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Abstract

In a research project, the additive manufacturing process of components made of Ti-6Al-4 V using gas metal arc welding
(GMAW), which is classified into the directed energy deposition—arc (DED-Arc) processes, was investigated. The project
focused on the systematic development of economical additive build-up strategies and the analysis of the temperature—time
regime during the build-up process, as well as the investigation of the resulting properties. A welding range diagram was
created with recommendations for process settings for additive manufacturing with the controlled short circuit, as well as
a presentation of possible defect patterns outside the range shown. For the fabrication of thick-walled structures, various
build-up strategies were investigated by modifying the welding path and evaluated with regard to their suitability. Based on
the results, additive structures were fabricated by varying the temperature—time regime in order to gain insights into selected
geometrical, metallurgical, and mechanical properties. Different energy inputs per unit length, structure dimensions, and
interpass temperatures (IPT) were used for this purpose. The research project provides comprehensive findings on the additive
processing of the material Ti-6Al-4 V using metal inert gas welding, in particular with regard to the temperature—time regime

and the resulting properties.
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1 Introduction

Titanium and its alloys are of particular industrial interest
due to their specific properties, such as low density com-
bined with high strength, very good corrosion resistance,
and biocompatibility. In general, they are used primarily in
aerospace, energy technology, automotive engineering, and
medical technology applications. The alloy Ti-6Al-4 V is the
most widely used titanium alloy, accounting for about 50%
of global production [1].

A limiting factor in the industrial use of titanium and
its alloys is the high cost. Accordingly, the aim is to use as
little material as possible on the way from the raw material
used to the final component. This is achieved by keeping
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the “buy-to-fly” ratio as low as possible. In this context, the
use of additive manufacturing makes it possible to increase
material utilization from approx. 8% in conventional manu-
facturing processes (e.g., turning, milling) to up to 33% [2].

The directed energy deposition—arc (DED-Arc) process
in conjunction with gas metal arc welding (GMAW) rep-
resents a cost-effective type of additive processing due to
the comparatively simple equipment and the use of wire
material compared to powder-based processes, while at the
same time, high build rates can be achieved. Furthermore,
significantly higher energy efficiency is achieved than with
laser- or electron beam-based processes [3].

The advantages of DED-Arc are offset by a large number
of challenges with regard to process control, post-process-
ing, and adjustment of the resulting microstructure, particu-
larly in the processing of titanium and titanium alloys. Com-
pared to beam-based processes, the process-specific energy
input and thus the heat input for DED-Arc can be considered
high [4]. At the same time, Ti-6Al-4 V has a low thermal
conductivity of approx. 6.8 W/mK at room temperature up to
approx. 25 W/mK at 1540 °C [5]. The combination of these
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characteristic properties results in a constant heat increase in
the built-up structure due to the recurring heat input during
the layer build-up and has an influence on the temperature
regime or the cooling behavior of the individual layers [6].
This is currently a limiting factor in effective processing
using the GMAW process [7].

Simultaneously, the formation of anisotropic mechanical
properties, in particular strength and elongation properties, as
well as fracture and fatigue crack behavior, is favored [7-12].
This results from the growth of the previous p-grains along
the build-up direction and temperature gradient and from the
formation of different microstructures of the a-titanium due
to different heating and cooling rates [13, 14].

A large number of previous studies have dealt with the
influence of process input variables, such as energy input
or wire feed, and path planning on the resulting geometri-
cal, metallurgical, or mechanical component properties.
However, most of these publications use TIG [15-18] or
plasma processes [19-21]. Baufeld et al. and Brandl et al.
further compare a wire-based additive laser process with
an additive TIG process [22, 23]. They conclude that both
processes are suitable for additive manufacturing and that
the mechanical properties of cast material and, after suit-
able post-heat treatment, even those of forged material are
achieved and surpassed. The TIG process stands out due
to partially higher elongations at break [22]. This compari-
son was also carried out by Almeida et al. and Tabernero
et al. within the arc-based additive processes [24, 25]. Here,
in addition to the TIG and plasma processes, the conven-
tional GMAW process and the energy-reduced, controlled
GMAW process with reversing wire movement (cold metal
transfer—abbreviated CMT) were used. Almeida et al. came
to the conclusion that the CMT process is also suitable for
large-volume components and that finer 3-grains are formed
due to the lower heat input compared to the TIG process
[24]. Furthermore, Tabernero et al. were able to show that
although high build-up rates can be achieved with the CMT
process, but the anisotropy of the mechanical properties is
most pronounced. Additionally, helium-containing shield-
ing gas compositions should be used to generate suitable
aspect ratios for overlaps [25]. Other studies are addressing
the instability and wandering of the arc and spatter-generat-
ing material transition present in the GMAW process when
processing Ti-6Al-4 V. This is due in part to the wandering
of the cathode spots as a result of the material properties
[26]. In the CMT process, the phenomenon of arc blow is
also evident, which is caused, for example, by the migra-
tion of the cathode spot between the substrate plate and
the weld metal [27]. An increase in process stability using
CMT can be achieved by an additional laser directed at the
process [28], by using an oxidized welding wire [29] or by
negative polarity of the wire electrode [30]. In a compari-
son of the CMT process (controlled short circuiting with
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reversing wire motion) with a controlled short circuiting and
a self-regulating arc with negatively poled wire electrode,
Panchenko et al. concluded that the best results in terms of
material utilization or final contour proximity of thin-walled
additive structures can be achieved with the controlled short
circuiting without reversing wire motion. This is due to the
short arc length and sufficient heat supply during the burning
phase [31]. Nevertheless, the use of the controlled short cir-
cuiting with reversing wire motion and specifically the CMT
process is widely used for additive processing of Ti-6Al-4 V
due to its positive properties. Its suitability is documented in
various publications [24, 25, 32-34].

However, only a small number of studies exist so far,
which deal with the influence of the temperature—time
regime (e.g., interpass temperature or cooling rate) during
additive manufacturing by CMT on the resulting component
properties [13, 34, 35]. Li varied the interpass temperature
up to 300 °C. He concluded that an increase in interpass
temperature is comparable to an increase in heat input
with respect to weld penetration and weld bead geometry.
With the increase of interpass temperature, the oxidation of
the surface increases. At the same time, the proportion of
B-phase decreases. This results in no significant differences
in hardness and tensile strength, but the elongation at
break is strongly reduced [34]. This is attributed by Li to
oxygen uptake during the cooling process. In this respect,
Vazquez et al. and Yi et al. found that a slow cooling
rate, either caused by short dwell times or high interpass
temperatures, strongly coarsens the grain boundary-o and
the prior B-grains become strongly columnar. The result is
a significant reduction in elongation at break. Accordingly,
high cooling rates and low interpass temperatures are
beneficial for the resulting mechanical properties [13, 35].

A variety of strategies were pursued to reduce the size of
the former B-grains and achieve equiaxed grain structures.
One option for grain refinement is the addition of additional
elements, such as boron, silica, and carbon [36—40]. Ber-
mingham et al. and Mereddy et al. were able to show that in
the cooling process, the added, initially dissolved alloying
elements segregate at the grain boundaries of the f-grains.
The result is a constitutional supercooling of the melt, which
results in a lateral growth restriction of the f-grains by the
segregated elements. At the same time, more potential nucle-
ation particles are present. Thus, a reduction in the size of
the prior pB-grains and a reduction in the a-lath length are
possible [36-38]. In this regard, Bermingham et al. dem-
onstrated quantitatively that the growth-restricting solutes
reduce the grain size by more than 55%. Nevertheless, this
does not lead to the formation of a significant fraction of
equiaxed fp-grain structures. By adding additional nucleating
particles, such as La,0;, the grain size can be reduced by
85% and zones of equiaxed grains can be formed, mainly at
the top of the layer, with columnar grains at the base [39].
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The actions result in an increase in elongation at break.
After additional post-heat treatment, an increase in tensile
strength in combination with a higher elongation at break is
also possible.

