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One technique of additive manufacturing is the binder-jetting technique that has the advantages of low costs, printing at room
temperature and in air, and no need of a support structure. The aim of this study was to investigate the corrosion behavior of printed
316L surfaces with and without different post surface treatments of blasting and superfinishing. Comparative studies were
performed on abraded wrought 316L. Surface topography, porosity, surface oxide composition, and electrochemical characteristics,
including pitting corrosion, were investigated at room temperature as a function of post surface treatments in diluted hydrochloric
acid at pH 1.5. The blasting and superfinishing treatment significantly reduced the surface roughness and level of surface porosity.
Blasting detrimentally affected on the pitting corrosion resistance. The superfinishing process induced an enrichment of chromium
in the surface oxide and improved the pitting corrosion resistance. All surfaces revealed slightly reduced susceptibility to pit
initiation and metastable pitting as compared to wrought 316L, possibly explained by the absence of inclusions. Once pitting
propagation was induced, repassivation was hindered for all surfaces compared with the wrought surface. The pitting corrosion
resistance of the as-superfinished 3161 was improved compared with wrought 316L.
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The additive manufacturing (AM) technology is currently ex-
hibiting the fastest growth in manufacturing enterprises and is
considered one of the key components of the 4th industrial
revolution.' This technology is characterized by substantially higher
dimensional accuracy, material flexibility, design freedom, and
lower cost, compared to conventional manufacturing techniques.
AM technology, which is based on an incremental layer-by-layer
process using computer-aided design, facilitates the fabrication of
complex or customized parts in an inexpensive process.” This
technique has been widely applied to fabricate high performance
components for e.g. aerospace, medicine, and energy and automotive
applications.> Advantages and disadvantages for different material
groups and applications using several AM technologies have been
recently reviewed in Refs. 2—4. There is a growing interest in
developin§ AM technologies for the fabrication of different metallic
materials.” Selective laser melting (SLM), an AM technique based
on powder bed fusion, has been widely utilized for metals. The SLM
method to produce metallic components is today often superior in
terms of corrosion properties as compared to traditional manufac-
turing methods, such as casting or rolling.>” Nevertheless, it also has
specific drawbacks such as the formation of non-equilibrium
microstructures, the availability of a limited number of metal/alloy
powders, a necessary support structure, the formation of molten pool
boundaries, and a high level of residual stresses.>'" An alternative
AM method is the binder jetting (BJ) AM technology, in which the
parts are built layer-by-layer by applying a binder between each
metal powder layer prior to sintering. BJ was invented in 1993 at the
Massachusetts Institute of Technology, US, and has been developed
by several companies in the world. =13 1t has been concluded that
the improvement of the post processing has one of the greatest
potentials for advancing the BJ technology. However, porosity and
limited mechanical properties are considered the main challenges of
the BJ technique.'*'> The printing procedure is carried out at room
temperature without any protective atmosphere.'® The printed
components are finally sintered at optimal temperature and may
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also receive post-processing such as blasting and surface finish. High
productivity, good surface quality and low costs have been claimed
the main advantages of the BJ 3D printing technology,'” along with
the absence of distortion and residual stresses since the process is
conducted at room temperature. The process is able to produce
complex AISI 316L stainless steel parts with a density up to 97%
without any dependence on the printing orientation.'® However,
many aspects of the performance, including the corrosion behavior,
of these printed products of 316L are still unknown.'> 316L is an
austenitic stainless steel of low carbon content (<0.03 wt%) and high
corrosion resistance but shows, depending on exposure conditions, a
susceptibility to local corrosion phenomena.

It has been reported that the surface roughness of metallic
products fabricated by traditional AM methods, such as SLM, can
be as high as 10-30 pm,'®?° while the typical roughness of the BJ
printed and as-sintered surfaces is approximately 6 pum. Different
post surface treatments can for both products be applied to reduce
the roughness. The surface roughness and material interactions
induced by different surface finishing processes influence the
corrosion resistance.’'™ It has for example been reported that
sand blasting and brushing can improve the resistance to pitting
corrosion and stress corrosion cracking of 316L in 3.5% NaCl,>' and
improved corrosion resistance has also been reported for 316L in
1 M NaCl after a combined sand blasting and surface finishing.>*
Beneficial effects of mechanical laser shock processing, but detri-
mental effects of thermo-mechanical laser shock processing, on the
pitting corrosion resistance have been reported for 316L.%° Blasting
was found to have a detrimental effect on the pitting corrosion
resistance of 316L in chloride containing solutions.”® The duration
of shot peening (blasting) was further found to play a critical role for
the pitting corrosion resistance of 316L.>” Numerous knowledge
gaps exist that are related to effects of surface post-processing of 3D
printed materials on the corrosion properties.'® Available studies
focus mainly on SLM-fabricated metals.'®**=° Knowledge on the
influence of surface finish on the corrosion behavior and surface
oxide characteristics of BJ printed 316L stainless steels is still not
reported. The aim of this work was therefore to investigate the
corrosion behavior of BJ printed 316L surfaces with and without
different post surface treatments of blasting and superfinishing
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treatments. Pitting corrosion resistance, surface topography, por-
osity, and surface oxide composition were investigated before and
after exposure in diluted hydrochloric acid (HCI).

