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Abstract

The directed energy deposition arc (DED-Arc) has been extensively used to develop metallic parts with varying complexities.
A major challenge for austenitic stainless steels is managing heat accumulation due to their low thermal conductivity. This
study aimed to characterize the microstructure and mechanical properties of AISI 316L preforms manufactured by additive
manufacturing (AM) under different deposition paths and cooling conditions. Samples underwent macro- and microstructural
analyses, and tensile and hardness tests to evaluate their mechanical behavior. Additionally, the effect of active cooling using
near immersion active cooling (NIAC) in water on the microstructure was assessed by examining the secondary interden-
dritic spacing and ferritic phase fraction. The NIAC technique has shown potential for enhancing productivity by producing
preforms with more uniform thickness and consistent solidification/cooling conditions throughout the multiple layers. This
approach eliminated deposition idle time, leading to a productivity increase of up to 108%. Microstructures obtained with
active cooling were more refined than those resulting from natural cooling, evidenced by a reduction in secondary inter-
dendritic spacing and an increased fraction of delta ferrite. These microstructural changes resulted in higher hardness and
mechanical strength in the material processed with the NIAC technique. However, difficulties in precisely controlling the
water level resulted in increased apparent porosity when using the NIAC technique.

Keywords Additive manufacture - Near immersion active cooling - AISI 316L - Stainless steel - Wire arc additive
manufacturing

1 Introduction

Wire and arc-based additive manufacturing is a promising
technology for building large-scale and highly individualized
metallic components [1]. According to the ASTM Standard
[2], this process is referred to as directed energy deposition
(DED-Arc) when an electric arc is used as the power source.
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Although DED-Arc has several advantages over the
powder-bed fusion process—such as higher deposition rate,
lower material costs when using wire form, and the simplic-
ity of the welding process compared to lasers and electron
beams [3]—it also has some limitations. The significant heat
input and the serious thermal accumulation can affect preci-
sion and limit the suitability of these processes [1, 3-5].

In a recent paper, Reisgen et al. [1] reviewed cooling
strategies to enhance the efficiency of DED-Arc during
additive manufacturing. The authors emphasized that to
maintain competitiveness, higher manufacturing speeds are
essential when dealing with lower-cost (metallic) materials.
The manufacturing speed is determined by the deposition
rate of the welding process and the idle time required for
the workpiece to cool down to the required interpass tem-
perature [1, 5]. The interpass temperature and cooling rate
influence solidification behavior, grain growth, and phase
transformation [1].
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Da Silva et al. [5] developed an active cooling strategy based
on a water batch, named near immersion active cooling (NIAC).
This recent development has been applied to a limited number of
materials up to now, but shows a promising alternative to produce
large components with controlled thermal parameters [6, 7].

Stainless steels are favorable candidates for DED-Arc due to
their good mechanical properties and high corrosion resistance
[5]. The austenitic stainless steel AISI 316L, in particular, has
been extensively studied and applied in additive manufactur-
ing because of its reliable mechanical properties and corrosion
resistance for a wide range of processing variables. Cunningham
et al. [8] emphasize the importance of knowing the processing-
microstructure-properties relationship for this material. Moreo-
ver, austenitic stainless steels have lower thermal conductivity
than ferritic or carbon steels, which imposes additional chal-
lenges related to thermal control during DED-Arc [9].

The 316L stainless steel exhibits a duplex microstructure
after being processed by DED-Arc [7-9]. The aspects related
to solidification and solid-phase transformation result in various
microstructural features, such as the amount of delta ferrite and
the average secondary dendrite arm spacing, among others [8,
10]. Jafarzad-Shayan et al. [9] concluded that the relatively high
solidification and cooling rates during DED-Arc are responsible
for increasing the amount of delta ferrite in 316L stainless steel.
The authors [9] also found that lower cooling rates at the top of
deposited material resulted in a lower amount of delta ferrite
[6.1%] compared to the base [8.6%], due to heat accumulation
along the height of the obtained preforms.

In the absence of information regarding the effects of
NIAC on the productivity, microstructures, and properties of
the 316L stainless steel, this work was developed. Preforms,
consisting of simple geometry of thin walls, were obtained
using DED-Arc (gas metal arc welding (GMAW)), both with
and without the application of active cooling (NIAC). The
microstructure and the conventional mechanical properties,
specifically hardness and tensile strength, were assessed in dif-
ferent sections of the thin walls. The results demonstrated that
thermal management through NIAC is a promising approach
for the additive manufacturing of this austenitic stainless steel.
The microstructure and mechanical properties were found to
be significantly sensitive to variations in the cooling rate. Spe-
cifically, active cooling resulted in a reduction of up to 38%
in secondary interdendritic arm spacing, associated with an
increase of up to 108% in productivity.

