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Abstract

Rising demands for miniaturization in industries such as aerospace and electronics have motivated advancements in metal
additive manufacturing (AM), resulting in downscaled strategies using direct-energy deposition (DED) processes, now
termed micro-DED (u-DED). Within this context, micro gas metal arc DED (u-GMA) has demonstrated the ability to deposit
layers approximately 1 mm wide with a build rate of 30 cm>/h, positioning this technology between GMA-based DED and
other u-DED processes in terms of regarding dimensional accuracy and build rate. Despite promising initial results, fur-
ther evaluation of the process impact on the microstructure and mechanical behavior of various alloys is necessary due to
the pioneering nature of y-GMA. The present work focuses on the evaluation of the microstructure (via scanning electron
microscopy, energy dispersive spectroscopy, thermodynamic simulations, and electron backscatter diffraction analyses) and
mechanical behavior (using nanoindentation maps) of single-layer depositions of low alloy and stainless steels using y-GMA.
In addition, traditional GMA-based DED using larger diameter wires was employed to deposit comparably alloys for further
discussion. u-GMA successively deposited a low-alloy steel with a microstructure composed of ferrite and martensite—aus-
tenite constituents, achieving a nanohardness (NH) of 3.1 GPa and an elastic modulus (NE) of 196 GPa. In addition, u-GMA
additively manufactured stainless steel with a microstructure composed of a y matrix and d-ferrite, exhibiting an NH of 3.7
GPa and an NE of 188 GPa. These results for both deposited materials are comparable to those reported in the literature for
regular GMA-based DED depositions, indicating that this new variant has promising potential as a printing technology for
small and detailed parts.
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1 Introduction

Additive manufacturing (AM) is appointed as pivotal
industrial technology due to its capacity to fabricate parts
on demand with almost unrestricted geometric, as well as
its capacity to be used in mass production [1]. Its cost-
effectiveness for small-batch manufacturing [2] make it
one of the pillars of Industry 4.0, which is possible due to
the high level of automation and customization potential
[3, 4]. AM facilitates rapid prototyping and part optimiza-
tion [5, 6], proving to be a promising technology compared
to milling and molding, particularly for complex design
and customization [7, 8]. In addition, AM stands out as
an environmentally friendly manufacturing technology,
reducing material waste and promoting energy savings
[9]. Among metal AM processes, it is possible to high-
light powder bed fusion (PBF) [10] and directed energy
deposition (DED) [8, 11] by their industrial scalability
and technological maturation. Recently, there have been
developments in DED processes to address the increasing
needs for high-resolution and miniaturization, which are
mainly influenced by the morphologic aspects of depos-
ited layers (e.g., width and height). In this context, stud-
ies have been conducted to enhance DED resolution by
downscaling the manufacturing setup, commonly referred
to as u-DED [12].

u-DED processes are still considered a pioneering
technology and have been relatively underexplored in the
literature, presenting a promising field within the realm
of AM. These technologies have been developed using
a downscaling approach, which involves working with a
smaller heat source and thinner filler metal. Horii et al.
[13, 14] pioneered the development of a gas tungsten
arc-based DED prototype, known as 3D micro-welding,
designed to produce micro-scale metal components using
micrometric wire and a pulsed micro-arc. This prototype
utilized wire with a diameter of 200 pm and successfully
deposited various materials, including pure metals (e.g.,
Ti), intermetallics (e.g., Ni—Al, Ti-Ni, Ti-Fe), austenitic
alloys (e.g., Inconel 600, 304 stainless steel, and Invar
42), and compositionally graded materials [13—-17]. 3D
micro-welding showed promise due to the low heat input
characteristic inherent to the gas tungsten arc process and
its ability to process lower diameter wires. However, the
extremely low deposition rate of this prototype can limit
its applications. Jhavar et al. [18, 19] developed the micro-
plasma transferred arc- wire deposition (u-PTAWD). This
u-DED prototype was specifically designed for repairing
defective dies and molds, as well as for constructing meso-
sized, high-value components through precise layer depo-
sition using @ 300 pm wire. yg-PTAWD can achieve bead
thicknesses smaller than 2000 um and a deposition rate
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ranging from 5 to 50 cm?/h [18]. In addition, issues related
to discontinuities and lack of fusion (insufficient melting
and bonding between layers) are typically reported, which
are associated with improper process parameters (e.g.,
insufficient plasma power and excessive wire feed rate).
Despite efforts to improve u-PTAWD systems for accu-
rate and smooth layer deposition, there is still a lack of
results on printing workhorse alloys (e.g., stainless steels
and non-ferrous based alloys) and their mechanical proper-
ties. Several authors have also employed the downscaling
approach in laser-based DED. u-laser melting deposition
(u-LMD) prototypes are capable of depositing thin layers
(166 pm) and flawlessly constructing walls with an aspect
ratio of up to 20 with a build rate of ~ 15 cm®/h. They
use a small wire diameter (as small as @=0.1 mm) for
various alloys (e.g., AISI 201, Resoloy, NiTi, and 304L
stainless steel) [20-23]. The higher dimensional accu-
racy seen in the deposited parts originates from using a
focused-energy heat source, setting it apart from other u-
DED technologies that depend on the electric arc, which
possesses a larger heat-source dimension. In addition, the
present authors conducted a comprehensive review (Dor-
nelas et al. [12]), which address the state-of-the-art in
micro-fabrication via y-DED. This review encompasses
existing u-DED technologies, as well as a comparison of
factors beyond process and deposited bead features, such
as cost and environmental risks. Dornelas et al. reported
the development of new systems based on a downscal-
ing approach, which successfully achieved an increase in
resolution and surface finishing, demonstrating that there
is still room for the development and improvement of new
technologies.

