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Abstract

Direct Metal Laser Sintering (DMLS) technology was used to produce tensile and flexural samples
based on the Ti-6Al-4V biomedical composition. Tensile samples were produced in three different
orientations in order to investigate the effect of building direction on the mechanical behavior. On
the other hand, flexural samples were submitted to thermal treatments to simulate the firing cycle
commonly used to veneer metallic devices with ceramics in dental applications. Roughness and
hardness measurements as well as tensile and flexural mechanical tests were performed to study the
mechanical response of the alloy while X-ray diffraction (XRD), electron microscopy (SEM, TEM,
STEM) techniques and microanalysis (EDX) were used to investigate sample microstructure.
Results evidenced a difference in the mechanical response of tensile samples built in orthogonal
directions. In terms of microstructure, samples not submitted to the firing cycle show a single phase
acicular o’ (hcp) structure typical of metal parts subject to high cooling rates. After the firing cycle,
samples show a reduction of hardness and strength due to the formation of laths of the B (bcc) phase
at the boundaries of the primary formed o’ plates as well as to lattice parameters variation of the
hep phase. Element partitioning during the firing cycle gives rise to high concentration of V atoms

(up to 20 wt%) at the plate boundaries where the § phase preferentially forms.

Keywords: Ti alloys; laser sintering; heat treatments; mechanical properties; structure

characterization; element partitioning
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1. Introduction

Among Ti alloys, the Ti-6Al-4V composition is one of the most used in industrial applications
ranging from aerospace to power generation, from automotive to biomaterials [Polmear, 2006;
Lutjering and Williams, 2007]. Low weight, high specific strength, excellent fatigue and corrosion
resistance are the basic properties fostering applications. The wide interest addressed to the Ti-6Al-
4V composition is due to the possibility of the a+f systems, to which that composition belongs, to
exhibit mechanical properties highly dependent on microstructure, which can be controlled by
thermal and thermo-mechanical treatments [Ahmed et al., 1998; Zeng et al., 2005; Matsumoto et al.,
2016]. Fully lamellar, fully equiaxed and bi-modal (duplex) microstructures are commonly obtained
in the a+f systems by changing the thermo-mechanical route processing [Lutjering and Williams,
2007]. Furthermore, submicrocrystalline (SMC) materials with improved mechanical properties can
be obtained by severe plastic deformation routes associated to thermal treatments [Valiev et al.,
2002; Zherebtsov et al., 2005].

Direct metal laser sintering (DMLS, Power Bed Fusion according to ASTM F42 committee) is an
additive manufacturing (AM) technology, which offers a number of advantages with respect to
conventional manufacturing techniques, such as net shape production, lower time to market,
efficient use of materials, direct production based on a CAD model, high level of flexibility, cost
savings [Shamsaeia et al., 2015; Song et al., 2012; Thijs et al., 2010]. Moreover, due to the additive
process, DMLS is capable of producing complex geometrical features and low volume devices in a
single production process. These latter capabilities are particularly useful for prosthetic applications
in orthopedics and dentistry where a high degree of individualization is required.

However, the DMLS process undergoes several intrinsic problems such as high temperature
gradients and high cooling rates that give rise to thermal stresses, segregation phenomena and
development of non-equilibrium phases. Therefore, microstructural anisotropies leading to build
orientation effects can be developed during the DMLS process [Wauthle et al., 2015]. In the same

way, effects of build orientation on the mechanical properties of alloys produced by electron beam
3
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melting were reported [Antonisamy et al., 2013]. In order to reduce the building anisotropies
developed during the production processes, thermo-mechanical treatments, which can further affect
the mechanical behavior of the alloy, are commonly adopted [Thijs et al., 2010, 2013; Vrancken et
al., 2012].

Because of its broad applications in industry, the Ti-6Al-4V composition has received prime
attention as a candidate for DMLS technology. Thermal and thermo-mechanical treatments
performed to reduce the building orientation effects as well as to improve the mechanical properties
of the Ti-6Al-4V composition have been largely adopted [Wauthle et al., 2015; Thjis et al., 2013;
Vrancken et al., 2012; Wu et al., 2016; Ahmed et al., 2016]. In general, each treatment aims to
control the a <> B transformations in order to attain specific morphology, size and texture of the
constituent phases. Xu et al. (2015) have demonstrated the feasibility of in situ treatments capable
of producing strong and ductile Ti-6Al-4V alloys while Barriobero-Vila et al. (2015) have discussed
the role of element partitioning in the a <> B transformations and the influence of the lattice
structure on the mechanical properties.

In this study, a Ti-6Al-4V alloy for biomedical applications has been produced by the DMLS
technology in order to investigate the effects of building orientation and post-production treatments
on the mechanical behavior of the alloy. A firing cycle consisting of five heating and cooling steps
was adopted to simulate the veneering of metal parts with ceramics. Results obtained from tensile
and flexural tests are discussed in function of the structural properties investigated by various
microscopy techniques and X ray diffraction (XRD) method. In particular, the peculiar
microstructure developed during the firing cycle, responsible of changes in mechanical behavior,
was mainly correlated to element partitioning that produces laths of  phase highly enriched in V

atoms at the boundaries of a plates and changes in lattice structure of the alloy.