Another approach for grain refinement is to introduce
mechanical deformation in the additive build-up process,
mostly between layer generations. This is done either by an
interpass rolling process, by mechanical surface hammering,
or by ultrasonic impact treatment. Due to the introduced
deformation and the temperature-induced recrystalliza-
tion during the next layer generation, short columnar and
equiaxed p-grains are formed and improved and isotropic
mechanical properties result [41-44]. The grain refining
effect can be enhanced by enlarging and adjusting the roll
geometry and the higher loads that can be realized [45]. A
positive side effect of interpass rolling is the reduction of
residual stresses and thus lower resulting component distor-
tion [46]. In addition, an almost constant layer height can
be achieved in the build-up process due to the deformation
[47]. The advantage of mechanical surface hammering over
rolling is greater potential geometric design freedom [48].

The third option for grain refinement and production
of isotropic metallurgical and mechanical properties is
the use of post-process heat treatments. For homogeneous
microstructures with isotropic properties, very slow cooling
rates (1072° K/s) are necessary during the p o transformation.
However, it is important to ensure that the temperatures or
the process times are not too high or too long; otherwise, an
equiaxed but also a coarse grain structure will result. This is
related to a reduction in strength with simultaneously almost
constant elongation at break [32, 33, 49].

Another challenge is the affinity of titanium to absorb
atmospheric gases, especially oxygen, at temperatures
above 500 °C and the associated growth of an oxide layer
and the so-called “alpha case” which results in hardening or
embrittlement of the material [6, 50-53]. Accordingly, it is
important to shield the weld metal as completely as possible
from atmospheric gases during solidification and cooling.
This is done either by means of conventional trailing gas
nozzles, shielding gas-flooded welding chambers, or novel
developments, such as the local shielding device of Ding
et al. [54]. Bermingham et al. investigated the influence of
varying trailing gas compositions in the inert gas nozzle
on the oxidation of the cooling molten bath by increasing
the active gas content in the trailing gas (starting with
100% argon). In the last case, no trailing gas coverage was
provided. It was found that there was no statistically relevant
effect on the chemical compound of the alloy, tensile
strength, or elongation at break, despite the formation of
different surface states of the weld material (from metallic
shiny to flaky brown oxide). The measured microhardness
shows that the oxidized external surface extends a maximum
of 100 pm into the component in the worst case with no

trailing gas coverage. This layer thickness is usually removed
in the final machining of the components. It should be
noted here that only small 4-layer structures were built and
examined [55]. In order to avoid heat accumulation and to
conduct the injected thermal energy out of the component as
quickly as possible, a plate through which liquid flows was
placed under the substrate in a cooling approach. A positive
influence on manufacturing time and mechanical properties
was observed [35].

In summary, much research work has already been
conducted in the field of additive processing of Ti-6Al-4
V. However, there are only few systematic investigations on
the economic use of different additive build-up strategies
and hardly any findings on the process limits when using
the DED-Arc by means of GMAW. Furthermore, there
is limited information on the property characteristics of
the generated structures depending on the heat input and
the temperature—time regime or the cooling behavior for
GMAW-based additive manufacturing of Ti-6Al-4 V.
Systematic investigations on the influence of the interpass
temperature on the CMT process and the resulting
component properties were only performed by Lu, Yi et al.,
Vazquez et al., and Vazquez et al., which varied the dwell
time between layer deposition between 0 and 9 min [34, 35].
Further investigations on temperature-controlled process
control have the potential to enable a specific adjustment of
the properties of the produced near-net-shape components
by homogenizing the thermal field and to generate isotropic
component properties. Consequently, the economic and
sustainable attractiveness of the process can be significantly
increased.

2 Aim of the investigation

The aim of the investigations was the systematic
development of strategies for the specific adjustment of
component properties during the additive manufacturing
of Ti-6Al-4 V structures by means of the GMAW
welding process. A homogeneous microstructure was to
be set through controlled tempering of the structure to
be manufactured. To achieve the goal, different build-up
strategies were initially addressed as a starting point
and process limits were evaluated. In the following, it
was intended to generate additive wall structures with
varied wall thicknesses using multi-row, meandering,
or oscillating welding paths. At the same time, the main
influencing variables of the welding process, such as wire
feed or welding speed, could be adjusted. Additive wall
structures were built up by varying the interpass temperature
between 150 °C as the lower and 1050 °C as the upper limit
temperature. The temperature—time regimes occurring
during the additive build-up process were analyzed and
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correlated with the resulting geometric, metallurgical, and
mechanical properties. As a result of the investigations, new
insights into the influence of varying interpass temperatures
on the mechanical properties should be obtained, and a near-
net-shape additive manufacturing of components made of
Ti-6Al-4 V with homogeneous mechanical properties should
be possible.

3 Experimental setup and methods
3.1 Materials and equipment

In order to carry out the welding trials, a Fronius CMT
Advanced 4000 welding power source with a push—pull torch
system and a 400-mm-long torch neck were used. Here, the
energy-reduced, controlled short circuit process “cold metal
transfer” (CMT) with reference number 1009 was selected
as the welding characteristic, which is specifically designed
for welding Ti-6Al-4 V. A Kuka KR 150-2000 6-axis indus-
trial robot served as the handling system. The basic experi-
mental setup can be seen in Fig. 1a (extended torch neck
not shown). Due to the affinity of the titanium material for
absorbing atmospheric gases, the welding tests were car-
ried out in a shielding gas chamber, as shown in Fig. 1b.
The absorption of oxygen, nitrogen, or hydrogen leads to
a change in the microstructure or the mechanical proper-
ties. Gas absorption increases at temperatures > 550 °C [50].
The result is a hardening of the material with a simultane-
ous decrease in ductility. In particular, the hardening of the
surface areas makes subsequent machining of the welded

components more difficult and should therefore be avoided
by using a working atmosphere filled with inert gas.

The handling system is coupled via a flexible hood
made of a temperature resistant and coated fabric. Viewing
windows made of borosilicate glass are inserted on three
sides of the chamber. These serve as an interface for process
observation or monitoring by means of a high speed camera
and pyrometer. The selected glass material is particularly
suitable for this purpose due to its high thermal load capacity
and high transmission of over 90% in the wavelength range
between 0.3 and 2.3 um. This represents the spectral range
in which the relevant devices for optical temperature
measurement operate.

The inert gas is introduced via four connecting holes that
lead into a circumferential cavity. By means of a diffuser
layer made of metal mesh or foam, a pressure gradient is
created between the mentioned cavity and the welding
chamber. This creates a laminar gas flow and ensures
efficient displacement of the remaining air. As an indicator
for the residual amount of atmospheric air components, the
residual oxygen content in the chamber is measured with
a JAeroF type oxygen monitor. For this purpose, there are
measuring fittings near the substrate and in the upper area
of the chamber, through which a flexible measuring tube
can be led to desired measuring points inside. The inert
gas atmosphere is created by the continuous introduction
of argon 5.0 (according to Table 2). Due to the higher
density of argon (p ~ 1.784 g/dm?) compared to air (p
~ 1.293 g/dm?), the inert gas displaces the atmospheric
components through a relief valve at the top of the chamber.
Conclusively, by measuring the residual oxygen content at
the upper measuring port, the same or lower oxygen content
can be guaranteed in areas of the chamber below. The

a) Extraction

Push-pull-welding torch
(Fronius Robacta Drive CMT W)

6-axis industrial robot |
(Kuka KR 150-2000)

Wire feed unit with

b)

Flexible hood with
welding torch interface

—

Relief valve =~

Valves for oxygen
measurement

Sight window ~

Inert gas chamber
(working space)

Inert gas supply

Fig. 1 a Test laboratory with equipment and b shielding gas chamber used for the investigations stating essential components
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welding process is started after a residual oxygen content
of 100 ppm has been reached. Preliminary investigations
have shown that below this value, the formation of annealing
colors on the surface of the titanium structures is avoided.

