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ABSTRACT

Invar alloys exhibit low thermal expansion and are useful in applications requiring
dimensional stability when subject to temperature changes. Conventional production of
Invar faces certain challenges that can be offset by exploiting additive manufacturing
processes. This study employed pulsed gas tungsten arc welding (GTAW) to deposit Invar
36 alloy blocks at five heat inputs (HI) ranging from 200 to 550 ] mm*. The results show
that the microstructure comprised of columnar grains and remained in the austenitic
phase regardless of the HI. Ductility dip cracking was found to prevail in all the blocks
except the block deposited at the lowest HI. The decreased susceptibility to cracking with a
reduction in the HI was due to the preservation of the grain boundary area, consequently
leading to an improved partitioning of strain among the grain boundaries. On lowering the
HI from 550 to 200 ] mm ' the average yield strength, tensile strength and elongation
improved by 16%, 23% and 38%, respectively. The HI had a negligible effect on the mean
linear coefficient of thermal expansion (CTE) in different temperature ranges as the CTE
values were nearly identical between the blocks deposited at 200 and 550 ] mm ™. In
general, the CTE in the building direction was slightly higher than the travel direction, with
a maximum difference between the CTE of the two directions being 15%. In summary, this
work demonstrates the application of the cold wire GTAW process as an alternative to
conventional/laser based methods for realizing the functional properties of Invar.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The binary Fe—Ni system presents a class of functional alloys
that have uniquely low thermal expansion. They are referred

* Corresponding author.

to as the Invar alloys, where the term Invar stands for
invariance to temperature [1]. The dimensional stability in
Invar alloys is observed below the Curie temperature and is a
result of a temperature dependent interaction between the
lattice expansion/contraction and spontaneous volume
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magnetostriction [2,3]. The minimum linear thermal expan-
sion coefficient (CTE) in the binary Fe—Ni system is observed
at a Ni content of about 36 wt % (Invar 36 alloy) [4]. For com-
parison, the mean CTE of Invar 36 and SS316L between 293 K
and 373K are 1.6 ym m~*K~* and 16 ym m~* K, respectively
[5,6]. As such, Invar alloys are used in precision instruments,
aerospace moulding tools and storage tanks/pipelines for use
at cryogenic temperatures [4,7—9]. Invar products in the
aerospace sector are traditionally fabricated using subtractive
processes, like milling and turning [10]. However, machining
of Invar can be challenging due to certain physical aspects of
this alloy such as, high rates of work hardening and low
thermal conductivity [11]. Additionally, subtractive tech-
niques often result in the generation of significant material
waste [12,13]. In this regard, additive manufacturing (AM)
techniques are a good alternative as they are not associated
with such drawbacks [14]. The most common metal AM
techniques are based on either using a laser, electric arc, or
electron beam as the heat source [15,16]. The raw material/
consumable that is used in these processes is available in the
form of metal powders or wires. The combination of using an
electric arc with metal wires, known as wire and arc additive
manufacturing (WAAM), is one of the directed energy depo-
sition (DED) techniques that may be well suited for fabricating
Invar products especially in the aerospace sector [10,17]. This
is attributed to the lower cost of the metal wires and high
deposition rates achieved in WAAM in comparison to metal
powder-based AM [13,18].

Recently, multiple studies have emerged that address the
microstructure/properties of Invar based on laser-powder
processing [11,19—25]. In contrast to this, the body of litera-
ture pertaining to WAAM of Invar is limited. Veiga et al. used
gas metal arc welding (GMAW) and plasma arc welding (PAW)
to deposit two thin wall structures of Invar 36 for a compar-
ative study [26]. The mechanical properties were quantified,
and the results indicate directional anisotropy in the elonga-
tion of the samples deposited with the PAW process. Aldalur
et al. in continuation of the above work reported the thermal
properties of the as-deposited Invar 36 by GMAW and PAW
processes in another study [27]. The results showed higher
mean CTEs of Invar deposited with the PAW process, whereas
the CTE of the Invar deposited with the GMAW process were
comparable to conventionally processed Invar. Fowler et al.
used metal inert gas (MIG) welding to fabricate different ge-
ometries (walls, tubes, and overhangs) with a commercially
available Invar 36 alloy (CF36 filler wire) [28]. The thermal
expansion of the deposited Invar was found to be satisfactory
for their purpose. This study was limited to the assessment of
the printability of Invar and excluding the microstructure
related aspects of the deposits. The literature pertaining to the
welding of Invar, especially multi-pass welds, can help predict
the behaviour of Invar in a process like WAAM, since it is
essentially based on the principles of welding. Among these

studies a common observation is the presence of intergran-
ular cracks [8,29—31]. Naturally, such defects are undesirable
and may lead to premature failure during the service life of a
product in load bearing applications. Therefore, to further
establish the application of WAAM to Invar there is an explicit
need to develop an understanding of the resulting micro-
structure and properties. To build on this we have performed a
systematic experimental study followed by extensive char-
acterisation to understand the response of the Invar alloy to
DED-WAAM. Gas tungsten arc welding (GTAW) was utilised in
this study to deposit blocks using a commercially available
Invar 36 wire at five heat inputs ranging from 200 ] mm™" to
550 mm*. The effect of the heat input on the microstructure,
defects and the microhardness of the deposited blocks was
investigated. The chemical analysis on the deposited blocks
was performed using X-ray fluorescence (XRF). A further
evaluation of the microstructure was realised using electron
backscatter diffraction (EBSD), along with phase identification
using X-ray diffraction (XRD) on the blocks deposited at the
extremes of the heat input, i.e., 200 and 550 ] mm ™. Lastly,
two larger blocks were deposited using the parameters cor-
responding to the extremes of the heat input to quantify the
mechanical properties and the linear CTE of the deposited
Invar alloy.

