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ABSTRACT

Invar 36 alloy is a material of high interest in the composite tooling sector due to its low coefficient of thermal expansion.
Current production of Invar 36 tooling using traditional manufacturing such as casting and forging is associated with long
lead times due to a multitude of factors such as labor and component shortages, high material costs, foreign competition, and
supply chain issues. An attractive alternate process is the use of an integrated 5-axis CNC hybrid Laser Hot Wire Deposition
System (LHWD) for manufacturing invar molds. The hybrid process provides a combination of the additive and subtractive
technologies resulting in a synergistic platform for producing and repairing structures and molds. The main novelty and goal of
this work is to study the properties of Invar deposited by a LHWD and to provide guidelines for the manufacture of parts using
this process. In this study, the thermal expansion behavior of the manufactured specimens has been analyzed and related to its
printing parameters and direction. Multiple specimens were extracted for mechanical, dilatometry and metallographic testing.
A thermal IR recording of the printing process was also carried out to observe the thermal history of the produced parts to
establish thermal influence on performance-property-processing relationship. The results of these tests show the advantage of
LHWD technology for the manufacture of Invar alloy parts, as it presents similar thermal expansion behavior as those commer-
cially available with minimal presence of precipitates and no macrostructural failures such as pores, cracks and lacks of fusion.

KEYWORDS: hybrid directed energy deposition, Invar, hybrid manufacturing, additive manufacturing, subtractive manufac-
turing, wire and laser additive manufacturing (WLAM), directed energy deposition (DED), laser hot-wire deposition (LHWD)

INTRODUCTION

Invar alloys, since their discovery have been a widely
used material in precision measurement applications
and other applications such as pendulums for clocks and
thermostats because of their unusual physical behavior
of no thermal expansion with temperature change. This
phenomenon has been observed in Fe-Ni alloys with
Ni concentrations within a range of 3045 % [1]. Now-
adays, the applications of Invar alloys are very diverse
including satellite, metrology, LNG carrier, precision
instruments, dies, TV kinescopes, liquid natural gas and
cryogenic tanks, as well as orbiting satellites, and aero-
space tooling [2—6]. Invar stands out because of its low
Coefficient of Thermal Expansion (CTE), or its lack of
expansion or contraction with changes in temperature
[7, 8]. The material of choice in this study, Invar 36, is
within this range with a composition in weight of 64 %
Fe and 36 % Ni, and a CTE value below 2-10° K! at
room temperature [9].

With Fe having a BCC structure, Fe—Ni alloy com-
bined with a concentration higher than 30 % of Ni with
FCC structure, the alloy tends to be weldable with an aus-
tenitic FCC structure, where Ni is the 7y stabilizer of iron.
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The Curie temperature (7)) of wrought Invar 36 is 279 °C
and so it shows a very low CTE and ferromagnetic prop-
erties below this temperature [10]. Above 7, the materi-
al is paramagnetic with the thermal expansion behavior
similar to other metals such as Fe. T, peaks at a Ni con-
centration of approximately 66 % and decreases when the
Ni concentration drops lower than 40 % due to a reduc-
tion in permeability [11]. On the other hand, Invar with
its austenitic structure is also hard to machine because of
its high ductility, work hardening and low conductivity
[12, 13]. Nevertheless, they are adequate for welding [14,
15]. Therefore, hybrid manufacturing, a combination of
additive and subtractive processes within the same ma-
chine is a good alternative to traditional techniques for the
manufacturing of Invar parts, because these technologies
are able to manufacture near net shape geometry without
large amounts of machining needed.

In the previous works, mostly Laser Powder Bed Fu-
sion (LPBF) technique was employed to exhaustively
analyze the evaluation of the CTE value and Curie tem-
perature in materials processed by additive techniques
[16-20]. Asgari et al [21] in their study manufactured
Invar samples with Fe—Ni (36 %) with SLM technolo-
gy utilizing different process parameters with signifi-
cance to laser power. After performing X-ray computed
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tomography (CT) to look at the microstructure, density,
structural integrity (determining pore size, morphology
and inter-alignment of pores), chemical composition
and thermal expansion behavior of the manufactured
samples, it was concluded that sample densities were
higher than 99.8 % in all cases, and the porosity level
decreased at higher laser powers.