Experimental

Fabrication of binder jetting printed specimens.—AISI 316L
stainless steel specimens were fabricated (printed) by Digital Metal
(DM) based on their metal binder jetting additive manufacturing
(AM) technology. Micron-sized spherical 316L powder (14 um
mean diameter, Digital Metal AB) was used as feedstock material
and C20 ink (Digital Metal AB) was applied as binder material. The
binder was fully organic. The powder was characterized by means of
laser diffraction in aqueous solution, using the same method as
reported previously,®' revealing the same mean diameter (14 um) as
given by the supplier. The magnetic properties of the powder were
investigated by means of a strong magnet, which was moved against
gravity outside of the vessel containing the powder.*> Parallel
measurements were performed on wrought 316L coupons (thickness
2 mm). Parts of the results of the wrought reference material have
recently been published as a reference for SLM 316L specimens’
and are included for comparative reasons. The chemical composi-
tions of the printed and the wrought specimen, based on supplier
information, are given in Table I. The printed specimens (5 x 10 X
1 mm) were fabricated using optimized industrial parameters for
316L. Printing was performed in a DMP2500 printer with layer
thickness 42 im and print speed of 100 cm® h™'. Components were
separately de-bound at 345 °C for 2h prior to sintering. The
sintering process was conducted at 1370 °C for 2h in hydrogen
atmosphere. According to Digital Metal AB, the binder is comple-
tely removed during the de-binding and sintering processes.

After sintering, two third of the specimens were subjected to sand
blasting and subsequently one third (half of the sand blasted)
specimens were processed through a superfinishing process. The
blasting process was performed with blasting media MSEKR 54 A at
3 bar pressure for a period of 5-10 s or until an even blasted surface
was obtained. The blasting media had a particle size of 260-340 pm
and was supplied by Iepco AG, Switzerland. Superfinished compo-
nents were treated with the ISF° process by REM Surface
Engineering, US. The process is a two-stage water-based che-
mical-mechanical process. The first (refinement) stage was per-
formed in a solution of Magalloy” Mag2300 for a period of 4 h. The
second (burnish) stage utilized Ferromil” FBC-295 for 8 h.

After sintering, the surface roughness was, based on supplier
information, approximately 6 um, followed by post-blasting to
3 um, and super-finishing to 1 ym. The characteristics of these
surfaces, the as-sintered, the as-blasted and the as-superfinished,
were investigated and compared.

Microstructural characterization of printed and wrought sur-
Jaces.—The microstructures were characterized using light optical
microscopy (LOM, a Leica DM2700 M instrument) and scanning
electron microscopy (SEM, a tabletop TM-1000 Hitachi micro-
scope). The surface morphologies of the different printed specimens
were investigated in their as-received conditions by means of LOM.

The surfaces of the wrought specimen and one of the as-sintered
printed specimens were abraded using 1200 grit SiC paper, polished
using a polishing cloth with 6 followed by 1 um diamond paste,

subsequently, ultrasonically cleaned in ethanol for 5 min, and finally
dried with nitrogen gas at room temperature. The polished wrought
and as-sintered specimens were then etched using Kalling’s No. 2
reagent (50 ml HCI, 50 ml ethanol, and 2 g cupric chloride powder in
a 100 ml solution) at room temperature for 30s prior to the
microstructural investigation by means of LOM.

In order to investigate the presence of inclusions in the speci-
mens, the as-sintered and wrought 316L specimens were also
characterized using SEM equipped with an energy dispersive X-
ray spectrometer (EDS). The specimens were polished and cleaned
similar as described for the microstructural investigation but without
the etching step.

The microstructural phase composition was assessed using X-ray
diffraction (XRD, Philips X’Pert-MPD, the Netherlands) with Cu
Ko radiation (A = 0.542 A). Phase analysis was conducted by
X’Pert High Score software.

Surface characterization of as-received BJ printed and wrought
surfaces.—The surface topography of the wrought (abraded, 1200 grit
SiC) and as-received BJ printed specimens with different surface finish
were determined using a Bruker, DekraXT, surface profilometer with
Vision64 software. The scan range was 65.5 ym with a tip radius of
2 um. The vertical resolution was 10nm. The dimension of the
examined area was 2 x 2 mm?. Different parameters of Ra (arithmetical
mean deviation of the assessed profile), Rp (maximum peak height of
the profile), Rq (root mean square average of the profile), Rv (maximum
valley depth) and Rz (maximum height of the profile) were determined
based on ISO 4287 standard.™