2. Research methodology
2.1. Experimental overview

A Migatronic TIG COMMANDER 400 AC/DC was used as the
power source for depositing 80 x 15 x 15 mm? blocks of
Invar. All the experiments were performed in the pulsed
current mode using argon as a shielding gas at a flow rate of
10 L min™%. The consumable was a 1.2 mm diameter wire
sourced from Voestalpine Bohler Welding, commercially
known as 3Dprint AM Mold 36 (alloy Fe—Ni36). The chemical
composition of the wire and the deposition parameters
corresponding to the five blocks (A to E) are listed in Tables 1
and 2, respectively. The deposition was carried out uni-
directionally (along X direction) and the wire was front fed
towards the leading edge of the weld pool as shown sche-
matically in Fig. 1. The current and the voltage profiles
during the deposition process were measured using a Triton
data logger. This data was used for calculating the instan-
taneous power (IP) based on equation (1) and in conjunction
with equation (2) for determining the heat input (HI) by
assuming a process efficiency (n) of 0.7 [32,33]. Where, I; is
the instantaneous current [A], U; is the instantaneous
voltage [V], and TS is the travel speed [mm s~*]. The calcu-
lated heat input was rounded off to the nearest ten as listed
in Table 2.

Table 1 — Chemical composition of the Invar wire as specified by the supplier (*element content less than the specified

number).
Elements, wt. % @ Si* Mn Cr* Mo* Co* B2 S* Ni Fe
Alloy Fe—Ni36 0.05 0.10 0.20 0.50 0.50 1.00 0.01 0.01 34—-38 Bal



https://doi.org/10.1016/j.jmrt.2023.06.280
https://doi.org/10.1016/j.jmrt.2023.06.280

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:6183—-6197

6185

Table 2 — The process parameters used in this study for the deposition of the blocks (A to E). TS- travel speed, WFS- wire

feed speed, Ig.s.-base current, I, -peak current, t,.s.-base time, tpca-peak time, Uy .-average voltage and HI- heat input.
1

Parameters TS mm st WFS mm s * Ipase A Ipeak A o & tpeak S Uave V HIJ mm~
A 4.6 22.0 81 180 0.2 0.20 10.0 200
B 4.5 28.0 110 220 0.2 0.15 10.3 250
C 3.8 30.0 120 240 0.2 0.20 10.6 350
D 3.5 39.0 133 265 0.2 0.20 11.4 450
E 3.3 50.0 135 300 0.2 0.20 12.0 550
Wire feeder
(Front feeding)
Tungsten alloy electrode
(Negative polarity)
==—> Shielding gas
Building direction (Z)
Deposited block
Substrate
(Positive polarity)
Fig. 1 — Schematic of the GTAW deposition process used in this study.
1 . preliminary energy dispersive spectroscopy (EDS) measure-
IP== (I o Uy) Equation 1 . ..
n < ments performed on the builds and indicated that the Invar
composition of 36 wt% Ni was attained after the second layer.
IPey ] The substrate plates were ground to remove any oxides and
HI=— Equation2  (leaned with isopropanol prior to the experiments. The

The dimensions of the single beads that were used to
create the blocks were also measured. Optical microscopy was
utilised for this purpose and the measured characteristics are
schematically shown in Fig. 2, where 6 is the wetting angle, w
is the width, H is the height, P is the penetration, A and B are
the cross-sectional areas. The tip angle of the tungsten elec-
trode was 40° and 30° while deposing blocks B to E and block A,
respectively. The substrate for the experiments were a low
carbon structural steel plates of 25 mm thickness. The first
two layers of the blocks were not considered for any analysis
due to the dilution with base plate. This was based on

W e

Fig. 2 — Schematic of the weld bead dimensions analysed
from the bead-on-plate experiments.

maximum inter-pass temperature was limited to 423 K during
the deposition and was checked using a K-type thermocouple
[34].

2.2. Microstructural characterisation

Four transverse sections were taken from each block at
similar locations for observing the microstructure. The sam-
ples were first subjected to mechanical grinding using SiC
papers (P180 to P4000). Following grinding, samples were
polished using a 3 and a 1 um diamond suspension for 6 and
10 min, respectively. Chemical etching was performed on
polished samples using the Kalling's 2 reagent for 5-10 s to
reveal the microstructure. The microstructural features were
observed using a Keyence VHX-5000 optical microscope and a
JEOL JSM-6500F™ scanning electron microscope (SEM). Micro
hardness (Vickers hardness) measurements were performed
on etched samples at room temperature using a Struers
DuraScan hardness tester following the ISO 6507-1 standard
[35]. The chemical composition of the deposited blocks was
quantified using X-ray fluorescence (XRF) with a Panalytical
Axios™** WD-XRF spectrometer. Phase analysis was also
performed using X-ray diffraction with a Bruker D8 Advance
diffractometer.

