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Abstract

A number of innovative technologies are offered in the literature to the purpose of additive manufacturing. Among them, directed
metal deposition of wire by means of laser beam is receiving increasing interest since important advantages are benefited in
comparison with its powder-based counterpart. Nevertheless, a number of issues must be addressed: this paper aims to provide
further understanding of the technology to give grounds to actual applications in an industrial environment. Single trace depo-
sition of Ti-6Al-4V wire over homologous substrate is investigated; the laser power, the processing speed, and the amount of fed
metal is changed. The geometrical responses (i.e., trace width, height, depth, shape angle, and dilution) in the cross-section are
investigated as a function of the processing parameters. Namely, a global clear view of the responses is given as a function of
power and deposited wire mass per unit time. Furthermore, possible occurrence of micro pores is discussed with respect to
common international standards. Eventually, an investigation about changes in both the microstructure and the microhardness is
addressed: an increase of hardness in the fusion zone is noticed as a consequence of non-diffusional martensitic transformation of

the original «-(3 phases upon rapid cooling, with reduced extent of the heat-affected zone below 0.4 mm.

Keywords Laser directed metal deposition - Titanium alloy - Additive manufacturing - Wire deposition

1 Introduction

In the frame of green manufacturing, proper actions of main-
tenance and overhaul are required to the purpose of cost sav-
ing preventing part replacement [1]. Moreover, a reduction of
waste is aimed by means of additive fabrication in comparison
with traditional, subtractive technologies [2]. These issues are
deemed to be of special impact for high-price sensitive prod-
ucts, such as Ti-based components [3]. As a consequence,
extensive investigations led to a number of possible solutions
falling within the wide family of layer-by-layer additive
manufacturing (AM) [4].

Among these, laser-aided directed metal deposition (DMD)
is thought to be capable of both producing near-net-shape
parts and performing repair by means of addition of material
[5]. Indeed, free of cracking laser weldability and compliance
with tight standards of Ti-based parts has been proven in even
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demanding environments such as automotive and aerospace
[6, 71.

In laser metal DMD, a laser beam is used as heat source to
scan the surface, thus creating a melting pool over an existing
substrate. Since metal impinging, the pool is fed concurrently
(i.e., in single-stage processing) [8], a deposited metal trace
results, with metallurgical bonding to the substrate thanks to
fusion and diffusion. Side overlapping of the individual laser
traces is required to process wider surfaces on 3D complex
geometries [9]. As a focused heat is provided, thermal affec-
tion is reduced and precision is enhanced in comparison with
other means of thermal heating.

At present, both powder and wire are being considered as
feedstock. It is worth noting that metallic wires are reported to
be easier to stock and to produce in comparison with powder
[10]; moreover, a reduction of costs and waste, an improve-
ment in deposition efficiency in conjunction with a cleaner
process environment without metal dust pollution is expected
[11], although the influence of wire properties on the process
quality must be further investigated [8, 10], as process stabil-
ity, proper surface quality, bonding strength, and soundness
are reported to be challenging and highly dependent on the
processing parameters [12].
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Fig. 1 Scheme for wire-based, laser-aided DMD

Given these, a number of research papers have been devel-
oped dealing with the subject of wire-based, laser-aided DMD
to different purposes such as coating and repairing, even in-
cluding the fabrication of thin-wall structures [10]. The device
and the operating setup may differ depending on the metal and
the available equipment [13]. Therefore, a number of solutions
have been proposed in the literature. Defocusing of the laser
beam is considered in general, to provide a larger spot with
respect to the size of the metal wire [10, 11, 14]. A deposit
width 5 to 15 times the wire diameter is reported in single
deposition [15, 16], hence decreasing the geometrical resolu-
tion and the effectiveness of the part, depending on the
application.

