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Abstract
Among additive manufacturing technologies, Laser Powder Bed Fusion (L-PBF) is considered the most
widespread layer-by-layer process. Although the L-PBF, which is also called as SLM method, has many
advantages, several challenging problems must be overcome, including part positioning issues. In this
study, the effect of part positioning on the microstructure of the part in the L-PBF method was
investigated. Five Ti6Al4V samples were printed in different positions on the building platform and
investigated with the aid of temperature, porosity, microstructure and hardness evaluations. In this study,
martensitic needles were detected within the microstructure of Ti6Al4V samples. Furthermore, some twins
were noticed on primary martensitic lines and the agglomeration of β precipitates was observed in
vanadium rich areas. The positioning conditions of samples were revealed to have a strong effect on
temperature gradients and on the average size of martensitic lines. Besides, different hardness values
were attained depending on sample positioning conditions. As a major result, cooling rates were found
related to positions of samples and the location of point on the samples. Higher cooling rates and
repetitive cooling cycles resulted in microstructures becoming �ner and harder.

1. Introduction
Additive manufacturing (AM) processes are considered game-changer in the industrial �eld due to their
ability to produce complex geometries without waste of feedstock material [1]. In particular, Powder Bed
Fusion additive manufacturing technologies, which includes selective laser melting (SLM) and electron
beam melting, are used to manufacture prototypes and small series of metallic complex parts [2]. In the
SLM process a wide range of materials is available for many applications and novel materials can be
developed for speci�c applications [3]. SLM technique comprised many advantages such as complex-
shaped, light weighted and custom-made part manufacturing; nevertheless, some issues like hot cracks,
residual stresses, porosities and lack-of-fusion defects can be present in SLM parts [4]. Lack of fusion
defects occurred due to inadequate laser energy density. To prevent this defect, the energy concentration
must be tuned by changing the manufacturing parameters [5]. The heating of the building platform is
generally performed to decrease thermal stresses and reduce the formation of hot cracks within the
material microstructure [6]. The relation between thermal gradient and residual stress was revealed by
experimental methods and �nite element analysis in ref. [7, 8].

Different thermal histories can lead to substantial differences in terms of microstructural and mechanical
properties of the �nal component [9]. Estimating and controlling the microstructure of the processed
material would be bene�cial to achieve enhanced mechanical properties [10]. Many parameters such as
laser speed, energy density, layer thickness and hatch distance affect the microstructure of materials
during SLM process. Furthermore, some extra parameters that affect material microstructure should be
considered, including orientation and position of components on the building platform and temperature
distribution [11].
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Ti6Al4V is widely used for additive manufacturing of components that are employed in medical and
aerospace industries due to its lightness, biocompatibility and good compromised of mechanical
properties [13]. Several studies regarding the effect of manufacturing parameters on Ti6Al4V
microstructure were published [14, 15]. Parameter optimization was accomplished to obtain small grains
and homogenous microstructures [16]. Numerous studies addressed the investigation of microstructural
defects such as cracks, and lack of fusion pores [17]. Grains of α'-phase and acicular martensite needles
were found within the microstructure of T6Al4V produced by SLM [18]. As the cooling rate increases, the
microstructure shows a higher quantity of martensite, leading to an embrittlement of the material [12]. In
addition to that, some of the thermal situations could cause differences in the microstructures. In
particular, higher grades of additional martensitic lines, dislocations, and twins emerged [19]. Prior
researches have emphasized that twins which were restrained the elongation of martensitic lines and
lead to precipitation of �ne grains, lead to increased mechanical properties. Furthermore, secondary
martensite lines affected the mechanical properties of materials as well. Some authors have driven the
further development of the additive manufacturing of Ti6Al4V considering the effect of process
temperatures and cooling rates on the �nal microstructure. The complexity of the microstructure
consisted of a large martensitic lines, arising of secondary, ternary and quaternary martensitic lines,
dislocations and twins [20, 21].