2 Materials and methods

As depicted in Fig. 1, the experimental work involved the
fabrication and characterization of preforms using AISI 316L
stainless steel, both with and without active cooling by NIAC.
The primary objective was to compare productivity (manu-
facturing time), precision (geometry), and microstructural
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and mechanical properties. Additionally, we evaluated the
effects of different paths during the manufacture on the pre-
forms, which will be detailed in the following sections.

2.1 Materials

For this study, AISI 316LSi stainless steel was used in the
form of a 1.0-mm-diameter wire electrode for the electric
arc deposition process. A low-carbon steel plate (AISI 1020)
was selected as the base for manufacturing, with the initial
layers discarded to prevent dilution. Argon with 99.99%
purity served as the shielding gas. The chemical composi-
tion of AISI 316LSi steel can be found in Table 1.

Experimental Methods

l

Deposition Conditions

l

Unidirectional and Bidirectional Paths

£ N

Natural Cooling

Manufacturing Time Measurement

l

Geometric Evaluation

l

Microstructural and Mechanical Evaluation

l

Data Analysis

Fig. 1 Flowchart depicting the main steps undertaken in this study
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Table 1 Chemical composition

- Element C Cr
for AISI 316LSi steel

Ni Mo Mn Si P S N

WT % 0.03

16.0-18.0

10.0-14.0 2.0-3.0 2.0 0.75 0.045 0.03 0.1

2.2 Experimental methods

The study was divided into four comparative deposition con-
ditions, as shown in Table 2.

For both approaches, with and without active cooling, a
GMAW welding source was employed for material deposi-
tion and geometry construction. The torch was automati-
cally manipulated, and the geometry constructed (X, ¥, and
Z movements) using a D600 Romi machining center head
programmed via computer numerical control (CNC).

The welding process parameters influencing heat input
(voltage, current, and torch movement speed) were determined
based on wire diameter, preliminary tests, and data from the
literature. The specific trial conditions are detailed in Table 3.

Table 3 Welding parameters used in the manufacture of AISI 316LSi
austenitic stainless steel preforms (thin walls)

Current 140 A
Torch speed 4 mm/s
Tension ~20V
Distance pool-torch 12 mm
Length of the preforms 120 mm

The variable real deposition time was obtained by count-
ing only the time during which material deposition occurred
in the construction of the preforms. Efficiency was defined
as the ratio of actual deposition time to the total manufactur-

For NIAC I and NIAC II depositions (Table 2), the near ~ ing time of the wall and is calculated using Eq. 1.

immersion active cooling (NIAC) technique was employed.
In this setup, the carbon steel base was positioned inside a
water vat, with the liquid level adjusted to increase as the
height of the built wall progressed, as illustrated in Fig. 2.

To control the water level in the tank, two flow meters
were utilized—one at the inlet and another at the outlet of
the container. The objective was to regulate the water inflow
into the tank, ensuring it exceeded the outflow to guarantee,
in addition to water recirculation, the increase in the level
inside the water vat, in a controlled and synchronized way
with the deposition process.

The manufacturing times of the four deposition conditions
were recorded. The manufacturing time of the wall encom-
passes the total time spent in fabrication—from the initial
activation of the timer until the completion of the deposition
of the last layer of material. This includes the return time of
the torch to its initial position in unidirectional depositions,
as well as the idle cooling time accounted for Air I and Air IT
conditions, where natural cooling was applied.

Flow Meters

—
‘Water Flow

Fig.2 Schematic representation of NIAC (near immersion active
cooling) setup

Table 2 Deposition conditions for the construction of preforms (thin walls)

Condition Method/path Cooling Identification Deposition details

I Unidirectional Natural cooling Air | Deposition of 10 consecutive unidirectional
passes with an idle cooling time' before com-
mencing new depositions, reaching a total of 20
layers

11 Bidirectional Natural cooling Air 1T Deposition of 4 consecutive bidirectional passes
with an idle cooling time' before commencing
new depositions, reaching a total of 20 layers

1II Unidirectional NIAC NIACI Deposition of 20 consecutive unidirectional layers

v Bidirectional NIAC NIACII Deposition of 20 consecutive bidirectional layers

'The number of consecutive passes was determined by previous tests in both conditions. The idle time was defined as the time enough to the
center of the last pass reaching 200 °C (interpass temperature), using a K-type thermocouple in contact with the surface

