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a  b  s  t  r  a  c  t

Electron  beam  melting  (EBM)  is a metal  powder  bed  fusion  additive  manufacturing  (AM) technology  that
makes  possible  the  fabrication  of  three-dimensional  near-net-shaped  parts  directly  from  computer  mod-
els.  EBM  technology  has  been  continuously  evolving,  optimizing  the  properties  and  the  microstructure
of  the  as-fabricated  alloys.  Ti-6Al-4V  ELI  (Extra  Low  Interstitials)  titanium  alloy  is  the  most  widely  used
and  studied  alloy  for  this  technology  and  is  the focus  of  this  work.  Several  research  works  have  been
completed  to  study  the mechanisms  of microstructure  formation,  evolution,  and  its  subsequent  influ-
ence  on  mechanical  properties  of  the  alloy.  However,  the relationship  is not  completely  understood,  and
more systematic  research  work  is necessary  in  order  to  attain  a better  understanding  of  these  features.  In
this  work,  samples  fabricated  at different  locations,  orientations,  and  distances  from  the  build  platform
orosity
roperties

have  been  characterized,  studying  the  relationship  of  these  variables  with  the resulting  material  intrinsic
characteristics  and  properties  (surface  topography,  microstructure,  porosity,  micro-hardness  and  static
mechanical  properties).  This  study  has  revealed  that  porosity  is  the  main  factor  controlling  mechanical
properties  relative  to the  other  studied  variables.  Therefore,  in future  process  development,  decreasing
the  porosity  should  be considered  the primary  goal in  order  to improve  mechanical  properties.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

EBM1 is a metal powder bed fusion AM2 technology. AM refers
o an advanced technology used for the fabrication of three-
imensional near-net-shaped functional components directly from
omputer models [1]. ASTM F2792 defines AM as “a process of join-
ng materials to make objects from 3D model data, usually layer
pon layer, as opposed to subtractive manufacturing methodolo-
ies” [2]. The application of AM technologies in general, and of EBM
n particular, is experiencing a considerable increase in variety and
uantity of applications. As the technologies are improving their
apabilities, various industries are studying and implementing the

se of these technologies in order to manufacture an increasing
ariety of products. Biomedical implant application and aerospace
tructural parts are the most promising areas for EBM technology.

∗ Corresponding author.
E-mail address: haize.galarraga@gmail.com (H. Galarraga).

1 Electron beam melting.
2 Additive manufacturing.

ttp://dx.doi.org/10.1016/j.addma.2016.02.003
214-8604/© 2016 Elsevier B.V. All rights reserved.
However, the development of EBM technology in these areas is
slowed down by lack of standardization which is critical in these
industry sectors [3–7].

EBM’s working principle consists of consecutive cycles where
complex geometry parts are fabricated layer by layer. Each solid
material level is formed after a metallic powder layer is dis-
pensed and selectively melted. The energy source for the melting or
scanning process is an electron beam emitted from a tungsten fil-
ament. This beam is controlled by two  magnetic coils, which focus
and control the beam’s position and diameter. The manufacturing
parameters are generated and controlled by software in order to
fabricate sound parts with improved mechanical properties, low
porosity and surface roughness, and optimized geometrical repro-
ducibility. This software creates scanning algorithms based on the
geometry of the part to be manufactured. The main parameters con-
trolled by the software are: minimum and maximum beam current,
number of times the beam scan is to be repeated, scanning speed

of the electron beam, distance between individual scan lines (line
offset), line order for the hatch pattern and rotation angle between
consecutive hatches [8].

dx.doi.org/10.1016/j.addma.2016.02.003
http://www.sciencedirect.com/science/journal/22148604
http://www.elsevier.com/locate/addma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2016.02.003&domain=pdf
mailto:haize.galarraga@gmail.com
dx.doi.org/10.1016/j.addma.2016.02.003
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Fig. 1. Ti-6Al-4V ELI powder particles used to fabricate the EBM samples in this study.

Table 1
Tensile results for different fabrication conditions with average values and relative standard deviations. UTS-refers to ultimate tensile strength, YS-to yield strength, and
el-to  elongation after fracture [10,13–20].

