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of Ti6AlI4V Titanium Alloy
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During the last few years, additive manufacturing has been more and more extensively used in several
industries, especially in the aerospace and medical device fields, to produce Ti6Al4V titanium alloy parts.
During the Selective Laser Melting (SLM) process, the heterogeneity of finished product is strictly con-
nected to the scan strategies and the building direction. An optimal managing of the latter parameters
allows to better control and defines the final mechanical and metallurgical properties of parts. Acting on the
building direction it is also possible to optimize the critical support structure. In particular, more support
structures are needed for the sample at 0°, while very low support are required for the sample at 90°. To
study the effects of build direction on microstructure heterogeneity evolution and mechanical performances
of selective laser melted Ti6Al4V parts, two build direction samples (0°, 90°) were manufactured and
analyzed using optical metallographic microscope (OM) and scanning electron microscopy (SEM). Iso-
metric microstructure reconstruction and microhardness tests were carried out in order to analyze the
specimens. The obtained results indicate that the build direction has to be considered a key geometrical
parameter affecting the overall quality of the obtained products.
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1. Introduction

Additive manufacturing (AM) technologies are increasingly
widespread in the production of metal components used in
various engineering sectors because the significant advantages
related to the possibility to obtain complex geometries, difficult
to achieve with other technologies, together with the reduction
in production waste, energy costs and assembly costs (Ref 1).
Although there are significant advantages associated with
additive manufacturing technologies, it should be considered
that there are also a few shortcomings, related to the fact that
the production phases result in strong thermal gradients and
high cooling rates that give rise to thermal stresses, phase
segregation  phenomena and the development of
metastable phases. Such phenomena cause microstructural
anisotropies which in turn produce anisotropies of mechanical
properties in the final piece. The in-depth study of the links
between process parameters, microstructure, and final mechan-
ical properties of parts produced by AM is therefore strategic
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for the further development of this production technique (Ref
2).

The main technologies used in the additive manufacture of
metal components can be divided into those involving the
material melting and those involving the material sintering and
melting. Among the first group there are: the laser-powder bed
fusion (L-PBF) technology, in the following referred as
Selective Laser Melting (SLM), where selective fusion of areas
of a powder metal bed are obtained using a laser beam as a heat
source (Ref 3, 4); the electron beam melting (EBM) technology,
where selective fusion of areas of a powder metal bed are
obtained using an electronic beam as a heat source (Ref 5, 6);
the Direct Energy Deposition (DED) technology, where
material deposition is obtained through local melting of wires
or metal powders (Ref 7, 8). Among the second group there are:
the metal binder jetting (MBIJ) technology, where a metal
powder consolidated using a polymer binder, subsequently
chemically or thermally eliminated, is then sintered through an
appropriate heat treatment; the fused filament fabrication (FFF)
technology, where the deposition of a wire composed of metal
powder and a polymer binder undergoes to the same steps
indicated for Binder Jetting technology (Ref 9).

These technologies are suitable to various types of metal
alloys, being among the most used aluminum alloys (Al-
Sil0Mg), titanium alloys (Ti6Al4V), Chromium-Cobalt alloys,
stainless steel (AISI 316L) and nickel alloys (Inconel 718)
frequently used in the automotive, aerospace and industrial
automation sectors as well as in the medical field (Ref 10, 11).
Recent trends include also AINiCu aluminum alloys for the
fabrication of High-Fracture-Resistance alloys (Ref 12) and
nickel alloys (NiTi, NiTiHf) for the fabrication of shape
memory alloys (Ref 13,14) used for automotive and medical
application, respectively.

AM technologies involve repeated melting and rapid
solidification of material, coupled with solid state phase
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transformations and directional heat flows (Ref 15). These
factors determine both heterogeneity, as pores due to trapped
gas in the powder bed and pores caused by insufficient melting
(Ref 16), and anisotropy in microstructural evolutions, grain
morphology, phase transformation, microstructural coarsening,
and also in mechanical properties. Furthermore, high cooling
rates generate non-equilibrium microstructures which, depend-
ing on the processed material and on the specific application,
may require a post-thermal treatment (Ref 17).