The surface wettability of all specimens, for as-received printed
surfaces and abraded (1200 grit SiC) surface for the wrought 316L,
was assessed by recording the static contact angle () between the
surface and a 2 pl droplet of ultrapure water (18 M2 cm) at ambient
temperature, atmospheric pressure and a relative humidity of about
45%. The contact angle of the water droplet was measured using an
optical measurement system (CA-500A, Sharif Solar, Iran) with a
goniometer software tool in a static mode. These tests were repeated
five times for each specimen. Prior to examinations, the surfaces
were blown with air to avoid static electricity. A surface with a
contact angle exceeding 90° is considered hydrophobic, and hydro-
philic if the angle is lower than 45°3*

Surface compositional analyses of the outermost surface (5-10 nm)
were performed by means of X-ray Photoelectron Spectroscopy, XPS
(Kratos Analytical, Manchester, UK, monochromatic 150 W, Al X-ray
source, UltraDLD spectrometer). Measurements were performed on
duplicate locations (300 x 700 um) for each specimen (abraded
wrought 316L, as-received BJ printed specimens), and for all speci-
mens exposed for one week in diluted HCl. Wide spectra and high-
resolution spectra (pass energy of 20 eV) were obtained for Fe 2p, Cr
2p, Ni 2p, Mn 2p, Cl 2p, O 1s, and C 1s (as an energy reference,
285.0eV).

Whether differences were statistically significant or not was
determined by means of a student’s t-test of unpaired data with
unequal variance (Kaleidagraph v. 4.0), with p < 0.05 referred to as
a statistically significant difference. Despite different surface rough-
ness for the different surfaces, there was a minor effect of the surface
roughness on the intensity of the peaks. To account for any surface
roughness effect, the results are presented as relative ratios of
metallic and oxidized peaks of the different metals.

Table 1. Nominal bulk composition (wt-%) of the 316L binder jetted and of wrought AISI 316L used as reference material based on supplier

information.

316L Cr Mn Ni Cu Mo N C S Fe
As-sintered 17.5 1.2 11.9 N/A 2.2 0.004 0.02 0.001 Bal.
wrought 16.9 1.3 10.1 0.5 2.0 0.05 0.02 0.0006 Bal.

N/A—no data available.
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Figure 1. Representative surface line profiles of the surface topography of the BJ printed 316L specimens of different post surface treatment: as-sintered (a), as-

blasted (b), and as-superfinished (c).

Electrochemical measurements and immersion test.—
Electrochemical characterization, including open circuit potential
(OCP), potentiodynamic polarization, and electrochemical impe-
dance spectroscopy (EIS) evaluations, were accomplished at aerated
conditions and room temperature using a Princeton Applied
Research potentiostat equipped with several PMC-1000 channels.
All corrosion tests were conducted in diluted HCI [pH 1.5, 4 g 1™
25% HCI solution (3.6 ml1™Y) in ultrapure water (18.2 MQ cm
resistivity, Millipore, Sweden)] using a conventional three-elec-
trode flat cell with the specimens (exposed area 1 cm?) as working
electrode, a platinum mesh as counter electrode and an Ag/AgCl
saturated KCl electrode as reference electrode. Before the corrosion
experiments, the as-received printed specimens were ultrasonically
degreased in ethanol and acetone for 5 min in each, subsequently,
rinsed by ultrapure water, and dried with nitrogen gas (at room
temperature). The wrought specimen was abraded with 1200 grit
SiC paper and then cleaned as described for the printed specimens.
All specimens were prior to the electrochemical measurements
stored for 24 + 1 h in a desiccator (room temperature) to ensure a
reproducible surface oxide.

OCP assessments were conducted for 1h before all other
corrosion evaluations to ensure a steady state condition. Cyclic
polarization was carried out with a scan rate of 1 mVs™' from
—0.25V vs OCP to 1.2 V vs Ag/AgCl sat. KCI or when the current
reached 0.1 mA cm_z, followed by a reverse scan back to the
measured corrosion potential. To avoid crevices, the samples were
tested with standard flat cells equipped with sealing rings. After each
corrosion test, the surface of the specimen was observed by LOM for
crevice corrosion along these sealing rings (none was found).

EIS was performed at OCP by applying an alternating current
(AC) voltage with an amplitude of 10 mV,,s and sweeping the
frequencies from 10,000 Hz to 0.01 Hz.

Based on literature findings of EIS fitting of SLM and wrought
316L,7*7 the EIS data was fitted (ZView software) using a one-
time constant equivalent circuit (simplified Randles circuit). In this
model, Ry and R, represent the electrolyte resistance and the
polarization resistance, respectively. The constant phase element
(CPE) represents the double layer capacitance of the interface, which
has non-ideal characteristics resulting from surface heterogeneity,
roughness, edge effects, etc. The impedance of the CPE (Zcpg) is
defined as Zcpg = 1/(Q(jw)™), where Q is the CPE parameter, j is the
imaginary unit (j* = -1), w is the angular frequency and n
(0<n<1) is the phase constant exponent, which is related to the
roughness, porosity, and physical nature of the metal surface.*® CPE
is representative of a pure capacitor when n = 1, and of a pure
resistor when n = 0. A good fitting of the experimental data was
achieved based on the fitting quality evaluations with chi-squared
(%2) values lower than 0.007.

