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Abstract

Wire and Arc Additive Manufacturing (WAAM) is a promising technology for the fabrication of large metal parts. During
the process, the wire electrode is melted continuously or in a pulsating mode and deposited layer-by-layer onto a substrate.
Due to the recurring energy input into the part during WAAM, adequate thermal management is crucial. The temperature
distribution, especially the interlayer temperature in the part, is determined by the parameter settings as well as by the dwell
times and can be monitored. This paper presents the cause-effect relationships between the interlayer temperature and the
dwell times to enable a suitable temperature management. Thermal imaging was implemented during the manufacturing
process, allowing the analysis of different interlayer dwell times and their effect on the interlayer temperatures. In addition,
the influence of the temperature management on the geometric quality characteristics of the part was investigated. It was
observed that a constant interlayer dwell time led to geometric irregularities in the part height and width. Monitoring the
interlayer temperature is crucial in WAAM in order to maintain a constant temperature level along multiple layers for meet-

ing the requirements for the geometry of the part and enabling near-net-shape manufacturing.

Keywords Additive Manufacturing - WAAM - Process monitoring - Ti-6Al-4V - Thermal management

1 Introduction

Additive Manufacturing (AM) processes are becoming
increasingly important as the product complexity rises and
the need for flexibility in industrial applications grows.
Laser powder bed processes are already well established in
industrial applications, but are restricted by limited build
volumes and high processing times [1]. A promising tech-
nology for the economical manufacturing of large parts with
medium complexity is Wire and Arc Additive Manufactur-
ing (WAAM) [2]. Potential applications range from load-
bearing steel structures in the construction industry [3] to
large structural parts in the aviation industry [4]. The latter,
in particular, require lightweight metal structures, as they are
made from aluminum or titanium alloys [4].

By definition, WAAM is assigned to the Directed Energy
Deposition (DED) processes [5]. One DED process that
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favors a low energy input and a stable process is the Cold
Metal Transfer (CMT) process [2].

This process is characterized by a pulsating ignition of
the arc with a retraction movement of the wire electrode
during the process and is classified under the metal inert /
active gas welding [6]. A part is formed layer by layer by the
deposition of a weld bead.

WAAM is an alternative to conventional manufacturing
methods and can be integrated into existing process chains
[2, 4]. WAAM enables better Buy-to-Fly-ratios (BTF-ratio)
and reduces the tool wear, resulting in cost savings [2]. This
is essential for cost-intensive materials, such as titanium
alloys [2]. A subsequent milling step ensures that the net-
shape and the surface quality comply with the part require-
ments. Accordingly, an important usage case in industrial
applications, and one of the major challenges of near-net-
shape manufacturing [7], is ensuring geometric accuracy to
achieve low BTF-ratios [7, 8].

The target geometry of the WAAM parts and their accu-
racy are determined by selecting the process parameters and
the build-up strategy. Several authors identified the travel
speed and the wire feed speed as the main parameters influ-
encing the geometry of single bead walls [9-11]. The tool
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path planning, meaning the build-up strategy, becomes an
important mean for adjusting the geometry of more complex
parts [7, 12, 13].

In addition to these process parameters, the dwell times
also significantly influence the dimensional accuracy. The
dwell time is described by the time between the end of the
welding and the start of the welding between individual lay-
ers. During this time the part can cool down. The shorter the
dwell times, the higher are the interlayer temperatures. This
can lead to a heat accumulation, resulting in part deforma-
tion. A number of researchers have studied this phenomenon.

Yang et al. [14] investigated the effect of the dwell times
on the temperature characteristics, the cooling rates, and the
geometric accuracy during WAAM, which is based on gas
metal arc welding of multilayer walls made of steel. They
showed that the heat accumulation of the manufactured part
increased in higher layers. This effect was less pronounced
with longer dwell times. Short dwell times led to a decreas-
ing geometric accuracy.

Rocha et al. [15] confirmed this correlation between the
dwell time and the heat accumulation. An increasing surface
temperature of wider stainless steel walls could be mitigated
by applying longer dwell times. They also found that long
dwell times significantly increase the manufacturing time
for the whole part.

The effect of the dwell time on the deviation in wall width
of multilayer carbon steel walls was described by Lehmann
et al. [9]. Short dwell times caused slumping of the weld
bead. An uneven wall width and, therefore, low geometrical
accuracy was observed.