For the acquisition of the relevant welding data, such as
welding current / or voltage U, a data acquisition system
(DAQ system) called DEWE PCI-16 from Dewetron was
used. In combination with the welding speed v, the energy
input per unit length Ej is calculated according to Eq. (1).
This can be used to evaluate the energy input during additive
manufacturing with arc process.

t

_P[K . [UsxI
ES—V[m]mnP_/ = w] (1)

The temperature—time regime was measured with
noncontact pyrometers. Therefore, a Metis M318 single-
wavelength pyrometer from Sensortherm GmbH with a
measuring range between 100 and 700 °C (measurement
uncertainty: +0.5% + 1 K) and a M322 ratio pyrometer
from the same company with a higher measuring range of
350-1300 °C (measurement uncertainty: +0.3% + 2 K) was
used. Type C (tungsten-rhenium) tactile thermocouples were
used to validate the optical temperature measurement. These
have a wide measuring range between 0 and 2300 °C and a
high melting point.

For the investigations, a titanium alloy Ti-6Al-4 V
(titanium grade 5) with the material number 3.7165 is used
as solid wire electrode with a diameter of @y, =1.0 mm and
with the specification according to AWS A5.16, ER Ti 5 or
ENISO 24034, S Ti 6402c and as substrate material with the
specification according to ASTM B 265-00. Table 1 shows
the chemical composition of the filler metal and substrate
material used. Table 2 shows the names, the respective use,
and the composition of the inert gases used.

3.2 Methodical and systematic approach

For the investigations of suitable build-up strategies for the
additive build-up process using DED-Arc, small volume
additive structures were built in the first step. According to
Fig. 2, the structures were divided into thin- and thick-walled
structures. If the required structure width is smaller than the

Table 2 Inert gases used with indication of use and their composition
in volume percent according to DIN EN ISO 14175:2008

Category Usage Type—name Composition

Inert gas  Shielding gas in chamber I1—Ar5.0  99.999 Ar
Welding shielding gas 13—ArHe30 30% He, bal. Ar
Welding shielding gas I3—ArHe70 70% He, bal. Ar

possible weld bead width of a stringer bead, the classifica-
tion criteria for thin-walled structures is met. In this case,
the structure width can be realized by single-row weld paths.
Here, the potentially necessary machining post-processing
for the generation of a planar side surface of the compo-
nent is taken into account, as this is often necessary for the
application. Multiple-row welding paths, such as multi-row,
meandering, or oscillating, are used to build thick-walled
structures. In this case, overlapping weld paths are used to
create structures whose width is greater than a single line
bead and can be adjusted as desired.

The additive build-up was carried out bidirectional,
i.e., the start and end points of the welding process were
alternated layer by layer. For the generation of the thin-
walled structures, the additive build-up of three welding
layers with a length of approx. 100 mm was carried out
by varying the energy input per unit length. In a further
step, the helium content in the welding gas was increased
from 30 (ArHe30) to 70% (ArHe70) and the same series
of experiments were conducted. The individual substrate
plates had dimensions of 150 mm X 25 mm X 6 mm. Before
applying a new layer, an interpass temperature of 100 °C
was set and measured by means of a M318 pyrometer
below the welding torch after layer generation. According
to the occurrence of irregularities, weld range diagrams
were generated as a function of the energy input per unit
length. To validate the findings, a 30-layer wall structure
per shielding gas with a length of approx. 120 mm was to be
generated by using exemplary input variables, like welding
speed and wire feed speed, within the recommended value
range (see Fig. 11).

For the thick-walled structures, the multi-row weld
sequences shown in Fig. 3a were considered. In this case,
overlapping weld paths are used to produce structures whose
width is greater than that of a single weld bead. Depending

Table 1 Chemical composition of the used molten filler wire material and of the substrate material according to mill certifications in mass fractions

C O N Fe Al v Ti
Wire 0.05 0.13 0.03 0.015 0.22 6.3 3.5 bal
Substrate 0.16 0.17 0.02 0.0046 0.16 6.18 4.1 bal
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Fig.2 Systematic approach for [

Generation of additive structures with the energy-reduced, controlled short arc |

building thin-walled and thick-
walled additive structures

/

Generation of thin-walled structures
(required structure width < weld bead width)

Generation of thick-walled structures

(required structure width > weld bead width)

\ 4

Free varation of the structure thickness by
multi-row welding paths

Minimal structure thicknesses due to single
—row welding path

—
1. Multi-row: L—

\ 4

2. Meandering: I LJ LJ _I_

Determination of process input variables that
allow additive buildup while producing the
smallest possible weld bead width

SSOUYOIY} 81NjoNI)S

3. Oscillating: /\/\/\/\I

Fig.3 Schematic illustration a) 1) Multi-row:

of a the welding paths for the .

different build-up strategies
and definition of the overlap l

Welding direction (x)
Buildup direction (z)

length o; and b of the variables

1) Meandering: 11l) Oscillating:

Lﬂfu WW

for determining the overlap

length o, b) Determination of

the overlap length: \yeld bead 1

bl

d 0w o, - overlap length
o weldbead2 | 0; = — - w,, [mm] with  ©Y :\?v\;T:il?JZad width

— center distance

on the strategy used, the overlap length o,, respectively
center distance d, was defined as shown in Fig. 3a. Accord-
ingly, the calculation of the overlap length o; or center dis-
tance d is possible according to the equations in Fig. 3b for
a given overlap Ov and determined weld bead width w, [56,
57]. Using the various build-up strategies, additive wall
structures with lengths between 70 and 120 mm and heights
corresponding to 7 to 10 layers were built up with layer-by-
layer alternating (bidirectional) change of the welding direc-
tion. Widths between 12 and 22 mm could be addressed. The
welding pause between the applications of the individual
layers was set to 3 min. ArHe30 and ArHe70 were used as
shielding gases.

The degree of overlap was varied according to the
build-up strategy as shown below:

- Multi-row build-up strategy: Ov = 10-30%

- Meandering build-up strategy: Ov = 10-50%

- Oscillating build-up strategy: Ov = 0-30%

In order to evaluate the near-net-shape and to select a
suitable build-up strategy as well as an overlap for the further
experimental studies, selected structures were analyzed
by means of 3D scans, inspected by visual inspection and
metallographically examined for lack of fusions.

Based on the findings regarding the build-up strategies,
a systematic investigation of varying temperature—time
regimes and their influence on the resulting geometric,
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metallurgical, and mechanical component properties was
carried out using thick-walled structures as an example.
A temperature-controlled process using defined interpass
temperatures (IPT) was used for this purpose. This means
that the additive build-up process is not continued until
the temperature falls below the interpass temperature
after a layer generation has been completed. The highest
temperature of the last applied layer (top layer) serves as
an adjustment criteria. Interpass temperatures between 150
and 1050 °C were addressed.

The structures were programmed with the nominal
widths w=18 mm and w=22 mm by adjusting the pen-
dulum width. At the same time, this changes, among other
aspects, the energy input per layer and thus the heat input.
Due to the extension of the necessary cooling times into
the lower temperature ranges, it was decided not to produce
the structures with an interpass temperature lower than 600
°C with the structure width of w=22 mm, as it was not
considered economical. Nevertheless, the tests showed that
there is no significant difference in the resulting properties
between the two widths of the thick-walled structures and
thus no further findings can be generated. All wall structures
have a length of about 180 mm and were generated using an
alternating build-up strategy. The substrates with the dimen-
sions 225 mm X 90 mm X 10 mm were fixed in the test room
with hold-downs at the corner points. The specified welding
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Es = 4.10 kd/em; vy = 12.0 m/min; Thick walled structures (oscillating strategy)
Vs = 0.4 m/min; U= 16V,

gﬂg;r;ien;n;b /min, ArHe70 18 mm structure width | 22 mm structure width
Interpass temperature (IPT) ] | 2% 30%450-600: | 500, 800, 1050, 1300
Number of layers [-] 10 10
Structure length [mm] 180 180

Welding time per layer [s] 135 185

Welding distance per layer [mm)] 900 1233

Total welding distance [mm] 9000 12333
Energy input per layer [kJ] 369 505,7

Melted wire per layer [m] 27 37

Melted wire mass per layer [g] 93 128,8

Fig.4 Overview of the resulting characteristics of the generated
thick-walled structures under variation of the structure width and the
interpass temperature (IPT) with constant welding inputs

input variables resulted in an energy input per unit length of
Eg=4.1 kJ/cm and were not varied regardless of the struc-
ture width, resulting in mean stringer bead width of w,=8
mm. Figure 4 gives an overview of the generated structures
and a selection of resulting characteristic values.

