–265

16. Neikter M, Woracek R, Maimaitiyili T, Scheffzük C, Strobl M,
Antti M et al (2018) Alpha texture variations in additive
manufactured Ti-6Al-4V investigated with neutron diffraction.
Addit Manuf 23:225–234

17. Cao S, Chu R, Zhou X, Yang K, Jia Q, Lim CVS, Huang A, Wu X
(2018) Role of martensite decomposition in tensile properties of
selective laser melted Ti-6Al-4V. J Alloys Compd 744:357–363

18. Maimaitiyili T, Woracek R, Neikter M, Boin M, Wimpory RC,
Pederson R et al (2019) Residual lattice strain and phase distribu-
tion in Ti-6Al-4V produced by electron beam melting. Materials
12(4):667

19. Mugwagwa L, Dimitrov D, Matope S, Yadroitsev I (2019)
Evaluation of the impact of scanning strategies on residual stresses
in selective laser melting. Int J Adv Manuf Technol 102(5–8):
2441–2450

20. Ali H, Ghadbeigi H, Mumtaz K (2018) Effect of scanning strategies
on residual stress and mechanical properties of selective laser
melted Ti6Al4V. Mater Sci Eng A 712:175–187

21. AlMangour B, Grzesiak D, Yang J (2017) Scanning strategies for
texture and anisotropy tailoring during selective laser melting of
TiC/316L stainless steel nanocomposites. J Alloys Compd 728:
424–435

22. Koutny D, Palousek D, Pantelejev L, Hoeller C, Pichler R, Tesicky
L, Kaiser J (2018) Influence of scanning strategies on processing of
aluminum alloy EN AW 2618 using selective laser melting.
Materials 11(2):298

23. Pal S, Lojen G, Kokol V, Drstvensek I (2018) Evolution of metal-
lurgical properties of Ti-6Al-4Valloy fabricated in different energy
densities in the selective laser melting technique. J Manuf Process
35:538–546

24. Qiu C, Adkins NJE, AttallahMM (2013)Microstructure and tensile
properties of selectively laser-melted and of HIPed laser-melted Ti–
6Al–4V. Mater Sci Eng A 578:230–239

25. Simonelli M, Tse YY, Tuck C (2014) Effect of the build orientation
on the mechanical properties and fracture modes of SLM Ti–6Al–
4V. Mater Sci Eng A 616:1–11

26. Lütjering G, Williams JC (2007) Titanium. 2nd edn, Springer,
Berlin Heidelberg

27. Neikter M, Forsberg F, Pederson R, Antti M, Åkerfeldt P, Larsson S
et al (2018) Defect characterization of electron beammelted Ti-6Al-
4V and alloy 718 with X-ray microtomography. Aeronaut and
Aeros Open Acc J 2(3):139–145

28. Thijs L, Verhaeghe F, Craeghs T, Van Humbeeck J, Kruth J (2010)
A study of the microstructural evolution during selective laser melt-
ing of Ti–6Al–4V. Acta Mater 58(9):3303–3312

29. Saeidi K, Neikter M, Olsen J, Shen ZJ, Akhtar F (2017) 316L
stainless steel designed to withstand intermediate temperature.
Mater Des 135:1–8

30. Carter LN, Martin C, Withers PJ, Attallah MM (2014) The influ-
ence of the laser scan strategy on grain structure and cracking be-
haviour in SLM powder-bed fabricated nickel superalloy. J Alloys
Compd 615:338–347

31. Cayron C (2007) ARPGE: a computer program to automatically
reconstruct the parent grains from electron backscatter diffraction
data. J Appl Crystallogr 40(6):1183–1188

32. Humbert M, Wagner F, Esling C (1992) Numbering the crystallo-
graphic variants in phase transformation. J Appl Crystallogr 25(6):
724–730

33. Cayron C (2006) Groupoid of orientational variants. Acta
Crystallogr A 62:21–40

34. Zhang X, Fang G, Leeflang S, Böttger AJ, Zadpoor AA, Zhou J
(2018) Effect of subtransus heat treatment on themicrostructure and
mechanical properties of additively manufactured Ti-6Al-4Valloy.
J Alloys Compd 735:1562–1575

35. Bormann T, Müller B, Schinhammer M, Kessler A, Thalmann P, de
Wild M (2014) Microstructure of selective laser melted nickel–tita-
nium. Mater Charact 94:189–202

36. Yadroitsev I, Yadroitsava I, Bertrand P, Smurov I (2012) Factor
analysis of selective laser melting process parameters and geomet-
rical characteristics of synthesized single tracks. Rapid Prototyp J
18(3):201–208

37. Kelly SM, Kampe SL (2004) Microstructural evolution in laser-
deposited multilayer Ti-6Al-4V builds: part I. microstructural char-
acterization. Metall Mater Trans A 35(6):1861–1867

38. Goldstein JI (2003) Scanning electron microscopy and x-ray micro-
analysis. 3rd edn, Springer, New York

39. Ho A, Zhao H, Fellowes JW, Martina F, Davis AE, Prangnell PB
(2019) On the origin of microstructural banding in Ti-6Al4V wire-
arc based high deposition rate additive manufacturing. Acta Mater
166:306–323

40. Rafi HK, Karthik NV, Gong H, Starr TL, Stucker BE (2013)
Microstructures and mechanical properties of Ti6Al4V parts fabri-
cated by selective laser melting and electron beam melting. J Mater
Eng Perform 22(12):3872–3883

41. Chen LY, Huang JC, Lin CH, Pan CT, Chen SY, Yang TL, Lin DY,
Lin HK, Jang JSC (2017) Anisotropic response of Ti-6Al-4Valloy
fabricated by 3D printing selective laser melting. Mater Sci Eng A
682:389–395

42. Cain V, Thijs L, Van Humbeeck J, Van Hooreweder B, Knutsen R
(2015) Crack propagation and fracture toughness of Ti6Al4Valloy
produced by selective laser melting. Addit Manuf 5:68–76

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Int J Adv Manuf Technol



 

 
 

  



 

 
 

 

 
Paper IV 

 
Texture of electron beam melted Ti-6Al-4V measured 

with neutron diffraction 
 

 
 
 
 

Magnus Neikter, Robin Woracek, Celine Durniak, Magnus Persson, Marta-Lena 
Antti, Pia Åkerfeldt, Robert Pederson, Jiaxu Zhang, Sven Vogel and Markus Strobl 

