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a b s t r a c t 

The corrosion and metal release characteristics of additively manufactured stainless steels are key factors 

for their applicability in biomedical applications. The effect of building direction on the microstructure, 

corrosion behavior and metal release of selective laser melted (SLM) AISI 316L stainless steel were there- 

fore investigated in a protein-rich synthetic body fluid (PBS + BSA, pH 7.3) and in diluted hydrochloric acid 

(HCl, pH 1.5). A multi-analytical approach was applied to characterize SLM 316L surfaces printed in dif- 

ferent building directions (denoted XY and XZ) and a post heat treated SLM surface (XZ-HT) compared 

with wrought surfaces. All SLM specimens revealed an austenitic microstructure without any amounts of 

δ-ferrite and without large-angled grain boundaries in contrast to the wrought 316L surface. The building 

direction strongly affected the grain size distribution due to the temperature gradients in the melt pools. 

The SLM 316L specimens released initially slightly less Fe, Cr and Ni compared with the wrought 316L 

specimen. Slightly less metal was released from the heat treated SLM specimen (XZ-HT) specimen com- 

pared to the other SLM specimens. Relatively high amounts of released Cr were observed in PBS + BSA, 

most probably attributed to protein-bound Cr, whereas substantially more Ni was released in HCl com- 

pared to PBS + BSA due to pitting corrosion and a reduced surface oxide thickness. The surface oxide 

composition of as-printed SLM specimens was strongly dependent on the building direction and the post 

heat treatment, whereas no differences were observed after abrasion either among the SLM specimens or 

compared with the wrought 316L specimen. Cr became in all cases enriched within the outermost sur- 

face oxide in PBS + BSA and strongly enriched in the HCl solution, coupled to a strongly reduced amount 

of released metals with time. The heat treated SLM specimen (XZ-HT) gained a superior charge transfer 

resistance, the lowest passive current density, and the highest OCP value among all specimens. In HCl, 

the SLM specimens showed a lower pitting susceptibility compared to the wrought specimens. No pit- 

ting was observed in PBS + BSA. No differences in corrosion or metal release characteristics were observed 

related to the building direction of abraded SLM specimens. 

© 2020 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The demand for high-performance implantable biomaterials has

rown dramatically in the last decades, driven e.g. by an increas-
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ng middle age among the population, increased numbers of road

ccidents, increased incidence of chronic diseases and increased

iving standards [1 , 2] . By 2024, the global market of bioimplants

s expected to reach a value of around 136.3 billion US$ [3] . At

resent, the greatest challenges of metallic biomaterials are the

eed for improved bio-functionality and the reduction of rela-

ively high manufacturing costs [4] . Additive manufacturing (AM),

f which one common method is selective laser melting (SLM), is

urrently exhibiting the fastest growth and innovation to overcome
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Table 1 

Nominal bulk composition (wt%) of the virgin 316L powder used for SLM printing and of wrought 316L SS. 

316L Fe Cr Mn Ni Cu Mo N C S Si P 

Virgin powder Bal. 17.2 1.49 13.8 < 0.005 2.92 0.08 0.009 < 0.005 0.25 < 0.01 

Wrought Bal. 16.9 1.3 10.1 0.48 2.0 0.05 0.017 0.0006 0.50 0.029 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic view of the specimens fabricated by SLM constructed based on 

optical images of the microstructures observed after polishing and electro-etching 

(6 V for 20–30 s at room temperature) in 10 vol% oxalic acid. 
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such challenges [5 , 6] . SLM, which is sub-classified as laser powder

bed fusion (LPBF) emerges as an advanced manufacturing technol-

ogy, offering high dimensional accuracy and flexible fabrication [7] .

The integration of an implant in the body is associated with an ev-

ident risk of corrosion and metal release, processes that may lead

to undesirable health problems, caused by (geno)toxic or allergenic

properties of released metal species [8 , 9] . Rapid corrosion of im-

plants can result in their premature failure and/or the deterioration

of their mechanical properties [10] . Hence, it is vital to investigate

the corrosion behavior of SLM biomedical alloys. Several studies

have investigated the microstructure and mechanical properties of

SLM materials, though studies on their corrosion behavior are still

scarce [11 , 12] . A recent review [13] focused on the effects of AM

parameters on the corrosion behavior of different AM alloys. The

alloy microstructure, which depends on the laser power and the

laser scan speed that dictate the thermal cycling and growth rate

of the material during SLM processing, has been shown to strongly

influence the corrosion behavior of SLM materials [14] . Another re-

view [15] concludes that research on underlying reasons for the

superior corrosion resistance of AM steels is still in its early stages

and needs further exploration. Porosity has been shown to result

in an enhanced formation of metastable pits and to reduce the re-

passivation potential of SLM 316L [13 , 14] . At the same time, lim-

ited formation of inclusions and of a more compact and protective

surface oxide were observed for SLM stainless steels compared to

their wrought counterparts [16 –19] . Another study reports a higher

corrosion susceptibility of SLM 316L compared to wrought 316L in

0.1 M HCl [20] . 

The total amount of metals released from biomedical implant

materials in-vivo, including wear particles, metal ions, and metal

species bound to ligands and proteins, depends on a combination

of different chemical and physical processes. In protein-rich envi-

ronments, adsorption-controlled complexation- or ligand-induced

metal release mechanisms can take place in addition to, or in syn-

ergy with, other mechanisms such as metal oxidation [21 –23] . The

kind of protein(s) and concentration, temperature, as well as so-

lution pH and composition are some important factors that have

been shown to influence the metal release process from stainless

steels in protein-containing solutions. To the best of our knowl-

edge, metal release and corrosion of SLM 316L alloys in the pres-

ence of proteins have not yet been systematically investigated. 

The objective of this work was to investigate the effect of post

heat treatment and building direction of the SLM process on the

microstructure, corrosion behavior and metal release of 316L stain-

less steel in a protein-rich synthetic body fluid and in diluted hy-

drochloric acid, simulating an environment at risk for promoting

pitting or crevice corrosion of stainless steels. 