Recently, Dornelas et al. [24] developed a micro gas
metal arc DED (u-GMA) prototype, which combines the
favorable characteristics of GMA-based DED, such as high
build rates and low acquisition and operational costs, as well
as a coaxial-feeding, which increases design freedom and
resolution of the fabricated parts. The authors reported the
technical feasibility of the u-GMA prototype to deposit sin-
gle-based multi-layer part (low alloy (LA) steel) with metal-
lic bonding between the layers although the applied currents
of deposition are typically around 30-40% below those used
in (conventional) low-current GMA-based DED processes.
In addition, the u-GMA prototype showed the capability of
depositing layers with an approximate width of 1 mm, nearly
five times thinner than standard GMA-based DED, with a
build rate of 30 cm?/h. This approach presented a lower heat
input (82 J/mm) and higher cooling rate (121 °C/s) than
standard GMA-based DED operations.

Despite the promising initial results, the uy-GMA pro-
totype represents pioneering work, and further efforts are
needed to assess the mechanical and microstructural behav-
ior of u-GMA printed parts. In this context, to advance the
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Table 1 Chemical composition

(WL%) of the filler metals Material @ Wire (mm) C Mn Si Mo Cr Ni Al Nb+V+Ti Fe
LA steel 0.30 0.01 0.58 0.86 <0.01 009 006 1.13 0.05 Bal
ER80S-B2  1.00 0.09 055 048 055 135 010 - <0.01 Bal
ER316L 0.25 0.03 200 0.75 250 1690 1298 - - Bal
ER308L 1.00 0.03 183 0.56 0.10 18.40 9.44 - 0.09 Bal

Table 2 All-weld mechanical properties of the filler metals

Mechanical properties  Unity ~ ER80S-B2 ER308L ER316L
Tensile strength (MPa) 585 600 607
Yield strength (MPa) 497 393 407
Elongation (%) 22 34 35

understanding of the microstructure and mechanical behav-
ior across a broader spectrum of materials, this work aimed
to evaluate the microstructure and mechanical properties of
LA, and stainless steels deposited by u-GMA and compare
them with those produced using conventional GMA-based
DED technology. LA steel is commonly used in structural
and engineering applications due to its favorable combina-
tion of strength, toughness, and weldability [25]. In addition,
stainless steel is selected for its excellent corrosion resist-
ance, mechanical properties, and versatility in various indus-
trial sectors, including aerospace, automotive, and medical
industries [26]. To characterize the deposited materials, the
microstructure was assessed using scanning electron micros-
copy (SEM), energy dispersive spectroscopy (EDS), ther-
modynamic simulations, and electron backscatter diffrac-
tion (EBSD) analyses. The mechanical properties, such as
hardness and Young’s modulus (E), were evaluated through
nanoindentation.

