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Abstract: The wire laser additive manufacturing (WLAM) process is considered a direct-energy
deposition method that aims at addressing the need to produce large components having relatively
simple geometrics at an affordable cost. This additive manufacturing (AM) process uses wires as raw
materials instead of powders and is capable of reaching a deposition rate of up to 3 kg/h, compared
with only 0.1 kg/h with common powder bed fusion (PBF) processes. Despite the attractiveness of
the WLAM process, there has been only limited research on this technique. In particular, the stress
corrosion properties of components produced by this technology have not been the subject of much
study. The current study aims at evaluating the effect of a slow strain rate on the stress corrosion
resistance of 316L stainless steel produced by the WLAM process in comparison with its counterpart:
AISI 316L alloy. Microstructure examination was carried out using optical microscopy, scanning
electron microscopy (SEM) and X-ray diffraction analysis, while the mechanical properties were
evaluated using tensile strength and hardness measurements. The general corrosion resistance was
examined by potentiodynamic polarization and impedance spectroscopy analysis, while the stress
corrosion performance was assessed by slow strain rate testing (SSRT) in a 3.5% NaCl solution at
ambient temperature. The attained results highlight the inferior mechanical properties, corrosion
resistance and stress corrosion performance, especially at a slow strain rate, of the WLAM samples
compared with the regular AISI 316L alloy. The differences between the WLAM alloy and AISI
316L alloy were mainly attributed to their dissimilarities in terms of phase compositions, structural
morphology and inherent defects.

Keywords: additive manufacturing; direct energy deposition; wire laser additive manufacturing;
316L steel; stress corrosion

1. Introduction

Additive manufacturing (AM) technologies developed in the last two decades have
been aimed mainly at producing complex geometrics with minimal machining finishes
using powder bed fusion (PBF) technologies, mostly selective laser melting (SLM) and
electron beam melting (EBM) [1–12]. However, these relatively expensive PBF technologies
do not adequately address the need to produce large components with less complicated
geometrics at affordable production costs [13,14]. Therefore, alternative AM technolo-
gies such as direct energy deposition processes have been developed recently [15–18].
Some of these direct energy deposition processes use wires as raw materials instead of
powders [19–26]. Apart from the significantly reduced cost of wire (compared with pow-
der), wire additive manufacturing processes enable deposition rates of up to 3 kg/h to be
reached, compared with only 0.1 kg/h by PBF processes [27,28]. A particularly suitable
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direct energy deposition method for the production of 3D components is the wire laser ad-
ditive manufacturing (WLAM) process, in which a high-powered laser is also operated via
computer numerical control (CNC) machines together with wire feeders. The deposition
rates of the WLAM process can reach up to 3 kg/h, which enables the production of rela-
tively large components [29]. Currently, most of the research activities involving WLAM
have focused on optimizing the printing parameters related to the Ti-6Al-4V alloy [30,31].
A small body of research has also been conducted on the direct laser deposition process of
austenitic stainless steel using jet nozzles and powder metal feeding techniques [32–35].
The present article describes the production of 316L stainless steel test samples using the
WLAM process and the evaluation of the stress corrosion performance of WLAM316L at a
slow strain rate compared with its counterpart: AISI 316L alloy.

2. Experimental Procedure
2.1. Preparation of WLAM 316L Samples

The test samples were machined from a rectangular shape with dimensions of 90 ×
20 × 20 mm, which were produced by a WLAM process using a self-assembled WLAM
facility, and 316L stainless steel was used as the feeding wire while pure argon (99.99%)
served as a protective atmosphere. The pathway of the WLAM process was programmed
and controlled using a CAD model. The power of the laser beam was 1.5 kW, the wire
feeding rate was 8.3 mm/s, and the travel speed was 6.5 mm/s. The deposition rate
was 250 g/h, and the diameter of the feeding wire was 1.2 mm. The thickness of the
additive manufactured layer was 0.6 mm. The printing stage was heated to 250 ◦C during
the printing process as well. As a reference material for the purpose of comparison,
conventional AISI 316L specimens 6 mm thick were used. The test samples prepared by the
WLAM process and the conventional AISI 316L specimens were machined to the required
dimensions using an electrical discharge machine (EDM, ARTA 123 Pro EDM Russia).