Additionally, samples were taken from the blocks depos-
ited at the extremes of the heat input for electron backscatter
diffraction (EBSD) analysis. These samples were polished
using colloidal silica for 40 min in addition to the earlier stated
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Fig. 3 — The as-deposited blocks A1 and E1 at the extreme conditions of the heat input for extracting tensile specimens in
(a) and (b), respectively. V (1—4) and H (1—4) indicates the marking of the vertical (Z) and horizontal (X) samples, respectively
in (c). BD-building direction (Z) and WD-welding/travel direction (X).

polishing procedure. A Thermo Scientific™ Helios™ G4 PFIB
UXe SEM equipped with a EDAX detector was used for the
EBSD analysis, and the results were processed using the TSL
OIM software. A step size of 0.5 pm was used to map areas of
1 x 1 mm? in all the scans. The current and the acceleration
voltage were 3.2 nA and 20 kV, respectively.

2.3.  Tensile testing

The extreme conditions of the heat input, i.e., 200 and
550 ] mm~* were used for depositing two larger blocks of
150 x 20 x 60 mm?® as shown in Fig. 3 (a) and (b). The blocks will
be referred to as Al and E1 from here on, and were used for
extracting tensile specimens. The sample geometry and
testing procedure was based on the guidelines outlined in the
ISO 6892-1 standard [36]. The samples were extracted with
their main axis oriented parallel to the building (Z) and the
welding/travel direction (X) to quantify the properties in two
directions as shown in Fig. 3 (c), for the low heat input block
(A1). The sample extraction procedure was similar for the high
heat input block (E1). A total of eight samples were tested per

a)12 3
3 125
E10 b
E 9 L ] 2
£
S 8¢ 1.5
; 7 .
11
6 L
5 0.5
150 200 250 300 350 400 450 500 550 600

Heat input, J mm"’

Height, mm

block, comprising of four samples from the two directions (X
and Z). The tensile tests were performed at room temperature
using an INSTRON® 5500R machine using a strain rate of
1 mm min . Following the tests, the fracture surface of the
specimens was analysed using a SEM in the secondary elec-
tron mode at an acceleration voltage of 15 kV.

2.4. Dilatometry

A Linseis TMA PT1000 thermo-mechanical analyser was
used for evaluating the linear CTE of the as-deposited Invar.
Dilatometry was performed on samples taken from the
blocks deposited at the extremes of the heat inputs (200 and
550 ] mm™?). Cylindrical specimens of 4 mm diameter and
10 mm length were extracted using wire -electronic
discharge machining. Two samples were extracted from
each block (Al and E1) comprising of one sample per di-
rection (X and Z). The testing was performed in accordance
with the ASTME 831-14 standard in a temperature range
between room temperature and 673 K with a heating rate of
5K min~" [37].

=3
—

4]

o

Wetting angle, °
w » >
[ o [$)]

w
o

5
150 200 250 300 350 400 450 500 550 600
Heat input, J mm’"!

Fig. 4 — Dimensions and wetting angle of the weld beads corresponding to the five heat inputs used for the deposition of the

blocks in (a) and (b), respectively.
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3. Results and discussion
3.1. Macro and microstructural characterisation

Bead-on-plate experiments were initially performed to opti-
mise the deposition parameters for the Invar wire used in this
study. The criteria for selecting the deposition parameters
stated in Table 2 was based on the wetting angle of the
resulting weld beads. The weld beads with a wetting angle in
the range of 35°—45° were chosen for deposition with the aim
to avoid lack of fusion defects during overlapping of the weld
beads. The dimensional characteristics of the weld beads
corresponding to the five heat inputs used in this study are
shown in Fig. 4 (a) and (b). In general, it is observed that the
size and the wetting angle of the weld beads increases with
the heatinput. This is due to an increase in the deposition rate
with the increasing heat input. The process parameters cor-
responding to these weld beads were considered stable for
deposition of the blocks due to the dimensional stability of the
weld beads. This is reflected in the relatively low scatter
observed in the dimensional characteristics of the weld beads.
The macroscopic overview of the blocks corresponding to the
five heat inputs is shown in Fig. 5. The blocks did not show the
presence of lack of fusion related defects (in four transverse
sections), essentially due to limiting the wetting angle of the
weld beads to 45°. Since these blocks were deposited uni-
directionally, the ends of the blocks tended to taper off. This
was due to the start/stop of the arc and had the largest effect
on block E. In contrast, the low heat input used for the depo-
sition of block A, resulted in a good geometrical stability of the
block. An example of the tapering in the high heat input
(550 ] mm™?) condition is visible in Fig. 3 (b). In general, the
macroscopic deposition quality of the blocks improved with