Yakout et al. [22] reported that the CTE value is
related to the volumetric energy density of SLM tech-
nology. In the SLM process, the volumetric energy
density (J/mm?®) is calculated as the ratio between laser
power (W) and the multiplication between the average
scanning speed (mm/s), hatch spacing (mm) and lay-
er thickness (mm). It was found that there is a criti-
cal laser energy density (identified as 86.8 J/mm?), for
which the SLM process is optimal in terms of material
properties. This critical energy density achieves stable
melting with a homogeneous composition and micro-
structure, magnetic properties and similar CTE to those
obtained in the commercially available material.

Below the critical energy, the manufactured sam-
ples exhibited no significant changes in composition,
although voids (gas pores or lack of fusion) formed, and
the CTE decreased. In contrast, above this critical ener-
gy, the number of voids decreased, but the composition
of the samples changed: nickel and manganese levels
decreased, while iron, molybdenum, and silicon levels
increased. This rise in silicon and molybdenum resulted
in a further reduction in CTE and an increase in the mag-
netic moment of the part [23]. Wegener et al [9] manufac-
tured samples using the SLM process with CTE values
of 1.8-10° K™ between 0 and 100 °C that were similar to
the values of conventionally processed materials. More-
over, adjusting the processing parameters of the LMD
process, which employs a 4 kW CO, laser and a four-
tip coaxial nozzle, resulted in CTE values comparable
to those obtained with conventional processing methods
[24]. Huang et al [16] fabricated test specimens in multi-
ple orientations and observed that there is significant an-
isotropy in the microstructure of Invar 36 and hence the
mechanical properties. In the same study, they observed
that the CTE of Invar 36 alloy in 0°, 45°, and 90° orien-
tation at 30 ~ 200 °C are 1.78-10°¢ °C™, 1.62-10°° °C™!
and 1.77-107° °C"!, respectively, meeting ASTM F1686
standards. Huang et al [25] in another study on additive
manufacturing of Invar alloy have identified that even
though acceptable mechanical properties and CTE were
achieved using the LPBF technology, further optimiza-
tion is required to understand and resolve the anisotropy
based on build orientation. Finally, as was mentioned
above, in the previous literature, even though many stud-
ies were conducted on additive manufacturing Invar36
alloy using LPBF, few studies have been carried out ana-
lyzing the microstructures and the mechanical properties
of Invar parts manufactured using WAAM technology
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and, therefore there is a lack of study on its resulting me-
chanical and thermal properties.

In this paper, mechanical and thermal expansion
properties displayed by Invar specimens manufac-
tured using the LHWD system were analyzed and
compared with commercially available Invar 36. This
study was implemented with the aim of validating the
LHWD technology as a reliable method for manufac-
turing Invar 36 parts for tooling applications in the
aerospace and automotive sectors.

EXPERIMENTAL METHODS
AND METHODOLOGY

Fabrication of the test specimen was performed using
a Mazak VC500A/5X AM hot wire deposition (HWD)
system. A bead analysis was conducted in order to es-
tablish a baseline process parameter set for printing the
parts. Two different bulk geometries, cube and cuboid
were printed using the laser hot wire deposition system
in the Bidirectional 0° (Bi0), Bidirectional rotation posi-
tive 45° (BRP45) and Bidirectional rotation positive 90°
(BRP90) orientation as shown in Figure 1. Following the
printing process, the bulk geometries were machined to a
net shape in X and Y dimensions of the tensile, CTE, and
hardness samples as shown in Figure 2.