 
Conference paper 
Published in 2019 

  



 

 
 

  



Texture of electron beam melted Ti-6Al-4V measured with
neutron diffraction

M. Neikter1*, R. Woracek2, 3, C. Durniak2, M. Persson4, M.-L. Antti1, P. Åkerfeldt1, R. Pederson5,
J. Zhang6, S.C. Vogel6 and M. Strobl7, 3

1Luleå University of Technology (Sweden); 2European Spallation Source ERIC (Sweden); 
3Nuclear Physics Institute of the CAZ (Czech Republic); 4General Electric Additive Manufacturing (Sweden);

5University West (Sweden); 6Los Alamos National Laboratory (USA); 7Paul Scherrer Institute (Switzerland)
*Corresponding author: magnus.neikter@ltu.se, phone: +46 (0)920-492378

Abstract: Texture in materials is important as it contributes to anisotropy in the bulk mechanical properties. Ti-
6Al-4V built with the additive manufacturing process (AM) electron beam melting (EBM) has been found to have 
anisotropic mechanical properties. Therefore, this work has been performed to investigate the texture variations of 
EBM built Ti-6Al-4V with neutron time of flight (TOF). For the work, samples were produced with different build 
geometries off-set by 90 degrees. A cast sample was additionally analyzed to investigate the bulk texture of
conventionally manufactured material. Microstructural characterization was performed and the cast material was 
found to have a microstructure, whereas the EBM built material had a finer basket weave 
microstructure. Overall, the texture of the EBM built material was found to be weak having an multiple of random 
distribution (MRD) index of ~1 , whilst the cast material possessed more than twice the amount of 
preferred orientation .

Keywords: Neutron time-of-flight diffraction; texture; Ti-6Al-4V; electron beam melting; cast

1. Introduction
Texture is defined as the amount of preferential crystal orientation in a polycrystalline material (where crystal 
refers to an individual grain in this context). If the crystal orientations are random, all orientations have the same 
probability and no texture is present, whereas strong texture signifies that many crystals are oriented in similar 
directions. For many polycrystalline materials, different crystallographic directions (lattice plane families) have 
different Young’s moduli [1]. Therefore, strong texture can 
influence the global mechanical properties, resulting in anisotropy of the bulk material. For the titanium alloy Ti-
6Al-4V, two different types of crystal structures can be present: the high temperature body-centered cubic phase 

-packed crystal structure ; a phase stable at ambient conditions [2]
temperature only the is decreased below this temperature (which is 995 
°C for Ti-6Al-4V [2] the lowing the Burgers relationship 

[2,3]. At room temperature, , depending 
on the cooling profile, which affects the time for the beta stabilizing vanadium atoms to repartition. The amount 
of the different phases influences the mechanical properties and for material built with additive manufacturing
(AM), anisotropic mechanical behavior has been observed by Lewandowski and Seifi [4]. The reason for this 
anisotropy has been attributed to defects and their orientations [4]. However, the microstructure is also considered
to be a contributing factor. For example, Carrol et al. [5] attributed the anisotropic tensile properties of directed 
energy deposited Ti-6Al-4V to 
grain. s, and they are formed during the thermal 
cycles where the hion along the thermal gradients [6]. There are typically 
three types of microstructures in additively manufactured titanium, depending on cooling rate. The first alternative 
is when phase starts to nucleate a when the temper
transus. Followed by growth of that is related to Burgers orientation relationship
[7]. When laths grow in a p
orientation, . This type of microstructure is 
called . Albeit, if a faster cooling rate is achieved nucleation of the phase also occurs at the boundaries 

[2]. Because the smaller
N

second alternative with an intertwined microstructure is called basketweave. The third 
alternative for AM built material is the martensite microstructure. This microstructure is formed at very high 
cooling rates, where no diffusion has time to occur.



Neutron time of flight (TOF) diffraction can be used for measurements of both residual stresses [8] and texture 
[9,10] in materials. The neutral charge of neutrons leads to high penetration (in the range of cm) of many metals 
[11]. Consequently, texture results from TOF can be regarded as three-dimensional, opposed to texture obtained 
using electron backscattered diffraction, which renders a more two-dimensional texture due to the low penetration 
depth of electrons (about 20 nm [12]). Neutron TOF diffraction has been used to measure the texture of Ti-6Al-
4V manufactured from both cast [10] and different AM processes [9]. However, no work (as far as the authors 
know) have investigated the texture of cast and electron beam melting (EBM) built material, using the same sample 
dimensions and the current AM process parameters. Therefore, as-built EBM and as-cast Ti-6Al-4V have been 
investigated in this work with neutron TOF diffraction, to characterize the bulk textures of these materials. The 
purpose has been to investigate the texture of EBM built Ti-6Al-4V and conventional cast material, and to identify 
textural variations with respect to EBM build directions i.e. vertical (parallel to the build direction) and horizontal 
(perpendicular to the build direction).

2. Material and experiments
2.1 Material and microstructural characterization
Two samples were manufactured using a Q20+ EBM machine from Arcam. This machine was equipped with EBM 
control version 5.2.52 along with standard process themes version 5.2.24. Important parameters for the different 
themes are shown in Table 1. The samples were created in the software Materialise Magics with the dimensions
10 x 10 x 15 mm and 10 x 15 x 10 mm (width, length, and height) i.e. vertically and horizontally built respectively.
Both samples were positioned in the center of the build envelope with a 2 mm clearance and built directly on a
steel start plate. After manufacturing, the samples were removed from the start plate and blasted in an Arcam 
powder recovery system (PRS) to separate the samples from sintered powder. The spot size used in the EBM 
process was 0.5 mm. 

Table 1: The parameters used to manufacture the EBM samples. The build is categorized into preheat of the material 
followed by the melting, which is composed of an outer and inner contour and hatching.