2 Experimental procedure
2.1 Material

A LA steel solid-wire with @ 300 um and a AISI 316L stain-
less steel solid-wire with @ 250 um were used as filler met-
als for y-GMA depositions. For (conventional) GMA-based
depositions, the solid-wire diameter was 1.0 mm for both
materials. Hot-rolled 50 x 120X 0.6 mm LA-steel plates were
used as a substrate for u-GMA, and 100 x 190 x 10 mm for
GMA-based DED depositions. Before depositions, the sub-
strates were ground with 80# sandpaper, cleaned with ethyl
alcohol, and dried to avoid debris and oxidations. Table 1
depicts the wires’ chemical composition, and Table 2 the
all-weld mechanical properties. The inability to compare
identical materials between u-GMA and GMA-based DED

Fig.1 a The y-GMA prototype, b a 3D-printed 8-bead wall, and c its
cross-sectional view showing the metallic bonding among the beads
(adapted from reference [24])

stems from the current commercial unavailability of these
materials in the form of micrometric wires.

2.2 Deposition apparatus
2.2.1 u-GMA setup

The u-GMA prototype is composed of a customized welding
torch, a 3-axis moving table, and an electrical circuit associ-
ated to a Keithley 720 W bench power supply (as constant
mode). The control of the 3-axis moving table and the wire
feeding was performed using the Repetier Software® and
an Arduino Mega 2560 microcontroller board. A detailed
description of the u-GMA prototype and its capabilities is
available in reference [24]. Figure 1 shows an 8-bead wall
deposited using the u-GMA prototype with metallic bond-
ing, demonstrating its feasibility.

2.2.2 GMA-based DED setup

GMA-based DED apparatus was composed by a customized
welding torch mounted on a three-axis positioning system,
a CITOWAVE III 520 welding power supply, and DMU
W500 wire feeder, and control unit. This GMA-based DED
machine was developed by the UNIDEMI research unit, and
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its workability has been verified by the development of sev-
eral works [6, 8, 27, 28].

2.2.3 Arc oscillogram measurements

Voltage and current curves from u-GMA and GMA-based
DED depositions were measured using a current transducer
LEM HTA 600-S and a 14-bit ADC converter Digilent
Analog Discovery 2 operating at 800 K samples/sec.

2.3 Direct-energy deposition

Depositions were performed using GMA-based DED
and u-GMA setups. The walls presented dimensions of
6.0+0.1 mm and 1.1 +0.1 mm for width, 4.3+0.1 mm and
2.3+0.1 mm for height, and 10 mm and 100 mm for length
for GMA-based DED and u-GMA, respectively. The second
bead for u-GMA were deposited continuously, i.e., with-
out a dwell time between the layers. It was not controlled
because, in the first two passes, the temperature remained
low due to the higher cooling rate, as no pre-heating was
used. The interpass temperature for GMA-based DED was
controlled at 150 °C, as indicated in material datasheet. The
2-bead walls were cross-sectioned, and the last pass was
investigated, as shown in Fig. 2. The deposition parameters
of GMA-based DED and y-GMA are shown in Table 3.

2.4 Thermodynamic simulations

Thermodynamic simulations were performed in
ThermoCalc® software using the TCFE12 and MOBFE7
thermodynamic databases. These simulations were used to
predict the phases formation during solidification (Scheil-
Gulliver model) and equilibrium diagram. The Scheil-Gul-
liver model considers a solid/liquid interface equilibrium,

Microstructural and
mechanical analysis

(cap pass)

Fig.2 Schematic drawing of the cross-sectional view of the deposited
wall, indicating the region that was analyzed (cap pass)
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Table 3 Process parameters of u-GMA and GMA-based DED depo-
sition

u-GMA GMA-based DED
Voltage (V)* 13.0 17.0
Current (A)* 31.2 75.8
Heat input (J/mm)* 82 246
Polarity DCEP DCEP
CTWD (mm) 5 12
Shielding gas rate (I/min) 10 15
Travel speed (mm/s) 5 5
Wire feeding speed (mm/s) 120 66.7

*The voltage, current, and heat input were calculated through root-
mean-square (RMS). For more details, refer to Scotti et al.[29]

homogenous liquid, fast-diffusion interstitial elements (e.g.,
C), and minimal undercooling at dendrite tips. In addition, it
was considered a typical cooling rate for GMA-based DED
deposition (~ 10% K/s) [30].