These were then detached from the base and cut to
the required XYZ dimensions using a wire Electrical Dis-
charge Machining (EDM). Samples were taken from the
top, middle and bottom zones of the multilayered print
also shown in Figure 1, a 1.14 mm (0.045") diameter In-
var 36 wire from Arcos Industries, LLC, was used to fab-
ricate the component. Argon was used as a local shield-
ing gas with a volumetric flow rate of 30 L per minute.
The produced dog-bone tensile samples conform to the
ASTM E8/E8M-16a standard for tension testing of me-
tallic materials. The cylindrical hardness samples con-
form to ASTM E18-15 standard for performing rockwell
hardness testing. CTE samples conform to ASTM E831-
19. A control was also tested with the aforementioned
tests on the stock materials ordered from Mcmaster Carr.

This study employed two machining sequences.
The first sequence involved a subtractive process that
utilized the hybrid manufacturing capabilities of the
unit to machine the rough edges created by excess
deposition during the printing stage. Here, the subtract-
ing process was performed on the samples once they
have reached room temperature. The second sequence
consisted of using an EDM to cut the parts off the build
platform and to the final dimensions in line with the
ASTM’s corresponding to the respective test methods.
Because of the smaller sizes of the final parts compared
to what can be achieved with the mounted tools on the
Hybrid system, the EDM method was employed to
have better control on the subtractive process. Hyper-
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Figure 1. Bulk specimens as printed: a — tensile; b — hardness; ¢ — CTE, and d — schematic of the BO, BRP45 and BRP90 print
orientations of the manufactured bulk specimens. Positive rotation indicates a clockwise direction

Mill, a computer aided manufacturing (CAM) software
from Open mind technologies was used to program the
toolpath trajectory for the deposition and first machin-
ing sequence. This program accepts the nominal CAD
geometry and creates g-code for the developed toolpath
trajectories. Builds with three different orientations
namely unidirectional, bidirectional, and 90° angle
were fabricated and tested in this study.

MECHANICAL AND DILATOMETRY TESTING

To identify the mechanical performance of the parts
printed using the VC500A/5X, tensile and hardness
tests were conducted. The tensile tests were performed
on an Instron in compliance with ASTM ES8 subsize
specimen. A 150 kN load cell was used to gather the
load information and an extensometer was used to gath-
er reliable strain information. Ultimate tensile strength,
young’s modulus and strain at failure were calculated
from the load-extension and strain data obtained from
the testing. The Rockwell hardness tests were conduct-
ed using a type B spherical indenter in compliance
with ASTM E18. The CTE tests were conducted on TA
Instruments (Delaware) TMA-Q400 based on ASTM
E831-19. In this test, the linear deflection of the sample

was measured, and the CTE (10 um/m-°C™") was cal-
culated following Eq. (1):

CTE=a=AL/(LAT), )

where AL is the linear deflection; L is the initial length
of the samples and AT the temperature difference for
which AL is measured.

MICROSTRUCTURE ANALYSIS

As-printed samples have been prepared for micro-
structural, chemical, and crystallographic investiga-
tions using metallographic techniques. The crystal-
lographic investigations were performed by X-ray
diffraction (XRD) using a Rigaku Miniflex II XRD
equipped with a Cu X-ray source. The microstructural
investigations were performed using light and elec-
tron microscopy techniques. The Optical microscopy
investigation was carried out using a Keyence VHX-
7000 Digital Microscope. The electron microscopy
investigations were performed using a JEOL JSM-
7600F scanning electron microscope (SEM) equipped
with an EDAX Apollo XV X-ray energy dispersive
spectrometer (EDS) for chemical analysis.

