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Abstract 19 

3D-printing is an emerging technology that challenged wrought counterparts by one-step 20 

manufacturing for complicated biological devices. However, the material properties and 21 

surface features due to manufacturing parameters play an important role on the corrosion 22 

behaviour and influence the toxicity of the material as an implant. In this paper, the 23 

improvement of pitting potential was observed by electrochemical experiments as the result 24 

of grain refinement of DMLS 316L at 200W laser power. The ICP results verified the supressed 25 

release of toxic cations after the formation of the passive film with enhanced characteristics. 26 

However, the pores from DMLS 316L have the potential to develop into pits when polarised 27 

above pitting potential, promoting the risk of using 3D-printed 316L as implant materials. 28 
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1.0 Introduction 30 

316L Stainless Steel (SS) is recognised as having good mechanical properties and excellent 31 

corrosion resistance, which has been commonly used in medical implants for decades. The 32 

traditional processing for implantable medical devices, such as dental implants, orthopedic 33 

implants, and coronary stents, is manufactured via multiple machining processes after 34 

quenched moulding. The manufacturing process becomes simplify with the arrival of the laser 35 

powder bed fusion (LPBF) method for such biometal applications [1,2]. The LPBF process 36 

permits the one-step fabrication of complex components with relatively low residual stress 37 

and can achieve good tensile strength via rapid cooling [3]. 38 

For 316L SS, the dissolution of the metal ions such as Cr3+, Fe2+ and Ni2+, etc in a passivation 39 

state [4–6] can be accelerated due to the deterioration of the environments, such as 40 

concentrated corrosive ions or high temperature [7]. Inflammatory response, which is an 41 

inevitable stage after the implantation of a metal device, producing aggressive body 42 

conditions with acidic pH, superoxide radicals, and higher body temperatures [8,9]. Many 43 

studies have reported the corrosion behavour of 316L SS in the inflammatory response and 44 

concluded that the levels of H2O2 became rapidly concentrated and elevated from 3.6 to 45 

150000 ppm, followed by a pH decreased from 7.4 to 5.2 [10,11]. Atapour et al. [12] 46 

investigated the corrosion behaviour and the release of metal ions from laser melted 316L SS 47 

in a synthetic physiological fluid containing proteins, they found that 3D-printed showed a 48 

lower pitting susceptibility compared to the wrought 316L SS. H2O2 demonstrated to decrease 49 

the corrosion resistance of 316L SS as the implant materials [9,10,13], leading to an increase 50 



of the released metal ions, especially for Ni [14,15]. This has been attributed to the additional 51 

reactions between metal ions and strong oxidant H2O2, and the corrosion products have been 52 

proposed as a high valence compound [16–18]. 53 

The release of metal ions from implants during corrosion reactions causes adverse tissue 54 

reactions, which ultimately require surgical revision to the implants. It has been proved that 55 

the decrease of nickel content in SS effectively decreased the allergic response of tissues [19]. 56 

Chromium, iron, and molybdenum, which are more active than nickel, and preferentially 57 

oxidized to form the passive film [20]. Metikoš [21] indicated that the concentration of Cr ions 58 

was extremely low peri-implants and mainly consumed in forming Cr2O3 and Cr(OH)3. Iron also 59 

preferred to form compounds whereas less stable than chromium compounds. The elevated 60 

level of chromium and iron ions was related to the degradation of the passive film via surface 61 

acidification [7,22–27]. On the contrary, the molybdenum was favourable to dissolve at high 62 

pH [28,29]. Waleed et al. [30] evaluated the cytotoxicity of elemental ions and found that the 63 

cytotoxicity of molybdenum was weak even in a tenfold higher concentration of the tested 64 

solution. Among them, nickel was considered as the most toxic element, followed by iron and 65 

chromium [30,31].  66 

The nickel-reduced SS alloys were proposed to reduce the allergic response. However, their 67 

magnetic properties and deteriorated corrosion resistance narrowed the application [32]. 68 

Recent studies indicated that the 316L SS manufactured by LPBF provided good biocompatible 69 

performance and excellent corrosion resistance [33,34]. Kong et al. [35] pointed out that the 70 