2. Material and methods

2.1 Sintering parameters, material composition and properties
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Starting from EOS Ti64 powder, supplied by EOS GmbH Electro Optical System, flexural and
tensile specimens were produced by Direct Metal Laser Sintering (DMLS). The EOS Ti64 powder
was virgin new, never used before for any previous laser sintering process.

An EOSINT M270 system equipped with a solid-state Yb fiber laser carried out the sintering

process by using the laser sintering parameters reported in Table 1.

Table 1 about here

The material is Ti-6Al-4V alloy with chemical composition corresponding to ISO 5832-3, ASTM
F1472 and ASTM B348. Nominal composition of the EOS Ti64 powder, as reported in the material

datasheet provided by the manufacturer, is shown in Table 2.

Table 2 about here

In order to reduce anisotropies due to the layer-by-layer building method, heat treatment, consisting
of ageing the as-sintered (AS) sample at 800 °C for 4 hours in argon inert atmosphere, was
performed immediately after the laser production process. From now on, this thermal treatment is
referred to as HT. Physical properties of the commercially available Ti64 alloy in the as-sintered
(AS) and heat-treated (HT) state are listed in Table 3. Note that Ti64 alloy manufactured by EOS
GmbH for biomedical applications is commercialized in the HT state, which will be treated as a
reference one for the samples investigated in this study. All mechanical properties of investigated
samples will be referred to values reported in Table 3 for the HT state. Mechanical properties in
Table 3 are expressed as minimum values, which should be exceed to fulfill the minimum
requirements of material specification standards ASTM F1472-08, ASTM B348-09 and ISO 5832-

3:2000.
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Table 3 about here

Material in the HT state shows a decrease of about 15% in strength and an increase of about 40% in
elongation values with respect to the AS condition (Table 3), while Young modulus and hardness
remain unaltered. These variations are caused by the HT treatment, performed directly after the

production process.

2.2 Mechanical tests and firing cycle

Flexural specimens (FLEX) were produced according to ASTM B528-05 (Standard Test Method
for Transverse Rupture Strength of Metal Powder Specimens) and B 925-08 (Standard Practices for
Production and Preparation of Powder Metallurgy (PM) Test Specimens).

Tensile specimens (TENS) were built following ASTM E8M:11 (Standard Test Methods for
Tension Testing of Metallic Materials).

Figure 1 shows geometry and dimensions of FLEX (Fig. 1a) and TENS (Fig. 1b) samples,
respectively. In both drawings, Z is the direction of growth in the AM machine, and XY is the plane

of powder deposition; X is the slide direction of the recoater. Dimensions in Figure 1 are in mm.

Figure 1 about here

In order to investigate possible variations of the mechanical properties with the sample building
orientation, three different groups of tensile (TENS) specimens were produced. Each group
consisted of 4 tensile samples. The different groups of samples were built with the axis of the
tensile specimens oriented along three different directions of the building machine, as follows:
- TENS 0: axis parallel to the X direction;
- TENS 90: axis parallel to the Y direction;

- TENS 45: axis parallel to the bisector of the X-Y quadrant.
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After additive fabrication, all samples belonging to both TENS and FLEX groups were submitted to
the HT treatment. As already stated above, this represents the reference condition of our samples,
which simulates the normal condition of commercialization of metallic devices obtained by additive
manufacturing.

However, in dental applications, due to aesthetic reasons, metallic devices are often veneered with
dental ceramic material during a firing operation carried out at high temperature. That thermal
treatment, can induce modifications of microstructure and consequently cause changes of
mechanical properties of the metallic devices. Therefore, in order to investigate also possible
variations of mechanical properties and microstructure of the Ti-6Al-4V alloy due to the firing
cycle (FC), a five-step thermal treatment was adopted in this work. Details of this standard five-step
cycle, compliant to EN ISO 22674, are outlined in Figure 2. Starting from a pre-heating temperature

of 420 °C, five steps simulate the firing of oxide and ceramic layers.

Figure 2 about here

In total, four samples of the FLEX group were submitted to the firing cycle (FC) described above.
From now on, samples belonging to this thermally treated group are indicated as FLEXc.

Details of the mechanical tests performed on samples of the TENS, FLEX and FLEXgc groups are
summarized in the following:

- Tensile tests (crosshead speed 5 mm/min, load cell capacity of 250 kN);

- Three point bending tests (support width 25.4 mm, crosshead speed 2 mm/min, load cell capacity

of 30 kN).

2.3 Hardness measurements
Rockwell C hardness tests, based on ISO 4498:2010 (Sintered metal materials, excluding hard

metals -- Determination of apparent hardness and microhardness), were performed by means of an
7
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ERNST NR3D Hardness tester, following the specifications of ISO 6508-1:2015 (Metallic

materials -- Rockwell hardness test).

2.4 Roughness measurements

Roughness measurements adhering to EN 10049:2013 were carried out by means of a DIAVITE
DH-5 stylus tester, by adopting a travel length l; of 4.8 mm, with a cut-off filter of 0.8 mm, giving
an evaluation length 1, of 4 mm. Five measurements per sample were recorded for statistical
reasons, taken on XZ faces along the X direction. The standard deviations (SD) associated to the

roughness value were estimated from the five measurements.