Figure 2. Machined part geometries for: « — hardness; b — tensile, and ¢ — CTE tests
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Figure 3. Beads deposited with the process parameter sets EO—E8 (a) and overstep analysis (b)

THERMAL ANALYSIS

Thermal imaging was employed to monitor the pro-
cess dynamics of the Laser Hot Wire Deposition of
the Invar 36 samples. A FLIR A655sc LWIR camera
with /1.0 and a field of view of 15°x11° (19° diago-
nal) capable of detecting and converting the emitted
InfraRed radiation to temperatures range of —15 to
2000 °C was used. Images were acquired at a resolu-
tion of 640x480 pixels at 6 fps. The raw 32-bit data
was converted to 16-bit arrays for computational ef-
ficiency. Custom Python scripts were developed uti-
lizing the FLIR SDK library for image analysis and
video processing. This enabled specialized cropping
and data extraction. To extract temperature data, a
10x10-pixel averaging approach was applied to cal-
culate mean temperatures at different heights (lower,
middle, upper) of the build. This method was selected
since it provides representative data from the desired
layer within the printed part.

Table 1. Build process parameter development

Feed rate Wire feed
Parameter| during Laser | Shielding Hot wire
.\ . speed,
set deposition,| power, W |gas, L/min . | power, W
. mm/min
mm/min
£ 792 3510 10 4191 480
(control)
El 500 3510 10 4191 480
E2 1200 3510 10 4191 480
E3 792 4000 10 4191 480
E4 792 3200 10 4191 480
E5 792 3510 10 5207 480
E6 792 3510 10 3175 480
E7 792 3510 10 4191 600
E8 792 3510 10 4191 360
Final 59 3510 30 4191 600
printing

RESULTS AND DISCUSSION

PRINTING PARAMETER DEVELOPMENT

A comprehensive bead analysis was initially carried out
in the 0° orientation before fabricating the parts to un-
derstand the influence of process parameters and print-
ing direction on the quality. It was observed that five
process parameters dictate the printability. These being
the traverse feed rate during deposition, laser power,
shielding gas, wire feed speed and hot wire power. In
addition to these parameters, there were two toolpath
parameters namely Step over and Layer height, spec-
ified in Hypermill software, that define the quality of
the build when combined with the other five aforemen-
tioned process parameters. With a target bead height of
around 2.1 mm, and a bead width of 6.5 mm, a total of
eight different process parameter sets were investigated
in the bead analysis to define the printability based on
the initial feedback from the manufacturer of the ma-
chine. These parameters are as shown in Table 1.

The beads deposited using the printing parameter sets
mentioned in Table 1 are as shown in Figure 3, a. It was
observed that all parameter sets resulted in a weld bead
with consistent thickness, width and height except for
E2. Signs of starvation were observed in the weld bead
deposited with the parameter set E2. This is because the
feed rate of deposition, which is the rate at which the
printing head moves, is increased to 1200 from 500 mm/
min without making any changes in the wire feed speed.

Upon closer observation of the other beads, it was
observed that the parameter set EO produced a good
quality bead with the required height but not the width.
E1 resulted in a bead that is too tall because of slowing
down the Feed rate of deposition from 792 to 500 mm/
min while the wire is being feeded to the system at
4191 mm/min. E3, E5, E6 and ES8 resulted in flatter
and wider beads due to the higher laser power which
results in the larger heat affected zone of the substrate,
higher wire feed speed which results in expansion of
the weld pool region and insufficient preheating of the
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wire which would result in a condition similar to star-
vation if a proper wire feed rate is not maintained. The
dimensions of the individual beads are as specified in
Table 2. E4 and E7 resulted in the beads closest to the
requirement. A quick overlap analysis was also con-
ducted as shown in Figure 3, b in order to obtain the
ideal stepover during deposition which will preserve
the required build conditions. Upon dimension analy-
sis, a stepover of 2.5 mm was decided to be ideal as
it produces a layer height of 2.1 mm during print with
the final printing parameter set mentioned in Table 1.
All the other overlap conditions resulted in taller beads
which would result in taller layer height.

THERMAL ANALYSIS

The heat input and the temperature gradients during the
deposition and the waiting time of a single bead manu-
factured using LHWD observed using a IR camera can
be observed in Figure 4. Top, middle, and bottom zones
were selected for the IR analysis in order to obtain a
complete understanding of the thermal history involved
in the manufacturing of the part. The heat input is a criti-
cal condition that affects the CTE of the material.