Gonzalez et al. [16] concluded that a heating up of the
specimen in higher layers is the cause for decreasing layer
heights.

Controlling the interlayer temperature is important in
order to preserve the geometric accuracy and prevent heat
accumulation.

Wau et al. [17] developed and tested an active interlayer
cooling based on a gas-shielding unit for the thermal man-
agement during the gas tungsten arc welding process. They
were able to control the microstructure, the mechanical prop-
erties, and the thermal distortion [18, 19]. High geometrical
inaccuracies were observed for short interlayer dwell times.

Vazquez et al. [8] implemented an interlayer cooling
by using a water-cooled baseplate during the CMT-based
WAAM of Ti-6Al-4V. The authors observed geometrical
inaccuracies for short interlayer dwell times without the
active cooling. The cooling system allowed for a more uni-
form structure.

Kozamernik et al. [20] stated that it is beneficial to
directly control the interlayer temperature for a stable layer
height and an improved geometric accuracy using the steel
alloy G3Sil. The measurement of this temperature can
be performed using an infrared pyrometer. The process is
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controlled by the dwell time depending on the measured
temperature. The authors also applied forced cooling to
enhance the productivity by reducing the dwell times.

It has been shown in literature that the heat accumula-
tion is caused by excessive interlayer temperatures and that
this heat accumulation can be controlled by the dwell time.
Reproducible part geometries can be achieved by monitoring
the interlayer temperatures and controlling them. The ther-
mal process management (interlayer temperatures and cool-
ing rates) affects not only the geometry, but also mechanical
properties and metallurgical aspects (covered in [8, 9, 17, 18,
21]). These aspects are subject to ongoing research. The lit-
erature review covers the geometric aspect of thermal man-
agement. The thermal management during WAAM by CMT
welding of Ti-6Al-4 V has not been sufficiently investigated.

In this work, the effect of the thermal management was
investigated during the CMT-based WAAM process using
Ti-6Al-4 V. The influence of the interlayer temperatures and
the dwell times on the part geometry was analyzed. For this
purpose, statistically designed experiments were carried out.
This study aims to enable the manufacturing of near-net-
shape (meaning true-to-form) parts in a reproducible manner
by monitoring and controlling both variables.

2 Methodology

To analyze the temperatures and their influence on the
part geometries, the first step was to determine the inter-
action between the dwell time and the interlayer tempera-
ture. Subsequently, both influences on the geometry were
investigated.

The target variables are the quality characteristics of the
geometric accuracies of the parts. These values are quality
indicators and a symbol of the near-net-shape manufacturing
of parts. Additionally, the effective length [, e.s» the width
Wl meas> @nd the height A, 1. Of @ part, the surface wavi-
NESS SWi1 meas ON the part sides and the elevation at the top
of the part e, ., are investigated. The target variables
represent the shape and the dimensional deviations of the
part (see Figs. 1 and 2). These target variables were analyzed
by different post-process analysis methods and are explained
in the following.

2.1 Geometric dimensions

Considering a hybrid manufacturing chain, the effective
Wyall.meas th€ Ayail meas» aNd the Ly e, are described as the
necessary achievable dimensions that remain after a subse-
quent machining process. This corresponds to the maximum
measured values and results in the final net-shape. These
definitions of the measured values ensure that a part is not a
scrap part due to large geometric deviations.
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Fig. 1 Methodology for obtaining the part properties: a exemplary digitized part with the section planes, b the digitally cut specimen with the
measured wall height, the width and the elevation at the top of the part and c the digitally cut part with the measured wall length

The built specimens were digitized in the post-process
to obtain the target values. A Comet L3D 2 M light pro-
jector, a 3D scanner from Steinbichler was used (resolu-
tion of 1600 x 1200 pixels and a repeatability of 20 pm). In
36° steps, the part was rotated around its z axis and images
were recorded (see Fig. 1a). Point clouds were created on
the surface of the part in each image using the COMET
plus scanner software and then connected to form a trian-
gle mesh. Each 3D model was exported as an STL file and
analyzed with the computer-aided design software Fusion
360 by Autodesk.