@ Springer



1422 The International Journal of Advanced Manufacturing Technology (2024) 134:1419-1432

Efficiency (%) = Real — time deposition

100
Preforms manufacturing time M

The productivity increase with NIAC was determined
using Eq. 2, taking into account both deposition paths:

Efficiency with NIAC (%)

Productivity increase with NIAC (%) = [(

Efficiency with natural cooling (%)

)—1]% 100 )

To evaluate the geometry of walls manufactured (pre-
forms) by additive manufacturing, the height and thick-
ness of the parts at the sides and center of the walls were
analyzed and compared. Additionally, the thicknesses of
the walls were measured (Fig. 3).

For microstructural evaluation, the central portion of
the wall was selected with a longitudinal analysis plane,
as depicted in Fig. 3. Samples were cut, sanded, polished,
and etched using electrochemical etching with oxalic acid
(C,H0,).

The metallographic analyses were conducted at the
base, center, and top regions of the deposited wall. To

Fig.3 A Region designated for metallographic analysis of the walls
manufactured by DED-Arc. B Locations where thickness measure-
ments were taken on the walls manufactured by additive manufactur-
ing. Points 1 and 3 denote height measurements at the ends, while
point 2 represents it at the middle of the wall

Fig.4 Representative scheme
of the metallographic analy-

sis process. (a) Photograph
taken without magnification,
(b) 10 x magnification, (c)

20 x magnification, and (d)

100 x magnification performed
under the optical microscope.
The highlighted region in (a)
corresponds to the central posi-
tion of a layer—metallographic
analysis point

a) Photography
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avoid the regions affected by reheating or layer transitions,
all qualitative and quantitative metallographic analyses
were performed on the central areas of the layers at each
respective position, as exemplified in Fig. 4.

From the images obtained through optical micros-
copy, the secondary interdendritic arm spacing (SDAS)
was analyzed using the method identified by Vandersluis
and Ravindran [11] as having the lowest associated error.
SDAS was measured in images with 200 X magnifica-
tion using the ImagelJ software. This linear interception
method, which involves counting the secondary arms that
intersect a line drawn parallel to a primary dendrite arm,
was employed, as illustrated in Fig. 5.

To compare the SDAS results, statistical tests (Student’s
T-test) were performed using Microsoft Excel software
to compare the base, the center, and the top of the manu-
factured walls under each condition. At least 12 differ-
ent fields were measured for SDAS in each condition and
position.

Using the ImagelJ software, the volumetric fraction of
delta ferrite () present in the walls manufactured by addi-
tive manufacturing was estimated. This estimation was
based on three fields at different positions at the top of the
fabrications.

To evaluate the properties of the walls manufactured by
additive manufacturing, Brinell hardness tests were con-
ducted, creating hardness profiles. Specimens extracted from
the central region of the manufactured wall were used, and

b) Macrography- 10x

c) Micrography- 100x

¢) Macrography- 20x
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Fig.5 Representation of the method to measure the secondary inter-
dendritic arm spacing (SDAS) with the lowest associated error [11].
L represents the length parallel to the primary arm, extending from
the center of the first dendrite to the center of the last counted den-
drite. Vandersluis and Ravindran [11]

hardness profiles were made along the entire height, from
the base to the top, with a spacing of 4 mm.

To perform the tensile tests, the specimens were extracted
in both the transverse and longitudinal directions of the
walls, as shown in Fig. 6.

All tests and analyses were conducted comparatively
between the two deposition conditions (with and without
active cooling). Fractographic analyses were performed
on samples from the tensile tests using a scanning electron
microscope (SEM).

3 Results and discussion
3.1 Manufacturing productivity analysis
The results of the measured times, along with the efficiency

of the depositions and productivity increase, are presented
in Table 4.

Fig.6 A Representation of
the sites where the tensile A
specimens were extracted from

As shown in Table 4, the unidirectional deposition con-
ditions (Air I and NIAC I) exhibited lower efficiency when
compared to the bidirectional depositions. This difference is
attributed to the torch returning to its initial position without
depositing material in unidirectional deposition conditions,
which does not happen in bidirectional depositions.