As material melting based processes are regarded, SLM is
one of the most utilized processes because of the relatively low
cost and high parts performances and surface finishing (Ref
18). The main SLM process parameters, usually considered to
optimize the process, are laser power, beam size, scanning
speed, scanning strategy, hatch spacing, layer thickness, and
powder particle size. A key role in the optimization of the AM
process is played by building direction and the related choice of
support structures that are critical to successfully build a part
(Ref 19, 20, 21).

Yan et al. (Ref 22) studied the effect of the building
directions on surface macro/micro- structure and tribological
properties of Inconel 625 samples manufactured by SLM with
directions 0°, 45°, 90°. They found fine microstructure and a
large number of equiaxed grains in the SLM 0° sample, while
coarse microstructure and reduced quantity of equiaxed grains
were observed in the SLM 45° sample. Sun et al. (Ref 23)
studied the effects of build direction (0°, 45° and 90°) on tensile
and fatigue performance of Ti6Al4V manufactured by the
selective laser melting technique. They found that the build
direction has a slight effect on tensile strength and ductility. The
tensile strengths of the 0° and 90° resulted in the minimum and
maximum ultimate tensile stress, respectively. In detail, they
found that the UTS of 0° specimens is equal to 935 MPa and
UTS of 90° specimens is equal to 953 MPa. Furthermore, they
found that the building direction has a significant influence on
fatigue performance of SLM Ti6Al4V products. Fatigue
strength of the 0° and the 90° specimen at 107 cycles was
found equal to 300 MPa and 350 MPa, respectively. Finally,
they highlight that voids, porosities and unmelted powders
were the main reasons for low ductility and poor fatigue
performance in the material. Xie et al (Ref 24) analyzed effects
of build direction, 0° sample, 90° sample, on the tensile and
microstructural properties of material. They found that different
build orientations and dimensions of the part being built induce
different cooling rates during the SLM process and a SLM
build orientation along the length direction of Ti—6Al1-4V alloy
benefits the production of a final material with better overall
mechanical performance. Major findings include that the 90°
sample has a larger elongation value and better plasticity than
the 0° sample. Furthermore the 90° sample showed an UTS
equal to 1065 MPa, while the 0° sample an UTS equal to 1236
MPa. The amount of martensite phase was evaluated finding
that lower o/o’ ratio and o” phase result in higher tensile
strength and lower plasticity. Similar trends were reported also
in (Ref 25, 26). Hartunian et al. (Ref 27) also studied the effect
of build orientation on the microstructure and mechanical
properties of Ti-6Al-4V specimens manufactured by selective
laser melting. The tensile test revealed lower yield, ultimate
tensile strength and strain in the samples printed in the Z
orientation (90°) with brittle planar fracture features perpen-
dicular to the build direction.

From the microstructural point of view, it has to be noticed
that during the process the rapid heating and melting of powder
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layers promote the epitaxial B grains growth and therefore
result in elongated grains of  phase in the building direction
(Ref 28). After the rapid solidification, proper of SLM process,
B grains are transformed into o metastable martensite, with
hierarchical structure o (o, o, o) (Ref 29, 30, 31),
surrounded by the original B grains edge (Ref 32, 33). The
above-described morphology is typical of surfaces parallel to
the building direction. Instead, in surfaces orthogonal to the
building direction, near-equiaxic morphology of the martensite
o’ phase, delimited by original grain edge of the § phase before
the fast cooling, can be observed. The typical microstructure of
these surfaces also allows to highlight the used scanning
strategy.

Although a few researches have focused on the effect of the
building orientation on the main metallurgical and mechanical
properties of the final parts, the above-described SoA shows
contrasting results, indicating that a clear understanding of the
complex thermo-mechanics of the process and occurring
microstructural evolutions has not been fully achieved. As for
similar building direction conflicting results, namely in terms of
elongation and UTS, are present in the literature, it can be
inferred that experimental results should better highlight the
effects of the building direction on the main factors affecting
the overall part performances, i.e., microstructure evolution and
integrity.