Immersion tests were conducted in the diluted HCI solution at
room temperature for all specimens, surface-prepared as above, for

168 h (one week). After immersion, the coupons were rinsed with
ultrapure water and evaluated using SEM and XPS. All test vessels
were acid-cleaned (10% HNO; for at least 24 h, rinsed 4 times with
ultrapure water and dried in ambient air in the laboratory).

Results

Surface topography.—The surface profiles of the different BJ
printed 316L specimens are shown in Fig. 1. The as-sintered
specimen exhibited the highest roughness (Ra of 6.3 + 0.4 um)
compared with the as-blasted (4.3 + 0.8 pum, a decrease of 32%) and
the as-superfinished specimens (0.88 + 0.45 pym, a decrease of 86%
as compared to as-sintered). As shown in Fig. 2, the maximum
profile peak height (Rz) of the as-sintered specimen was 37 +
4.4 pm, which is significantly higher as compared to that of the as-
blasted (26 + 4.8 pum) and as-superfinished (10 = 3.0 yum) specimens.
Compared to the blasting process, the superfinishing treatment
reduced all surface texture parameters even further (Fig. 2). The
blasting and superfinishing treatments exhibited different impacts on
the surface texture of the BJ printed 316L. The influence of the
superfinishing process on Rp (1.3 ym as compared to 13.3 um for
the as-sintered) was higher than on Rv (8.7 yum as compared to
24 pum), however, the blasting process had a smaller effect on the
peaks (Rp = 9.8 um) and valleys (Rv = 16 um), Fig. 2.

40

0

As-sintered  As-blasted As-superfinished

Figure 2. Surface texture parameters of the BJ printed 316L with different
surface finishing processes. The error bars show the standard deviation of
triplicate measurements. Ra (arithmetical mean deviation of the assessed
profile), Rp (maximum peak height), Rq (root mean square average of the
profile), Rv (maximum valley depth) and Rt (maximum height of the profile).
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Figure 3. Light optical (left) and scanning electron micrographs (middle and right columns) of the surface morphology of the BJ printed 316L surfaces at
different magnifications: (a)—(c) as-sintered, (d)—(f) as-blasted, (g)—(i) as-superfinished.

Microstructure and surface topography of BJ printed and
wrought 316L.—Optical and SEM imaging of the as-received
printed specimens revealed heterogeneous surfaces with closed
cavities, printing traces, and remaining sticky powders, Fig. 3 and
Fig. S1 (available online at stacks.iop.org/JES/167/131503/mmedia).

Some metallic agglomerates were visible on the as-sintered
surface (Fig. S1) showing a relatively dense and rough surface
with pores. The printing tracks were well-arranged and parallel to
the printing direction with visible coherent bonding features between
these tracks. No apparent cracks or large-sized pores were observed
on the as-sintered surface, although some micropores were visible.
The blasting process resulted in an irregular and rough surface with
crater-like regions, Fig. 3. The presence of sharp edges and furrows
on the as-blasted surface was attributed to plastic deformation and
material tearing associated with the blasting treatment,®® surface
features that were removed by the superfinishing treatment, Fig. 3.
The presence of some pores and cavities, Figs. 3 and S1, is probably
related to the BJ AM method applied, as a density of 97% is
expected for the process used for this study.

The LOM investigation of the wrought and etched 316L
specimen showed fine equiaxed grains (mean grain size: 8§ pm)
with some annealing twins, Fig. S2. Detailed microstructural
analysis of the 316L material is reported elsewhere.*® A similar
investigation on the BJ printed specimen (polished and etched as-
sintered 316L) revealed larger grains (50-100 pum as compared to
5-30 pum for the wrought specimen) and also twins, Fig. S2. Based
on optical image analysis (Image J software) the surface porosity of

the BJ printed specimens was estimated to 39.5 + 3.2% (as-sintered),
35.4 + 2.3% (as-blasted) and 18.2 = 1.9% (as-superfinished).

The majority of the powder was found to be ferromagnetic, which
indicates a rapid solidification process causing a metastable body-
centered cubic (BCC) ferritic phase,”>*' which upon heating can be
transformed to its stable austenitic phase. XRD patterns of the wrought
and the printed and sintered surfaces are presented in Fig. 4. All
specimens exhibited the face-centered cubic austenite phase (FCC-7)
with strong diffraction peaks corresponding to crystal faces of (111),
(200), and (220). The peak intensity of the (220) crystal face was
stronger for the wrought specimen compared to the printed specimens,
whereas the opposite was the case for the (111) crystal face. No traces
of the BCC ferrite phase were observed for any of the specimens.