Fig.5 a Comparison of the

measured temperature curves Ratio pyrometer (rp)

3.3 Methods for characterization

The temperature measurement during the additive manufactur-
ing process of the thick-walled structures was carried out by
means of the experimental setup schematically shown in Fig. 5a.
The measuring points of the pyrometers were rigidly connected
to the handling system so that the measuring points are always
located below the torch on the top layer of the structure.

Depending on the interpass temperature, one or two
pyrometers were used. The distribution can be seen in
Fig. 5b. In the case of an interpass temperature greater than
350 °C, the ratio pyrometer was used for process control
(measurement of the IPT) and the cooling course. In the case
of interpass temperatures lower than 350 °C, an additional
pyrometer had to be used for the measurement of the
interpass temperature and thus for the process control due
to the limited measuring range of the ratio pyrometer.

Since the emission coefficient of the material to be meas-
ured has an influence on the optical temperature determi-
nation by means of single-wavelength pyrometers, the set
emission coefficient was varied in test series and compared
with the tactile temperature measurement by means of ther-
mocouples and the ratio pyrometer.

Welding torch b) —|IPT <350 °C

for different types of measur-
ing equipment when measuring

Measurement top layer n:
/Top layer (n) .« p>IPT

through the borosilicate glass n

* rp - cooling course

plane of the used shielding gas

Measuring point

chamber and b the correspond-

IPT > 350 °C |

Wall structure

Measurement top layer n:

* rp 2> IPT + cooling course

——thermocouple (tc)
——ratio pyrometer (rp)
pyrometer (p)

J welding torch 'l
» W

thermocouples type C
Tipmax = 1300 °C .

. : Pyrometer (p)
ing experimental setup
[ Substrate

Fig. 6 a Schematic illustration a)
of the temperature measurement 2000
setup for the experiments under
variation of the structure width
and interpass temperature (IPT) O 1500
and b the measuring devices e
used as dependence of the g
interpass temperature for meas- S 1000 |
uring the interpass temperature 2
and for recording the cooling E
course (rp, ratio pyrometer; p,
pyrometer) %00

0

ATpay = 105K

Tpmax =700 °C welding bead

pilot lights of pyrometer
»andTatio pyrometer

Timeins

L ST

20 25 30 S i
welding chamber | }A A
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a) R b)

Top layer  Scanned structure

_First layer

7
Area for measurement max. and min. structure width

Fig.7 a Display of the determined geometric parameters based on a
cross-section and b methodology for determining the area for measur-
ing the maximum and minimum structural widths using the example
of a scanned wall structure

For the tests, the welding wire was focused with the
optical measuring equipment and the pyrometers were
positioned on one of the two pairs of thermocouples. The
two thermocouples were placed in the welding path and
welded over. The setup is shown in Fig. 6b. The temper-
ature—time regime was recorded over the period of the
welding process until cooling to a temperature of 100 °C,
and the temperature curves were then compared. Accord-
ing to the diagram in Fig. 6a, it can be seen that the tem-
perature curve of the partial radiation pyrometer, with a
set emission coefficient of e=0.1, agrees qualitatively and
quantitatively with that of the thermocouple in the meas-
urement range.

From the maximum temperature of 1300 up to approx.
1000 °C, the curves of the thermocouple and the ratio
pyrometer match. Between 1000 and approx. 700 °C,
there is a deviation of 105 K maximum. This is due to the
transition of the surface of the weld metal from red-hot to
shiny metallic and is accompanied by a different change
in the emission value in the spectral ranges of the two
pyrometers in the ratio pyrometer. Due to the measuring
principle, this leads to the deviations shown. Below 700
°C, the temperature curves converge again with a constant
difference of approx. 30 K between the thermocouple and

Fig.8 a Schematic illustra- a)
tion of the removal of the e

the ratio pyrometer. Accordingly, the qualitative curve is
almost completely reproduced and allows the use of the ratio
pyrometer for the comparative analysis of cooling times
within the scope of the investigations.

The determination of the final contour proximity was
carried out using a GOM Atos Core 300 3D scanner with
a rotary table for specimen positioning. The generated
3D model of the specimen is subsequently analyzed with
the associated software. For this purpose, a fitting plane
according to Tschebyscheff is placed on the selected lateral
surfaces of the structures (Fig. 7b). In this way, the maxi-
mum and minimum deviations of the opposing planes and
thus the maximum and minimum structure widths can be
determined. According to Eq. (2), the difference between
maximum structure width w,,, and minimum structure
width w,;, can be used to evaluate the near-net-shape. A
difference as small as possible Aw corresponds to a high
final contour closeness, since in this case the smallest
amount of material must be subsequently removed in order
to obtain the effectively usable structure width. Figure 7a
illustrates the geometric quantities determined on the basis
of a cross-section of a structure. For the measurement, both
the first and the last layer as well as the edge areas of wall
segments were excluded in order to avoid, for example, the
influence of material accumulations at the start or end of
the weld. Figure 7b illustrates the methodology using the
example of a scanned wall structure.

Aw = Winax = Winin [mm] 2)

In the final analysis step, the necessary machining was
carried out to remove the specimens for metallographic
and mechanical analysis as shown in Fig. 8a.To investi-
gate the tensile strength R, specimens of shape E were
designed according to the calculation specifications of
DIN EN ISO 6892-1 for uniform strain specimens. Fig-
ure 8b shows the resulting tensile specimen dimensions.
The tensile test was performed on a universal testing
machine from Hegewald & Peschke MeB3- und Priiftechnik
GmbH, type inspect retrofit Zwick 1455, with a maximum

tensile force of 25 kN.

b) 72,00

notched bar impact specimen
(build-up direction) and the
tensile specimen (build-up and
welding direction) as well as the
transverse section from the wall
structures and representation

approx. 180 mm N 200 36,46
N ke _.T_T._ 17,51

¢

Tensile specimen
(Design according to DIN EN ISO 6892-1)

o
k=]
=
|53
Q
»
»n
17}
o
<4
[G]

of the geometry and dimen- M ~—"] ° - 5500 4
sions for the tested b tensile — olef -
specimens according to DIN EN I I = D A

ISO 68921 and ¢ notched bar 2] | JAN

impact specimen according to approx. 45 mm 72 mm approx. 20 mm

DIN EN ISO 148-1
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For the determination of the impact energy, undersize
specimens were manufactured according to DIN EN ISO
148—1 with a V-notch. The dimensions of the specimens
are shown in Fig. 8c. The impact energy was determined
on an RKP 300 testing machine from Roell Amsler using
a test hammer with an energy of 150 J.

The microstructural analysis of the produced welds was
carried out by hardness measurements according to Vickers
in accordance with DIN EN ISO 6507-1, using a hardness
tester from Struers of type DuraScan 70 and an indenter
with an indentation angle of 136°. The test force F was 9.81
N according to HV1. This enables the detection of local
hardness variations that indicate different microstructures
or compositions.

For the metallographic investigation, sections were first
cut out of the specimen structures using a band saw with
slow feed rate and high coolant flow. Subsequently, the
specimens were mounted in epoxy resin (EpoxiCure2 cold
embedding agent from Buehler) for improved handling. On
a Buehler Phoenix 4000 V/2 sander, the specimens were
coarsely and finely sanded with abrasive paper containing
SiC particles with grit sizes 160, 320, and 2500. This was
followed by a polishing process on discs with synthetic
coating and additional suspensions to which 3-um and
0.05-um monocrystalline diamond particles were added.
Visualization or contrasting of the microstructure was
achieved by etching according to Kroll (50 ml distilled
water, 40 ml nitric acid 65%, 10 ml hydrofluoric acid 40%)
for approx. 15 to 45 s. The microstructure is examined using
a Zeiss Discovery.V8 with an Axiocam 105 color and a Zeiss
AX10 Scope.Al with an Axiocam ICc3. The Disocvery.V8
(1 x—8 x magnification) allows examinations and panoramas
over a large area of the sample. With the Zeiss AX10 and the
Axiocam ICc3 camera used, the samples can be examined
with a maximum magnification of 1000 X . The specimen
evaluation was performed with the Zeiss AxioVision
software.