In this paper, the effects of build direction on microstructure
evolution, micro defects and micro-mechanical performances of
selective laser melted Ti6Al4V parts were highlighted, as a
function of the “building direction”, in order to find a key to
reading for the apparently discordant data present in the
literature. Two build direction samples (0°, 90°) were manu-
factured and analyzed using optical metallographic microscope
(OM) and scanning electron microscopy (SEM). The influenc-
ing factors for the heterogeneity in the microstructure, as grain
morphology, defects, phase transformation, and microstructural
coarsening were investigated by isometric microstructure
reconstruction in the three orthogonal planes for each sample.
The correlation between micro-mechanical performances and
microstructure of the SLM samples was investigated by
microhardness tests.

2. Materials and Methods

The used Ti6Al4V alloy is a material characterized by high
strength, excellent biocompatibility and low density and the
typical microstructure of kind o + B. Considering that during
the SLM process rapid cooling leads to the formation of very
fine acicular metastable martensite o’, the material obtained at
the end of the process is characterized by high strength and low
ductility.

2.1 Building Parameters and Scan Strategy

The SLM specimens were produced using SLM 280HL
machine with set parameters chosen as subsequently reported:
laser power 350 W, scanning speed 1400 mm/s, hatch distance
120 um, layer thickness 30 um, argon atmosphere. During the
process, the build platform was maintained at 200° C. The used
scanning strategy consists of parallel linear trajectories tilted at
45°, with respect to the reference axes of the base plate, which
are rotated 90° for each subsequent layer. Figure 1 shows the
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Fig. 2 SEM image of the Ti-6Al-4V used Gaussian powder with
size between 20 and 60 um

produced samples with the indication of reference axes and
angles.

2.2 Powder

The used Ti6Al4V powder is a typical Gaussian powder
with size between 20 and 60 um. Figure 2 shows the SEM
image of the used powder from which the above average
dimensionality has been evaluated.

2.3 Specimen Characterization

The influencing factors for the heterogeneity in the
microstructure, i.e., grain morphology, phase transformation,
microstructural coarsening and defects, including the evaluation
of the average porosity, where present, were investigated by
isometric microstructure reconstruction in the three orthogonal
planes for each sample. The correlation between micro-
mechanical performances and microstructure of the SLM
samples was investigated by microhardness tests. The charac-
terization of the samples, according to the stratification
directions of the material, was carried out in terms of three-
dimensional analysis of the microstructure of the processed
material using an Olympus GX 51 optical microscope. Phenom
ProX Desktop was used for the SEM analyses. The micro
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mechanical characterization of the material, in terms of
microhardness, was carried out on a Remet HBV 30 and
correlated to the previous analyses. The obtained results were
correlated to the thermal gradients relative to the SLM process
in the two different configurations and specific material
heterogeneity factors were identified.

Standard metallographic procedures as grounding and
polishing were used to prepare the metallographic samples.
Subsequently the specimens were etched using Kroll’s Reagent
for 35 s to reveal the microstructure. In order to carry out the
microstructural, porosity and microhardness analyses and to
highlight any heterogeneity of the specimens produced in the
two configurations, the volume of each sample, of size of 10 x
4 x 25 mm, was divided into four zones, as shown in Fig. 3. In
the four zones the microstructural properties, in terms of
morphology and average grain dimension, and the mechanical
characteristics, in terms of microhardness, were evaluated in
three orthogonal planes consisting of the front, side and cross-
sectional faces of the sample. The purpose of this choice was to
assess the heterogeneity of these characteristics within the same
part.

Both for the evaluation of the average grain dimension and
for the evaluation of the average microhardness (Vickers
microhardness tests performed using a weight of 1000 g), seven
measurements were carried out for the front and cross-sectional
surfaces and five for the lateral surfaces. A similar assessment
of seven measurements on the front and cross-sectional surfaces
and five measurements on lateral surfaces were carried out to
assess the mean porosity of each surface in each zone (i.e. 1, 2,
3, 4).