Each value was determined on three cross-sections (section
planes) evenly distributed on the specimen (see Fig. 1a). One
cross-section was located at half of the length of the part. The
two other sections were located at a distance of 20 mm from
the center cross-section. The target values described below
are the average values of the results of these three measur-
ing points. To measure the width, a rectangle was drawn in
each section plane. One line of the rectangle at the interface
with the substrate was created at the bottom of the rectangle.
Two perpendicular lines were added to form a tangent with
the innermost point of the part contour. The position where
the vertical lines contact the uppermost contour of the part
was determined as the height. This rectangle was measured in
width and height for all three sections as indicated in Fig. 1b.
The same procedure was performed to measure the length of a
part (see Fig. 1¢). To evaluate the length of the part, a section
plane was introduced in the build direction (see Fig. 1c). For
this plane, the center section plane served as a reference. The
center axis of the rectangle was determined from this cross-
section. The specimen was digitally cut in x direction at this
position. The length was then determined by a horizontal line

drawn at the height position /1, ., Of the cross-section in

the center. The length measurement was obtained in a method
similar to that used for the width. The length corresponds to
the maximum distance between the innermost sides of the
part (see Fig. 1c).

2.2 Geometric deviations

The sW a1 meas and the heyy 1eq, are defined as geometric
deviations that negatively affect the geometric accuracy.

The measured elevation hey, .5 at the top of the part
was established by drawing a horizontal tangent at the top
of the wall (see Fig. 1b). The distance between the top of the
rectangle and the tangent to the uppermost point of the part
resulted in the value for the elevation of the part.

The surface waviness swy,;; ne,s On the sides of the parts
was evaluated as a measure of the geometrical accuracy.
According to DIN EN ISO 4287, the surface waviness
describes the sections of a surface profile with a wavelength
greater than the roughness profile. As the target geometry is
likely to have an even and homogenous surface, the waviness
profile must be machined.

Waviness profiles were obtained in the horizontal and the
vertical direction (see Fig. 2) by using a structured light pro-
filometer VR-3100 from Keyence. Values for the arithmetic
mean of the surface profile w, and the maximum height w,
(see DIN EN ISO 25175-2) were extracted. The target val-
ues were obtained as the mean value of eleven measurement
lines in the horizontal direction and 21 measurement lines in
the vertical direction (dimensions and spacing, see Fig. 2).

To distinguish the waviness from the roughness, a profile
filter as defined in EN ISO 11562 with a cutoff wavelength
of 4. = 0.8 mm was applied to the surface profile.
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2.3 Interlayer temperature and dwell time

In this paper, the interlayer temperature Ty, aye, 18 defined
as the temperature at the surface of the part prior to the
welding of the subsequent layer. When the welding starts,
the interlayer temperature corresponds to the temperature
of the substrate plate, which is 24 °C in the present work.
The dwell time f,,; can be set or measured as a welding
parameter in the program code.

3 Experimental procedure

3.1 Materials, equipment, and measurement
system

Figure 3 shows a drawing of the experimental set-up used in
this study. A CMT welding power source, CMT Advanced
4000 R from Fronius International GmbH, was used for the
experiments. The welding torch was moved over the sub-
strate plate by an industrial 6-axis robot KR15/2 from Kuka
AG.

The wire electrode (diameter of 1.2 mm) and substrate
plate (thickness of 6 mm) were made from Ti-6Al-4V. The
welding wire used was certified according to the standard
AMS 4954. The substrate plate was certified according
to the standard ASTM B265. The liquidus temperature of
Ti-6Al-4V is 1650 °C+ 15 °C [22]. The thermal conductiv-
ity is temperature-dependent and increases at higher tem-
peratures. While the conductivity of Ti-6Al-4V is 6.6 W/
(m-K) at 20 °C, it increases to 17.5 W/(m-K) at 650 °C [22].
The mean coefficient of thermal expansion increases from
8.6-107° K~! in the range of 20 °C to 100 °C t0 9.7-107% K
between 20 and 650 °C [22].
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Fig. 3 Experimental set-up

Processing this material requires an inert gas atmosphere
to protect the material from oxidation. For this, a special
welding enclosure from Huntingdon Fusion Techniques HFT
was used (see Fig. 3). This experimental set-up enabled the
welding in an ambient atmosphere with less than 50 ppm of
oxygen by using argon 4.6 as both forming and shielding
gas.

