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A B S T R A C T   

The binary Fe–Ni system offers alloys with notably low linear coefficients of thermal expansion (CTE), contingent 
upon their Ni content. In this respect twin-wire arc additive manufacturing (T-WAAM) presents the opportunity 
of in-situ alloying through the simultaneous feeding of two metal wires into a weld pool to obtain desired alloy 
compositions. This study aims to deposit a graded wall with Ni contents targeted at 42, 46, and 52 wt% in the 
building direction of the wall, along with a block comprising of 46 wt% Ni, employing the T-WAAM approach. 
The results show effective incorporation of additional Ni into the weld pool and geometrically stable weld beads 
in the continuous metal transfer mode during the T-WAAM process. This mode led to the defect-free and 
chemically stable deposition of the graded wall and the block with average Ni contents of 42.3 ± 1.1, 45.8 ± 1.4, 
52.6 ± 0.8 wt%, and 46.4 ± 0.9 wt%, respectively. The measured Curie temperatures of the as-deposited alloys 
and the mean CTE values of alloy 46 were found to be comparable to the commercial alloys. In summary, this 
study validates the feasibility of in-situ deposition of low thermal expansion alloy compositions, thereby enabling 
the possibility of on-demand thermal expansion properties.   

1. Introduction 

The low thermal expansion (LTE) Fe-Ni alloys are used in applica-
tions where the component geometry must remain stable under thermal 
loads [1,2]. In particular, the aerospace industry utilises LTE Fe-Ni al-
loys to fabricate molding tools for producing composite aircraft parts, 
ensuring adherence to stringent dimensional tolerances [3,4]. These 
alloys exhibit stability due to their low coefficient of thermal expansion 
(CTE) which is inherent to the alloys belonging to the Fe-Ni system [5]. 
During heating and cooling, the volume change due to spontaneous 
magnetostriction counteracts the dimensional change arising from lat-
tice vibrations in the LTE Fe-Ni alloys, thereby resulting in the low CTE 
values [6,7]. Invar 36 contains 36 wt% Ni and displays the lowest CTE 
between room temperature (RT) and 150 ◦C of all the LTE alloys 
nominally composed of Fe and Ni [5]. In comparison, alloy 46, which 
consists of 46 wt% Ni, exhibits a lower CTE than Invar 36 in temperature 
ranges from RT to 300 or 400 ◦C [8]. A comparison between the CTE in 
different temperature ranges and the Curie temperature of the two alloys 

is given in Table 1. The Curie temperature delineates the transition from 
ferromagnetism to paramagnetism, or in other words, the loss of mag-
netic ordering in a ferromagnetic material on heating [9]. The Curie 
temperature of LTE Fe-Ni alloys increases with the Ni content, as shown 
in Table 1. For temperatures above 300 ◦C, alloy 46 offers better thermal 
expansion properties in comparison to Invar 36. Therefore, the depen-
dence of the thermal expansion on the Ni content in the Fe-Ni system can 
be exploited for site specific/desired thermal expansion properties. 
Additionally, LTE Fe-Ni alloy products are traditionally fabricated using 
machining processes [10]. Due to the single-phase austenitic micro-
structure of these alloys, machining becomes cumbersome as the alloys 
tend to adhere to the tool surface, thereby degrading the tool life 
severely [11]. As a result, subtractive manufacturing of LTE alloys is 
generally associated with long lead times and high costs. 

Therefore, the utilisation of additive manufacturing (AM) processes 
is justified for efficient processing of LTE Fe-Ni alloys. Wire and arc 
additive manufacturing (WAAM) is a type of directed energy deposition 
(DED) AM technique that involves the use of an electric arc as the heat 
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source to melt metal wires and create 3-dimensional structures [12]. The 
process is superior to powder based technologies in terms of the depo-
sition rate and material costs [13]. Another advantage of utilising the 
WAAM process is the possibility of functionally grading a structure, 
which then offers site-specific material properties [14]. This can either 
be achieved by controlling the composition, for example by combining 
different alloys or by tailoring the microstructure, for example by con-
trolling the texture [15]. In WAAM, both the possibilities of obtaining 
functional grading exist by either using different metal alloys or by the 
control of process parameters to alter the microstructure of a construct 
[16]. In the case of LTE Fe-Ni alloys, functional grading maybe achieved 
by altering the amount of Ni or by combining Invar 36 with a high- 
expansion alloy. For the latter, Bobbio et al. [17,18] used DED-laser 
powder deposition to generate functionally graded materials (FGM) by 
combining V and Ti-6Al-4V to Invar 36 in two different studies. Cracking 
was found to occur in both the cases due to the formation of detrimental 
intermetallic phases in the gradient region. However, the authors were 
successful in computationally predicting the experimentally observed 
phases in the gradient regions. In another study, Hofmann et al. [19] 
created a radial gradient from stainless steel 304L (SS304L) to Invar 36 
using DED-laser powder deposition. Despite the mismatch in the CTE of 
the two alloys, crack-free FGM of SS304L/Invar 36 was successfully 
deposited. Furthermore, in-situ alloying can be used in WAAM to syn-
thesise desired alloy compositions. This involves the simultaneous 
feeding of two metal wires in a single melt pool to deposit 3D structures 
and is commonly known as the Twin-WAAM or T-WAAM process [20]. 
The use of T-WAAM can facilitate the on-demand generation of LTE 
alloy compositions by combining elemental Fe and Ni wires or Invar 36 
with a Ni wire. This, in turn, opens up possibilities for cost-effective 
utilisation of the thermal expansion properties of Invar-type alloys. 
However, the literature related to the in-situ fabrication of LTE Fe-Ni 
alloys is lacking, in contrast to the studies available on FGM deposi-
tion using Invar alloy. Therefore, in this study we use in-situ alloying 
enabled through a twin-wire approach in the cold wire pulsed current 
gas tungsten arc welding (GTAW) to deposit the Fe-Ni LTE alloys. A 
graded wall comprising 42, 46, and 52 wt% Ni in the building direction, 
along with a block containing 46 wt% Ni, is deposited. This is achieved 
by varying the wire feed speeds of two wires: 36 wt% Ni or Invar 36 
wire, and approximately 96 wt% Ni wire. The microstructure of the as- 
deposited alloys is characterised through optical microscopy and X-ray 
diffraction (XRD). The stability of the process in the twin-wire approach 
is established through melt pool imaging and the as-deposited compo-
sitions are quantified using energy dispersive spectroscopy (EDS). 
Lastly, dilatometry is used to measure the Curie temperatures of the 
resulting compositions in the graded wall and quantifying the mean CTE 
of alloy 46 from the as-deposited block. In brief, we systematically ad-
dresses the weld pool stability during the T-WAAM process and chemical 
mixing, along with the resulting functional properties of in-situ fabri-
cated LTE alloys. Consequently, establishing the feasibility of utilising 
the T-WAAM process for the on-demand generation of LTE alloys. Not 
only does this study offer promise for the efficient fabrication of new 
molding tools, but it also presents opportunities for the repair and 
maintenance of existing LTE alloy tools. By enhancing the usability and 
versatility of T-WAAM, this research contributes to the ongoing evolu-
tion of additive manufacturing technologies in aerospace applications. 