Parameters Preheat [1 / 2] Melting [Outer-/Inner- Contour/ Hatch] Unit
Average current 0 / 13.95 - [mA]
Focus offset 100 / 100 6 / 6 / 45 [mA]
Speed 40500 / 40500 450 / 450/ - [mm/s]
Current 36 / 45 9 / 9 / 19 [mA]
Speed function - - / - / 32 [ - ]

The cast Ti-6Al-4V sample was machined using electric discharge machining (EDM) from a ring of cast material
(see Figure 1 a)), where the wall is in the Z direction. After the EBM process, the samples received the same 
machining as the cast sample, to obtain the desired shape, which was cylindrical with a diameter of 10 mm and 
height of 15 mm as shown in Figure 1 b). Prior to the microstructural characterization, the samples were ground 
and polished according to conventional methods for titanium alloys. To reveal the microstructure Kroll’s etchant 
was used. To obtain micrographs a Nikon eclipse MA200 light optical microscope (LOM) was used. To measure 

ImageJ [13] was utilized.

 
Figure 1: In a) the origin of the cast sample is shown, b) shows a photograph of the samples after machining. Z is the 
build direction for the vertically built sample, whereas the build direction is found in X and Y plane for the horizontal 
sample. For the cast sample the Z direction is towards the wall. 
 



 
2.2 Bulk texture measurements with neutron time of flight
Neutron time of flight (TOF) diffraction experiments were performed on the high-pressure-preferred orientation 
(HIPPO) instrument at Los Alamos Neutron Science Center, USA [14]. The measurements were performed on all 
three samples. The distance between the samples mounted in the HIPPO instrument and the moderator was 9
meters. The neutron flux with a proton accelerator operating at 120 µA was roughly 2.4 x 107 neutrons cm-2s-1 [14].
The HIPPO instrument is composed of 1200 3He tubes and for this texture experiment the
and 90° were used. The exposure time was set to 20 minutes. The beam spot size was 10 mm in diameter, ensuring 
that ~60% of the sample volume was probed. The measured texture data were analyzed using the MAUD software. 
The methodology for obtaining the orientation distribution function from the TOF data is explained elsewhere 
[15]. The texture was refined using least squares Rietveld refinement procedure [16] and the orientation 
distributions were fitted according to the Entropy-Williams–Imhof–Matthies–Vinel algorithm (E-WIMV) [17]
using a resolution for the E-WIMV representation of the orientation distribution function (ODF) of 7.5 degrees.

3. Results
3.1 Microstructure
The different microstructures of the EBM built and cast materials are shown in Figure 2 a) to f). In the cast material,
the microstructure had a morphology, with (white dotted line in a) shows an example of 

The were oriented parallel to each other with the same crystal direction. The EBM built
material had a fine basketweave microstructure, with Figure 2 e) and f)). 

ied between the two types of material; in the EBM material, the thickness was 0.8 ± 0.1 
µm whereas for the cast material it was 3.2 ± 1.1 µm. was different as well; in b) and 

in EBM built material are marked with black dotted lines. It can be noted that the 
appear circular for horizontally built EBM (EBM-H) and columnar for vertically built EBM (EBM-

V). These material this 
was not the case. Furthermore, in the EBM material several pores were present as well (examples are indicated by 
black arrows in Figure 2 c)). 

Figure 2: Low magnification micrographs of cast material with large (a), followed by EBM-H (horizontal,
b), and EBM-V (vertical, c). The black
pores. In d) to f) higher magnification micrographs of cast, EBM-H and EBM-V are shown respectively. 

3.2 Pole figures 
Figure 3 shows the pole figures recalculated from the orientation distribution functions (ODF) derived from 
neutron diffraction experiments. In Table 2 the multiple of random distribution (MRD) index is shown, i.e. the 
average bulk texture. The cast material had a relatively strong texture, being MRD of 2.51, whilst the vertical and
the horizontal EBM sample had a weak texture of MRD ~ 1. The strongest texture was observed in the basal plane 
for all three displayed slip planes i.e. the basal plane (0002), prismatic (1010) and pyramidal (1011) (an 
illustration of the slip planes is shown in the bottom right of Figure 3). For the pyramidal and prismatic planes



there was no large difference in texture within each sample. The pole figures have several strong texture 
components (the black arrows in Figure 3 exemplifies stronger texture components) e.g. the build direction (Z) for
the prismatic plane. for all the investigated 
samples.

Table 2: for the three slip planes, and
the texture MRD 

Cast EBM-V EBM-H
(at%) 96.7 ± 6.5 97.3 ± 4.4 97.2 ± 4.7

phase fraction (at%) 3.3 ± 0.2 2.7 ± 0.1 2.8 ± 0.1
Max MRD basal 3.96 1.51 1.33
Max MRD pyramidal 2.08 1.12 1.11
Max MRD prismatic 1.95 1.17 1.17
Texture MRD index 2.51 1.03 1.03
Texture MRD 3.54 1.36 1.21

Figure 3: Pole figures obtained from neutron TOF diffraction measurements for the horizontal (H), vertical (V) EBM 
and cast samples generated with PF-plot (written by C. Umlauf and K. Ullemeyer in 2006). They show the texture of 
the basal, prismatic, and pyramidal slip planes Arrows indicate strong texture components. In the 
bottom right corner, the investigated slip planes are illustrated within a hexagonal close packed crystal structure.



4. Discussion
In this work neutron TOF diffraction was utilized to measure the texture. The reason for choosing this texture 
measurement method instead of e.g. EBSD, was due neutrons high penetration depth. Thus, the bulk texture of the 
EBM built and cast material could be investigated. For the two types of investigated material two different 
microstructures were observed where of the cooling rates. The EBM built 
material experienced a relatively fast cooling rate, as the thinner the are the faster the cooling rate has been
[2,18] The reason for this difference in cooling rates originates
from the manufacturing processes. The casting process had in this scenario a slow cooling rate (cooling rate 
depends on batch size, etc.). In the EBM process, the build platform is kept at a temperature , and small 
volumes of material are melted at the same time. The small melt pools render a relatively fast cooling. Apart from 

size, another difference between the investigated material is the and shape. In the
investigated cast material, they are very large, whereas in EBM they are thinner and have an elongated shape. The 
thin EBM material does not allow

The small explains the comparably weaker
texture of the EBM material. The same was observed by Neikter et al. [9] in regard to 
microstructure, who investigated both EBM and laser metal wire deposited (LMwD) Ti-6Al-4V. The LMwD built 
material which rendered in a stronger texture when compared to the EBM material. The
LMwD material in that work and the cast material in this work had roughly the same maximum texture, 3.49 MRD 
for LMwD whereas an MRD of 3.96 for the cast material, both for the basal plane. In addition, the EBM material 
in this work and in [9] had the same texture, 1.56 and 1.51 (vertical section) respectively for the basal plane. In the 
pole figures, there seems to be an orientation difference of 90 degrees between horizontally and vertically built 
material e.g. the strongest texture maximum for the prismatic plane is found in the Z direction for the horizontal
sample, whereas the maximum for the vertical sample is found in the X direction. Thus, by turning the pole of 
EBM-H by 90 degrees clockwise roughly the same pole figure as EBM-V is obtained. The reason for not being 
oriented exactly 90 degrees could be related to that the prior grains are not orientated straight either. In the EBM 
material, they are shifted slightly toward the moving heat source, thus possibly influencing the orientation of the 
pole figures. Finally, for both the cast and EBM 
material. This is possibly due to the lower amount In [9], the 
lower amount of statistics of the EBSD texture measurement resulted in stronger texture. 

