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Abstract. The focus of this work has been microstructure characterisation of Ti-6Al-4V
manufactured by five different additive manufacturing (AM) processes. The microstructure
features being characterised are the prior B size, grain boundary o and a lath thickness. It was
found that material manufactured with powder bed fusion processes has smaller prior B grains
than the material from directed energy deposition processes. The AM processes with fast
cooling rate render in thinner o laths and also thinner, and in some cases discontinuous, grain
boundary a. Furthermore, it has been observed that material manufactured with the directed
energy deposition processes has parallel bands, except for one condition when the parameters
were changed, while the powder bed fusion processes do not have any parallel bands.

1. Introduction

Additive manufacturing (AM) has emerged as a promising manufacturing process for components
with complex geometries and low lot sizes. Many different AM processes for metals have been
developed [1-7], having different characteristics. Directed energy deposition processes where wire is
used are preferred when higher deposition rates are wanted while powder bed fusion processes are
better for manufacturing of parts with higher complexity. Titanium has high affinity to oxygen and if
not protected in inert atmosphere during manufacturing, this will create a brittle surface layer beneath
the metal surface called alpha case [8], which may significantly reduce important mechanical
properties. The high oxygen affinity makes the production process of titanium sponge complex, which
is one of the reasons why titanium metal is more expensive than e.g. steel. Furthermore, when taking
into consideration manufacturing of components, titanium parts become even more expensive in the
sense that up to 80% [9] of the original titanium material is machined away when using conventional
subtractive manufacturing processes. Additive manufacturing is therefore extra attractive when
considering making titanium alloy components. Additive manufacturing takes place in inert
atmospheres, usually in argon gas or in vacuum. The loss of expensive titanium metal during AM is
low for all processes. For powder bed fusion processes the powder that is not melted during the build
can be recycled over and over again, making the final usage up to almost 100%, compared to
conventional subtractive manufacturing with buy-to-fly ratios as low as 20% [9]. The typical
microstructure of additive manufactured titanium consists of columnar prior beta () grains (see
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section 3.1 for examples of prior B grains) that grow epitaxially [4,10-11] across several layers. When
cooling below the B transus temperature alpha (o) phase starts to form, first at the B grain boundaries
and then, depending on cooling rate, the a phase grows along the B grain boundaries or into the 3
grains in a platelet form (see figure 1 for examples of grain boundary a and a laths). The extent of
alpha phase at the prior B grain boundaries as well as the size and distribution of a laths inside the
prior B grains depend on cooling rate [2,6,12-14]. Faster cooling rates render in less or no alpha phase
at the prior B grain boundaries, whereas the size (length/thickness) of individual a laths decreases with
increasing cooling rate. Parallel band morphology is sometimes found in AM materials and could
easily be interpreted as the deposited layers, which is not the case. As discussed by Kelly et al. [15] the
parallel bands are rather a macroscopic phenomenon that is dependent on peak temperature, time at
peak temperature and cooling rate. The aim of this work is to present typical microstructures and
quantitative results of selected microstructure features that are characteristic for Ti-6Al-4V material
built with the five chosen AM processes. It should be pointed out that significant variation of
microstructures can be achieved within each AM process by varying the process parameters. As an
example of that, Ti-6Al-4V material was built with Laser Metal wire Deposition (LMwD) using two
different process parameter settings (LMwD-0 and LMwD-2).
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Figure 1. An example of a Ti-6Al-4V microstructure where the whlte ‘dotted lines show the grain
boundary a and the white arrows examples of o laths.
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2. Method

In this work, the microstructure in material built from five different AM processes have been
characterised, regarding the prior  grain size, o lath thickness and grain boundary a. The chosen AM
processes for this investigation are LMwD, where a laser is used as energy source and a wire for
deposition of material. Two differently built batches of material from this AM process have been
investigated, one in which each layer was deposited continuously (LMwD-0) and one which included
a two minutes break between each added layer (LMwD-2). Laser Metal powder Deposition (LMpD) is
also investigated here, which is an AM process where laser combined with blown powder is used.
TIG-torch energy source combined with wire is yet another process that has also been included in this
work and it is here called Shaped Metal Deposition (SMD). These three AM processes (LMwD,
LMpD and SMD) belong to the directed energy deposition group of AM processes. Two powder bed
fusion processes were also investigated - Electron Beam Melting (EBM), where an electron beam is
used as energy source, and Selective Laser Melting (SLM), where a laser beam energy source is used.
The SMD sample received a post heat treatment of 670 °C/2h, while the LMwD samples were
exposed to 704 °C/2h. These heat treatments were performed for releasing stresses and do not affect
the microstructure [16]. For the LMpD sample no post heat treatment was performed. The powder bed
fusion materials were built using an EOS 290 machine (SLM) and an Arcam Q20 machine (EBM).
None of the powder bed fusion materials where post build treated. In this work cross-sections
perpendicular to the layers were characterised, i.e. cross sections across many layers. The sample



IMRM-CTCMSM IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 258 (2017) 012007 doi:10.1088/1757-899X/258/1/012007

preparation was done according to conventional processes for titanium alloys. To reveal the
microstructure, the samples were etched by Kroll’s etchant consisting of 92 ml distilled water, 6 ml
HNO; and 2 ml HF. The microstructure characterisation was done using a light optical microscope
(LOM, Nikon Eclipse MA200) and its software (NIS Elements BR) and a stereomicroscope (Nikon
SMZ1270).