2. Materials and methods 

2.1. Sample fabrication and characterization 

Micrometer-sized AISI 316L stainless steel (SS) powders

(sphericity~1) were used during the SLM process by Amexci AB,

Sweden. A traditionally wrought 316L sheet coupon, 2 mm in

thickness, was evaluated as reference, Table 1 . SLM specimens

sized 15 × 15 × 1 mm were fabricated using optimized industrial
arameters for fully-dense specimens (porosity < 0.08%). Two cat-

gories of SLM specimens were fabricated and investigated in this

tudy, with the major surface parallel to the building platform (de-

oted SLM-XZ) and perpendicularly to it (SLM-XY) as illustrated in

ig. 1 . Heat treated specimens were prepared from another set of

LM-XZ specimens, denoted XZ-HT. For this purpose, the temper-

ture was gradually raised to 900 °C during 6 h and then kept

t this temperature for 1.5 h in argon atmosphere before furnace-

ooled. This post heat treatment was carried out in order to relieve

nner stresses [24] . 

.2. Microstructure examinations 

To examine the microstructure of the different materials, the

pecimens were ground and polished in steps down to 0.25 μm

diamond paste), chemically etched for 20 s in 10 mL nitric acid,

5 mL hydrochloric acid, 10 mL acetic acid, and two drops of glyc-

rin, and ultrasonically cleaned in ethanol. Optical microscopic ob-

ervations [Leica DM2770M light optical microscope (LOM) with a

eica DFC295 camera] were carried out on all corroded specimens.

canning electron microscopy (tabletop Hitachi TM-10 0 0) was also

sed. 

Each specimen was prior to the electron backscattered diffrac-

ion (EBSD) investigations wet ground, polished with diamond

aste to 0.25 μm, and subsequently polished with an active ox-

de suspension (OP-S, Struers, Sweden) and water for 15 h. A

eld emission gun scanning electron microscopy [FEG-SEM, 15 kV,

0 nA, aperture of 120 μm, Zeiss Sigma 300 VP (Gemini column)

ith Channel 5 software from HKL Technology and a Nordlys F +
BSD camera] was used, along with energy x-ray dispersive spec-

roscopy (EDS) [Oxford Instruments, 80 mm 

2 X-MaxN Silicon Drift

etector (SDD)]. 

Phase identification was performed using X-ray diffraction

XRD, Phillips, Netherlands) equipped with a CuK α radiation source

 λ = 0.154 nm, 40 kV, 40 mA) scanning from 20 to 80 ° (2 Ɵ). 
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Fig. 2. The electrical circuit fitting models with one and with two time-constants applied for fitting the EIS data in (a) PBS + BSA and (b) HCl solution. 

2

 

u  

a  

i  

t  

(  

1  

t  

i  

t  

p  

M  

s  

1  

a

7  

t  

w  

s  

w  

t  

r  

y  

p  

s  

t  

w  

l  

b  

l  

b  

u  

i  

t  

T  

e  

0  

0  

c  

c  

(  

c  

d  

u  

o  

t  

l

2

 

a  

t  

s  

e  

C  

a  

7  

1  

(  

±  

a  

5  

5  

a

2

 

a  

e  

p  

e  

t  

c  

n  

L  

t  

t  

w  

5  

f

 

d

(  

w  

C

s  

w  

s  

a

a  

s  

i  

a  

m

h  

t

Z

w  

g  

c  

e  

u  

a  

l  

s  

c

.3. Metal release assessments 

After grinding all sides to 1200 grit SiC, the specimens were

ltrasonically cleaned in acetone followed by ethanol for 5 min

nd dried with nitrogen gas at room temperature. Finally, all spec-

mens were stored for 24 ±1 h in a desiccator at room tempera-

ure (25 ± 2 °C). Triplicate specimens and a background control

blank solution without any specimen) were exposed for 4, 24 and

68 h (1 week) at 37 ± 0.1 °C in phosphate buffered saline con-

aining 10 g/L bovine serum albumin (denoted PBS + BSA) and

n 4 g/L 25% hydrochloric acid (HCl) in a dark incubator, gen-

ly bi-linearly agitated at 22 cycles/min (12 ° inclination). The ex-

osed specimen area was 4.5 cm 

2 . Ultrapure water (resistivity 18.2

 Ω cm, Millipore, Sweden) was in all cases used as solvent. The

ynthetic physiological solution PBS + BSA contained 8.77 g/L NaCl,

.28 g/L Na 2 HPO 4 , 1.36 g/L KH 2 PO 4 (all p.a. grade, Sigma-Aldrich)

nd 10 g/L BSA (Sigma Aldrich A7906), with a pH adjusted to 7.2–

.4 using 50% NaOH (p.a. grade). The diluted HCl solution was used

o simulate a more corrosive environment [25] , such as in a crevice

ith lower pH and high concentrations of chlorides. After expo-

ure, the specimens were separated from the solution and rinsed

ith 1 mL ultrapure water, a volume that was added to the solu-

ion samples. The specimens were then dried with nitrogen gas at

oom temperature and stored in a desiccator prior to further anal-

sis (c.f. Section 2.4 .). The PBS + BSA solution samples were frozen

rior to digestion or digested without delay. 2 mL of the solution

amples was added to 4 mL ultrapure 65% HNO 3 and 3 mL ul-

rapure water before digested using a microwave digester (Multi-

ave Go, Anton Paar, Austria) for 30 min at 180 °C until the so-

ution was transparent and odorless. The HCl solution was diluted

y ultrapure water to fit within the calibration range of the so-

ution analysis. The dilution factors were in all cases determined

y the final volume divided by the initial solution sample vol-

me. Concentrations of iron (Fe), chromium (Cr), and nickel (Ni)

n solution were determined by graphite furnace atomic absorp-

ion spectroscopy (GF-AAS, PerkinElmer Analyst 800 instrument).