5. Conclusions
In this work, the texture of electron beam melted and cast Ti-6Al-4V has been investigated using neutron time of 
flight (TOF) diffraction. Two types of electron beam melted (EBM) material have been investigated, built in
perpendicular directions. In addition, microstructural characterization of the material has been conducted using 
light optical microscopy. The texture results have been linked to the microstructures of the two types of 
investigated material and the following conclusions could be drawn:

The cast material had a coarse EBM material possessed a finer 
basketweave microstructure.
The investigated cast material had a relatively strong texture, having multiples of random distribution 
index of 2.51.
The electron beam melted material had a relatively weak texture, having multiples of random distribution 
index of ~ 1.
The stronger texture of the cast material was correlated to its larger
the opposite was true for the EBM material. 



6. Acknowledgments
The authors would like to thank the Los Alamos Neutron Science Center, Los Alamos, USA for providing the 
neutron beam time (proposal no. LC-2019-7913-A) at the HIPPO neutron TOF diffraction instrument. Thanks to
Prof. Luca Lutterotti, author of the Rietveld software MAUD, making it possible to analyze the texture data. For 
financial support, the author M.N. would like to acknowledge Nationellt rymdtekniskt forskningsprogram, the EU 
funded Space for innovation and growth, the Graduate School of Space Technology at Luleå University of 
Technology and the Wallenberg Foundation. R.W. and M.S. would like to acknowledge the support from OP 
RDE.MEYS, under the project “European Spallation Source – participation of the Czech Republic – OP”, Reg. 
No. CZ.02.1.01/0.0/0.0/16013/0001794.

7. References
[1] D. Tromans. , Int.J.Res.Rev.Appl.Sci 6(4) (2011) 462-483.
[2]G. Lütjering, J.C. Williams. Titanium, Second ed. (2007).
[3] N. Sridharan, A. Chaudhary, P. Nandwana, S.S. Babu, JOM 68(3) (2016) 772-777.
[4] J.J. Lewandowski, M. Seifi, Annual Review of Materials Research 46 (2016) 151-186.
[5] B.E. Carroll, T.A. Palmer, A.M. Beese, Acta Materialia 87 (2015) 309-320.
[6] M. Neikter, P. Åkerfeldt, R. Pederson, M. Antti et al, Mater Charact 143 (2018) 68-75.
[7] D. Bhattacharyya, G.B. Viswanathan, H.L. Fraser, Acta Materialia 55(20) (2007) 6765-6778.
[8] T. Maimaitiyili, R. Woracek, M. Neikter, M. Boin et al, Materials 12(4) (2019) 667.
[9] M. Neikter, R. Woracek, T. Maimaitiyili, C. Scheffzük et al., Additive Manufacturing 23 (2018) 225-234.
[10] G.C. Obasi, R.J. Moat, D.L. Prakash, W. Kockelmann et al, Acta Materialia 60(20) (2012) 7169-7182.
[11] U.F. Kocks, C.N. Tome, H. Wenk, Cambridge University, Cambridge (1998).
[12]A.J. Schwartz, M. Kumar, B.L. Adams, D.P. Field. Electron backscatter diffraction in materials science, (2009).
[13] M.D. Abràmoff, P.J. Magalhães, S.J. Ram, Biophoton Int 11(7) (2004) 36-42.
[14] H. Wenk, L. Lutterotti, S. Vogel, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 
Spectrometers, Detectors and Associated Equipment 515(3) (2003) 575-588.
[15] H. Wenk, L. Lutterotti, S.C. Vogel, Powder Diffraction 25(3) (2010) 283-296.
[16] H. Rietveld. , Journal of applied Crystallography 2(2) (1969) 65-71.
[17] L. Lutterotti, D. Chateigner, S. Ferrari, J. Ricote, Thin Solid Films 450(1) (2004) 34-41.
[18]M. Neikter, P. Åkerfeldt, R. Pederson and M-L. Antti. IOP Conference Series: Materials Science and Engineering: IOP 
Publishing 258(1) (2017).



 

 
 

 

 
Paper V 

 
Fatigue crack growth of electron beam melted  

Ti-6Al-4V in high-pressure hydrogen 
 

 
 
 
 
Magnus Neikter, Magnus Colliander Hörnqvist, Claudia de Andrade Schwerz, Thomas 

Hansson, Pia Åkerfeldt, Robert Pederson and Marta-Lena Antti 
 

Journal paper 
To be submitted 

  



 

 
 

 



Fatigue crack growth of electron beam melted Ti-6Al-4V 
in high-pressure hydrogen 

M. Neikter1*, M. Colliander2, C. de Andrade Schwerz3, T. Hansson3,4, P. Åkerfeldt1,
R. Pederson4 and M.-L. Antti1

1Division of Materials Science, Luleå University of Technology, 97181 Luleå, Sweden
2Department of Applied Physics, Chalmers University of Technology, 41296 Göteborg, Sweden

3GKN Aerospace Engine Systems, 461 38 Trollhättan, Sweden
4Division of Subtractive and Additive Manufacturing, University West, 46132 Trollhättan, Sweden

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

Abstract: Titanium-based alloys are susceptible to hydrogen embrittlement (HE), a phenomenon that 
deteriorates fatigue properties. Ti-6Al-4V is the most widely used titanium alloy and the effect of 
hydrogen embrittlement on fatigue crack growth (FCG) was investigated by carrying out crack 
propagation tests in air and high-pressure H2 environment. The FCG test in hydrogen environment
resulted in a drastic increase in crack growth rate at a certain K, with crack propagation rates up to 13
times higher than those observed in air. Possible reasons for such behavior were discussed in this paper.
The relationship between FCG results in high-pressure H2 environment and microstructure was 
investigated by comparison with already published results of cast and forged Ti-6Al-4V. Coarser 
microstructure was found to be more sensitive to HE. Moreover, the EBM materials experienced a crack 
growth acceleration in-between that of cast and wrought Ti-6Al-4V. 

