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ABSTRACT

The sensitivity of the single-phase, low thermal expansion (LTE) alloy 36 (Fe-36Ni) to intergranular
cracking hinders its processability during additive manufacturing. This study investigates the effect
of accelerated cooling via a CO, jet and the addition of TiC particles on the cracking susceptibility
of the LTE36 alloy during wire-arc additive manufacturing (WAAM). Results show that accelerated
cooling reduces inter-pass deposition times and the susceptibility to cracking due to increased
heat dissipation. A crack-free microstructure was achieved only with the addition of TiC
particles, which pinned the high-angle grain boundaries and induced tortuosity, thereby
limiting grain growth and mitigating intergranular cracking. Mechanical performance was
restored compared to the cracked condition, and the critical LTE property of the as-deposited
LTE36 alloy was improved due to the enhanced ferromagnetic character of the alloy. Therefore,
the combined approach effectively mitigated intergranular cracking while retaining the LTE
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behaviour during WAAM of the LTE36 alloy.

Introduction

The industrial demand for materials that maintain excep-
tional dimensional stability under varying thermal con-
ditions is ever-increasing [1]. Specifically, the low
thermal expansion 36 (LTE36, alloy 36 or Invar 36) alloy
renowned for its remarkably low linear coefficient of
thermal expansion (CTE), has found diverse applications
across industries demanding high dimensional stability,
such as aerospace, precision instruments, and cryogenic
engineering [2,3]. The alloy’s unique ability to maintain
its dimensions over a wide range of temperatures
makes it indispensable in environments where precision
and reliability are paramount [4]. In particular, the aero-
space industry relies on LTE36 alloy moulding tools
during the curing process of composite material based
aerospace structures. The minimal mismatch between
the CTE of LTE36 alloy and composite materials ensures
precise dimensional control of the composite structures
during the curing process. For instance, the spring-back
distortion of a 0.24 m carbon fibre composite aerospace
antenna was shown to be approximately 20% lower
when manufactured using a moulding tool made of

Invar 36, compared to a stainless steel AISI 430 tool [5].
Therefore, LTE36 alloy moulding tools enable the pro-
duction of high-quality aerospace structures that retain
their intended dimensionality after undergoing a curing
cycle. However, the traditional part production of LTE36
alloy through the subtractive manufacturing route has
faced challenges related to cost, material waste, and
ability to create complex geometries [6,7].
Advancements in metal additive manufacturing (AM)
have opened new avenues for fabricating the critical
LTE36 alloy. In particular, wire arc additive manufactur-
ing (WAAM) stands-out among metal AM processes for
its ability to produce medium to large scale parts while
maximising the deposition rates [8]. It relies on the use
of an electric arc to melt wire-based feedstock materials,
and offers significant advantages, including reduced
feedstock material waste, shorter lead times and the
ability to create complex shapes compared to traditional
manufacturing methods [9-12]. Substantial research has
been conducted in recent years to expand the potential
of AM techniques in processing the LTE36 alloy [13-23].
Despite the successes of fabricating LTE36 alloy through
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the AM route, multiple studies report the persistence of
intergranular cracking in the deposited microstructures.
Qiu et al. [24], observed the presence of cracks in as-
printed and post-treated microstructures of LTE36 alloy
deposited via selective laser melting. Tan et al. [25],
employed laser metal deposition to fabricate LTE36
alloy specimens and reported the dependence of inter-
granular cracking on the laser scanning speed, given a
constant laser power and spot diameter. Additionally,
our previous work described the deposition of LTE36
alloy using WAAM at heat inputs (HI) ranging from 200
to 550 J mm™' [26]. Except for the alloy deposited at
the lowest HI setting, intergranular cracking was
encountered at other Hls. In general, lowering the HI
during WAAM reduces the susceptibility of intergranular
crack-sensitive alloys to cracking. However, this
approach compromises a crucial advantage of WAAM
over other metal AM methods. The reduction in Hl inher-
ently decreases the deposition rate, thus undermining
WAAM's ability to achieve high deposition rates. There-
fore, it is essential to explore alternative strategies that
mitigate cracking in LTE36 alloy during WAAM without
relying on HI reduction.

The present study builds on our earlier work and
aims to mitigate intergranular cracking during WAAM
of LTE36 alloy at the higher extreme of HI, i.e. 550
J mm™. This is particularly relevant from a production
perspective, as a higher HI translates to increased depo-
sition rates. Moreover, it is also crucial from the stand-
point of enhancing the mechanical properties, given
that the presence of intergranular cracks has a deleter-
ious impact on the tensile properties of LTE36 alloy.
This work utilises gas tungsten arc welding (GTAW) in
the pulsed current mode with front wire feeding for
depositing the LTE36 alloy. To mitigate intergranular
cracking from LTE36 alloy, our deposition approach
comprises of supplying a solid CO, cooling jet through
the substrate and applying a paste containing TiC par-
ticles between the deposited layers. The CO, jet was uti-
lised to accelerate the dissipation of heat during WAAM,
and the TiC particles were selected due to their high-
temperature stability and fcc crystal (like LTE36 alloy)
symmetry. Additionally, existing studies that have
modified austenitic stainless steels by adding TiC
during AM have consistently reported improved micro-
structural and functional performance of the alloy [27-
29]. The effect of the cooling jet on the deposits was
characterised by melt pool observations and measure-
ments of the time-temperature curves. The microstruc-
tural response of the LTE36 alloy to the TiC particle
addition was established through X-ray fluorescence
(XRF), X-ray diffraction (XRD) and electron backscatter
diffraction (EBSD) techniques. Lastly, mechanical and