4 Results and discussion
4.1 Development of additive process strategies
4.1.1 Additive manufacturing of thin-walled structures

As a basis for the additive build-up process and the charac-
terization of the energy-reduced, controlled short circuit, the
achievable weld bead geometry was analyzed first. Figure 9
shows the weld bead width (a) and the weld bead height
(b) as a function of the wire feed rate for varying weld-
ing speeds. The investigations were carried out using a wire
diameter of @y, = 1.0 mm and the welding gas ArHe30. At
wire feed rates lower than 6 m/min, no continuous weld
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Fig.9 a Weld bead width and b weld bead height as a function of
wire feed speed vy, with variation of welding speed vy (ArHe30,
By =1.0 mm)

beads could be generated regardless of the welding speed,
which is why this range of values is not considered. The
upper limit of the investigated wire feed speeds of 14 m/min
is justified by the limitation of the short circuit process used
in the power source. Maximum weld bead widths of w=28.8
mm were produced at maximum wire feed of vy, =14 m/min
and lowest welding speed of vg=0.2 m/min. Minimum weld
bead widths of w=3.4 mm were obtained at the lowest wire
feed rate of vy, =6 m/min and the slowest welding speed of
vg=0.6 m/min. Respectively, maximum and minimum weld
bead heights of #=6.4 mm and 2 =3.6 mm were generated
for the same input variables.

When considering the bead width, it increases with both
an increase in wire feed and a reduction in welding speed.
Furthermore, it can be seen that significantly higher bead
widths were obtained with the lowest welding speed of 0.2
m/min compared to double or triple the welding speed. The
difference between the bead widths at the welding speeds
0.4 m/min and 0.6 m/min is smaller.

With regard to the weld bead height, the same rela-
tionships can be identified. With increasing wire feed and
reduced welding speed, the resulting bead height increases.
However, the increase is smaller for the same increase in
wire feed compared to the increase in bead width.
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Based on the findings on the resulting weld bead
geometries, thin-walled structures consisting of three lay-
ers were initially generated to determine suitable welding
process influencing variables that enable a near-net-shape
additive build-up. Depending on the energy input per unit
length, different defect patterns occurred. At low energy
inputs per unit length, interrupted weld beads were gener-
ated. This is caused either by an insufficient amount of
molten material due to a wire feed speed that is too low
in relation to the welding speed, or by a rapidly solidi-
fying melt as a result of insufficient heat input. Due to
its characteristic appearance, the defect pattern is called
“humping.” In contrast, the weld metal sagged periodi-
cally at high line energies as a result of the high heat input
and the increased melt pool volume with a simultaneous
reduction in viscosity. Both phenomena negatively influ-
ence a near-net-shape additive build-up process or even
prevent a build-up process. Figure 10 shows a schematic
comparison of the defect patterns with the near-net-shape
build-up, based on example images of generated struc-
tures and micrographs.

By forming the defect patterns, the range of suitable
welding parameters is restricted when a single-row build-up
strategy is applied. Figure 11 shows weld range diagrams by
plotting the resulting energy per unit length as a function of
wire feed and welding speed for the welding gases ArHe30
(Fig. 11a) and ArHe70 (Fig. 11b).

The value ranges of the occurrence of the collapsing
melt and the humping are marked therein. It is evident that
increasing the helium content in the shielding gas from 30
to 70% shifts the ranges of defect patterns to lower energy
inputs per unit length. At the same time, the process window
for a near-net-shape additive build-up process becomes
smaller with the increase of the helium content. This results
from the shift of the defect pattern of the collapsing melt to
lower energy inputs per unit length compared to the shielding
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i ovs = 0.6 m/min A
= 7 [ Avs=0.9m/min
£
o 6 «—
§ Not considered area
w 5 F
c °
= X
- 4+
2 =
53
2
E X o A
> 2 | ArHe30 4
= cMT o 7
S 41+ Gyw=10mm A' .
w Oy 100 ppm ; Humping

o 1 1 : 1 1 1 1

0 2 4 6 8 10 12 14 16
Wire feed speed in m/min
b) 9
ovs = 0.3 m/min <o

E 8 r avs = 0.6 m/min
2 Avs =0.9 m/min
c 7 )
pe Collapsing melt
(=] 6 pram—
§ Not considered area
= 5
= 3
g 4 o
Q.
53
.E' é o A
> 2 t ArHe70
= cMT & A
c 4| Gy=1.0mm .
w O 100ppm |1 Humping

0 L L 1 f i f f

0 2 4 6 8 10 12 14 16

Wire feed speed in m/min

Fig. 11 Welding range diagrams with resulting energy input per unit
length under variation of wire feed speed vy, and welding speed vg
using the welding gases (a) ArHe30 and (b) ArHe70

a) ,Humping* b)

Near-net-shape structure c)

Collapsing melt
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. Whin

Excess material

Fig. 10 Illustration of defect patterns (a and ¢) occurring during single-row additive manufacturing of thin-walled Ti-6Al-4 V structures by
means of an energy-reduced, controlled short circuit in comparison to the near-net-shape build-up (b)
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gas ArHe30. Consequently, with the shielding gas with the
lower helium content, higher line energies and thus wider
structures can be produced without the melt collapsing in the
additive build-up process. The advantage of the shielding gas
ArHe70 is nevertheless that the heat distribution in the arc
is more homogeneous due to the higher helium content. The
molten pool therefore has better wetting properties. This also
shifts the occurrence of humping to lower energy inputs per
unit length. This enables an additive build-up process with
lower energy per unit length and smaller weld bead widths.
As aresult, structures with a smaller width can be produced
compared to the shielding gas ArHe30. However, the results
described refer only to the single-row build-up process.

For validation, one welding parameter set per shielding
gas was selected within the defined process range and a sin-
gle-row wall structure with a low structure width was built.
A height corresponding to 30 layers was aimed for. Fig-
ure 12 shows the generated structures in side view (Fig. 12a
and c) and top view (Fig. 12c and d), as well as the corre-
sponding input and output parameters.

Using the inert gas ArHe30, a structure with a width of
w=4.77 mm, a total height of A, =90.2 mm, and a high final
contour proximity could be generated. For this, an energy input
per unit length of Eg=2.16 kJ/cm was determined, resulting
from a wire feed speed of vy, =6 m/min, a welding speed of
v¢=0.3 m/min, and a welding voltage of U=15 V.

Due to the higher helium content, it was possible to dou-
ble the welding speed when using the shielding gas ArHe70
without producing an interrupted weld bead (no “hump-
ing”). This resulted in a lower energy input per unit length
of Eg=1.38 kJ/cm and an increased welding voltage to
U=16.7 V. The structure width is reduced to w=4.09 mm.

Due to the irregularity shown in Fig. 12c, the additive
build-up process had to be stopped after 23 layers. This

Fig. 12 Generated thin-walled
structures within the determined
weld area with shielding gas a,
b ArHe30 and ¢, d ArHe70 in a,
¢ side and b, d top view

a), b): Shielding gas ArHe30

Eg = 2.16 kJ/cm; vy, = 6 m/min;
Vg = 0.3 m/min; U = 15 V; hyyy = 90.2 mm;

results in a total height of approx. 41 mm. The irregularity
in the layer build-up results from an increasing contact tip to
work distance (CTWD) with increasing build-up height due
to flatter layers. This led to a steady reduction in the welding
voltage, an extinguishing of the arc, and thus ultimately to
an abortion of the welding process. In conclusion, a constant
check of the contact tip to work distance after generation of a
defined number of layers is recommended and, if necessary,
a manual adjustment of the build-up program is required.