3. Results and Discussion

3.1 Microstructural Analysis

The grain morphology and microstructural coarsening,
which are key influencing factors for the heterogeneity of the
microstructure, were investigated by isometric microstructure
reconstruction in the three orthogonal planes for each sample
and with reference to each of the zones above highlighted. The
results of the microstructural analysis are shown in Fig. 4 and 5,
for the morphological study, and in Tables 1 and 2 reporting the
average grain dimension. The typical microstructure of these
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Fig. 3 The four zones utilized for microstructural and porosities analysis
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surfaces also allows to highlight the used scanning strategy. In
the two cases covered in this paper, 0° and 90°, the surfaces
with near-equiaxic morphology are, respectively, the frontal
and transverse surfaces.
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Fig. 4 Microstructural analysis of the specimen made by SLM process 0° building direction after 35 s chemical etching with Kroll’s Reagent

The dimensional assessments carried out in terms of the
average size of the austenitic § grains within which, as a result
of rapid cooling, the martensitic phase o’ is formed, with
possible hierarchical structure (a0, o’’, o), are closely
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Fig. 5 Microstructural analysis of the specimen made by SLM process 90° building direction after 35 s chemical etching with Kroll’s Reagent

Table 1 Average grain dimensions in 0° building direction samples

Frontal surface Average grain

Lateral surface average epitaxial grain

Cross surface average epitaxial grain

0° dimension, ym dimension [large-long], um dimension [large-long], um
Zone 1 95 (o =12) 95 (o = 12)-420 (o = 21) 95 (o = 12)-420 (o = 21)
Zone 2 108 (c = 8) 108 (o = 8)-310 (c = 18) 108 (o = 8)-310 (c = 18)
Zone 3 125 (o = 10) 125 (o = 10)-300 (c = 6) 125 (o = 10)-300 (c = 6)
Zone 4 130 (c = 6) 130 (o = 6)400 (c = 12) 130 (o = 10)-400 (c = 12)

Table 2 Average grain dimensions in 90° building direction samples

Frontal surface average epitaxial grain

Lateral surface average epitaxial grain

Cross surface Average grain

90° dimension [large-long], ym dimension [large-long], ym dimension, ym
Zone 1 128 (o = 6)—400 (c = 20) 128 (o = 6)-380 (o = 22) 125 (o =9)
Zone 2 126 (c = 8)410 (c = 18) 126 (o = 8)-320 (o = 18) 130 (c=17)
Zone 3 130 (o = 12)-480 (o = 16) 129 (o = 12)-320 (o = 15) 124 (6 = 12)
Zone 4 127 (o = 15)-480 (o = 20) 127(c = 15)400 (o = 22) 124 (c = 15)

related to the average size of the o’ phase since the length of the
plates of the aforementioned phase is delimited by the size of
the original [} austenitic grain.

The three-dimensional reconstruction analysis of the
microstructure of material subjected to the SLM process made
it possible to evaluate the morphology and average grain size in
each surface, frontal, lateral and transversal, in the different
zones and to correlate the obtained dimensional results with the
thermal flows typical of each of the two configurations (90° e
0°).

The average grain size was calculated using the intercept
technique and therefore a line was drawn though each
micrograph at 100X. The number of grain boundaries, inter-
secting the aforementioned line, was counted and the average
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grain size was found by dividing the number of intersections by
the actual line length.