Alloy Condition Orientation UTS [MPa] RSDa [%] YS [MPa] RSD [%] el [%] RSD [%]

Ti-6Al-4V As-fabricated Any 984 9.0 917 9.9 11 35.8
Ti-6Al-4V ELIb As-fabricated Any 911 1.1 810 1.3 13 6.4
Ti-6Al-4V HIP Any 932 3.8 843 3.5 13 3.0
Ti-6Al-4V As-fabricated Horizontal 979 8.0 905 8.1 10 32.7
Ti-6Al-4V As-fabricated Vertical 971 

a Relative standard deviation (RSD), the ratio of the standard deviation to the mean.
b Extra Low Interstitials.
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ig. 2. Layout of the specimens on the build platform with the standard additive
anufacturing axis system [28].

Microstructure evolution and mechanical properties have been
tudied for Ti-6Al-4V alloy due to its versatility resulting from the
ood balance between mechanical properties, castability, plastic
orkability, heat treatability, and weldability [9]. Ti-6Al-4V has

een extensively applied in industry and studied in the labora-
ory, resulting in an extensive knowledge base relative to other

etal alloys. Mechanical property characterization for EBM Ti-

Al-4V varies widely between sources. Facchini et al. [10] noticed
hat the ultimate tensile strength (UTS) of EBM built specimens is
igher than the wrought or annealed ones, with a lower ductil-

ty. However, Koike et al. [11] saw that the UTS and ductility of
8.2 910 8.6 10 34.9

the cast and wrought Ti-6Al-4V specimens were higher than those
of EBM counterparts. The reason for the considerable difference
between apparently similar studies can be attributed to the vari-
ation in the build parameters, which results in different material
features such as composition, microstructure, pore size, and poros-
ity distribution, etc. [12]. Other parameters, such as the specimen
orientation or its location on the build platform can also have influ-
ence due to anisotropic microstructure of EBM fabricated parts.
Static mechanical properties found in the literature for different
fabrication conditions are not consistent, deviations are large, and
the interpretations of the influence of different fabrication condi-
tions and parameters on the results are contradictory in some of
the cases. In order to have a better understanding of these data,
statistical analysis has been carried out with tensile test data sam-
pled from the available literature (Table 1) and grouped to compare
the average values for different fabrication conditions. In this study,
the terms vertical and horizontal orientations are used to identify
samples parallel and perpendicular to the build direction/Z  axis.

This statistical analysis, shows the difference in properties that
can be obtained because of the employment of Ti-6Al-4V ELI alloy
or the effect of HIP (hot isostatic pressing) treatment, with respect
to the conventional composition and “as-fabricated” condition. The
influence of the orientation of the sample in relation to the build
direction can also be noticed in this data. The highest ultimate ten-
sile strength and yield strength are obtained for the as-fabricated
condition, where vertical and horizontal orientation of the sam-
ples are included. Data indicate that neither HIP treatment nor ELI
composition improves the strength considerably, however, duc-
tility increases in both cases. This may  be because HIP results in

coarsening of the microstructure while the low interstitial content
in ELI chemistry results in reduced UTS. It has been shown that pres-
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nce of interstitial elements such as oxygen and nitrogen increase
he strength of titanium alloys [21,22].

The location and orientation of specimens relative to the pow-
er bed and build direction have been studied by a number of
esearchers for their effect on the temperature profile during
abrication. The difference in the temperature profiles along the
uild direction (Z axis) is due to the build platform’s temperature
650–700 ◦C) and thermal conductivities and heat capacities of the
latform and powder materials. It is thought that the high tem-
eratures of the fabrication chamber lead to �’ martensitic phase

ormed during the fast solidification of the melt pool to transform
o the final microstructure consisting of � and � phases. Hrabe and
uinn [16] have considered that the distance between the manu-

actured part and the build platform does not significantly affect
he microstructure and mechanical properties in general, although
uctility was found to decrease with distance to the build platform
from 0 to 25 mm).  Hrabe and Quinn [15] also studied the influ-
nce of the location of the part in the build platform plane (X and Y
xis). They hypothesized that there would be lower temperatures
nd greater cooling rates at the outer edges of the build chamber
ue to the increased deflection of the electron beam. This study
evealed slightly higher values for both UTS and YS in the interior
f the build platform. In previous studies, the effects of the orienta-
ion on mechanical properties haves been investigated, comparing
he results from horizontal (parallel to build platform) and verti-
al (parallel to build direction) directions. According to Hrabe and
uinn [15], vertically oriented parts have 30% lower elongation
ompared to horizontally oriented parts. Orientation in the X–Y
lane was not found to influence mechanical properties. Rawal et al.
23] reported the fabrication of EBM Ti-6Al-4V waveguide brack-
ts for a spacecraft structure and tensile specimens in varied build
rientation. The results show a slightly higher tensile strength in
he vertical (Z) orientation than in the horizontal (XY) orientation
pecimens.