4.1.2 Additive manufacturing of thick-walled structures

Overlaps of 10%, 20%, and 30% were used for the multi-row
build-up strategy. The specifications are based on experience
and publications from the field of steel processing using
DED-Arc and specifically GMAW. According to Ding et al.,
this is about 26% [56]. The energy inputs per unit length used
have a value of approx. 2.42 kJ/cm (vy, =8 m/min, vg=0.4
m/min) and 4.1 kJ/cm (vy =12 m/min, v4=0.4 m/min). For
each layer, four weld beads were placed next to each other for
the lower energy input per unit length and three weld beads
for the higher energy input per unit length. The sample with
an overlap of 10% and Eq=4.10 kJ/cm is an exception here,
since the addressed structure width could already be realized
with two weld beads on the basis of the calculation.

The resulting structures are tabulated in the side view in
Fig. 13. For the structures welded with the energy input per
unit length of Eg=2.42 kJ/cm and with an overlap of 10%
and 20%, a process termination occurred in the 8th and 4th
layer, respectively, due to arc extinction. This is explained
by the fact that no closed areas were generated, but the indi-
vidual weld beads were placed next to each other with a
poor connection. At the same time, the selected welding

W =4.77 mm; Ngye = 30

a) g N

c), d): Shielding gas ArHe70

E¢ = 1.38 kJ/cm; v, = 6 m/min;
Vg = 0.6 m/min; U = 16.7 V; hyyy = 40.8 mm;
w =4.09 mm; niyer = 23

xxxxx
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Es
[kJ/cm] 10 % overlap 20 % overlap 30 % overlap
242 Process abort in 4th layer
4.10

Fig. 13 Additively manufactured wall structures with multi-row build-up strategy under variation of the energy input per unit length and overlap

in side view (10 layers, length=120 mm)

parameters formed narrow and superelevated beads, which
amplified the previously mentioned problem. The superel-
evated weld beads can be described by a height-to-width
ratio higher than 1.1. As a result, the arc partially burned on
the adjacent weld bead of the same layer during the build-up
process, due to cathode, due to the process-specific cathode
spot wandering [26, 58]. This led to process instabilities and
to an intensification of the irregularity of the layer surface,
so that with increasing build-up height, the process insta-
bilities occurred more frequently until the eventual process
termination.

For the structure with an overlap of 30%, the build-up
process of ten layers could be completed. This is due to the

fact that the larger overlap and the higher energy input cause
the previously placed weld beads of a layer to fuse together
more strongly and form a closed surface. In this case, the arc
burns mainly on the underlying layer. Looking at the cross-
section in Fig. 14a, it can be seen that the structure does not
have a closed volume and thus no near-net-shape.

The structures welded with the energy input per unit
length of Eq=4.10 kJ/cm could be completely built up
with the selected overlaps. The phenomenon of the arc
jumping over to neighboring beads could not be observed.
The arc burned exclusively on the underlying weld bead
(Fig. 14 b-d). Closed layers were formed. This is due to the
comparatively higher material and heat input, which favors

Fig. 14 Plot of cross-sections of
wall structures and irregularities

a) Ov=30%

b) Ov=10% c)

Ov =20% d) Ov=30%

under variation of overlap and
energy input per unit length for
multi-row build-up strategy: (a)
Ov=30%, Eg=2.42 kJ/cm; (b)
Ov=10%, Eg=4.10 kJ/cm; (¢)
Ov=20%, E;=4.10 kJ/cm; and
(d) Ov=30%, Eg=4.10 kJ/cm
(CTWD—contact tip to work
distance)
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a) Meandering strategy 20% Overlap

b)

Oscillating strategy, 5% Overlap
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Fig. 15 Display of the single-layer weld beads with the overlaps
selected for the additive build-up of (a) Ov=20% for the meander
and (b) Ov=>5% for the oscillating strategy and ¢ comparison of the
wall structures generated using the meander (Ov=20%) and oscil-

the fusion of the beads together. At the same time, the
height-to-width ratio of the weld beads formed is approx.
1.0 and, accordingly, the beads are not superelevated, in
contrast to the weld beads of the previously used energy
input per unit length. This also favors good bonding of
the weld beads to each other. However, these structures
are again characterized by a strong waviness of the lateral
surface. For visual inspection of the bonding, the cross-
sections are shown in Fig. 14b, c, and d.

It can be seen that the high viscosity of the melt pool and
the associated displacement of the melt lead to the increased
occurrence of bonding defects and a reduction in the near-
net-shape. Bonding defects can be seen in the structure with
an overlap of 10% as well as at 30%. In the cross-section of
the structure with an overlap of 20%, no bonding defects are
evident. However, the quality of the side surfaces is poor,
since a periodically changing deflection of the melt per layer
can be seen. This significantly reduces the usable minimum
structure width w; ..

In summary, the multi-row or parallel build-up strategy
widely used in the additive processing of steels, in which
individual weld beads are placed next to each other with a
defined overlap, proved to be unsuitable for the near-net-shape
additive build-up of thick-walled structures for the material
Ti-6Al-4 V using an energy-reduced, controlled short circuit.

In contrast, both the meandering and the oscil-
lating welding patterns proved to be suitable, since

lating (Ov=5%) strategies with variation of the welding gas used
(ArHe30 and ArHe70) with respect to geometrical properties after
generation of a digital model by means of optical 3D measurement
technology

near-net-shape structures could be produced without
the occurrence of bonding defects. In the course of the
investigations, the overlap between the sub-segments and
subsequently the shielding gas of the welding process
was varied between ArHe30 and ArHe70 under constant
energy input per unit length of Eq=4.10 kJ/cm, and the
influence on the final contour proximity was evaluated.
In the first step, a single-layer weld bead was welded
while varying the overlap. A structure width of w =22
mm was addressed. The weld structure was then visu-
ally evaluated using the following qualitative evaluation
criteria:

- Uniformity of the structure edge

- Uniformity of the structure surface

- Flatness of the structure

The overlaps used to generate the wall structures are
shown with a photograph of the respective single-layer
structures as a function of the build-up strategy in Fig. 15a
and b.

The 7-layer wall structures generated using the speci-
fied welding parameters are shown in Fig. 15c. In addition,
the geometric properties determined from the 3D scan
are also listed. For the shielding gas ArHe30, the usable
or effective structure width, starting from the maximum
structure width, decreased by 26% for the meander strat-
egy and by 30% for the oscillating strategy. Increasing
the helium content in the shielding gas from 30 to 70%
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resulted in an increase in the near-net-shape by reducing
the deviation between maximum and minimum structure
width to 21% for the meander strategy and to 24% for the
oscillating strategy.

Accordingly, it should be noted that the use of a
shielding gas composition with a higher helium content
can reduce the difference between maximum and
minimum structure width and thus improve the near-net-
shape. A comparison of the build-up strategies shows a
larger resulting height of the structure. This is due to the
larger material input in the oscillating strategy, due to a
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longer weld path despite a smaller overlap. This results
from the definition of the overlap. On a structure length
of 10 mm, the weld path length of the meander strategy is
only about 73% of the weld path length of the oscillating
strategy.
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Fig. 17 Light microscopic
images of the characteristic

IPT =300 °C

IPT =1300 °C

lamellar microstructure of
cross-sections in the upper
regions (a, b) and lower regions
(¢, d) of the structures with the
interlayer temperatures of 300
°C (a, ¢) and 1300 °C (b, d)

upper structure area

lower structure area

4.2 Development of additive process strategies

4.2.1 Analysis of the interpass temperature on the build-up
and cooling process

Looking at the cooling time to interpass temperature after
the layer build-up in Fig. 16a, it can be seen that increasing
the interpass temperature reduces the time required in the
cooling process. There is a significant difference between the
values for IPT of 150 °C and 300 °C. If the IPT is increased
further, the reduction in the cooling time to interpass tem-
perature per layer becomes less.

