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Abstract
The influence of the manufacturing strategy of Invar 36 alloy parts manufactured by Directed Energy Deposition by Arc 
(DED-Arc) also known as wire and arc additive manufacturing (WAAM) using cold metal transfer (CMT) technology has 
been investigated. This study focuses on the influence of applying different deposition strategies on the resulting micro-
structure and mechanical properties. As manufacturing costs and time are critical issues which determine the business 
case in WAAM applications, it is important to use the smallest possible amount of feedstock material. Therefore, different 
manufacturing strategies are used to obtain the variable wall thicknesses required for each part preform using WAAM as a 
manufacturing route. Differences in manufacturing temperature and thermal history due to different deposition strategies have 
been recorded. Deep microstructural analysis in as-built condition revealed that granular alignment and the crystallographic 
texture obtained differ between deposition strategies studied. This is the reason why there are differences in the mechanical 
properties, such as yield strength, ultimate tensile strength, elongation, and hardness, of the different strategies analyzed. 
The results revealed that the higher strength is obtained in three overlapped weld beads for the walls (514 and 581 MPa in 
building direction and perpendicular direction, respectively), compared to single weld bead wall (481 and 489 MPa), circu-
lar single weld bead wall (460 and 484 MPa), and meandering weld bead wall (467 and 439 MPa). The opposite is true for 
elongation, which is a typical correlation between strength and ductility in Fe-based alloys, having the highest elongation 
in the meandering weld bead wall (26 and 30%) and circular single weld bead (30 and 27%) compared to single weld bead 
wall (27 and 23%) and three overlapped weld bead wall (23 and 20%). It can therefore be concluded that an Invar 36 alloy 
part manufactured by CMT-WAAM with different strategies will have different mechanical properties, having a difference in 
ultimate tensile strength of 54 MPa and 142 MPa, and in elongation of 7% and 10% in building direction and perpendicular 
direction, respectively, between the most and the least resistant zone.

Keywords WAAM · Invar 36 · Manufacturing strategies · Mechanical properties · Microstructure

Glossary
AM  Additive manufacturing
DED-Arc  Directed Energy Deposition by Arc
WAAM  Wire and arc additive manufacturing
CMT  Cold metal transfer
LMD  Laser metal deposition

EBAM  Electron beam additive manufacturing
BTF  By-to-fly
PAW  Plasma arc welding
GMAW  Gas metal arc welding
YS  Yield strength (MPa)
UTS (Rm)  Ultimate tensile strength (MPa)
e  Elongation (%)
HI  Heat input (KJ/cm)
I  Current (A)
V  Voltage (V)
TS  Travel speed (mm/s)
CTE  Coefficient of thermal expansion
FEG-SEM  Field emission gun scanning electron 

microscopy
EBSD  Electron backscatter diffraction
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EDS  Energy dispersive spectroscopy
LOM  Light optical microscopy

1 Introduction

According to ISO/ASTM 52900 standard [1], Directed 
Energy Deposition (DED) is the additive manufacturing 
(AM) process that uses a focused thermal energy source 
(laser, electron beam, or plasma arc) to fuse materials as 
they are deposited. DED technology covers multiple direct 
metal deposition processes according to the thermal source 
used, such as laser metal deposition (LMD), wire and arc 
additive manufacturing (WAAM), and electron beam addi-
tive manufacturing (EBAM) [2]. Among these processes, 
DED-Arc or better known as WAAM process that utilizes 
an electric arc to melt the wire feedstock has been chosen for 
this work. WAAM is a key process for improved design and 
manufacturing of near-net-shape parts. In fact, some recent 
progresses are published recently by some authors [3–5]. 
WAAM is an additive manufacturing technology oriented 
to large and low to medium complexity components, where 
the deposition of overlapped layers is used to obtain near-
net-shape parts. The main advantages and disadvantages of 
this technology are compiled in Table 1.

In this work, the cold metal transfer (CMT) welding tech-
nique from Fronius Company [7] has been used. CMT is 
an evolution of the conventional dip transfer arc welding 
process. In the conventional process when the short circuit 
occurs, the increasing current breaks the short circuit allow-
ing the arc ignition. However, in the CMT process when 
the short circuit occurs, the alternating wire forward and 
retraction movement produces a more controlled droplet 
detachment and reignition. This reversing wire motion takes 
place at a high frequency (50 to 170 Hz) [7]. The advantages 
of this evolution are that the metal transference is spatter-
free, the high stability of the electric arc, and hence a more 
controlled microstructure [7]. Apart from these advantages, 
CMT also reduces the heat input, reducing the residual 
stresses and distortion and avoiding a collapse of the build-
ing [8]. Apart from that, increasing heat input decreases 

mechanical properties, caused by the higher heat accumula-
tion and lower cooling rate that increases grain size [9].