In this study, samples of Ti6Al4V were produced by SLM placed in different positions on the building
platform in order to evaluate the effect of temperature distribution and cooling rate on the microstructure
and porosity of the material. Moreover, the effect of different microstructure on the �nal hardness of
samples was evaluated.

2. Materials And Methods
The chemical composition of the gas-atomized Ti6Al4V powder is reported in Table 1.

Table 1
Chemical composition of

Ti6Al4V
Material % by weight

Titanium 89.7

Aluminum 5.9

Vanadium 4.2

Iron 0.1

Oxygen 0.1

A EOS M280 DMLS system was used to produce cubic samples using the gas-atomized Ti6Al4V powder.
The majority of prior researchers have found that the optimum parameters were de�ned as 1250 mm/s
scanning speed, 170 W laser power, 0.7 mm hatching distance, 0.03 mm layer thickness, 67° rotational
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scanning, and 50.7 J/mm3 energy density [22]. Purity of argon gas was 99.999% to guarantee a
controlled atmosphere during the process. The cubic samples were sized as 10x10x10 mm3. The
distance between cubes was 5 mm. The distribution of the samples on the building platform is depicted
in Fig. 1. Besides, 2 mm block type support structures were implemented. Manufactured samples were
cut from the build platform by wire electrical discharge machine.

The temperature distribution of the samples was inspected during manufacturing. The temperature of
molten materials was found by the experimentally validated thermal camera measurements. Curves of
temperature were achieved by Optris PI160 thermal camera system with 120 Hz frequency. The camera
system was installed at the top surface of the manufacturing cabin to focus on the manufacturing
platform. The camera recorded videos from 350 mm far away from the build platform at 14o. The
emissivity value of Ti6Al4V material was experimentally de�ned between 0.31 and 0.38 depending on the
temperature. The thermal image was focused on samples in order to compute the cooling rate
experienced by the sample. The manufactured samples were cut to analyze two sections (top and middle,
respectively) as reported in Fig. 1c. The relative density investigation and measurement of martensite lath
width were carried out through image proccessing by using Image J software. Photos of 5 different areas
on the surface of each sample were taken by optical microscope with 20x optical magni�cation. ImageJ
software was used to investigate the relative density values. Microstructure analysis was carried out by
Nikon Eclipse LV150NL light optical microscope (LOM) and by Zeiss Sigma 500 �eld emission scanning
electron microscope (FE-SEM) equipped with Oxford Instruments Ultim Max detector for energy dispersive
X-ray analysis (EDS). Leica Mod. VMHT 30 tester was used to evaluate the hardness of samples. A load
of 100g and a dwell time of 15 seconds were used to perform hardness tests. The hardness test was
applied according to the ASTM E92-17 standard [23].

3 Results And Discussions
The temperature of the samples was recorded during the manufacturing process. The maximum
temperature values of the top and middle sections of each sample are shown in Fig. 2. The maximum
temperature value increases from the middle to the top section for every investigated sample, indicating
that the material experiences a heat accumulation during the manufacturing process. The accumulation
phenomenon was particularly evident on sample 3, probably due to its proximity to other samples and
limited heat transfer condition (Fig. 1). Moreover, heat transfer mechanism, geometry and positioning of
samples have a strong in�uence on the temperature gradients experienced by the material. [24, 25].
Temperature values obtained by the thermal camera were consistent with the literature [26].

The sections of samples parallel to the building platform were investigated by optical microscope in order
to perform relative density analysis. The porosity values of samples are reported in Fig. 3 and range
between 0.02% and 0.05%. Mean Standard deviation of the results was found as 0.005%.The middle
section of the samples shows lower porosity values than those of the top section, probably due to the
different thermal experience during the process. Indeed, higher maximum temperature values can
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promote the formation of a larger quantity of sputters, exhaust gasses and residues of burnt materials
during the laser scan [27–30]. These phenomena can also cause increased porosity.