As the interlayer temperature was evaluated during the
experiments, the welding conditions (the temperature of the
substrate plate and of the atmosphere) were kept constant
during the process. To ensure that each manufactured speci-
men has a comparable and uniform initial condition at the
start of the welding, both thermal welding conditions were
kept below 50 °C. All welding conditions can be found in
Appendix A.

The thermal monitoring and the oxygen measuring sys-
tem components were installed to record the process data
during the welding. The oxygen concentration in the pro-
cess zone was measured using an oxygen measuring device,
Oxygen Analyzer SGM7 from Zirox GmbH. The thermal
welding conditions were characterized with type N thermo-
couples. A total of two thermocouples were used. To meas-
ure the substrate plate temperature, one thermocouple was
placed centrally under the substrate plate of each wall. The
other thermocouple was placed in the same position as the
sensor for the oxygen measurement in the build chamber
(see Fig. 3). These thermocouples were connected to a data
logger ALMEMO from Ahlborn Mess- und Regelungstech-
nik GmbH. The interlayer temperature values were measured
with a thermographic camera X6900sc from FLIR Systems
GmbH.
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3.2 Build-up strategy

The investigations focused on the manufacturing of mul-
tilayer walls. The parts were deposited with alternating
bidirectional layers. This build-up strategy was combined
with the oscillating motion and the edge rounding of the
welding torch. A schematic representation of the robot
path is shown in Fig. 4. The oscillating motion as a tool
path enables the welding of wide walls. The variables
defined as welding parameters for the weaving technique
are shown in Fig. 4.

The weaving width a and the weaving length b were
the movement of the welding torch in x and in y direction
and were set at a =14 mm and b= 100 mm. The weaving
step d was the distance in y direction between the sin-
gle oscillation movements in x direction and was set to
d=4 mm. The starting point of the curve e was the dis-
tance to the maximum oscillation point, where the curve
motion started and was set to e =1 mm. The displacement
of the welding torch in z direction was set at f=6.1 mm.

A CMT characteristic 1895 was used for the experi-
ments as the welding program. This characteristic
belongs to the short arc welding processes. In addition
to the wire feed speed, the travel speed of the welding
torch, the arc length correction factor, and the dynamic
correction factor were kept constant. The travel speed
of the welding torch was defined along the continu-
ous robot path and means along the welding direction
(see Fig. 4). The arc length correction factor affects the

Layer n+1

Layer n

<= Welding direction in layer n
<mm Welding direction in layer n+1
X Start of the welding

Fig.4 Build-up strategy

deposition frequency of a single droplet and the duration
of the arc ignition [11]. The dynamic correction fac-
tor influences the slope behavior of the current. Further
details on the welding parameters held constant during
the experiments are given in Appendix A.

3.3 Experimental plan (EP)

To describe the cause-effect relationships between the dwell
times and the interlayer temperatures and to investigate their
influence on the accuracy of the part, two different experi-
mental studies were conducted. The welding parameters held
constant during both experimental plans (EP) are described
in Appendix A. Both statistically designed experiments were
planned with full factorial designs with three steps and three
executions each.

Varied interlayer dwell times applied in the first EP
(EP1) and varied interlayer temperatures in the second
EP (EP2) are described as variable welding parameters
in Appendix A.

EP1 addressed the cause-effect relationship between the
set interlayer dwell time #p,,,.; and the resulting interlayer
temperature Ty, e, @8 Well as the final geometry of the
built part. In this EP1, the measured dwell time was used as
a trigger value 1y, for the start of the welding of the next
layer. Tp,,.; Was set to 50 s, 400 s, and 750 s.

EP2 was performed to describe and quantify the correla-
tion between Ty ayer and the resulting 7p,,; as well as the
final geometry of the part. In this EP2, the measured inter-
layer temperature was used as a trigger temperature 7y, ayer
for the start of the welding of the next layer. Tj,eayer Was set
to 50 °C, 300 °C, and 550 °C.

Due to the system limitations, higher interlayer tempera-
tures are not considered as they would damage the machine

components.

The measured target values, are Wy meas> Awall.meas>
lwall,meas’ Swwall,meas’ and’ hewall,meas’ which were analyzed m
both EPs.