2.5 Microstructural characterization

Samples for metallography were ground (with 100, 220,
320, 400, 500, 600, and 1200# sandpaper, sequentially) and
polished (diamond paste with particle sizes of 3 and 1 pm,
sequentially). The LA-steel microstructures were revealed
through immersion etching in a solution containing 2 mL of
nitric acid (HNO;) in 98 mL of ethyl alcohol (CH,CH,OH)
for 10 s, and the stainless steel samples in aqua regia in
a molar ratio of 3:1 (HNO;.HCL) for 20 s. SEM with a
backscattered electron (BE) detector was performed using
a Quanta 650 FEG. Samples for EBSD were prepared in
the same way as the SEM ones, with an additional step of
mechanical polishing in colloidal silica (SiO,, 0.04 pm).
EBSD analyses were performed using a Tescan Amber
equipped with an energy dispersive X-ray (EDS) detector,
with an accelerating voltage of 20 kV, a step size of 0.5 pm,
and a working distance of 8 mm. Data post-processing was
performed in MTEX [31].

2.6 Nanoindentation

The mechanical behavior of the LA and stainless steel beads
deposited by u-GMA were evaluated by nanoindentation
in a Micro Materials—Nanohardness equipment (Berko-
vich diamond indenter). Hardness and reduced Young’s
modulus were determined by the Oliver and Pharr analysis
method [32]. The nanoindentation experiments were run
up to a maximum load of 6.2 mN. To obtain hardness and
reduced Young’s modulus maps from the center of the beads
(Fig. 2), indentation matrixes with 8 rows and 12 columns
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Fig.3 Low alloy and stainless
steel 2-bead walls deposited by
a u-GMA and b GMA-based
DED, and a cross-sectional
view of stainless steel deposited
by ¢ u-GMA and d GMA-based
DED

N
(&

(a) 13.08 V rus
20
> B
2 15 ]
(o]
kol
3 10 1
>
5
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time [s]
(0) 75 {312 Aqus
< 60
£ 45
g
5 30
15
0 T T T T u T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time [s]

Fig.4 a Voltage and b current curves during a y-GMA deposition

were defined (96 measurements). The distance between rows
and columns was 15 and 10 pm, respectively.

3 Results and discussion
3.1 Direct-energy deposition
#-GMA and GMA-based DED depositions were performed,

and Fig. 3 shows the deposited walls and a cross-sectional
view. Figures 4 and 5 illustrate V-I curves for y-GMA and
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Fig.5 a Voltage and b current curves during a GMA-based DED
deposition

GMA-based DED depositions, respectively. Notice that, based
on the V-I oscillograms of each process, the lower power of
the u-GMA is remarkable. The voltage and current were cal-
culated through RMS. For more details, refer to Scotti et al.
[29]. In addition, the frequency of the u-GMA short-circuit
transfer was about 60 Hz, which is higher than the 12 Hz of
the GMA-based DED.
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3.2 Microscopy
3.2.1 Stainless steel

Stainless steels may solidify in different modes according
to its chemical composition and cooling rate [33]. It is well
known that the solidification mode of austenitic stainless
steel depends on the Cr,, and Ni, content, which can be esti-
mated (Equations I and II, respectively) using the Welding
Research Council (WRC-1992) formulas. Hence, depend-
ing on the ratio of Cr,,/Ni,,, stainless steel can undergo
solidification in four distinct modes [34, 35]: austenite (A),
austenite—ferrite (AF), ferrite—austenite (FA), and ferrite (F)
modes. Equations III, IV, V, and VI represent the A, AF, FA,
and F solidification modes, where L, 6, and y refer to liquid,
high-temperature ferrite, and austenite phases, respectively.

Creqy = Cr+ Mo + 0.7Nb (D
Nig, = Ni+35C + 20N + 0.25Cu )
Amode L —» L+y =y Cry/Nig < 1.37 3)

AFmode L > L+y—>L+y+d6—>y+6 137 < Cry/Ni, < 1.5

“
FAmode L —L+6—L+y+6—8+y 1.5 < Cry/Nig < 2.0
®
Fmode L > L+6—6+y Cr,/Nigg > 2.0 (6)

Figure 6a shows micrographs of the 316L stainless steel
deposited by y-GMA with a microstructure composed of
d-ferrite within a cellular austenitic grains matrix. The cel-
lular structure is generally attributed to the high cooling rate,
which induces non-equilibrium solidification conditions, as
occurred for fast solidification processes (e.g., laser-based
DED processes) [36]. According to Equations I and II, Cr,/
Nieq calculated for 316L is 1.38 (wire composition, Table 1),

1

¥=§ ferrite

Fig.6 Scanning electron microscopy of stainless steel deposited by a
u-GMA, and b GMA-based DED