he limits of detection, LODs, determined from three times the av-

rage standard deviation of all blank solutions were 1.6 μg Fe/L,

.47 μg Cr/L and 1.9 μg Ni/L for the HCl solution, and 1.1 μg Fe/L,

.51 μg Cr/L and 1.1 μg Ni/L for PBS + BSA. Background metal con-

entrations were significantly lower as compared to sample con-

entrations and, if positive, subtracted. Released amounts of metals

μg/cm ²) were calculated by multiplying the blank-corrected con-

entration by the exposure volume (10 mL) and any dilution factor

ivided by the exposed coupon area as given in [26] . Mean val-

es are reported with standard deviations (shown as error bars)

f independent triplicate specimens. All equipment in contact with

he solution samples was acid-cleaned using 10 vol.-% HNO 3 for at

east 24 h and rinsed four times with ultrapure water. 

.4. X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed on duplicate locations of

s-received, abraded, and exposed and rinsed (with ultrapure wa-

er) specimens for surface compositional analysis of the outermost

urface (approx. 5–10 nm). Wide and high-resolution spectra (pass
nergy 20 eV) for Fe 2p, Cr 2p, Ni 2p, Mn 2p, Cl 2p, O 1s, and

 1s were obtained using an UltraDLD spectrometer (Kratos An-

lytical, monochromatic 150 W, Al X-ray source on areas sized

0 0 × 30 0 μm). All binding energies were corrected to the C

s peak at 285.0 eV. Ni was only observed in its metallic state

2p 3/2 : 853.1 ± 0.3 eV), and Mn in its oxidic state (2p 3/2 : 641.3

0.3 eV, 643.6 ± 0.09 eV). The 2p 3/2 peaks of Fe and Cr were sep-

rated into their metallic (Fe: 707.4 ± 0.4 eV, 708.3 ± 0.1 eV; Cr:

74.4 ± 0.4 eV) and oxidic (Fe: 710.6 ± 0.9 eV, 713.0 ± 0.9 eV; Cr:

76.8 ± 0.4 eV, 578.2 ± 0.4 eV) fractions to quantify their relative

mounts. 

.5. Corrosion assessments 

All corrosion investigations were conducted at 37 ± 0.5 °C using

 Princeton Applied Research multichannel potentiostat. A three-

lectrode system was used, consisting of the specimens (1 cm 

2 ex-

osed area) as the working electrode, a platinum mesh as counter

lectrode and an Ag/AgCl saturated KCl electrode as reference elec-

rode. The specimens were embedded in an epoxy resin with a

opper wire connection on the back side to provide electrical con-

ection. A nail lacquer (Nail Polish, Coverage, Depend O2, Nr. 033,

ot nr. 37855, Depend Cosmetic AB, Halmstad, Sweden) was used

o seal all edges to prevent crevice corrosion. Prior to the investiga-

ions, all specimens were abraded using 1200 SiC grit paper (with

ater) followed by ultrasonic cleaning in acetone and ethanol for

 min, drying with nitrogen gas at room temperature, and storage

or 24 ±1 h in a desiccator at room temperature (25 ± 2 °C). 

The study included open circuit potential (OCP), cyclic potentio-

ynamic polarization and electrochemical impedance spectroscopy 

EIS) investigations in both PBS + BSA and HCl. OCP measurements

ere performed for 1 h prior to the electrochemical investigations.

yclic polarization was carried out with a scan rate of 1 mV s −1 

canning from −0.25 V vs. OCP to 1.2 V vs. Ag/AgCl sat. KCl or

hen the current reached 0.1 mA cm 

−2 , followed by a reverse

can back to the measured corrosion potential. EIS was conducted

t OCP with an alternating current (AC) amplitude of 10 mV rms 

nd a frequency range from 10,0 0 0 Hz to 0.01 Hz. The EIS re-

ults of PBS + BSA were fitted using the Randles circuit, as shown

n Fig. 2 a. In this model, R s and R p reflect the solution resistance

nd charge-transfer resistance, respectively. A constant phase ele-

ent (CPE) was used instead of a pure capacitance due to the non–

omogeneous distribution of the charge at an oxide/electrolyte in-

erface. The impedance of the CPE defined as: 

 CPE = 

[
Y 0 ( jw ) 

n 
]−1 

(1) 

here Y 0 is the magnitude of CPE, j the imaginary unit, ω the an-

ular frequency, and n the experience index, which is 1 for an ideal

apacitance and between 0.5 and 1 for a non-ideal capacitance. An

lectrical equivalent circuit with two time-constants ( Fig. 2 b) was

sed to fit the EIS data in the diluted HCl solution. R s , R c , R ct , CPE c ,

nd CPE dl represent the electrolyte solution resistance, corrosion

ayer resistance, charge transfer resistance, the CPE of the corro-

ion layer capacitance, and the CPE of the electrical double-layer

apacitance, respectively [27] . 
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Fig. 3. XRD patterns, off-set for clarity, for wrought and SLM specimens of 316L. 
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2.6. Statistical evaluation 

A student’s t -test for unpaired data with unequal variance

(KaleidaGraph v.4.0) was used to test whether differences between

two datasets were statistically different [ p < 0.05 (the probability of

equality is less than 5%)]. 

3. Results and discussion 

3.1. Microstructural evaluations 

The XRD evaluations ( Fig. 3 ) demonstrated typical characteris-

tic peaks of austenite for the wrought and the SLM specimens, as-

signed using the standard reference pattern JCPDS 31-0619 [17] . No

ferrite, sigma, carbides, or other secondary phases were identified. 