4 Results and discussion

4.1 Analysis of the interlayer temperature
and the dwell time

To understand the relationship between the interlayer tem-
perature and the dwell time, one variable was measured at
different layers while the other was held constant, and vice
versa. In Fig. Sa, the interlayer temperature is shown for
three different dwell times, and in Fig. 5b the dwell time
is plotted for three different interlayer temperatures. In all
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Fig.5 a EP1: Measured interlayer temperature over the number of
layers as a function of the constant set dwell time until the start of the
welding; b EP2: measured dwell time until the start of the welding
over the number of layers as a function of the constant set interlayer
temperature

figures the error bars indicate the empirical standard devia-
tion determined from the three repetitions of the executions.

For a dwell time of 50 s, the interlayer temperature rises
from about 410 °C in the first layer to 600 °C in the fifth
layer, forming a temperature gradient of 200 °C. From the
sixth layer on, a constant temperature of 600 °C is estab-
lished, which remains until the last layer.

The temperature gradient of the measured interlayer
temperature curve decreases at dwell times of 400 s and
750 s. The temperature differences between the first and
the last layers are not significant. For both dwell times, an
approximately linear increase in the measured temperature
values was observed.

At a controlled interlayer temperature in Fig. 5b of
50 °C, a large increase in the dwell time was measured in
the higher layers. At an interlayer temperature of 300 °C,
the dwell time in the higher layers rises only slightly. At
550 °C, the resulting dwell time shows a constant value of
about 100 s between each layer.

Due to the low thermal conductivity of Ti-6Al-4V, the
interlayer temperature increases significantly for a constant
dwell time of 50 s, because the heat cannot dissipate away
from the component fast enough. Only in the higher layers
an equilibrium is reached at a high temperature. To keep a
constant temperature of 50 °C in the component, the dwell
time must be strongly adjusted.

Yang et al. [14] described the growing accumulation of
the heat in the higher layers when using steel wire. This
effect was also shown to be present using Ti-6Al-4V wire.
A long dwell time is necessary to maintain low interlayer
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temperatures, to achieve a constant temperature distribu-
tion, and to avoid heat accumulation. The control of the
dwell time in each layer is therefore unavoidable to keep
a constant interlayer temperature in every single layer. As
Wu et al. [17] investigated, one option to proactively influ-
ence and reduce the dwell time is to add an active cooling
system to the experimental set-up.

4.2 Analysis of the geometric dimensions

Figure 6 shows the results of the measurements of the total
wall height and the total wall width for three different dwell
times.

A long dwell time of 400 s and 750 s results in walls with
a smaller width and a larger height compared to a dwell
time of 50 s.

The effective width at a dwell time of 50 s is 12 mm
which decreases to 11 mm for a 750 s dwell time. The effec-
tive height for a 50 s dwell time is 54.5 mm. At 400 s and
750 s, the height is approximately 58 mm.

The results for different interlayer temperatures are shown
in Fig. 7, where the height and the width also correlate with
the interlayer temperature.

At an interlayer temperature of 50 °C (this corresponds
to a long dwell time, see Fig. 5), a height of about 58 mm
is obtained. At 300 °C, the height is 56 mm, and at 550 °C,
54.5 mm. The convergence to a constant value observed in
the EP1 (see Fig. 6) with long dwell times was not identified
within the limited temperature range in the EP2.

An interlayer temperature of 50 °C resulted in walls
with a width of about 10.7 mm, while at 550 °C a width of
11.7 mm was obtained.

60.0 1 - 125
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58.0 A -%— —}— _{_ - 12.0
T 57.0 - T
E 560 - -ns £
& 55.0 - 2
2 540 - F1o £
< 530 - s
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50 400 750
Ipwenins — O Height @ Width

Fig.6 EP1: Measured height and width of the wall against the con-
stant set dwell time until the start of welding
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In both studies, the standard deviation is greater with
long dwell times or low interlayer temperatures. This shows
that greater instabilities are present in the process in those
parameter regimes than at higher interlayer temperatures and
shorter dwell times. This can be explained by the higher
temperature gradients at the start of the welding. The longer
the dwell time is, the lower is the interlayer temperature and
vice versa (see Fig. 5a and b). When welding on a layer that

T,
e Interlayer

Fig.8 EP2: Pictures of built walls measured by the methodology
described in Sect. 2.1 to visualize the width at Ty, =50 °C a
and Tyenayer =550 °C b; EP2: pictures of built walls measured by the
methodology described in Sect. 2.1 to visualize the height and length
at TImerlayer= 50 °C c and TImerlayer= 550°Cd

has a proportionally low interlayer temperature, the tem-
perature gradient increases due to the melting of the welding
wire.