2.5 Statistical tests

Statistical tests were performed in order to assess whether the heat treatments cause significant
changes in the mechanical response. Possible significant differences between the groups were
checked by means of the t-test for independent samples by using a software tool for statistical
analysis (Statistica 8, Statsoft). The test can be used to determine if two sets of data are significantly
different from each other. It results in probability values (p-values): when lower than 0.05 they can

be taken as a decision to reject the null hypothesis of equality between two groups of samples.

2.6 Structure characterization

In order to correlate the mechanical behavior of samples to their microstructure, samples from the
TENS, FLEX and FLEXgc groups were structurally characterized by the analytical techniques listed
below. All samples submitted to structural characterization were not mechanically tested.
Morphological and structural characterization of the EOS-T164 powder was also performed.
Structural characterizations were carried out by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), scanning transmission electron

microscopy (STEM) and energy dispersive X-ray microanalysis (EDX).
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A Bruker D8 Advance diffractometer operating at V=40 kV and I= 40 mA, with Cu-Ka radiation,
in the angular range 26=10 - 80° was used for XRD measurements.

SEM observations were carried out by a Zeiss Supra 40 field emission scanning electron
microscope (SEM) equipped with a Bruker Z200 EDX microanalysis.

A Philips CM200 and a JEOL JEM-2010 ARP equipped with an Oxford Inca energy dispersive X-
ray microanalysis, both operating at 200 kV, were used for TEM observations.

Analytical high resolution microscopy as well as EDX analysis were carried out by a probe Cs-
corrected FEI Titan’® G2 60-300 equipped with ChemiSTEM technology (X-FEG field-emission
gun and Super-X EDX detector system) developed at FEI (FEI application note AN002707-2010.
Available from: www.fei.com).

TEM bright-field (TEM-BF) imaging and STEM imaging using high-angle annular-dark-field
(HAADF) contrast as well as EDX mapping and high-resolution TEM (HRTEM) imaging were
used for characterization of the samples micro/nanostructure and chemical composition of phases
down to the nano-scale. Phase identification was performed by selected area electron diffraction
(SAED), STEM-EDX and fast Fourier transform (FFT) of HR(S)TEM images. The diffraction
patterns and HR(S)TEM images were interpreted with the JEMS software (Stadelman 2007).
Samples for TEM observations were mechanically prepared by grinding on abrasive papers and
polishing on diamond pastes. Disks with a 3 mm diameter were cut from the bulk material by an
ultrasonic cutter (Gatan). In order to reduce time of ion milling, in the last step of the mechanical
thinning procedure, each 3 mm disk was mechanically thinned in a central area by a Dimple
Grinder (Gatan). Final thinning was carried out by an ion beam system (Gatan PIPS) using Ar ions
at S kV.

Samples (lamellae) for STEM, HR(S)TEM and EDX analyses were prepared by Focused Ion Beam
(FIB) technique by the ZEISS NEON CrossBeam 40EsB microscope. Before milling, a layer of Pt
was deposited at the place of cutting in order to protect the thin sample against heavy Ga ions

during the preparation. Final milling was performed with the 4 keV Ga+ beam.
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3. Results

3.1 Roughness measurements

Roughness measurements provided values in the same range for all the specimens. The average
value of the average roughness R, was 6.69 um, with a standard deviation (SD) of 1.83 um. As to

maximum roughness Ry.x, an average value of 44.62 um (SD = 18.78 um) was obtained.

3.2 Hardness and mechanical tests

Results of tensile and hardness tests on tensile specimens (TENS) are shown in table 4, separately
for the different groups of samples (TENS 0, TENS 45, TENS 90). The average value (AV) is
reported with the corresponding standard deviation (SD). All samples prove to have a HRC value
around 40 independently on the axis orientation during production. Elongation at break is around

12% for all samples while a slight decrease in UTS is found between TENS 0 and TENS_ 90.

Table 4 about here

Results for flexural properties are listed in Table 5, separately for the untreated samples (FLEX) and

for those that underwent the firing cycle (FLEXgc). Average value (AV) and standard deviation

(SD) as obtained from the experimental investigations are listed in Table 5 for hardness (HRC) and

transverse rupture strength (TRS). In this case, results in Table 5 evidences a reduction of both

hardness and strength of the flexural samples after the firing cycle.

Table 5 about here

10
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Results of statistical tests relating mechanical properties of TENS and FLEX groups of samples are
reported in Table 6 in terms of p-value, estimated by statistical analysis software tool. Table 6

confirms the statistical significance of the mechanical properties variations evidenced above.

Table 6 about here

3.3 Morphological and chemical characterization (SEM, EDX)

Morphology and size distribution of particles in the EOS Ti64 powder are shown in Figure 3. The
SEM image in Figure 3a shows morphology and size of spherical particles in the Ti64 starting
powder, while the histogram in Figure 3b reports the distribution of particles diameter.

Quantitative analysis of SEM images were carried out by ImageJ software (version 1.50b)
[Rasband, 1997-2016] while statistical information on particles size were obtained by Origin
[OriginPro 8.5, OriginLab Corporation, One Roundhouse Plaza, Northampton, MA 01060 USA].
Particles diameter ranges from 0.7 pum to 118 pm with an average size of 16 um, as estimated from

the image in Figure 3a.