2. Methods 

2.1. Material fabrication 

A Migatronic TIG COMMANDER AC/DC 400 was used as the power 
source for the deposition. All the experiments were performed in the 
pulsed current mode using argon as a shielding gas at a flow rate of 10 L 
min− 1 and a tip angle of 30◦ for the tungsten alloy electrode. The con-
sumables used in this study were metal wires of 1.2 mm diameter sup-
plied from Voestalpine Böhler Welding. The wires are commercially 
known as 3Dprint AM Mold 36 (alloy Fe-Ni36), the Invar 36 wire, and 
UTP A 80 Ni, approx. 96 wt% Ni wire. The chemical compositions of the 
wires are listed in Table 2. The process parameters used in this study are 
listed in Table 3 and were derived from our previous work on DED- 
WAAM (cold wire GTAW) of Invar 36 [21]. A functionally graded two 
beads thick wall and a block of 100×12×28 mm3 and 120×12×12 mm3, 
respectively, were deposited using the T-WAAM process. The wire feed 
speeds were adjusted in order to achieve desired Ni amounts of 42, 46 
and 52 wt% along the building direction of the wall and 46 wt% in the 
block. The functionally graded wall and the alloy 46 block are shown in 
Fig. 1(a) and (b), respectively. The inter-pass temperature was limited to 
120 ◦C during the deposition and monitored using a K-type thermo-
couple [22]. 

2.2. Sample preparation and characterisation 

The microstructural features of the graded wall and the block were 
studied using optical microscopy. Two cross-sections were taken at 35 
and 65 mm (parallel to the BD) from the starts of the deposits for the 
analysis of the microstructure. The dimensional characteristics of the 
weld beads obtained from the bead-on-plate experiments were deter-
mined by analysing the optical images using the ImageJ software. Four 
cross-sections were taken at 35, 45, 55 and 65 mm (parallel to the BD) 
from the starts of the deposits for evaluating the weld bead dimensions. 
A Keyence VHX-5000 digital optical microscope was used in this study 
for the purpose of optical microscopy. The sample preparation 
comprised of mechanical grinding using SiC papers (P180 to P4000), 
followed by polishing using a 3 and 1 µm diamond suspension for 6 and 
10 min, respectively. Chemical etching was performed with the Kalling’s 
No. 2 reagent for approximately 5–10 s. EDS was used for the qualitative 
and quantitative analysis of the chemical composition of the deposits. A 
ThermoFisher Scientific™ Helios™ G4 Plasma FIB UXe Scanning Elec-
tron Microscope (Helios-SEM) was used for this purpose at an acceler-
ation voltage of 20 kV and beam current of 0.80 nA. Phase analysis was 
performed using XRD. The cross-section taken at 45 mm from the start of 
the graded wall was used to obtain the diffraction patterns at locations 
corresponding to the regions that were intended to contain the desired 
Ni contents of 42, 46 and 52 wt%. A Bruker D8 Advance diffractometer 
was used for this purpose. The instrument utilised Cu Kα radiation and 
the acquisition parameters during the XRD analysis were a step size of 
0.04◦ and counting time of 5 s per step. Lastly, electron backscatter 
diffraction (EBSD) with simultaneous EDS was also used for phase and 
microstructure analysis of the in-situ deposited alloys. Metallographic 
samples for EBSD were further polished with a colloidal silica suspen-
sion for 45 mins in addition to the preparation procedure mentioned 
above. The Helios-SEM is equipped with an AMETEK-EDAX camera and 
was used for the purpose of EBSD. The samples were tilted to an angle of 
60◦ and a step size of 0.8 µm was used to scan areas of 1.4 × 1.3 mm2 

corresponding to alloys 42, 46 and 52 of the graded wall. The raw data 
was post-processed using EDAX-OIM Analysis™ software version 8.6. 
The beam current and acceleration voltage during the EBSD measure-
ments with simultaneous EDS were 3.2 nA and 20 kV, respectively. 