The microstructure and grain sizes, grain boundary angles and

grain shapes were strongly depending on the fabrication type. The

wrought 316L specimen showed a typical austenitic structure with

equiaxed grains with a predominance of high angle grain bound-

aries and several twins (60 〈 111 〉 ), Figs. 4 and S1 (supplementary
Fig. 4. Microstructures of wrought, as-printed and printed and post heat treated 316L. 

grain orientations for wrought, SLM-XY, SLM-XZ and SLM-XZ-HT specimens, Middle row:

inclined between 3 and 10 °, and black: GBs inclined > 10 °), and Bottom row: Phase distr

red). (For interpretation of the references to color in this figure legend, the reader is ref
nformation), and only few areas with visible δ-ferrite ( Figs. 4

nd S3), further discussed in Section 3.5 . The presence of δ-ferrite

eemed to correlate with the rolling direction (flattened in the x-

irection, Fig. S3). 

In contrast to straight line grain boundaries observed for

rought 316L, wavelike grain boundaries were seen for the SLM

pecimens, Fig. 4 . These observations are in agreement with re-

orted findings [11] . As evident from the phase distribution maps,

o δ-ferrite was observed for any of the SLM specimens, Fig. 4 .

s clearly visible from the inverse pole figures (IPF), the SLM-XY

nd SLM-XZ specimens exhibited more low-angle grain boundaries

ompared with the wrought specimen. Compared with the SLM-XZ

pecimen, the specimen fabricated perpendicular to the SLM di-

ection (SLM-XY) showed the highest number of low-angle grain

oundaries, and a large distribution in grain sizes dominated by

arge grains. This is probably related to improved heat conduc-

ion (faster cooling rate) in this direction (transverse plane). The

LM specimens showed generally longer grain boundaries than the

rought counterpart. The measured average grain size decreased

or the specimens in the following way: 39 μm (SLM-XY) ≥ 37 μm

SLM-XZ) > 29 μm (wrought) ≈ 28 μm (SLM-XZ-HT). 

The IPF maps and grain boundary angles of the SLM-XZ-HT

pecimen were very similar to the non-heat-treated SLM XZ spec-

men, Fig. 4 , which implies lack of recrystallization for the former

pecimen. Similar conclusions were drawn from both the LOM and

he SEM images (Figs. S1, S2). EDS mapping showed uniform dis-

ributions of Fe, Cr, Ni, and Mo, Fig. S4. Also, EDS mapping of Mo

n parallel of the EBSD investigations (most sensitive technique)

howed uniform distribution of Mo for the SLM specimens, Fig. S5.

.2. Release of metals 

Fig. 5 shows the amount of Fe, Cr and Ni released per sur-

ace area (μg cm 

−2 ) from wrought and SLM (XY, XZ and XZ-HT)

16 L specimens after 4, 24 and 168 h of exposure in solutions

f PBS + BSA ( Fig. 4 a–c) and HCl ( Fig. 5 d–f). The release of met-

ls increased for most conditions with exposure time. The trend

as in all cases more evident for Cr in PBS + BSA ( Fig. 5 b), as the

mount of released Cr was initially below the limit of detection

nd first detectable in solution after 24 h of exposure. In HCl, most

r was released during the first 4 h of exposure ( Fig. 5 e) with only

 minor increase with time. These findings are in accordance with
Top row: EBSD inverse pole figure (IPF) mapping in the x-direction showing the 

 EBSD band contrast maps for the different specimens (red: grain boundaries, GBs, 

ibutions (face centered cubic, fcc, austenite – blue; body centered cubic, bcc, ferrite 

erred to the web version of this article.) 
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Fig. 5. Released amounts of Fe (a), Cr (b) and Ni (c) per surface area (μgcm 

−2 ) from wrought and SLM (XY, XZ and XZ-HT) 316L in PBS + BSA after 4, 24 and 168 h of 

exposure; and corresponding findings of Fe (d), Cr (e) and Ni (f) released in diluted HCl. The error bars show the standard deviation of independent triplicate specimens. 

Statistical significance of differences between two types of specimens for the same exposure duration are presented, ∗ for p < 0.05 and ∗∗ for p < 0.01. < - below LOD. 
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revious studies on the release of Cr from ferrochromium alloy

owders exposed to similar conditions, even though the effect was

ven more pronounced compared to PBS [28] . The relatively high

elease of Cr in PBS + BSA after 24 and 168 h is further discussed in

ection 3.5.1 . 

More metals (Fe, Cr and Ni) than observed for the SLM spec-

mens were released from the wrought 316 L specimen and oc-

urred in both solutions predominantly within the first 4 h of

xposure, with observed statistical significance for Fe release in

BS + BSA and HCl ( p < 0.05), and Cr release in HCl ( p < 0.01). The

LM-XY-HT specimen displayed in most cases the lowest levels of

eleased metals after 4 h of exposure. This is further discussed in

ections 3.4.1 and 3.5 . 

After one week (168 h) of exposure in either PBS + BSA or in

Cl, there was no clear difference in metal release among the dif-

erent specimens. Higher amounts of released Fe, Cr and Ni were

bserved for all specimens in HCl compared with PBS + BSA, with

mall differences for Cr, and higher release for both Fe (2-fold) and

i (50-fold). 

.3. X-ray photoelectron spectroscopy (XPS) 

The relative metal mass contents in the outermost surface of

he different specimens are presented in Fig. 6 . As-received SLM

pecimens revealed significant differences in their surface oxide

omposition as a function of their 3D-printing strategy (paral-
el or perpendicular to the laser) and if heat treated. The SLM-

Z specimens, printed parallel to the laser direction, showed the

resence of manganese oxides (641.3 ± 0.3 eV, 643.6 ± 0.09 eV)

29] and carbides (283.3 ± 0.3 eV) [30] along with iron oxide

710.6 ± 0.9 eV, 713.0 ± 0.9 eV) and trivalent chromium oxide

576.8 ± 0.4 eV, 578.2 ± 0.4 eV) [29] , while the perpendicular-

ligned specimen SLM-XY only revealed oxidized iron. No metallic

ignals were observed for any of the as-received SLM specimens,

ndicative of a thickness exceeding the information depth of the

PS (5–10 nm) technique. 