By comparing the conditions using NIAC (cooling tank—
NIAC I and NIAC II) with those using natural cooling
(Air I and Air IT), it is evident that depositions with active
cooling exhibit higher efficiency. There is approximately
a 22% increase in productivity for unidirectional fabrica-
tions and a 108% increase for bidirectional depositions. This
improvement is associated with the elimination of idle cool-
ing time during wall construction, owing to reduced heat
accumulation.

The increase in efficiency and productivity achieved using
the NIAC setup is significant for the DED-Arc field, as it
allowed the elimination of the idle cooling time with the
studied conditions. As discussed by previous authors [1, 4,
5, 8, 10], idle cooling time is typically employed/required
in this process to control heat accumulation, avoid melt-
ing collapse, ensure consistent solidification and cooling
conditions, and improve the geometry of the manufactured
components. According to Reisgen et al. [1], “the manufac-
turing speed is mainly defined by the deposition rate of the
welding process and the idle time that is necessary to let the
workpiece cool down to the required interpass temperature.”
As will be shown in the following sections, NIAC not only
improved productivity but also was effective in enhancing
the geometry and microstructure of the deposited material.

Table 4 Comparison between wall manufacturing time, actual depo-
sition time, and efficiency among the four proposed deposition condi-
tions

the walls manufactured by
DED-Arc. B Dimensions of the
specimens used in tensile tests

Condition Total time Real-time Efficiency Productivity
(min) deposition increase with
(min) NIAC
Airl 242 10 41% -
Air IT 20.7 10 48% -
NIACI 20.0 10 50% 22%
NIACII  10.0 10 100% 108%
. 34 -
B 10
UNIT: mm
o [ ] [] |
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3.2 Analysis of the geometry of the specimens

Figure 7 shows the undulations on the fabricated walls,
inherent to the layer-by-layer deposition process that was
titled “stair-step” [12]. The depositions that employed
active cooling (Fig. 7C and D) exhibited higher surface
regularity and reduced undulations (due to the stair-step
effect), as also identified by Silva et al. [7].

The mean height values at the right and left extremi-
ties, as well as at the central part of the manufactured
walls, were measured using a caliper (Fig. 8). It is possible
to verify that, generally, the highest central heights were
identified in the depositions that utilized NIAC. This can
be attributed to better thermal control. As will be shown,

Fig. 7 Preforms obtained by
DED-Arc using AISI 316LSi

in different conditions: A Air
I—unidirectional and natural
cooling; B Air [I—bidirec-
tional and natural cooling; C
NIAC I—near immersion active
cooling unidirectional; D NIAC
II—near immersion active cool-
ing bidirectional

6 "
TR RN AT

Fig.8 Heights of the walls
manufactured by A unidirec-
tional depositions with and
without active cooling and B
bidirectional depositions with
and without active cooling
(mm)
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the thickness of preforms obtained with active cooling was
more uniform along their height, similar to previous results
[7]. In other words, heat accumulation in naturally cooled
conditions increased the size of the melt pool, resulting in
greater thickness and, consequently, lower height.

For unidirectional depositions, as seen in Fig. 7A and C,
the preforms exhibited an inclination from the left end (the
start of the welding pass for each unidirectional deposition)
to the right end (the end of the welding pass/arc). As dis-
cussed by Hu et al. [13], this significant variation in height
accumulates layer by layer and is attributed to differences in
the molten pool dynamics at the beginning and end of the
electric arc. This effect can explain the results depicted in
Fig. 7A and Fig. 8A and is similar to findings by Hu et al.

e W]
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[13] using GMAW in unidirectional depositions with an
AWS ER70S-6 electrode.

The results obtained in Fig. 7C and the sharp differences
in height at the right end of the NIAC I condition (Fig. 8A)
can also be explained by the “abnormity at start and end
of the weld bead in additive manufacturing with GMAW,”
discussed by Hu et al. [13]. However, in this case, due to the
presence of water during the deposition, the reduction in
the preform height led to contact between the wire/arc and
the cooling liquid during the experiments. This occurred
because the movement of the welding torch in the verti-
cal axis and the increase in the water level were constant
throughout the depositions. As can be seen at the right end
of the preform (Fig. 7C), there was a collapse of the weld-
ing arc and the molten pool due to their contact with water.

The adoption of bidirectional depositions improved the
height consistency along the preforms, as seen in Fig. 7B
and D and Fig. 8B. This result was also observed previously
[13], where the alternance of the start and end of the welding
pool from each consecutive layer counterbalanced the dif-
ferences in height. Considering the bidirectional deposition
path, the collapse of the welding arc/pool due to its contact
with the water was avoided, as can be seen in Fig. 7D.