2.3. Melt pool imaging 

The liquid metal transfer characteristics during the T-WAAM process 

Table 1 
Thermal properties of commercially available Invar 36 and alloy 46[5,8].  

Thermal properties Mean CTE, µm m− 1 ◦C− 1 Curie temperature 

30 to 300 ◦C 30 to 400 ◦C ◦C 

Invar 36  6.1  8.7 280 
Alloy 46  7.5  7.5 460  
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were investigated using a specialised camera and illumination system. A 
Cavitar C300 welding camera was used for this purpose. The camera is 
equipped with a pulsed laser illumination system of 645 ± 10 nm 
wavelength. A narrow optical band pass filter is also incorporated in the 
camera for spectral filtering of the optical radiation from the welding 
arc. The gain and the exposure settings on the camera were adjusted to 
optimise the image quality. The maximum achievable recording rate of 
the camera with the laser illumination is 100 frames per second. 

2.4. Dilatometry 

A Bähr 805 A/D dilatometer was used for evaluating the Curie 
temperature of the alloy compositions in the as-deposited graded wall. 
The Bähr dilatometer, uses two quartz rods connected to a Linear Var-
iable Differential Transformer (LVDT) displacement sensor and an in-
duction coil instead of a furnace to heat up the sample. The power used 
in the induction coil is recorded in parallel with the temperature and the 
thermal expansion. Different to the principle of dilatometers that rely on 
furnace-based heating, this apparatus utilises two quartz rods connected 
to a LVDT displacement sensor and an induction coil to record the 
sample thermal expansion. Throughout the heating process, the tem-
perature and thermal expansion are simultaneously recorded, along 
with the power consumed by the induction coil. Three cylindrical 
specimens of 3.5 mm diameter and 10 mm length were extracted from 
the graded wall using wire-electronic discharge machining (EDM). The 
locations of the specimens corresponded to the regions of alloys 42, 46 
and 52 in the graded wall. The axis of the cylindrical specimens was 
oriented parallel to the welding direction (WD). The tests were per-
formed under vacuum at a heating rate of 10 ◦C min− 1. Additionally, a 
Linseis TMA PT1000 thermo-mechanical analyser was used for 

evaluating the linear CTE of the in-situ deposited alloy 46. The TMA 
PT1000 uses a resistance furnace and a high resolution LVDT displace-
ment sensor connected to a quartz piston and sample stage. Cylindrical 
specimens of 4 mm diameter and 10 mm length were extracted using 
wire-EDM from the block. The samples from the block were extracted 
with their axis oriented parallel to the building (BD) and the welding 
direction (WD) for evaluating the properties in two directions. The 
testing procedure was in accordance with the ASTM E831-19 standard 
while using argon to create an inert atmosphere in the furnace [23]. The 
tests were performed in a temperature range between room temperature 
and 550 ◦C with a heating rate of 5 ◦C min− 1 [23]. The average linear 
CTE was calculated based on the displacement-temperature curves by 
Eq. (1): 

α =
1
L0

dL
dT

, (1)  

where, α represents the mean CTE to desired temperature interval; L0 is 
the initial length of the specimen; dL is the change in length of the 
specimen accompanied by the temperature variation; dT is the tem-
perature variation. 

3. Results and discussion 

3.1. Bead-on-plate experiments 

Bead-on-plate experiments were first performed to optimise the 
deposition during the T-WAAM process. The overview of the beads ob-
tained from the bead-on-plate experiments are shown in Fig. 2. For these 
beads the Invar wire was fed towards the centre of weld pool, whereas 
the Ni wire was fed towards the edge of the weld bead. The ratio for the 
wire feed speeds of the two wires was adjusted to achieve the compo-
sition of alloy 42 as this would be the first composition in the graded 
wall to be obtained by the twin-wire approach. In Table 4, bead 3 
demonstrated the highest stability, as reflected by the lowest deviation 
in the height, width and wetting angle of the beads. Consequently, bead 
3 is considered optimum for depositing 3-dimensional structures. Melt 
pool imaging was performed to understand the melt pool behaviour 
during the bead-on-plate experiments. This technique revealed two 
distinct modes of molten metal transfer during the twin-wire GTAW 
process: intermittent metal transfer and continuous melting transfer as 
shown in Figs. 3 and 4, respectively. The intermittent metal transfer 
mode occurred during the deposition of beads 1 and 2, shown in Fig. 2. 
Bead 2 was more stable in comparison to bead 1 despite being deposited 
in the same metal transfer mode. This was due to the reduction of the 
distance between the Ni wire tip and the substrate during the deposition 
of bead 2 in comparison to bead 1, thereby reducing the droplet size 
during the intermittent metal transfer mode. In this mode of metal 
transfer, the flow of liquid metal to the weld pool is not continuous and a 
metal droplet is formed at the tip of the wire. The droplet remains 
attached to the wire due to the surface tension and detaches as it comes 
in contact with the weld pool. In case of bead 1, larger metal droplets 
form at the tip of the wire in comparison to bead 2 as shown in Fig. 3(a) 
and (b), respectively. The large droplets entering the melt pool in the 
case of bead 1 cause instabilities in the weld pool as shown in Fig. 3(a). 
In this figure, the detachment of a metal droplet causes oscillations of 
the weld pool. The instabilities in the weld pool cause abrupt spatial 
changes in the geometrical characteristics of the weld bead as evident in 
Fig. 2(a) and 3(a). Whereas, in the case of bead 2, smaller droplets are 

Table 2 
Manufacturer specifications for the chemical composition of the consumables used in this study (*element content is less than the specified number).  