@ Springer

which indicates that solidification occurs in the AF mode
This mechanism is characterized by solidification as primary
austenite (L — L + y). As solidification progresses, austenite
grows, segregation ferrite-former elements such as Cr and
Mo to the sub-grain boundaries/interdendritic region [33].
Thus, the solid/liquid interface becomes richer in ferrite-
promoting elements, allowing some &-ferrite to form via a
eutectic reaction (L — f + y) at the end of the primary solid-
ification. In other words, due to the redistribution of ele-
ments, the Cr,/Ni,, ratio changes at the interdendritic region
as solidification advances, which can alter the solidification
mode (e.g., from A to AF). Thus, the product of solidifica-
tion AF mode is 6 + y. EDS analyses (Fig. 7a, Table 4) show
a segregation of Cr and Mo at the dendrite boundaries with
a Creq/Nieq =2.15 (F mode, Equation VI), which confirms
the described mechanisms. The primary austenite solidifica-
tion was supported predicted by Scheil-Gulliver simulation
(Fig. 8a), and the following described reactions (AF mode)
were supported by equilibrium phase diagram simulation
(Fig. 8c). In addition, the AF mode for 316L is in line with
WRC 1992 diagram (Fig. 9). Several authors have reported
316L solidification during GMA-based DED depositions
occurring in the AF mode [28, 37, 38]. In addition, some
laser-based AM studies have indicated the suppression
of d-ferrite formation during solidification (i.e., A mode)

Fig. 7 Exact location where energy dispersive spectroscopy was per-
formed for stainless steel deposited by a i-GMA and b GMA-based
DED

Table 4 Semi-quantitative analysis performed by energy dispersive
spectroscopy in the 316L and 308 stainless-steel samples following
Fig. 6 indicated area

Elements 316L 308

1. Boundaries 2. Dendrite (y) 3. 8-ferrite 4. Matrix (y)

Fe 64.67 71.37 65.94 67.98
Cr 18.28 15.51 26.48 19.91
Ni 10.43 9.68 4.77 9.38
Mo 4.22 1.78 - -

Mn 1.05 0.71 1.74 1.90
Al 0.69 0.46 0.86 0.65
Si 0.67 0.50 0.22 0.19
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[39-43] due to higher cooling rates. A fast-cooling rate can
reduce the diffusibility of ferrite-forming elements in the
dendritic boundaries at elevated temperatures, allowing the
A mode to remain stable throughout the entire solidification
sequence.

Figure 6b display micrographs of the 308 stainless steel
(Cr./Nig,=1.76) deposited by conventional gas metal arc-
based GMA-based DED, which exhibited a microstruture
composed by a y matrix and d-ferrite. According to Equation
V, the solidification occurred as primary ferrite (FA mode).
In this mechanism, primary ferrite is initially precipitated
from the molten metal (L — L + 6), which was facilitated

by the presence ferrite stabilization elements, e.g., Cr, Mo,
Si, Ti, and Nb. As the primary ferrite (3-ferrite) solidifi-
cation approaches the end, the formation of the austenite
phase starts at the boundaries of cellular grains/columnar
dendrites of ferrites through peritectic/eutectic reactions
(L+6 —y;L— y+06)[33]. Moreover, due to the rapid
cooling process, d8-ferrite remains at room temperature
because the & — y phase transformation was not completed.
These residual ferrite remnants persist at the grain bounda-
ries of austenite at room temperature, as shown in Fig. 6b.
Therefore, the final microstructure is composed of austenite
and d-ferrite (enriched with ferrite-former elements), which
is in line with GMA-based DED and arc-based welding lit-
erature [33, 44-47]. EDS analyses proved the difference in
the content of ferrite-former elements between the center of
the dendrites and the &-ferrite (Fig. 7b, Table 4). In addition,
the FA-solidification mode was predicted by Scheil-Gulliver
simulation (Fig. 8b), and the following described reactions
were confirmed by equilibrium-phase diagram simulation
(Fig. 8d). Although the WRC-1992 diagram (Fig. 9) is a
powerful tool developed to predict the conventional weld-
metal microstructures (lower cooling rates in relation to
additive manufacturing) [42, 43], this diagram was also able
to predict and support the previously described solidification
mechanisms for both 308 (GMA-based DED) and 316L (u-
GMA) stainless steels.