dilatometric analysis were performed to quantify the
functional performance of the as-deposited alloy. The
results of this study demonstrate geometrically stable
deposition of thick-wall LTE36 alloy structures at an
increased HI, facilitated by the incorporation of a
cooling jet during WAAM. When combined with TiC par-
ticle addition, this approach enables the defect-free fab-
rication of LTE36 alloy with improved functional
performance compared to its conventional counterpart.
Consequently, the present work enhances the utility of
WAAM to deposit defect-free and functional LTE36
alloy with reasonable inter-pass times, which is particu-
larly suited for fabricating moulding tools in the aero-
space industry.

Research methodology
Alloy 36 deposition

The experiments were performed using a Migatronic TIG
COMMANDER AC/DC 400 power source in the pulsed
current mode. An independent wire feeding system sup-
plied by Migatronic was used to deposit the LTE36 alloy
wire. The wire is manufactured by voestalpine Bohler
Welding and commercially known as 3Dprint AM Mold
36. The wire feeding system was attached to the electric
arc torch, which was manipulated using a servo motor-
controlled motion system. An inert shielding environ-
ment for the arc and the melt pool during the exper-
iments was achieved using argon gas at a flow rate of
10 L min™". A non-consumable tungsten alloy electrode
was used for generating an electric arc at a tip angle
of 40° in negative polarity. The deposition process is
schematically shown in Figure 1(a). The experiments
comprised depositing five blocks of 80 x 15 x 15 mm?:
a reference block without the use of the CO, jet and
TiC powder particles, a block with accelerated CO, jet
cooling, and three blocks with accelerated cooling and
varying amounts of TiC particles. These blocks are sum-
marised according to their deposition conditions in
Table 1. The reference block and the blocks with TiC par-
ticles will be referred to as SR and SA to SC, respectively,
while the block deposited with just accelerated cooling
is referred to as SCL. The TiC powder particles were sup-
plied by Sigma Aldrich and were of 99.9% purity with a
size limitation of 325 mesh. The morphology of the TiC
powder particles is shown in Figure 1(b). The powder
was applied as a paste between successive passes
(Figure 1(a)), the application method was adapted
from other studies [30,31]. All the blocks were deposited
on similar sized substrates of low carbon steel, 25 mm in
thickness. A through hole of 8 mm diameter was drilled
in the substrates used for blocks SA to SC to supply the
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Figure 1. schematic diagram of the WAAM process employed in this study incorporating a CO, jet and interlayer paste with TiC par-
ticles in (a), where BD, TD, and WD are the building, transverse, and welding/travel directions, respectively. Morphology of the TiC

particles used in the present work shown in (b).

Table 1. Overview of the deposition conditions for the blocks
deposited in this study.

Blocks Condition
Block SR Reference
Block SCL CO, cooling

Blocks SA to SC Cooling and TiC

CO, jet during deposition. The thermal history during
the deposition was recorded using K-type thermo-
couples connected to a YOKOGAWA DL 750 ScopeCor-
der data logger at a sampling rate of 1 kHz. The
thermocouples were encased in ceramic holders to
shield them from the electric arc and spot welded to
the edge of the blocks at a height of 10 mm from the
substrate. An inter-pass temperature of 70+ 5 °C was
maintained during the deposition.

Microstructure observation and analysis

Samples were extracted and prepared for microstruc-
ture observation from the deposited blocks using stan-
dard mechanical grinding (P180 to P4000 abrasive
papers) and polishing (3 um and 1 pm suspensions)
procedures. Chemical etching was performed using
Kalling’s No. 2 reagent to reveal the grain structure.
A Keyence VHX-5000 digital microscope was used for
this purpose. A ThermoScientific™ Helios™ G4
Plasma FIB UXe (Helios) scanning electron microscope
(SEM) was used to examine the microstructure of the
samples in the polished condition. X-ray diffraction
(XRD) was utilised for the purpose of phase identifi-
cation and evaluation of the lattice parameters. A
Bruker D8 Advance diffractometer was used to
obtain the diffraction patterns followed by data

evaluation with DiffracSuite. EVA version 7.2 software.
The instrument used Co K, radiation with a step size
of 0.035° 20 and a counting time of 5 s per step
during the scans. The additions of Ti and C were quan-
tified through X-ray fluorescence (XRF) and LECO
elemental analyser, respectively. A Panalytical Axios™**
WD-XRF spectrometer was used to obtain the XRF
spectra followed by data evaluation with SuperQ 5
software. Additionally, electron backscatter diffraction
(EBSD) was performed for detailed analysis of the
microstructure using the Helios SEM. This instrument
is equipped with EDAX EBSD and energy dispersive
spectroscopy (EDS) detectors and can be used for
coupled microstructure-chemical composition analysis.
Samples for EBSD were polished with a colloidal
silica (OP-S) suspension for 25 minutes in addition to
the earlier stated procedure. The samples were tilted
to 60° and a step size of 0.05 um was used during
the scans. The beam current and acceleration voltage
during EBSD with simultaneous EDS measurements
were 6.4 nA and 10 kV, respectively. Lastly, large-area
EBSD scans were performed by utlising a JEOL 7200F
field emission SEM equipped with an Oxford Instru-
ments EBSD detector. The beam current and accelera-
tion voltage during these scans were 3.2 nA and 15 kV,
respectively, with a step size of 5 ym.