Elements, wt.% C Si* Mn Cr* Mo* Co* P* S* Ni Fe Ti 

Alloy Fe-Ni36  0.05  0.10  0.20 0.50 0.50 1.00 0.01 0.01 34–38  Bal. – 
UTP A 80 Ni  0.02*  0.30  0.30 – – – – – Bal.  0.10* 3.30  

Table 3 
Process parameters used in this study for the deposition of the graded wall and 
alloy 46 block. TS- travel speed, IBase- base current, IPeak- peak current, tBase- base 
time, tPeak- peak time, UAve- average voltage and HI- heat input.  

Parameters TS, 
mm 
s− 1 

IBase, 
A 

IPeak, 
A 

tBase, 
s 

tPeak, 
s 

UAve, 
V 

HI, J 
mm− 1 

Wall and 
block  

4.6 81 180  0.20  0.20  10.0 200  

Fig. 1. (a) and (b) shows the as-deposited graded wall and alloy 46 block, 
respectively. BD- building direction, WD- welding/travel direction and TD- 
transverse direction. 
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formed at the tip of the wire and the weld pool instabilities are not as 
severe as in the case of bead 2. Consequently, the melt pool and the 
resulting bead geometry are more stable for bead 2 than bead 1. How-
ever, positioning of the Ni wire to achieve the intermittent transfer mode 
during the twin-wire approach disrupts the stability of the process due to 
the sudden transfer of molten metal to the weld pool. The erratic 
deposition of the weld beads is a direct outcome of this mode. The 
highest geometrical stability was observed in the case of bead 3 as 
evident from Table 4. The distance between the substrate and the tip of 
the Ni wire was further reduced than in the case of bead 2, this in turn 
lead to the occurrence of the continuous metal transfer mode. In this 

mode, liquid metal droplets do not form at the tip of the wire and the 
wire remains in a continuous contact with the weld pool. A liquid metal 
bridge persists throughout the deposition which allows for the metal 
transfer to the weld pool as shown in Fig. 4. This allows for a stable 
deposition condition with the twin-wire approach, in contrast to the 
instabilities that can occur during the intermittent metal transfer mode, 
thereby resulting in geometrically varying weld beads. In addition, the 
results of the EDS point scans shown in Table 4 indicate that bead 3 was 
closest to the intended composition of 42 wt% Ni followed by the lowest 
scatter among the three beads. For the beads in the intermittent transfer 
mode, bead 2 was better than bead 1 in terms of the proximity to the 
intended composition. The average time between two droplet detach-
ment events of the Ni wire were calculated to be 541.3 ms and 934.5 ms 
for beads 2 and 1, respectively. The lower time in the case of bead 2 
promoted better incorporation of Ni in comparison to bead 1. Whereas, 
the continuous transfer of Ni to the melt pool in the case of bead 3 is 
effective in attaining the highest compositional stability. Therefore, the 
continuous metal transfer mode offers the compositional and geomet-
rical stability required for the fabrication of multi-bead structures using 
the twin-wire approach for in-situ alloying. These multi-bead structures 

Fig. 2. Weld beads obtained from the bead-on-plate experiments using the T-WAAM process in (a), beads 1 and 2 are deposited in the intermittent metal transfer 
mode and bead 3 in the continuous metal transfer mode. Schematic of the measured weld bead dimensions in (b), where w- width, h- height and θ- wetting angle. The 
red dashed lines in (a), show the locations where the cross-sections were taken. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 4 
Dimensional characteristics and the corresponding Ni content of the weld beads 
shown in Fig. 2(a).  

Bead number Height, mm Width, mm Wetting angle, ◦ Ni content, wt.% 

1 2.0 ± 1.3 4.7 ± 1.6 44 ± 9.3 43.4 ± 3.6 
2 1.7 ± 0.9 5.1 ± 1.0 40 ± 5.6 42.8 ± 2.5 
3 1.5 ± 0.3 5.4 ± 0.5 38 ± 3.2 42.3 ± 1.1  

Fig. 3. Instability occurring in the melt pool due to the detachment of large droplets in (a) and comparatively mild oscillations due to the detachment of a smaller 
droplet in (b), during the intermittent metal transfer mode. 

Fig. 4. Stability of the melt pool in the continuous metal transfer mode due to the formation of a persisting liquid metal bridge.  
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are presented and discussed in the following sections. 