To evaluate the presence and distribution of inclusions, SEM and
EDS analyses were carried out. As shown in Figs. 5a-5b, the
inclusions were mostly spherical in shape for the wrought 316L
surface. The EDS analyses of these inclusions revealed excess
oxygen, magnesium, aluminum, manganese, titanium, and/or cal-
cium, Fig. S3. No evidence of MnS inclusions was found, probably
due to the very low sulfur content of this wrought 316L. These
observations are in agreement with previous findings.*> The SEM
micrographs of the polished as-sintered specimen (Figs. 5c—5d)
revealed a microstructure with random-sized porosity as the main
microstructural feature.'”> No evidence of any inclusions was
observed for the BJ polished and etched as-sintered 316L specimen,
and no sulfur, calcium, aluminum, titanium, or magnesium were
detected, Fig. S3.
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Figure 4. XRD diffraction patterns of the microstructure of the BJ printed
specimens of different post-treatments and wrought 316L for comparison.

Electrochemical properties.—Both the as-sintered and the as-
superfinished specimens exhibited a more positive open circuit
potential, OCP, after 1 h in diluted HCI (=0.05 V pg/agc1) compared
to the as-blasted and the wrought 316L specimen (=~ —0.1
Vagagcr), Fig. 6a. The OCP decreased during the first 1000 s
followed by relatively stable potentials for the as-sintered and the

a
- /f /. "
b 7
100 pm
¢ § '
C /
i L N
4 *

y {
r 0 "-‘ >
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as-superfinished specimens. In the case of the as-blasted and the
wrought specimens, OCP gradually increased with time (some
extent of passivation).

Cyclic potentiodynamic polarization measurements showed a
passive behavior of all specimens in the diluted HCI solution
(pH 1.5), Fig. 6b, Table II. The passive current density was higher
for the printed surfaces as compared to the abraded wrought 316L
reference, Table II. The as-blasted surface showed the narrowest
passive region and the lowest pitting potential (Ey;) value compared
with the as-sintered and the as-superfinished surfaces that exhibited
wider passive regions and high pitting potentials. While the pitting
corrosion resistance was improved by the superfinishing process, the
blasting treatment strongly deteriorated the same property.

The as-sintered and the as-superfinished surfaces did not reveal
any current fluctuations prior to the breakdown potential, effects
observed for the as-blasted and the wrought specimens, Fig. 6b. In
contrast to these observations, the repassivation behavior was
impeded for all printed specimens compared to the wrought material.

EIS measurements were performed to further characterize the
surface oxide properties of the printed specimens. The Nyquist plots,
Fig. 7, revealed similar capacitance arc shapes for all the specimens.
Generally, the barrier properties of the passive oxide increase with
increasing radius of this capacitive arc.** The surface barrier
properties (radius) decreased in the following way: as-superfinished
> as-sintered > wrought > as-blasted specimens, Fig. 7.

All negative phase angles evolved between 50 and 60° in the
Bode plots, Fig. S4, which means that the passive oxide had mainly
capacitive properties.*> The impedances at intermediate and low
frequencies represent the charge transport characteristics across the
double layer and the passive oxide film, respectively.* Observed
shifts of the response in the Bode plots to higher impedance/phase

b

20 pm

20 pm

Figure 5. SEM images of polished wrought (a)—(b) and BJ as-sintered (c)—(d) 316L specimens. The arrows in (a) indicate inclusions. Higher magnifications in

(b) and (d).
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Figure 6. (a) Open circuit potential (OCP) measurements with time for the BJ printed 316L specimens of different post treatments compared with wrought 316L
for comparison in diluted HCI solution (pH 1.5) at room temperature up to 1 h. The data reflects the mean value of triplicate measurements of unique specimens.
(b) Representative cyclic polarization curves (forward and reverse scans). The markers in (a)—(b) are only guides for the eye. The arrows in (b) mark the scan

direction.

Table II. Electrochemical results: corrosion potential (Ec,,,), corrosion current density (icorr), passive current density (ipass), pitting potential (Ep;)
and repassivation potential (E,.;), obtained from the cyclic potentiodynamic polarization curves of printed and wrought 316L specimens 1mmersed
in diluted HCI solution for 1 h (pH 1.5) at room temperature. The passive current density was determined from the center of each passive range*
and the corrosion current density and corrosion potential by Tafel approximation. Each parameter is based on measurements for at least three

replicate measurements showing the mean and standard deviations.

ipass (HA Cmiz) Epil (mVAg/AgCl) Erep (mVAg/AgCI)

SpCCianS icorr (N’A cm—2) Ecnrr (mVAg/AgC])
Wrought 316L 0.7 £ 0.1 —323 +35
As-sintered 0.5+0.2 275
As-blasted 2+0.5 3+0.5
As-superfinished 0.1 £0.02 —24+3

angle values indicate improved electrochemical stability of the
passive oxide.*” The blasting treatment resulted in a reduction of
the negative phase angle values (reduced chemical stability),
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As-sintered
30000 - 4 As-blasted
% As-superfinished
o
=
o
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N
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Figure 7. Electrochemical impedance measurements of the BJ printed 316L
surfaces of different surface treatment illustrated by representative Nyquist
plots and equivalent electrical circuit (EEC) model (inset) in diluted HCI1
(pH 1.5). Corresponding Bode plots are shown in Fig. S4.