The prior B grain measurements were performed in accordance to ASTM 112-13 [17] and by using
large image stitching in the LOM. However, in order to measure the prior f grain size accurately,
before each measurement the prior B grain boundaries were carefully marked in the images at a higher
magnification by using an image editing software (Photoshop CC 2015), with stereomicroscope
images taken into consideration. In total 500 prior B grain size measurements were done per sample.
The grain boundary a thickness was measured by using a grid tool in the LOM to avoid biased results
and to obtain a more accurate average value of the thickness. A grid of squares (each square: 100x100
um) was applied in the live image and within squares having grain boundary o one measurement was
conducted. In total 200 measurements per sample were carried out.

The o laths were measured in five different areas on each sample; see illustrated location of the
measurements in figure 2, denoted A-E in the EBM sample. In total 200 measurements per area were
conducted, i.e. 1000 measurements per sample.

3. Results and discussion

3.1 Prior beta grains

In figure 2 macroscopic LOM overview images of Ti-6Al-4V material built with the five different AM
processes are shown. Two characteristic prior B grains have been indicated with white dotted lines in
the LMwD-0 and SLM materials. In Figure 3 the result of the prior  grain size measurements are
summarized. Here it can be seen that material from the powder bed fusion processes (EBM and SLM)
have smaller prior B grain size than the material built using directed energy deposition processes
(LMwD, LMpD and SMD). This is clear also when comparing the materials of EBM and SLM with
e.g. LMwD and SMD in Figure 2.

The prior B grain size is mainly determined by the time the material is exposed to temperatures above
the P transus temperature. Normally the B transus temperature is around 995°C for Ti-6Al-4V, but the
B transus temperature depends on the exact chemical composition of the alloy and can therefore vary
between 970~1000°C [18]. Longer time and increased temperature above the [ transus temperature
lead to increased P grain size. Based on the findings in the present investigation it can be seen that the
material built with the LMwD-0 and SMD processes have the largest prior B grains, whereas the
materials from both powder bed fusion processes (EBM and SLM) show significantly smaller prior §
grain size. It is thus evident that the materials built from LMwD-0 and SMD endure longer time above
the B transus temperature compared to EBM and SLM. The reason for these differences are found in
the different process setups (powder bed versus wire based deposition) and their distinct process
parameters that influence the heat input. These differences then determine the cooling rate from above
the B transus temperature and thus the prior B grain size.
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Figure 2. Overview LOM images of the different macrostructures of the five AM processes. The
white arrows show prior B grain boundaries (white dotted lines) and the letters A-E illustrate the
location of the a lath measurements on all the samples.

600
500 -
= LMwD-2
E 400 - = LMwD-0
2
v = SMD
= 300 |
- = EBM
=]
£ 500 | "SLM
= LMpD
100 |
O i

Figure 3. The prior B grain size in Ti-6Al-4V material built with five different AM processes. Overall
the directed energy deposition based AM processes (LMwD, LMpD and SMD) have larger prior 3
grain sizes compared with material from the powder bed fusion processes (EBM and SLM).
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3.2 Grain boundary alpha

The result of the grain boundary o measurements can be seen in Table 1. The LMwD-0 material
exhibits the thickest grain boundary a, followed by material from the powder bed fusion processes
(EBM and SLM). Materials from LMwD-2 and SMD processes exhibit discontinuous grain boundary
a with the average thickness less than one micrometer. Material from the LMpD process contains no
grain boundary a and this is a result of the fast cooling of this AM process.

Table 1. Average and maximum thickness of grain boundary o
in Ti-6Al-4V material built with different AM processes.

Name Avg. grain boundary o Max grain boundary o
LMwD-2 0.7 (discontinuous) + 0.1 1.2
LMwD-0 35+14 7.7

LMpD - -

SMD 0.6 (discontinuous) = 0.1 1.0

EBM 2905 4.3

SLM 26+0.7 4.6

3.3 Parallel bands

In Figure 2 parallel bands can be seen in the SMD, LMwD-2 and LMpD material. These are
characterised by their wavy texture, which can be compared to e.g. EBM and SLM that have no
parallel bands. Others have reported parallel bands for LMpD [13], LMwD [15] and SMD [4] as well.
In the present work, the regions in between bands contain thicker o laths than regions within a band,
where thinner o laths dominate. The reason for this is that the region with coarser o laths is closer to
the fusion zone of next deposited layer, which renders in some coarseing of the microstructure closest
to the fusion zone. This corresponds well with the findings of Sandgren et al. [2].

