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Abstract: Building orientation is important in selective laser melting (SLM) processes. Current
studies only focus on the horizontal and vertical building orientations without considering different
modes of horizontal orientations. In fact, for horizontal orientation, different surfaces of the sample
that contact the substrate will affect the heat transfer mode and efficiency, and in turn affect the
microstructure and material properties. In this paper, the effect of two modes of horizontal building
orientations on microstructure, mechanical and surface properties of SLM Ti6Al4V was studied.
Current research about building orientation is deficient because the geometry of samples or test
surfaces are not strictly defined, which seriously influences the results due to their different heat
transfer efficiency and mode. Therefore, the geometry of the samples and test surfaces were clearly
defined, and its necessity was proved in this study. To achieve the research goal, three test samples
were prepared: sample SLM-PB-S with the building orientation parallel to the substrate and the
shorter side L1 contacts it, sample SLM-PB-L with the building orientation parallel to the substrate
and the longer side L2 contacts it and sample SLM-VB with the building orientation vertical to
the substrate. Subsequently, the microstructure, grain information, densification, residual stress,
micro-hardness, tensile properties and surface topography of different samples were analyzed and
compared. In the results, SLM-PB-S exhibited denser microstructure and better mechanical properties
than SLM-PB-L, including smaller grain size, stronger texture, higher density, micro-hardness, tensile
strength, plasticity and better surface quality. It originates from a higher cooling rate and shorter
scanning time between layers during SLM-PB-S fabrication, leading to finer grains, lower porosity
and better interlayer metallurgical bonding, thus resulting in better material properties. This study
can provide a reference to select the proper building orientation in SLM.

Keywords: building orientation; selective laser melting; Ti6Al4V; microstructure; mechanical properties

1. Introduction

Ti6Al4V is a typical α + β type titanium alloy [1]. It has the characteristics of high
specific strength, good corrosion resistance, excellent biocompatibility and sound compre-
hensive mechanical properties. Therefore, it has been widely used in aerospace, ship and
medical equipment and other fields [2–4]. Additive manufacturing (AM) technology en-
compasses multiple disciplines of physics, machinery, materials, etc. Compared with
milling, turning, grinding and other traditional subtractive manufacturing technologies,
additive manufacturing has a great advantage in rapid prototyping, independent design
and accessibility of complex parts [5,6]. However, poor surface morphology, surface rough-
ness, low mechanical properties and dimensional accuracy are the main disadvantages
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of AM [7–9]. Therefore, the study on AM materials has aroused the interest of many
researchers who try to improve the properties of the materials.

Among the various AM processes, SLM is an advanced and reliable technology that
is widely used to fabricate metal parts and there is almost no material loss in the pro-
cess [10–13]. In the past two decades, the technology of SLM has been studied extensively.
To improve the microstructure and mechanical properties of the parts made by SLM, there
are currently two main approaches. One is to rely on post-processing procedures, and the
other is to optimize the SLM process parameters. For the first approach, Han et al. [14]
conducted post-processing research on selective laser melted AlSi10Mg by two methods
(550 ◦C for 2 h, followed by cooling and laser surface remelting), respectively. It was
found that the tensile strength of the workpiece decreased after heat treatment, while the
ductility increased due to the growth of crystal grains and the release of residual stress.
The laser surface remelting process improved the surface roughness of the sample and
in the meantime, increased the microhardness of the sample by 19.5%. Yan et al. [15]
investigated the microstructure and tensile strength of Ti6Al4V ELI samples made by SLM
after heat treatment under vacuum and hot isostatic pressing conditions. They found that
hot isostatic pressing and vacuum heat treatment can significantly reduce the number of
pores and cracks inside the sample, reduce the strength and improve the ductility and
fatigue properties of the material. Compared with the sample heat-treated under vacuum,
the ductility and fatigue resistance of the sample heat-treated under hot isostatic pressing
improves greatly. K. Karamia et al. [16] investigated the effects of optimal way of combina-
tion for sand blasting, thermal isostatic pressure and chemical etching on the mechanical
and fatigue properties of Ti6Al4V and found that the combination of sand blasting and
thermal isostatic pressure and chemical etching improved the fatigue behavior of Ti6Al4V
the most. Although the above conventional post-treatment methods have a certain effect
on the improvement of mechanical properties of parts, they are insignificant compared
to the microstructural optimization and the improvement of mechanical properties for
materials caused by changing SLM process parameters [17] and are not direct and eco-
nomical. Therefore, more researchers have focused their research on the optimization of
process parameters in the SLM. Sun et al. [18] studied the impact of the laser parameters
on porosity, surface morphology and tensile strength of Ti6Al4V samples manufactured
by SLM. The results showed that the relative density of the formed sample could reach
99% with the decreasing of scanning speed and the increasing of laser power under the
condition of relatively high laser power (higher than 175 W). Lee et al. [19] found that if the
laser power is too high or too low, due to the powder spheroidization or melting deficiency,
defects such as holes would appear in the alloy and cause deformation or cracks in the
formed parts. Xia et al. [20] examined the effect of hatch spacing on thermodynamics and
resultant surface quality. They found that proper hatch spacing could guarantee reasonable
temperature, which is beneficial to the formation of a smooth surface of part. When the
hatch spacing was 60 µm, the average surface roughness was 2.23 µm. Qiu et al. [21] stud-
ied the effect of powder thickness on surface structure and porosity of Ti6Al4V fabricated
by SLM and considered the melt flow behavior. The observation showed that the powder
thickness imposed a greater impact on the forming quality than the scanning speed and the
laser power did. Surface roughness and porosity of the alloy increased when the thickness
was larger than 0.04 mm. Through finite element simulation, Song et al. [22] found that
the residual stress of Ti6Al4V alloy was the smallest when the laser rotation angle was
15◦. According to literature review, parameters related to the AM process such as scanning
speed, laser power, hatch spacing and scanning strategy have been widely studied.