Once the SLM specimens were abraded, their outermost surface

omposition became very similar and comparable to the wrought

eference. After one week of exposure in PBS + BSA, there was, in

ll cases, a clear evidence of adsorbed proteins observed by an

ncreased fraction of carbon (data not shown), and statistically

ignificantly increased signals for carbon with peaks centered at

86.3 ± 0.3 eV and 288.6 ± 0.2 eV corresponding to C α (peptidic

esidues), C 

–O, and C 

–N bonds, and N 

–C 

= O bonds and/or O 

–C 

= O

onds [31] , respectively. In most cases, the Cr fraction within the

tmost surface oxide increased, although this was only statistically

ignificant for the wrought and SLM-XZ specimens. After exposure

o the HCl solution, all specimens revealed a significantly ( p < 0.01)

ncreased Cr oxide fraction and a reduced oxide thickness ( p < 0.05

or wrought and SLM-XZ), as judged from a significantly increased

etal to oxide ratio compared to the abraded specimens. Reduc-

ive dissolution in dilute HCl has been reported [32 , 33] . Chlorides

199.0 ± 0.2 eV) [34] were observed only after exposure in HCl
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Fig. 6. Relative metal content (metallic and oxidic fractions) of Fe, Cr, Ni, and Mn in the outermost (5–10 nm) surface of as-received SLM specimens, abraded wrought 316L 

(for reference) and abraded SLM specimens exposed for 168 h in PBS + 10 g/L BSA or in GST at 37 °C. Corresponding XPS spectra in Fig. S6 (Supplementary material). 

Fig. 7. Representative open-circuit potential (OCP) curves vs. time (1 h) in PBS + BSA and HCl solution at 37 °C for wrought and SLM 316L specimens. 
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(data not shown), most probable as residues from the exposures.

In agreement with previous studies, reviewed in [35] , Ni was en-

riched beneath the surface oxide in a higher concentration than in

the bulk (10 wt%). Its presence and the reduced oxide thickness

in diluted HCl combined with the possible presence of surface de-

fects / pits could explain the higher Ni release observed in the HCl

solution ( Fig. 5 ). 

3.4. Corrosion examinations 

3.4.1. OCP and EIS measurements 

Changes in open circuit potential (OCP) during 1 h of immer-

sion in PBS + BSA (pH 7.3) and HCl (pH 1.5) at 37 °C are pre-

sented in Fig. 7 . In PBS + BSA, the OCP decreased towards more

negative potentials reaching quasi-stationary values for all spec-

imens. This behavior is consistent with previously reported OCP

measurements of 316L in PBS containing proteins related to phos-

phate adsorption and inhibited cathodic and/or enhanced anodic

reactions upon protein adsorption [21 , 36 –38] . The OCP was for all

specimens in PBS + BSA within the stability zones (passive behav-

ior) of Fe 2 O 3 , Cr 2 O 3 , and ternary Fe–Cr–Ni system in their equilib-

rium pH-potential (Pourbaix) diagrams at pH 7.3 [39 , 40] . In the HCl

solution, in contrast, the measured OCP values coincided with the

active region of Fe in the Pourbaix diagram (dissolution of iron to
e 2 + ions at pH = 1.5 and E = −240 to −160 mV Ag/AgCl ). The OCP

alues increased towards more positive values, indicative of the

tabilization of the passive oxide due to the observed enrichment

f chromium (c.f. Section 3.3 ) in the surface oxide at acidic condi-

ions [41] . The results agree further with recent findings for SLM

16 L immersed in HCl (0.4 mol/L) at room temperature [27] . 

The smooth OCP curves did not indicate any metastable or ac-

ive pitting corrosion, Fig. 7 . The SLM specimens seemed to have a

ufficiently low porosity that did not result in any pitting events at

CP during the 1 h testing period [14] .While the overall trends in

CP were similar for all specimens, significant differences in OCP

evels were observed between different specimens, Fig. 7 . 

Compared to all other specimens, the heat treated SLM spec-

men (SLM-XZ-HT) showed the noblest OCP in both solutions. In

ontrast, the wrought 316L specimen revealed clearly the lowest

most negative) OCP value in HCl. 

Electrochemical impedance spectroscopy (EIS) measurements

ere conducted after 1 h at OCP conditions in both solutions and

or all specimens. EIS is a non-destructive and sensitive method

o gain information about the characteristics of the surface layer

surface oxide and any adsorbed species) and on prevailing cor-

osion mechanisms in a given environment [42] . The Nyquist and

ode plots acquired for both solutions are presented in Fig. 8 .

egative phase angle values between 60 ° and 80 ° indicate a
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Fig. 8. Representative EIS plots acquired after 1 h immersion at 37 °C in PBS + BSA (a) Nyquist and (b) Bode plots, and in HCl solution (c) Nyquist and (d) Bode plots. The 

electrical circuit fitting models with one or two time-constants are presented in Fig. 2 . (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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ainly capacitive surface layer. The radius of the capacitive arc in

he Nyquist plots is a measure of the corrosion performance: the

arger the capacitive loop, the better the corrosion resistance [36] .

onsistent with the OCP measurements, the corrosion resistance

as for all specimens greater in PBS + BSA compared with the HCl

olution. The heat treated SLM specimen (XZ-HT) showed the best

orrosion resistance in both solutions, and the wrought specimen

he worst behavior in both solutions, Fig. 8 . The improved cor-

osion resistance of SLM 316 L compared with wrought surfaces

grees well with reported findings [11] . 