The current study focuses in detail on the effect of location of
he samples on the build platform along with the distance from
he platform on the microstructure evolution and its impact on

echanical properties. The detailed results are presented in the
ollowing sections.

. Material and methods

.1. Materials selection and processing conditions

The material base for this study was a sample batch manufac-
ured from Ti-6Al-4V ELI gas atomized powder provided by Arcam.
i-6Al-4V ELI contains reduced levels of oxygen, nitrogen, carbon,
nd iron (Table 2). The powder used in this study is depicted in
ig. 1 with a diameter between 45 and 150 �m.  The powder has a
ontent of 50% reused and 50% new powder. Reused powder refers
o powder employed in previous builds. Once a build is finished,
he non-sintered powder is kept in the machine under vacuum
tmosphere, so the powder can be reused for the next build. When
he powder is reused, its oxygen content can increase affecting
he resulting microstructure and mechanical properties [24]. For
BM Ti-6Al-4V, Nandwana et al. [25] indicated that after five builds
150 h) without adding new powder, the oxygen content increased
rom 0.141 to 0.168 wt%; however, still staying within specifi-
ations. The manufacturing parameters (spot size, scan velocity,
intering route, etc.,) were defined by an internal algorithm of the
rcam A2 machine (version 3.2 parameter control software). The

uild was started after attaining a preheat temperature of 650◦ C.
ach layer height was 0.05 mm and the average scanning time per

ayer was one minute for this batch. No post-treatment was  applied
o the specimens, except for those where the effect of annealing on
facturing 10 (2016) 47–57 49

the microstructure was studied (Section 3.5). Annealing was car-
ried out using a Thermo Scientific Lindberg/Blue (1.8 kW)  furnace
and three annealing temperatures (600 ◦C, 700 ◦C and 800 ◦C), for
time periods between 10 and 120 h; samples were air cooled at the
end of the process.

2.2. Sample location and preparation

The position and orientation of the samples on the build plat-
form of the Arcam machine are shown in Fig. 2. Cylindrical
specimens have their longitudinal axis perpendicular to the build
platform (parallel to the build direction/Z axis), and rectangular
specimens have their longitudinal axis perpendicular to the build
direction/Z axis.

Vertical tensile specimens were machined from the ver-
tical cylinders (D15 mm × 105 mm),  and horizontal tensile
specimens were obtained from the large rectangular blocks
(15 mm × 20 mm × 105 mm).  Vertical cylinders were also
used for metallography analysis and porosity quantifica-
tion at different locations and heights. The microstructural
characterization was performed using a small cubic sample
(15 mm × 15 mm × 15 mm)  fabricated directly on the build plat-
form. Samples (5 mm × 10 mm × 10 mm)  for the annealing studies
were obtained from a block located at 90 mm from the build
platform in Z axis direction.

2.3. Characterization methodology

2.3.1. Surface topography
Surface topography and roughness were investigated using an

Olympus LEXT OLS4100 3D measuring laser microscope. Surface
topography scans were made on a vertical flat plane by Laser
Scanning Confocal Microscopy. Confocal microscopy offers sev-
eral advantages over conventional wide field optical microscopy,
including the ability to control depth of field, elimination or reduc-
tion of background information away from the focal plane (that
leads to image degradation), and the capability to collect serial
optical sections from thick specimens [29].

2.3.2. Microstructure and porosity characterization
All samples were cut with an abrasive wheel, mechanically

ground, polished with colloidal suspension, and etched with Kroll’s
reagent. Microstructures were characterized using standard met-
allographic methods with Nikon’s MA 200 Eclipse microscope and
images were analyzed using Elements-D software.

The � lath thickness or interlamellar spacing, representative
of typical � + � titanium alloy microstructures, was measured
employing the method recommended by Vander Voort and Roosz
[30]. The procedure consists of calculating the mean random spac-
ing, �r , using the intersection method. The mean random spacing
is determined by placing a test grid consisting of one circle of
known radius, R, on the lamellae in an unbiased manner. The
number of intersection of the � lamellae with the test line, M,  is
counted (Fig. 3) and divided by the actual length of the test line, to
obtain NL = 2�R/M. The reciprocal of NL is the mean random spac-
ing: �r = 1/NL . The mean true spacing, �t , is calculated dividing the
mean random spacing by two: �t = �r/2. This methodology has been
applied for five images in each location. These values were averaged
to determine the interlamellar spacing at each location.