Figure 3 about here

Chemical characterization of samples was carried out by EDX analysis performed during the SEM
observations. At least, five different large areas at same magnification (~300 x) for each sample
were investigated. EDX analysis performed on powder, on samples in the reference condition
(FLEX) and after the firing cycle (FLEXpc) provided the results shown in Table 7. It is worth to
note, that for all samples the Al content is within the nominal range while the V content is always

lower than expected, even in the powder.

Table 7 about here
11
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3.4 Crystallographic characterization (XRD)
The crystallographic structure of samples was investigated by XRD. Results for powder and
samples in the reference condition (FLEX) and after the firing cycle (FLEXgc) are shown in Figure

4. At least two samples for each condition from the different groups were measured.

Figure 4 about here

Rietveld analysis of the XRD patterns, performed by the MAUD (Materials Analysis Using
Diffraction) program [Lutterotti, 2010], allowed estimating the lattice parameters of phases present
in each sample. Results of peak analysis are reported in Table 8 with experimental error provided
by the Maud software. Last row in Table 8 reports the nominal lattice parameters from the
International Centre for Diffraction Data (ICDD) of a-Ti (card n. 44-1294) and B-Ti (card n. 44-

1288), respectively.

Table 8 about here

Powder composition is 100% hexagonal (hcp) low temperature o phase. Same composition (100%
hep a) is found in the FLEX sample. Only after the firing cycle (FLEXgpc) a small peak at
20=39.46° (full square in Figure 4) attributable to the cubic (bcc) high temperature  phase is
present in addition to the a diffraction peaks. The lattice parameters calculated from the

experimental XRD patterns are compared to nominal values in the ICDD cards, shown in the last

row of Table §&.

12
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Rietveld analysis performed on the XRD pattern of the FLEXgc sample provided a 3 phase volume

content of about 10%.

3.5 Transmission electron microscopy (TEM, HRTEM, STEM) and microanalysis (EDX)
Figure 5 shows results of TEM observations performed on FLEX (figure 5a) and FLEXgc (figure

5b) samples.

Figure 5 about here

The FLEX sample (figure 5a) shows an acicular microstructure with a high density of dislocations
inside the lamellar grains and rare twins.

In the FLEXgc sample (figure 5b) rare equiaxed grain with size up to 1 um are present although the
lamellar morphology is generally retained. Independently on the grain shape, the dislocation density
in the FLEXpc sample is always heavily lower than in the FLEX sample (Figure 5). A further
difference between samples in figure 5 is the presence of B phase at the plate boundaries of the
FLEXgc sample (figure 5b). The f phase forms as elongated layers at the plate boundaries, with
variable length up to 2 pm and width up to 100 nm (figure 5b). It is worth to note that the 3 layers at
plate boundaries do not form a continuous net around the a plates (figure 5b). HRTEM observations
performed at plate boundaries allowed studying the crystallographic relationships between o and 3
phases, confirming the Burgers relationships [Burgers, 1934].

Information about elements content and distribution inside o and B phases were obtained by STEM
observations and EDX microanalysis. For the FLEX sample, where the 3 phase is absent, results
showed a uniform distribution of Al and V inside the entire specimen and EDX analysis provided
the elements concentration reported in Table 9. On the contrary, for the FLEXgc sample, STEM
observations performed in high angle annular dark field (HAADF) mode and EDX elemental

mapping showed segregation of V at the plate boundaries in correspondence of the B phase. Figure
13
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6 reports results of STEM investigations and EDX mapping performed with signals from Ti, V and
Al

The STEM-HAADF image (figure 6a) evidences compositional contrast preferentially located at
the plate boundaries. In particular, well-defined brighter zones not continuously connected are
visible at the plate boundaries in figure 6a. The EDX elemental map obtained with signals from Ti,
V and Al, performed on the same area of the sample, shows high V concentration in correspondence
of the brighter zones (figure 6b). HRTEM observations and selected area electron diffraction

(SAED) investigations showed that the V enriched zones are fully composed of B phase.

Figure 6 about here

Distribution of single elements in the same zone of the FLEXgc sample is reported in figures 6¢c-6e,
for Ti, V and Al respectively. In figures 6¢-6e, brighter regions of the image are enriched with the
corresponding element used for mapping.

EDX analysis performed in spot mode during the STEM observations allowed estimating the local
concentration of elements in different zones of samples. Results obtained for FLEX and FLEXpc
samples are shown in Table 9 where for the FLEXgc sample are reported results for both o and f3
phases. At least five measurements were performed on each phase present in the sample, and the
element concentration in Table 9 is expressed as the average value with corresponding standard

deviation.

Table 9 about here

It is worth to note the high concentration of V in the  phase suggesting element partitioning during

the o — P transformation induced by firing cycle.

14
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4. Discussion

The Ti alloy considered in this study is the well-known Ti-6Al-4V alloy commonly used in
industrial applications, and specifically developed by EOS GmbH Electro Optical System for
biomedical applications. Nominal composition of the alloy, provided by the manufacturer, is within
the standard compositional range with low content of Fe, H and C (Table 2).