The advantage of the obtention of near-net-shape parts 
is the material saving, which is interesting for the molding 
sector among others, and more generally in terms of sustain-
ability. Typically used material used in molds for the fabri-
cation of aeronautics and astronautics composite structures 
is Invar 36 (FeNi36) due to its low or nearly zero thermal 
coefficient [10] (1.2 ppm/°C, ordinary steels have values of 
around 11–15 ppm/°C) [11], which is beneficial to accom-
plish tight tolerances of molded components. Nowadays, 
machining is the most common manufacturing process for 
Invar 36 alloy, but this process presents some problems due 
to its high ductility (0.06–0.45), low conductivity (12–15 
W/m K), and the work hardening, which results in high tool 
wear during machining [12]. Near-net-shape manufacturing 
allowed by WAAM reduces in a significant way the material 
to machine, enabling low by-to-fly ratios (BTF ratio).

Invar 36 alloy is also used in applications that need high 
dimensional stability, such as precision instruments, valves 
in motors, and structural components in the electronics field. 
Additionally, this alloy presents high corrosion strength, 
making it interesting for liquefied natural gas containers and 
pipelines for long-distance transportation [10].

The typical microstructure of Invar 36 is single austenite 
(at room temperature), and its mechanical properties are high 
elongation with a low hardness value and a lower Young’s 
modulus than common steels [10]. The WAAM process 
involves heating and cooling cycles when creating the suc-
cessive layers and the remelting of the previous layer in the 
additive process, creating temperature gradients. This affects 
the resulting microstructure in as-built condition. F. Veiga 
et al. [12] concluded that either using plasma arc welding 
(PAW) or gas metal arc welding (GMAW) technologies for 
the WAAM manufacturing process with Invar 36, grains 
with a dendritic substructure, are obtained. These grains 
are columnar grains that grow in the wall-growing direc-
tion of deposition. Because the heat dissipation is greater 
in the edges of the walls, in this zone, equiaxed grains can 
be observed. In this work, also, mechanical properties are 
studied, where higher yield strength (YS) and ultimate 

Table 1  Advantages and disadvantages of WAAM technology [6]

Advantages Disadvantages

Minimum human intervention and setup times when adequate setup 
and process parameters are selected

High level of Residual stresses and geometry distortion associated with 
them

Commercially available welding equipment and filler metals (used 
already in welding)

Relatively poor part accuracy and poor surface finish in as-built condi-
tion

Flexible build robotic cells. No limitation in part size Need of finishing as milling and grinding
High deposition rates compared to other DED processes Reduced alloys and hi-tech commercial materials available in wire 

format
Low investment cost. Conventional arc welding equipment is used
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tensile strength (UTS) results are observed in the horizontal 
specimens due to the anisotropy of the WAAM technology. 
The hardness results show that the presence of precipitates 
caused because of the thermal cycles typical of this technol-
ogy increase hardness locally. In general, the hardness values 
are comparable to those observed in the material obtained by 
the conventional method. Arjun et al. [13] studied the influ-
ence of the heat input (HI) in the manufacturing of directed 
energy deposition of Invar 36 alloy blocks using gas tungsten 
arc welding (GTAW). The results revealed that the micro-
structure of columnar grains was independent of the HI, but 
cracking was detected in the highest HI cases. Lowering the 
HI from 550 to 200 J/mm, the mechanical properties were 
increased. The analysis of the linear coefficient of thermal 
expansion (CTE) showed that the effect of different HI was 
negligible.

Some approaches have been done by the Thesis of Yan 
Lihao [10]. Two different materials (Invar 36 and mild steel) 
were used in a mold, where the zone that will be in contact 
with the part is done by Invar36 taking advantage of its low 
thermal expansion coefficient property and the base part of 
the mold was done of mild steel, supplying strength, and 
saving costs. This bimaterial mold was done by WAAM. 
The analysis of the joint between the two materials shows 
that there was no crack or porosity in that area. The tensile 
test made to the bimaterial samples failed to form the Invar 
36 part, remote from the joint, revealing that the Invar was 
successfully deposited in the steel.

In WAAM, manufacturing strategies have been studied 
for different feedstock materials and applications [14–18] 
with the main aim of minimizing the waste of material. 
Moreover, some components can use different strategies 
depending on the shape and thickness required in specific 
zones of the part [18].