By capturing and graphing the temperature profiles of
the three layers, a general trend in thermal histories relat-
ed to the build height was identified. The bottom section,
connected to a large thermally conductive build plate,
released heat rapidly, resulting in minimal heat accumu-
lation. Figure 4 displays the cooling process on the initial
layers, where the temperature drop can be observed. This
process can lead to relatively small crystal grains, result-
ing in enhanced mechanical performance. As additional
layers are added, heat is conducted downward through
the structure to the build plate. Consequently, the bottom
layer (layer 2) is subjected to prolonged exposure to high
temperatures, although these temperatures are lower
than those experienced by the upper layers (layers 7 and
12). In contrast, the top section of the part (layer12) is
subjected to high melting temperatures (above 1000 °C
in average as seen in Figure 4) as heat accumulates with

Table 2. Bead analysis parameters and their corresponding bead
dimensions

Parameter set Bead width, mm Bead height, mm
EO 6.21+0.40 1.54+0.30
El 6.53 +0.40 2.24+0.20
E2 6.26 +0.80 1.04 +0.19
E3 6.75+1.10 1.27 +£0.01
E4 6.32 +0.60 1.49 +0.07
ES 6.66 £ 0.60 1.03+0.14
E6 6.56 +0.50 1.22+0.11
E7 6.66 + 1.00 1.45+0.14
E8 6.66 + 0.60 1.38 £0.08

a longer resistive path to the build plate trajectory. The
effects of these two distinct thermal history extremes —
(a) prolonged low temperature duration and high ther-
mal gradients from the cooling of the build plate, and
(b) brief high temperature duration with lower thermal
gradients — significantly influence both the microstruc-
ture and strength of the fabricated part.

CTE

Invar 36 samples obtained by EDM of cuboids man-
ufactured using the LHWD were subjected to a CTE
test. A total of 7 groups of coupons, these being a
baseline (which was obtained from commercial-
ly available invar rod) and BO, BRP45, and BRP90
specimens in both the XY and Z orientations were
subjected to a dilatometry analytical test. From these
coupons, three samples were evaluated from both the
vertical and horizontal direction. Additionally, three
samples from the commercially stock material were
EDM and tested as the baseline.

Figure 5 shows the averaged CTE of the test spec-
imens. The figure displays that the printed samples
have a similar CTE (1.5 to 3 um/m-°C range), and
does not seem to depend on the printing orientation.
In this work, CTE shows minor changes regardless
of tool path orientations. Similar observations were
made in LPBF printing in which the CTE is isotropic
in 0, 45, and 90 build orientations [16]. The analysis
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Figure 4. Temperature-time plot to identify the thermal behavior during the deposition and cool down of cuboids printed in XY (a),

and Z orientations ()
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Figure S. Average CTE results (0-100 °C) of the baseline and
manufactured parts in XY and Z with BO, BRP45, and BRP90 ori-
entations

=

of nickel on the printed samples at different locations
is shown in Table 1. From the table, it is observed
that the printed samples have a similar nickel content
(about 35-36 %), a feature that governs their CTE.
Additionally, the Curie temperature (7)) values were
also calculated from the results of the dilatometry test.
It was here observed that the average T of the base-
line samples was 280 + 5 °C while the average T of
the printed samples in the XY and Z orientation result-
ed in 236.67 = 18.86 and 225 + 20.41 °C, respective-
ly. This indicates that the printed samples will exhibit
higher CTE values at elevated temperatures, since
they will reach out the curie temperature sooner. This
performance can be associated with Figure 5, where
the CTE of the baseline sample is lower compared to

Table 3. Summarized mechanical properties of baseline and 3D
printed Invar 36 specimens