Regardless of the interpass temperature, the cooling time
increases with increasing number of layers. This is due to the
steady increase in thermal energy as a result of the continuous
energy input during layer generation. Accordingly, lower
temperature gradients within the structure result in limiting
heat removal and result in lower cooling rates. Nevertheless,
a decrease in the increase of the values per layer can be
observed. The magnitude of the decrease in the increase
depends on the interpass temperature. This saturation range,
in which there is no further increase in the cooling time

between the individual layers, is comparable to a quasi-
stationary state. This describes a process state in which the
thermal energy supplied and the thermal energy dissipated
within a layer in the structure are close to equilibrium.
Comparable cooling rates are equivalent to homogeneous
microstructure formation and correspondingly homogeneous
mechanical properties. For the high interpass temperatures
of 800 °C and 1050 °C, this is already achieved after the
4th and the 2nd layer, respectively, as a result of the heat
build-up. At an interpass temperature of 600 °C, a slight
increase in the values is still evident. In summary, it can
be said that with an increase in the interpass temperature,
the quasi-stationary range is reached earlier in the additive
build-up process or after a lower number of welded layers.
It remains to be clarified to what extent the achievement of
the quasi-stationary state correlates with the formation of
homogeneous properties.

Figure 16b shows the cooling curves of the last layers
of the specimens. As the interpass temperature increases,
the curves converge closer to each other. This also leads
to a flattening of the curves and a slower cooling rate. This
behavior suggests that heat builds up in the specimens as
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the interpass temperature increases. The heat accumulation
then also causes the cooling rate to slow down. In addition,
the corresponding cooling rate for the range 1000-500 °C
is noted.

Over this temperature range, the formation of the
a-titanium lattice occurs. The cooling rates vary between
10.7 K/s at an interlayer temperature of 150 °C and 1.5
K/s at the interlayer temperature of 800 °C. Accord-
ing to Liu et al. in this range of cooling rates, the
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B-titanium transforms into a lamellar microstructure with
basketweave-a (Widmanstitten-o) and o-colonies, without
the formation of massive a-titanium or martensite [2]. In
addition to the formation of grain boundary-a, these two
microstructures dominate the microstructure of the manufac-
tured specimens, regardless of the selected interpass temper-
atures. The different microstructures can be seen in Fig. 17
for two different structure ranges and interpass temperatures.
Nevertheless, the lamellar microstructures form differently
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Fig. 19 a Resulting average hardness values according to HV1 as a
function of the interpass temperature for the additive structure, the
heat-affected zone in the substrate and the unaffected semifinished
product as a reference in the surface and cross-sections, and b hard-
ness mapping according to HV1 with a distance of the measuring
points of 1 mm in the cross-section of the sample structure with an
interpass temperature of 800 °C

depending on the build-up height and the interpass tempera-
ture. This is due to the different resulting cooling rates as a
result of varying amounts of accumulated heat in the struc-
ture and thus different steep temperature gradients. With a
comparatively high cooling rate at a low build-up height or
alow selected interpass temperature, fine lamellar structures
of completely or mainly basketweave-a are initially formed.
At low cooling rates, for example at a high build-up height or
high interpass temperatures, the lamellar structure becomes
more coarse-grained and proportionally more a-colonies are
formed [21]. At the same time, the heat cycles cause further
coarsening of the grain structure due to additional welded
layers being applied. Accordingly, a coarse microstructure
can also be found in lower structural areas, but here, the
proportion of basketweave-a is usually greater as a result of
initially faster cooling from the -range (Fig. 17c, d).

The decrease in cooling rates, as previously mentioned,
suggests the formation of a heat build-up, which is
more pronounced with a higher interpass temperature.
Accordingly, with a higher interpass temperature, the

component can be generated in a shorter time, but the
material cools slower due to lower temperature gradients.
The same behavior of the approximation of the cooling
curves as shown in Fig. 16b is evident within a specimen
with increasing number of layers or build-up height. In the
first layer, a cooling rate of 15.3 K/s is present. In layer four,
there is a quasi-static value of 3.5 K/s with the implication
of a heat build-up which, however, is in equilibrium here.
In connection with the microstructure, this would indicate
that the mechanical properties must be the same from layer
four up to the top layer. There is then a difference to layers
one to three.

4.2.2 Characterization of selected resulting geometrical
and mechanical properties

To analyze the resulting near-net-shape, the maximum and
minimum structure widths determined by using a 3D model
and the percentage deviation between the values (expressed
by the reduction of the usable width) as a function of the
interpass temperature were plotted in Fig. 18a.

Here, no systematic correlation between the final contour
proximity (expressed by the minimum deviation between
minimum and maximum structure width) is apparent. The
structures shown in Fig. 18b in cross-section exhibited the
smallest deviations of —23% and —22.5% at an interpass
temperature of 300 °C for the 18-mm wide structure and at an
interpass temperature of 600 °C for the 22-mm wide structure.

For the analysis of the resulting mechanical proper-
ties, the resulting average hardness according to HV1 as a
function of the interpass temperature used is first shown in
Fig. 19a. Furthermore, hardness values for the unaffected
substrate material (semifinished product) in cross-section
and surface section are listed for comparison as a reference.
Irrespective of the interpass temperature, the structures have
a mean hardness value of approx. 336 HV1 and are within
the range of variation from one another with a mean stand-
ard deviation of 15 HV1. At the same time, the determined
hardness values are almost in the average value range, which
is given in the literature as 300-400 HV for the alloy Ti-
6Al-4 V [59]. The results are also consistent with previ-
ous studies regarding the insignificant effect of the passed
temperature regime on the resulting component hardness in
additive manufacturing with DED-Arc. Here, the hardness
values vary between 290 HV und 350 HV0.5 [9, 21, 32, 34].

The substrate is at an average hardness of 321 HV1 and
330 HV1 in the different directions of observation of the
cross-section and surface section, respectively. Thus, the
inhomogeneity in the hardness values between the surface
and cross-sections in the unaffected semifinished product
is greater than the difference between the hardness values
of the additive structures generated with different interpass
temperatures. Due to the superficially different cooling
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Fig.20 Optical microscope
images of Ti-6Al-4 V micro-
structure from a heat unaffected
semifinished product and from
the bottom of the substrate to
the first layer of the additive
structure (a) banded, fully
equiaxed microstructure with
a-grains (white) and intergranu-
lar f at grain boundaries of the
unaffected semifinished product,
(b) fine bimodal microstructure
with a-grains (white) and into
the prior B-grains transformed
microstructure of the substrate
below the heat-affected zone
(HAZ), (c¢) coarsed bimodal
microstructure with less equi-
axed and more lamellar a-grains
in the HAZ, and (d) fully,
coarsed lamellar microstructure
in the remelted zone of the first
layer
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Fig.21 a Tensile strength as a function of interpass temperature and
structure width for the specimens taken in the build-up and welding
directions, and b the impact energy as a function of interpass tem-
perature and structure width
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Fig. 22 Tllustration of the strongly lamellar growth of the coarse prior
p-grains in the build-up direction based on an optical microscope
image of a cross-section with detailed images of the microstructure
and exemplary outlining of prior f-grains
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processes of the specimens, which however do not result
in any difference in the hardness measurement, it is con-
cluded that the process-related heat treatment is comparable
despite different boundary conditions (interpass tempera-
ture) and therefore results in the formation of comparable
microstructures and material properties. For this to happen,
at least two zones with different cooling behavior must form.
In the surface-near edge zone, the varying cooling behav-
ior is measured by means of the pyrometer, but this only
applies to a small area in terms of volume. The area within
the structure exhibits comparable cooling behavior and the
corresponding heat treatment for all specimens. The result is
the same hardness, regardless of the interpass temperature.