These manufacturing strategies can influence the micro-
structure and hence the obtained mechanical properties [19, 
20]. Regarding research works related to manufacturing strat-
egies in WAAM, M. Arana et al. [21] study the influence of 
the torch movement-based deposition strategies hatching and 
circling in the final properties of AA2319 aluminium com-
ponents. They additionally analyzed the influence of deposi-
tion geometry by comparing a straight wall and a rectangu-
lar wall. It was concluded that the resulting microstructure 
greatly depends on the deposition strategy and geometry. Y. 
Suat et al. [9] studied the effect of the parameters and build-
ing strategies and correlated with geometrical, metallurgical, 
and mechanical properties of produced WAAM walls made of 
low alloyed high-strength steel (ER120S-G). M. Rauch et al. 
[22] study the influence of the oscillation and parallel strategy 
on the manufacturing of AA2319 WAAM block structures. It 
was concluded that a coarse microstructure was observed by 
the oscillatory strategy having an effect in the tensile prop-
erties. B. Cong et al. [23] studied the effect in the porosity, 

microstructure, and microhardness in thin walls and blocks 
manufactured by WAAM with AA2319 aluminium alloy. They 
observe differences in the resulting properties depending on 
the structures and the CMT process used. L. Vazquez et al. [8] 
investigate the manufacturing by WAAM-CMT of Ti-6Al-4 V 
alloy walls with two different building strategies, a single weld 
bed, and three overlapped weld beads, focusing on the influ-
ence of the application of different thermal treatments. They 
concluded that the anisotropy in elongation was generally 
lower in the case of the single-bead strategy.

To the best known of authors, there are no publications 
about specific strategies for the deposition of Invar 36 alloy 
using WAAM as a manufacturing process. Hang Li et al. 
[24] studied the microstructure and mechanical properties 
of Invar 36 alloy fabricated by laser metal deposition (LMD) 
technology using two different deposition patterns, one-way 
laser scanning and back-and-forth laser scanning pattern. 
They concluded that the second scanning pattern results in a 
higher microhardness and tensile strength, but lower elonga-
tion compared to the other deposition pattern.

In this work, the influence of the strategies of the manu-
facturing by WAAM with Invar 36 has been studied in detail, 
concretely the microstructure and mechanical and thermal 
properties, such as yield strength, ultimate tensile strength, 
elongation, hardness, and coefficient of thermal expansion, 
which are compared with the values of the material pro-
cessed by conventional manufacturing methods.

2  Materials, equipment, and methods

Invar 36 alloy parts (simple walls of 230 × 130 mm with 
different thicknesses) were manufactured using a Fronius 
TPS 400i CMT power source and a Robacta drive CMT 
WF60i torch from Fronius International, Wels, Austria. 
The torch was attached to a six-axis ABB robot arm IRB 
4600–45/2.05 model indexed to a 2-axis positioner table 
from ABB, Zürich, Switzerland.

A mixture of Ar and CO2 (2%) was employed as inert 
shielding gas in the torch. The gas flow was set at 17 L/min 
[25]. The setup and equipment can be observed in Fig. 1. 
Welding parameters are included in Table 3. The arc length 
for the four strategies has been 10 mm. In all cases, the dwell 
time between the deposition of consecutive layers was 90 s, 
as reported in other studies in the case of comparing strate-
gies [21]. Table 2 shows the common parameters for the 
four strategies.

The heat input is calculated following the Eq. 1:

where I is the instantaneous current (A), V is the instantane-
ous voltage (V), and TS is the travel speed (mm/s). These 
parameters were previously optimized through experimental 

(1)HI =
I × V

TS
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trials for each strategy considering the wall growth stability, 
the surface finish, dimensional stability, and high deposition 
rates, using the same methodology used by Rodriguez et al. 
(Table 3) [6].

As filler metal, a commercial wire of Invar 36 alloy manu-
factured by VDM with a diameter of 1.2 mm was used. The 
chemical composition obtained from the ICP analysis is 
shown in Table 4. Substrates of S235 steel, obtained by hot 
rolling, with a 10-mm thickness were used for the manufac-
turing of the different walls. These substrates were clamped 
to the positioner table.

Four different strategies were evaluated for the manufac-
turing of the walls. The first strategy (Fig. 2a) consisted in 
the deposition of a single weld bead per layer. In the second 
strategy (Fig. 2b), the material deposition was made using a 
single weld bead per layer but with a circular movement in 
their trajectory, in which the torch oscillates to generate an 
overlap of round circles with 1–3 mm amplitude and 2–3 Hz 
frequency. In the third strategy (Fig. 2c), the deposition of 
the material was made in a meandering way, with a 3-mm 
step. And the last strategy (Fig. 2d) consisted in the deposi-
tion of three overlapped straight weld beads per layer. The 
order of the deposition started with the deposition of the 
middle weld bead, followed by the beads on both sides. For 
the side beads, the torch tilted 20° from the vertical and the 
overlapping used was 50% of the width of the weld bead. In 
all cases, the dwell time between layers was 90 s. The direc-
tion of deposition of the weld beads was alternated between 
layers to avoid the accumulation of material at the arc igni-
tion and extinction zones, that is, the start and end of the 
single weld bead. All of it allowed a controlled growth of 
the additive layers that is essential in the WAAM process.