Mechanical testing

A larger block, referred to as block SDM, of 130 x 15 x 60
mm? corresponding to the deposition conditions of
block SC, was deposited to extract plate-type tensile
samples. Wire-electronic discharge machining (W-EDM)
was used for machining the tensile samples. Samples
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Tensile vertical and
horizontal samples

Dilatometry vertical
and horizontal
samples

Substrate

Figure 2. overview of the as-deposited SDM block in (a), and the schematic of the block after extracting tensile and dilatometry
samples in (b). BD, WD and TD refer to the building, welding and transverse directions, respectively.

oriented parallel to the building (four samples) and
welding (four samples) directions were extracted to
quantify the tensile properties in two directions of the
block. The sample geometry and testing procedure
were based on the guidelines stated in the ISO 6892-
19 standard [32]. The tensile tests were performed at
room temperature with an INSTRON® 5500R machine
at a displacement rate of 1 mm min™' using a contact
extensometer. The as-deposited block is shown in
Figure 2(a), and the sample extraction is schematically
illustrated in Figure 2(b).

Thermal expansion analysis

Cylindrical specimens of ® 4 mm x 10 mm were extracted
from block SDM using W-EDM for dilatometric analysis,
as shown in Figure 2(b). A Linseis TMA PT1000 thermo-
mechanical analyser was used for evaluating the linear
coefficient of thermal expansion (CTE) of the as-depos-
ited LTE36 alloy containing TiC particles. The tempera-
ture-displacement (T-D) curves were measured for two
sets of samples: the first set, oriented along the building
direction (three samples), and the second set, oriented
along the welding direction (three samples), to establish
the properties in two directions. The measurements
were performed following the guidelines of the ASTM
E831-19 standard [33]. The T-D curves were measured
between room temperature (RT) and 550 °C at a
heating rate of 5 °C min™' in an inert environment with
argon gas. The CTEs were calculated from the T-D
curves by equation (1):

1dL

OZZEE, M

where, a is the mean CTE to desired temperature
interval; L, is the initial length of the specimen; dL
is the change in length of the specimen accompanied
by the temperature variation; dT is the temperature
variation. Samples for tensile testing and dilatometric
measurements were extracted from the bulk of the

SDM block, ensuring microstructural similarity among
the samples.

Results and discussion
Thermal history and melt pool observations

The time-temperature curves during the deposition of
LTE36 alloy for the cases when external cooling was off
(reference) and on are shown in Figure 3(a): (a-0) and
(a-1), respectively. An approximately constant inter-
pass (T) temperature of 70 °C was maintained
between successive passes for both cases as marked in
the figures. For the reference case, the time taken to
deposit five beads was approximately 2100 s. In com-
parison, when accelerated cooling was used the time
taken to deposit five beads reduced to approximately
650 s (70% reduction). The accumulation of heat due
to successive passes was also evident during the depo-
sition without the use of accelerated cooling. The
times t; to t; indicate the inter-pass times in figure (a-
0) and are also applicable to figure (a-1). These inter-
pass times are ordered as follows: t; <t, <t;<t4 in the
reference/no cooling case, and t; <t~ t3~t, in the
accelerated cooling case. The accumulation of heat
during WAAM of LTE36 alloy can be attributed to the
relatively low thermal diffusivity of the alloy [34].

Melt pool observations were performed to establish
the effect of cooling on the melt pool characteristics
using a specialised welding camera. The observed melt
pool for the deposition cases of reference and acceler-
ated cooling is shown in Figure 3 (b): (b-0) and (b-1),
respectively. The length of the melt pool in the two
deposition cases was also measured and is listed in
Figure 3(b). The length of the melt pool in the reference
case at t=11 s during the deposition was measured as
18.8 mm. At a similar time, i.e. 13 s, during the deposition
case with accelerated cooling the melt pool length is
measured as 15.3 mm. Due to the build-up of heat, the
melt pool in the reference case is more elongated than
in the case of external cooling. The elongation is
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Figure 3. time-temperature curves obtained during the deposition of LTE36 alloy without and with accelerated cooling by a CO; jet in
(a): (a-0) and (a-1), respectively, and the observed melt pool corresponding to the deposition conditions of (a), in (b).

promoted when the rate of latent heat release upon soli-
dification at the melt pool’s tail along the centreline
exceeds the heat dissipation rate [35]. The application
of a CO, jet to the substrate effectively dissipates heat
by imposing a heat sink effect on the substrate,
thereby preventing the elongation of the melt pool. Fur-
thermore, the strategy of forced cooling through the
substrate ensures a homogeneous cooling effect
throughout the deposition process, as the cooling jet
remains active until the desired inter-pass temperature
(~ 70 °C in this study) is achieved. The uniform cooling
effect provided by the jet is evident in the relatively con-
sistent length of the melt pool towards the start (t=6s)
and end (t = 13 s) of the deposition case with accelerated
cooling, as shown in Figure 3(b-1).