decreasing the heat input. The microstructure of the blocks
was found to be dominated by columnar grains as shown in
Figs. 5 and 6. The columnar grains grow epitaxially in the
blocks and tend to be oriented parallel to the building direc-
tion since grain formation is favoured along the direction of
maximum heat flow [38]. The substructure mainly comprises
of cellular features as pointed out in Fig. 6, with an occasional
presence of columnar dendrites. The different substructures
arise from local variations in the solidifying conditions in the
melt pool from the combined effect of the temperature
gradient and the solid-liquid interface growth velocity. The
existence of such microstructural features is typically
observed in single phase austenitic alloys. In general the
columnar grains were found to extend through multiple layers
in all the blocks. Moreover, in the case of block E extensive
grain coarseningis observed in the top half of the block. This is
indirectly reflected in the micro hardness measurements as
shown in Fig. 7. Also, the differences in the morphology of the
grains observed in blocks A and E are evident when comparing
Fig. 5 (A) and (E). The tendency of grain coarsening, as depo-
sition proceeds, increases with the heat input as block E
shows the maximum difference between the hardness
measured at 5 mm and 12 mm from the base metal. In com-
parison, block A shows a relatively uniform distribution of
hardness and that is indicative of a homogenous microstruc-
ture at different heights in the building direction. In addition,
the average width of the grains in blocks A and E was quan-
tified from the transverse sections using the linear intercept
method [39]. The results are shown in Table 3 and corroborate
well with the trend observed in the hardness measurements,
implying that the decrease in the hardness with an increase in
the heat input is a consequence of an increase in the average
grain width. This is due to the decrease in the cooling rate
when the heat input increases, as the cooling rate varies

Fig. 5 — Optical micrographs of the transvers sections of the blocks showing the presence of columnar grains and grain
coarsening in the top half section of block E. The micrographs were prepared at 45 mm from the starts of the deposits.
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d) Block D, 450 ] mm’!

/ Cellular

/

Fig. 6 — Optical micrographs of the transverse sections of
the blocks showing the microstructural features.

inversely with the heat input [40]. The reduction in the cooling
rate subjects the single phase Invar 36 alloy to elevated tem-
peratures for longer durations, consequently facilitating grain
growth [41]. Therefore, increasing the heat input from 200
towards 550 ] mm~* was found to induce grain coarsening
during the deposition of Invar 36, thereby reducing the hard-
ness of the as-deposited alloy. The results of the XRF meas-
urments performed on the five blocks are shown in Fig. 8. The
Ni content in all the blocks was found to be maintained
around 36 wt %, meaning that the increasing heat input did
not lead to element loss due to burn-off. This is a critical
aspect in Invar alloys since the lowest thermal expansion is

170
[ 5 mm from base metal
160 I 12 mm from base metal
>
T 150
2
? 140
S
S 130
I
120
110
200 250 350 450 550

Heat input, J mm!

Fig. 7 — The results of the microhardness measurements
performed on the transverse sections of the blocks.

Table 3 — Average grain width in blocks A and E as
determined from the transverse sections.

Grain width in pm Distance from base plate

5 mm 12 mm
Block A 270 + 30 310 + 20
Block E 390 + 40 1120 + 200

observed at 36 wt % of Ni. All other elements are also within
the range of the nominal chemical composition specified by
the wire manufacturer. Furthermore, EDS was also utilised to
analyse the chemical composition for any possible segrega-
tion of the alloying elements. However, the results were
inconclusive and showed no clear trends. The absence of
segregation could be a direct result of the thermal cycling
during deposition. Invar 36 tends to have a low thermal
diffusivity meaning that thermal energy is likely to accumu-
late with time [42]. Additionally, according to the equilibrium
binary Fe—Ni phase diagram Invar 36 remains in the austenitic
phase field in a broad temperature range (700 K—1700 K
approx.) [43]. Therefore, as the deposition proceeds the
availability of thermal energy will promote the balancing of
compositional gradients that may have occurred during so-
lidification given that sufficient time is available. The low
thermal diffusivity along with the single phase nature of the
Invar alloy also facilitates the coarsening of the grains with an
increase in the heat input as described earlier. It should be
noted that XRF and EDS was used in this study and these
techniques provide a reasonable first impression of the
chemical composition. However, the analysis of the compo-
sition, for example, at the level of micro-segregation can be
considered for future work.

The blocks deposited at the extreme condition of the heat
inputs were analysed using XRD and the results are shown in
Fig. 9. The blocks are found to be entirely austenitic, which is
expected in Invar 36 as the binary Fe—Ni alloy system exists in
the fcc structure above a Ni content of 30 at. % [44]. However,
the indices of the maximum intensity peaks differ for block A
and E in the figure. In block A, the peak with the maximum
intensity is a result of reflections form the (100) planes
whereas, in block E it is due to the reflections form (111)
planes. To explain this, we refer to Fig. 5 that shows the
macroscopic overview of all the blocks. The microstructure of
block E is not homogeneous throughout the build as severe
grain coarsening is observed in the top region of block E. The
high heat input used for the deposition of block E led to this
grain coarsening as the microstructure of block A is relatively
homogenous after being deposited at a much lower heat
input. Consequently, the large grains in block E may have
dominated the Bragg criteria leading to the maximum reflec-
tion intensity from the (111) planes. Whereas the maximum
intensity from (200) planes in the case of block A is expected
since for cubic metals the preferential grain growth direction
is <100> [45,46].

