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ABSTRACT

One of the main applications of Directed Energy Deposition (DED) is the production of thin-wall structures, where it
has significant advantages over traditional milling and machining techniques, or even welded analogues. These kinds
of structures are frequently employed in aerospace components, field where titanium alloys have a primary role to
play. Amongst them, the most employed is the Ti6Al4V with an alpha + beta alloy containing 6% Aluminium (Al)
and 4% Vanadium (V). It has an excellent combination of strength and toughness along with excellent corrosion
resistance. For the study hereby, thin-wall structures were constructed employing a Laser Directed Energy Deposition
machine (L-DED), working with powder material. Analyse identified some microstructural and mechanical
characteristics, thorough metallographic study, wear test (micro-adhesive) and micro hardness test. Finding a grain
refined structure with competitive mechanical properties compared to materials manufactured by traditional
processes. Results positioning DED as an attractive manufacturing technology, with a huge potential to improve costs
and material usage, besides almost no restriction on component shape.
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1 INTRODUCTION

The Laser Directed energy deposition (L-DED) process allows the fabrication of components that can be used in a
variety of engineering applications using a layer-by-layer strategy for constructing directly from a CAD data [1]. It
employs a focused laser beam as heating source to melt in-situ delivered powder. When this occurs, a melt pool is
formed on the surface of the substrate, or on a previously deposited layer. Therefore, a track is created after
solidification and the process is repeated according to the planned path until completing the construction of the
desired part. DED is a complicated process with many interconnected variables [2]. However, some of the advantages
to justify its use are related to improved mechanical behaviour resulted in the manufactured components and its
capacity to fabricate complex geometrical elements overcoming the restrictions imposed by the traditional
manufacturing processes [3].

Thin wall structures comprise an important and growing proportion of engineering construction with some
applications on aircraft, automobiles, turbomachinery, bridges, and machine elements where important benefits in
terms of weigh reduction could be achieved [4]. When fabrication by traditional manufacturing methods shows
problematical, DED has been seen a promising, advantageous and a competitive approach [5] and has being
extensively explored [6-8].

The Ti6Al4 V is one of the most used alloys [9] with application at the same fields above mentioned, especially
in thin-walled structures [10] due to its good mechanical properties even at high temperatures. It is also light in weight
and corrosion resistant. Considering the laser additive manufacturing (AM) process the relationships between the
deposition parameters, microstructure, and mechanical properties of that alloy have been studied [11] primarily with
the use of unit tracks deposition onto a massive substrate [12] or the fabrication of simple geometric solid bodies. It
was found improved behaviour when compared with their wrought counterparts [13] primarily due to fact that the
deposited material undergoes rapid cooling enabling some grain refinements.

For these study thin wall structures were constructed employed a Laser Directed Energy (L-DED) deposition
machine, working with powder material, to identify its microstructural and some mechanical behaviour, thorough
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metallographic study, wear test (micro-adhesive) and micro hardness test introducing one step further towards
industrial applications.

2 MATERIALS, METHODS AND SAMPLES ANALYSIS

2.1 Materials and Equipment

For the thin wall fabrication, a plate of Ti6Al4V (substrate) and Ti6Al4V grade 5 powder supplied by GE, as the
additive manufacturing feedstock were employed. The chemical composition of the powder is in accordance with
ASTM F2924 — 14 [14] and is presented in Table 1. The fabrication was conducted in Magic 250 machine, this 5 axis
DED system equipped with a Nd:YAG laser with a maximum nominal power of one (1) kilowatt [15].

The powder size is between 45-150 um, with a flow rate of 25s measured in accordance with the ASTM B213
standard. Figure 1 (a) presents an SEM image of the powder morphology, where is possible to observe its high
sphericity and low satellite formation; In Figure 1(b) a metallographic image of the powder is shown, where it is
possible to observe that no internal porosities was found in the selected samples. Therefore, the powder is considered
with a good quality to be used in the L-DED process.

Table 1: Chemical composition w% - Ti6Al4V powder [16].

Ti Al \% Fe ®) C N H

87.6-91 55-6.75 3545 <040 <020 <008 <005 <0.015

| 244 I R B ot 0 o B 't ™
100um 200um

Figure 1: Ti6Al4V Powder (a) Morphology; (b) Metallographic image [16].

2.2 Methods

For the fabrication of the thin wall structures the process parameters listed in table 2 were employed. These
parameters were selected in accordance with the machine, the material employed and previous tests to prove the
consistence with an expected bead geometry. As the structure grows higher, some changes, or non-conformities, on
the bead topography and geometry usually appear due to heat distribution and catchment efficiency.

After selecting the above parameters for one bead deposition, the powder flow rate for wall construction was
explored. Six different thin wall structures were fabricated employing different powder flow rate as listed in Table 3.
The geometry, topography and microhardness of the wall were analysed. The condition which shows the better
characteristicc and more homogenous shape was selected and employed for the other conducted analysis
(metallographic and wear test).
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Table 2: Employed process parameters.

Process parameters

Laser Power 300 W]
Feed Speed 2000 [mm/min]
Standoff distance 3.5 [mm]
Atmosphere Inner condition Argon (Ar)

Table 3: Powder flow rates tested.

Condition Powder flow rate [g/min]
a 4,75
b 4,5
C 4,25
d 4
e 3,75
f 3,5

2.3 Sample Analysis

Microstructures of the deposited Ti6Al4V walls were characterized using the standard metallographic procedure,
which involved abrasive cutting, hand sand, polishing, and etching. Kroll's reagent (92 ml of distilled water, 6 ml of
HNO:3, and 2 ml of HF) was used as the etching reagent. The cross-sections of the samples were analysed using a 3D
laser confocal microscope LEXT 4100 by Olympus.