The laser sintering process carried out by using the parameters reported in Table 1 allowed
producing tensile (TENS) and flexural (FLEX) samples for the mechanical tests and the structural
characterization. After production and thermal treatment at 800 °C for 4 hours (HT), all samples are
compact without any visible porosity, with an average surface roughness R,=6.69 um. Average
surface roughness around the same value was measured also for the FLEXgc group of samples.
Mechanical tests performed on the TENS samples produced in different building orientation show
average values of UTS in the range 1080-1110 MPa, with elongations of about 12% (Table 4). All
groups proved to have good test repeatability with a very low standard deviation. Regarding tensile
strength, although the span among results for different orientations is only 30 MPa, yet the t-test
proves the statistical significance of the difference between the groups TENS 0 and TENS 90
(Table 6). On the contrary, no significant effect of build orientation is observed on ductility (Table
4). If compared the nominal values stated by the producer, strength is well above expectations,
while elongation at break is slightly lower (Table 3).

Effects of build orientation on the mechanical properties of Ti-6Al-4V alloy are reported for both
laser sintering [Wauthele et al., 2015] and electron beam melting [Antonysamy et al., 2013]
technologies. Inhomogeneity occurs for the high thermal gradients developed during the production
process that could induce crystallographic textures capable of influencing the mechanical behavior
of the material along specific orientations [Thjis et al., 2013].

Post-production processes consisting of mechanical and/or thermal treatments are commonly used
to reduce effects of build orientation [Wauthele et al., 2015; Antonysamy et al., 2013]. However, in

most cases, such post-production treatments induce variation in microstructure and consequently in
15
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mechanical properties [Thjis et al., 2010, 2013; Vrancken et al., 2012]. In our case, results in Table
4 show that the HT treatment carried out soon after production is not sufficient to remove the
structural inhomogeneity causing UTS reduction in the TENS 90 sample. However, the residual
inhomogeneity in the TENS 90 sample does not produce any effect on the elongation behavior of
the alloy (Table 4 and Table 6).

The experimental values of UTS and elongation obtained in this study (Table 4) are within the
range reported in literature for both conventional and additive production technologies [Murr et al.,
2009a, 2009b; Matsumoto et al., 2011a; Leunders et al., 2013] and are even comparable to the
values obtained by Xu et al. (2015) after in situ martensite decomposition that produces an ultrafine
lamellar a+f structure.

Flexural samples exhibit excellent mechanical properties too, even after the firing cycle that reduces
both hardness and strength. In fact, as shown in Table 5 flexural strength in the untreated condition
is as high as 2566 MPa, and decreases to 2359 MPa because of the firing operation. At the same
time, hardness goes from 45 to 40 HRC. Both variations are statistically significant, as shown in
Table 6.

In terms of microstructure, whose modification produce variation in the mechanical response, the
FLEX sample shows the typical o’ acicular microstructure of metal parts subject to high cooling
rates [Murr et al., 2009a; Matsumoto et al., 2011a], with a high density of dislocations inside the
lamellar grains and rare twins (Figure 5a). The FLEX sample is completely formed of o’ phase with
an hcp crystallographic structure and lattice parameters identical to the Ti64 powder (Table 8), even
though the average content of V is slightly lower (2.5 wt%) with respect to the powder (3.3 wt%),
as shown in Table 7. This latter result is further confirmed by STEM-EDX analysis performed in
spot mode reported in Table 9, which shows values of element content in complete agreement with
those obtained by SEM-EDX on large areas of the sample (Table 7). Probably, a small amount (<1
wt%) of V is lost during the laser melting process, but this is not enough to cause modifications of

the crystallographic lattice parameters (Table 8). Furthermore, from the experimental results in
16
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Table 8 it is evident that the crystallographic cell of the hcp o’ phase, in powder and FLEX sample,
is smaller than the crystallographic cell of the nominal hcp a-Ti phase reported in the ICDD card
(Table 8).

After the firing cycle, microstructure and mechanical behavior of the alloy strongly change.
Hardness and strength decrease of about 9% and 8%, respectively (Table 5). In terms of
microstructure, although the average composition (Table 7) of the sample (FLEXgc) is unaltered
with respect to the untreated condition (FLEX), XRD investigations show the presence of the bee 3
phase in addition to the hcp o phase (Figure 4). TEM observations show B phase located at the plate
boundaries of a grain (Figure 5b) and confirm the Burgers orientation relationships between the two
phases. The volume fraction of the B phase (about 10%) estimated by Rietveld analysis of XRD
pattern was confirmed by STEM-HAADF observations. Attallah et al. (2009) have already
demonstrated that combination of XRD and electron microscopy techniques for the estimation of
the o/f phase fraction in a+f Ti alloys is a very reliable method.

Calculation of lattice parameters from the XRD pattern (Figure 4) shows an increase of the hcp o
lattice parameters (Table 8) in the treated sample (FLEXgc) with respect to the untreated one
(FLEX). In particular, the lattice parameter a increases of about 0.3% while ¢ of about 0.5% (Table
8). On the contrary, measured value of the bcc P phase lattice parameter is a=0.323+0.002 nm,
about 2% lower than the nominal value reported in the ICDD card (Table 8).

Modification of mechanical behavior in Ti-Al-V alloys as a consequence of shape and
crystallography of the constituent phases has been already observed [Matsumoto et al., 2011b,
2011c]. In particular, Matsumoto et al. (2011c) ascribed the excellent ductility of their Ti-6Al-4V
alloy to: a) the single phase hcp (a, a’) constituent, b) the fine equiaxed morphology, c) the
enrichment of V content and the decrease in Al content of o’ martensitic regions during solution

treatment.