In conclusion, the total wall width tends to increase with
higher interlayer temperatures (see Fig. 8a and b), while
the total wall height decreases (see Fig. 8c and d). When
welding a new layer, the interlayer temperature represents
the temperature of the previous layer. Consequently, high
interlayer temperatures lead to a lower temperature gradi-
ent between the melt pool and the previous layer. Due to
this lower temperature gradient, a heat accumulation occurs.
Although the thermal conductivity is increased at higher
temperatures (see Sect. 3.1), this is not sufficient for enough
heat dissipation. Therefore, the temperatures remain above
the melting point of Ti-6Al-4V for a longer time. Combined
with the gravitational and the surface tension forces, this
leads to an increased flattening of the melt pool. This results
in decreased heights and increased widths of single layers,
which leads to a lower overall height and a larger overall
width of the part. While this effect was studied and analyti-
cally described in the literature for single-bead walls [23],
the presented results indicate that it can be transferred to
wider walls manufactured by using a weaving technique.

The influence of the interlayer temperature and the dwell
time on the height must be considered in the path planning.
As Kozamernik et al. [20] found in their investigation using
a steel wire, a monitoring of the interlayer temperature is
beneficial for maintaining a stable layer height. For a near-
net-shape production and to reach the target height at higher
interlayer temperatures, more layers must be built. It can
also be seen from the width measurement results that the
targeted width of 14 mm (see Appendix A) was not achieved
for any of the parts. Consequently, an addition to the width

a b
86 - 86 -
83 A 83 A
T s |
E 80 A g 80
= 77 A = 77 A
= 74 A 2 74
E 71 I
g &
~ 68 A 68 -
65 A 65 A
50 400 750 50 300 550
IDwell ins — TInterlayer in°C —

Fig.9 a EP1: Measured length of the wall against the constant set
dwell time; b EP2: measured length of the wall against the constant
set interlayer temperature
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depending on the interlayer temperature must also be speci-
fied in the process planning.

Figure 9a shows the influence of the set dwell time on
the wall length. In Fig. 9b, the length is plotted against the
interlayer temperature.

A dwell time of 50 s results in shorter effective lengths
compared to longer dwell times. At a dwell time of 50 s, an
effective length of 75 mm occurs. At dwell times of 400 s
and 750 s, the effective lengths are about 81 mm and 82 mm.
The same length can be reached at the interlayer tempera-
tures of 50 °C and 300 °C. At an interlayer temperature of
550 °C, a length of 70 mm was obtained. However, this
length has a high standard deviation. This indicates that
greater instabilities exist in the process at 550 °C than at
lower interlayer temperatures.

The effective length is mainly determined by decreasing
layer heights towards both ends of the wall (see Fig. 1c).
These occur due to molten metal flowing down at the ends
of the wall, causing an additional rounding (see Fig. 8c and
d). As described above, higher interlayer temperatures cause
increased flattening at the ends of the wall. This is assumed
to cause the decrease of the effective lengths for high inter-
layer temperatures and short dwell times.

The 100 mm length initially set (see Appendix A) in the
build-up strategy was not achieved. Consequently, more
material must be applied to the ends of a wall.

a b

4.0 7 4.0 7

35 35 J[
; 3.0 " Jf b 30
g 25 E 2.5 1
E 20 - ~5£ 2.0
E 1.5 - § 1.5 1
E 1.0 - g 1.0
< 05 - 0.5

0 0
50 400 750 50 300 550
tDweII ins — TInterlayer in°C —

Fig. 10 a EP1: Measured elevation at the top of the wall against the
constant set dwell time before the start of the welding; b EP2: meas-
ured elevation at the top of the wall against the constant set interlayer
temperature
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4.3 Analysis of the geometric deviations

Figure 10 shows the dependence of the elevation at the top
of the part on the three different dwell times (Fig. 10a) and
on the interlayer temperatures (Fig. 10b).

The elevation increases for the dwell times 400 s and
750 s when compared to the dwell time 50 s (see Fig. 10a).
At 50 s, an elevation he .5 at the top of the part equal
to 2.3 mm was measured (see Fig. 11a). This increases to
3.0 mm for 400 s. At 750 s, 3.1 mm elevation resulted (see
Fig. 11b).