Averaged values

sa:rl: N Location Yield Elongation,
e UTS, MPa strength, MPa| %
Baseline - 441.57 263.43 48.15
Top 374.49 209.19 30.92
XY-BO Middle 368.73 184.79 37.22
Bottom 397.45 206.84 36.03
Top 361.25 175.36 45.77
XY-BRP45| Middle 384.70 190.99 41.21
Bottom 408.23 204.93 42.20
Top 380.55 191.71 42.78
XY-BRP90| Middle 381.33 218.15 37.27
Bottom 387.77 205.65 40.30
Front 357.83 175.99 43.38
Z-B0 Middle 365.34 185.00 42.46
Back 367.16 196.46 40.78
Front 390.52 194.70 36.78
Z-BRP45 Middle 359.56 185.42 39.74
Back 378.00 196.37 37.25
Front 370.59 187.76 35.59
Z-BRP90 Middle 357.47 182.97 40.68
Back 382.25 191.78 38.49
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Figure 6. Tensile performance of the baseline and manufactured
test specimen printed in XY and Z direction based on the BO,
BRP45 and BRP90 orientations

the printed samples. Since the acceptable CTE range
for practical applications using wrought Invar 36 is
below 2:10°¢ °C [26], from Figure 5 we can conclude
that XY-B0, Z-BRP45, and Z-BRP90 are reasonable
choices in terms of CTE.

MECHANICAL PROPERTIES

Tensile tests were conducted on specimens obtained
from two orientations i.e. XY and Z, and from three
different locations; top, middle, and bottom (for the
XY printing) and front, middle, and back (for the Z
printing) as shown in Figure 6. These samples were
taken from multi-layered build structures manufac-
tured in BO, BRP45, and BRP90 directions for both
orientations. The average UTS, Y'S, and % elongation
of the Baseline and all printed samples are summa-
rized in Table 3.

From Table 3, it is observed that the specimens
built in the Z orientation have both lower UTS and
YS values than those built in the XY orientation (by
roughly 10 and 5 % respectively) but have similar
elongation between the two printing orientations.
Here, the averaged tensile strength of the Z and XY
builds yielded a value of about 370 and 383 MPa, re-
spectively. This difference could be associated with
the anisotropic property-performance typically ob-
served when printing on the Z-direction [27-31]. In
the XY orientation builds, it is observed that the bot-
tom samples showed a slightly superior strength than
the samples from the middle and top. A mechanism
associated with the smaller grain structure due to the
thermal sink provided by the building plate. In con-
trast, the samples from the Z-build does not seem to
show a clear trend. Table 3 shows that both printed
builds resulted in inferior mechanical properties than
the wrought Invar 36 material, similar to what other
researchers have observed [32]. Fracture analysis was
conducted on the surfaces of the tested tensile spec-
imens using SEM, EDS, and digital microscopy. All
the specimens in both orientations and all directional
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500um 0000

Figure 7. Fracture surface of the tested tensile specimen: a — Z-BRP45; b —

builds displayed a ductile fracture. The typical failure
mechanism is evident in Figure 7 where the fracture
surface(s) show necking back to the unaffected sur-
faces due to the elongation of the sample. The hard-
ness tests were conducted on tensile samples and the
results are summarized in Figure 8.

The figure shows that the specimens from the
Z build yielded an average hardness HRB of 60.6,
which is about 10 % lower than the average hardness
(HRB 66.9) recorded on the XY specimens. These re-
sults appear to follow the trend observed on the ten-
sile strength results. The figure also shows that spec-
imens from both printed builds resulted in a hardness
considerably lower than the recorded on the baseline.
This difference as well as that observed on the tensile
strength is associated to the thermal load-history in-
duced on the parts during the printing process.