Specific additional challenges must be addressed when
DMD is performed by means of titanium wire. Namely, since
titanium is prone to oxidation, a proper device to shield both
the melted pool and the metal during solidification must be
set. An argon-flooded box [14, 17] or chamber [16] has been
proposed and proved to be effective for Ti-6Al-4V; neverthe-
less, this would be impractical for larger parts and economi-
cally nonviable since a permanent inert flow must be allowed.
Other documented researches in this respect are devoted to
optimization of the process with conventional heat sources.
Tungsten inert gas welding has been shifted to AM [18], the
process being valuable for small quantities. Moreover, plasma
arc resulted in an overall cost of 15% approximately with
respect to laser [19], although unfeasible for thin parts or
high-precision applications; hence, a hybrid system to lay
Ti-wire metal over parts resulting from powder bed-based
AM has been conceived [20].

Table 1 Main technical features of the laser source

Parameter Value
Maximum output power [kW] 10.0
Operating nominal wavelength [nm] 1030
Beam parameter product [mm x mrad] 6.0
Core diameter of the delivering fiber [pm] 300
Spot size of the laser beam on the surface [mm] 0.3
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As regarding the mechanical properties, when performing
multiple deposition, anisotropy is expected as a consequence
of layer-by-layer addition and has been addressed in the liter-
ature both for wire and powder deposition [21]. Indeed, higher
microhardness results in the reported metal thanks to finer
microstructure [ 10]; moreover, the higher the power, the larger
the grains [14]. The dynamic strength upon deposition gener-
ally exceeds the properties of wrought metal [17].
Interestingly, as-deposited Ti-6Al-4V samples showed higher
tensile strength than their stress-relieved counterpart; indeed, a
coarser and low ductile microstructure has been reported after
stress relief [16].

Taking into account the existing knowledge about laser-
aided and general DMD of metallic wire, a device to shield
the reported metal is preliminarily presented in this paper to
address the challenges of titanium oxidation; then, the effect
ofthe processing parameters on the geometry and the resulting
microhardness in both the fusion zone and the heat-affected
zone (HAZ) is discussed. Grounds are given for actual indus-
trial application.

2 Experimental procedure

To perform AM by means of DMD, a deposition line is re-
quired involving a number of base components [22], irrespec-
tive of the form of the feedstock supply. To the purpose of this
work (Fig. 1), a fiber-delivered IPG Yb YLS-10000, Yb:YAG
fiber laser source operating in continuous wave emission
(Table 1), has been considered.

The movement of the laser head, FLW-D50, has been ac-
complished by a prototype non-commercial gantry system
with dedicated controller. A commercial Abicor Binzel
MFS-V3 wire gun, to be moved with the laser head, has been
employed to provide the feeding metal (Fig. 2); the wire metal
has been fed from the front, in contrary direction with respect
to the travelling speed. An angle of 50° has been set with
respect to the substrate, although lower angles have been sug-
gested by some authors to improve the surface quality when
considering stainless steel [23]; in this case, the angle is a
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Fig. 2 Positioning of the wire gun over the processing line
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Fig. 3 Positioning of the
additional devices to shield the
reported metal and the melting
pool

Fig. 4 Detail of the aluminum skid to shield the reported metal

Table 2 Levels of the processing factors

Laser power [W] 1250 1500
Travelling speed [mm/min] 600 750
Wire speed factor 1.0 1.5 2.0 2.5

compromise to achieve good quality and limit the overall size

of the equipment, as additional devices are mandatory.
Commercial Ti-6Al-4V has been considered for both the

substrate (i.e., 5-mm-thick plates) and the feeding wire. Since

Table 3  Processing conditions
P [W] Vy[mm/min] k V,, [mm/min]