3.2. Macro and microstructure characterisation 

The overview of the graded wall and the alloy 46 block are shown in 
Fig. 5(a) and (b), respectively. The deposition quality is assessed by 
determining the effective area fraction from four cross-sections. The 
total area corresponds to the cross-sectional area following the edges 
and contours of the deposit. Whereas, the effective area is determined by 
fitting a solid shape with flat sides (a rectangle in the case of Fig. 5) on 
the cross-section such that its edges contain the innermost points of the 
deposit’s surface. The effective area corresponds to the usable amount of 
the deposit after the removal of the surface waviness due to the layer-by- 
layer deposition in WAAM [24]. The usable area fraction is simply the 
ratio between the effective and total area. Therefore, for the purpose of 
obtaining a solid structure after eliminating the surface waviness, a 
higher effective area translates to reduced material removal during post- 
processing [24]. The first and last layers of the deposits were excluded 
from the usable area fraction calculations. In terms of the usable area 
fractions, the graded wall performs better than the block as shown in 
Table 5. This could be due to the higher number of overlaps that were 
required to deposit the block. Nonetheless, both structures show high 
geometrical stability as seen from the relatively low scatters in Table 5, 
and this can be attributed to the low heat input used during the depo-
sition. Achieving high usable areas is important due to the difficulties in 
machining and costliness of LTE Fe-Ni alloys. Using the twin-wire 
approach, structures with usable areas of upto 95 % were deposited in 
this study. The microstructure of the graded wall corresponding to the 
regions comprising of alloys 42, 46 and 52 are shown in Fig. 6(a), (b) and 
(c), respectively, and the microstructure of the alloy 46 block is shown in 
Fig. 6(d). The cross-sections of the wall and block did not show lack of 
fusion defects nor intergranular cracks. This is achieved due to the high 
stability of the weld beads in the continuous metal transfer mode and the 
low heat input used during the deposition of the structures, respectively. 
The microstructure of both structures mainly comprises of columnar 
grains that extend across multiple layers as seen in Fig. 6. Epitaxial 
growth of columnar grains is observed between layers and the micro-
structure does not change with the increasing amount of Ni as the grain 
morphology is similar for the three alloy compositions in the graded 
wall. This can be attributed to the formation of the single-phase 
austenitic solid solution in the binary Fe-Ni system. Typical solidifica-
tion substructures comprising of cellular and columnar dendritic fea-
tures are observed in the microstructures of both the deposits as pointed 
out in Fig. 6. The formation of these structures is a result of the relation 
between the thermal gradient (G) and the interface growth velocity (V) 

in the melt pool, and the undercooling [25]. The G/V ratio in the melt 
pool controls the formation of the different grain substructures such as 
planar, cellular, columnar dendritic and equiaxed dendritic. As the G/V 
ratio decreases the morphology of the substructures transforms from 
planar to cellular, columnar dendritic, and finally towards equiaxed 
dendritic at low G/V ratios or high undercoolings [26]. Considering a 
single melt pool in the microstructures obtained in this study, planar 
solidification was observed close to the fusion lines as the thermal 
gradient is highest at the bottom of the melt pool. As the distance from 
the bottom of the melt increases the planar solidification destabilises 
and cellular/columnar dendritic solidification occurs due to a decrease 
of the G/V ratio. These microstructural features are similar to those 
reported in the studies on the deposition of Invar 36 alloys using powder 
and wire-based DED methods [27,28,29]. Additionally, the growth di-
rection of the columnar grains (GGD in Fig. 6) deviates slightly from the 
building direction. This is due to the curvature of the fusion lines and the 
grain growth being dictated by the direction of the maximum thermal 
gradient in the melt pool [26]. After the initial epitaxial growth at the 
fusion line, the grains will have a tendency to grow in the direction of the 
maximum G which lies normal to the solid–liquid interface at each 
point. As the fusion occurs on the curved top surface of the previously 
deposited beads, the columnar grains grow at a deviation from the 
building direction. The deviation from the building direction is more 
pronounced in the graded wall in comparison to the block with angles of 
19◦ and 11◦, respectively. This occurs due to the single overlap of the 
two beads used in depositing the graded wall. Samples were extracted 
from the graded wall at the locations corresponding to the compositions 
of alloys 42, 46 and 52 for phase analysis through XRD. The detected 
peaks correspond to a completely austenitic structure for the three alloy 
compositions as shown in Fig. 7(a). This can be attributed to the stability 
of austenite (γ-FeNi) in the equilibrium phase diagram of the Fe-Ni 
system for the alloy compositions deposited in this study. The combi-
nation of Ni and Invar36 wires for in-situ deposition of low expansion 
alloys further helps in ensuring that the alloys exist in the single phase 
structure. This is due to the fcc crystal structure of both the wires. In 
comparison, using elemental Fe (bcc) and Ni (fcc) wires could lead to the 
formation of the α (bcc) phase due to incomplete mixing or segregation, 
as it is stable in the binary Fe-Ni alloys containing approximately less 
than 31 wt% Ni. Ensuring the formation of only austenite is critical for 
retaining the thermal expansion properties of the LTE alloys. Further-
more, Fig. 7(b) shows the results of the EBSD scans with simultaneous 
EDS measurements performed on alloys 42, 46 and 52 of the graded 
wall. The image quality maps clearly reveal the presence of long 
columnar grains in the LTE alloys. The phase maps also complement the 
XRD results as only γ phase is detected in the three alloys. This is in 
contradiction with the results of Qiu et al. [30] as reported in their study 
on selective laser melting of Invar 36. They found the absence of α phase 
when analysing Invar samples using XRD; however, the α phase was 
detected using EBSD. The Ni maps of the alloys give evidence of a 
qualitative increase in the amount of Ni from alloys 42 to 46 and 52. This 
difference is attributed to the higher amount of Ni incorporated in alloy 
52 compared to alloys 46 and 42. Lastly, the Ni maps indicate a ho-
mogeneous distribution of Ni in the three in-situ deposited alloys as 
locally enriched regions in Ni are absent. The chemical analysis of the in- 
situ deposited LTE alloys by T-WAAM is further explored in the 
following section. 

Fig. 5. Cross-sectional overview of the graded wall and the alloy 46 block in (a) 
and (b), respectively. 

Table 5 
Usable areas quantified from the transverse cross-sections of the deposits.  