To record the manufacturing temperature between strat-
egies, four K-type thermocouples were attached to the 

Fig. 1  Setup for WAAM process, manufacturing equipment, and con-
figuration

Table 2  Process parameters common to the four strategies

Shielding gas Gas flow (L/
min)

Arc length 
(mm)

Dwell time 
between layers 
(s)

Ar and CO2 
(2%)

17 10 90

Table 3  CMT (cold metal transfer) welding parameters for WAAM parts manufacturing

Reference Current (A) Wire feed speed 
(m/min)

Voltage (V) Travel speed 
(cm/min)

Heat input 
(KJ/cm)

Time to manufac-
ture a layer (s)

Amplitude 
(mm)

Fre-
quency 
(Hz)

Hatching 126 4.4 12.1 48 1.52 28.75 - -
Circling 157 5.8 13 48 2.04 28.75 3 2
Overlap 157 5.8 13 48 2.04 86.26 2 2
Meandering 126 4.4 12.1 48 1.52 210 1 3

Table 4  Chemical composition of Invar 36 wire feedstock (ICP analysis) and S235 steel build plate (from the provider)

Materials Si Mn P Cr Ni Mo Cu Ti V Co Nb C Fe

Invar 36 wire 0.044 0.45  < 0.01  < 0.1 36.2  < 0.09  < 0.08 0.53  < 0.05  < 0.1 1.39 Balance
S235 Steel  < 0.05  < 0.60  < 0.04  < 0.3  < 0.3  < 0.3  < 0.22 Balance
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substrate using welding, positioned very close to the manu-
factured wall in the build plate (Fig. 3).

Once the walls were manufactured, ten flat dog-bone 
tensile test specimens were extracted using the electric dis-
charge machining (EDM) method, five from the horizontal 
orientation and five from the vertical orientation, as rep-
resented in Fig. 4, according to the ASTM E8M standard.

Tensile tests were made in a Z100 ZWICK/Roell model 
testing machine, ZWICK/Roell, Ulm, Germany, with a max-
imum load capacity of 100 kN. Specimens were tested at 
room temperature with a 1.6 mm/min displacement rate and 
using an extensometer with a 30-mm gauge length.

To perform the characterization of the walls, parts were 
cut, mounted, grinded, polished, and etched with Nital 5%. 

Once the samples were prepared, advanced microstructural 
characterization was done by light microscopy using an 
Olympus GX51, Olympus, Hamburg, Germany, and by 
field emission gun scanning electron microscopy (FEG-
SEM) using a ZEISS Ultra Plus Field Emission, ZEISS, 
Overkochen, Germany. IPF (inverse pole figure) maps 
were generated to analyze the crystallographic texture and 
grain orientation of the samples. For the generation of the 
maps, a minimum angle of 5° misorientation was set.

Hardness tests were carried out to find differences 
between the strategies analyzed. To do so, an EmcoTest 
Durascan 20 micro-durometer, Emco-Test Prüfmaschinen 
GmbH, Kuchl, Austria, was used. The number of 

Fig. 2  Details for the build 
strategies followed for WAAM 
walls: a single weld bead, (b) 
circular single weld bead, (c) 
meandering weld bead, and (d) 
three overlapped weld beads

Fig. 3  A schema of the top view 
of the position of the thermo-
couples in the substrate (dimen-
sions in mm). T1 thermocouple 
1, T2 thermocouple 2, T3 ther-
mocouple 3, T4 thermocouple 4

Fig. 4  Scheme of the specimens 
(front view) for tensile test 
extracted from different walls
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measurements done was dependent on the layer height and 
the wall thickness, as can be seen in Fig. 5.

To perform dilatometry tests, three specimens per manu-
facturing strategy were machined in the growth direction 
of the walls. Specimens were cylinders of 3 mm diameter 
and 10 mm length, as shown in Fig. 6. Dilatometry tests 
were done according to ASTM E831-14 standard using a 
Linseis L75 Platinun series high-temperature dilatometer, 
Linseis Messgeräte GmbH, Selb, Germany. The samples 
were heated to 1000 °C at a heating rate of 5 °C/s. Then, the 

samples were cooled down to room temperature. The linear 
voltage displacement transducer (LVDT) measures the linear 
deflection (DL) using push rods attached to the final part of 
the sample. To measure the temperature during the process, 
a thermocouple is welded to the sample.