Figure 10b depicts a drop in the elevation to 2.0 mm at an
interlayer temperature of 550 °C. The elevations at the top of
the part at 50 °C and 300 °C have similar values of 3.1 mm
and 3.2 mm respectively.

This quantity is mainly influenced by the conditions while
welding the last layer. The effect of higher interlayer tem-
peratures resulting in larger and flatter melt pools due to a
lowered heat dissipation (described in Sect. 4.2) also applies
in the last deposited layer. A flatter last layer geometry that
would be expected for higher interlayer temperatures is rep-
resented by a lower top elevation hey,,y .- The results for
a dwell time of 50 s in EP1 and an interlayer temperature
of 550 °C in EP2 support this assumption. There was no
significant effect on hey, ;..s Observed between the dwell
times of 400 s and 750 s in EP1 and between the interlayer
temperatures of 50 °C and 300 °C in EP2. In contrast to the
results in Sect. 4.2, it is assumed that the influence is too
weak to be measured for dwell times from 400 s to 750 s and
interlayer temperatures of 50 °C to 300 °C.

tDwell =50s tDwell =750

Fig. 11 EP1: Pictures of the last layers of built walls measured by the
methodology described in Sect. 2.2 to visualize the elevation at the
top at tp,e; =50 s aand t,,.;;=750s b



Production Engineering (2022) 16:811-822 819
a b
1.0 ~ 1.8 7
f f
£0.8 - §L5'
E l 2 .
£0.6 - g
g £0.9
204 - ' L
= . 20.6 -
202 - 203 -
° ° ) ’ L L] §
0 T T T 1 O T T T 1
200 400 600 800 200 400 600 800
c tDwelI ins — d tDweIl ins —
1.0 - 1.8 q
f
£0.8 g 1.5 4
E E 1 2 .
£0.6 1 g +
g £0.9 -
g g
04 | . L
g + £0.6 -
502 - 203 -
] ° ® ' * ) L]
0 T T T T T 1 0 T T T T T 1
100 200 300 400 500 600 100 200 300 400 500 600
TIntcrlaycr in°C — TInterlayer in°C —

@ Arithmetic mean of the surface waviness w,

@ Maximum height of the surface w,

Fig. 12 EP1: The measured surface waviness in the horizontal a and
the vertical b direction of the wall plotted against the constant set
dwell time until the start of the welding; EP2: the measured surface

The elevation represents a geometrical deviation that
must be removed in the subsequent machining process. A
large elevation at the top of the part is detrimental to the
process stability. It represents a rounding of the surface,
which is unfavorable for the deposition welding process of
the subsequent layer. The uneven distance between the wire
electrode and the part (stick-out), as well as the sliding of
the wire electrode on the edge of the part when the arc is
reignited, led to an unstable WAAM process in the higher
layers and resulted in unfavorable spatter during the study.

Figure 12a shows the results of the evaluation of the lat-
eral surface waviness sw,yj .,s against the dwell time in
the horizontal direction of the measurement (as depicted
in Fig. 2). The data points for the arithmetic mean of the
surface waviness w, and the maximum profile depth w, are
included. The same data points in the vertical direction are
shown in Fig. 12b (as depicted in Fig. 2).

In Fig. 12a and b, w, remains constant in the vertical and
in the horizontal direction without an influence of the dwell
time at approximately 0.1 mm (in Fig. 12a) and 0.2 mm
(in Fig. 12b). In the horizontal measurement direction, an
increase in w, was observed with an increasing dwell time.

waviness in the horizontal ¢ and the vertical d direction of the wall
plotted against the constant set interlayer temperature

With an increase in the dwell time from 50 s to 400 s, w,
increases slightly from 0.3 mm to 0.4 mm. A slight trend
towards higher values for the maximum profile depth at long
dwell times can be identified (to w,=0.6 mm at 750 s dwell
time). In contrast, no influence of the dwell time on the ver-
tical measurement points could be detected. The scatter of
values tends to be greater for long dwell times.

Figure 12¢ shows the influence of the interlayer tempera-
ture on the waviness in the horizontal direction and Fig. 12d
in the vertical direction.

The arithmetic mean is constant in both measuring direc-
tions and no influence of the interlayer temperature can be
detected. In the horizontal direction, w, remains equal to
0.1 mm at all temperature levels. In the vertical direction,
w, remains equal to 0.2 mm.