3.2. Characterisation of cracking

The blocks deposited at the heat inputs ranging from 250 to
550 ] mm~* were found to be susceptible to intergranular
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Fig. 8 — Major alloying elements in the as-deposited blocks as quantified from XRF measurements.

cracking. The effect of the heat input on the intensity of
cracking is quantified in Fig. 10. The total crack length per
block is used as a qualitative indicator for the susceptibility to
cracking, and is found to increase with an increase in the heat
input. The cracking observed in this study can be distin-
guished into micro and macro-cracking, depending on the
heat input, as shown in Figs. 11 and 12, respectively. Cracking
transforms from micro to macro-cracking above a heat input
of 350 ] mm~! (block C). In the case of block B, the grain
boundaries were generally found to be decorated with voids,
along with small micro-cracks as shown in Fig. 11. This could
represent the initial stage of crack initiation by void formation
and coalescence. The micro-cracks in block B could only be
concluded as cracks by SEM observation. Larger cracks were
observed in block C and were wide enough for easy identifi-
cation with optical microscopy. The length of the largest crack
observed in blocks B and C were 0.6 mm and 0.8 mm,

Block A-200 J mm""

Block E-550 J mm”"!
FCC-Austenite

A

-

Counts, arb. units

(200)

(111)

L (220)
— (311)
— (222)
— (400)

30 40 50 60 70 80 90 100110120130
Position 20, °

Fig. 9 — The XRD patterns of the as-deposited Invar alloy,
blocks A and E.

respectively. In comparison, the largest crack in blocks D and
E measured 1.4 and 2.9 mm, respectively.

A further increase in the heat input resulted in large
macro-cracks that were commonly observed in blocks D and E
as shown in Fig. 12 (a) and (b), respectively. Some cracks were
wide enough to allow for SEM observation of the crack flanks
as shown in Fig. 13 for block E. At lower magnifications, the
crack flanks appear flat and have a wavy morphology. The
presence of rounded micro-voids (<1 pm in diameter) is
revealed at a higher magnification and implies that there was
limited ductility in the material during fracture. In other
words, a quasi-cleavage fracture mechanism prevailed at the
grain boundaries during WAAM of the Invar alloy in the heat
inputs ranging from 250 to 550 ] mm™?, thereby resulting in

200 250
Heat input, J mm~

-
N

E3

-

Crack length, mm
o N SN (o] oo o

550
1
Fig. 10 — Experimentally derived variation of the crack
length with the heat input. The average crack length per
block is determined from observing four transverse

sections taken at 35 mm, 40 mm, 45 mm and 50 mm from
the starts of the deposits.
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Grain
boundary
voids ~

Fig. 11 — : SEM micrographs of a transverse section in block B (250 ] mm ') showing voids at a grain boundary in (a) and a
micro-crack in (b).

Fig. 12 — (A) and (b), SEM micrographs showing cracks in the transverse sections taken from blocks D and E, respectively.

Fig. 13 — SEM micrographs of the crack flank at low and high magnification taken from block E (550 ] mm™?).
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Fig. 14 — (A) and (b) shows the image quality maps of transverse sections in blocks A and E, respectively.

intergranular cracking. The absence of dendritic features on
the fracture surface means that the cracking occurred in solid
state. Additionally, enrichment of impurity elements like S
and P was not detected during the chemical analysis of the
crack flanks. Therefore, the occurrence of solidification
cracking can be ruled out.

For further analysis, EBSD was utilised and the image
quality (IQ) maps of samples taken from blocks A and E are
shown in Fig. 14 (a) and (b), respectively. The highly non-
tortuous character of the high angle grain boundaries with a
misorientation more than 15° (white arrows) is noticeable in
these maps. In Fig. 14 (a), serrated boundaries are also
observed and are identified as low angle boundaries (black
arrows) with a misorientation between 5° and 15°. The crack is
identified to form along a high angle grain boundary (red
arrow) in the IQ map corresponding to block E, whereas the IQ
map of the sample from block A is free of cracks.

Due to the thermal cycles in AM non-uniform stresses/
strains can be imposed on the deposited material. A qualitative
assessment of these strains can be done through EBSD by

2) 200 J mm"!

i

plotting kernel average misorientation (KAM) maps. The KAM
values, stated in degrees, represents residual strain as local
variations in lattice orientation in the form of geometrically
necessary dislocations (GNDs) [47,48]. In Fig. 15, the KAM maps
are shown corresponding to the IQ maps of Fig. 14. High values
of KAM are associated with areas around the crack and the
triple point (red circle in Fig. 15 (b)) of the grains. This implies
that strain was localised at these locations rather than being
distributed throughout the matrix. The average KAM value
calculated from both the maps is similar, 0.59° and 0.54° in
Fig. 15 (a) and (b), respectively. The total length of the high and
low angle grain boundaries calculated from Fig. 15 (a) is 5.7 mm
and 2.4 mm, respectively, whereas in Fig. 15 (b) the lengths are
3.2 mm and 0.9 mm, respectively. The presence of a larger
number of grain boundaries in the EBSD sample taken from
block A, in comparison to the sample of block E, is also evident
in the IQ maps shown in Fig. 14 (a) and (b). The higher grain
boundary area in the KAM map of block A effectively promotes
the partitioning of strain among several grain boundaries. As a
result the triple point and the associated grain boundaries in

%) 550 J min!