The measurement of porosity has been performed by image
analysis using Elements-D software over micrographs taken at four

locations in the vertical direction for each sample (50× magni-
fication). Following the recommendation of Spierings et al. [31],
non-etched vertical cross-sections were used for the porosity mea-
surement image analysis.
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Table  2
Standard chemical composition [26] and actual chemical composition of the powder provided by Arcam [27].
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Ti-6Al-4V ELI (Standard) 5.5–6.5% 3.5–4.5% <0.08% 

Ti-6Al-4V ELI (Arcam) 6.0% 4.0% 0.03% 

.3.3. Micro-hardness
Micro-hardness measurements were made using a TUKON 1202

Wilson Hardness) machine, with load of 10 N applied for 10 s.
ertical and horizontal micro-hardness measurements were per-

ormed on the build’s complete cross-section (105 × 15 mm2), in
rder to determine the influence of distance from the build platform
nd sample thickness on micro-hardness. Five measurements were
aken every 5 mm in the vertical direction and 15 measurements
very 2.5 mm in the horizontal direction.

.3.4. Tensile testing
Tensile specimens were all machined in-house using a HAAS

NC mill and lathe, with a final dimension of 6 mm diameter and
4 mm gauge length. The geometry and dimensions of the ten-
ile specimens as well as the room temperature tensile tests were
erformed following ASTM-E8/E8M [32] specifications, using an

nstron 5500R frame.

. Results and discussion

.1. Surface topography

The surface topography scanning, taken in a vertical oriented
lane, revealed an irregular surface (Fig. 4a) composed of peaks
nd valleys. The sintered or scanned layers previously visible at
he macroscopic scale cannot be easily distinguished in the scans
ue to the limited dimension of the measured area (1.8 × 2.9 mm2).
owever, some elongated valleys parallel to the scanned layers can
e observed in Fig. 4b, suggesting the existence of a layered pattern
n the surface. Safdar [33] described and studied the morphology
f this surface and the relation with the fabrication parameters.

Observing the axonometric projection (Fig. 4a), it can be noticed

hat the surface is formed by partially sintered particles. This is
onfirmed by comparing with the elevation plot of the surface
Fig. 4b), where a surface formed by nearly round features can be
istinguished. The size of these partially sintered particles (∼80 �m

ig. 3. Intersection of � laths on a 7.36 �m radius circle measured with the image analysis 

nd  digitally zoomed.
<0.25% <0.13% <0.05% <0.012% Balance
0.1% 0.1% 0.01% <0.003% Balance

average) is comparable to the powder particles used for the fabrica-
tion of the part (Fig. 4c). It is expected that the use of finer powder
particles would result in improved surface finish [34].

The measurement of the scanned area reveals the following
roughness parameters

• Sa (surface average roughness): 45.7 �m;
• Sp (maximum peak height): 174 �m;
• Sv (maximum valley depth): 163 �m.

The measured area or surface roughness in 3D (Sa = 45.7 �m)
is considerably smaller compared to the linear roughness in 2D
(Ra = 131 �m)  reported by other authors for EBM Ti-6Al-4V in simi-
lar conditions [35]. This may  be caused because “Sa” covers a surface
while the “Ra” is measured along a line that can be influenced by
the orientation of the measurement. In the case of additive manu-
factured parts, the waves formed on the surface by the effect of the
scanning layers increase the Ra values in the Z direction compared
to X and Y directions. In addition, the roughness value is higher than
that reported for Selective Laser Melting (SLM), Ra = 35 �m [36], or
casting, Ra = 10.16 �m [35]. Roughness of the surface is considered
detrimental for the fatigue life of the component because it can
serve as stress concentration and fatigue crack initiation site. Nev-
ertheless, the rough surface can also be beneficial for biomedical
applications, for example, facilitating the bone structure formation
around this surface [37].