In recent years, some researchers have begun to study a relatively novel parameter
named building orientation. In 2018, He et al. [23] studied the microstructure and tensile
properties of different sides of SLM Ti6Al4V, but it is worth noting that the geometry of
different sides in this study were not the same. In fact, different geometries will affect
the forming process of parts, leading to different microstructure and mechanical proper-
ties. This is because the different geometries correspond to different heat transfer modes
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and efficiency, which in turn affects the grain size and crystallization process. In 2019,
Ren et al. [24] set five gradients from 0–90◦ to study the effect of building orientation on
the microstructure and mechanical properties of SLM Ti6Al4V, but there was a significant
difference between the 0◦ sample and other samples in geometry, which would have a great
impact on the reliability of the data. In 2020, Chang et al. [25] and Xie et al. [17] studied
the effect of building orientation on the microstructure and mechanical properties of SLM
Ti6Al4V, but they considered the horizontal and vertical directions only. In fact, for the hor-
izontal building orientation, different surfaces of the sample in contact with the substrate
will affect the heat transfer mode and efficiency during SLM, as shown in Figure 1. It will
affect the crystallization process and interlayer metallurgical bonding of crystal grains.
Different microstructures and mechanical properties will be displayed. At the same time,
the surface properties of the test surface of the formed sample will be greatly affected. How-
ever, the effect of different horizontal building orientations on microstructure, mechanical
and surface properties of SLM Ti6Al4V was rarely studied before. In addition, previous
studies analyzed the influence mechanism of building orientation on the microstructure
and mechanical properties from several perspectives such as SEM morphology and tensile
properties, which were not comprehensive. Consequently, the influence mechanism of
building orientation on mechanical properties is not clear. Moreover, there are few studies
on microhardness and residual stress, which are also important mechanical properties
of materials. In addition, the residual stress has significant influence on the tensile and
fracture behaviors of the material.
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Figure 1. Schematic diagram of heat transfer during sample manufacturing (L3 > L2 > L1).

This paper aims to solve the three problems: different geometries for samples affect the
research results, which is not recommended; previous research perspectives are incomplete;
and the effect of different horizontal building orientations has rarely been studied before.
For horizontal building orientation, the influence of two different contact modes with the
substrate on the microstructure, mechanical and surface properties of the SLM samples was
studied. The sample printed in the vertical building orientation was used as a reference.
The SLM Ti6Al4V samples and the test surfaces were limited to have the same geometry in
the research process, and its necessity was proved by comparisons with the existing results
in the literature. Multiple perspectives were used to explore the influence mechanism
of building orientation on microstructure, mechanical and surface properties, including
microtopography, texture, density, micro-hardness, tensile properties, residual stress and
surface morphology. A more reasonable mapping relationship among process (orientation),
microstructure and performance for SLM Ti6Al4V was established.

2. Materials and Methods
2.1. Sample Preparation

Ti6Al4V powder used in the SLM process is provided by the “3D SYSTEMS” company,
Rock hill, SC, USA. The chemical components are shown in Table 1. Figure 2 shows
the morphology and size information of the powder used in the SLM process. It can be
seen from Figure 2a that the morphology of powder particles is spherical or subspherical,
and the surface is smooth and intact without obvious defects. Therefore, it is qualified as
the raw material for the SLM manufacturing process. Figure 2b shows the particle size
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distribution of powder with a diameter ranging between 6 µm and 44 µm, which meets
the requirements of the SLM process. The manufacturing machine equipped with fiber
laser 80 µm in diameter is ProX DMP 320, acquired from “3D SYSTEMS” company in the
United States. The manufacturing process was conducted in an argon-filled environment
and the concentration of oxygen gas is lower than 5 ppm, which prevented the metal
powder from being oxidized during melting. Three samples (SLM-VB, SLM-PB-S and
SLM-PB-L) with a size of 5 mm × 6 mm × 8 mm were used to photograph the microscopic
appearance and test the mechanical properties. The samples were printed in different
building orientations with a size of 5 mm for L1, 6 mm for L2 and 8 mm for L3 (Figure 3),
respectively. It is worth noting that sample SLM-VB was with the building orientation
vertical to the substrate, sample SLM-PB-S was with the building orientation parallel to the
substrate and the short side L1 of sample coming into contact with it and sample SLM-PB-L
was with the building orientation parallel to the substrate and the long side L2 coming into
contact with it. Subsequently, the specimens for tensile test were prepared. The rotation
angle between layers was 72◦ during scanning. The specific parameters in SLM process are
shown in Table 2. Among them, volume energy density (E) is 58.94 J/mm3, obtained by
Equation (1) [26,27]:

E =
P

V · T · h (1)

where E is volume energy density (J/mm3), P is laser power (W), V is scan speed (mm/s),
T is hatch space and h is layer thickness (mm).

Table 1. Chemical components of Ti6Al4V powder used in the SLM process.

Elements Al V Fe O N C H Ti

Content
(Wt. %) 5.5–6.5 3.5–4.5 ≤0.25 ≤0.13 ≤0.03 ≤0.08 ≤0.012 balance

Table 2. The specific parameters in SLM.

Parameter Value Unit

Laser power/P 145 w
Scan speed/V 1000 mm/s

Hatch spacing/T 82 µm
Layer thickness/h 30 µm

Volume energy density/E 58.94 J/mm3

Beam spot diameter/d 60 µm
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powder used in the SLM process.
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2.2. Microstructure Observation

Optical microscope (OM) (Feng Zhi, Jinan, China) was used to evaluate the microstruc-
ture of SLM Ti6Al4V samples. Firstly, the samples were polished with different sizes of
emery papers (mesh size 100–3000) followed with diamond paste and fine size alumina
powder. Then, Kroll’s reagent was used as the etchant.

It is worth noting that the grain size and orientation of SLM Ti6Al4V samples were
observed with the NordlyMax3 electron backscatter diffraction (EBSD) system equipped in
the field emission scanning electron microscope (FESEM) JSM-7800 (Manufacturer: JEOL,
Tokyo, Japan). Magnification 1000×, accelerating voltage 20 kV, working distance 20.0 mm
and sample tilt angle 70◦ were set in the system. The step size was 0.1 µm and the mapping
area was 60 µm × 40 µm. Before observation, the emery papers with mesh size 240–2500
were used to grind the surface of the samples successively. Then, argon ion polishing was
used, and the polishing process required the use of liquid nitrogen to create an environment
of −35 ◦C. Commercial ion polishing equipment type was ArBlade5000 and ion beam
voltage was 3.5 kV.

2.3. Measurement of Mechanical Properties, Residual Stresses and Surface Topography

Archimedes’ principle was selected to measure the density of SLM samples [4].
The specific equation is as follows:

ρRe =
ρ

ρTh
× 100% (2)

where ρRe, ρ and ρTh are the relative density, average density value and theoretical density
of the material (4.43 g/cm3), respectively.

The microhardness test was conducted on a Future-tech (MH-6) machine (FUTURE-
TECH, Tokyo, Japan) according to ASTM E384-17 where the load was 0.5 kg and dwell time
was 8 s. We used the X-ray residual stress measurement system µ-X360n (Pulstec, Hama-
matsu, Japan) to measure the residual stress of samples. The specimens for tensile testing
were prepared in accordance with the GB/T 228.1-2010 standard, and the experiment was
conducted at a rate of 0.01 mm/s at room temperature. The model of the machine in this
test was Instron 5582 (Instron, Boston, MA, USA). The surface topography of the samples
was analyzed using laser scanning confocal microscope (Keyence, VK-X200 series, Osaka,
Japan). All of the measurements were conducted at five different locations and each final
value of micro-hardness, residual stress and surface roughness was the average of the
five tests.