Larger surfaces allow higher thermal flows that may
promote finer microstructure. In detail, it was noted that for
the 0° case study there is a progressive increase in the average
grain size in the longitudinal direction of the specimens, i.e.,
from the zone 1 toward the zone 4. This longitudinal lack of
homogeneity is directly related to the scanning strategy. In fact,
in this case, the strategy used promotes decreasing thermal
gradients along the longitudinal direction of the specimen. In
the transverse sections of the samples, from which it is possible
to observe the different stratifications, dark bands are visible,
revealing the melt pool boundaries in each layer. In particular,
these dark bands are less pronounced in zone 1 of the sample,
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the one first deposited in each layer, and become more
pronounced and thicken toward zones 3 and 4, which are those
deposited last. In zone 3, marked dark bands were observed.
The above-mentioned morphology confirms the presence of
decreasing thermal gradients from the zone 1 toward the zone 4
and also the minimum of thermal gradients is reached in zone 3.
In zone 4, although still affected by reduced thermal gradients,
thinner and less marked dark bands are observed, as this is the
last deposited area. The formation of such bands is related to
the small sample size along the production direction. Finally, it
should be noted that, although the thickening of dark bands in
zone 3 is an indication of low thermal gradients and therefore
slower cooling, resulting in larger average grain size and
consequently lower microhardness values, these areas are
characterized by microhardness values higher with respect to
the adjacent zones. This is because, as several authors have
outlined, a high Al content is found in the dark bands, which
leads to the formation of Ti;Al precipitated contributing to
increase microhardness (Ref 15, 34). A quantitative analysis of
the Ti3Al precipitates should be carried out with a TEM (Ref
35) which was not available for this research.

For the case study obtained with building direction of 90°, it
should be highlighted that the small deposited area coupled
with a large number of deposited layers observed in zone 1
indicates that the material in this zone remains at high
temperatures for the longest times. Starting from a qualitative
evaluation of the heat flux based on the part geometry and the
build orientation, it can be stated that, although zones 2, 3 and 4
remain at high temperatures for lower times, thermal gradients
are reduced along the stratification direction, i.e., the material
cools down more slowly. These phenomena result in slight
variations in the average grain size in the different zones.
However, the numerical values, shown in Table 2, suggest that
there is a trend of progressive decrease in the average size of
the grain from zone 1 to zone 4. In other words, the effects of
permanence time at high temperatures prevail over the ones of

/ 12081469

14 T T

reducing thermal gradients along the longitudinal direction of
the specimens. On the contrary, the reduction of thermal
gradients along the longitudinal directions prevails in zone 3,
which results in an increase in the average grain size, although
this zone remains at high temperatures for a shorter time than
zone 1 and 2.

3.2 Porosity Evaluation

Porosities were measured by using the software Matlab
Image analysis toolbox applied on micrographic acquired
images. Such method discriminates the dense regions (light
zones) with pores and defects (dark areas). Taking advantage of
the considerable contrast between porosity and the microstruc-
ture of the material, it is possible to apply the threshold
techniques that allow to obtain a binary image. The binarization
process allows to distinguish and compute the percentage of
porosity defect: dense regions are colored with white; instead,
pores and defects are colored with dark. Finally, the software
computes the area fraction of dark area (corresponding to
pores). In the study, after performing the binarization of the
image with the porosity represented in black and the
microstructure represented in white, for a better visualization,
the binarization map was reversed, thus obtaining the porosities
represented in white and the microstructure in black (Fig. 6).

Therefore, the porosity evaluation was based on planimetric
methods using a suitable software (Matlab Image Analysis),
inside on, a subroutine for the three-ortogonal reconstruction of
porosity has been defined.

The microstructural analysis highlighted that only for build
orientation of 90° porosity defect is found, while no porosity
was found in the 0° oriented specimens. In Fig. 7 a
micrographic SEM image of porosity defect, due to lack of
fusion, found in the 90° samples is reported.

In order to assess the porosity index for each area, i.e., the
percentage of volume occupied by porosity in the different
areas, the threshold analysis above described was carried out on

hist BW

130755

0.5 0

Fig. 6 Image analysis for volume porosity quantification
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the micrographs acquired for the frontal, lateral and transverse
surfaces of each area.

An index of porosity (Ip) of each zone was calculated as the
product of the porosity percentage on each surface (front,
lateral and cross) for the extent of the same surface (front 62,5
mm?, lateral 25 mm? and cross 40 mm?) and the result was
divided for the volume of single zone of specimen (250 mm3).
In this way, the index (Ip) provides an estimate of the average
porosity percentage in the volume and therefore allows to
highlight heterogeneity in the distribution of these types of
defects within each sample. In this way, the estimate of
porosity, in terms of volumetric percentages within the volume
characteristic of each of the four considered zones (Fig. 3), was
calculated using the weighted sum, mediated in the volume of
each area, of the surface porosity in the three orthogonal
surfaces.