1 1250 600 1.0 600
2 1250 600 1.5 900
3 1250 600 2.0 1200
4 1250 600 2.5 1500
5 1250 750 1.0 750
6 1250 750 1.5 1125
7 1250 750 2.0 1500
8 1250 750 2.5 1875
9 1500 600 1.0 600
10 1500 600 1.5 900
11 1500 600 2.0 1200
12 1500 600 2.5 1500
13 1500 750 1.0 750
14 1500 750 1.5 1125
15 1500 750 2.0 1500
16 1500 750 2.5 1875

titanium is prone to oxidation, an apparatus (Fig. 3) has been
developed for inert shielding of both the melted pool and the
metal during solidification as a carryover of a prior patented
device for welding [24]: two separate inert supplies have been
required in this work, an aluminum tunnel-shaped skid
(Fig. 4) [25] supplying helium at a constant flow rate of 9 L/
min, atmospheric pressure over the deposited metal, in con-
junction with a copper pipe, 2 mm diameter, supplying argon
at a constant flow rate of 16 L/min, atmospheric pressure, to
specifically shield the melting pool where metal wire is fed
and fused by the laser beam. Although argon would be pre-
ferred in an industrial environment thanks to reduced costs,
the reported metal required stronger shielding action; hence,
helium has been supplied via the skid, whereas argon
shielding was proved to be effective for the melted pool. A
proper angle to position the pipe has been found before the
experimental campaign.

Since positioning and stability of the wire with respect to
the melting pool are crucial in DMD, specific actions have
been taken. Namely, a coaxial laser pointer with respect to
the processing beam has been used to position the wire tip;
stability along the drive path was assured by means of addi-
tional features of the wire gun such as drive roll alignment
devices and wire guides.

Many variables are involved in DMD; therefore, a system-
atic approach has been taken. The main inputs have been se-
lected based on the referred literature [10]; hence, the effects of
laser power P, travelling speed V; and wire speed factor £ (i.c.,
the wire to laser speed ratio) have been discussed in condition
of focused beam, resulting in a processing laser beam diameter
of 0.3 mm on the metal wire. As the latter has a diameter of
1 mm, the driving idea of this campaign is to investigate the

width

height
angle

depth

SUBSTRATE

Fig. 5 Scheme of the geometrical responses in the cross-section
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possibility of achieving fusion of the substrate by means of
conduction via the wire; a reduction of the HAZ is hence ex-
pected. As a consequence, the processing window has been
properly adjusted with respect to the existing literature on the
same subject [7] where larger spots are delivered; namely, a
number of preliminary trials have been required so to result in
valuable outcomes (i.e., preventing detachment, balling, and
lack of clad). Improper experimental conditions resulted in no
fusion at all, or excessive penetration in the substrate; these will
be discussed in the relevant section.

A mixed, three-factor experimental plan has been set
(Table 2); 16 processing conditions resulted (Table 3, the
wire speed V,, is given as a consequence of the wire speed
factor). Three runs have been performed for each processing
condition; a random test procedure has been arranged.

The geometry has been evaluated upon cross-cutting and
chemical etching; three samples from each trace have been
considered, and the results have been averaged among them
to assess the statistical significance. Polishing to mirror finish
and chemical etching with a solution consisting of 10%
hydrofluoric acid, 15% nitric acid, and water at room temper-
ature has been performed.

In agreement with common practice in DMD [22], a num-
ber of geometrical responses in the cross-section (Fig. 5) have
been measured as a function of the governing parameters:
width, depth, height, and shape angle at both sides of the
reported metal. The ratio of the pores to the total fused area
has been evaluated as well, in order to discuss the compliance
to possible standards. Measurements have been conducted by
means of conventional optical microscopy. Dilution indexing
the affection of the substrate with respect to the reported metal
has been considered: a chemical definition is usually given
involving the weight percentage composition of the main
alloying elements in the substrate with respect to the reported
metal [5]; nevertheless, it has been shown that an alternative
geometric definition can be given [26]; namely, the ratio of the
fused (i.e., mixing) area of the substrate to the total area in the
transverse cross-section can be measured. To a first approxi-
mation [27], this can be even given as

depth

dilution = — P
PUHON = 4 sight + depth

Fig. 6 Trace aspect resulting with
1500 W laser power, 600 mm/min
travelling speed, and a wire speed
factor of 1

@ Springer

The geometrical approximation involving depth and
height has been used in this work, in compliance with
other studies in the literature [10]. Moreover, Vickers mi-
crohardness testing has been performed in longitudinal
and transverse scanning direction within each given
cross-section; an indenting load of 0.300 kg has been used
for a dwell period of 10 s; a step of 165 mm has been
allowed between consecutive indentations, in compliance
with ISO standard [28] for hardness testing on metallic
materials.