Materials 2021, 14, 4392 6 of 18

3. Results and Discussion
3.1. Microstructure

Ti6Al4V is a typical alloy with dual phase (α + β), and its performance is closely
related to the microstructural morphology [5]. The close-packed hexagonal α phase and
the body-centered cubic β phase constitute the basic phase of Ti6Al4V alloy [28]. The initial
microstructure of Ti6Al4V titanium alloy mainly depends on the cooling rate during the
forming process. The higher the cooling rate, the finer the structure. Because the cooling
rate of the SLM process was as high as 105–106 K·s−1 [29], the microstructure formed was
fine, mainly in the form of dendrite. Figure 4 shows the microstructure of Ti6Al4V formed
by SLM under an optical microscope. It can be seen that a large number of α’ acicular
martensite grains were formed in the original columnar grains, as shown in Figure 4a.
Due to the fact that the β phase did not have the time to convert to α phase during the
rapid solidification of the alloy, tiny acicular martensite was obtained [6,7]. It can be seen in
the test surfaces of SLM-PB-S and SLM-PB-L that primitive columnar crystals were found
to grow along the building orientation. This is because the powder melted and formed
Ti6Al4V melt and nucleated to grow with the substrate as the core in the SLM process when
the laser acted on the first layer of Ti6Al4V powder. In this process, the cooling rate and
temperature gradient were large, and the grain growth direction was consistent with the
temperature gradient (perpendicular to the direction of the substrate). As the subsequent
layering melted and solidified, the melt in the molten pool of the next layer nucleated to
grow as the core of the base section of the previous layer, and the heat is mainly conducted
along the molten pool to the forming direction. Finally, the epitaxially grown β columnar
crystal was formed along the direction of heat conduction. A large number of acicular
α’ grains were distributed in parallel in the columnar crystal, which was consistent with
the research results of Xie et al. [17]. It was found by further observation that most of
the martensite α’ nucleated at the primary β grain boundary. The width of the primary
β phase in SLM-PB-S was 120.26–190.60 µm, as shown in Figure 4c. It is similar to the
results in the literature [23]. However, the width of the primary β phase in SLM-PB-L was
only 40.0 µm, as shown in Figure 4e, which is a unique conclusion compared to existing
literature. In addition, the porosity of the material also changed gradually. Figure 4b
shows that there are small pores on the plane of SLM-VB and no large pores are observed.
SLM-PB-S has larger interlayer pores, as shown in Figure 4d. The number and area of
interlayer pores in SLM-PB-L are significantly larger than SLM-PB-S, as shown in Figure 4f.
It will have a certain impact on the mechanical properties of the materials.
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3.2. EBSD Analysis

The orientation and the geometry information of grains impose a great impact on the
mechanical properties of Ti6Al4V alloys. Therefore, it is necessary to conduct an additional
study of grain size, grain shape and orientation of the test surface of SLM-VB, SLM-PB-
S and SLM-PB-L. Different samples were analyzed by EBSD data such as pole figures
(PF), orientation distribution data and misorientation distribution figures. The grains’
information data were calculated by Mtex-toolbox in Matlab. Considering the crystal
structure, lattice constants or the orientation relationship with the parent phase, α’ phase
and α phase are almost the same. Hence, the content of this part is uniformly described as
α phase. Table 3 shows the partial grain geometry information (mean area, aspect ratio)
of different samples. There are three columns of pictures in Figure 5. The first column
on the left shows the crystal textures of the test surfaces by pole figures. The second
column shows the grain morphologies and grain orientations, and different colors present
diverse orientations. The third column shows the distribution of grain misorientations.
It can be seen that the grain misorientations are mainly distributed in 60–70◦ for the
three samples, and SLM-PB-S has the highest probability density, leading to the most
dislocation accumulation. Further, it may result in good mechanical properties that will
be discussed in later content. Figure 5a–c correspond to samples SLM-VB, SLM-PB-S
and SLM-PB-L. Moreover, the volume fraction for preferred orientation (VFPO) of grains
and grain size (Table 4) were calculated in Matlab software. According to the calculation,
the volume fraction gradually reduced in the order of SLM-PB-S, SLM-VB and SLM-PB-L.
However, the grain size increased in the order of SLM-VB, SLM-PB-S and SLM-PB-L
(0.7566 µm < 1.3032 µm < 1.9453 µm), as shown in Table 4. The smaller grain size was
caused by a higher cooling rate in the SLM process. At the higher cooling rate, the grains
did not have enough time to grow. Further, the test surface of SLM-VB was at the top
during the SLM process, and it had big area exposed to the atmosphere and large thermal
gradient, which led to the high cooling rate. SLM-PB-S and SLM-PB-L, meanwhile, were not
exposed to the atmosphere and were blocked by powder in the SLM process. The powder
reduced the rate of heat conduction, and then the heat accumulation effect was obvious.
Therefore, the samples SLM-PB-S and SLM-PB-L had slower cooling rate and lager grain
size. Moreover, these two samples formed by stacking cladding powder layer by layer.
When the next layer was scanned, heat transferred to the last layer of powder. The process
reduced the thermal gradient of the previous layer of powder cooling and extended the
time for grains to growth. Therefore, SLM-PB-S and SLM-PB-L had larger grain area and
smaller aspect ratio (Table 3).

Table 3. Grain geometry information of SLM Ti6Al4V samples.

Sr. No. Surface Mean Area
(µm2)

Mean Aspect
Ratio

Max Aspect
Ratio

1 SLM-VB 0.35 ± 0.03 3.49 ± 0.08 18.95 ± 0.56
2 SLM-PB-S 1.08 ± 0.05 3.20 ± 0.07 17.29 ± 0.32
3 SLM-PB-L 2.40 ± 0.06 2.66 ± 0.03 8.43 ± 0.16
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Table 4. The VFPO and grain sizes of SLM Ti6Al4V samples.