3.2. Microstructure characterization

The microstructural characterization was  performed using

two approaches: the first study was made for different cutting
planes through a cubic sample (Section 3.2.1), and the second
study analyzed the effect of distance from the build platform on
microstructure formation (Section 3.2.2).

software. The image was obtained in the optical microscope at 1000× magnification
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Fig. 4. (a) 3D surface scanning of an EBM part; X axis marks the build direction and dimensions are in �m (b) Scanned surface showing elevation, (c) detailed view with a
partially  sintered particle in red.
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Fig. 5. (a) Sectioning planes in the cubic sample, (b) 3D

.2.1. Cutting planes and characteristic phases
In this approach, a cubic sample (15 mm × 15 mm × 15 mm)

abricated on the build platform was analyzed. The sample was
repared by sectioning planes perpendicular to each axis (XY, ZY
nd XY) to study the microstructure (Fig. 5a). A 3D metallographic
mage was created as shown on Fig. 5b.

A prior � columnar structure can be observed in XZ and YZ
lanes. These columnar structures are oriented parallel to build
irection (Z axis). The XY plane shows the microstructure parallel to
he scanning layers, where perpendicular sections of the columnar
rains can be observed (equiaxed microstructure).

At higher magnification, � + � lamellar microstructure is
bserved inside the prior � grains (Fig. 6) for planes both per-
endicular and parallel to the build direction. The structure of the

amellae is mainly Widmanstätten or “basket wave”, with an occa-
ional colony microstructure. The size of the columnar grains is not
uantifiable due to the difficulty in grain boundary identification.
owever, some of the prior � grain boundaries are delimitated by

 �m average thickness � layer (Fig. 6b and c). This microstructure
as been extensively described and characterized in previous stud-

es [13,33,38–40]. At lower magnification, scanning layers are also
isible (Fig. 7). These layers have an average thickness of 50 �m,  in
greement with the manufacturing parameters.

.2.2. Effect of location and distance from the build platform on
he microstructure
The microstructure was characterized at four more locations to
etermine the effect of position in the build (Fig. 9a). Two  speci-
ens were studied in the center of the platform: one at the height

f 5 mm from the platform (CB) and another at the height of 120 mm
structural cube (Z axis represents the build direction).

(CT). The other two  specimens were taken from the front edge of
the platform, also at 5 mm  (EB) and 120 mm (ET) heights (Fig. 8).

No significant differences were observed between the
microstructures of the samples located at the center and at
the edge of the build platform. However, at different heights
a slight variation in both the � grain size and � lath thickness
were identified. The irregular shape of the prior � grains makes
accurate quantitative measurement of the thickness difficult, but
it is possible to determine that prior � grains become thinner with
increasing height from the build platform (specimens CB and EB).
Measurements (Fig. 9b) indicate that � lath thickness decreases as
the distance from the build platform increases, 47% on the center
and 34% on the edge. The � lath thickness also varies with respect
to the position on the build platform and is 30% lower at the center
of the platform. Therefore, the smallest � lath thickness (0.32 �m)
corresponds to the specimen located in the center of the build
platform and at 120 mm height (CT location). The largest thickness
(0.78 �m)  corresponds to the specimen located at the edge of the
build platform at 5 mm height (EB location).

3.2.3. Porosity measurements
From a morphological aspect, detected porosity has been clas-

sified in two types: spherical pores (Fig. 10a) and irregularly
shaped areas parallel to the scanning layers (Fig. 10b). The spher-
ical or round shaped voids are originated from the entrapped
gas within the gas atomized powder particles [41]. The irregular
pores observed represent unmelted areas. This is confirmed by the

presence of unmelted powder particles within the irregular pores
(Fig. 10b). Non-sintered or unmelted zones are attributed to insuf-
ficient energy density during the scanning of that area, even though
they are not directly correlated [42]. The insufficient energy den-
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Fig. 6. (a) XY plane microstructure (normal to the building direction), where basket wave and colony pattern � + � lamellar structure can be observed in equiaxed arrangement.
The  light phase corresponds to � phase and the dark one to the � phase. (b) and (c) XZ and YZ plane microstructures respectively (parallel to the build direction). Basket wave
and  colony pattern � + � lamellar structure can be observed in columnar arrangement divided by � phase layer at the prior � grain boundaries. The yellow arrows indicate
the  build direction.

Fig. 7. Microstructure and scanning layers in the XZ plane. The build direction is indicated by the arrow.
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Fig. 8. 50× and 1000× micrographs at different positions in the

ity may  be caused by inappropriate scanning parameters (beam
urrent, scanning velocity, line offset, focus offset, etc.,) or other
xternal factors, such as an electromagnetic interference during the

abrication process.