17
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In our case, the lamellar structure of the a phase is substantially retained after the firing cycle while
the volume fraction of the § phase (about 10%) is limited, therefore the strength reduction observed
in our alloy can be only partially attributed to the phase type and morphology in the treated sample.
On the other hand, STEM-HAADF observations and STEM-EDX analysis evidenced a strong
partitioning of elements between the  phase at the plate boundaries and the a plates (Figure 6).
Results in Table 9 for the FLEXgc sample clearly show an enrichment of V in the B phase and a
slight increase of Al in the a phase. It is worth to note the high concentration of V (about 20 wt%)
and the reduced content of Al (about 3 wt%) in the 3 phase, as well as the low V content (<2 wt%)
in the a phase (Table 9). These results suggest a diffusion controlled mechanism responsible of 8
formation at the grain boundaries (Figure 6).

Diffusion processes responsible of the a «» P transformations in Ti-6Al-4V alloy are already
reported in literature [Barriobero-Vila et al., 2015; Semiatin et al., 2004]. In o+f systems, it was
shown that since the diffusivity of V in B is lower than in a, diffusion of V in a produces first an
enrichment of the o grain boundaries to which follows a gradual diffusion of V atoms into B
[Semiatin et al., 2004]. On the other hand, Barriobero-Vila et al. (2015), in o+ systems, supposed
the contemporary diffusion of V into B and Ti into a to justify the observed variations of lattice
parameters of the two phases. Thermodynamic calculation demonstrated that also diffusion of Al
from a into B can occur during the o — B transformation [Elmer et al., 2004]. Furthermore, close
relationship between variation of lattice parameters and diffusion mechanisms in a and B phases as
well as lattice strain relaxation have been reported [Elmer et al., 2005a, 2005b; Swarnakar et al.,
2011; Banerjee et al., 2003; Lieblich et al., 2016].

Lastly, it must be stressed that the content of V in the § phase (~20 wt%) found in our alloy largely
exceeds the value of 15 wt% needed to retain the  phase at room temperature in binary Ti-V
systems [Lutjering and Williams, 2007].

Therefore, the experimental results obtained in the current work indicate that, during the firing

cycle, atoms of V diffuse inside the a phase and accumulate at the plate boundaries where the o —
18
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B transformation starts. Diffusion mechanisms involving Al and Ti between the newly formed § and
o cannot be excluded at this stage. Hence, the combined effects of B phase formation at the plate
boundaries and the variation of lattice parameters of o, due to the diffusional processes, are

responsible of the modified mechanical behavior of the material after the firing cycle.

5. Conclusions

A Ti-6Al-4V alloy for biomedical applications produced by laser sintering of the EOS Ti64 powder
was submitted to mechanical tests and microstructural characterization. Effects of building
orientation and thermal treatments on mechanical and structural properties of the alloy were
investigated. Thermal treatments consist of a firing cycle that simulate veneering of metal parts with
ceramics. The main results obtained in this study can be summarized as follows:

e Samples are compact without any visible porosity, with an average surface roughness
independent on building orientation and thermal treatment;

e Samples not submitted to the firing cycle are single phase acicular o’;

e Effects of building direction on the mechanical behavior were evidenced for tensile samples
produced with axis in Y direction with respect to samples with axis in horizontal direction
(X), which is the slide direction of the recoater;

e Samples submitted to the firing cycle show reduced values of strength with respect to the
untreated samples due to the combined effects of formation of  phase at the o plate
boundaries and variation of lattice parameters of a;

e The B phase forms at the boundaries of a plates as single laths not continuously connected;

¢ Element partitioning during thermal treatments is the main effect responsible of enrichment
with V atoms (up to 20 wt%) of the a plate boundaries where the formation of f takes place.

Diffusion of atoms (Al, Ti) between a and B phases is probably responsible of the lattice parameter

variations measured in this study.
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Although, the firing cycle induces modifications in the mechanical behavior of metal parts produced
by laser sintering, values of hardness, strength and ductility of the Ti-6Al-4V alloy considered in

this study remain well above the accepted values for applications.
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Figure and table captions

Figure 1 Geometry of samples produced for mechanical tests: a) flexural (FLEX), b) tensile

(TENS_0). Dimensions in mm.

Figure 2 Thermal cycle used for fire simulation. The cooling phase between each firing step is not

represented.

Figure 3 EOS Ti64 powder: a) SEM image, b) size distribution of particle diameter.

Figure 4 XRD patterns of powder, sample in the reference condition (FLEX) and after the firing

cycle (FLEXgc).

Figure 5 TEM-BF images: a) flexural sample in the reference condition (FLEX) and b) after the

firing cycle (FLEXkc).

Figure 6 STEM-HAADF image of the FLEXpc sample and corresponding elemental mapping

performed with signals from Ti, V and Al: a) HAADF image, b) EDX map obtained by combining

signals from Ti, V and Al, ¢) EDX map of Ti, d) EDX map of V and e) EDX map of Al. (Color

references in the web version of the paper).

Table 1 Sintering parameters used for DMLS.

Table 2 Nominal composition of EOS Ti64 powder.
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Table 3 Material properties as reported in the material datasheet for the as sintered (AS) material

and after thermal treating at 800 °C for 4 hours in argon atmosphere (HT).

Table 4 Average value (AV) and standard deviation (SD) of ultimate tensile strength (UTS), strain

at break (g,) and Rockwell C hardness (HRC) of the tensile specimens (TENS).