Sr. No. Surface VFPO (%) Average Grain Size (µm)

1 SLM-VB 21.4714 ± 0.0106 0.76 ± 0.07
2 SLM-PB-S 33.1181 ± 0.0235 1.30 ± 0.09
3 SLM-PB-L 20.2455 ± 0.0089 1.95 ± 0.18

From another point of view, Yang et al. [30] found that in the SLM process, the mi-
crostructure of the material (grain size and phase composition, etc.) was affected by
the distance from the molten pool to the substrate, and that greater distance produced
greater thermal gradient. For SLM-PB-S and SLM-PB-L, the distance L2 (Figure 3) from
SLM-PB-S to substrate was greater than L1 from SLM-PB-L to substrate, so SLM-PB-S
had a larger temperature gradient than SLM-PB-L during the melting and solidification
process, which led to a higher cooling rate. Therefore, the grain size of SLM-PB-S was
smaller than that of SLM-PB-L (Table 4). The high cooling rate in the SLM process led
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to the high proportion of α’ phase. Rapid heat conduction caused thermal undercooling
and dynamic undercooling in the melt pool. Then, columnar β phase transformed to α’
phase. According to the Burgers relation, the β phase transformation to α’ phase abides by
Equations (3) and (4) [31]:

(100)β ↔ (0001)α (3)〈
111
〉

β
↔
〈
1120

〉
α

(4)

All the grains in SLM-VB, SLM-PB-S and SLM-PB-L surface were micron in size.
The shape of grains in SLM-VB, SLM-PB-S and SLM-PB-L followed the rule that the grain
shape changed from fine columnar to coarse columnar. We can draw the conclusion from
the mean area and mean aspect ratio in Table 3. The grain morphology information also
demonstrated the same rule in the second column of Figure 5. Table 3 shows that the mean
grain areas are 0.3451 µm2, 1.0761 µm2 and 2.3986 µm2 and the mean grain aspect ratios
(length/width) are 3.4906, 3.1953 and 2.6612, respectively. The max grain aspect ratios
(length/width) are 18.9547, 17.2892 and 8.4321 for SLM-VB, SLM-PB-S and SLM-PB-L,
respectively. The fine grains may lead to good mechanical properties, which we discuss
later in this paper. The preferred orientations of grains were different in different surfaces
and we can obtain them from volume fractions (Table 4) and pole figures (the first column
in Figure 5). Table 4 shows that the volume fractions of the preferred orientations were
21.4714%, 33.1181% and 20.2455% for SLM-VB, SLM-PB-S and SLM-PB-L, respectively.
The pole figures more vividly show the strength of the texture for different samples. It was
obvious that SLM-PB-S had the strongest texture and SLM-VB and SLM-PB-L were slightly
weaker, which can also be seen from the grain orientation information in the second column
of Figure 5. SLM-PB-L had the weakest texture of the samples. An interesting phenomenon
was found, that the growth of grains was based on the preferred orientations from Figure 5.
Most of the (1000) lattice planes were close to the extension direction perpendicular to the
grains. This is because the surface energy of (1000) is the largest and the growth rate is
the fastest. Table 5 shows two-phase ratios of SLM-VB, SLM-PB-S and SLM-PB-L, which
were calculated by Mtex tool box in Matlab. By analysis, α phase accounted for 99.78%
and β phase accounted for 0.22% in SLM-VB, while in SLM-PB-S, α phase accounted for
99.43% and β phase accounted for 0.57%. The volume fractions of dual phases are closely
related to the cooling rate in the SLM process. A higher cooling rate tends to result in
more transition from β phase to α phase. The data size relationship of biphasic ratio (β/α)
between SLM-VB and SLM-PB-S in this paper and samples in the literature [17] is the same.
The relative change in the biphasic ratio (β/α) of these two samples is 61.19%, which is
quite different from 35.54% in the literature [17]. This may be due to the fact that SLM-2 is
smaller in size compared to SLM-1 in the literature [17], resulting in a higher conversion
rate from β phase to α phase. Therefore, it is necessary to limit the sample size and test
surface size while studying the impact of building orientation on microstructure. In SLM-
PB-L, α phase accounts for 99.46% and β phase 0.54%. The volume fraction of α phase
and β phase and their respective properties have important effects on the final mechanical
properties of the samples. Compared with α phase, β phase has higher plasticity but lower
strength and hardness. Therefore, the proportion of α and β phases will have an important
effect on the mechanical properties of materials, discussed later in this paper.

Table 5. The volume fraction of α phase and β phase.