Large oxide islands floating on the melt pool were
also observed for the reference case, as shown in
Figure 3(b-0). These oxides are likely to form in the
reference case due to a lack of appropriate shielding
arising from the elongation of the melt pool. On solidifi-
cation of the melt pool, these oxides appear on the
deposited beads and negatively affect the surface
quality, thus increasing the risk of lack of fusion
defects unless properly cleaned. Management of the
heat using accelerated cooling also affected the macro-
scopic deposition quality of LTE36 alloy. The larger SDM
block deposited in this study, as shown in Figure 2(a),

did not experience a tapering of its ends compared to
a similar block deposited in our earlier work. Despite
the uni-directional deposition, the block deposited in
this study exhibits better geometrical stability due to
the prevention of heat accumulation. Overall, the net
effect of cooling is to promote heat extraction during
the WAAM process. This, in turn, is expected to
reduce the tendency of grain coarsening during the
deposition of single-phase LTE36 alloy at a microstruc-
tural level.

Microstructure and phase analysis

The microstructures of the LTE36 alloy in various depo-
sition conditions are presented in Figure 4. Severe
grain coarsening is observed in the reference case (SR),
which led to the formation of intergranular cracks. An
example of this is shown in Figure 4(a), where the
crack is observed to form at the triple point of the coar-
sened grains. SEM observations of the crack flank reveal
a wavy appearance, and some isolated instances of
micro-dimples (Figure 4(a-0)), thus suggesting limited
ductility. The intergranular nature of the crack at the
triple junction of coarsened grains, combined with the
characteristic morphology of the crack flank, confirms
that the observed cracking is associated with the
phenomenon of ductility-dip cracking (DDC). These
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Figure 4. microstructure of block SR showing coarsened grains and an intergranular crack in (a). Reduction in the extent of grain
coarsening though accelerated cooling during the deposition of block SCL shown by the micrograph in (b), and an intergranular
crack in (b-0). Crack-free microstructure of LTE36 alloy achieved through the addition of TiC in (c), corresponding to a sample

from block SC.

Table 2. Ti and C contents in the specimens of as-deposited
blocks measured by XRD and LECO analysis, respectively.

Sample, wt.% SA SB SC
Ti (XRF) 0.33+£0.01 0.52+0.03 0.71+0.04
C (LECO) 0.08 £ 0.01 0.16 £ 0.01 0.24 £0.02

findings are consistent with the results reported in our
previous work on WAAM of LTE36 alloy [26].

Accelerated CO, jet cooling was employed to prevent
the coarsening of grains during the deposition of LTE36
alloy (block SCL), and the resulting microstructure is
shown in Figure 4(b). At first glance, the cooling strategy
appears effective in reducing grain coarsening, which in
turn prevents the formation of large intergranular cracks,
such as the one shown in Figure 4(a). However, SEM
observations revealed the persistence of micro-cracks
in the microstructure obtained after using the cooling
jet, as depicted in Figure 4(b-0).

The cooling strategy was further combined with the
interlayer application of TiC powder particles during
WAAM of LTE36 alloy. The sample designations and
chemical compositions are listed in Table 2, correspond-
ing to the depositions with the combined approach of
cooling and TiC powder particles. The microstructure
of block SC was found to be free of cracks, as shown in
Figure 4(c). Additionally, the microstructure of block SC
appears refined than that of block SR. Detailed analyses
of the microstructures in blocks SR, SCL, and SA to SC
were performed using EBSD, the corresponding grain
boundary maps are shown in Figure 5(a), (b), and (c) to

(e), respectively. Coarse columnar grains with non-
tortuous grain boundaries are revealed in Figure 5(a).
The extent of grain coarsening is reduced in block
SCL (only cooling), as observed in Figure 5(b). The
addition of TiC particles significantly modified the micro-
structures in terms of grain boundary morphology and
columnar grain widths. As the TiC content increases
(blocks SA to SQ), the grain boundaries develop tortuos-
ity, accompanied by simultaneous reduction in colum-
nar grain width, as listed in Table 3, which was
calculated using the linear intercept method [36]. This
can be qualitatively observed when comparing the
grain boundary maps shown in Figure 5(a) to (e).