The accuracy of this estimation technique has been verified
by comparing the estimated porosity values with those found in
the literature with reference to similar material subjected to
SLM (Ref 36, 37, 15) finding porosity values consistent with
the values here estimated.

The obtained results, summarized in Table 3, show the
presence of a low porosity, i.e., 0,19 %, in the first layers of the
sample which increases up to 0,31 % in the direction of sample
stratification, i.e., building direction. This result is linked to the
fact that, due to the small surface worked for each individual
layer, the thermal gradients between the deposited layer and the
already solidified material are decreasing as processing pro-
gresses (Ref 38). As the thermal gradient decreases, the time of
stay in the liquid phase of each individual layer increases, and
therefore, the phenomenon of balling effect, which is respon-
sible for the formation of porosity, is promoted.

Fig. 7 SEM image of pore in a cross surface of 90° building
direction specimen

Table 3 Porosity evaluation results

A similar porosity trend (porosity increasing with layers)
was also found in (Ref 39). However, in the above cited paper
only the overall average porosity was given losing the detailed
analysis of the effect of building direction on the variation of
porosity inside the specimen. On the contrary, in this study, the
measuring campaign was aimed to identify a trend along the
building direction and to appreciate the effect of the heat
accumulation that occurs in the 90° specimen.

Finally, it is highlighted that in the 0° building direction,
although a decrease in thermal gradients has been observed in
the longitudinal direction of the sample, the larger surface
dimension ensures the establishment of sufficient thermal
gradients to avoid the balling effect.

3.3 Microhardness Evaluation

The correlation between micro-mechanical performances
and microstructure of the SLM samples was investigated by
microhardness tests. In each of the zones considered for the
previous analyses the average HV value was determined and
the results are summarized in Fig. 8.

For the 0° sample it is observed a progressive reduction in
microhardness values from the zone 1 toward the zone 4. These
reductions are more marked in larger areas and become smaller
in smaller areas.

In the transverse surface, the less extended surface, the
aforementioned phenomenon results less evident. It is noted
that in the latter surface there is an out-of-trend microhardness
value (408 HV) in the zone 3. This last value is related to the
presence in this area of dark bands with a high aluminum
content, in which TizAl precipitates are formed. These results
confirm that the 0° configuration is the one that involves the
highest thermal flows and therefore the cooling of the material
is faster. The thermal flow is also facilitated by the presence of a
wide distribution of supports at the base of the specimens.

For the 90° sample a progressive increase in microhardness
values from the zone 1 toward the zone 4 is observed, being the
increase is more marked in larger areas and smaller in smaller
areas. This trend confirms the prevalence of the material
softening phenomenon due to the time of permanence at high
temperatures. As indicated above, this phenomenon is more
significant in zone 1, gradually decreasing in zones 2, 3 and 4.
The out-of-trend microhardness values, observed in zone 3 of
both the frontal surface and the cross surface and in zone 2 of
the transverse surface, are linked to the phenomenon of thermal
gradients decreasing along the building direction that prevails
over the softening phenomenon in the opposite direction to the
building one (Ref 40). It is worth noting that the observed HV
trends are consistent with what found, for both the orientations
considered, in terms of the average grain size. In particular,
with finer grain size higher values of microhardness are

Frontal surface porosity, % Lateral surface porosity, % Cross surface porosity, % Ip, %
Zone 1 0.71 0.01 0.19
Zone 2 0.67 0.16 0.05 0.19
Zone 3 1.19 0.16 0.08 0.31
Zone 4 1.08 0.28 0.09 0.31