Deposit Total area, mm2 Effective area, mm2 Usable area fraction, % 

Graded wall 194 ± 3.3 185 ± 2.8 95 ± 1.7 
Alloy 46 block 125 ± 4.7 111 ± 3.6 89 ± 2.5  
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3.3. Chemical analysis 

The graded wall was intended to consist of 42, 46 and 52 wt% Ni. 
Five layers were deposited for each composition. The results of the EDS 
map scans taken at different positions on the cross-section of the graded 
wall are shown in Fig. 8(b). The locations where the map scans were 
taken for the three LTE alloys are marked by numbers as shown in Fig. 8 

(a). The maps gives evidence of adequate mixing between the Invar 36 
and Ni wires during the T-WAAM process as no clusters or segregated 
regions of Ni are observed. This behaviour is found to be consistent 
among the three LTE alloy compositions as seen from the map scans. The 
maps also provide a qualitative indication of the Ni and Fe contents in 
alloys 42, 46 and 52. This is reflected by the increasing Ni signals (green 
bar in the Ni maps) when moving from the region of alloy 42 towards 46 

Fig. 6. Microstructure of LTE alloys 42, 46 and 52 from the graded wall in (a), (b) and (c), respectively, and the alloy 46 block in (d).  

Fig. 7. XRD patterns of the as-deposited LTE alloys 42, 46 and 52 from the graded wall in (a), and the results of EBSD scans with simultaneous EDS showing the 
image quality maps, Ni maps and phase maps in (b). 
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and 52. Additionally, the Ni wire is fed towards the side of the weld 
bead, however this does not cause any difference in the distribution of Ni 
across the width of the wall within a single layer. This is reflected 
through the map scans as they show similar results when comparing 
locations 1 to 2, 3 to 4 and 5 to 6. Also, the quantified Fe and Ni contents 
in alloys 42, 46 and 52, marked in Fig. 8(a), show good stability of the 
elements across the width of the wall within a single layer as shown in 
Fig. 8(c). Therefore, the flow in the weld pool is sufficient for homoge-
neously distributing the added Ni during the T-WAAM process. Point 
scans were performed for quantifying the amount of Ni incorporated in 
the graded wall and the results are presented as a colour map shown in 
Fig. 9. Three distinct regions comprising of average Ni contents of 42.3 
± 1.1, 45.8 ± 1.4 and 52.6 ± 0.8 wt% were identified and are labelled as 
alloy 42, 46 and 52 in the figure, respectively. The scatter in the mea-
surements is low and indicates that a good control over the composition 
can be achieved during the T-WAAM process. The first four layers were 
deposited by only using the Invar 36 wire. Due to dilution with the base 
plate the amount of Ni in the first two layers is around 30 wt%. However, 
in the third layer it stabilises to around 36 wt%, which corresponds to 
the Ni content of the Invar 36 wire. Following this, the second wire is 
incorporated in the process to achieve the desired LTE compositions of 

alloys 42, 46 and 52 by varying the wire feed speeds of the two wires. In 
the transition regions, the Ni content is not stable as the wire feed speeds 
of the Invar 36 and Ni wires are continuously adjusted to achieve the 
desired LTE alloys. Therefore, in these regions the Ni content gradually 
increases along the building direction (BD) until it approaches the 
required LTE alloy composition. Furthermore, the gradual change in the 
Ni content within the transition region implies that a sharp boundary 
between the thermal expansion properties can be avoided, thereby 
promoting compatibility among the different LTE alloy compositions. 
With 5 layers deposited for each composition, the transition regions 
comprised of approximately 2 layers, whereas the remaining three 
layers correspond to the regions of stable LTE alloy compositions. 
Thereby, achieving the desired compositions of alloys 42, 46 and 52 in 
the graded wall. The alloy 46 block also showed good mixing and sta-
bility of Ni incorporation as it was quantified to have an average Ni 
content of 46.4 ± 0.9 wt%. From a material point of view, the compo-
sitional stability of the in-situ synthesised LTE alloys is witnessed due to 
the solid solution compatibility between Fe and Ni as governed by the 
Hume-Rothery rules of forming a substitutional solid-solution [31]. 
Combining the inherent solid solution compatibility of Fe and Ni with 
the continuous metal transfer mode of the twin-wire GTAW process 

Fig. 8. (a) shows the cross-section of the graded wall with numbered locations for the EDS analysis. (b) shows the EDS maps for Fe and Ni at the locations indicated 
in (a), revealing mixing of the added Ni in the different LTE alloys. (c) shows the results of the point scans conducted between points 1 to 2, 3 to 4 and 5 to 6 in (a), 
illustrating the homogenous distribution of Ni within a single layer across the width of the wall. 

Fig. 9. Colour map showing the distribution of Ni along the building direction of the graded wall as quantified by EDS point scans. A step size of 0.5 mm was used for 
the point scans. 
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ensures good process stability and the deposition of chemically stable 
LTE alloys. Consequently, providing a precise control over the in-situ 
synthesised alloys, thereby opening the possibilities for tailoring the 
thermal expansion properties. In summary, using the twin-wire 
approach with cold wire pulsed GTAW, the desired compositions of 
low expansion alloys were successfully obtained. 

3.4. Thermal analysis 

Dilatometry was utilised to establish the Curie temperature variation 
within the graded wall and the mean linear thermal expansion coeffi-
cient of the block. By using an induction heated dilatometer, it is 
possible to locate the Curie transition of a ferromagnetic material by 
analysing the power supplied by the instrument. Below the Curie tem-
perature, an induction coil heats a ferromagnetic material through the 
mechanisms of Joule and hysteresis heating [32]. However, only Joule 
heating contributes on surpassing the Curie temperature. Therefore, the 
instrument delivers additional power for maintaining the heating rate 
that is applied during the test. This manifests as a sudden jump in the 
supplied power at the Curie transition. 