In PBS + BSA, the Nyquist curves exhibited only one capacitive

oop in the entire frequency range, indicative of the formation of a

rotective surface layer. The electrical circuit fitting model and the

IS fitting results in PBS + BSA are presented in Fig. 2 a and Table 2 .

he low chi-square values ( χ2) reflect a good fitting ( < 0.009). A

imilar fitting circuit has been used in other studies on SLM 316L

n PBS [43] and in NaCl solutions [17 , 44 , 45] . Passivation and ad-

orption of albumin have also been reported to be explained by

his model [36] . The adsorption of proteins and presence of chlo-

ides likely influence the charge transfer resistance [43] . 

In the diluted HCl solution, an electrical equivalent circuit with

wo time-constants was used to fit the EIS data, Fig. 2 b and

able 2 . This circuit has been applied in previous studies of SLM

16L in different aggressive solutions such as HCl (0.4 mol/L)

27] and NaCl (1 M, pH 3) [46] . The fitting EIS data for the HCl

olution are reported in Table 2 . An excellent agreement between

xperimental and theoretical values of the modeling was reflected
 3  
n chi-squared values ( χ2) < 0.005. Based on the Stern-Geary equa-

ion [27] , the corrosion rate is inversely dependent on R ct . CPE is

ndicative of the thickness of the oxidized layer [47] . 

The results clearly show higher corrosion resistance for all SLM

pecimens in both solutions, and in particular for the SLM-XZ-

T specimen, compared to the wrought specimen. This is also in

greement with literature observations [48] . 

.4.2. Cyclic polarization tests 

The pitting corrosion susceptibility and passive current density

f the different specimens were evaluated using cyclic polarization,

ig. 9 and Table 3 . A larger area of a positive hysteresis loop indi-

ates more susceptibility to pitting corrosion [49] . The pitting po-

ential (E pit ) corresponds to the potential where a slight change

n potential leads to the rapid increase of the current density. A

arger E pit is indicative of superior pitting corrosion resistance (less

itting corrosion susceptibility). The repassivation potential (E rp ) is

etermined as the confluence point between the reverse scan and

he forward scan. A more active (negative) value of E rp means a

ower resistance of the material to pit growth [49] . 

In PBS + BSA, all specimens exhibited a negative hysteresis, in-

icative of no pitting corrosion. These results are in agreement

ith literature findings [8] . Optical micrographs after 168 h in

BS + BSA at OCP indicated the absence of visible pits (Fig. S7, sup-

lementary material). This is further discussed in Section 3.5.1 . 

In agreement with findings for wrought and bed fusion-laser

16L in 0.1 M HCl, all specimens showed an active-passive behavior
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Table 2 

Fitting data (average and standard deviation of at least three independent specimens) based on the equivalent circuit models used for PBS + BSA and HCl solutions. Models 

with one time constant (Randles equivalent electrical circuit) and two time constants were applied in PBS + BSA and HCl solution, respectively. 

PBS + BSA 

Sample R S ( � cm 

2 ) CPE1 ( μF cm 

−2 ) n 1 R p (k � cm 

2 ) CPE1 ( μF cm 

−2 ) n 2 R ct ( � cm 

2 ) χ2 ( × 10 −3 ) 

Wrought 14 ± 1 113 ± 10 0.91 150 ± 10 – – – < 7 

SLM-XY 13 ± 2 102 ± 8 0.90 322 ± 15 – – – < 9 

SLM-XZ 14 ± 0.5 105 ± 12 0.91 5600 ± 25 – – – < 2 

SLM-XZ-HT 13 ± 3 100 ± 5 0.89 6800 ± 18 – – – < 2 

HCl solution 

Sample R S ( � cm 

2 ) CPE c ( μF cm 

−2 ) n 1 R c ( � cm 

2 ) CPE dl ( μF cm 

−2 ) n 2 R ct ( � cm 

2 ) χ2 ( × 10 −3 ) 

Wrought 18 ± 2 142 ± 8 0.85 41,800 ± 70 511 ± 35 0.91 2120 ± 85 < 5 

SLM-XY 20 ± 1 66 ± 10 0.9 28.0 ± 8 79 ± 11 0.9 36,200 ± 135 < 1 

SLM-XZ 17 ± 3 80 ± 13 0.9 14.5 ± 10 48 ± 16 0.9 55,100 ± 510 < 0.5 

SLM-XZ-HT 18 ± 2 32 ± 15 0.9 47.2 ± 5 28 ± 8 0.9 58,800 ± 230 < 1 

Fig. 9. Cyclic polarization curves for SLM and wrought 316L after 1 h immersion at OCP (37 °C) in (a) PBS + BSA and (b) diluted HCl. 

Table 3 

Corrosion potentials (E corr /V), passivation current densities (i p / μA cm 

−2 ), breakdown potentials (E BP /V), pitting potentials (E pit /V), repassivation potentials (E rep /V), and 

the difference between pitting and repassivation potentials (V), based on potentiodynamic polarization of at least triplicate specimens of SLM and wrought 316L after 1 h 

immersion at OCP in PBS + BSA and HCl solution (37 °C, scan rate:1 mV s −1 .). 

Solution PBS + BSA HCl solution 

Material E corr (V) i p ( μA •cm 

−2 ) E BP (V) E corr (V) i p ( μA •cm 

−2 ) E pit (V) E rep (V) (E pit - E rep ) (V) 

Wrought −0.23 ±0.06 2.5 ± 0.12 1.1 ± 0.01 −0.29 ±0.03 2.5 ± 0.5 0.48 ±0.03 0.17 ±0.03 0.31 

SLM-XY −0.22 ±0.03 1.9 ± 0.05 1.1 ± 0.03 −0.31 ±0.01 3 ± 0.2 0.82 ±0.01 0.28 ±0.03 0.54 

SLM-XZ 0.22 ±0.07 2.3 ± 0.08 1.1 ± 0.02 −0.33 ±0.02 6 ± 0.4 0.73 ±0.01 0.24 ±0.03 0.49 

SLM-XZ-HT −0.21 ±0.02 0.9 ± 0.03 1.1 ± 0.05 −0.30 ±0.03 0.9 ± 0.03 0.81 ±0.05 0.24 ±0.02 0.57 
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in HCl [20] . A positive hysteresis was observed during the reverse

sweep for all specimens, indicative of pitting corrosion suscepti-

bility. Pitting corrosion (pits of varying size) was also evident from

optical imaging after 168 h at OCP (one week), Fig. S8 (Supplemen-

tary material). All SLM specimens showed a superior pitting corro-

sion resistance with fewer and smaller sized pits compared to the

wrought counterpart. No measurable differences were observed

between the SLM materials. An evident difference was observed

in the repassivation behavior between the SLM and the wrought

specimen after stable pit growth, Table 3 (E pit – E rep ), being more

difficult, with a later repassivation, for the SLM surfaces. This ob-

servation is in a good agreement with reported findings [14 , 50]

and may be related to pores, further discussed in Section 3.5 . 