Additionally, it is relevant to highlight that the condi-
tion without active cooling and bidirectional deposition, Air
I, presented the lowest height values, as shown in Fig. 8B.
There was a difference of 18.8 mm in the central position
compared to the deposition with active cooling. This is
probably related to the excessive heat accumulation during
the manufacturing process. This phenomenon was also evi-
denced in studies conducted by Xu et al. [14], which found
the highest temperatures during bidirectional depositions
along the entire deposited layer.

Analogous to height measurements, thicknesses were
measured at three points: extremities and center, in the top
and bottom regions of the thin walls (see Fig. 3). The mean
values found for each deposition condition are shown in
Table 5.

Table 5 shows that, in general, the depositions with active
cooling produced layers of lower thickness, both at the base
and at the top of the walls, compared to those without active
cooling. Similar results were found in studies by Wu et al.
[15], where a considerable increase in the width of the layers
along the growth of the preforms was observed when ana-
lyzing a cross-section. This was attributed to the impact of
heat accumulation on the depositions without active cooling.

Overall, the depositions that adopted NIAC were charac-
terized by higher heights in the center of the manufactured
walls and lower thickness, both at the top and bottom of the
wall. These findings suggest that the quality of the geom-
etry of walls manufactured with AM can be improved by
adopting active cooling by near immersion, especially when
considering a bidirectional deposition path.

Table 5 Average thicknesses measured in the preforms at the center,
right-end, and left-end positions at the top and bottom of the four pro-
posed deposition conditions

Condition Deposition Path Top (mm) Base (mm)
Air I Unidirectional 13.13 13.73
Air IT Bidirectional 12.93 13.40
NIACI Unidirectional 8.97 9.77
NIACII Bidirectional 9.13 9.67

3.3 Microstructural characterization

The microstructural analyses revealed, in general, how
heterogeneous the microstructure is, typical of this type of
manufacturing. Figure 9(c) shows fine dendrite lines in the
remelting zones and a coarser dendritic zone, consistent with
findings reported by Cunningham et al. [8] and Wang et al.
[16].

In images at 200 X magnification, delta ferrite () is iden-
tifiable by its gray color distributed within the austenite
matrix (y), which appears white (Fig. 10). Defects such as
macroporosity and cracks were not found on the surfaces
presented, but it is possible to identify the secondary inter-
dendritic arms.

Grains are observed to have grown along the vertical
direction of the deposited walls, as indicated by the deposi-
tion direction shown in the lower right corner of Fig. 10.
Upon comparing the presented micrographs, a seemingly
more refined microstructure is observed under conditions
that adopted active cooling, which will be further confirmed
by quantitative metallography in the next section.

According to Lippold and Kotecki [17], when thermally
processed, austenitic stainless steels typically exhibit micro-
structure that is either completely austenitic or a mixture
of austenite and ferrite. The delta ferrite observed in the
microstructures in this work is classified as high-temperature
residual ferrite.

Ferrite morphology (8) depends on both solidification
and post-solidification transformations, with vermicular
and lath structures being the most common for austenitic
stainless steels [18].

3.4 Secondary interdendritic spacing calculation

To calculate the secondary interdendritic arm spacing,
images at 200 X magnification were analyzed using ImageJ
software. Figure 11 compares the average secondary inter-
dendritic arm spacing found at the base, center, and top of
both unidirectional and bidirectional depositions, with and
without active cooling.

Figure 11A shows that the highest values of secondary
interdendritic arm spacing in unidirectional depositions
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were observed in the condition without active cooling (Air
1), which confirms that the use of the water tank (NIAC)
resulted in a refined microstructure. This effect is attributed
to a higher cooling rate in depositions that adopted NIAC,
leading to a finer microstructure and a higher amount of

Fig.9 Central regions of the
thin walls manufactured by
additive manufacturing in which
the specimens for metallo-
graphic analysis were obtained
(a). The chosen area aims to
avoid reheated regions, focusing
on analyzing the center of the
layers

Fig. 10 Optical micrographs
taken in the central region of
the manufactured preforms
(thin walls) using 200 X mag-
nification. Conditions: A Air
I, BNIACL C AirII, and D
NIAC I

Fig. 11 Averages of second-
ary interdendritic arm spacing
obtained at the base, center, and
top of walls manufactured by
unidirectional (A) and bidirec-
tional (B) depositions with and
without active cooling

@ Springer

ferrite (0). Similar observations were reported in the studies
by Santos [19] and Silva et al. [7].