At higher interlayer temperatures, the waviness w,
decreases uniformly and constantly in the horizontal meas-
uring direction from 0.6 mm to 0.3 mm. No significant influ-
ence of the temperature was observed in the vertical meas-
uring direction. Low interlayer temperatures have a higher
standard deviation for w,.

@ Springer
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The vertical surface waviness is influenced by how the
deposited layers fuse together. The horizontal surface wavi-
ness mainly depends on the fusing between consecutive
weaving steps (see Fig. 4). Based on this consideration,
it may be assumed that the dwell time and the interlayer
temperature influence the surface waviness via their influ-
ence on the melt pool geometry (described in Sect. 4.1).
The presented results show that neither the dwell time nor
the interlayer temperature have a significant influence. It is
assumed that the bilateral alternating build-up strategy (see
Fig. 4) allows the part to be heated adequately uniformly. As
a result, all layers are heated evenly, resulting in a uniform
waviness along the part.

An increased surface waviness would have to be con-
sidered in the path planning, since the waviness must be
machined after the WAAM process to achieve flat side sur-
faces [4].

5 Conclusions and outlook

In WAAM, weld beads are deposited in layers on top of
each other to create a three-dimensional part. The choice
of process parameters influences the temperature balance
of the part. This temperature balance influences the geo-
metric quality characteristics of the part. Therefore, appro-
priate heat management during the WAAM process is very
important.

This paper presents the influence of the interlayer tem-
perature on the geometrical properties of Ti-6Al-4V parts.
The interlayer temperature has a significant influence on the
geometry of walls. The effects of the different interlayer tem-
peratures and the dwell times on the behavior of the effective

@ Springer

wall width, the height, and the length, as well as on the
elevation at the top of the part and the surface waviness were
experimentally investigated.

The key findings of this paper are summarized below:

e For the manufacturing of a reproducible wall geometry,
the interlayer temperature must be monitored and con-
trolled when using a CMT-based WAAM process and
Ti-6Al-4V.

e With a small part size, long dwell times are required in
order to have low interlayer temperatures.

e In the first layers, the low temperature of the substrate
plate at <50 °C means that a high interlayer temperature
of 550 °C cannot be maintained.

¢ Due to the low thermal conductivity of Ti-6Al-4V, it was
shown that the thermal equilibrium can only be achieved
in the higher layers using short dwell times or high inter-
layer temperatures.

e The height can be influenced more by a controlled inter-
layer temperature than by a controlled dwell time.

¢ An interlayer temperature of 300 °C is preferable for
manufacturing components with higher stability, rather
than 50 °C and 550 °C, to avoid instabilities in height,
width, and length.

¢ Different interlayer temperatures and dwell times have no
significant effect on the surface waviness of the walls.

In this context, future research activities will include
automatic signal interpretation. The online quality assur-
ance is intended to facilitate the machine operation and to
identify the potential geometric accuracies of the parts at
an early stage. Further work will deal with the technologi-
cal assessment of the WAAM process. The influence of the
process parameters on the microstructure will also be part
of further investigations.
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Appendix A: Overview of input parameters

Category Norm Category Symbol Value Description
k -14% Arc length correction factor
ka 37 Dynamic control factor
OgTorch 7 /min Volume flow of the shielding gas through the welding torch
OqEnclosure 35 I/min Volume flow of the shielding gas into the welding enclosure
. A 90° Angle of the contact tip to the substrate plate
Constant welding - -
parameters s 15 mm Distance of the contact tip to the substrate plate
1GPre 05s Time, the gas streams through the torch before the arc ignition.
Welding P 055 Time, the gas streams trough the welding torch after the
parameters GPost : welding process.
VWES 8 m/min Wire feed speed of the electrode
Vrs 800 mm/min Travel speed of the welding torch
50s
?Pl' 400 s Interlayer dwell time
Variable welding Dvel 7505
arameters °
P EP2: 30 ?
300 °C Interlayer temperature
Tintertayer 550 °C
O start <50 ppm Oxygen concentration at the start of the welding
Substr <50° i
Welding conditions Tsubstrate <50°C Temperature underneath the substrate at the start of welding
Tonctoune <50°C Maximum temperature in th:t a:»;/’teldmg enclosure at the weld
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