Vickers microhardness tests on the specimens were carried out using Model 1600 6300 hardness tester by Buehler,
under ASTM International standard test method E384. Indentations were performed on the cross-section of the
substrate and deposited walls. The tests used 3.0 N load and a dwell time of 15 s to obtain the microhardness profiles.

Micro-adhesive wear tests were performed deposited walls of Ti6Al4V. The tested surfaces were ground, and
polishing. The “calotest” test was then performed using a quenched and tempered AlSI 52100 steel ball, with 60 HRC
hardness and diameter of 25.4 mm, driven by the driving shaft, sliding against the sample, with 1.7 N load. The
sphere rotation speed was 275 rpm. The test times were 5, 10, 15, 20, 30 and 40 min for each condition studied,
resulting in sliding distances of 110, 220, 330, 440, 600 and 880 m, respectively. The volume of material removed
(V) was calculated according to Equation 1:

V = nd4/64R; ford << R (Eq. 1)

where d represents the diameter of worn caps, measured by optical microscope and R represents the radius of the
sphere [171].

The wear tests were carried out at 29 °C and a relative humidity of 49%, under dry sliding friction (in air and
without lubrication), to prevent any interfacial element from causing influences on the effect of microstructural
features.

3 RESULTS AND DISCUSSION
Figure 2 shows different walls fabricated, where it is possible to see some topography defects on many of them
caused for incorrect selections of the powder flow rate.

Figure 3 shows the Vickers microhardness profiles obtained for the deposited walls. These tests were conducted
for all the specimens to identify the influence of powder flow rate on the wall shape. For all walls, it appears that
hardness remains constant from the top until the interface with the substrate. Values were all close to 400 HVs.,,
except condition (a), Table 3, which went slightly higher, close to 450 HV3s.,. At the interface with substrate, at the
dilution region and heat affected zone (HAZ), the hardness declines abruptly, remaining in the substrate with values
close to 330 HV3.0. The average hardness values of the layers were similar, regardless of the deposition parameters.
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Figure 2: Fabricated walls
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Figure 3: Vickers microhardness profiles. Conditions according to Table 3. Etching: Kroll’s Reagent.
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Figure 4 shows the image of the wall (f) in Table 3, which presents the best resulted shape and was selected to
conduct the metallographic and wear test. Figure 5 shows the optical micrograph of the Ti6Al4V substrate, with an
average hardness of 330 = 2 HV3.0. It can be noticed the presence of hexagonal close packed a-phase and body-
centred cubic B-phase structures [18,19]. Figure 6 shows the optical micrograph of the longitudinal section of the
selected wall (f).

The deposition pattern is verified layer by layer, indicated by the deposition trajectory (blue arrows). The distance
between boundaries of layers is 200 um, consistent with the parameters used for deposition. Microstructure of
columnar dendrites was observed, which grew epitaxially from the substrate (direction Z), with growth direction
opposite to the direction of heat flow. During DED deposition, the substrate and/or the deposited layer act as heat
sinks, which allows the growth of the grains to be against the direction of the heat flow [20]. Figure 7 shows the
micro-adhesive wear graphs obtained for the Ti6Al4V substrate of the selected wall (f).

Compared to the substrate, the wear resistance of the deposited selected wall, condition (f) Table 3, initially
presented a better performance. During the tests there was a convergence behaviour, and, at the end, the
performances were very close. The wall showed wear resistance 1.1x higher when compared to the substrate.

The optical micrographs of the worn caps produced by the micro-adhesive wear test are shown in Figure 8. The
analysed caps refer to the longest sliding distance (test time 40 min - 880 m sliding distance).

For the substrate and wall, the wear surface indicated two active wear mechanisms. The first type of abrasion is
two bodies (indicated by red arrows), with the presence of directional scratches in the direction of sliding of the
sphere. This wear mechanism occurred through the particles of the material itself that detach and adhere to the sphere
[21]. The second mechanism observed is the adhesive (indicated by yellow arrows), represented by the transferred
metal films. The same characteristics were observed throughout other similar tests performed in different places of
the same pieces.

Figure 5: Optical micrograph of the as-built Ti6Al4V alloy. a and B phases highlighted with yellow lines. Etching:
Kroll’s Reagent.
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Figure 7: Micro-adhesive wear graphics obtained for the substrate wall (f).
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Interior of the cap
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Figure 8: Optical micrograph of the wear caps and interior of the wear caps from the substrate and WALL (f).
Travelled distance: 880 m (40 min). The yellow and red arrows indicate the mechanisms of adhesive and abrasive
wear on two bodies, respectively.

4 CONCLUSIONS
Investigation on the characteristics of Ti6AI4V thin-walled structures with respect to dimensional characteristics,
hardness and wear behaviour has been carried out, and based upon the findings from the experimental work the
following conclusions can be drawn:
1. The use of the DED process for manufacturing thin walls with Ti6Al4V showed to be feasibly and presented
good results, in terms of shape and geometry of the specimen:s.
2. Due to the nature of the process that involves rapid cooling grain refinement appeared on the deposited
walls.
3. For all walls, the hardness remains constant from the top to the interface, with values close to 400 HV3.0.
4. Harness values shown an important improvement over wrought material, used as substrate.
5. The wear resistance of the best deposited wall, shown a better performance, during the wear tests with
values around 10% higher.
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