Sr. No Surface Volume
Fraction-α (%)

Volume
Fraction-β (%)

Volume Ratio
(β/α) (%)

1 SLM-VB 99.78 ± 0.04 0.22 ± 0.03 0.222 ± 0.029
2 SLM-PB-S 99.43 ± 0.01 0.57 ± 0.01 0.572 ± 0.011
3 SLM-PB-L 99.46 ± 0.02 0.54 ± 0.01 0.543 ± 0.010
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3.3. Densification

Density is an important index to measure the manufacturing quality of additive
manufactured parts [32]. Generally, due to its layered and superimposed manufacturing
process characteristics, the SLM manufacturing method has a high degree of freedom in
processing, which can be used in the manufacturing of complex structural parts that are
hard to prepare by conventional material reduction technology [33]. It greatly improves the
production efficiency. However, in the SLM process, with high laser heat input and high
temperature gradient, the melting and solidification process of powder will be completed
in a very short time, and the gas in the melt cannot be completely split in a short time,
causing pores in the tissue and affecting the density of the formed samples [32]. The density
of the samples was measured by Archimedes’ principle. The measurement result showed
that the relative density of the samples decreased in the order of SLM-VB, SLM-PB-S and
SLM-PB-L, and the values were 97.94%, 96.61% and 95.64%, respectively, as shown in
Figure 6. The building orientation of the samples was the main reason for the density
difference. SLM-VB was formed by laser scanning, with relatively sufficient powder
melting, it had less unmelted powder on the surface and low porosity. However, SLM-PB-S
and SLM-PB-L were formed by powder melting and stacking forming, so large pores easily
formed between layers with large thermal gradient value. In addition, because the latter
surface needed to be rotated by 72◦ on the basis of the previous surface during the scanning
process, the thermal gradient values of different areas of the forming surface during the
interlayer stacking process were greatly different. It caused the melt to flow unsteadily
and the powder to melt inadequately. Eventually, many pores were formed in the samples.
The difference in porosity between SLM-PB-S and SLM-PB-L was mainly because different
surfaces contacted the substrate. SLM-PB-S was stacked layer by layer with an area of
L1 × L3 mm2, while SLM-PB-L was stacked layer by layer with an area of L2 × L3 mm2.
Therefore, the stacking area of SLM-PB-S was smaller, which resulted in shorter single-layer
scanning time, and the heat was transferred from the next layer to the previous layer more
efficiently. Further, the powder melted more fully, the melt flowed more steadily and
spread more evenly, the porosity was lower and the relative density value was higher.
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Figure 6. Density of different samples.

In this section, the data of SLM-VB and SLM-PB-S have the same size rule with
0◦and 90◦ samples in the literature [24]. It is worth noting that the difference between
the two values in this paper is 1.33%, while the difference in the literature [24] is 0.43%.
This demonstrates that it is necessary to limit the geometry of the samples fabricated under
different building orientations.
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3.4. Residual Stress

The residual stress analysis of SLM Ti6Al4V fabricated under three different building
orientations is novel. Generally, residual stress is harmful in that it causes material deforma-
tion and cracks, which adversely affect the structural integrity and service performance of
the material [34–36]. Due to the high temperature gradient and rapid melting and cooling
process in the SLM process, it is easy to produce uneven plastic deformation, resulting in
residual stress [2,34]. Experimental residual stress results of SLM samples are shown in
Table 6. The calculation principle is the Von Mises principal stress model:

σeq =

√
1
2
[(σa − σb)

2 + (σb − σc)
2 + (σc − σa)

2 + 6(τ2
ab + τ2

bc + τ2
ca)] (5)

where σeq is identified as equivalent stress; σa, σb and σc are stress components in X, Y and
Z direction in cartesian coordinates; and τab, τbc and τca are shear stress corresponding to
XY, YZ and ZX planes.

Table 6. The residual stress results of the surfaces of different samples.

Sr. No Test Surface Residual Stress (MPa)

1 SLM-VB 379.8 ± 89.2
2 SLM-PB-S 246.6 ± 31.6
3 SLM-PB-L 233.3 ± 67.6

The data show that the residual stress is all tensile stress (+). It is not expected. In fact,
compressive stress is beneficial to the mechanical properties of materials and prevents the
initiation and propagation of cracks to a certain extent [34,37]. On the contrary, tensile
stress promotes the initiation and propagation of cracks. In the AM process, residual stress
is generated during the solidification of the powder after melting, and the thermal gradient
and shrinkage are the main reasons for the residual stress of parts [38]. In addition, related
research shows that an important factor affecting the residual stress of the workpiece is
the residual heat in each layer of the part. If more residual heat remains in the part, it will
have greater residual stress value [39]. The experimental results show that the residual
stresses of the SLM samples are all tensile stresses, and SLM-VB > SLM-PB-S > SLM-PB-L.
SLM-VB had the highest temperature gradient during the SLM process, and its distance to
the substrate was significantly higher than that of SLM-PB-S and SLM-PB-L. This was a
major reason why the sample SLM-VB had the largest temperature gradient. In addition,
the results of sample densification (Figure 6) show that SLM-VB had the highest density
value among the three samples and the smallest porosity (see Figure 4). Low porosity
is detrimental to the diffusion of residual heat, so its residual heat in the part led to the
greatest residual stress. Compared with SLM-PB-L, SLM-PB-S had a larger distance to the
substrate and lower porosity, so it had a higher temperature gradient and more residual
heat remaining in the parts. Accordingly, the residual stress value of SLM-PB-S was greater
than that of SLM-PB-L.