Keywords: Fatigue crack growth (FCG); Electron beam melting (EBM); Ti-6Al-4V; Hydrogen 
embrittlement (HE)

1. Introduction
Oxygen and hydrogen are used as fuel for space rockets [1]. Hydrogen is combusted rapidly in an 
oxygen-rich environment and a high propelling force can be achieved, as the energy density for 
hydrogen is high (142 MJkg-1) [2]. Although hydrogen is excellent for combustion it can cause hydrogen 
embrittlement (HE), which deteriorates the mechanical properties. HE occurs at or ahead of crack tips
[3] because at these locations tri-axial stresses are present. These stresses render slightly expanded
lattices, making it more energetically favorable for the hydrogen to diffuse to this location. Once at the 
crack tip the hydrogen causes degraded properties due to one or several HE mechanisms [4, 5].

Additively manufactured Ti-6Al-4V has achieved large interest within the space industry since it can 
reduce weight and lead time. Ti-6Al-4V is a dual-
phase, which has a hexagonal close-packed crystal structure, the diffusion rate of hydrogen is lower 
compared to the body- [6]. T
high The microstructure is different for Ti-6Al-4V material built with the 
additive manufacturing (AM) process electron beam melting (EBM) compared to conventionally
wrought or cast material [7, 8]. In Ti-6Al-4V manufactured with EBM,
epitaxially towards the heat source, which renders a columnar structure perpendicular to the built layers 
[8-11], a unique morphology that is not observed in neither cast nor wrought titanium. At the grain 

, there is nucleation of 
transus temperature (995 °C for Ti-6Al-4V [7]). Within these columnar -6Al-4V 
typically has a basketweave microstructure. Wrought Ti-6Al-
combined with Widmanstätten microstructure [7, 12], called bimodal or duplex microstructure. Cast 

the colonies are oriented in the same crystal orientation.
Diffusion is an important part of the HE mechanisms [4] where microstructure plays an important 

role. Tal-Gutelmacher et al. [13] investigated the effect of hydrogen solubility for Widmanstätten and 
bimodal microstructures. The conclusion was that fully lamellar Widmanstätten microstructure had 
several orders of magnitude higher hydrogen solubility than the bimodal microstructure, which was 

in the fully lamellar structure.
Texture can affect the ingress of hydrogen and the hydride formation [14, 15] but the texture of EBM 

built Ti-6Al-4V has been shown to be weak [16]. Residual stresses, which are known to be present in 



various AM processes [17-20], can furthermore affect the fatigue crack growth (FCG) rate. However,
Maimaitiyili et al. [21] did show that there are no or small residual stresses in as-built EBM Ti-6Al-4V. 

Relevant for space applications are the cryogenic properties and temperature has been shown to have 
a strong effect on FCG properties. Increased temperature renders an increased diffusion rate of hydrogen
[13], and two temperatures were investigated by Pittinato [22]; -129 °C and -73 °C. At -129°C there was 
no difference in the FCG rate in helium and hydrogen atmospheres, whereas at -73 °C there was an
increase in FCG rate in hydrogen environment.

FCG experiments have previously been performed on a wide range of Ti-6Al-4V material [22-25],
but few of these studies concerned hydrogen environment and additive manufacturing. In previous 
studies, the FCG properties of conventionally manufactured Ti-6Al-4V in high-pressure hydrogen was 
performed by Gaddam et al. [24, 26] showing that microstructure has an effect on the FCG properties
in hydrogen. Cast Ti-6Al-4V with coarser microstructure was shown to have inferior FCG properties 
compared with forged material with fine microstructure. 

In this work, the effect of hydrogen embrittlement on FCG properties of EBM built Ti-6Al-4V has 
been investigated. Samples have been exposed to either air or high-pressure (150 bar) hydrogen 
atmosphere at room temperature. The EBM built material has been compared to previous results [24, 
26] for cast and forged materials, and the differences in FCG properties have been linked to the different 
types of microstructures. To further investigate the hydrogen embrittlement, fractography was 
performed along with crack profile characterization.

2. Experimental method
2.1 Material
EBM Ti-6Al-4V samples were manufactured with an Arcam Q20+ machine, using a layer thickness of 
90 µm. Cylinders were manufactured having a length of 135 mm and a diameter of 25 mm. The layers 
were oriented perpendicular to the major axis of the cylinders i.e. the applied load during the FCG tests 
was perpendicular to the AM built layers. The powder used was Ti-6Al-4V B110 (Virgin Hoeganaes) 
in accordance with the aerospace material specification AMS 4992. Prior to testing, the samples received 
a HIP treatment at 920±10 °C for two hours with a pressure of 1020 bar, followed by a heat treatment 
at 704±10 °C for two hours. Both HIP and heat treatment were conducted in vacuum. Out of the 
manufactured cylinders, Kb bars were machined (see Fig. 1) using low stress grinding and polishing of 
the gauge section.

Figure 1 Sketch of Kb-bar specimen. Dimensions in inches.  



2.2 FCG experiments
The FCG test in air was conducted at Metcut Research Inc., USA, while the hydrogen testing was 
conducted at The Welding Institute (TWI) in the United Kingdom. One Kb bar was tested in a hydrogen-
rich atmosphere with a pressure of 150 bars and two Kb bars were tested in air at ambient temperature.
The samples were designated H-A, Air-A and Air-B, respectively. All tests were performed at room 
temperature. The pre-cracking was performed using a frequency of 10 Hz. Tint temperatures between 
450°C to 350 °C were used to mark the crack propagation. The fatigue tests were performed with a 

min max=0 and a test frequency of 0.5 Hz, 
using a triangular waveshape. The crack propagation was measured using potential drop. Once the FCG 
crack reached a certain length the remaining material was heat tinted to reveal the final crack length and 
fractured in tension using a monotonically increasing load.