2.2. Microstructure Analysis

Microstructural examinations were carried out using optical microscopy and a scan-
ning electron microscope (SEM-JEOL 5600, JEOL Ltd. Tokyo, Japan) [36] with an energy
dispersive spectroscopy (EDS) detector (Thermo Fisher Scientific, Waltham, MA, USA) for
chemical composition analysis. The preparation procedure of the metallographic samples
included grinding, polishing (up to 0.25 µm by using a colloidal silica suspension) and
etching with a mixture of 5 ml HNO3 (70%), 9 ml HCl (32%) and 5 ml ethanol for 15 s.
Phase identification was conducted by X-ray diffraction analysis using a RIGAKU-2100H
X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with a CuKα radiation
source. The parameters for the diffraction analysis were 40 kV/30 mA, and the scanning
rate was 2◦/min.

2.3. Mechanical Properties

The tensile properties of the test samples were determined using an Instron 5982
(Instron, USA) tensile machine. The dimensions of the test specimens were the following:
a gauge length of 16 mm and rectangular cross section of 16 mm2. Hardness testing was
performed using a SM1016 Vickers hardness machine (TecQuipment Ltd., Nottingham,
UK) scaled to HV10.

2.4. Corrosion Resistance and Electrochemical Analysis

The corrosion resistance of the steel samples was evaluated electrochemically. For
the potentiodynamic polarization test and impedance spectroscopy, a Bio-Logic SP-200
potentiostat (Bio-Logic Science Instruments, Seyssinet-Pariset, France) equipped with EC-
Lab software (version 10.18) was used [37]. The tests were performed using a standard
three-electrode cell, with a saturated calomel electrode (SCE) as the reference electrode and a
platinum electrode as an auxiliary electrode. The corrosive environment was provided by a
3.5% NaCl solution at room temperature (25 ◦C). The scanning rate for the potentiodynamic
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polarization analysis was 0.5 mV/s, and the impedance spectroscopy test was carried out
between 10 kHz and 0.015 Hz at a 10-mV amplitude signal. All the samples for corrosion
testing were polished with 1200-grit paper to equalize their roughness.

2.5. Stress Corrosion

The stress corrosion was evaluated by slow strain rate testing (SSRT) using a Cormet
C-76 apparatus (Cormet Testing Systems, Vantaa, Finland) according to the ASTM G129-
00 standard. The dimensions of the test samples were the following: a gauge length of
25.4 mm and rectangular cross-section of 7 mm2. The strain rates used for the SSRT tests
were 2.5 * 10−7, 2.5 * 10−6 and 2.5 * 10−5 s−1, and they were tested 3 times. All the SSRT
examinations were carried out in a 3.5% NaCl solution at ambient temperature (25 ◦C).

3. Results
3.1. Roughness Analysis

The general appearance and close-up views of a cross-section of the WLAM 316L
samples in the as-printed conditions are shown in Figure 1. These pictures reveal a
relatively rough external surface with a few defects at the interface between the additively
manufactured layers. The mean surface roughness (Ra) of the WLAM samples was nearly
three times higher than that of the counterpart AISI 316 alloy, as shown in Table 1 and
in accord with the ISO 4287:1997 standard. The relatively high surface roughness of the
WLAM samples may have been due to an excessive wire-feeding rate or insufficient heating
during the printing process [29]. In addition, the absence of inherent fusion defects in
the WLAM samples located at the melt pool boundaries was probably also the result of
insufficient heating conditions [38].
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Figure 1. Cross-section views of WLAM 316L samples) a) high magnification (×50) (b) low magnifi-
cation (×5).

Table 1. Surface roughness of WLAM 316L samples compared with the counterpart AISI 316L alloy.