The passive current density of the heat-treated specimen SLM-

XZ-HT was significantly lower as compared to all other specimens

in both solutions, further discussed in Section 3.5 . 
.5. Further discussion 

.5.1. Metal release and corrosion mechanisms 

Relatively high levels of Cr were released from all specimens

n PBS + BSA after 24 and 168 h of exposure. Fig. 10 compares the

elease of Fe, Cr, and Ni in PBS + BSA from wrought 316L in this

tudy with a previous study on the same wrought 316L mate-

ial, but with slightly different experimental conditions (mainly

ampling and solution preparation prior to trace metal solution

nalysis). This study used a rinse-off procedure to ensure that any

oosely attached proteins or metal precipitates on the surfaces

ere rinsed off and included in the trace metal solution analysis.

he results imply that these precipitates were primarily enriched

n Cr, findings supported by a recent study on metal-induced

uman serum albumin aggregation [51] , in which the trivalent

r ion was inducing a greater extent of protein aggregation as
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Fig. 10. Released amounts of Fe, Cr, and Ni per surface area (μg cm 

−2 ) from wrought 316L in PBS + BSA after 4, 24 and 168 h of exposure in this and a previous study (ref A 

[83] ). As illustrated in the figure, the main differences between this study and ref A were related to the sampling and solution preparation. The rinse-off procedure applied 

in this study could also enable the collection of precipitated Cr-induced albumin aggregates. The presence of such precipitated aggregates has earlier been identified (ref B) 

by means of atomic force microscopy [51] . 
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ompared to divalent Ni and cobalt (Co) ions. Rapid precipitation

as evident for the Cr-induced albumin aggregates in that study

51] . This suggests that the rinse-off procedure applied in this

tudy was vital to avoid any underestimation of released Cr in

lbumin-rich solutions. A delayed release of metals in PBS + BSA,

n particularly of Cr, Fig. 10 , is probably related to the adsorption

nd surface interactions with proteins. Adsorption of proteins has

een shown to result in a delayed metal release mechanism due

o slow kinetics in protein-metal conjugate detachment [22 , 23] .

here was no indication of any metastable pitting events or active

orrosion at OCP for any specimens in PBS + BSA, which means that

he metal release process mostly was driven by surface reactions.

e speculate that the presence of the albumin proteins inhibits

he susceptibility to pitting corrosion. This hypothesis is based on

 ) literature findings showing that SLM 316L and wrought 316L

re susceptible to pitting corrosion at oxidative potentials in PBS

nd similar solutions without proteins [43 , 52] , and ii ) comparative

tudies that report enhanced pitting corrosion resistance in the

resence of albumin and whey proteins (containing albumin)

26] . This could be explained by the adsorption of proteins and

he electrostatic repulsion between the net-negatively charged

lbumin at pH 7.4 [53] and chlorides. 

Relatively high amounts of Ni were released in the HCl solution.

Cl-surface reactions resulted in a thinning of the surface oxide

32 , 33] , c.f. Section 3.3 . Furthermore, pit formation was evidently

aking place in the HCl solution, observed after 1 week of exposure

t OCP. Since Ni is enriched beneath the surface oxide [54 , 55] , also

ndicated by the XPS findings in this study, pitting corrosion reac-

ions could explain the observed increased amounts of released Ni

n diluted HCl. In the diluted HCl solution, almost all metals were

eleased during the first 4 h of exposure, indicating a rapidly pas-

ivating oxide. This observation correlated with a strong Cr enrich-

ent in the outermost surface observed by XPS. 

After one week of exposure and for both investigated solutions,

he amounts of released metals were relatively similar among the

ifferent specimens. The accelerated and short-term corrosion tests

orrelated best with the metal release results after 4 h showing

imilar differences among the specimens. Similar amounts of re-

eased metals for the different specimens were found after longer

xposure periods. Differences in pitting corrosion susceptibilities,

hich were investigated in the cyclic polarization tests, were hence

ound to not be the predominating explanations for the total

mounts of released metals after one week of immersion at open

ircuit potential in diluted HCl. 
.5.2. Effect of cooling rate, grain refinement, and δ-ferrite 

The presence of δ-ferrite in the wrought specimen ( Fig. 4 ) could

e a factor that reduces its pitting resistance [56] . The extent of

esidual δ-ferrite in 316L strongly depends on cooling rates and the

ime of possible transformation to austenite [57] , e.g. during heat-

ng of successive layers. It is hence strongly influenced by the AM

rocess parameters, technique, and power [8 , 58-61 ]. The high cool-

ng rates taking place during the SLM process (~10 7 K/s) [62 , 63]

ean that a ferritic structure could be expected for 316L [64] . We

ence speculate that the heating from subsequent layers is suf-

cient to transform any residual ferritic structures to austenite.

uch effects have been observed for a SLM CoCrMo alloy, with a

etastable phase (only fcc γ phase) at the outermost surface and

 transformed phase (both γ and hexagonal ε phases) throughout

he bulk material (for polished specimens) [65] . The observation of

n entirely austenitic structure of the abraded SLM 316L specimens

n this study is consistent with literature findings [11 , 66 , 67] . 