The grain boundary maps of blocks SB and SC also
revealed the presence of stray equiaxed-like grains.
This indicates that the TiC particles can act as a grain-
refining inoculant during WAAM of LTE36 alloy by pro-
moting heterogeneous nucleation. However, the
limited occurrence of equiaxed-like grains in the micro-
structures of blocks SB and SC suggests that the
amount of TiC particles was likely insufficient to
promote heterogeneous nucleation uniformly through-
out the blocks. Future work can be undertaken to
better understand the extent of heterogeneous nuclea-
tion in LTE36 alloy facilitated by TiC particles during
WAAM. The presence of DDC micro-cracks, similar to
the crack shown in Figure 4(b), were occasionally
observed in the microstructures of blocks SA and SB.
However, cracks were eliminated from block SC, which
contained higher amounts of TiC than blocks SA and
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Figure 5. high (HAGB) and low angle (LAGB) grain boundary maps for samples of blocks SR, SCL, SA, SB, and SC in (a), (b), (c), (d), and
(e), respectively. XRD patterns for samples of blocks SA, SB, SC, and SR revealing the detection of clear TiC peaks in the patterns cor-

responding to blocks SB and SC in (f).

Table 3. The average columnar grain widths quantified from the
transverse cross-sections (BD-TD planes) of the deposited blocks
using the linear intercept method. The cross-sections were taken
at 25, 35, 45, and 55 mm from the start of the blocks.

Block

Average columnar grain width, um

SR 1280 + 260
SCL 760 +210
SA 510+120
SB 470+ 80
SC 38090

SB. This suggests that a minimum level of TiC addition
was necessary to completely prevent cracking during
WAAM of LTE36 alloy. Phase identification was con-
ducted using XRD, and the resulting XRD patterns are
presented in Figure 5(f). Clear TiC peaks were identified
in the patterns of samples taken from blocks SC and SB,
with the absence of these peaks in the pattern of the
sample taken from block SA. However, the peak inten-
sities corresponding to the TiC phase were reduced in
the pattern of block SB compared to block SC. The
TiC phase fractions were quantified as 0.3% and 0.7%
by weight, with an error of + 0.2%, in blocks SB and
SC, respectively.

The microstructure of block SC was further anlaysed
with a low-step size setting during EBSD to investigate
the introduction of TiC particles. The grain maps,
phase maps, and simultaneous EBSD-EDS map scans
for block SC, are shown in Figure 6. In general, the
grain boundaries (GBs) were decorated with faceted

and irregularly shaped particles, as shown in Figure 6.
Most of these particles were observed to be sub-
micron sized, with a few instances of particles ranging
from sub-micron to micron-sized. Similarly, the grain
interiors also exhibited the presence of such particles
(Intragranular TiC in Figure 6). An example of a nano-
sized particle within a grain of block SC can be seen in
Figure 6 (Nano-TiC). The corresponding EDS maps in
Figure 6 show enrichment of Ti, thus providing positive
confirmation of TiC particles. The tortuosity in the GBs
arises from the presence of the TiC particles. Conse-
quently, the tortuous GBs restrict grain growth,
thereby increasing the resistance to DDC compared to
the non-tortuous GBs of block SR [37,38]. Altogether,
these particles contribute to the clear TiC peaks in the
XRD pattern of block SC, as shown earlier in Figure 5(f).
In comparison, the reduced peak intensity and the
absence of TiC peaks in the XRD patterns of blocks SB
and SA can be attributed to the limited presence of
nano-TiC particles. An example of such nano-TiC par-
ticles observed in the microstructure of block SB is
shown in Figure 7.

The mechanisms responsible for the reduced suscep-
tibility of LTE36 alloy to intergranular DDC due to accel-
erated cooling and TiC addition are schematically
shown in Figure 8. During WAAM of LTE36 alloy, heat
accumulation may occur due to the relatively low
thermal diffusivity of the alloy [34]. This, along with
the alloy’s persistence in the single-phase austenitic
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Grain map ,

Phase map

Phase map

Figure 7. chemical analysis of the nano-particles observed in the microstructure of a sample taken from block SB.

structure, up to its liquidus temperature, promotes a
microstructure conducive to grain coarsening. The pro-
pensity for grain coarsening arises from the low acti-
vation energy of grain growth in LTE36 alloy (Invar),
and a system’s tendency to minimise free energy
through boundary migration [34,39]. Therefore, grain
coarsening occurs during the WAAM process, as sche-
matically illustrated in Figure 8(a), leading to a net
reduction in total GB area.

Furthermore, WAAM inherently induces non-uniform
thermal stresses/strains, which the deposited material
accommodates [40]. The reduction in GB area due to
abnormal grain coarsening during WAAM increases the
stress/strain accommodated per GB. When the localised
stress or strain surpasses the GB strength, intergranular
DDC occurs, as shown schematically in Figure 8(a).

A cooling system, such as the CO, jet utilised in this
study, facilitates heat extraction from the LTE36 alloy

during WAAM, thereby limiting grain coarsening, as illus-
trated in Figure 8(b). The cooling jet mitigates heat
accumulation by effectively transforming the substrate
into a heat sink. Hence, the thermal energy available
for GB migration and the duration for which material
remains at elevated temperatures are reduced. This pro-
motes the retention of a greater GB area compared to
the condition in Figure 8(a), where accelerated cooling
is not applied. Consequently, the extent of DDC is
reduced, with GBs exhibiting smaller and thinner
cracks or micro-cracks, as observed in Figure 8(b), in con-
trast to the larger crack shown in Figure 8(a). The persist-
ence of micro-cracks despite utilising accelerated
cooling can be attributed to the overall cooling effect
on the deposited material rather than a more targeted
local cooling approach, such as directing the cooling
jet behind the melt pool. Additionally, the microstruc-
ture of LTE36 alloy deposited with accelerated cooling
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Figure 8. schematic illustration of the microstructure development in LTE36 alloy during WAAM in (a), by incorporating accelerated
cooling in (b), and a combination of accelerated cooling and TiC particles in (c).

exhibits non-tortuous GBs, similar to those depicted in
Figure 8(a), which are inherently susceptible to DDC [37].