Crac
(0.8 mm)

T —————

Fig. 15 — (A) and (b) shows the kernel average misorientation maps corresponding to samples taken from blocks A and E,

respectively.
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Fig. 15 (b), have to accommodate higher strains in comparison
to Fig. 15 (a). A crack then forms if the built up strain at the grain
boundary exceeds the strength of that grain boundary. In
summary, the KAM maps give evidence of residual strain in the
as-deposited Invar alloy. Despite the similar average KAM value
in the two maps, cracking only occurs in the case of block E.
This can be attributed to the higher heat input used for the
deposition of block E that results in coarsening of the grains.
Consequently, the strain that must be accommodated per grain
boundary increases. Therefore, the susceptibility of the as-
deposited Invar alloy to cracking increases as the heat input
is increased from 200 towards 550 ) mm™* during the cold wire
pulsed GTAW process. The increase in the heat input facilitates
the coarsening of grains, that in turn increases the localisation
of strain at the grain boundaries and leads to the nucleation of
intergranular cracks.

The results of this section link the cracking observed dur-
ing WAAM of Invar to ductility dip cracking (DDC). This is a
solid-state cracking phenomenon that occurs when the tran-
sient build-up of stresses/strains can exhaust the limited
ductility of a material at elevated temperatures [49]. A mate-
rial specific temperature range is identified in which the
ductility drops and is referred to as the ductility dip range.
Ductility dip cracks are commonly reported in materials that
display non-tortuous grain boundaries and are often associ-
ated with triple junctions of the grains [50]. Grain boundary
sliding is one of the known mechanisms that leads to DDC
[49—51]. In the studies pertaining to assess the weldability of
Invar and Ni-base alloys, DDC cracks have been reported to
have a similar morphology to the results shown in this section
[52,53]. The role of grain boundary sliding in causing DDC was
reported in a hot cracking study of Invar 36 [54]. Additionally,
it has been shown in a weldability assessment study of Invar
36 that lowering the heat input improves the ductility dip
range of the alloy [55]. This improvement means that a higher
level of stress/strain can be tolerated before cracking occurs.
Furthermore, a lowering of the heat input during wire-arc
based DED of Invar can facilitate the reduction of strain
localisation at a grain boundary, thereby improving the
resistance to cracking as shown earlier in this section.
Regarding the chemical composition, the effect of impurity
elements like S and P is known to be deleterious with regards
to DDC [8,56]. The Invar wire used in this study had extremely
low levels of S and P as stated in Table 1. Additionally,
enrichment of these elements at the grain boundaries/crack
flanks during WAAM of Invar was not observed when ana-
lysed with EDS. Therefore, Invar alloy with relatively low
amounts of S and P can still be susceptible to DDC owing to the
transient built of stresses/strains during WAAM.

3.3.  Tensile testing of as-deposited invar

The tensile properties of as-deposited Invar 36 in the case of
the low heat input, crack free, condition of block A1l
(200 mm~?) are shown in Fig. 16. These results are found to be
in good agreement with the material properties specified by
the Invar wire manufacturer. The average yield strength is
found to be slightly lower, 6.6% and 5.2% for the samples
oriented in Z and X directions, respectively, than the material
specification of 280 MPa. Whereas, the average ultimate

400 = 50
5 4
350 F I —_1Yield strength 45
300 [JTensile strength]40 _
& E k3 I Elongation 135>
=250 s 305
%200 E : ! 25T
G150F 1, 1 20§
= 1 1 o
n b ' 15
10of 1 o I
50F ' h ]
! Ll °
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Sample orientation in the block

Fig. 16 — Tensile properties of the as-deposited Invar alloy
in the low heat input condition of block A1, 200 ] mm ™.
Vertical and horizontal samples oriented in Z and X
directions, respectively. Material specifications: Yield
Strength: 280 MPa, Ultimate Tensile Strength: 350 MPa and
Elongation: 25%.