2.3 Fractography and microstructural characterization
For overview images of the fracture surfaces a stereomicroscope (Nikon SMZ1270) was utilized, whilst 
for fractography a scanning electron microscope (SEM, Jeol IT300LV) was used. Crack profiles were 
made on the hydrogen and air-tested samples, first by cutting cross-sections parallel to the x-x’ plane 
according to Fig. 1. Then, by grinding and polishing carefully, the desired positions were reached in the 
plane perpendicular to the x-x’ plane (edge of notch). The grinding was monitored using a 
stereomicroscope. The crack profile was characterized with light optical microscope (LOM, Nikon 
eclipse MA200) and SEM. For microstructural characterization, a representative cross-section was 
ground and polished according to the conventional sample preparation techniques for titanium, then 
etched using Kroll’s etchant (see ASTM Standard E 407 (192)). To investigate the microstructure at low 
magnification a LOM was used. The software Image J [27]
and s; 100 measurements were performed for each microstructural feature to obtain the 
average size.

3. Results
3.1 Microstructure
The EBM Ti-6Al-4V material consisted of . The grain boundaries are illustrated 
as black dotted lines in Fig. 2a and they were elongated parallel to the build direction, with lengths up
to approximately 2 mm. In the plane perpendicular to the build direction, the were 
equiaxed, with widths of ~ . The tinuous grain 

- the microstructure within the prior grains was basketweave, with an average 
Fig. 2b.

Figure 2 and in b) the basketweave microstructure are shown. The black arrow in the bottom 
left corner in a) points towards the build direction (BD).

3.2 Fatigue crack growth
Different plots of FCG test data are shown in Figs. 3-5; crack length versus number of cycles, crack 
growth rate versus K, and ratio between crack growth rate in hydrogen (specimen H-A) and air 
(specimen Air-B). The two air-tested samples followed the Paris law with similar inclination (see Fig.
4). The hydrogen-tested sample, on the other hand, has a fluctuating crack growth rate in the first stage 
of the test. After the fluctuating stage, at K ~23 , a sudden increase in crack growth rate was



observed. The resulting increase in crack length is shown in Fig. 3: after ~ 5600 cycles there is a sudden 
offset in crack growth rate for H-A, whereas for Air-A/B no such abrupt offset is present. Fig. 5 shows 
that below ~23  the relative crack propagation rate is around 1, indicating no difference in air 
and hydrogen tests. Around this value of K (23 ), the crack propagation rate ratio started to 
increase, and continues to do so at a constant rate up to ~32  , where it reaches a plateau. By 
then, the crack propagation rate of the material tested in hydrogen is over 12 times higher than in air. 

Figure 3 Crack length versus the number of cycles for all three tested EBM samples. At ~5600 cycles the crack length of the 
hydrogen-tested sample accelerates.  

Figure 4 Crack growth rate versus . The hydrogen-tested material fluctuates below 23 , while accelerating above. 
The air-tested material follows Paris law.



Figure 5 Relative crack propagation rate between hydrogen and air-tested material versus . At 23  the relative 
crack propagation increases steadily while reaching a plateau at 31 .

 
3.3 Fractography
Fig. 6 shows the fracture surface of the hydrogen-tested sample (H-A). A change in macroscopic 
appearance was observed at a crack length ~1 mm (this crack length is shown in Fig. 3 to coincide with
the accelerated crack growth), which corresponded to K 23 and the location of this K is 
shown by a white dashed semi-ellipse in Fig. 6 (in-between X and Y line). The lines X, Y and Z shown 
in Fig. 6, following semi-elliptic paths, correspond to fractographic locations where the fracture surface 
has been characterized extra carefully. The X line surrounds the pre-crack, Y is in the middle of the 
crack and Z is at the end of the crack. Table 1 presents lengths and widths of notch, pre-crack and the 
fatigue crack of all samples. The lengths a and 2c of the final fatigue crack are illustrated in Fig. 6.

Figure 6 Overview of H-A fracture surface. The two tint temperatures, 450 and 350 °C, resulted in the two different golden 
color contrasts shown in the figure. “2c” represents the width and “a” the length of the crack. The three semi-elliptical dashed
lines X, Y, and Z show profiles where fractography was performed in higher detail. The white dotted line in-between the X and 
Y lines corresponds to the K 23 . The vertical white line indicates the cross-section where crack profiles were
investigated.

 
 
 
 



Table 1 Notch, pre-crack, and final fatigue crack lengths (a), widths (2c), and their ratio (a/c), for the three investigated 
samples Air-A/B and H-A.

Sample: Feature a (mm) 2c (mm) a/c
Air - A Notch 0.18 0.35 1.03

Pre-crack 0.64 1.25 1.02
Fatigue crack 3.32 7.01 0.95

Air -B Notch 0.17 0.36 0.94
Pre-crack 0.59 1.27 0.93
Fatigue crack 2.75 5.56 0.99

H - A Notch 0.18 0.34 0.53
Pre-crack 0.55 1.20 0.46
Fatigue crack 2.64 6.02 0.44

In Fig. 7 a and b representative areas along Y and Z in Fig. 6 of the fracture surface of the hydrogen-
tested sample are shown, in c) the position of the crack profile in the ground specimen (white vertical 
line in Fig. 6) is shown. A transition in fracture surface is shown in Fig. 7 a, below the white dashed
semi-ellipse corresponding to crack length where the K was 23 . At this K the fracture 
surface starts to transition from flat to rough. In b) (region Z) large cracks, exceeding lengths of 100µm,
are observed on the fracture surface.

Figure 7 In a) the transition zone from flat to rough fracture surface (the white dotted semi-ellipse shows 23 ),
whereas b) shows a rough fracture surface with large cracks. In c) a section of H-A fracture surface is shown, cut as indicated 
by the vertical white line in Fig. 6.

Fig. 8 shows the characteristic fracture surface of the air-tested material, in a) higher magnification,
whereas in b) lower magnification. The transition area observed in Fig. 7, from flat to rough, did not
exist in the air-tested material, neither do the large cracks.



Figure 8 a) 100x magnification fracture surface image of air-tested material (sample Air-B) in the region ~Y. b) lower 
magnification image that shows an overview of the whole fracture surface. The black arrow points towards the crack 
propagation direction.

In Fig. 9 representative images of the fracture surface are shown along the profiles X to Z (see Fig.
6 for illustration of the locations on the fracture surface). In the air-tested samples, striations were 
observed along the whole fatigue crack, becoming increasingly larger the greater the K became. In 
Air-B, section X, striations were only observed at higher magnification, whereas in section Z they were
clearly visible for the present magnification (2000x). 