Journal of Materials Engineering and Performance

Volume 30(12) December 2021—8731



440 440 440
420 420 420
400 ‘ 400 ; 400 I I
! [ 1 L [ | 1
380 zone 380 zone 380 M zonel
M zone 2 M zone 2 ® zone2
360 zone 3 360 zone 3 360 zone 3
340 zone 4 340 zone 4 340 zone 4
320 320 320
300 300 = 300
HV FRONTAL SURFACE 0° HV LATERAL SURFACE 0° CROSS SURFACE 0°
440 440 440
420 420 420
400 400 400
—_— mzone 1 380 H zonel o Pa— Hzone 1
I W zone 2 z m zone 2 M zone 2
360 [ sotieg o0 zone 3 360 zone 3
340 zone 4 340 zone 4 340 zone 4
300 - 300 300 ||
HV LATERAL SURFACE 90° HV FRONTAL SURFACE 90° CROSS SURFACE 90°

Fig. 8 Average microhardness in zones 1, 2, 3, 4 for each configuration (0° and 90°) in the frontal, lateral and cross surface

detected, while decreasing microhardness values have been
observed as the average grain size increases.

Finally, it is noted that for the configuration 0° higher
microhardness values than those found in the samples in the
90° configuration are obtained.

It is worth observing that, although the obtained values are
within the ranges of the values found in literature (Ref 36), a
direct comparison cannot be carried out as, to the author
knowledge, no paper focused on the variation of microhardness
within a given specimen due to the building direction.

4. Conclusions

The effect of the building directions, 0° and 90°, on the
microstructure evolutions and microhardness properties of
SLM Ti6Al4V samples were studied. Main conclusions from
this study are as follows:

e Small sample sizes in the building direction cause low
thermal gradients and therefore slower cooling that pro-
mote the formation of dark bands with a high aluminum
content that may lead to the formation of Ti;Al precipi-
tates, resulting in longitudinal lack of homogeneity of the
mechanical and microstructural properties of the final part.
In fact, the decreasing trend in longitudinal direction of
microhardness values produced by the increasing of aver-
age grain dimension is interrupted by an out-of-trend
microhardness value due to the presence of Ti3Al precipi-
tates.

e Small deposited surface coupled with a high number of
deposited layers (90°) generate a material softening in the
direction opposite to the building one, due to the increas-
ing of the permanence time at high temperature, coupled
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with a local softening in the zone 3. In this zone the soft-
ening phenomenon due to the reduction in thermal gradi-
ents along the building direction is predominant.

e Small deposition surfaces, such as in the 90° samples, also
facilitate the reduced thermal gradients between the differ-
ent layers. As a consequence, the heterogeneous formation
of porosity, increasing along the building direction, is pro-
moted. Hence, it can be stated that the orientation of the
sample, directly affecting the size of the material surface
deposited in each layer, for a given specimen geometry,
can be considered a main factor for the formation of
porosity.

e Higher microhardness values are obtained in configuration
0°, in each zone, than those found in the samples in the
90° configuration because of the presence of high thermal
flows resulting in faster cooling of the material.

e The greater microstructural heterogeneity observed in the
0° sample was related to the scanning strategy. On the
other hand, porosities were found in the 90° sample and
were related to the reduction of thermal gradients toward
the building direction and the reduced size of the surface
deposited in each layer.

Literature studies, relating to the effect of the building direction
on the properties of the Ti6Al4V alloy subjected to SLM,
contain conflicting results in relation to the same building
orientation value. This required a study aimed to identifying
building orientation-related factors that could justify the
apparent discrepancies between the literature results. The
microstructure and microhardness analyses carried out, as well
as porosity, made it possible to highlight the type and thermal
flows according to the size of the deposited surface together
with the number of deposited layers. Thermal storage factors
and form factors that need to be considered jointly with the
building direction have been highlighted.
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Overall, the obtained results indicate that the building
direction plays a key role on the mechanical properties of the
produced parts as it has a strong influence on the thermal
gradient, which, in turn, affects average grain size, porosities
and microhardness. However, for a given building direction,
also the dimensions of the produced parts, and hence of the
deposited surface, affects the thermal gradients, being the latter
higher with larger surfaces. These two phenomena, if corre-
lated, can explain the apparently discordant data present in the
literature.

The obtained results can be used as guidelines for the design
of more complex geometries in order to determine the most
appropriate object positioning on the base plate as related to the
final part mechanical properties and workability during finish-
ing operations.
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