tensile strength and elongation from the tested samples sur-
passed the material specification of 350 MPa and 25%,
respectively. No significant anisotropy was observed between
the average tensile properties of the vertically and horizon-
tally oriented samples. This agrees with the results of Veiga
et al,, as they report no directional anisotropy in the tensile
properties of Invar 36 processed using gas metal arc welding
[26]. However, they observed pronounced directional anisot-
ropy in the tensile properties of Invar 36 processed using
plasma arc welding. Macroscopically, the tensile samples
were deformed with a cup and cone appearance following
fracture, indicative of a ductile failure. One sample per di-
rection is shown in Fig. 17, for the purpose of fractography.
The fracture surface of the samples as observed in a SEM
showed the presence of dimples. These observations are evi-
dence of a ductile failure that is induced by void nucleation,
growth, and coalescence. Whereas, in the case of Invar fabri-
cated in the high heat input (550 ] mm™?) condition, the
average tensile properties were found to be well below the
specifications from the material supplier as listed in Table 4.
This was due to the observation of premature failure in 6 out
of 8 samples during testing. In two of the prematurely failed
samples, failure was observed before the onset of yielding.
This led to a complete brittle failure as seen in Fig. 18 (a). Some
samples showed the presence of secondary cracks (white ar-
rows) on the surface, apart from the main apart from the main
fracture site as shown in Fig. 18 (b). It is likely that these cracks
are a result of opening of the internal ductility dip cracks
during tensile loading. The fracture surface of two samples
(one per direction) as observed in a SEM is shown in Fig. 19.
The macroscopic appearance of the samples and the presence
of cleavage regions that are visible in the low magnification
figures of the fracture surface suggest that the failure was
predominantly brittle. The arrows in the figures indicate in-
ternal cracks and linearly arranged voids on the fracture
surface. The internal cracks and voids could potentially be the
fracture initiation sites as the sample has failed in the vicinity
of these defects. In addition, such defects can act as stress
concentrators, thereby increasing the likelihood of failure.
These defects can be associated to the phenomenon of
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Fig. 17 — (A) and (b), shows the SEM micrographs of the fracture surface of the tensile samples taken from block A1
(200 ) mm~?) oriented in the building (Z) and travel direction (X), respectively.

ductility dip cracking that occurred during the deposition of
Invar in the high heat input condition. Consequently, due to
the presence of ductility dip cracks an inherently ductile alloy
at room temperature (Invar 36) can become prone to brittle
failure in a tensile loading environment. Since the same alloy
when deposited in the low heat input (200 ] mm™?, crack free)
condition displays a good mechanical response that agrees
with the material specifications from the wire supplier.

3.4.  CTE of as-deposited invar

The temperature-displacement curves of the as-deposited
Invar 36 samples in the extreme conditions of the heat input
are shown in Fig. 20. The curves for the four samples are nearly
identical as seen from the insert in the figure. The variation of
the thermal expansion with temperature is approximately
linear in the temperatures between room temperature (RT) to
400 K, and 550 K onwards. Whereas, between 413 K and 540 K
the variation is non-linear. In this temperature range, the
mangnetrostrictive effect of Invar diminishes and the thermal
expansion due to lattice vibrations takes over. Thereby,

Table 4 — Tensile properties of the as-deposited Invar
alloy in the high heat input condition of block E1,

550 ] mm~'. Material specifications: Yield Strength (YS):
280 MPa, Ultimate Tensile Strength (UTS): 350 MPa and
Elongation: 25%.

As-deposited Invar YS UTS Elongation
550 J mm™" MPa MPa %
Vertical (Z-direction) 237 +31 329 + 41 26+5
Horizontal (X-direction) 210 + 69 269 + 11 12+9

resulting in a normal thermal expansion behaviour at tem-
peratures above 573 K as seen in the displacement curves
shown in Fig. 20. However, Invar 36 still exhibits a much lower
thermal expansion at temperatures above 573 K in comparison
to stainless steel. The Curie temperature obtained from the
displacement curves was found to be in the range of 550—555 K
for the four samples and is in accordance with the value re-
ported in the literature for Invar 36 [4].

The mean CTE of the as-deposited Invar alloy in the extreme
conditions of the heat input are listed in Tables 5 and 6. The
observed CTE values are on par with those reported for the
conventionally processed Invar 36 [4,5]. Therefore, cold wire
pulsed GTAW is a potential alternative to conventional and
powder based processing of Invar 36. The as-deposited alloy in
both conditions of the heat input exhibits the lowest CTE in the
temperature range between RT and 373 K. In general, the CTE of
the vertically built samples are slightly higher than the hori-
zontally oriented sample in both conditions of the heat input as
shown in Tables 5 and 6 The microstructure of the deposits
showed columnar grains oriented along the building direction
as shown earlier.

The disparity between the CTE of the vertical and horizontal
samples cannot be attributed to the differences in the grain
morphology/texture. This is due to the dependence of thermal
expansion on the symmetry of the crystal, or in other words,
the thermal expansion for a cubic system is isotropic regardless
of the crystallographic direction [57]. Additionally, the low
thermal expansion behaviour of Invar is highly dependent on
the chemical composition. The XRF analysis on the blocks
showed that the Ni content in all the blocks is maintained
around 36 wt %, and the low thermal expansion Invar effect is
most prominent at this content of Ni. The presence of other
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Fig. 19 — (A) and (b), shows the SEM micrographs of the fracture surface of the tensile samples taken from block E1
(550 ) mm™?) oriented in the building (Z) and travel direction (X), respectively.

alloying elements can influence the thermal expansion of Invar
alloys however, any macroscopic enrichment/depletion of the
other alloying elements is not observed between the blocks A

'c 5600 | 200 J mm™-v

g 200 J mm™'-H

G 42001 550 J mm™'-v

o 550 J mm™'-H

S 2800 [ [] Curie Temperature

-S O Inflection Temperature

c 1400 |

i}

7] 400
5 of

E 440 460 480
o

250 350 450 550 650 750 850
Temperature, K

Fig. 20 — The displacement curves obtained from the
dilatometry analysis of the as-deposited Invar alloy
samples in the two extreme conditions of the heat input
(200 and 550 ] mm™"). V (vertical) and H (horizontal) refer to
samples oriented in the building (Z) and travel (X)
directions, respectively.