In this section, the data size relationship between SLM-VB and SLM-PB-S is the same
in this paper as in samples 0◦ and 90◦ in the literature [24]. The relative change in the
residual stress of the first two samples is 35.07%, which is quite different from 48.95% in
the literature [24]. This is due to the different size and shape used in 0◦ and 90◦ samples
in the literature [24], which led to the difference in thermal gradient and heat transfer
efficiency. Therefore, it is necessary to limit the sample geometry while studying the impact
of building orientation on mechanical properties.

3.5. Micro-Hardness

Currently, research on the building orientation of SLM Ti6Al4V rarely involves the
measurement of micro hardness, but this is an important factor of mechanical properties.
In this paper, the micro-hardness of the SLM samples were measured and the result were
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given in Figure 7. During the forming process of SLM, there was a large temperature
gradient inside the molten pool and the existence time of the molten pool was extremely
short. In the process of β phase transition, the β phase did not have time for the equilib-
rium transformation, and directly formed the martensite α’ structure. The fine acicular
martensite structure caused the formed specimens to exhibit higher hardness. By measur-
ing the micro-hardness, it is found that the microhardness of the SLM samples decreased
(333.5 HV > 318.2 HV > 303.5 HV) gradually as SLM-VB, SLM-PB-S and SLM-PB-L. Ac-
cording to the results of EBSD analysis, this was mainly caused by the gradual refinement
of the sample grain. On the other hand, grain refinement increased the number of grain
boundaries, which improved the surface resistance to indentation of the samples, and thus
improved the micro-hardness. In addition, due to the difference in mechanical properties
between α phase and β phase, the microhardness of samples will also be affected. Gener-
ally, the hardness and strength of α phase are higher than β phase, so the distribution of α
phase and β phase also has an important influence on the microhardness of the materials.
With the sample change according to SLM-VB, SLM-PB-L and SLM-PB-S, the proportion of
α phase showed the following pattern as shown in Table 5: SLM-VB (99.78%) > SLM-PB-L
(99.46%) > SLM-PB-S (99.43%). It can be seen clearly that SLM-PB-S and SLM-PB-L were
very similar in the proportion of α phase, but the proportion of α phase in SLM-VB was
significantly higher than the other two. Therefore, the microhardness of SLM-VB was
significantly higher than that of SLM-PB-S and SLM-PB-L. In addition, sample density had
the following size relationship (see Figure 7): SLM-VB > SLM-PB-S > SLM-PB-L. The poros-
ity of the samples had the following relationship: SLM-VB < SLM-PB-S < SLM-PB-L (see
Figure 4). The two aspects were also the main reasons for the change in the hardness of the
samples’ regularity. On the other hand, due to the large temperature gradient during the
forming process, the residual stress inside the formed specimens increases the hardness to
a certain extent. The residual stress data of the samples are given in Table 6. This counts
for the fact that SLM-VB has the largest hardness and SLM-PB-L has the smallest hardness.
To sum up, smaller grain size, more grain boundaries, higher content of α phase, greater
density and smaller porosity resulted in higher micro-hardness value of samples.
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Figure 7. Micro-hardness values of samples.

3.6. Tensile Properties

To obtain the strength and plasticity of the samples, the tensile test was conducted.
Figure 8 shows the engineering stress-strain curves of the three samples. The relationship
among the tensile strength of three samples was as follows: SLM-PB-S > SLM-PB-L >
SLM-VB. Their values were 1214.85 MPa, 1210.83 MPa and 1182.57 MPa (Figure 9a). It also
showed the yield stress of the samples, which has the same relationship with the ultimate
tensile strength. Compared with the ultimate tensile strength, the yield strength changed
more obviously. The size relation of the elongation of samples can be obtained from
Figure 9b as follows: SLM-PB-S > SLM-PB-L > SLM-VB. The values were 11.81%, 6.79%
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and 6.14%, respectively. It is worth noting that from SLM-VB, SLM-PB-L and then to
SLM-PB-S, the β phase proportion of the samples gradually increased (Table 5), and the
texture of the samples also gradually enhanced (Table 4), which were the main reasons
for the enhanced ductility of the SLM samples. Compared with SLM-PB-S, SLM-PB-L has
higher porosity, lower relative density and lower grain misorientations (leading to less
dislocation accumulation) which are also the main reasons for its lower tensile strength
than SLM-PB-S.
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Figure 9. Results of tensile properties for SLM Ti6Al4V samples. (a) Ultimate tensile strength and yield strength data; (b)
percentage elongation data.