A typical issue related to additively manufactured
non-allotropic alloys (e.g., stainless steel and Ni-based
superalloys) lies in a coarse and oriented microstructure
(crystallographic texture) due to the epitaxial growth

x (111

(a), /’ (b)

Deposition direction

[001; [o11]

200 pm

Build direction

(C) (200) (110
X X

Max:
18

Min:
0.014

Fig. 10 Electron backscatter diffraction a orientation image map,
b inverse pole figure, and ¢ pole figure of the 316L stainless steel
deposited by u-GMA

@ Springer



Progress in Additive Manufacturing

(a) (b)

i)

®

&
Deposition direction
| — .
© o = = N N w W
& o & &

g
5

(o11]

Build direction

Fig. 11 Electron backscatter diffraction a orientation image map, b
inverse pole figure, and ¢ pole figure of the 308 stainless steel depos-
ited by GMA-based DED

and layer-by-layer process aspect [48]. This can result in
inferior and anisotropic mechanical and physical proper-
ties, jeoparding the components’ performance [49-51].
Figures 10 and 11 show EBSD analyses performed in u-
GMA and GMA-based DED samples respectively, which
indicated that, independently of the 3D priting process
(u-GMA or GMA-based DED), the grains are coarse
(millimetric-sized) and oriented (columnar aspect) in rela-
tion to the building direction. In addition, their respec-
tive pole figures and inverse pole figures indicated that
1-GMA and GMA-based DED had a cubic-based oriented
microstructure. u-GMA showed a clear moderated cube
({100} < 100>) texture, while GMA-based DED exhibited
a rotated cube ({100} <110>) and cube ({100} < 100>)
texture aspects. These texture aspects were related to the
easy growth direction and planes for body-centered and
face-centered metals (< 100> and {100}, respectively).
Due to the epitaxy and competitive growth on the melting
pool, the grains with the easy growth direction and planes
alligned to building direction (maximum heat flux) hinder
the slower grains, which originated the typical cubic-based
texture observed in fusion-based additively manufactured
body-centered and face-centered metals [52-54]. Fur-
thermore, u-GMA exhibits a less oriented microstructure
compared to GMA-based DED, which can be attributed to
the lower heat input (82 J/mm) and, consequently, a faster
cooling rate (according to Rosenthal’s equation [55]),
leading to a finer and less oriented microstructure.

@ Springer

Fig. 12 Scanning electron microscopy of low alloy steel deposited by
a-b y-GMA, and c-d GMA-based DED

3.2.2 Low alloy steel

Figure 12a and b display micrographs of the LA-steel depos-
ited by u-GMA, which had a microstruture composed by a a
ferrite matrix with martensite—austenite (M—A) constituents.
The observed M—A constituents have different morpholo-
gies as dot-shaped (dispersed within the a matrix), film-like
(occurring within « grains), necklace-type (characterized by
occurrences along the boundaries of « grains), and massive
M-A. The latter was distinguished by a core—shell struc-
ture, where martensite forms the outer region (shell), and
austenite constitutes the inner region (core) [56]. As pre-
viosly described, the wires’ chemmical composition used
for u-GMA was not designed for welding/additive manu-
facturing applications. As shown in Table 1, the chemical
composition of the micrometric wire is almost pure Fe (98%
Fe) with a relevant Al content (1.13%), which serves as an
oxidation inhibitor. In this case, during solidification, the
austenite transformed into ferrite segregating carbon to the
grain boundaries. These carbon-enriched y islands transform
into cementite (Fe;C) or promote the formation of M-A con-
stituents. However, besides the high cooling-rates character-
istic of u-GMA deposition contributes to the M—A forma-
tion [56-59], the Al content delays the formation of Fe,;C,
which also contributed to the C-enriched islands which
subsequently transforms into M—A [60]. Figure 12c and d
show a typical microstructural arrangement of the cap pass
of a HSLA steel deposition, which is composed of columnar



Progress in Additive Manufacturing

grains (the columnar morphology is easier to notice in the
EBSD map), with different ferrite morphologies.

HSLA steels initially solidify as d-ferrite (~ 1540 °C)
and then transform into austenite (y) phase (~ 1450 °C) in
a solid-state reaction. When the solidification temperature
reaches values below the A; temperature, allotriomorphic
ferrite is the first phase to form, which nucleates heteroge-
neously at the boundaries of austenite columnar grains, and
then forms layers that follow the grain boundary contours
[61]. Allotriomorphic ferrite is also referred to as proeu-
tectoid or grain boundary ferrite (GBF). Polygonal ferrite
(PF) can nucleate at the boundary and within the austenite
grains at lower cooling rates; at higher cooling rates, ferrite
can nucleate at the GBF and grow as Widmanstéetten pat-
tern (WF) into the austenitic grain. The remaining austenite
within the grain will transform into an acicular ferrite (AF)
at lower temperatures by displacive transformations [61].
The formation of GBF, WF, PF, and AF are indicated in the
Fig. 12c.