Material Ra—Roughness (µm)

WLAM 316L 11.8 ± 3.7

AISI 316L 4.1 ± 0.5

3.2. Microstructure Analysis

The chemical compositions of the WLAM samples, the AISI 316L counterpart alloy
and the welding wire used in the present study are shown in Table 2. These results
show that the composition of the WLAM alloy was quite similar to that of the feeding
wire, while the AISI counterpart alloy contained slightly reduced amounts of Cr, Ni and
Mo. All the materials tested showed identical carbon contents. It should be noted that
the chemical composition of the welding wire was determined and compared with the
AWS: A5.9 standard for the AWS ER316L wires, while those of the WLAM samples were
measured and compared with the ASTM F138 standard for bulk material.
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Table 2. Chemical compositions (wt.%) of the welding wire, WLAM 316L samples and counterpart AISI 316L alloy.

Material Cr Ni Mo C Mn Si Cu P S Fe

Welding wire (316L) 18.9 11.8 2.2 0.02 2.1 0.8 0.23 0.02 0.01 Bal.

WLAM 316L 18.8 11.1 1.9 0.02 1.6 0.6 0.16 0.02 0.01 Bal.

AISI 316L 17.0 9.6 1.5 0.02 2.1 0.3 0.2 0.03 0.06 Bal.

X-ray diffraction analysis revealed that the WLAM alloy was composed of two phases—δ-
ferrite and γ-austenite—while its counterpart AISI alloy was composed only of an austenitic
phase (Figure 2). This observation is in keeping with the results of Ron et al. [18] and
Saeidi et al. [4], and this was, in fact, the expected result from the AM processes using 316L
stainless steel as a feeding material. The different peak intensities found in the XZ and XY
directions of the WLAM alloy were mainly due to the epitaxial solidification occurring in
the AM process.

Metals 2021, 11, x FOR PEER REVIEW 5 of 13 
 

 

 
Figure 2. X-ray diffraction analysis of the WLAM 316L sample (in XY and XZ planes) and the counterpart AISI 316L alloy. 

 
Figure 3. Typical microstructure of WLAM 316L samples: (a,b) XY plane and (c,d) XZ plane. 

Figure 2. X-ray diffraction analysis of the WLAM 316L sample (in XY and XZ planes) and the
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The typical microstructure obtained by optical microscopy for the WLAM alloy is
shown in Figure 3. The micrographs revealed the presence of an austenitic matrix with a
secondary ferritic phase having a dendrite structure concentrated at the grain boundaries.
The microstructure of the XY plane had a relatively general uniform morphology, whereas
the microstructure of the XZ plane showed an epitaxial solidification nature with clearly
visible melt pool boundaries. The formation of the two-phase microstructure by the WLAM
alloy can be explained in terms of a Schaeffler diagram [39], which is able to predict the
kinds of phases generated in the weld deposits of stainless steel. Consequently, it is believed
that the solidification conditions of the melt pool, in terms of temperature gradients, can
create different concentrations of the alloying elements. Hence, it is believed that the
increased amount of Cr at the edge of the melt pool could promote the formation of a
ferritic phase, while the main bulk of the pool that was enriched with Ni maintained its
austenitic structure. Scanning electron microscopy revealed microstructural imperfections
in the form of porosity and a lack of fusion, as shown in Figure 4. While the porosity
concentration was about 0.01 per µm2, the dimeter of the porosity was relatively small
(about 1 µm) compared with, for example, about 15 µm, which was obtained through the
laser powder bed fusion of steels [40]. In addition, while the porosity was mainly generated
by the release of entrapped gas, the lack of fusion defects was due to insufficient heating,
which prevented the printed layers from adequately fusing together. It should be noted
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that both defect types can act as areas of stress concentration that can promote premature
mechanical failure [21,41].
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3.3. Mechanical Behavior

The mechanical properties of the WLAM samples and their counterpart AISI 316L
alloy, as represented by their stress–strain curves, are shown in Figure 5. Detailed mechan-
ical properties including the tensile strength, yield strength, percentage elongation and
hardness are presented in Table 3. These data clearly show that the mechanical properties
of the WLAM samples were inferior to those of the counterpart AISI 316L alloy. The
relative inferiority of the mechanical properties of the WLAM alloy can be attributed to the
presence of inherent microstructural imperfections, mainly in the form of porosity and a
lack of fusion.
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Table 3. Mechanical properties of the WLAM samples and the counterpart AISI 316L alloy.