Figure 19b illustrates the differences by showing the
hardness mapping of the transverse section of the specimen
with an interpass temperature of 800 °C. At the same time,
the color-coded representation of the individual measuring
points shows that there is no conspicuous distribution or
accumulation of hardness values in the structure, which
could be determined by varying temperature—time regimes
during the additive build-up process with a constant inter-
pass temperature. Below the heat-affected zone (HAZ),
hardening is evident in the substrate, which is likely
due to the heat-induced recrystallization of the formerly
banded, equiaxed microstructure of the semifinished prod-
uct (Fig. 20a) to a fine bimodal microstructure (Fig. 20b)
[50]. This microstructure of the substrate is significantly
finer compared to the coarsed bimodal microstructure in
the HAZ (Fig. 20c) or the fully lamellar, coarsed micro-
strucure of the remelted zone in the first layer in the addi-
tive structure (Fig. 20d) and also has a characteristically
higher hardness than the equiaxed or lamellar microstruc-
ture [60, 61]. This results in a mean hardness of approx.
356 HV1, which is approx. 20 HV1 higher than the hard-
ness of the additive structure, which almost completely
exhibits a lamellar microstructure mainly consisting of fine
and coarse a-colonies and Widmanstitten-a.

b) Intersection

Figure 21a shows the tensile strengths achieved by the
test specimens. Again, no systematic correlation was found
between the tensile strength and the interpass temperature
used. The same applies to the increase in the structure width
from 18 to 22 mm and the associated increase in the energy
input per layer from 369 to 508 kJ. Tensile strength values
range from 895 to 980 MPa, which is within the average of
previously determined tensile strengths for DED-Arc, which
vary from 852 to 1033 MPa [8, 15, 22, 23, 25, 32, 40, 46].

All specimens thus meet the minimum tensile strength
value for the pure weld metal of 895 MPa specified by the
wire manufacturer. Thus, the findings are in line with the inves-
tigations of Lu, who also found no significant influence of the
interpass temperature on the tensile strength and was able to
determine values between 850 and 910 MPa. However, the
interpass temperature was limited to a maximum of 300 °C as
a result of beginning oxidation processes [34].

The tensile strengths are also almost in the identical range
that was measured by Vazquez et al. (895-995 MPa) [35].
However, the results shown here do not show the relation
that with an increase of the cooling rate and thus a finer
resulting microstructure, the tensile strength is significantly
increased from 895 to 995 MPa. The difference in the experi-
mental procedure is that Vaquez et al. used a time-controlled
build-up process and in this study a temperature-controlled
build-up process was used.

The deviation between the specimen in build-up and
welding direction is comparatively small, with a maximum
difference of approx. 7% when the overlapping scattering
areas are also considered. The systematic difference results
from an anisotropy of the microstructure. Due to the cyclic
remelting of the lower layers during the application of the
top layer, the grains grow over several layers. This results
in a strongly lamellar microstructure in the center of the
structure and the grains partially grow over more than half
of the structure. The lamellar growth of the prior B-grains
is exemplified in Fig. 22 by the white lines drawn on a
transverse section of a structure.

Fig.23 a Additively manufactured bevels by means of neutral torch

holding (0°) made of Ti-6Al-4 V with an addressed bevel angle of

30°, b build-up of a circular structure under variation of the meander

Cross structure

Machined surface

Height: = 72 mm

width, and ¢ demonstrator component with partially machined surface
(milled) and the dimensions 260 mm X 160 mm X 72 mm (L X W X H)
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Accordingly, in build-up direction, there are fewer
grain boundaries at which the dislocation movements can
accumulate. The highly lamellar grains are parallel to
the tensile axis in the build-up direction. As a result, the
tensile strength values are slightly lower. In the welding
direction, the strongly lamellar grains are not parallel
to the tensile axis, but rotated by 90° to it. Therefore,
comparatively more grain boundaries are located in
the tensile direction, where dislocation movements can
accumulate. Accordingly, higher tensile strength values
are measured. The results obtained are in agreement with
a large number of previous studies [8, 15, 21-23, 46,
62]. In summary, it can be concluded that the interpass
temperature in the investigated value range between 150
and 1050 °C has a subordinate influence on the resulting
tensile strength.

With regard to the fracture behavior under impact
loading, no systematic correlation to the interpass
temperature or the structure width could be established
on the basis of the notched bar impact work. The results of
the notched bar impact test can be seen in Fig. 21b. Values
of maximum W=9.4] for the interpass temperature of 600
°C (18 mm width) and minimum W=7.1J for the interpass
temperature of 800 °C (22 mm width) were determined.
Brittle fracture behavior is present. The fracture surfaces
of the specimens exhibit the characteristic appearance of
a separation fracture. Accordingly, the coarsening of the
microstructure and especially of the grain boundary-a,
which is observed with increased interpass temperature,
does not seem to have a significant influence on the
notched bar impact energy. This is in contrast to the
elongation at break. In several studies, an increase in heat
input or a decrease in weld pause time or an increase in
interpass temperature was associated with an increase in
the thickness of grain boundary-a and with a decrease in
elongation at break [15, 35]. The reasons for the absence
of this relation are part of future investigations.

In summary, it can be concluded that the interpass
temperature and the temperature—time regime passed during
the additive build-up of the thick-walled structures have a
minor influence on the resulting geometrical and mechanical
properties, such as near-net-shape or tensile strength.

4.3 Transfer of the results to demonstrator
components

In the final step of the investigations, the knowledge
gained was transferred to 3D structures, such as the pro-
duction of bevels with a neutral torch position (0°). Here,
using the meander strategy, resulting angles of up to 30°
could be produced with a good near-net-shape without
additional torch adjustment, as shown in Fig. 23a. The
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resulting angle deviation between nominal and actual was
a maximum of 4°.

In a further step, web crossings were mapped by welding
a cross-structure. This is shown in Fig. 23b. In order to
avoid connection problems caused by an extinguishing
and restarting arc in the area of the intersection, a special
path strategy was used. Here, the meander direction was
not varied independently of the individual sub-segments
of the cross within a layer; instead, the meander width
was varied in the crossing structural areas. A 90° rotation
of the meander direction was performed layer by layer
to compensate for any variations in the structure height
due to the width variation. The cross-structure could
be generated over the desired structure height without
interruption. At the same time, a complete connection has
been achieved in the area of the crossing point.

Furthermore, a demonstrator component, as shown in
Fig. 23c, was built. This is the unmachined contour of a
latch, which is used in the aviation industry, with a weight of
approx. 2.8 kg. The demonstrator part includes a variety of
challenging aspects, such as overhangs, slopes, or crossings.
The assembly was carried out in two subassemblies, with
an adjustment by a turn-tilt table. For the assembly, the
structure was divided into individual segments, which were
mapped using the meander strategy. In the case of a width
variation in the structure, the meander direction was rotated
by 90°. A rotation of the meander direction was performed if
the meander width was greater than the sub-segment length.

5 Conclusion

The investigations carried out have provided extensive
knowledge on the additive manufacturing of components
made of Ti-6Al-4 V by means of the GMAW welding
process with regard to suitable build-up strategies and the
influence of the temperature—time regime on the resulting
part properties.

The following findings can be listed:

— Fundamental investigations into the process of the energy-
reduced, controlled short circuiting with reversing wire
movement have resulted in welding range diagrams for dif-
ferent shielding gas compositions, which enable the addi-
tive build-up of near-net-shaped, thin-walled structures. In
this context, it was possible to evaluate defect patterns that
occur outside the shown suitable welding range. The usage
of these parameters either leads to an end of the additive
build-up process due to collapsing melt or the occurrence
of humping, or reduces the economic efficiency due to a
significant reduction of the near-net-shape.

— For the generation of near-net-shape and defect-free
thick-walled structures, build-up strategies and charac-
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teristic parameters such as overlap or energy input were
varied. Both the meandering and the oscillating build-up
strategies were found to be suitable.

— During the additive manufacturing process, the
temperature regime was specifically influenced
by varying the interpass temperature and selected
geometrical and mechanical properties were investigated.
It was shown that the interpass temperature has a minor
influence on tensile strength, notched bar impact energy,
and hardness. This legitimizes the increase of the
interpass temperature to reduce the necessary build-up
time. The specifications of the wire manufacturer
regarding the minimum tensile strength of 895 MPa
were exceeded regardless of the interpass temperature
or the structure width. This results in an increase of the
economic efficiency for the additive manufacturing of
components made of Ti-6Al-4 V.

— Regardless of the selected interpass temperature, the
tensile specimens exhibited tensile strengths about 7 MPa
higher when taken in the welding direction as opposed to
the build-up direction. This results from the pronounced
lamellar grain growth of the prior 3-grains in the build-up
direction.
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