Figures 13 and 14 show EBSD analysis performed in
u-GMA and GMA-based DED LA steel samples, respec-
tively. As previously demonstrated in Fig. 12, u-GMA
microstructure is formed predominantly by ferrite, which
is also observed in EBSD analyses, which did not present a
preferential orientation (i.e., non-oriented microstructure).

Fig. 13 Electron backscatter
diffraction a orientation image
map, b inverse pole figure, and
¢ pole figure of the low alloy
steel deposited by y-GMA
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Despite the majority of additively manufactured metals
showing an oriented microstructure, such as stainless steels
(refer to Figs. 10 and 11), solid-state transformation alloys,
especially the LA steels, typically do not show an oriented
microstructure due to their double solid-state transforma-
tion (8 —y and y — @) during thermal cycling. Similar to
u-GMA, the GMA-based DED samples did not show an
orientated microstructure. In addition, it was verified the
existence of two distintic regions, the as-deposited mate-
rial and the heat-affected zone, which showed a significant
difference in grain size and morphology. This stems from
the reheating thermal cycle (subsequently layer deposition),
which reaustenitized the previous layer, refining the prior
austenite grain size and consequently the parent phase ().
These results, i.e., absence of preferential orientation for
both y-GMA and GMA-based DED, are per the previous
one presented in the literature [62, 63].

3.3 Mechanical properties

The nanoindentation test is frequently employed for assess-
ing local mechanical properties, enabling the measure-
ment of both hardness (NH) and elastic modulus (NE) at
a micrometer or nanometer scale. Due to the limited cross-
sectional dimensions of the specimens, it was impractical
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Fig. 14 Electron backscatter
diffraction a orientation image
map, b inverse pole figure, and
¢ pole figure of the low alloy
steel deposited by GMA-based
DED
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and nearly unfeasible to fabricate conventional tensile speci-
mens, even subsidized, to obtain typical strength (yield and
ultimate tensile) and Young’s modulus results. Therefore,
nanoindentation tests were adopted as an alternative and
effective approach. Here, nanoindentation maps were per-
formed in both LA steel and stainless steel u-GMA samples.

Figure 15a and b show nanoindentation hardness maps
of the LA and stainless and steel. For the LA steel, the
NH values vary between 2.0 and 4.1 GPa, with an average
value of 3.1 GPa (Fig. 16a). According to the literature, the
ferrite’s NH of LA steel is around 2.2-3 GPa (steel with
0.05-0.07%C) [64]. Thus, it is reasonable to establish that
these islands with NH > 3.5 GPa represent M—A constitu-
ent’s formation, as identified from microscopy observations
(Fig. 12). This result is supported by literature data which
reports martensite NH values in LA steel around 3 to 4 GPa
[65]. On the other hand, the NH map of the stainless steel
(Fig. 15) showed an average value of 3.7 GPa (Fig. 16b)
from values in the range of 2.1-4.9 GPa, which corresponds
to the fully austenitic matrix. Notice a region on the left
side of the map with NH values higher than 4 GPa. This
difference corresponds to an interdendritic region, which
can exhibit higher values due to certain solidification phe-
nomena such as impurity concentration and solid solution
hardening caused by the enrichment of alloying elements

@ Springer

(as discussed previously). This last mechanism is stimulated
due to the higher cooling rate characteristic of the u-GMA,
once it restricts atomic diffusibility. The NH value found is
in line with other works which reported austenite NH values
between 3 and 4 GPa [66].

Figure 17a and b show NE maps of the LA and stain-
less steel, respectively. For the LA steel, E map showed an
average value of 188.2 GPa (Fig. 18a), which is in line with
GMA-based DED works available in literature (Table 5).
This result is expected since the E is significantly influenced
by crystallographic aspects [67]. Tankova et al. [68] stud-
ied the mechanical properties of carbon steel coupons pro-
duced by CMT-GMA-based DED and reported E=214 GPa.
Ermakova et al. [69] reported E between 181 and 221 GPa
for LA-steel components produced by GMA-based DED.
Lagui et al. [70] also reported E values of 200-210 GPa for
carbon steel plates produced by GMA-based DED. For the
stainless steel, Fig. 18b shows that the average NE obtained
was 196 GPa. This result is also comparable with stainless
steel GMA-based DED works available in the literature.
Gordon et al. [71] studied anisotropy of stainless-steel wall
printed by GMA-based DED and reported E values between
130 and 140 GPa. Zhao et al. [72] developed a comprehen-
sive series of tensile tests on 316L stainless steel depos-
ited by GMA-based DED under different conditions of heat
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treatment and reported E values between 139 and 191 GPa
[72]. In addition, the obtained NE is close to the conven-