Material Ultimate Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness (HV10)

WLAM 316L 478.8 ± 21.2 291.6 ± 27.0 13.8 ± 0.4 223.2 ± 9.4

AISI 316L 611.2 ± 2.2 384.1 ± 28.1 21.7 ± 0.4 275.2 ± 7.5

3.4. Corrosion Resistance

The corrosion performance of the WLAM samples and the counterpart AISI 316L alloy,
as expressed in the potentiodynamic polarization analysis, are shown in Figure 6. The Tafel
extrapolation measurements are presented in Table 4. Although both alloys demonstrated
adequate corrosion resistance (less than 0.02 mmpy [42]), the corrosion current and passi-
vation current of the WLAM alloy were relatively elevated, indicating a reduced passivity
capability. Consequently, it appears that the resistance of the WLAM alloy to localized
corrosion attacks was relatively reduced. This assumption is also supported by the results
of the Nyquist diagram determined from electrochemical impedance spectroscopy (EIS)
analysis, as shown in Figure 7 and Table 5. These measurements clearly show that the curve
radius of the Nyquist diagram of the counterpart AISI 316L alloy was relatively higher
than that of the WLAM alloy, which clearly indicates the existence of increased surface
corrosion resistance.

Table 4. Corrosion characteristics of the WLAM sample and its counterpart AISI 316L alloy, along
with corrosion rate measurements obtained by Tafel extrapolation.

Material Icorr
(µA)

Ecorr
(V)

Ipass
(mA)

Corrosion Rate
(mmpy)

WLAM 316L 0.3 −0.27 3.7 ± 1.3 0.0032

AISI 316L 0.06 −0.25 1.5 ± 0.7 0.0007
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Table 5. Parameters of EIS analysis presented in Figure 7.

Material R1 (ohm) Q1 (F·sa−1) a R2 (ohm)

WLAM 316L 15.3 7.34 * 10−5 0.825 45,890

AISI 316L 15.6 4.91 * 10−5 0.821 29,735

3.5. Stress Corrosion Analysis

The stress corrosion behavior of the WLAM samples and the counterpart AISI 316L
alloy was also investigated using slow strain rate testing (SSRT) in a 3.5% NaCl solution
at different strain rates, as shown in Figures 8–11. The ultimate tensile strength (UTS) vs.
strain rate (Figure 8) of the two alloys were quite similar, including their sensitivity factor
m (m is the parameter required to enable fitting of the equation (σuts = C·ε.m), where C
is a fitting constant). In the results, m was 0.0255 and 0.0393 for the WLAM sample and
counterpart alloy AISI 316L, respectively. The two alloys showed similar elongation vs.
strain rate behaviors (Figure 10) while maintaining their inherent differences in elongation,
as obtained by the stress–strain curve examinations in air. Both alloys showed similar
Young’s modulus values as well (Figure 11), with increasing values with the increase in
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the strain rate. The main difference in SSRT behavior between the two alloys was obtained
for their time to failure vs. strain rate curves shown in Figure 10. This difference was
manifested especially at reduced strain rates (below 2.5 × 10−6 s−1), when the effect of the
corrosive solution was significantly more dominant. Consequently, the time to failure of
the WLAM sample and its counterpart AISI-wrought alloy at a strain rate of 2.5 × 10−7 was
about 400 h and 600 h, respectively. This clearly indicates that the overall stress corrosion
resistance of the WLAM alloy was relatively reduced compared with its counterpart AISI
316L alloy. The fractography analysis of the two alloys after the SSRT examination at a
strain rate of 2.5 * 10−7 s−1 is shown in Figure 12. This analysis revealed that the source of
failure of the counterpart AISI 316L alloy was its relatively greater ductility vs. that of the
WLAM alloy. This was manifested by the increased depth of the dimples in the fracture
surface of the counterpart AISI alloy, indicating increased ductility [43,44].
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4. Discussion