The power versus temperature plots for the specimens taken from the 
graded wall are shown in Fig. 10. The plots in Fig. 10(a), (b), (c) and (d) 
correspond to the specimens of alloys 42, 46, 52 and the transition re-
gion between alloy 42 and 46, respectively. A clear jump in the applied 
power is observed during the tests of alloys 42, 46 and 52 specimens. 
The smoothed curve before and after the power jump is fitted and tan-
gents are drawn to the fitted curve to extract the onset and the end 
temperatures. The average of these two temperatures is taken as the 
Curie temperature and is marked on the Fig. 10(a), (b) and (c). There is 
no evident jump in the power for the specimen taken from the transition 
region as observed in Fig. 10(d). This can directly be attributed to the 
variation of the Ni content in this sample, thereby not showing a clear 
Curie transition. The values of the Curie temperatures obtained from the 
as-deposited LTE alloys are comparable to those of the commercial al-
loys as shown in Table 6. This further supports the results of the EDS 
analysis showing the compositional stability of the in-situ synthesised 
LTE compositions during the T-WAAM process. The mismatch in the 
measured Curie temperatures of the as-deposited alloys in comparison to 
the commercial alloys is likely due to the differences in the chemical 

compositions. The addition of elements such as Mn, Si and Ti in the LTE 
Fe-Ni alloys of nominal composition causes a reduction in the Curie 
temperature [34]. On the other hand, the presence of cobalt is known to 
raise the Curie temperature and simultaneously lower the thermal 
expansion [35,36]. In this study, the Invar 36 wire contains a maximum 
of 1 wt% Co, while the Ni wire contained a maximum of 3.3 wt% Ti. As a 
consequence, slight differences between the Curie points of the in-situ 
deposited alloys and the commercial alloys are reasonable due to their 
respective chemical compositions. Overall, the twin-wire approach in 
cold wire GTAW offers promising results for the in-situ synthesis of LTE 
alloys. The temperature-displacement curves for alloy 46 specimens 
oriented in the BD and WD are shown in Fig. 11. In the temperature 
range between RT and approximately 410 ◦C the alloy exhibits a low 
thermal expansion behaviour that is analogous to Invar 36. At temper-
atures higher than 410 ◦C, the low thermal expansion characteristic of 
LTE Fe-Ni alloys diminishes and a thermal expansion behaviour driven 
by lattice vibrations similar to that of a normal metal becomes evident. 
Whereas, for lower temperatures the magneto-volume effects in the 
alloy compensate for the thermal expansion due to lattice vibrations on 
heating, thereby resulting in the abnormal low thermal expansion 
behaviour. The mean CTE values of alloy 46 in two specimen orienta-
tions (BD and WD) are calculated from the curves shown in Fig. 11 and 
listed in Table 7. The alloy shows an approximately constant thermal 
expansion in both orientations of the specimens for temperatures be-
tween RT-300 ◦C and RT-400 ◦C, as reflected by the mean CTEs in 
Table 7. This is due to the characteristic Invar-type low thermal 
expansion behaviour of the Fe-Ni alloys. The averages of the mean CTE 
values between different temperature ranges are found to be higher for 
specimens oriented in the BD as seen in Table 7. This is consistent with 

Fig. 10. Curie temperatures of alloys 42, 46 and 52 in (a), (b) and (c), respectively, and the transition region between alloy 42 and 46 in (d), of the graded wall.  

Table 6 
Comparison among the Curie temperatures of the as-deposited (T-WAAM) LTE 
alloys and commercially available alloys.  

Thermal 
analysis 

◦C 

As-deposited DED-WAAM Commercial alloys [33] 

Alloy 
42 

Alloy 
46 

Alloy 
52 

Alloy 
42 

Alloy 
46 

Alloy 
52 

Curie 
temperature 

371 ±
3.1 

441 ±
2.7 

505 ±
3.4 

380 460 530  
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our previous results regarding the mean CTE values of Invar 36 alloy 
deposited using WAAM (cold wire pulsed GTAW process) [21]. The di-
rection related differences in the mean CTE values are most likely to 
occur due to the build-up of non-uniform residual stresses during 
WAAM. Wang et al. [37] showed that residual stress anisotropy can lead 
to an effective thermal expansion anisotropy. In addition, stress in-
fluences the magnetostriction of a magnetic material [38]. As the pe-
culiarity in the thermal expansion behaviour of Fe-Ni alloys is due to the 
temperature-dependent compensation of the lattice thermal expansion 
by the spontaneous magnetostriction. Consequently, the thermal 
expansion of the Fe-Ni LTE alloys will be affected under the influence of 
stresses. The fabrication of products by WAAM is subject to the devel-
opment of residual stresses due to the intrinsic thermal cycles imposed 
on the part during processing [39]. Yakout et al. [40] showed the 
presence of tensile residual stresses (upto 350 MPa) in Invar 36 parts 
manufactured by laser-powder bed fusion. The residual stress states of 
the deposits were not quantified in this study however, it is reasonable to 
assume the presence of residual stresses in the as-deposited alloy 46. 
Consequently, the anisotropy in the mean CTE values between the BD 
and WD oriented samples may be attributed to the influence of the stress 
state in the block on the thermal expansion of alloy 46. To compre-
hensively establish the correlation between residual stresses induced 
during the AM of Fe-Ni LTE alloys and their impact on thermal expan-
sion, a dedicated study is recommended for future investigation. Addi-
tionally, it is worth noting that the directional thermal expansion 
anisotropy observed in the CTE measurements is low, possibly due to the 
redistribution of internal stresses during the machining of the dilatom-
etry samples. However, in a practical application of an as-deposited LTE 
alloy structure, this effect could become more pronounced. Therefore, a 
stress-relieving heat treatment may be sufficient to mitigate the impact 
of stress on the thermal expansion of the as-deposited LTE alloys. 
Overall, the CTE values of the as-deposited alloy 46 are comparable to 
those of the conventionally processed alloy. The compositional stability 
is also reflected in the similar character of the temperature-displacement 
curves for the different samples. Lastly, Curie temperature 