Naturally, alleviating DDC from LTE36 alloy during
WAAM necessitates the modification of the GB mor-
phology [41, 42]. This can be achieved by introducing
TiC particles, as shown in Figure 8(c). The presence of
TiC particles in the melt pool allows for effective
pinning of the GBs, thereby restricting their migration.
This restriction on GB movement further reduces grain
coarsening, leading to a decrease in columnar grain
widths with increasing TiC content, as observed in
blocks SA to SC. Additionally, the presence of equiaxed-
like grains, similar to those observed in the microstruc-
tures of blocks SB and SC, contributes in increasing the
GB area. The restriction on the migration of GBs due to
the presence of TiC particles helps retain their zig-zag tor-
tuous morphology. This tortuosity of the GBs may also
provide a mechanical interlocking effect between adja-
cent grains. Consequently, in block SC, the GBs of LTE36
alloy transition from crack-susceptible to crack-resistant
upon the introduction of TiC particles.

In summary, the microstructure of the as-deposited
LTE36 alloy consists of columnar grains aligned along
the building direction. However, these grains are suscep-
tible to severe coarsening due to heat build-up during the
deposition process, as observed in the microstructure of
the reference (SR) sample. This coarsening can be miti-
gated by employing an external cooling strategy during
deposition, such as the CO, jet used in this study, which
effectively promotes heat dissipation. The accelerated
cooling strategy also reduces the extent of DDC in the
LTE36 alloy due to its influence on the microstructure.
Nevertheless, the combined approach of cooling and
the incorporation of TiC powder particles was necessary
to eliminate DDC in LTE36 alloy. This indicates that the
cooling strategy alone, as applied in this study, was

insufficient to completely prevent DDC. An improvement
of the cooling strategy could involve the development of
a setup utilising a specialised nozzle capable of delivering
a cooling medium trailing the arc. Future studies employ-
ing this setup during the deposition of LTE36 alloy are rec-
ommended, as this work demonstrates noticeable
enhancement in both the microstructure and interpass
times of the LTE36 alloy deposited with accelerated
cooling. Additionally, the use of accelerated cooling
may also have been beneficial in lowering the
minimum amount of TiC required to eliminate DDC.
Without cooling, it is highly likely that the LTE36 alloy
would remain prone to grain coarsening until higher
amounts of TiC than those used in block SC are incorpor-
ated, due to the heat accumulation effects during WAAM.
Ductility-dip cracking is a GB phenomenon, characterised
by the failure of GBs due to their reduced ductility at elev-
ated temperatures under the influence of stress/strain
[43]. In general, single-phase fcc alloys, such as LTE36,
are prone to DDC because of a loss of GB ductility at elev-
ated temperatures [44,45]. Processing the LTE36 alloy by
WAAM subjects the material to the ideal conditions for
DDC, namely elevated temperatures caused by molten
metal deposition and the generation of process-
induced stresses/strains. During WAAM of LTE36 alloy,
the addition of TiC particles effectively pins the GBs and
induces tortuosity, thereby resisting grain coarsening.
These combined effects, resulting from the presence of
TiC particles at the GBs, promote a crack-free microstruc-
ture by reducing the susceptibility of the LTE36 alloy to
DDC.

Functional properties

The engineering stress-strain curves obtained from the
tensile tests performed on samples from block SDM
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Figure 9. measured strain-strain curves of the specimens extracted from block SDM oriented along the building (V) and welding (H)
directions in (a). Tensile properties calculated from the curves in (a), shown in (b). *: The poor tensile properties for reference in (b) due
to the presence of intergranular cracks are adapted from an earlier work on WAAM of LTE36 alloy [26].

are shown in Figure 9(a). The properties were evaluated
along two directions of the block to quantify any direc-
tional anisotropy. This is represented by the results of
samples oriented in the horizontal (H, WD) and the ver-
tical (V, BD) directions. As shown in Figure 9(b), the
mechanical properties of block SDM are in good agree-
ment with the expected values (MS), regardless of the
orientation. This agreement is attributed to the
absence of DDC in block SDM. The tensile properties cor-
responding to the reference in Figure 9(b) are adapted
from our earlier work to highlight the detrimental
effect of DDC on the mechanical performance of as-
deposited LTE36 alloy [26]. Intergranular ductility-dip
cracks act as stress concentrators or sites for preferential
damage, leading to premature failure of LTE36 alloy
under tensile loading. Conversely, the addition of TiC
increases the resistance of the grain boundaries to
DDC by inducing tortuosity, effectively pinning them