2=+1 607 + 20 150 = 15
15+8 1003 + 210 —125 + 16
40+3 407 = 30 —30+8
I11£5 965 + 120 97 £ 10

whereas improved stability of the surface oxide was evident for
the as-sintered and as-superfinished specimens (based on their higher
negative phase angle values in a wider frequency range).

A higher corrosion resistance is associated with a larger value of
R,, since the corrosion current density is inversely related to R, based
on the Stern-Geary equation.*® The lowest corrosion reswtance Ry),
and therefore the highest corrosion rate, was observed for the as-
blasted specimen, Table III. The as-superfinished specimen showed
the highest corrosion resistance, being approximately 4-fold higher
compared with the as-blasted specimen, Table III. The as-blasted
specimen exhibited the highest CPE, Table IIl. An increased CPE
can be attrlbuted to a reduced thickness of the passive layer (surface
ox1de)

Corrosion morphologies and surface characteristics after one
week of immersion in diluted HCl.—From the SEM images of the
printed surfaces after one week of immersion at the open circuit
potential it was evident that no pitting could be observed within the
pores of either the as-sintered, the as-blasted, or the as-superfinished
specimens, Figs. 8c—8h, whereas there was evidence of pitting for
the wrought specimen observed from preferential attacks adjacent to
the relatively large-sized irregularly shaped inclusions, Figs. 8a—8b.
These pits adjacent to the inclusions in the wrought specimen
occurred at open circuit potential after one week of exposure, despite
a high pitting potential and repassivation potential of abraded
wrought 316L determined initially, Table II. It is, however, not
possible to judge from the SEM images in Figs. 8a—8b, whether
these pits have re-passivated.

The surface wettability and the extent of hydrophobicity have been
shown to be closely related to surface topography, surface roughness,
chemical properties, surface energy and texture, and hence influence
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Table III. Fitted electrochemical elements of experimental EIS spectra for BJ printed specimens of different post-treatment and abraded and aged
wrought specimens immersed in diluted HCI for 1 h. The results reflect at least two, and at most five, replicate measurements showing mean and

standard deviations.

Specimen Rs (Q cm?) CPE (s" Q' em™?) n R, (kQ cm?) Xz (x 107%)
Wrought 183 = 15 458 £ 1.1 0.75 £ 0.01 20.8+5 <7
As-sintered 172 + 5 425+ 1.5 0.75 £ 0.05 43.0+8 <5
As-blasted 166 + 12 140 + 12 0.74 + 0.01 1133 <2
As-superfinished 179 + 8 59.1 £ 0.50 0.81 = 0.02 449 +5 <3

the surface reactivity and the extent of corrosion.>**° In accordance
with the profilometry investigation (Fig. 1), the static water contact
angles decreased as follows: as-blasted (111°) ~ as-sintered (107°) >
wrought (83°) > as-superfinished (44°), Fig. S5 (supplementary
material).

X-ray photoelectron spectroscopy, XPS, was conducted to
quantify the oxidized metal content of the outermost surface of the
printed and the wrought specimens. The wrought specimen has been
abraded and then stored for 24 h in a desiccator, while the printed
specimens were investigated as-received, stored in a desiccator for
about three months prior to testing. Metallic peaks of Fe, Cr and Ni
(2p3po: Fe: 707.4+0.4 eV, 708.3£0.1eV; Cr: 5744+£0.4¢eV; Ni:
853.1+0.3 eVSl) were observed for all surfaces, Fig. 9, which
indicate a thickness of the surface oxide less than 5-10 nm (the
information depth). The relative oxide to metal peak fraction of the
as-superfinished specimen was slightly higher (0.94-1) compared
with the same fraction of the other as-received printed specimens
and the wrought reference (0.85-0.89), though not statistically
significant. These findings imply a possible thickening of the surface
oxide as a result of the superfinishing process. The as-superfinished
surface also revealed a larger relative enrichment of trivalent
chromium, Cro,/(Feox + Crox) 35%—37% as compared to 17%—23%,
within the surface oxide (Cr 2psp: 576.8 £0.4eV, 578.2+0.4¢eV)
compared with observations made for both abraded wrought and the
other as-received printed surfaces (p < 0.05), Fig. 9. Immersion in
diluted HCI1 (pH 1.5) for one week resulted in the enrichment of
trivalent chromium relative to iron (Cr,,/(Feox + Croyx): 39%—-59% as
compared to 17%-37%, p <0.05) and reduced surface oxide
thicknesses (oxide to metal peak fraction: 0.70-0.85 compared to
0.85-1, only statistically significant for the wrought 316L specimen,
p < 0.001) for all surfaces (Fe 2ps/,: 710.6 £0.9 eV, 713.0 £ 0.9 eV),
Fig. 9. Nickel was only observed in its metallic state and enriched
within a layer (Niped(Niper + Criec + Feney) ratio: 24 wt% com-
pared to its bulk content: 10%) adjacent to the surface. Evident peaks
of carbides (283.3 + 0.2 eV) were observed for all printed surfaces.