measurements and chemical analysis are sufficient to validate the in-situ 
fabricated alloys as LTE alloys with the expected LTE behaviour. How-
ever, a separate block of alloy 46 was deposited in this study for a 
thorough investigation of the mean CTE values to determine whether a 
process like T-WAAM can affect the thermal expansion of the in-situ 
generated LTE alloys, potentially leading to unexpected results. 
Notably, the mean CTE values of alloy 46 were confirmatory with its 
commercial counterpart, implying that the mean CTE values of alloys 42 
and 52 deposited in this work will be in line with what is expected from 
such LTE alloys. This extends to other LTE alloys that can be fabricated 
with the T-WAAM process, apart from the alloys deposited in this study. 
Accordingly, T-WAAM is a suitable processing method to generate on 
demand LTE alloys from the Fe-Ni system. 

In summary, the continuous and intermittent metal transfer modes 
were identified during the T-WAAM process and are schematically 
illustrated in Fig. 12(a) and (b). The continuous metal transfer mode was 
characterised by the formation of a persistent liquid metal bridge that 
allows for the smooth transfer of Ni to the weld pool, resulting in a stable 
weld bead, as shown in Fig. 12(a). In contrast, the intermittent metal 
mode results in the formation of metal droplets at the tip of the Ni wire. 
The entry of these droplets into the weld pool can lead to instabilities, 
causing the weld bead to abruptly change spatially, as shown in Fig. 12 
(b). Additionally, the flow in the weld pool is adequate to create a ho-
mogeneous distribution of Ni (Fig. 12(a)) in the weld bead deposited 
using the continuous transfer mode, as the Ni wire remains in contact 
with the weld pool throughout the deposition. Whereas, the time be-
tween two subsequent droplet detachment events during the intermit-
tent metal transfer mode may lead to locally enriched regions (Fig. 12 
(b)) of Ni in the weld bead, causing larger deviations from the desired Ni 
concentrations. Therefore, the continuous transfer mode was utilised to 
fabricate LTE Fe-Ni alloys using the T-WAAM process. Due to the stable 
deposition and optimum chemical mixing in this mode, the in-situ 
fabricated LTE Fe-Ni alloys exhibit thermal properties comparable to 
those of commercially available alloys. Consequently, the T-WAAM 
process can potentially be used to offset the challenges associated with 
the conventional processing of LTE Fe-Ni alloys, providing alloys with 
on-demand thermal expansion properties. 

4. Conclusions 

In this study, a twin-wire approach was used in the cold wire GTAW 
process to deposit multiple low thermal expansion alloy compositions. 
The key aspects pertaining to the deposition of the in-situ synthesised 
compositions such as, process stability, compositional control and the 
thermal properties were presented and discussed. The outcomes of this 
study lead to the following conclusions:  

1. The T-WAAM process enables the customised synthesis of Fe-Ni alloy 
compositions with low thermal expansion, providing the flexibility 
to tailor the thermal expansion properties of structures and obtain 
commercially unavailable alloy compositions.  

2. The microstructure of the as-deposited low thermal expansion alloys 
42, 46, and 52 is characterised by columnar grains and the formation 
of a single-phase austenitic structure. 

3. The continuous metal transfer mode exhibits enhanced process sta-
bility relative to the intermittent metal transfer mode during the T- 
WAAM process, owing to the lack of weld pool instabilities in this 
mode.  

4. Good control over desired compositions is achievable, regardless of 
the dynamic nature of the T-WAAM process. This is attributed to the 
observed stability within the continuous metal transfer mode and the 
solid solution compatibility inherent in the Fe-Ni alloy system.  

5. The low thermal expansion alloys fabricated in-situ through the T- 
WAAM process exhibit Curie temperatures and mean coefficients of 
thermal expansion that are comparable with those observed in 
conventionally produced alloys. 

Fig. 11. Temperature-displacement curves of the as-deposited alloy 46 speci-
mens oriented in the building (BD) and the welding directions (WD). Specimens 
named V and H correspond to the orientations along the BD and WD, 
respectively. 

Table 7 
Mean CTEs of the as-deposited LTE alloy 46 and the corresponding ASTM 
standard specification of the CTEs for the LTE alloy 46. The CTE values are in the 
unit of: ×10− 6 ◦C− 1.  

Mean CTE As-deposited, BD As-deposited, WD Commercial alloy 46 [41] 

30–300 ◦C 7.84 ± 0.06 7.33 ± 0.24  7.5 
30–400 ◦C 7.70 ± 0.05 7.32 ± 0.15  7.5 
30–500 ◦C 8.89 ± 0.11 8.75 ± 0.15  8.5  
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Although demonstrated here for Fe–Ni alloys, the combined method 
of T-WAAM and in-situ alloying is in principle applicable to fabricate 
other multi-element alloys by compositional design, which will allow to 
expand the application fields of WAAM. 
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