In Fig. 11B, the highest values of secondary interden-
dritic arm spacing were similarly observed in deposition
without active cooling, showing a significant difference of
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up to 5.36 um (38%) when comparing the averages found at
the tops of thin walls manufactured with a bidirectional path.

It is also important to highlight that, when comparing
Fig. 11A and B, it is possible to notice that the average
SDAS observed in walls manufactured via bidirectional
deposition, with and without active cooling, were higher
than those measured in unidirectional depositions. This out-
come is associated with a lower cooling rate in bidirectional
depositions. Unlike unidirectional depositions, bidirectional
ones do not pause deposition at the ends of the manufactured
wall to return the torch to the initial position.

Therefore, in bidirectional depositions, there is less time
for cooling, resulting in more heat accumulation in the
wall. The variations in primary and secondary dendritic
spacings are influenced by solidification thermal condi-
tions such as cooling rate and solidification front growth
rate, as evidenced in studies by Antonello [20]. These fac-
tors contribute to the differences observed in the SDAS
between unidirectional and bidirectional depositions.

Statistical tests (Student’s T-test) were performed to com-
pare the mean SDAS found in the centers of the thin walls
manufactured in each condition. The results of Student’s
T-tests for unidirectional and bidirectional depositions con-
firmed significant differences between the microstructures.
This underscores, statistically, the effects of active cooling
on the microstructures of manufactured walls in both types
of deposition strategies.

Fig. 12 Volumetric fraction

of delta ferrite identified in
micrographs obtained at the
base, center, and top of walls
manufactured by additive manu-
facturing in the four evaluated
conditions

% Ferrite (0)

Base Center
NIACI

% Ferrite ()

Base Center
Airl

In addition to analyzing secondary interdendritic arm
spacing, the volume fraction of delta ferrite (6) was calcu-
lated using ImagelJ (Fig. 12). The results indicate that condi-
tions employing NIAC exhibited a significantly higher volu-
metric fraction of ferrite (§) compared to walls manufactured
without active cooling.

The percentage of ferrite (6) found in the four deposi-
tion conditions was consistent with the range estimated by
Pessanha [21], which varies from 5 to 20% of ferrite in cast
austenitic stainless steels. Furthermore, the ranges of ferrite
volume fraction (6) found were similar to those reported by
Souza [6], who also used ImageJ to estimate the volumetric
fraction of this constituent in AISI 316L steel tubes obtained
by DED-Arc.

The increase in the ferrite fraction (&) observed in con-
ditions with active cooling can be attributed to the higher
cooling rates resulting from the NIAC technique [9]. The
results are consistent with the SDAS values found, since
there was an increase in the volume fraction of ferrite in the
conditions that adopted NIAC.

In general, for conditions without active cooling, simi-
lar to what was reported by Jafarzad-Shayan et al. [9], the
highest volumetric fractions of ferrite (§) were found in the
region at the base of the preforms (Fig. 12). This result is
related to the higher heat transfer with the base on which
the thin walls were built. In contrast, the central region dis-
played intermediate ferrite fractions, while the top showed

% Ferrite (3)

Top Base Center Top
NIAC I
144
12 4
104 8.25 8.15

% Ferrite (0)

Top Base

Center Top
Airll
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lower values, indicative of reduced cooling rates attributed
to heat accumulation as the height of the wall increases. The
difference was more pronounced in the conditions without
active cooling.

3.5 Brinell hardness tests

From Brinell hardness tests (Fig. 13), an average difference
of 13 HB was observed between bidirectional conditions
using NIAC and natural cooling. In the case of the unidi-
rectional path, the average difference increased to 20 HB.
It is important to highlight that the observed hardness val-
ues in walls manufactured with active cooling were consist-
ently higher than those in walls manufactured with natural
cooling, regardless of deposition direction (in one and both
directions). This trend may be linked to the finer microstruc-
ture achieved in depositions with NIAC, which is associated
with a higher cooling rate during these fabrications, as high-
lighted by Michla et al. [22]. This refinement is supported
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Fig. 13 Brinell hardness values obtained in samples extracted from
thin walls manufactured under the four evaluated conditions: NIAC (I
and II) and Air (I and II)
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by the SDAS measurements shown in Fig. 11. Additionally,
the increased presence of ferrite (J), as noted in studies by
Ghasemi et al. [23], may contribute to the higher average
hardness observed in the manufactured walls.