Figure 9 Images of the three sections X-Z (see Fig. 6 for locations of the areas on the fracture surface) for one air (sample 
Air-B) and one hydrogen (sample H-A) tested sample. The images are in the same magnification and the white arrow in the 
bottom right indicates the crack propagation direction. In section Z of Air-B, examples of striations are indicated with the 
white arrows. In sections Y and Z of H-A, white arrows point at cracks; their dimensions increase from the former section to 
the latter.



In the hydrogen-tested sample, the fracture surface on the first stage of the fatigue crack (section X) 
appeared flat. With increased K (above 23 i.e. section Y) an increase in fracture surface 
tortuosity aroused, along with the appearance of small cracks. Then, towards the end of the fatigue crack 

At the flat area of the H-A’s 
fracture surface, i.e. below 23 , features that resembled CAMs were observed. In Fig. 10
features that resemble CAMs are marked by white arrows, where each plateau is the end of a CAM,
which according to literature could indicate the interface between the hydride and titanium base metal
[4, 28]. Note that the CAM locations were not numerous.

Figure 10 An area with features that resembled crack arrest marks (CAM). Each white arrow indicates a possible CAM, where 
each plateau could be a hydride titanium interface between cleaved hydrides. The black arrows show the crack growth
direction. 

Fig. 11 is a high magnification image of a fracture surface cross-section in the hydrogen tested 
material. Secondary cracks were present The crack path can be seen on the upper 
right corner, showing that 

Figure 11 Image of a crack profile for sample H-A. It In the upper 
right corner, the crack propagated along



In Fig. 12 two crack profiles are shown (one for Air-B and one for H-A). The crack profiles
correspond to the cross-section illustrated as a white vertical line in Fig. 6. Crack profiles covering the 
whole fracture surface from notch to final tensile fracture were obtained in LOM, while the remaining 
images, a) to e), were obtained in an SEM using backscattered electrons. 

The crack profile showed a similar pattern as was observed on the fracture surfaces. For H-A, in the 
region from the start of crack to K 23 , few cracks are observed i.e. image c), from 23 
and onwards large vertical (perpendicular to the crack direction) cracks were observed. With higher 
magnification also numerous small secondary cracks were observed after the 23 , see Fig.
12d. Note that these smaller secondary cracks had no connection to the main crack. For the H-A sample, 
three areas are shown in higher magnification; in-between pre-crack and 23 i.e. c), after 23 

i.e. d), and before final crack i.e. e). In c) the crack profile was less tortuous and no vertical 
cracks or secondary cracks were observed. However, directly after 23 , secondary cracks were 
observed as shown in Fig. 12d. After area d), deep vertical cracks appeared as shown in e). The 
maximum major axis for the secondary cracks was in the dimensions of 10 to 20
cracks reached about 50 to 70 .

The hydrogen-tested sample had a tortuous crack profile, whereas the air-tested sample had a
comparably straight crack path, with a homogeneous appearance throughout the various K. The cracks
propagated both parallel to interface and perpendicular to the laths, for 
both the air and hydrogen-tested material. Due to the build-orientation of the samples in regard to the 
load, the propagation of the fatigue crack was perpendicular to the major axis of i.e. 
perpendicular to the heat gradient, thus 

For the air-tested material, no deep cracks were observed along the crack profile and features that 
appeared to be cracks on the fracture surface were shown to be superficial. In Fig. 12b, the largest 
identified crack in Air-B sample is shown. The vertical cracks shown in e) both propagated parallel to 

location of the 
notch, pre-crack and final crack were approximately the same for both H-A and Air-B, as was shown in 
Table 1.



Figure 12 Crack-profiles of Air-B and H-A samples. The crack profiles correspond to a cross-section illustrated in Fig. 6 as a
white vertical line. In H-A, many larger cracks that grew perpendicular to the fracture surface were observed, along with 
numerous smaller secondary cracks that grew parallel. In H-A the crack path was tortuous, whereas in Air-B it was comparably 
smooth. Compared to H-A no cracks were present in Air-B.



4. Discussion
4.1 Comparison between hydrogen and air atmospheres
As discussed and observed by Lynch [4, 29] and others [24, 30-35] the mechanical properties of titanium 
are expected to deteriorate when exposed to hydrogen, due to HE [3]. Such deterioration of the 
mechanical properties was observed in this work. When exposing the EBM built Ti-6Al-4V to 
hydrogen-rich atmosphere, hydrogen can be adsorbed, absorbed and diffused throughout the material to 
the crack tip. At the crack tip the hydrogen can interact with the titanium either by the nucleation of
hydrides, resulting in HE through brittle fracture of titanium hydrides, or through one or several other 
HE mechanisms [4, 30-32]. On the first stages of the test the FCG rate fluctuated (as shown in Fig. 4b
and this is believed to be due to temporarily arrests of the crack i.e. CAMs. The nucleation and cleavage 
of hydrides are suggested in literature to be repeated, forming a relatively flat region on the fracture
surface with the presence of features such as CAMs (see Fig. 10) [24, 28].

At 23 MPa , the FCG rate abruptly increased, which was likely due to one or more of the non-
hydride forming mechanisms. These mechanisms are called hydrogen enhanced local plasticity (HELP) 
[30], adsorption induced dislocation emission (AIDE) [4] and hydrogen enhanced de-cohesion (HEDE) 
[31, 32], thoroughly explained in a review paper by Lynch [4]. From the fractography and the crack 
profiles, it could be shown that cracks appeared once the increased above 23 . The crack 
profile showed that two types of cracks were present, vertical and secondary cracks. The vertical cracks
were both deeper and wider than the secondary cracks. These two types of cracks were not present in
the air-tested samples, thus it is evident that the hydrogen influenced the formation and subsequent 
propagation of these different types of cracks. The presence of secondary cracks across the interface 

is most probably related to the faster diffusion rate of hydrogen in 
. This would be coupled with the formation of 

hydrides since the phase is a strong hydride forming phase [35]. Underneath the crack path, stress 
fields were present as well causing further cracking of these hydrides. Thus, the presence of hydrogen 
influenced the crack tortuosity. 