Discussion

Effects of surface topography, surface roughness, wettability
and surface composition.—The BJ printed 316L specimens with
different surface treatments showed large differences in terms of
surface topography, roughness, and wettability, properties that were
mainly attributed to the presence of some manufacturing defects and
effects, such as open pores, remaining sticky powders, redeposited
powders, spattering powder particles, and printing traces. Generally,
powders with a high flowability result in a smoother surface of the
printed part.'? Effects of the re-use of non-printed powder during
multiple printing processes and of any intermediate powder cleaning
treatments remain to be investigated in future studies.

The surface roughness has been shown to be a critical factor for
the pitting corrosion susceptibility of stainless steels in chloride
containing solutions.”> A smoother surface finish is generally
associated with a lower pitting susceptibility due to the reduction
of the number of active sites that could act as sites of pit initiation.>

The surface roughness of the as-sintered printed specimen (Ra =
6 + 0.4 um) was signiﬁcantl?l lower than reported for as-printed
SLM specimens (10-30 um).'® This might be an effect of the BJ
technique, which is a solid state 3D printing technique performed at

room temperature and for which the surrounding powder provides
enough support during the printing process. This facilitates de-
powdering and reduces the surface roughness of the printed surface.
The post-superfinishing process largely reduced the surface rough-
ness and increased the surface wettability. Observations of the static
water contact angle for the wrought specimen agreed with yreviously
reported findings for polished AISI 304 stainless steel.”* The low
contact angles observed for the as-superfinished specimen, which
underwent a chemical-mechanical two-step superfinishing process,
could possibly be attributed to effects of the residues (from e.g. acids
or complexing agents) of the superfinishing process, as previously
reported for wrought 304 treated with either nitric or citric acid.”

Findings of the surface roughness/wettability were linked to the
observations related to the electrochemical characteristics of the
printed materials, see below. The XPS investigation clearly showed
similar composition of the outermost surface oxide of the printed
specimens compared with abraded wrought material of 316L. These
similarities are in sharp contrast to findings observed for as-received
SLM printed 316L, reported to comprise oxidized manganese as a
result of the rapid solidification process.””> A reduced thickness of
the surface oxide was observed for all specimens after exposure in
diluted HCI. This observation agrees with literature findings*~%>’
as well as the observation of the enrichment of nickel adjacent to the
surface oxide.”®

Effects of surface treatment.—Mechanical post-processes like
sanding, polishing, and burnishing have been reported to strongly alter
the surface roughness and residual stresses of 316L stainless steels.”
The blasting process can induce a highly deformed surface layer with
fragmented grains, dislocations, and residual stresses, and therefore,
deteriorate the pitting resistance, as observed for the BJ printed
specimen in this study. Negative effects on the pitting corrosion of
SLM 316L by grinding has been shown to include tensile residual
stresses that reduce the resistance to pitting corrosion.”® However, the
as-blasted BJ printed specimen of this study showed an improved
pitting corrosion performance during 168 h immersion in diluted HC1
as compared to its wrought counterpart.

The as-superfinished BJ printed specimen showed clearly im-
proved pitting corrosion resistance compared to the as-blasted
specimen. This suggests that this treatment might outweigh the
negative effects of the blasting treatment on the pitting resistance in
several ways: (i) it clearly reduced the surface roughness, (ii) it
induced chromium enrichment at the outermost surface, and (iii) it
might have reduced some of the surface stresses induced by the
blasting process. The as-superfinished surface treatment did further-
more result in a reduced level of surface porosity.

Similarities of the SLM and BJ printed AM technologies.—The
absence of micrometer-sized inclusions, as observed in this study for
the BJ printed specimens has also been reported for SLM 316L
specimens.” However, the reasons are different. While rapid
solidification during the SLM process is the main reason for the
absence of these conclusions,®’ "% the reason for the BJ printed
specimens is most probably related to the quality of the input feed
powder. In this study, it was evident that the spherical gas-atomized
316L powder particles were relatively small (mean value of 14 ym)
and largely ferromagnetic, which indicates a rapid solidification
process according to literature findings.*>*'** Ferromagnetic 316L
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Figure 8. SEM images at low (left) and high (right) magnification after one week immersion in diluted HCI solution (pH 1.5) at room temperature for BJ printed
and wrought 316L surfaces: (a)-(b) wrought (c)—(d) as-sintered printed, (e)—(f) as-blasted printed, and (g)—(h) as-superfinished printed specimens. The inset in
the upper right image (wrought 316L) shows pits at higher magnification.
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Figure 9. Relative mass composition of nickel, iron, and chromium in their metallic and oxide states, excluding carbon and oxygen, at the outermost (5—10 nm)
surface of BJ printed (of different surface treatments) and wrought 316L as determined by XPS. Surface conditions: abraded wrought (after 24 h storage in a
desiccator), as-received (after months of storage in a desiccator) printed specimens, and abraded (wrought) and as-received (printed) surfaces after immersion in
diluted HCI for one week at room temperature. Nickel was only detected in its metallic form. No manganese was observed.