Furthermore, a hardness profile was carried out along
the height of the preforms manufactured under the evalu-
ated deposition conditions, depicted in Fig. 14. The profile
was made from the base to the top, with 4 mm of distance
between the indentations. The starting point of the profile
corresponds to the material near the base, marked as O in
Fig. 14.

It is possible to conclude that, although the standard
deviation is quite similar for all depositions, a dispersion in
hardness values was observed along the height of the walls.
It is important to note that, unlike the procedure adopted in
quantitative metallographic analyses, it was not possible to
guarantee that the hardness indentations were carried out
in more uniform regions of the layers. In other words, there
is macrostructural heterogeneity throughout the height of
the deposited walls, as discussed by Cunningham et al. [8].
Thus, the dispersion in hardness along the height can be
associated with these microstructural variations.

3.6 Tensile tests

To conduct the tensile tests, specimens were extracted in
both the transverse and longitudinal directions. Figure 15
illustrates that, overall, the yield strength of samples manu-
factured with active cooling was higher compared to those in
walls manufactured with natural (air) cooling, except for the
longitudinal unidirectional condition, in which the standard
deviation was also notably higher.

One of the factors responsible for the increase in yield
strength in parts manufactured using NIAC may be the
reduction in secondary interdendritic arm spacing. Stud-
ies conducted by Sander et al. [24], Zhang et al. [25], and
Godec et al. [26] have highlighted the direct influence of
this variable on the yield strength of 316L stainless steel.
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This is due to the greater number of grain boundaries, which
tend to difficult dislocation motion, resulting in increased
mechanical strength.

It is possible to observe that across all four deposition
conditions, the tensile test specimens obtained from walls
manufactured with active cooling exhibited lower elonga-
tion values compared to those obtained with natural cooling.

In the work of Wang et al. [16], the authors highlighted
the influence of the heterogeneities in the microstructures
obtained by AM of AISI 316L steel. They found that in the
remelting lines, which presented more refined structures and
dendritic growth perpendicular to the tensile test direction,
there were limitations in the expansion of the slip bands.
As a result, this direction exhibited lower elongation and
greater tensile strength due to the directional growth of the
dendrites.

Furthermore, it is worth noting that the highest elongation
values were achieved under manufacturing conditions that
employed air cooling. Wu et al. [27] observed a similar trend
in their research when depositing thin walls of AIST 316L.
In their study, the authors analyzed the grain morphology
fracture surfaces and found that during tensile testing in the
longitudinal direction, fracture occurred after enlargement
of the deformed columnar grains. In contrast, during ten-
sile test in the transverse direction, there was minimal grain

deformation, and the boundaries of the columnar grains
proved to be the weakest points in the tensile process. Con-
sequently, the sample with a greater number of grain bound-
aries in the longitudinal direction exhibited lower tensile
strength compared to the sample in the transverse direction.

Finally, it is important to note that the values obtained
from the tensile tests were consistent with the literature, such
as reported by Koppu et al. [28], for natural (air) cooling
conditions. The low elongation values observed in unidirec-
tional depositions employing active cooling can be attributed
to material heterogeneity, the presence of discontinuities,
and difficulties in maintaining consistent water levels, which
led to porosity issues, as will be detailed in the next section.
Due to the geometric effects observed in Fig. 7C, which
resulted in contact between the arc/pool and water at the
right end, unidirectional depositions with NIAC exhibited
higher levels of water vapor in the arc atmosphere. This
could explain the presence of pores observed on the fracture
surfaces of samples from this condition.

Furthermore, a comprehensive comparison between the
mean yield strength, ultimate tensile strength, and elonga-
tion in the longitudinal and transverse directions to assess
potential anisotropies could not be fully conducted. As will
be presented in the next section, some specimens exhibited
typical AM discontinuities on their fracture surfaces, such

Fig. 15 Comparison between 700 4 :
yield strength (YS), ultimate 61s 03 700 - E Q'{A c
tensile strength (US), and elon- 600 4
gation (&) obtained in the tensile 600 S
tests of the specimens extracted 5004
from walls manufactured by - w 300
. . . . L —— 49
AM in the longitudinal and 400 - I
transverse directions for the four 200 ¥
evaluated deposition conditions 300 4
200
200
100
100 -
41 il
42 30
0 04 ﬁ
e HS{MEs) &(%) YS(MPa) US(MPa) €(%)
Bidirectional depositions - Transverse Unidirectional depositions - Transverse
700 700 -
83
600 1 @ T 600 - @
500 T 500 T 416
402 as
400 400 4 369 ]
300 300 4
200 200 -
100 4 100
47 19 45 36
= —r
ol | [
YS(MPa) US(MPa) £(%) YS(MPa) US(MPa) £(%)