tional wrought material (about 190 GPa) [73].
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Considering the material limitations for this work, using
only two stainless steels with different Cr/Ni ratios, LA steel,
and Fe-based microwires does not provide a complete pic-
ture of how the microstructure and properties change when
the same alloys are processed by u-GMA and GMA-based

@ Springer
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Table5 Literature data on Young’s modulus (E) obtained from
GMA-based DED depositions of low alloy (LA) and stainless steels
(SS) and the measured values from y-GMA depositions

Material Authors E (GPa) Refs.

LA u-GMA 196 -
Tankova et al 214 [68]
Ermakova et al 181-221 [69]
Lagui et al 200-210 [70]
Yoshinaga et al.* 214-232 [74]

SS u-GMA 188 -
Gordon et al 130-140 [71]
Zhao et al 139-191 [72]
Colin et al.* 190 [73]

*Wrought material

DED. However, some points can still be explored. In the case
of LA steels, beads deposited by both processes exhibited a
microstructure consisting of a ferritic matrix with the pres-
ence of M-A constituents and carbides. The difference that
can be pointed out is the coarser ferrite microstructure of
the y-GMA than conventional GMA-based DED. Although
the last has higher heat input, this morphologic difference
between them is attributed mainly to the variation in the
chemical composition. Both stainless steel microstructures
are composed of austenite and delta ferrite; however, they
were formed through different solidification mechanisms.
These mechanisms were also controlled by the difference
in chemical composition between the two processes rather
than the cooling rate. Nevertheless, the latter led to the for-
mation of a cellular structure in u-GMA, in which this mor-
phology is not characteristic of conventional GMA-based
DED. In addition, regardless of the solidification mode and
process, the tested stainless steels exhibited a coarse and
oriented microstructure. To achieve a more comprehensive
understanding, future research will include a wider variety
of materials with similar compositions. However, these
preliminary results indicate that u-GMA can satisfactorily
deposit LA and stainless steel parts, achieving mechanical
properties and microstructures comparable to those obtained
by conventional GMA-based DED.

4 Conclusions

This work developed a comparative analysis of the micro-
structural and mechanical behavior of austenitic stainless
and LA steel deposited by u-GMA (prototype) and GMA-
based DED (consolidated) technologies. The microstruc-
ture was assessed through thermodynamic simulation,
SEM and EBSD analysis, while nanohardness and reduced

@ Springer

Young’s modulus were determined from nanoindentation
maps. The following conclusions were drawn:

e The 316L stainless steel deposited by u-GMA showed
a microstructure composed of d-ferrite within an aus-
tenitic matrix, resulting from solidification in the AF
mode. In contrast, 308 stainless steel deposited by
conventional gas metal arc-based DED exhibited a
microstructure composed of a y matrix and §-ferrite
from solidification in the FA mode. EDS analyses and
thermodynamic simulations confirmed these solidifica-
tion mechanisms. In addition, preferential orientation
was observed for both ui-GMA and GMA-based DED
microstructures.

e LA steel deposited by u-GMA had a microstructure
composed of an a ferrite matrix with M—A constituents.
In contrast, the LA steel deposited by conventional gas
metal arc-based DED had a typical microstructural
arrangement of the cap pass composed of columnar
grains with different ferrite morphologies. Absence of
preferential orientation was observed for both u-GMA
and GMA-based DED microstructures.

e Nanoindentation hardness maps of the LA and stain-
less steel showed average values of 3.1 and 3.7 GPa,
respectively. In addition, Reduced Young’s modulus
maps showed average values of 196.6 and 188.2 GPa
for the LA and stainless steel, respectively. These val-
ues align with similar materials deposited by conven-
tional GMA-based DED technologies.

e u-GMA technique exhibits the capability to deposit
LA and stainless-steel walls with mechanical proper-
ties comparable to those achieved through conventional
GMA-based DED depositions. This underscores the
promising potential of u-GMA as a viable and effec-
tive deposition technique for such materials.
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