and E. Consequently, the chemical composition cannot account
for differences in the CTE values reported in Tables 5 and 6
However, under the influence of stress, thermal expansion
can display anisotropic behaviour along different crystal di-
rections [58]. It is well known that additively manufactured
components can experience complex stress states [59]. The
presence of residual stresses in Invar produced by selective
laser melting was shown by Yakout et al. [60]. The stress states
of the deposited parts were not quantified in this study

Table 5 — The mean CTE of the as-deposited Invar alloy in
the low heat input condition. The CTE values are in the

unit of: x 10-° K™, and the uncertainty in measurement:
+0.01 x 107 ° K™%

Mean 200 ] mm %, 200 ] mm 3,
CTE Vertical Horizontal
RT-373 1.40 1.39
RT-473 2.74 2.67
RT-573 5.85 5.73
RT-673 8.34 8.15
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Table 6 — The mean CTE of the as-deposited Invar alloy in
the high heat input condition. The CTE values are in the

unit of: x 10~° K, and the uncertainty in measurement:
+0.01 x 107 ° K™%,

Mean 550 ] mm 3, 550 ] mm 3,
CTE Vertical Horizontal
RT-373 1.48 1.27
RT-473 2.79 2.60
RT-573 5.92 5.81
RT-673 8.32 8.36

however, it is safe to assume that the blocks will be subject to
residual stresses. Therefore, the difference in the CTE between
the vertically and horizontally built samples could arise from
the residual stress sates experienced by the deposited blocks.

Lastly, the heat input used for depositing block E/E1 had led
to intergranular cracking as pointed out earlier. Whereas
crackingwas avoided during the deposition of block A/Al owing
to the much lower heatinput. The comparison of the CTE values
between Tables 5 and 6 indicates that the presence of cracks
barely affects the thermal performance of Invar. If the influence
of the cracks were to be significant on the CTE, a clear disparity
would be identified in the CTE values obtained from the sam-
ples extracted from blocks Aland E1 as shownin Tables 5 and 6,
respectively. Specifically in the low temperature regime (below
the Curie temperature) where the lattice thermal expansion is
countered by the spontaneous volume magnetostriction. On
the other hand, the density of cracks and the width or size of the
cracks could be important factors to consider while evaluating
the effect of cracks on the thermal expansion of Invar. As it is
possible that the effect of the cracks on thermal expansion
becomes pronounced above a certain density of cracks. Simi-
larly, the width/the size of the cracks, or quantified by the
aspect ratio of the cracks, may also influence the thermal
expansion. These factors were not explicitly considered in this
study and are recommended for future work. However, the
dilatometry samples taken from block E1 were machined in the
vicinity of locations where intergranular cracks were observed
through metallographic observations. Therefore, purely form
the viewpoint of using Invar for its thermal expansion proper-
ties, the use of the high HI condition of block E1 may be justified.
This indeed leads to the occurrence of intergranular cracking,
but facilitates a higher deposition rate. As, in total 44 and 28
layers were needed to achieve similar heights in blocks Al and
E1, respectively. However, in situations where it is important to
avoid cracks, specifically in tensile loading applications, it is
necessary to lower the HI. Naturally, a crack free deposit with
good expansion properties can then be obtained but at the cost
of the deposition rate which in turn could be offset by using a
multi-machine deposition approach.

4, Conclusions

This work was focussed on investigating the processability of
Invar using a wire-based DED technique. The effect of the heat
input on the microstructure, tensile behaviour, and thermal
expansion of the Invar alloy was explored. Based on the ex-
periments performed in this study it can be concluded that.

1. Cold wire GTAW can be employed for the fabrication of low
thermal expansion Invar 36 without the presence of lack of
fusion defects. In this aspect, using a suitable range for the
wetting angle of the weld beads is critical during over-
lapping to avoid defects.

2. The microstructure of the as-deposited Invar alloy is
mainly composed of columnar grains with non-tortuous
grain boundaries. Additionally, due to the single phase
nature of Invar 36, the alloy is prone to grain coarsening
that can lead to the formation of ductility dip cracks.

3. The macroscopic Ni content in the as-deposited Invar alloy
is maintained at 36 wt % and the alloy remains entirely
austenitic at various processing conditions.

4. The susceptibility of Invar 36 to ductility dip cracking de-
creases with a reduction in the heat input. This is facili-
tated by the availability of an increased grain boundary
area with a drop in the heat input, thereby distributing the
built up strain among the grain boundaries.

5. Avoiding cracking is necessary in the structural applica-
tions of Invar 36 since the presence of intergranular cracks
can lead to premature failure. Whereas, the mechanical
properties of as-deposited Invar alloy in the crack free
condition meet the specifications of the material supplier.

6. The mean CTE values of the as-deposited Invar 36 in the
low (crack free) and the high (with intergranular cracks)
heatinput conditions are comparable to those displayed by
the conventionally processed alloy.
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