Bidirectional depositions - Longitudinal

Unidirectional depositions - Longitudinal

@ Springer



1430 The International Journal of Advanced Manufacturing Technology (2024) 134:1419-1432

SEM HV: 200 KV
View fleld: 456 mm Det: SE
SEM MAG: 61X Date(m/dly): 08/08:23

WO: 19,59 men

Fig. 16 Fracture surface of a tensile specimen extracted from a wall
manufactured via additive manufacturing in condition Air II, in the
transverse direction. Enlarged A 60X and B 1000 x

as lack of fusion and porosity. Therefore, the properties
measured in tensile tests are not only due to microstructural
variations resulting from different cooling conditions and
deposition path/directions, but also by these inherent AM
discontinuities.

3.7 Fractographic analysis

After conducting the tensile tests, the fractured surfaces
underwent analysis using a scanning electron microscope
(SEM). Figure 16 illustrates a fracture surface from a speci-
men extracted from a wall manufactured via additive manu-
facturing with bidirectional deposition and natural (air) cool-
ing (Air II).

All samples from this condition exhibited ductile fracture
characteristics, prominently displaying dimples across the
surface, as depicted in Fig. 16B. The presence of extensive
plastic deformation is also evident, characteristic of AISI
316L stainless steel, which has high ductility, as noted by
Cunningham et al. [8] and Michla et al. [22].

Some samples from conditions employing the NIAC
technique exhibited discontinuities, many of which were
characterized by lack of fusion or formation of porosities.
These issues are primarily attributed to challenges in con-
trolling the water level, resulting in water vapor in the arc
atmosphere. The surfaces of these discontinuities revealed
the presence of dendritic-like structures (Fig. 17), which are
typical features of the solidification process, as reported by
Santos [3] and Wang et al. [19].

Additionally, outside the regions affected by discontinui-
ties, the fracture exhibited a ductile appearance character-
ized by the presence of dimples. Figure 17 illustrates the
fractographic analysis of a tensile sample from the NIAC
I condition.

@ Springer

(A) (B)

Fig. 17 Fracture surface of a tensile test specimen from the NIAC I
condition in the longitudinal direction. Enlargement by A 1000, B
500x, and C 60 x. Highlighted in B is the surface of a discontinuity,
with dendritic-like structures

As observed in Fig. 17, the fracture occurred in a region
containing a discontinuity, due to stress concentration. The
effect of porosities was also noticeable in the results avail-
able in Fig. 15, in which it is evident that the NIAC I condi-
tion—in the longitudinal direction exhibits a higher standard
deviation compared to other conditions using active cooling.

4 Conclusions

The present study investigated four deposition conditions for
manufacturing preforms using WAAM with AISI 316LSi:
natural (air) cooling with unidirectional and bidirectional
depositions, and near immersion active cooling (NIAC) with
unidirectional and bidirectional depositions.

After comparative analysis by microstructural characteri-
zation, hardness tests, tensile tests, and fractographic analy-
sis, it was possible to conclude that:

e The adoption of NIAC significantly improved thermal
control during the deposition process, as evidenced by
more uniform heights and reduced thickness of the manu-
factured walls compared to natural cooling conditions.

e The elimination of idle cooling time in the NIAC setup
enhanced productivity efficiency by up to 108% by pre-
venting excessive heat accumulation and ensuring a more
consistent solidification and cooling condition.

e Microstructural analysis revealed that NIAC resulted in a
finer microstructure with higher amounts of delta ferrite
due to increased cooling rates. This was supported by the
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SDAS measurements, which were lower by up to 38% in
the NIAC conditions.

e The adoption of the NIAC technique resulted in an
approximately 10% increase in hardness. Additionally,
tensile tests indicated an increase in mechanical strength,
especially in yield strength, attributed to the lower sec-
ondary interdendritic spacing, although a reduction in
ductility was observed.

e Fracture analysis of tensile samples revealed ductile char-
acteristics in air-cooled conditions, while some NIAC
samples showed discontinuities due to water vapor in the
arc atmosphere.

e Finally, it is important to highlight that the NIAC tech-
nique proved to be promising for temperature control,
increasing productivity, microstructural conditioning,
and improving the mechanical strength of AISI 316LSi
steel obtained by DED-Arc.
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