In order to study the influence of these defects on mechanical
roperties, the porosities of the samples at different positions in the
uild (Fig. 9a) were measured. The results indicate that porosity is
 (a) center top, (b) center bottom, (c) edge top, (d) edge bottom.

greater in the center of the build platform (Fig. 9c). The obtained
average values are 0.09% porosity for samples located at the edge of
the build platform and 0.25% for samples located in the center zone.

The measured porosity values are consistent with measurements
from previous studies [39].
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Fig. 9. (a) Positions of the studied areas, (b) � lath thicknesses for different locations and heights with standard deviation values are in brackets (c) porosity values for
different  locations and heights.

Fig. 10. (a) Gas pore (spherical morphology) and (b) non-sintered area or delamination (parallel to the scanning layers) with unmelted particles inside.
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Fig. 11. Micro-hardness values for 

.3. Micro-hardness measurements

Micro-hardness measurements do not reveal any pattern or
ariation with the height or width of the EBM parts (Fig. 11. The
verage value for both orientations (vertical and horizontal) mea-
urements is similar: 368HV. This value is comparable to the values
eported in the literature [11,34,43].

.4. Tensile properties
Tensile properties were studied with respect to three fabrication
ariables: distance from the build platform, location on the build
latform, and orientation of the samples.
rtical and (b) horizontal directions.

3.4.1. Effect of distance from the build platform on strength and
ductility

Tensile tests have been performed on five horizontal oriented
specimens at different heights from the build platform, Fig. 12, and
no significant differences or trends were observed. Yield strength
and elongation have greater deviations than the ultimate tensile
strength, but no trends relative to the distance from the build plat-
form were found.
3.4.2. Effect of location on the build platform on strength and
ductility

Tensile tests were also performed on vertically oriented speci-
mens at different locations on the platform to assess any effects due
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Fig. 12. Tensile results for horizontal specimens at different distances from the build platform.

Fig. 13. Tensile test results for vertically oriented specimens in diff

Table 3
Tensile results and relative standard deviations for vertically oriented specimens at
different locations on the build platform.

Rear corner Center Front corner

Average RSD [%] Average RSD [%] Average RSD [%]

UTS [MPa] 1065 2.2 1050 1.0 1102 1.0
YS  [MPa] 993 2.3 983 1.0 1026 1.5
el  [%] 10.7 26.7 10.4 10.3 11.3 19.8

Table 4
Tensile test results with relative standard deviations for horizontal and vertical ori-
entations. Typical properties for an annealed cast alloy [44] are also reported for
comparison.

Horizontal Vertical Cast + annealed

Average RSD [%] Average RSD [%]

UTS [MPa] 1066 0.9 1073 2.6 930

t
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ness with time and temperature.
YS  [MPa] 1006 2.9 1001 2.5 855
el  [%] 15.0 12.9 10.8 17.6 12

o location on the build platform (XY plane). The three locations are
he center, the front, and rear corners of the build platform, taken on

 diagonal. The schematic layout of the specimens and the tensile
est results for the three locations are given in Fig. 13 and sum-

arized in Table 3. It can be seen that the specimens close to the
achine front have higher average values for all three tensile prop-

rties (UTS, YS and elongation). Samples taken from the center of
he build platform have the lowest values.

.4.3. Effect of orientation on strength and ductility
Tensile results from samples in different orientations are also

ompared in Table 4. Tensile strength values are similar for both
rientations, however, noticeable differences were observed in the

longation values.

Fracture cross-sections of the specimens with the highest and
owest ductility were compared in order to identify the cause of the
bserved differences. The fracture surface of horizontally oriented
erent locations of the build platform: (a) UTS, (b) YS, (c) el %.

sample shows significant necking and ductile dimples, Fig. 14a.
However, the vertically oriented specimen, Fig. 14b shows no neck-
ing and the fracture surface is flat in the center of the specimen,
parallel to the scanning layers.

The surface of the vertically oriented specimen was  further stud-
ied by SEM. Some discontinuous areas were detected on the fracture
surface, Fig. 15, where unmelted powder particles can be seen. The
clustering of these non-sintered zones is the most probable cause
for the lower ductility of the vertical specimens.

3.5. Effect of annealing time and temperature on the
microstructure

The study of the microstructure at different distances from the
build platform has revealed that � lath thickness increases at loca-
tions closer to the build platform. It is believed that the prolonged
dwell time at the chamber temperature increases � lath thickness,
creating a coarser microstructure.