A major difference between the WLAM 316L alloy and its counterpart AISI 316L
alloy lies in their microstructural dissimilarities, mainly the phase composition, structural
morphology and inherent defects. With regard to the phase composition, the two-phase
microstructure (γ-Fe and δ-Fe) obtained in the WLAM process using regular 316L alloy as a
feeding wire can be explained in terms of a Schaeffler diagram. This kind of diagram can be
used to predict the type of phases obtained in the weld deposits of stainless steel, depending
on their alloying compositions. According to Guo et al. [45], the position of the 316L alloy
in the Schaeffler diagram indicates that this alloy can accommodate up to about a 5%
ferritic phase within an austenitic matrix. Hence, during the WLAM solidification process,
the concentrations of the Ni equivalent and Cr equivalent are non-uniform throughout
the melt pool, creating a Ni-rich matrix and Cr-rich regions as a secondary ferritic phase
at the grain boundaries. Consequently, the Ni-rich regions produce an FCC-austenite
phase, while the Cr-rich regions produce a BCC-ferritic phase [46]. In the case of the
WLAM process, melt pool boundaries are formed due to the differences in the temperature
gradients. Lower temperatures at the edge of the melt pool permit a slower solidification
process, which leads to the formation of a more stable ferritic phase. In parallel, much
higher temperature gradients (above 103 K) can create a meta-stable austenite phase at the
core of the melt pool [46,47]. In parallel, the microstructure of the counterpart AISI 316L
alloy was purely austenitic, as clearly indicated by the X-ray diffraction analysis. In this
case, there was no evidence of significant temperature gradients within the bulk of the
alloy during solidification that could create the formation of a separate ferritic phase as
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in the case of the WLAM alloy. With regard to the inherent defects, it was evident that
the samples produced by WLAM included typical AM microstructural imperfections in
the form of porosity and a lack of fusion, which could have a detrimental effect on the
mechanical properties and corrosion resistance [48,49].

In addition, it was evident from the potentiodynamic polarization analysis that the
corrosion and passivation currents of the WLAM alloy were relatively elevated compared
with its counterpart AISI 316L alloy, clearly indicating that the WLAM samples were more
susceptible to localized corrosion attacks [50,51]. This result was also supported by the
electrochemical impedance spectroscopy analysis and the associated Nyquist diagram
curve radius. The reduced stress corrosion resistance demonstrated by SSRT analysis of the
WLAM samples compared with the AISI 316L alloy was manifested mainly in terms of the
time to failure vs. strain rate. At a relatively slow strain rate of 2.5 × 10−7 s−1, the times
to failure of the WLAM sample and its counterpart AISI-wrought alloy were about 400 h
and 600 h, respectively. This finding clearly indicates that slower strain rates amplified
the effect of corrosion attacks by increasing the exposure time to the corrosive medium,
which consequently triggered corrosion processes, mainly at the inherent microstructural
imperfections.

All the phenomena discussed in this paper—the inferior mechanical properties, cor-
rosion resistance and stress corrosion endurance of the WLAM samples compared with
the AISI 316L alloy—can be attributed to the differences in microstructures and inherent
defects that are formed during the WLAM process. Hence, additional experimental work
is required in order to optimize the processing parameters of the WLAM process, mainly
with the aim to reduce the inherent defects in the form of the porosity and lack of fusion.
In addition, post heat treatments should also be considered in order to upgrade the ho-
mogeneity of the WLAM alloy and reduce its internal stresses that affect the mechanical
and corrosion resistance properties. Altogether, this study contributes an important experi-
mental step toward the capability to produce simple geometrics at affordable costs using
WLAM technology.

5. Conclusions

The mechanical properties, corrosion resistance and stress corrosion performance of
the samples produced by the wire laser additive manufacturing (WLAM) process using
316L as a feeding wire were relatively inferior compared with its counterpart AISI 316L
alloy. The difference in properties was attributed to dissimilarities in the microstructures
and inherent defects in the form of the porosity and lack of fusion. In the case of the
WLAM alloy, the microstructure was composed of two phases (δ-ferrite and γ-austenite),
while its counterpart alloy had a full austenitic structure. The two-phase microstructure
in the WLAM alloy was explained in terms of a Schaeffler diagram. Consequently, it
is believed that the lower temperatures at the edge of the melt pool permit a slower
solidification process, which leads to the formation of the ferritic phase. The sensitivity of
the WLAM samples to premature stress corrosion failure as evaluated by SSRT analysis
was significantly increased at slow strain rates (below 2.5 × 10−6 s−1) due to the dominant
effect of the corrosive environment.
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