gas-atomized powders, showing a body-centered cubic non-equili-
brium phase, have previously been observed for particle sizes around
10 pm and below and are characterized by a single-crystalline phase,
a close to amorphous surface oxide, less pitting corrosion suscept-
ibility, and no inclusions.***"** The reason is the very high
solidification rate and undercooling during the atomization process
for these small particles.>% It has previously been suggested that
larger-sized (>40 ym) gas-atomized 316L particles solidify with
oxide inclusions and at least partially crystalline surface oxides,>%°
while the very rapid solidification of the smaller sized gas-atomized
316L particles causes amorphous, inclusion-free, surface oxides, and
a thermodynamically unstable ferritic bulk crystal structure.>**!:64
Rapid solidification from the molten phase has also for other
processes, such as laser surface melting, been associated with the
reduction of inclusion sizes and their dissolution.®”*® This would
suggest that the feed powder quality is of higher importance to the
BJ AM process as compared with the SLM AM process. The
absence of inclusions in the BJ specimens is probably a major reason
for the higher pitting corrosion resistance observed after one week of
immersion and large/comparable passivity ranges as compared to the
wrought specimen investigated in this study.”

A BIJ printed specimen still consists of some porosity when
compared to the specimens produced using the SLM technique that
can result in a nearly completely dense material, findings observed
also in this study. However, it was also shown that the extent of
surface porosity is strongly influenced by the post-treatment. This
was supported by hardness measurements (Fig. S6, supplementary
material). The porosity did not, in compliance with the
literature,®*>*77 have a significant influence on either the pit
initiation, pitting potential, corrosion potential, or corrosion current
density. No pitting corrosion was observed in diluted HCI (pH 1.5)
after one week of immersion at OCP for any of the BJ printed
specimens. These observations were in contrast to the wrought
counterpart showing some pitting corrosion, effects also reported in
the literature.*® To the best of our knowledge, there is no study
available that investigated the effect of porosity on corrosion of BJ
printed 316L specimens. Such studies do exist for SLM specimens.’’
Similar to the findings of the BJ printed surfaces reported in this
study, the SLM specimens displayed a superior pitting corrosion
resistance compared with wrought specimens, despite some
porosity.*”%* The porosity most likely influenced the possibility of
the BJ printed specimens to re-passivate after stable pitting,
however, this requires future studies.

Final considerations.—The relatively low/comparable pitting
susceptibility and the chromium-rich and dense surface oxide of the
as-superfinished BJ printed 316L specimen make the printed
material a possible candidate of higher or equivalent quality from
a corrosion perspective compared to traditionally wrought massive
surfaces of 316L. One of the main advantages of the BJ printing
process, in addition to relatively low costs, is that this AM technique
is carried out in solid state and at room temperature. This avoids the
formation of gas voids and solidification shrinkage, which are
challenges for the SLM process.”' However, shrinkage takes place
during the sintering step and the porosity is higher compared to SLM
printed parts. The superfinishing treatment can improve the corro-
sion performance of the BJ specimens, but it can be an expensive
and complicated process for complex shapes. The BJ 316L speci-
mens in this study further showed a slightly higher pitting corrosion
susceptibility as compared to abraded SLM 316L specimens
investigated under similar conditions in a recent study.” Still, the
advantage of AM parts with small-sized inclusions in the micro-
structure proved to be the case also for the BJ printed surfaces, most
probably due to the inclusion-free input powder. Even though the
possible presence of small amounts of metal carbides at the surface
of the printed surfaces, as observed with XPS, these were evidently
not acting as initiation sites for pitting corrosion under the experi-
mental conditions of this study. Further studies should investigate
effects of other important factors on the corrosion performance
including dislocation density, evolved texture, and the size and states
of the residual stress induced by the different surface treatments.

Conclusions

A BJ AM technology followed by sintering and different post
surface treatments was employed to print 316L specimens (as-sintered,
as-blasted, and as-superfinished) from a surface characteristics and
electrochemical/corrosion perspective in diluted HCI (pH 1.5). Parallel
comparative measurements were performed on abraded wrought
316L. The blasting and superfinishing treatment substantially reduced
the surface roughness and level of surface porosity. Blasting had a
detrimental effect on the pitting corrosion resistance of the printed
surface. The superfinishing process induced an enrichment of chro-
mium in the surface oxide that improved its resistance for pitting
corrosion. All printed specimens showed reduced or comparable
susceptibility to pit initiation and metastable pitting as compared to
the wrought reference. No inclusions were found for the printed
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specimens, while inclusions rich in magnesium and aluminum were
found for the wrought counterpart. The absence of inclusions in the
printed specimens could possibly be explained by the rapidly solidified
small-sized (14 pm) particles of the gas-atomized feed powder. The
pitting corrosion resistance of the as-superfinished specimen was
improved compared with the wrought counterpart. Once stable pitting
was induced, repassivation was hindered for all printed specimens
compared with the wrought specimens.
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