3  Results

Using the mentioned strategies, the following walls were 
obtained: single weld bead (Fig. 7a), circular single weld 
bead (Fig. 7b), meandering weld bead (Fig. 7c), and three 
overlapped weld beads (Fig. 7d). The front view and top 
view can be seen in each one, where resulting thicknesses 
are shown: 4 mm for the single weld bead strategy, 5.8 mm 
for the circular single weld bead strategy, 21.5 mm for the 
meandering strategy, and 10.5 mm for the three overlapped 
weld beads strategy.

3.1  Thermal characterization

In Fig. 8, results recorded by the four thermocouples (T1, 
T2, T3, and T4) for the single weld bead manufacturing 

Fig. 5  Scheme of the position 
of the hardness measurements 
(side view) done in the walls 
with different strategies

Fig. 6  Example of dilatom-
etry specimens obtained from 
WAAM walls with different 
manufacturing strategies

Fig. 7  Front view and top view 
of the manufactured WAAM 
walls: a single weld bead, (b) 
circular single weld bead, (c) 
meandering weld bead, and (d) 
three overlapped weld beads
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strategy can be seen. The same effect of temperature differ-
ence recorded between the four thermocouples is observed 
for the four deposition strategies. In order to facilitate the 
comparison between the four strategies and to make the 
data presentation clearer, the comparison has been made 
taking into account in all cases the data recorded by ther-
mocouple 1.

In Fig. 9, the temperature recording of each manufactur-
ing strategy can be seen: single weld bead, circular single 
weld bead, meandering weld bead, and three overlapped 
weld beads. The results shown are recorded by the T1, 
thermocouple 1. The repeated heating and cooling cycles 
typical of this manufacturing process can be seen. The 
registered temperature shows very clearly the differences 
on the thermal input for each manufacturing strategy, hav-
ing the highest temperatures in the meandering weld bead 
strategy and the lowest temperature in the single weld bead 
strategy.

3.2  Morphological characterization

In Table 5 and Fig. 10, the effective area in percentage and 
the BTF ratio of the different strategies are shown. Fig-
ure 11 shows the total area and the effective area obtained 
from a cross section of a wall. The total area (Fig. 11, red 
line) is the one obtained directly by the manufacturing, 
and the effective area (Fig. 11, green line) is the largest 
rectangular that can be shaped in the cross section, the area 
that can be achieved machining the external waves that are 
typically obtained in this manufacturing method.

3.3  Microstructural characterization

A detailed cross section of the different strategy, single-, cir-
cular single-, meandering, and three overlapped weld beads, 
walls is shown in Fig. 12. In all cases, the fusion lines of the 
subsequently deposited layers are appreciated. In all cases, 
elongated large grains that grow in the growing direction 
can be seen. In the case of meandering and three overlapped 
weld beads, the orientation of the grains is more compli-
cated, due to a more complicated heat history. In general, the 
columnar grains extend through multiple layers.

Complementary microstructural analysis was carried 
out by light optical microscopy (LOM). The substructure 
comprises cellular and columnar dendrites. Similar substruc-
tures were observed in different strategies, substructures that 
can be observed along the entire length of the walls. The 
observed substructures can be seen in Fig. 13.

Figure 14 a, b, c, and d shows EBSD inverse pole figure 
(IPF) maps of the different strategies analyzed: (a) single 
weld bead strategy wall, (b) circular single weld bead strat-
egy wall, (c) meandering weld bead strategy wall, (d) three 
overlapped weld beads strategy wall. Fundamental differ-
ences in the microstructures can be seen regarding grain 
morphology and crystal orientation. The circular single weld 
bead strategy (b) and meandering weld bead strategy (c) 
are characterized by a columnar-grained structure aligned 
parallel to the build direction, with widths of 90–650 µm 
for strategy (b) and 200–950 µm and length of several mil-
limeters for strategy (c). In the meandering weld bead case 
(c), a preferred crystallographic orientation (001) respect-
ing the build direction can be seen, due to the high quantity 

Fig. 8  Temperature records for 
Single weld bead by T1, ther-
mocouple 1; T2, thermocouple 
2; T3, thermocouple 3; and T4, 
thermocouple 4
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of grains in shades of red. In the circular single weld bead 
strategy (b), the crystallographic orientation goes from (001) 
to (101). In single weld bead (a), the grained structure is also 
aligned parallel to the build direction, but the width of the 
grains is lower in this case (135–410 µm), and there is no 
preferred crystallographic orientation. Last, but not least, in 
the three overlapped welds bead (d), the columnar grains are 
not orientated in the build direction. The grain size differs 
depending on the zone of the wall, being smaller in the wall 
edges (920–70 µm). In the middle zone of the wall, a greater 
ordering of the crystallographic orientation is perceived, 
since a zone where the misalignment between grains is less 

than 5° is detected. The crystallographic orientation does 
not have a specific texture according to the results obtained.