Table 5 Average value (AV) and standard deviation (SD) of Rockwell C hardness (HRC) and

transverse rupture strength (TRS) of the flexural specimens.

Table 6 p-values resulting from the t-test for the variables UTS, g,, HRC and TRS among the

different groups of samples. Records below the level of significance of 0.05 are underlined.

Table 7 Element concentration (in wt%) obtained from SEM-EDX analysis of powder and samples

in the reference condition (FLEX) and after the firing cycle (FLEXx().

Table 8 Experimental lattice parameters calculated from peak position in the XRD patterns. Last
row reports the nominal lattice parameter values from cards of the International Centre for

Diffraction Data (ICDD).

Table 9 Average value and standard deviation from five measurements of element concentration in

a-T1 and B-Ti phases obtained by STEM-EDX analysis performed in spot mode on both FLEX and

FLEXgc samples. All values are in wt%.
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Table 1 Sintering parameters used for DMLS.

Laser power 200 W

Laser spot diameter 200 um

Scan speed up to 7.0 m/s
Building speed 2-20 mm’/s
Layer thickness 20 pm

Protective atmosphere Oxygen (max 1.5%)

Table 1
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Table 2

Table 2 Nominal composition of EOS Ti64 powder.

Al Y, 0 N C H Fe Ti
(wWt.%) (wt.%) (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
5.50-6.75 | 3.50-4.50 | <2000 | <500 | <800 | <150 | <3000 | Balance
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Table 3

Table 3 Material properties as reported in the material datasheet for the as sintered (AS) material

and after thermal treating at 800 °C for 4 hours in argon atmosphere (HT).

AS HT
Density [g/cm’] 4.41
UTS [MPa] 1230 +50 1050+20
Rp02 [MPa] 1060 £50 1000 + 20

Elongation at break [%] 10£2 14+1

Young’s Modulus [GPa] 110+10 116+ 10

Hardness (HRC) 41-44
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Table 4 Average value (AV) and standard deviation (SD) of ultimate tensile strength (UTS), strain

at break (&) and Rockwell C hardness (HRC) of the tensile specimens (TENS).

O Joy b W

UTS (MPa) & (%) _ HRC

AV SD AV SD AV SD
TENS O 1110 1 12 2 398 26
TENS 45 1008 26 13 1 387 3.9
TENS 90 1080 6 11 1 389 25
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Table 5

Table 5 Average value (AV) and standard deviation (SD) of Rockwell C hardness (HRC) and

transverse rupture strength (TRS) of the flexural specimens.

HRC  TRS (MPa)

AV SD AV SD

FLEX 449 0.6 2566 393

FLEXpc 40.7 2.7 2359 28.7
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Table 6

Table 6 p-values resulting from the t-test for the variables UTS, g,, HRC and TRS among the

different groups of samples. Records below the level of significance of 0.05 are underlined.

p-values
UTS (MPa) &, (%) HRC TRS
TENS 0 - TENS 45 0.36 036 029 -
TENS 0 - TENS 90 0.00 0.70 026 -
TENS 45 - TENS 90 0.30 0.14 086 -
FLEXgc -FLEX - - 0.00 0.00
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Table 7

Table 7 Element concentration (in wt%) obtained from SEM-EDX analysis of powder and samples

in the reference condition (FLEX) and after the firing cycle (FLEXx().

Sample

Al

Ti

Powder

6+1

3.3+0.3

91+7

FLEX

6+1

2.5+0.3

92+7

FLEXkc

6+1

2.5+0.3

91+7
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Table 8 Experimental lattice parameters calculated from peak position in the XRD patterns. Last

Table 8

row reports the nominal lattice parameter values from cards of the International Centre for

Diffraction Data (ICDD).

Sample o-Ti (nm) B-Ti (nm)

a=0.2922 +0.0001 -
Powder

¢ =0.4659 + 0.0001

a=0.2922 £+ 0.0002 -

FLEX

¢ =0.4658 + 0.0004

a=0.2930+0.0001 a=0.323+0.002
FLEXgc

¢ =0.4681+0.0003

a=0.29505 a=0.33065
Nominal | ¢ =0.46826

ICDD card n. 44-1294

ICDD card n. 44-1288
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Table 9

Table 9 Average value and standard deviation from five measurements of element concentration in

a-Ti and B-Ti phases obtained by STEM-EDX analysis performed in spot mode on both FLEX and

FLEXgc samples. All values are in wt%.

Sample | Ti phase Al A\ Ti
FLEX a 6.10+£0.03 | 2.786+0.001 | 91.12+0.16

FLEXgc o 6.49+0.04 | 1.95+0.24 91.6+0.3

FLEXgc B 2.77+0.18 | 20.3+0.5 | 76.95+0.24
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Figure 1 Geometry of samples produced for

(TENS_0). Dimensions in mm.

mechanical tests: a) flexural (FLEX), b) tensile
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Figure 2
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Figure 2 Thermal cycle used for fire simulation. The cooling phase between each firing step is not

represented.
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Figure 3
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Figure 3 EOS Ti64 powder: a) SEM image, b) size distribution of particle diameter.
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Figure 4 XRD patterns of powder, sample in the reference condition (FLEX) and after the firing

cycle (FLEXgc).
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Figure 5

Figure 5 TEM-BF images: a) flexural sample in the reference condition (FLEX) and b) after the

firing cycle (FLEXg().
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Figure 6