3 Results and discussion

To set the processing window, a proper outcome has been
aimed in terms of repeatability and soundness (Fig. 6). As
an example, some improper processing conditions outside of
the processing window are presented: low power may prevent
a continuous, homogeneous trace, as irregular fusion is expe-
rienced (Fig. 7); conversely, high power above a given thresh-
old may lead to macroporosity (Fig. 8).

3.1 Geometry

With the sole exception of condition 1, all of the process-
ing tests resulted in effective deposition; moreover, based
on visual inspections, shielding is deemed to be effective,
no cracks neither macropores resulted on the surface of
the reported metal. The corresponding macrographs in the
transverse cross-section have been considered; a sample
among three runs for each processing condition is given
(Tables 4 and 5). Based on the shape of the fusion zone,
the regime of conduction instead of keyhole is inferred to
occur: this is consistent with the aim of the approach,
since fusion is mandatory for surface only, to the purpose
of DMD. Then, the geometry has been evaluated
(Table 6); a number of micropores have been found and
will be addressed in the following.

At first, it is worth noting that although a slight effect of
power is noticed on the trace width (Fig. 9), height is unaf-
fected by laser power for a given processing speed (Fig. 10),
as a consequence of the approach to focus the laser beam to
the feeding wire.
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Fig. 7 Trace aspect resulting with
1000 W laser power, 600 mm/min
travelling speed, and a wire speed
factor of 1

Fig. 8 Cross-section with macroporosity resulting with 2000 W laser
power, 600 mm/min travelling speed, and a wire speed factor of 1

Further and wider conclusions can be drawn when
rearranging the results as a function of the feeding rate [10].
Namely, being d,, the wire diameter and p,, its density, the
deposited wire mass per unit time can be given as follows:

m, = %dfv'Vw'pw = %dfv'k‘S‘pw

A global clear view is benefited since all of the geo-
metrical responses are given as a function of two process-
ing variables, power and deposited wire mass per unit
time (Fig. 11). As one may expect, any increase in depos-
ited mass yields an increase in both width and height,
conversely, a decrease results in penetration depth and

Table 4  Cross-section macrographs as resulting in the processing condition for a laser power of 1250 W

k=1.0 k=1.5

k=2.0 k=2.5

V¢ =600 mm/min

V¢=750 mm/min

Table 5

Cross-section macrographs as resulting in the processing condition for a laser power of 1500 W

k=1.0 k=1.5

k=2.5

V¢= 600 mm/min

k=2.0

V¢=750 mm/min
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Table 6 Average geometrical responses in the cross-section

P[W] Vy[mm/min] k Width [mm)] Height [mm] Depth [mm] Angle [°] Dilution [%] Pore area [%]

1 1250 600 1.0

2 1250 600 1.5 3.08 0.73 2.63 37 78 0.66
3 1250 600 2.0 2.98 0.99 1.94 49 66 0.44
4 1250 600 2.5 3.20 1.14 1.85 56 62 0.95
5 1250 750 1.0 2.98 0.53 248 36 83 0.40
6 1250 750 1.5 3.01 0.75 1.99 37 73 0.55
7 1250 750 2.0 2.90 0.89 2.10 39 73 0.80
8 1250 750 25 3.07 1.09 1.23 58 53 0.14
9 1500 600 1.0 2.96 0.63 2.46 32 80

10 1500 600 1.5 3.06 0.76 2.26 42 75 1.05
11 1500 600 2.0 3.18 0.94 1.67 43 63

12 1500 600 2.5 2.80 1.10 1.62 54 59 1.20
13 1500 750 1.0 3.11 0.62 2.84 28 82 1.10
14 1500 750 1.5 3.27 0.78 2.48 34 76 0.34
15 1500 750 2.0 3.50 0.86 2.00 34 70

16 1500 750 2.5 3.27 1.07 1.69 44 61

dilution, since a larger part of energy is absorbed by the
deposited mass, hence preventing the affection of the sub-
strate. As regarding the shape angle, this is mainly ruled
by an increase in height; therefore, larger angles result
when increasing the deposition rate. Again, a slight effect
on the responses is given by any change of power.