Compared with wrought 316L, the high cooling rates associ-

ted with the SLM process lead to the formation of substantially

ner sub-grain cellular/columnar microstructure, which have been

hown to improve the corrosion resistance [68] . Depending on ex-

osure conditions, the corrosion resistance can either be improved

y the microstructure due to increased passivity or worsened due

o high grain boundary density at conditions when grain bound-

ries are preferential sites for corrosion [69] . Enhanced pitting

orrosion potentials and lower corrosion current densities of the

LM 316L specimens compared to the wrought 316L are in general

greement with the literature [11 , 17 , 27 , 70 –73] , even though con-

icting results are reported [20 , 50 , 63] . We speculate that the ab-

ence of precipitates and Cr depletion at grain boundaries, as well

s the absence of MnS inclusions [63 , 70] , for all SLM specimens in

his study have been the main reasons why the surface density of

rain boundaries of the abraded specimens was not an important

actor for the corrosion resistance and metal release. Hence, no dif-

erences in terms of corrosion and metal release were observed for

he abraded SLM-XZ and SLM-XY specimens. 

.5.3. Effect of inclusions and heat treatment 

The density, size and shape of inclusions like MnS are important

actors for the pitting corrosion resistance of stainless steels [74 –

6] and the metal release mechanism in the presence of proteins

21] . It has been demonstrated that the formation of MnS (typi-

ally micrometer-sized) and associated chromium-depleted zones 

re avoided for SLM 316L surfaces [70] . This has also been shown
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in this study. Although the extent of micrometer-sized MnS inclu-

sions of the wrought 316L was low compared to other wrought

stainless steel grades [21] , the sizes of its concomitant pits were af-

ter one week of immersion in diluted HCl at OCP larger compared

to the SLM 316L specimens. The size of MnS inclusions is crucial

for the probability of pitting corrosion [76] . The formation of nano-

inclusions due to the accumulation of O, Al, Si and Mn have been

observed for SLM 316L [63] . This is most probably related to the

high oxygen affinity of Al, Si, and Mn, and known for other rapid

solidification processes of 316L [77 , 78] . It is also in good agree-

ment with the Mn-enriched surface oxide for the as-printed SLM

surfaces of this study. Other defects, such as solute segregation,

melt-pool boundaries and grain boundaries, need to be considered

for pitting corrosion of SLM specimens [79] . In this context, heat

treatment can be an important tool [79] , since this treatment could

reduce the number of other defects and relax residual stresses in

SLM specimens [80] . According to the results of this study, the post

heat treatment at 900 °C improved the corrosion resistance of SLM

316L, without affecting the microstructure and elemental distribu-

tion significantly. This finding is in agreement with other studies

showing post heat treatments of SLM specimens to relax inter-

nal stresses and to homogenize their composition [63 , 81] . In this

study, the SLM-XZ-HT specimen showed superior pitting corrosion

resistance. This is in contrast with literature findings [63] that re-

port reduced pitting corrosion resistance of heat treated SLM 316L

(at 1050 and 1200 °C for 0.5, 1 and 2 h in argon followed by wa-

ter cooling) in 3.5 wt% NaCl, attributed to the formation of weak

passive films and enlarged pores after the heat treatment. 

3.5.4. Effect of porosity 

In this study, the SLM specimens were fabricated with the high-

est density possible and exhibited a very high pitting corrosion re-

sistance at all conditions. Porosity has been reported crucial espe-

cially for pitting corrosion of SLM 316L or comparable specimens

[16 , 58 , 63 , 70 , 74 , 82] . Nevertheless, small differences in pitting po-

tentials have been reported for SLM 316L specimens of different

porosity [14] . The overall conclusion is hence a lack of relationship

between the pitting potential and the porosity [74] . However, as

observed in this study and in previous studies [ 13 , 50] , the pres-

ence of pores could deteriorate the ability of the material to re-

passivate. 

3.5.5. Need for future studies 

Future studies on SLM materials should include mechanistic

studies on both metal release and corrosion in simulated phys-

iological environments containing proteins and some worst-case

corrosive factors such as high acidity, high amounts of chlorides

and/or high redox potential as such conditions could be relevant

in e.g. crevices, conditions of inflammation, or infection. 

4. Conclusions 

1. All SLM specimens revealed an austenitic microstructure with-

out any amounts of δ-ferrite as observed for wrought 316L. The

surface oxide composition of as-printed SLM specimens was

strongly dependent on the building direction and the post heat

treatment. After abrasion, no difference in surface composition

was discerned, either among the SLM specimens or compared

with the wrought 316L specimen. The heat treatment of the

SLM specimens had a minor effect on the microstructure and

elemental distribution. 

2. Significantly more Ni was released in diluted HCl compared

to PBS + BSA as a result of a reduction of the surface oxide

thickness and possibly pitting corrosion. The SLM specimens

showed, in contrast to the wrought specimen, a lower suscep-

tibility for pitting corrosion in HCl. Still, the release of Ni was
similar after one week at OCP for the SLM and the wrought

316L specimens. A strong enrichment of Cr in the surface oxide

was coupled to a strongly reduced metal release rate with time.

3. Relatively high amounts of Cr were released in PBS + BSA after

one day and one week of exposure, most probably attributed

to Cr-protein interactions. Cr was also enriched in the surface

oxide. No pitting was observed for any of the specimens in

PBS + BSA, most probably related to the barrier effect of ad-

sorbed proteins repelling similarly charged chlorides from the

surface. 

4. The heat-treated SLM 316L specimen (XZ-HT) showed the high-

est charge transfer resistance, the lowest passive current den-

sity, slightly lower metal release after 4 h of exposure, and

the highest OCP value among all specimens (SLM and wrought

316L). 

5. No effects of SLM building direction were observed for abraded

specimens from either a metal release or corrosion perspective.
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