Figure 6 STEM-HAADF image of the FLEXyc sample and corresponding elemental mapping
performed with signals from Ti, V and Al: a) HAADF image, b) EDX map obtained by combining
signals from Ti, V and Al, ¢) EDX map of Ti, d) EDX map of V and e) EDX map of Al. (Color

references in the web version of the paper).
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Figure 1 Geometry of samples produced for mechanical tests: a) flexural (FLEX), b) tensile

(TENS_0). Dimensions in mm.
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Figure 2 Thermal cycle used for fire simulation. The cooling phase between each firing step is not
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Figure 3 EOS Ti64 powder: a) SEM image, b) size distribution of particle diameter.
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Figure 4 XRD patterns of powder, sample in the reference condition (FLEX) and after the firing

cycle (FLEXgc).



Figure 5

Figure 5 TEM-BF images: a) flexural sample in the reference condition (FLEX) and b) after the

firing cycle (FLEXkc).



Figure 6

Figure 6 STEM-HAADF image of the FLEXyc sample and corresponding elemental mapping
performed with signals from Ti, V and Al: a) HAADF image, b) EDX map obtained by combining
signals from Ti, V and Al, ¢) EDX map of Ti, d) EDX map of V and e) EDX map of Al. (Color

references in the web version of the paper).
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Table 1

Table 1 Sintering parameters used for DMLS.

Laser power 200 W

Laser spot diameter 200 um

Scan speed up to 7.0 m/s
Building speed 2-20 mm’/s
Layer thickness 20 um

Protective atmosphere Oxygen (max 1.5%)




Table 2

Table 2 Nominal composition of EOS Ti64 powder.

Al \ 0 N C H Fe Ti
(Wt.%) (wt.%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
5.50-6.75 | 3.50-4.50 | <2000 | <500 | <800 | <150 | <3000 | Balance




Table 3

Table 3 Material properties as reported in the material datasheet for the as sintered (AS) material

and after thermal treating at 800 °C for 4 hours in argon atmosphere (HT).

AS HT
Density [g/cm’] 4.41
UTS [MPa] 1230 +50 1050+20
Rp02 [MPa] 1060 £50 1000 + 20

Elongation at break [%] 10£2 14+1

Young’s Modulus [GPa] 110+10 116+10

Hardness (HRC) 41-44




Table 4

Table 4 Average value (AV) and standard deviation (SD) of ultimate tensile strength (UTS), strain

at break (&) and Rockwell C hardness (HRC) of the tensile specimens (TENS).

UTS (MPa) & (%)  HRC

AV SD AV SD AV SD

TENS O 1110 1 12 2 398 26
TENS45 1008 26 13 1 387 39
TENS_90

1080 6 11 1 389 25




Table 5

Table 5 Average value (AV) and standard deviation (SD) of Rockwell C hardness (HRC) and

transverse rupture strength (TRS) of the flexural specimens.

HRC  TRS (MPa)

AV SD AV SD

FLEX 449 0.6 2566 393

FLEXpc 40.7 2.7 2359 28.7




Table 6

Table 6 p-values resulting from the t-test for the variables UTS, &,, HRC and TRS among the

different groups of samples. Records below the level of significance of 0.05 are underlined.

p-values

UTS (MPa) ¢, (%) HRC TRS

TENS 0 - TENS 45 0.36 036 029 -

TENS 0 - TENS_90 0.00 070 026 -

TENS 45 - TENS 90 0.30 0.14 086 -

FLEXFc -FLEX - - 0.00 0.00




Table 7

Table 7 Element concentration (in wt%) obtained from SEM-EDX analysis of powder and samples

in the reference condition (FLEX) and after the firing cycle (FLEXgc).

Sample | Al \Y Ti

Powder | 6+1 | 3.3+0.3 | 91+7

FLEX | 6+1 | 2.5+0.3 | 92+7

FLEXgc | 6£1 | 2.5£0.3 | 917




Table 8

Table 8 Experimental lattice parameters calculated from peak position in the XRD patterns. Last

row reports the nominal lattice parameter values from cards of the International Centre for

Diffraction Data (ICDD).

Sample o-Ti (nm) B-Ti (nm)

a=0.2922 4+ 0.0001 -
Powder
¢ =0.4659 + 0.0001

a=0.2922 £ 0.0002 -
FLEX
¢ =0.4658 + 0.0004

a=0.2930 £ 0.0001 a=0.323 +£0.002
FLEXgc
¢ =0.4681 + 0.0003

a=0.29505 a=0.33065
Nominal | ¢ = 0.46826

ICDD card n. 44-1294 | ICDD card n. 44-1288




Table 9

Table 9 Average value and standard deviation from five measurements of element concentration in
a-Ti and B-Ti phases obtained by STEM-EDX analysis performed in spot mode on both FLEX and

FLEXgc samples. All values are in wt%.

Sample | Ti phase Al A\ Ti

FLEX o 6.10+£0.03 | 2.786+0.001 | 91.12+0.16

FLEXgc o 6.49+0.04 | 1.95+0.24 91.6+0.3

FLEXgc B 2.77+£0.18 | 20.3+£0.5 76.95+0.24