3.4 Alpha laths

Figure 4 shows overview LOM images of the different microstructures found in material from the
investigated AM processes. The microstructure in material built using the LMpD process is unclear
and difficult to distinguish, which suggests a martensitic transformed microstructure. The
microstructures in the SMD and LMwD-2 material are very similar and are basket weave types of
microstructures. The same type of microstructure, but coarser, is also found in the powder bed fusion
manufactured materials, i.e. for EBM and SLM. The microstructure in the LMwD-0 material shows
colonies of o laths, i.e. several a laths oriented in parallel forming colonies. This indicates that the
cooling rate below the B transus temperature was slower than in materials built with the other AM
processes, and the microstructure of LMwD-0 equates to the Widmanstétten colony morphology. In
figure 4 the thicknesses of the laths are clearly visible, except for the LMpD material. The appearance
of the a lath thicknesses is supported by the measurements shown in Figure 5 where SMD has the
thinnest o laths with an average thickness of 0.7 um, followed by LMwD-2 (1 um), SLM (1.5 pum),
EBM (1.5 pm) and LMwD-0 (2.3 pm). Seifi et al. [6] investigated EBM Ti-6Al-4V material and found
the a laths to be in the range of 1 to 1.2 um. Rafi et al. [14] investigated the o laths of SLM Ti-6Al-4V
material and determined the thickness to be in the range of 1 to 2 um. These results correspond well
with the results in the present work.
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Figure 4. Overview of the different microstructures of the five AM- processes. SMD, EBM, LMwD-2
and SLM have basket weave morphology, LMwD-0 Widmanstétten colony and LMpD martensitic

morphology.
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Sandgren et al. [2] measured the a lath thickness to be 0.7 pm for their LMwD Ti-6Al-4V material,
which corresponds well with the findings of Baufeld et al. [12], that found the corresponding thickness
to be 0.6 um. These results are close to the results found in the present work in the LMwD-2 Ti-6Al-
4V material (1 um). In order to investigate if the size of o laths varies in different regions of AM
materials, different regions were selected within the same AM material, as depicted schematically in
the micrograph for the EBM material in figure 2. The results from these measurements, shown in
figure 5, reveal that in most types of AM material the o lath thickness is quite constant, even though
the standard deviation for some of the materials is large, especially for the LMwD-0 material.

From the microstructural characterisation, it is possible to get an estimation of the mechanical
properties of the different material. The o colony size is known to be the microstructural feature that is
most important for the mechanical properties as it correlates with the slip length of the material [19].
Smaller a colonies render in higher strength and their size is somewhat correlating with the o lath and
grain boundary o thickness, where the prior B grain set the boundary for how large the a colonies can
become. Faster cooling rates decrease the size of the a colonies along with the thickness of the a laths
and grain boundary a i.e. thinner a lath is closely linked to smaller a colonies. So, from the findings
LMpD is estimated to have the highest strength of the here investigated material, while LMwD-0 is
estimated to have the lowest.
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Figure 5. The o lath thickness in micrometer of the different AM processes on the different areas A-E,
from figure 2. The column Avg. is the average of the five areas A-E.
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The thickness of the grain boundary a along with the a colony size affect the ductility of the material,
where very high cooling rates i.e. small o colonies and thin/non-existent grain boundary o render in
poor ductility. Very slow cooling rates do not lead to the best ductility either, the €, is rather found at
cooling rates of 100° C/min [19]. The cooling rates of the here investigated materials are above this
rate which consequently results in that LMwD-0 is estimated to be the material with the highest
ductility while LMpD should have the lowest. In between these two materials the mechanical

properties of the other materials are most likely found by following the o lath thickness trend
presented in this work.

4. Conclusions

In this work, materials manufactured with the powder bed fusion processes (EBM and SLM) have
similar microstructures, i.e. prior f grain size, grain boundary o, and o lath size. The directed energy
deposition processes (LMwD, LMpD and SMD) render in larger prior 3 grains than in material from
the powder bed fusion processes. The parallel band phenomenon was present in materials from the
SMD, LMpD and LMwD-2 processes, while non-existing in material from the LMwD-0, EBM and
SLM built materials. Continuous manufacturing of Ti-6Al-4V material with the LMwD process,
compared with introducing a 2 minutes holding time between each deposited layer, renders in
significantly larger prior B grain size, thicker a phase layers in the prior B grain boundaries and thicker
a laths.
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