The relative crack growth rate between the hydrogen and air-tested samples, as shown in Fig. 5,
clearly shows the critical effect of the presence of hydrogen on titanium: at high K, the FCG rates were
roughly 10 times larger in a hydrogen atmosphere. As previously discussed, there was an acceleration 
in the FCG rate at 23 MPa . However, Fig. 5 also shows that this acceleration did not continue until 

, the relationship between the hydrogen and air-tested samples seemed 
to have reached a plateau, indicating that increased K in this range and increased hydrogen content 
ahead of the crack tip did not promote additional acceleration of the FCG rate for EBM built Ti-6Al-
4V. Apart from the presence of secondary cracks, the fracture surface cross-section of the hydrogen and 
air-tested material differed regarding crack path. The crack path in hydrogen-tested material was 
tortuous in nature, whereas it was relatively flat in air-tested material. Crack paths of both specimen 
types propagated parallel to 

4.2 Comparison with cast and wrought Ti-6Al-4V
In Fig. 13 and Fig. 14, the FCG properties of the investigated Ti-6Al-4V EBM samples are compared 
to those of forged and cast material of the same alloy (data source: Gaddam et al. [24, 26]), both in air 
and hydrogen atmospheres. The data in these references have been obtained through testing with similar 

K.
In Fig. 13 the crack growth rate (da/dN) is plotted against ( ). In Fig. 14 the crack 

propagation rate in hydrogen environment relative to that in air is plotted as a function of K. A
difference in FCG rate behavior was observed between the material exposed to the high-pressure 
hydrogen and air: for the air-tested material, the FCG rate followed Paris law. For the hydrogen-tested 
material the FCG rate fluctuated at first, then at certain K, depending on the microstructure, the FCG 
rate increased fast. The dotted square in Fig. 14 is a magnified area to make it easier to distinguish the 
difference between the EBM and forged materials. In cast Ti-6Al-4V, this occurrence appears at a 
of ~ 17 ; in EBM-built Ti-6Al-4V, at ~ 23 ; in forgings of the same alloy, at ~
26 . In Fig. 14 it is furthermore shown that the maximum FCG rate difference between the 
hydrogen and air atmosphere was 160 times for the cast material, whereas for the EBM material it was
10 times and the forged material 5 .



Figure 13 FCG data for EBM, forged [24], and cast [26] Ti-6Al-4V. The FCG properties of material exposed to air and 
hydrogen atmosphere are shown, where the crack growth rate da/dN is plotted on the y-axis and the on the x-axis. 

Figure 14 FCG data for EBM, forged [24], and cast [26] Ti-6Al-4V. The y-axis shows the crack propagation rate in hydrogen 
divided by the crack propagation rate for air, the x-axis shows . The dashed box is a magnified image to more clearly show 
the critical points in crack growth rate for the EBM and forged material.    

The micrographs in the two cited papers by Gaddam et al. [24, 26] were utilized as a basis for
microstructural comparison. It has been observed that the microstructure of forged Ti-6Al-4V consisted
of islands of grains with basketweave microstructure surrounding them, i.e. bimodal 
microstructure. The microstructure of cast Ti-6Al-4V [26] consisted of large 

,
not perpendicular such as in the basketweave microstructure.
that appeared equiaxed, being surrounded with a continuous layer of grain boundary . By comparing 
these results with the microstructural features of the EBM material, it can be concluded that the cast 
material had the coarsest microstructure of the investigated materials.

The diffusion rate has a key role in the HE mechanisms [4]. The main parameters that determine the 
diffusion of hydrogen in a given material are hydrogen concentration gradients, temperature, presence 
of hydrostatic stresses and microstructure [13, 36]. The phase distribution and grain size of the 
microstructure are well linked to the diffusion properties in the material [36]. As discussed by Yazdipour 



et al. [36] and Ichimura et al. [37] a two-fold effect exists where the number of grain boundaries affects 
the diffusion rate. Finer grain structure implies an increased amount of grain boundaries, which are the 
fastest diffusion paths and thereby enhance hydrogen diffusion rate. On the other hand, increased 
amounts of grains and grain boundaries render an increased grain boundary triple junction density, sites 
that act as hydrogen traps and decrease hydrogen diffusion rate. These effects compete, increasing or 
decreasing the hydrogen diffusion.

Differences in hydrogen diffusion in the materials analyzed in this work might also be due to 
proportions of [13], due to its 
preferential absorption in tetrahedral sites [38], which are more abundant in BCC crystal structures than 
in HCP. As a result, relatively low hydrogen content ge

The FCG behavior of cast Ti-6Al-4V illustrated in Fig. 13 can be explained as follows. Cast Ti-6Al-
4V has been shown [39]. In 
addition, the casting’s coarse microstructure means a lower number of hydrogen traps. Both these 
reasons favor faster hydrogen diffusion. Then, due to faster diffusion rate sufficient hydrogen is diffused 
ahead of the crack tip, for the material to experience at least one of the HE mechanisms at 17 ,
which accelerates the FCG rate even further, reaching a relative FCG rate that is ~160 times higher in
hydrogen than in air. Then the same phenomena happen for the EBM and forged material at 23 
and 26 respectively. The results is in well accordance to Tal-Gutelmacher et al. [13], that also 
found the bimodal microstructure to be less sensible to HE than the Widmanstätten microstructure with 

.

5. Conclusions
By performing FCG experiments of EBM built Ti-6Al-4V in hydrogen and air atmosphere and then
comparing the results with already published data of cast and forged Ti-6Al-4V the following 
conclusions can be made:

By exposing the EBM built Ti-6Al-4V material to a hydrogen-rich environment the FCG rate 
increased significantly above K 23 compared to the air environment. Below K 23

the hydrogen-tested material fluctuated, whereas the air-tested material followed Paris 
law throughout all the K.
With increased K secondary cracks became numerous and large for the hydrogen-tested
material. Two types of cracks were observed; smaller secondary cracks that formed
interfaces, predominantly parallel to the main crack direction and large cracks that grew 
perpendicular to the main crack direction, being connected to the main crack.
The crack path of the hydrogen-tested material differed from that of the air-tested material in 
tortuosity, where the hydrogen-tested material was more torturous than the comparably flatter
air-tested material.  
Relative to already published FCG results of wrought and cast Ti-6Al-4V, EBM built Ti-6Al-4V 
was found to have better FCG properties in high-pressure hydrogen compared to cast material 
while being slightly lower than wrought.
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