3.7. Surface Topography

The evaluation of surface morphology has always been an important indicator of
AM samples, because the surface quality of the formed parts directly affects the service
performance of the components [40]. Therefore, it is meaningful to analyze the surface
quality of the SLM samples fabricated in different building orientations. The test surfaces
of SLM-VB, SLM-PB-S and SLM-PB-L were measured and are shown in Figure 10. There
are three columns of pictures in Figure 11. The first column on the left shows the curve
of roughness value (Ra) of different samples, while the second column shows surface
morphology photographed by a laser confocal microscope. The third column shows 3D
surface morphology of samples. As shown in the second column of Figure 11a, quantities
of laser trajectories were observed in SLM-VB and its width was 60 µm, which was equal
to beam spot diameter. There were few unmelted powders that led to smallest surface
roughness among the three samples and its value was 8.514 µm. Figure 11b depicts the
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surface topography of SLM-PB-S, and it shows that its roughness was obviously worse
than that of SLM-VB. There were many partially melted powders bonded to the SLM-
PB-S surface, which caused rough surface. Its average value was 15.146 µm. The results
of Figure 11c showed that in the SLM-PB-L surface condition, there were also a lot of
partially melted powders, and its surface roughness was slightly worse than that of SLM-
PB-S. In terms of roughness, it was the largest among the three samples whose value was
18.310 µm. After analysis, different building orientations led to different forming methods
of SLM samples. SLM-VB was formed by laser scanning, but SLM-PB-S and SLM-PB-L
were formed by stacking powder layers. Single scanning forming is more sufficient in
powder melting and melt flow than interlayer stack forming. As for the difference in surface
quality between SLM-PB-S and SLM-PB-L, the effect of heat accumulation was considered.
The heat transfer modes of the SLM-formed surfaces in different building orientations are
quite different. The heat transfer modes of the forming process are mainly divided into
three types: heat transfers along the formed sample to the substrate, heat transfers along the
formed sample to the powder and transfers to the gas environment, as shown in Figure 1.
Among the three heat transfer modes, the heat transfer efficiency is the highest along the
formed piece to the substrate. Due to the different building orientation of SLM-PB-S and
SLM-PB-L, the short side L1 of SLM-PB-S was in contact with the substrate compared with
the long side L2 of SLM-PB-L in contact with the substrate, which reduced the proportion
of heat conduction toward the inside of the substrate along the vertical direction. Therefore,
it slowed down the heat transfer efficiency during the forming process. As the powder
melted more fully, the melt flow was more stable, the spreading was uniform and the
surface roughness value was lower.
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4. Conclusions

In this paper, the influence of building orientation for SLM Ti6Al4V with specific
geometry on the microstructure, texture, mechanical and surface properties were studied
comprehensively. For horizontal building orientation, the influence of two different contact
modes with the substrate on the microstructure, mechanical and surface properties of the
SLM samples was studied. In addition, the necessity of limiting the geometry of samples
and test surfaces was verified by comparing the study with existing results in the literature.
The influence mechanisms of building orientation on multiple factors of microstructure,
mechanical and surface properties of SLM Ti6Al4V were clarified. To sum up, the following
conclusions are reached.

(1) In the SLM process, different building orientations resulted in different contact areas
between the workpiece and the substrate, atmosphere and powder, which affected
the heat conduction effect of the forming process. It led to different cooling rates
(SLM-VB > SLM-PB-S > SLM-PB-L). The primary β phase was found in SLM-PB-S and
SLM-PB-L, and the width of the primary β phase had the following size relationship:
SLM-PB-S > SLM-PB-L. All the primary β phases grew along the building orientation.

(2) The grain size, texture strength and two-phase distribution were greatly affected by
the building orientation. High cooling rate was conducive to grain refinement and
not conducive to the retention of β phase. The sample grain size relationship is as
follows: SLM-VB < SLM-PB-S < SLM-PB-L. The texture strength relationship is as
follows: SLM-PB-S > SLM-VB > SLM-PB-L. The ratio of β/α is as follows: SLM-PB-S
> SLM-PB-L > SLM-VB.

(3) The density, residual stress and surface roughness of the samples were also signif-
icantly affected by the building orientation. A high cooling rate led to insufficient
melting of powder, resulting in high porosity, which led to a lower density. It also led
to uneven plastic deformation, which in turn led to large residual stress. The density
relationship of the obtained samples was: SLM-VB > SLM-PB-S > SLM-PB-L. In terms
of residual stress, they are all tensile stress, and the size relationship was as follows:
SLM-VB > SLM-PB-S > SLM-PB-L. The surface roughness was significantly affected
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by the forming method, heat transfer type and efficiency, and its value relationship
was expressed as: SLM-VB < SLM-PB-S < SLM-PB-L.

(4) With the change in building orientation, the mechanical properties such as microhard-
ness, tensile strength and elongation of the materials also changed greatly. Smaller
grain size, stronger texture, larger grain misorientations, smaller porosity and higher
density are beneficial to the improvement of mechanical properties. In addition,
a high proportion of β phase tends to improve the ductility of the material.

(5) From conclusions (1) to (4), it was found that SLM-PB-S exhibited denser microstruc-
ture and better mechanical properties than SLM-PB-L. Therefore, the study on the
different modes of horizontal building orientation is significant. The findings of
this paper are helpful in selecting proper building orientation in the SLM process.
For SLM Ti6Al4V samples, the shorter side in contact with the substrate is benefi-
cial to obtain better mechanical properties when they are fabricated with horizontal
building orientation.
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