To demonstrate this behavior an annealing experiment was per-
formed. Annealing samples have been obtained from a location at
90 mm from the build platform. Samples with a 0.66 �m � lath
thickness have been annealed at 600 ◦C, 700 ◦C, and 800 ◦C, and
extracted at time periods between 10 and 120 h. Vertical cross-
sections of the samples were prepared for the microstructural
study. The results, Fig. 16, show the coarsening of � laths after
exposing the lamellar � + � microstructure to temperatures above
600◦ C. This phenomenon explains why  � lath thickness decreases
with the distance from the build platform during the EBM pro-
cess, at chamber temperature of 650 ◦C. The locations closer to this
platform remain longer time at the chamber temperature than the
upper layers, so � laths are coarser at the bottom compared to those
at the top.

An empirical equation has been developed to relate � lath thick-
ı˛lath = ı˛lath(t=0) × t

(
T−850
1000

)
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Fig. 14. Fracture surfaces of (a) horizontal and (b) vertical oriented samples. Arrows indicate the build direction.

Fig. 15. SEM image of the fracture surface of the vertical specimen, showing unmelted powder particles.

thickn

w
i
t

Fig. 16. Experimental and calculated values of � lath 
here ı˛lath is  ̨ lath thickness (in microns) at the end of the anneal-
ng treatment, ı˛lath(t  = 0) is � lath thickness of the starting material,

 is the annealing time in hours and T is the annealing temperature
ess as a function of annealing time and temperature.
in degrees Kelvin. Values calculated with this equation have been
compared and validated with the measured values obtained during
the experimental work, Fig. 16.
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. Discussion

The microstructural analysis on specimens at different locations
elative to the build platform revealed that � lath thickness varies
ith the height or distance from the build platform. This varia-

ion was not observed at distances below 25 mm  [16]. Murr et al.
43] reported a variation of � lath thickness from 1.6 �m to 3.2 �m
t 10 mm and 60 mm distance from the build platform. This phe-
omenon is attributed to the effect of the build platform on the
hermal history of successive layers that are added to the part. It
s suggested that the cooling rate increases significantly with dis-
ance from the build platform, and thinner � laths correspond to
igher cooling rates [22].

However, in this work, the coarser � laths near the platform can
e explained by the longer exposure of the lower layers to the build
hamber temperature (typically 650–700◦ C) relative to the upper
ayers. This was confirmed with an annealing experiment where the
elationship between time, temperature, and � lath thickness was
tudied. Considering that the � → � + � transformation mechanism
t low cooling rates is diffusional growth transformation [22], it
an be reasoned that � lath coarsening can be thermally-activated.
herefore, coarsening occurs very slowly at temperatures below
00 ◦C and is more pronounced at higher temperatures. However,
he mechanism for this coarsening in isothermal annealing condi-
ions is not totally understood.

It should be noted that the cooling history is more complex than
 mere continuous cooling process. At the first stage of the cooling,
 fast solidification happens in the range of 103–105 ◦C s−1 [21],
rom the melt pool temperature to temperatures close to the build
hamber temperature. During this stage, the new layer reheats
r partially re-melts the material locally, depending on scanning
arameters such as beam power, scanning velocity, spot size, etc.
45,46]. The second heating stage is quasi-isothermal, where the
emperature at a point varies only due to heat transfer from upper
ayers with subsequent passes of the electron beam. During this
tage,  ̨ lath coarsening can occur. Finally, when the fabrication
rocess is over, there is a slow cooling stage from the build chamber
emperature to room temperature.

The first cooling stage is the most critical for the formation of
he microstructure because the � grain formation occurs during
he solidification and �→�+� transformation begins as soon as the
emperature reaches the �-transus temperature [9]. Although cool-
ng rates are high enough to form the �’ martensitic phase (4 ◦C s−1)
9], the high temperature at the end of this stage (650–700◦ C) and
he complex re-melting and re-heating periods inhibit the transfor-

ation of  ̌ into ˛’ martensitic structure [18]. However, Al-Bermani
t al. [21] observed localized �’martensitic microstructure on the
op of small size EBM samples. The observation of some �’ marten-
itic phase in the sample on the top surface is plausible because of
he absence of upper layers that cause the reheating of the mate-
ial, combined with the small size of the sample that enables greater
ooling rates and the relatively short exposure of the ˛’ phase to
he chamber temperature.