In addition to the EBSD analysis, EDS elemental meas-
urements were performed. Similar results were obtained in 
the four strategy cases. Figure 15 shows the result for the 
single weld bead wall, where it can be observed that the 
chemical composition of the precipitated phase substantially 
differs from the Fe–Ni matrix, being this precipitated phase 
enriched in Nb.

3.4  Mechanical characterization

Table  6 shows the summary of mechanical properties 
obtained for the samples single-, circular single-, meander-
ing, and three overlapped weld beads. Average values for 
all samples and standard deviations are given. Mechanical 
properties were obtained for the Z (vertical direction) and X 
(horizontal direction) directions. Anisotropy was also appre-
ciable with consistently higher strength and lower elongation 
in the horizontal direction, except in the meandering weld 
bead wall, where the higher strength and lower elongation 
are obtained in the vertical direction. The results revealed 
that the higher strength is obtained in three overlapped weld 
bead walls, having in this case the lowest elongation.

Fig. 9  Temperature records by T1, thermocouple 1, for single weld bead, circular single weld bead, three overlapped weld beads, and meander-
ing weld bead

Table 5  Calculated effective area and BTF for different strategies

Strategies used Effective area (%) BTF ratio
Without waving Total area/

effective 
area

Single weld bead 81.0 1.23
Circular single weld bead 81.2 1.23
Meandering weld bead 92.5 1.08
Three overlapped weld beads 87.6 1.14
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3.5  Hardness

Hardness measurement tests were carried out in the cross 
sections on the Z (vertical or build direction) and X (hori-
zontal or transverse direction) directions to find differences 
between the analyzed strategies (Table 7). As can be seen, 
the deposition strategy has an evident effect in the hardness 
and ductility of the samples, having the hardest hardness of 
the wall deposited using the single weld bead strategy and 
the lowest the three overlapped weld bead strategy. There is 
no hardness difference between the orientations (Fig. 16).

3.6  Dilatometry analysis

Dilatometry tests were performed in the Z direction (ver-
tical direction) to determine differences between the ana-
lyzed strategies. Three specimens were taken in the ana-
lyzed direction from each wall manufactured utilizing the 

Fig. 10  Graphical representa-
tion of the BTF ratio and the 
effective areas of the four differ-
ent strategies
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Fig. 11  Example of cross section of a three overlapped weld bead 
WAAM wall where total area and effective area without waving are 
indicated

Fig. 12  Cross section of WAAM walls after destructive testing: a single weld bead strategy wall, (b) circular single weld bead strategy wall, (c) 
meandering weld bead strategy wall, and d three overlapped weld beads strategy wall
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four manufacturing strategies. In the dilatometry test, the 
material is heated and cooled in a controlled mode. Then, 
the linear deflection of the specimens is measured. The fol-
lowing (Eq. 2) is used to calculate the CTE  (10−6 °C−1):

where ∆L is the linear deflection, L0 is the initial length of 
the specimen, and ∆T is the temperature difference.

The medium heating curves obtained from the dilato-
metry tests of samples machined from the walls produced 
using the four different strategies are shown in Fig. 17. As 
can be seen, similar curves were obtained, except in the 
meandering case, where the thermal expansion is higher. 
Aldalur et al. [25] compare the dilatometry of the GMAW-
based and PAW-based WAAM Invar results with laminated 
Invar material. In this study, expansion values of around 50 
microns are obtained at 400 °C, while Aldalur et al. [25] 
achieve an expansion of around 40 µm for both manufactur-
ing processes.

The evolution of the CTE value with respect to tempera-
ture is shown in Fig. 18. Similar CTE values were obtained 
in the specimens manufactured with different strategies, 
except in the case of meandering, in which the CTE values 
increase more with temperature; this may be due to a higher 
thermal input in manufacturing. Even so, comparing these 
results with the ones obtained by Aldalur et al. [25], CTE 
values are lower for the strategies analyzed in this work.

4  Discussion

In this study, the influence of the manufacturing strategy 
(torch movement) for different Invar36 WAAM wall thick-
nesses has been investigated.