A number of micropores, ranging in size from 110 to
520 pwm and/or accounting for a maximum 1.3% of the
total area of the fusion zone, have been found. In agree-
ment with other findings on welding and DMD [22, 29]

and welding [30], occasional pore formation is random
and irrespective of the processing conditions. One may
assume this would not result in rejection of parts at qual-
ity checks. Namely, usual international or customer stan-
dards for quality in laser welding have been borrowed
[31], since no specific regulations are available at present
for DMD: the highest level (class A) of the standard is
matched in terms of both maximum allowed size
(0.75 mm at surface, 1.5 subsurface) and accumulated
length (3 mm at surface, 6 mm subsurface).

Fig. 9 Width and height as a
function of power and wire speed
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Fig. 11 Main geometrical responses as a function of power and deposited
wire mass per unit time

3.2 Microhardness and microstructure

Based on the macrograph, an affection of the base metal
has been noticed beyond the fusion zone; the extent of the
HAZ has been discussed by means of microhardness test-
ing in longitudinal and transverse scanning direction with-
in the cross-section. In agreement with the literature [10,
29], higher hardness to an average 420 HV resulted in the
fusion zone with respect to a reference 335 HV in the
substrate as a consequence of finer microstructure as well
as formation of acicular «’ martensite; an intermediate
value of 370 HV has been measured in the heat-affected
zone instead (Fig. 12). Given the allowed 200-pum step
between consecutive indentations, a maximum HAZ ex-
tent of 0.4 mm can be inferred.

Namely, a non-diffusional transformation of the origi-
nal dark (3-phase resulted in the fusion zone, while a mix-
ture of acicular o’ martensite and primary bright «c-phases
has been found in the HAZ (Fig. 13). Although the grain
size depends on the thermal input of the processing con-
dition [29], an attempt has been made to assess possible
dependence of the maximum hardness on the processing
parameters; very slight differences have been found to

440 T T

T T
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380 -

PARENT METAL FUSION ZONE PARENT METAL

> a0t : -
0} : e -
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i i
320 - i i B
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-5 -4 -3 -2 -1 0 1 2 3 4 5
DISTANCE FROM TRACE CENTRE [mm]
440 T T [ T T
L A SCANNING PATTERN
L H i
400 | | 4
380 [ At ]
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Fig. 12 Example of the microhardness trend in longitudinal and
transverse scanning direction within the cross-section for a condition of
1500 W laser power, 600 mm/min travelling speed, and a wire speed
factor of 1
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Fig. 13 Micrograph in the sites of
interest, resulting for a condition
of 1500 W laser power, 600 mm/
min travelling speed, and a wire
speed factor of 1: unaffected
primary bright «- and dark (3-
phases in the parent metal;
acicular o’ martensite grains in
the fusion zone

clearly infer these assumptions in the current investigating
domain; definitely, a larger processing window both in
terms of power and speed has been investigated when a
dependence on the processing conditions has been noticed
[14].

4 Conclusions

Directed metal deposition of titanium wire has been proven to
be feasible. A number of main findings are given in the
following.

* Aiming to additive fabrication, the proper processing con-
dition (i.e., larger or higher traces) must be chosen depend-
ing on the scanning strategy.

* Random imperfections in the form of micropores have
been found in the cross-section and should be properly
addressed by means of non-destructive testing; neverthe-
less, since the maximum size and the total percentage with
respect to the fusion zone have been found to comply with
the referred standards, one may expect the processing con-
ditions would not result in rejection of parts at quality
checks.

* An increase of microhardness results as a consequence of
non-diffusional martensitic transformation and finer mi-
crostructure, with reduced extent of the heat-affected zone
in the cross-section.

@ Springer
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