WAAM of LTE36 alloy is mitigated by the combined
approach of accelerated cooling and the addition of
TiC particles, thereby recovering or exceeding the
expected mechanical properties of the LTE36 alloy.
However, the mechanical properties exhibit orien-
tation-dependent anisotropic behaviour. The horizon-
tally oriented specimens are found to be stronger and
less ductile compared to vertically oriented specimens.
This strength-ductility anisotropy between the horizon-
tally and vertically oriented specimens can be related
to the strong directionality of the columnar grains. The
vertical specimens are extracted with their length
oriented along the building direction of block SDM,
which aligns the specimen length with the long axis of
the columnar grains. Due to this alignment, the grain
boundary density in the vertical specimens is reduced
relative to the horizontal specimens. Consequently, the
hindrance to dislocation slip by grain boundaries is

and preventing crack formation. Hence, DDC during lower in vertical specimens than in horizontal
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Figure 10. temperature-displacement curves of the specimens extracted from block SDM oriented along the building (V) and welding
(H) directions in (a). Mean CTEs in various temperature ranges calculated from the T-D curves in (a), shown in (b).



specimens. This results in the conflicting behaviour of
strength and ductility between the horizontally and ver-
tically oriented specimens. A similar trend has also been
observed in other studies addressing the mechanical
properties of S304L steel and LTE36 alloy fabricated by
WAAM [15,46].

The measured temperature-displacement (T-D)
curves of specimens from block SDM are shown in
Figure 10(a). For comparison, an averaged T-D curve of
two samples from SR block (without cooling or TiC
addition) is also added to the figure. The mean linear
coefficients of thermal expansion (CTEs) in different
temperature ranges were calculated from these curves
and are presented in Figure 10(b). No significant aniso-
tropy is observed between the CTEs of specimens
oriented vertically and horizontally within the block.
However, a noticeable reduction in the CTEs of speci-
mens from block SDM is observed when compared to
the CTEs of the reference LTE36 alloy (block SR). This
reduction of CTE is highlighted in two parts in Figure
10(a). Firstly, a prominent low-temperature reduction
in the thermal expansion behaviour of block SDM is
revealed in the low-temperature range of 30-100 °C,
i.e. well below the Curie transition. Secondly, a high-
temperature reduction of the thermal expansion behav-
iour occurs upon exceeding the ferromagnetic ordering
temperature (Curie transition). This high-temperature
reduction can be attributed to the composite nature of
the LTE36 alloy comprising TiC particles. The mean
linear CTE of TiC particles, reported to be approximately
6.99 um m™ °C" in a temperature range of 30-500 °C, is
lower than that of the reference LTE36 alloy in the same
range, which is 10.10 um m™ °C", as determined from
Figure 10(a) [47]. The crossover between the mean CTE
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of the reference LTE36 alloy and TiC particles,
determined from room temperature, occurs at around
300 °C; above this temperature, the CTE of TiC particles
is lower than that of the reference LTE36 alloy. The
deposited LTE36 alloy comprising TiC particles can be
considered a metal matrix composite. For such materials,
the net thermal expansion is typically estimated using a
rule-of-mixtures approximation. Hence, the lower CTE of
TiC particles compared to that of the reference LTE36
alloy above temperatures of 300°C leads to a high-
temperature reduction of the thermal expansion behav-
iour in LTE36 alloy comprising TiC particles (block SDM)
relative to the reference LTE36 (block SR) alloy.

However, it should be noted that this high-tempera-
ture reduction holds little significance for the aerospace
mould tooling applications of LTE36 alloy. This is
because these tools are typically limited to a maximum
operational temperature of 200°C during composite
curing cycles [48].

Based on the above reasoning for the high-tempera-
ture reduction, it can also be argued that the mean linear
CTE of LTE36 alloy comprising TiC particles in the temp-
erature range of 30-100 °C should increase compared to
that of the reference LTE36 alloy. Since for temperatures
below 300 °C, the CTE of TiC particles is higher than that
of the reference LTE36 alloy. Moreover, the CTEs of
LTE36 alloy in various temperature ranges are expected
to increase with the addition of Ti and C, provided these
elements are present in the solid-solution matrix.
However, the addition of TiC particles to the LTE36
alloy in this study contributes marginally to the chemical
composition of the solid-solution matrix. This is valid
based on the low solubility product of TiC in austenite
(0.0165 at 1200 °C), indicating that these particles

3000
——— SR block
—— SDM block
20001
10001
01 : : : : :
50 100 150 200 250 300 350

Temperature, °C

Figure 11. lattice parameters obtained from the XRD patterns of specimens from blocks SR and SDM in (a), symbols correspond to the
measured points to which the solid lines are fitted. Approximation of the Curie temperatures from the average T-D curves of samples

from blocks SDM and SR.
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remain stable with limited dissolution at high tempera-
tures in the austenitic matrix of the LTE36 alloy [49].
Consequently, the low thermal expansion behaviour of
LTE36 alloy should be minimally influenced by TiC
from the perspective of chemically induced changes.
However, due to the repetitive thermal cycles in WAAM,
some degree of dissolution can be expected, which in
turn could result in a marginal yet observable increase
in the CTE of LTE36 alloy. For instance, the change in
the CTE of FeNi36 alloy per mass% of Ti addition in the
temperature range of 30-100 °C is reported to be approxi-
mately 0.86 um m™ °C" [50]. Hence, contrary to the
expected increase in the same temperature range, a
low-temperature reduction is observed in the thermal
expansion behaviour of LTE36 alloy comprising TiC par-
ticles compared to that of the reference LTE36 alloy, as
highlighted in Figure 10(a). This manifests as a prominent
reduction in the mean linear CTE of block SDM evaluated
in the temperature range of 30-100 °C relative to that of
block SR, as shown in Figure 10(b).