MICROSTRUCTURE ANALYSIS

XRD INVESTIGATION

The XRD investigations combined with the chemical
analysis information, revealed that the main phase
of the hybrid manufactured samples was based on
an iron nickel phase (Fe0.66 Ni0.34). SEM/EDS in-
vestigations, reported below, indicate the presence
of secondary phases. However, it was not possible
to confirm the existence of a secondary phase using
the Rigaku Miniflex XRD. Here, all the printed Invar
samples showed similar diffraction peaks like the plot
shown in Figure 9. This plot displays the top, middle,
and bottom sections of the BRP90 sample in the XY
orientation. Three diffraction peaks corresponding to
the Fe0.66 Ni0.34 phase (cubic unit cell, a = 3.604 A)
can be observed at 20 = 43.47, 50.58, and 74.55, cor-
responding to (111), (200), and (220) crystallograph-
ic planes, respectively. It must be noted, the other set
of three diffraction peaks at 20 = 41.61, 48.32, and
70.92, are due to the contamination of the X-ray tube
in the Rigaku Miniflex, with a sputtered tungsten-base
phase from the tungsten target (formed in an over-

18 50 SEM_SEI b

500pm 0000 18 50 SEM_SEI

XY-BRP90 displaying a ductile fracture profile

used X-ray tube). The difference in peak height ob-
served in top, middle, and bottom samples might be
related to the samples’ texture and grain preferential
orientation, related to the printing and localized cool-
ing conditions. The differences in texture among the
top, middle, and bottom samples were confirmed by
further light microscopy studies. Figure 10 shows the
XRD spectra obtained from three samples prepared
from the commercial Invar 36 bar. Here, the primary
crystallographic phase is iron nickel, as well; howev-
er, the Fe0.65Ni0.35 (PDF 04-006-6665) index indi-
cates a slight difference in the chemical composition
compared to the printed Invar 36.

OPTICAL MICROSCOPY

The optical microscopy study was only performed
on the XY samples to investigate the morphological
aspects of the printed system across the height. The
study indicates microstructural differences among the
bottom, middle, and top locations, irrespective of the
sample set. Typical grain features are shown in Fig-
ure 11 under a low magnification dark field. Here, the
average grain size seems to increase from the bottom
sample to the top sample. Elongated grains are ob-
served in the bottom and middle sample, while the top
sample shows equiaxed grain. The preferential orien-
tation of the elongated grains might be related to the
localized cooling conditions in the bottom and middle
volumes of the printed Invar 36. The increase in grain

XY~ 1Top 2 Middle 3 Bottom
Z~1 Front 2 Middle 3 Back

XY-BO  XY- IiRJ‘-H XY- BRE‘O{I Z-BO Z-BRP45  Z-BRP90

Hardness (HRB)
f -]

bd e d= Lh
>

=
T

=
T

(= —
T

Baseline

Figure 8. Rockwell hardness (HRB) performance of the baseline
and manufactured test specimen printed in XY and Z with BO,
BRP45, and BRP90 orientations
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Figure 10. XRD spectra from commercially available Invar 36
baseline bar
size from the bottom to the top samples is highlighted
on Figure 12 under a high magnification microscope.
The smaller grain size of the bottom sample,
compared to the top one, might be explained by the
fast-cooling conditions of the printed volume in con-
tact with the build plate and the extended thermal his-
tory as shown by the infrared data. Figure 12 shows
part of the laser track. The elongated grains of the
bottom part grow perpendicular to the semicircular
melt-pool boundary and toward the centerline of the
melt pool, which is the hottest point of the molten
pool. Due to the high thermal gradient in the direction
orthogonal to the semicircular melt-pool boundary,
epitaxial grain growth in this direction is the typical
solidification mechanism that occurs in volumes of

Figure 11. Dark field LM micrographs of the cross-sectioned top
(a), middle (b), and (c¢) bottom of Bi0 sample printed in XY ori-
entation

bottom and middle parts. It is interesting to note the
presence of micro-porosity on the printed samples, a
feature that was observed near the edges of the speci-
mens. Previous studies on powder and wire DED have
shown that mechanisms associated with gas and bub-
bles trapped in the pool contribute to the formation
of pores [33, 34]. This clearly suggests that a further
optimization on the printing parameters is required to
minimize such defects.