The section of as-built samples parallel to the building platform was etched by Kroll’s reagent and
investigated by optical and SEM microscopes. Surfaces of the samples were observed with 50x and 200x
OM magni�cation, as reported in Fig. 4. The martensitic α' phase is noticeable within the microstructure
of all investigated sections, in good agreement with literature results [31, 32].

SEM analyses were carried out on samples to observe the microstructure of the as-built material. Results
are reported in Fig. 5. Martensitic laths with different thicknesses are visible within the microstructure of
the as-built material. In particular, thin martensitic laths were recognized on the top surface of the
samples (Fig. 5A-B), while thick martensitic laths were observed in the middle section (Fig. 5C-D). It was
thought that the higher maximum temperature values achieved in the top section as seen (Fig. 2). This
could lead to lower cooling rates due to lower temperature gradient, which was related to cooling through
the melting temperature to mean layer temperature. Mean layer temperature increased during
manufacturing from 35oC to 75oC. Although this phenomenon was assumed to promote the formation of
thicker martensitic needles due to the temperature gradient of the layer, microstructure was observed
opposite. It was occurred owing to more effectual repetitive laser heating and cooling cycle in the middle
section than the top section. Similar to this study, it was found that primary and secondary α′ martensites
were a little coarsening, while the �ner ternary and quartic martensite laths were forming [21]. The High
magni�cation SEM images are shown in Fig. 6. Similar in the literature, twins were seen on the primary
martensitic laths. Besides, primary, secondary and ternary α' martensitic laths were ascertained in the as-
built microstructure. Thermal history induced severe internal stresses caused dislocations such as twins.

Figure 5. SEM images of Back sample, top surface (A), Center sample, top surface (B), Back sample,
middle surface (C), Center sample, middle surface (D)

SEM images reported in Fig. 7 shows the evidence of white spots within the microstructure of the as-built
material. These spots can be ascribed to the β phase, probably related to agglomerations of vanadium
atoms. Indeed, the β phase can appear in form of white spots due to the higher vanadium content that
results in a brighter contrast [33, 34].

Finally, the widths of primary martensitic laths were measured in order to understand the in�uence of the
building position and maximum temperature of samples on the �nal microstructure. Results were
reported in Fig. 8. The widths of martensitic lines were measured on 7 different laths with SEM images.
Mean standard deviation of the measurements was calculated as ± 0.135 µm. Thinner martensitic laths
are visible on top sections of both center and back samples. Besides, each sample had a different mean
width of martensitic laths depending on the temperature distribution during the manufacturing process.
The samples which are placed nearby the argon gas inlet were cooled faster according to temperature
values of samples (Fig. 2). Thus the maximum temperature results observed higher far samples from the
gas inlet. This phenomenon led to emerging thinner martensitic lines on neighboring �elds to argon gas
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�ow due to lower temperature gradient. Moreover, front areas of each sample had thicker martensitic
lines than the back sides of the samples as seen in the Fig. 5. While coarser primary martensite laths
were formed, �ner grains were existed due to forming secondary, tertiary and quartic martensite laths.
Besides, in nearby areas such as edges and corners of two adjacent samples, secondary heat effects
were noticed by analyzing the width of martensitic lines according to the observations in Fig. 5. In
general, it is believed that the width of martensitic laths on sample 3 is larger than that of sample 5 due
to heat concentration on the center of the building platform.