The thermal characterization showed that the heat 
depends on the strategy used and, therefore, the amount of 
deposited material. Although the difference in instantaneous 
heat input is not remarkable between the strategies, the way 
in which the material is deposited in each strategy causes 
the accumulated heat to vary. The relation between the heat 

(2)CTE = � =
ΔL

L
0
× ΔT

accumulation and the wall thickness achieved is clear, hav-
ing more heat accumulated in the thicker wall manufactured 
by meandering weld bead strategy. The differences in the 
thermal cycles suggested that there will be differences in 
the obtained microstructures and, therefore, in the proper-
ties obtained.

If the relationship between the strategy and the manu-
facturing temperature recorded with the microstructure 
obtained is considered, it can be observed that the higher the 
manufacturing temperature, which in this study is given in 
the meandering weld bead strategy, the more ordered micro-
structure is obtained. The high temperatures allow the grains 
to orient themselves in the direction of wall growth. In the 
case of three overlapped welds bead strategy, even though 
the temperature recorded is high, the orientation applied 
when depositing the strands means that the grains do not 
grow in an orientation parallel to the wall growth. It should 
be noted that none of the four strategies used had defects 
such as cracks or lack of fusion observed.

The mechanical properties of the strategies analyzed 
in this work are comparable with the literature studies on 
WAAM manufacturing of the Invar 36 [12, 26, 27], with 
LMD powder manufacturing [24], and comparing with com-
mercial Invar (UTS = 448 MPa, e = 35% [28]), the differ-
ent strategies has better yield strength and ultimate tensile 
strength but less elongation, which is a typical correlation 
between strength and ductility in Fe-based alloys.

Although the mechanical properties are comparable with 
the ones reported in the bibliography [12, 26, 27], small 
differences in mechanical properties between strategies are 
detected which are related to the microstructure of each 
strategy. The EBSD analysis shows differences in the orien-
tation of the columnar grains, and preferred crystallographic 
orientation differs between strategies. The best results in 
terms of mechanical properties are obtained in three over-
lapped welds bead strategy, having this a microstructure of 
columnar grains not orientated in the build direction and not 
a specific crystallographic texture. By contrast, the worst 
mechanical properties are obtained in the strategy that has 
a columnar grained structure aligned parallel to the build 
direction and has a preferred crystallographic orientation, 
being this the meandering weld bead strategy. The difference 

Fig. 13  LOM micrographs for substructure analysis of WAAM walls: a single weld bead strategy wall, (b) circular single weld bead strategy 
wall, (c) meandering weld bead strategy wall, and (d) three overlapped weld beads strategy wall
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between the mechanical properties of the different strate-
gies depends on the behaviour of the grains at the moment 
a stress is applied; it depends on the movement generated 
between adjacent grains. Liu et al. [29] concluded that the 
mechanical anisotropy was strongly associated with grain 
movements through different dominant deformation mech-
anisms in different building directions in stainless steel 
parts obtained by selectively laser melted (SLM). As in the 

aforementioned work, the present work concludes that the 
grains have undergone a highly dynamic movement during 
the tensile tests. In the case of three overlapped welds bead 
strategy, as the grains are not orientated, the grains have 
undergone a rotation, which increases the tensile strength, 
but without elongation of the grains, obtaining lower elon-
gation values. In contrast, the meandering weld bead strat-
egy involves grain elongation via dislocation slipping in the 

Fig. 14  EBSD inverse pole 
figure (IPF) maps of (a) single 
weld bead strategy wall, (b) 
circular single weld bead strat-
egy wall, (c) meandering weld 
bead strategy wall, and (d) three 
overlapped weld beads strategy 
wall. The grain orientations (see 
standard triangle) are plotted 
with respect to the built direc-
tion (vertical)
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Fig. 15  Single weld bead 
wall FESEM Micrograph (SE 
mode, 2000 ×) in the top, EDS 
elemental measurement where 
Fe–Ni matrix and precipitated 
phase enriched in Nb is shown 
(down left) and percentage 
measurement of each element 
(down right)

Table 6  Mechanical properties (Rp0.2 yield strength, Rm ultimate tensile strength, e elongation) achieved for both orientations for WAAM parts 
manufactured using different strategies

Strategies used Orientation Rp0.2 (MPa) Rm (MPa) e (%)

Single weld bead Z 318 ± 6.5 481 ± 6.9 27 ± 1.2
X 329 ± 4.3 489 ± 5.7 23 ± 1.4

Circular single weld 
bead

Z 310 ± 3.6 460 ± 1.6 30 ± 1.6

X 339 ± 4.2 484 ± 1.4 27 ± 1.9
Meandering weld 

bead
Z 319 ± 3.1 467 ± 0.6 26 ± 0.3

X 285 ± 3.6 439 ± 3.5 30 ± 2.6
Three overlapped 

weld beads
Z 326 ± 5.6 514 ± 4.5 23 ± 3.8

X 382 ± 1.4 581 ± 0.8 20 ± 1.5
Bibliography refer-

ence [12, 26]
Z 305 464 33

X 345 505 29



741The International Journal of Advanced Manufacturing Technology (2025) 136:729–744 

Z-direction tensile tests and grain elongation and rotation 
in the Y-direction. The same reasoning is applicable to the 
anisotropy detected between the two directions (Y, Z) in each 
strategy. In terms of substructure, cellular and columnar den-
drites are observed in different strategies with no significant 
differences.