SEM/EDS INVESTIGATION

Figure 13 shows the typical secondary electron
micrographs collected from the printed samples.
The SEM investigation confirms the grain size in-
crease from bottom to the top of the printed Invar
36 samples. Also, the micron-scale porosity seems
to increase from the bottom to the top of the sam-
ple. Grain size [18] and porosity variation [25],
combined with the variation in the chemical com-
position (see below) could explain the variation in
the coefficient of thermal expansion (CTE) in the
as-printed Invar 36.

Figure 12. Typical bright field LM micrographs of the cross-sectioned top (a), middle (b) and bottom (c) volumes of Bi0 sample printed
in XY orientation. Laser track in (c) indicated by dotted line
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‘-E

Figure 14. Representative SEM of the cross-sectioned samples: @ — backscattered electron (BSE) micrograph of the XY-BRP90 spec-

imen; b — secondary electron micrograph of the XY-BRP45 coupon

Figure 14 shows the representative backscat-
tered electron (BSE) micrographs of the printed
samples. For instance, the BSE contrast on the top
sample collected from XY printed orientation (Fig-
ure 14, a), indicates the presence of at least two
phases having different chemical (and very proba-
bly, crystallographic) content. Figure 14, b shows
an electron micrograph of the bottom section of
the XY sample, where elongated voids can be ob-
served. The microscale voids dotting the crack path
seem to be stress raisers for the applied stress.

70

Based on the EDS investigation, the chemical
composition of all as-printed samples varies from
the bottom to the top. A feature that could affect the
mechanical and thermal properties of the printed cou-
pons. This variation might be related to the change in
printing conditions (printing parameters and printing
environment), and to the presence of microvoids in the
manufactured coupons. Figure 15, a shows the mean
chemical composition of top, middle, and bottom vol-
umes of a XY sample. The Fe content increases about
1.7 wt.% in between middle and top volumes, while

70

= Top

T W

~

SE8%
z =

Ti Mn Fe Ni
a Element

64.388
60 - m Sample
50 -

40 -

33.872

30+

20+

0.333
1.168

Mn Fe Ni
b Element

o) 0.157

9]
e

Figure 15. Chemical composition of top, middle, and bottom volumes of XY-BRP90, as determined by EDS investigation (a); chemi-
cal composition of commercially available Invar 36 rod, as measured in the present research ()
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Ni content decreases about 1.6 wt.%. This reduction
in Ni content resulted in the higher CTE of printed
parts. The Fe content in the hybrid manufactured
Invar 36 sample is about 61.993 wt.%, while in the
commercially available Invar 36 rod, the Fe content is
about 64.388 wt.% (see Figure 15, b).

CONCLUSIONS

Test specimens manufactured using the Mazak
LHWD hybrid system were studied in this work. The
manufactured specimens were subjected to a series
of mechanical and thermal tests to investigate their
fundamental properties. The results showed that the
printed parts exhibited a lower tensile and hardness
performance than the commercially available materi-
al. Here, the samples obtained from the top section
of the printed parts yielded higher mechanical prop-
erties than those extracted from the bottom; a feature
associated to the heat sink performance provided by
the building plate as well as to the larger thermal his-
tory to which the bottom sections were subjected to
as recorded by an infrared camera. Indeed, an optical
microscopy and SEM analysis revealed smaller crys-
tal grains at the bottom of the printed samples than at
the top. On the other hand, no clear distinction was
observed on the coefficient of thermal expansion in
terms of the printing location and manufacturing ori-
entation. Here, although the printed samples resulted
in a higher CTE than the commercially available Invar
36 stock material, their CTE values varied between
1.5 and 3 pm/m-°C. An ESD analysis showed that
the printed samples yielded in average about 34 %
Nickel, a percentage that could support their higher
CTE. This work provides a preliminary study of DED
printed Invar 36 as a feasible material for manufac-
turing low CTE composite tooling molds. Indeed, the
incorporation of the hybrid technology will provide
light-weight complex molds with tight dimensional
requirements and surface finishes associated with typ-
ical subtracting CNC processes.
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