Micro hardness tests were performed both on top and middle sections of samples on center point, side
edges and corners. Micro hardness values of the center point of samples are shown in Fig. 9, Fig. 10 and
Fig. 11, respectively. Top section of the samples shows lower micro-hardness values than those of middle
sections, probably due to the complexity (further α phase transformations) of the microstructures.
Although the primary martensitic lath width of the top section was �ner, additional martensitic lines (�ner
than the primary martensitic lath) on the middle section lead microstructure to more complex than the top
section. Though the primary martensitic laths of the middle areas were larger than the top areas, middle
areas were observed more complex than the top areas in the light of Figs. 5 and 6. Signi�cantly, lower
hardness values were noticed on sample 3 than sample 5 due to coarser laths. Since the position of the
back sample is closer to the gas inlet, higher cooling rate can be experienced by the material, leading to
higher micro-hardness values. The hardness of the edges and the corners were similar. Even though the
hardness values at the center of the samples were distinctly constant, however, the edges and the corners
of the samples ought some scattered values of micro hardness, since the cooling rate of the side
surfaces were higher than the center areas owing to heat transfers. Accordingly, the hardness on edges
and corners were ranged between 365–400 HV and micro hardness values at the center points varied
between 390–400 HV. The results were similar with previous studies wherein the hardness of the Ti6Al4V
material in PBF additive manufacturing was measured between 330–400 HV [35].

Mean standard deviations of micro hardness values were found as ± 9.75HV. According to previous
results, the micro-hardness of samples �uctuates depending on the section and position of the samples
on the building platform. Side surfaces, edges and corners were adequate owing to the resistance to
friction, internal/residual stresses and deformations. Nevertheless, in case of the reaching excessive
hardness, outer surfaces would be brittle. Therefore, unexpected failure mechanisms could be occurred.

4 Conclusions
In this study, the effects of positioning of samples on the manufacturing platform were investigated by
various methods. Remarkable results were identi�ed as seen below.

1. Some residues and exhaust gasses came in sight during the melting powders by the laser. Some
additional constituents in the powders were burned and the residues which came up by the melting
process were relocated to the sample 1 owing to the argon gas �ow. Hence, the sample 1 was
affected negatively and had a high porosity rate more than the others.
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2. Temperatures of all samples were linearly increased during manufacturing. The temperature gradient
on the samples was not homogenous due to their positions on the building platform. Remarkably,
the temperature on sample 3, located at the center of the platform, had higher temperature values
and lower temperature gradient than the others. Sample 3 had boundary conditions that made heat
transfer di�cult due to being surrounded by other samples.

3. The top section of samples showed thinner primary martensitic lines than the middle (inner) section
but also the minimum primary martensitic line widths of the middle section were thinner than top
section. The middle section of samples included secondary and ternary numerous sub-martensitic
lines more than the top section. Furthermore, the center of the samples included thicker martensitic
lines than side areas. As the laser melting the upper layers, previous layers were in�uenced. Further,
heat performs like heat treatment upon the material. Upper layers of samples had fewer complex
microstructures.

4. The most signi�cant differences in temperature and hardness were noticed between the sample 3
and 5 since the higher cooling rate was observed on the back sample due to its closer position to gas
�ow hole. Higher cooling rates prompted to acquire harder samples because of martensitic
transformation. Middle sections of samples had higher hardness values than the top section due to
the complexity of α' phases and it was associated with multiple quenching of the material.
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Figures

Figure 1
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A. Schematic of position of samples on building platform; B. Photo of manufactured samples; C.
Schematic of analyzed sections

Figure 2

Peak temperatures on manufactured samples

Figure 3

Porosity ratio of samples with regard to positions
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Figure 4

A) Low-magni�cation and B) high-magni�cation optical images of the section parallel to the building
platform of as-built samples
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Figure 5

SEM images of Back sample, top surface (A), Center sample, top surface (B), Back sample, middle
surface (C), Center sample, middle surface (D)
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Figure 6

Twins and additional martensitic lines in α’ phase
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Figure 7

Agglomeration of β precipitates in the α’ martensitic phase
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Figure 8

Primary martensitic lath width for different sections of samples
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Figure 9

Micro hardness values of center point of samples
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Figure 10

Micro hardness values of edge of samples
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Figure 11

Micro hardness values of corner of samples
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