To understand the observed low-temperature
reduction of CTE in this work, the effect of TiC addition
on the lattice parameter of the deposited specimens
was explored. The high-angle XRD diffraction peaks cor-
responding to specimens of blocks SR and SDM are
shown in Figure 11(a). The values of the lattice par-
ameters (a), listed in Figure 11(a), were calculated
using the corresponding Nelson-Riley extrapolation
plots [51]. From Figure 11(a), it is evident that the
addition of TiC resulted in an increase in the a value,
which reveals as a shift in the XRD peak positions. This
suggests that the marginal increase in a value is linked
to the reduction in the CTEs observed in this study.
The relationship between increasing a value and
reduction in the CTE of LTE36 alloy can be explained
based on the simultaneous improvement in magnetic
exchange coupling. The magnetic exchange coupling
(exchange interaction) is fundamental in the description
of ferromagnetism [52, 53]. The increase in a value is
expected to influence the Fe-Fe exchange interaction
such that its ferromagnetic character is enhanced. This
argument is supported by the computational work of
Rancourt et al. that addressed the physical phenomenon
underlying the low thermal expansion behaviour of Invar
36 [54]. Using local moment models, they demonstrated
that the Fe-Fe magnetic exchange bonds in Invar 36
improve their ferromagnetic character as the interatomic
separation increases. In addition to the computational
work, Gorria et al. provided experimental evidence
using X-ray absorption spectroscopy, suggesting that
mechanical stressing of Invar 36 primarily affects the
Fe-Fe interatomic distances [55]. An increase in these
distances was found to favour ferromagnetism.

The calculation of the magnetic exchange integral
terms is beyond the scope of this article. However, an
estimate about the trend of the exchange integral can
be made through the relationship between the ferro-
magnetic Curie temperature and the exchange integral,
as described by the mean field theory in equation (2):

_ JexZrS(S+ 1)

T I
¢ 3kg

(2)
where, T, is the Curie Temperature, Z7 is the co-ordina-
tion number, S is the atomic spin quantum number, J,,
is the exchange integral, and kg is the Boltzmann con-
stant [56]. The Curie temperature and the exchange
integral are directly proportional for a constant value
of the other parameters, which is the case in this
study. Therefore, T, would only increase if the exchange
integral, J.,, increases. The Curie temperature for the
SDM block is observed to be lower than that of block
SR, as illustrated by the averaged T-D curves shown in
Figure 11(b). This implies that the difference in the T,
between blocks SDM and SR results from the higher
exchange integral, which arises from an increase in a
value due to the addition of TiC in block SDM. The
synergy between the lattice parameter and magnetic
exchange interaction also supports the observed promi-
nent reduction of the CTE in the low-temperature
range, well below the Curie transition. Therefore, the
increment in the lattice parameter of LTE36 alloy
enhances its ferromagnetic character and, conse-
quently, its low thermal expansion behaviour. This
leads to a prominent reduction in the CTE at tempera-
tures well below the Curie transition, as observed in
this study.

Conclusions

In this work, we systematically studied the microstruc-
tural and functional response of LTE36 alloy to acceler-
ated cooling and TiC particle addition during WAAM.
The combined approach led to the defect-free fabrica-
tion of the alloy with improved functional performance.
The outcomes of this study are concluded as follows:

1. Employing accelerated cooling during wire arc addi-
tive manufacturing (WAAM) of the single-phase
LTE36 alloy reduces the susceptibility to ductility-
dip cracking (DDC) and shortens the interpass
times. However, the elimination of DDC requires the
addition of TiC particles.

2. The microstructure of the LTE36 alloy is refined
through the addition of TiC particles, which reduces
the extent of grain coarsening during WAAM. The
degree of grain coarsening decreases as the TiC



content increases, effectively promoting the pinning
of high-angle grain boundaries (HAGBs). The TiC par-
ticles also induce tortuosity at the HAGBs. This mor-
phological change further contributes to lowering
the susceptibility to DDC.

3. The tensile properties of LTE36 alloy containing TiC
particles are significantly improved compared to
the TiC-free alloy, which exhibits DDC. The average
tensile strength, yield strength, and elongation
increase by 24%, 18%, and 60%, respectively.

4. The tensile properties of LTE36 alloy processed with
the combined approach of accelerated cooling and
TiC particle addition are anisotropic with respect to
the building and travel directions. This anisotropy
arises from the alignment of the columnar grains
along the building direction.

5. The mean CTE of the LTE36 alloy comprising TiC par-
ticles in the temperature range of 30-100 °C is lower
than that of the TiC-free alloy. This reduction is attrib-
uted to the lattice parameter increase observed in the
TiC-containing alloy, which enhances the ferromag-
netic character of the alloy.
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