No appreciable differences were observed between the
icrostructures of specimens located at the center and edge (inte-

ior and exterior) of the build platform, suggesting that the electron
eam deflection does not have a significant effect on the tempera-
ure history of the samples. Hrabe and Quinn [15] had hypothesized

 cooler build space could lead to greater cooling rates at the exte-
ior part of the build platform relative to the interior, due to the
ncreased electron beam deflection. They suggested slightly finer �
aths for the exterior part of the build platform, which however has

ot been observed in this study.

In this work it has found that � lath thickness varies with
istance from the build platform, however tensile properties and
icro-hardness values were not affected. Additionally, microstruc-
facturing 10 (2016) 47–57

tures did not change significantly with position in the XY plane,
but significant variations were observed in tensile properties. These
apparently contradictory results can be explained based on the fact
that  ̨ lath thickness changes from 0.32 �m to 0.78 �m between
5 mm and 120 mm from the build platform. Considering a gradual
transition in the lath sizes, it can be assumed that the change in a
lath thickness in the gauge section is negligible and not significant
enough to cause a noticeable change in the tensile behavior of the
material.

Porosity has a considerable influence on mechanical properties
of additive manufacturing parts, especially when subjected to cyclic
loads, where porosity can act as crack nucleation site and lead to
premature failure of the part [47]. Porosity occurs due to build-
ing defects and powder particles containing entrapped gas. It was
observed that build defects are most detrimental to mechanical
properties when loading is applied along the build direction. This
is because the unmelted areas are typically planar and normal to
the build direction, acting as failure initiation sites and reducing
mechanical properties. The observation of unmelted powder parti-
cles on the fracture surfaces of tensile specimens corroborates this
statement.

Several methods have been employed for porosity or density
measurements for AM parts. Spierings et al. [31] compared the
Archimedes method, micrograph cross-section, and X-ray scan-
ning. According to this study, there are significant differences in
the results obtained from these three techniques. Slotwinski et al.
[47] used an ultrasonic method to quantify the amount of porosity
in additive manufactured parts and suggested that there is a lower
limit in the size of porosity that can be detected by X-ray scanning.
Leuders et al. [48] measured the porosity above 22 �m size of SLM
(Selective Laser Melting) Ti-6Al-4V parts employing a computer
tomography system. Kasperovich [49] measured the SLM Ti-6Al-
4V part porosity by employing micrograph study and computer
tomography, for later comparison with the Archimedes method.
They concluded that the Archimedes method does not provide suf-
ficient accuracy and precision. Gong et al. [50] utilized Archimedes
method to compare the relationship between process parameters
and porosity in EBM and SLM Ti-6Al-4V parts, concluding that
this method is not satisfactory for assessing the quality of SLM
and EBM samples. It is expected that the Archimedes method has
higher reliability because it considers the whole volume, instead
of 2D sections of the parts, however Archimedes method does
not consider any morphology or distribution of the porosity that
can help to identify the porosity source (powder, process, etc.,).
Despite being a destructive characterization method, 2D porosity
measurement employing cut sections and image analysis software
has been often performed before [31,49]. Variation of the measured
porosity depending on the surface condition (polished vs. polished
and etched), micrograph magnification, and selection of the cross-
section has been reported. The methodology has been considered
as valid in terms of qualitative (size and shape) and comparative
measurements.

5. Conclusions

The research results presented in this study lead to the following
conclusions:

• Tensile properties (UTS, YS, and elongation) are greater in the
locations where porosity is lower.

• With 0.15% average porosity in the material, the differences

between mechanical properties of the parts fabricated from dif-
ferent locations and distances from the build platform are mainly
related to the porosity, the variations in the microstructure being
of secondary importance.
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and  ductility of TiAl6V4 processed by selective laser melting, J. Mater. Process.
Technol. 220 (2015) 202–214.

[50] H. Gong, K. Rafi, H. Gu, T. Starr, B. Stucker, Analysis of defect generation in
Ti-6Al-4V parts made using powder bed fusion additive manufacturing
H. Galarraga et al. / Additive

The variation in the microstructure has been related to the dwell
time of the layers on the fabrication chamber, although this does
not significantly affect the mechanical properties.
Samples were fabricated with Arcam default process parameters.
Subsequent manipulation of process parameters would influence
the microstructure and mechanical properties.
Further improvement of the EBM technology should be able to
reconcile the differences in porosity between the center and
edges of the build platform.
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