At the microstructural level when comparing the width 
of columnar grains obtained via WAAM (arc deposition) 
with those produced by another DED process using laser and 
powder for a similar Invar alloy [24], it is observed that both 
processes, under a similar deposition strategy (i.e., single 
weld bead deposition, strategy a), produce columnar grain 
structures aligned parallel to the build direction (Z-axis). 
However, with WAAM, a maximum grain width of 410 µm 
was obtained, while the LMD process reports grain widths 
around 300 µm [24]. This suggests that the columnar grain 
size obtained with WAAM is larger.

In terms of hardness, the obtained results are comparable 
with those observed in other studies [27, 30]. As in the case 
of mechanical properties, in the hardness results, small dif-
ferences have been detected. In this case, the differences are 

related to the grain size and the manufacturing temperature, 
having the highest hardness result in the single weld bead 
strategy, being this the coolest process and the one that has 
the lowest grain width. On the other hand, the lowest hard-
ness results are observed in the three overlapped weld bead, 
in which the manufacturing temperature, together with the 
meandering weld bead, is the highest, and grains with widths 
up to 2000 µm have been observed.

When comparing the hardness obtained in this research 
with values reported in the literature for similar material 
produced via the LMD powder process, it is observed that, 
in the Z direction and under the single weld bead strategy, 
higher hardness is achieved with the WAAM process com-
pared to the LMD powder DED process [24], with values of 
205 HV versus 150 HV, respectively. This difference is likely 
due to the distinct solidification conditions of the deposited 
materials, the temperature gradient, and slight variations in 
the chemical composition ranges.

Regarding the CTE values measured for the different 
deposition strategies, it is observed that the largest differ-
ence is found in the case of meandering weld bead, which 
is the case where the highest fabrication temperature was 
observed. Considering the results obtained by Aldalur et al. 
[25], in which the CTE results of the PAW process are higher 
than with GMAW and are related to a higher heat input in 
the PAW process, the same effect is being observed in the 
case of meandering weld bead. In the same way that Kahlert 
et al.[31] do not see an influence of the microstructure on 
the CTE values, in this work, this influence is not detected, 
since having a different microstructure between deposition 
strategies, similar CTE values are obtained, always with the 
exception of the meandering weld bead strategy.

5  Conclusions

In this study, Invar 36 WAAM manufactured parts were 
obtained using four different deposition strategies, having 
small differences in the analyzed properties:

• The heat accumulation depends in the instantaneous heat 
input and the way and quantity that the material is depos-
ited in each manufacturing strategy.

• The heat accumulation makes the microstructure 
obtained more ordered, unless the material deposition is 
made at an angle that makes the grains grow in a direc-
tion other than the direction of columnar growth.

• The four different strategies used to manufacture the 
walls have resulted in slight differences in the microstruc-
ture and mechanical properties obtained. Both the granu-
lar alignment and the crystallographic texture obtained 
from each strategy affect the mechanical properties, due 

Table 7  Microhardness values for the different strategies in the Z 
(vertical direction) and X (horizontal direction) directions

Strategies used Orientation HV0.1

Single weld bead Z 206 ± 12.0
X 205 ± 8.6

Circular single weld bead Z 184 ± 8.3
X 191 ± 10.0

Meandering weld bead Z 181 ± 8.7
X 180 ± 4.4

Three overlapped weld beads Z 174 ± 5.3
X 175 ± 6.0

Fig. 16  Example of the indentations done in one of the samples
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Fig. 17  Dilatometry curves of the specimens taken from the wall manufactured using the strategies a single weld bead, b circular single weld 
bead, c meandering weld bead, and d three overlapped weld beads

Fig. 18  CTE value evolution in relation to temperature
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to inter-grain displacement mechanisms that affect dif-
ferently in each case.

• The result of the hardnesses depends on the thermal gra-
dient of the manufacturing process, which is different for 
each manufacturing strategy, and the grain size resulting 
from these different thermal gradients.

• The coefficient of thermal expansion is not affected by 
the microstructure obtained by the different deposition 
strategies but by the thermal input of the strategy, obtain-
ing worse results in the strategy with higher heat accu-
mulation, as is the case with the meandering weld bead 
strategy.
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