LPBF 316L SS exhibited better performance and quality with the increase in the laser power. 71 

Our previous work also revealed that the LPBF 316L SS via 200 W laser power exhibited 72 



excellent passivation behaviour compared to that of the wrought 316L SS in a PBS solution 73 

[36]. The dense and compact passive film naturally formed on the LPBF 316L SS surface 74 

contains a higher proportion of chromium oxide than that of the passive film formed on the 75 

wrought 316L SS surface, which improves corrosion resistance and decreases the total mass 76 

loss during the exposure. Al-Mamun et al. [37] also proposed that the refined sub-grains 77 

within each coarse grain and the restriction of forming micro-inclusions (MnS etc.) improves 78 

the passivation behaviours. However, understanding the release of hazardous metal ions such 79 

as Ni from LPBF 316L SS in a body fluid remains a controversy. Kong et al. [35] revealed that 80 

the release of Ni was favoured to be as metal ions rather than compounds within the passive 81 

film during the simulated immersion process. Xu et al. [10] reported that the composition of 82 

passive film formed on wrought 316L SS in physiological saline, showing identified metallic 83 

nickel within the passive film after 16 weeks immersion. Recently, Man et al. [34] identified 84 

the formation of divalent nickel compound in the passive film for 316L SS, suggesting that high 85 

Ni compounds within the passive film can depress the Ni release to the solution. There is 86 

insufficient work for the role of toxicity in the application of LPBF 316L SS as implants, 87 

especially through the complicated inflammation periods are rare and this has hampered the 88 

process of the practicality for LPBF biomaterials.  89 

Therefore, the objective of this research work is to fill the knowledge gap for evaluation of the 90 

toxicity and passivation behaviours of LPBF manufactured 316L SS (Direct Metal Laser 91 

Sintering, DMLS), evaluating the corrosion behaviour of DMLS and wrought 316L SS in an 92 

aggressive inflammatory condition and revealed the toxicity of DMLS and wrought 316L SS in 93 

the early stages of implantable immune inflammation. Electrochemical measurements, 94 



surface analysis and surface profilometry were applied in establishing a relationship between 95 

the initial pores due to the 3D-printing process and pits growth on the surface as well as the 96 

release of metal ions and test duration influence the corrosion properties of DMLS and 97 

wrought 316L SS.  98 

2.0 Experimental procedure 99 

2.1 Materials and solution 100 

The chemical compositions of wrought 316L SS (TISCO Steel via cold rolling) and 316L SS 101 

powder (Shanghai Engineering Research Center of 3D Printing Materials) used for DMLS are 102 

listed in Table 1, and the powder diameters are in the ranges of 15-45 μm. The 3D printed 103 

samples were produced via EOS M290 system; the printing parameters are described in Table 104 

2. The powder layers were scanned in a continuous laser mode according to a zigzag pattern 105 

with inconstant volumetric energy density, each constructing layer was rotated by 67o to 106 

reduce the stress concentration during manufacturing processes [35,38]. The wrought 316L 107 

SS was conducted by solution anneal treated at 1080oC for 10 h followed by a water quench 108 

and cold rolling. All the samples were manufactured to a cylinder with a diameter of 10 mm 109 

and then cut uniformly to the thickness of 3mm. All samples were sealed in resin to leave one 110 

surface with an exposure area of 0.785 cm2 to the solution. The sample surface was polished 111 

by using SiC paper up to 1000# grit, cleaned with acetone, ethanol, and DI water, respectively. 112 

The prepared samples were stored in a desiccator for 24 hours prior to each test. 113 

 114 

 115 



 116 

Table 1. Chemical composition of wrought and powder 316L SS 117 

Elements (wt%) C Cr Mn Si P S Mo Ni N Fe 

Wrought 316L 0.03 17.5 2 1 0.045 0.03 2.5 13 0.11 Bal. 

Powder 316L 0.02 16.8 1.9 0.1 0.032 0.02 2.25 12.1 0.15 Bal. 

 118 

Table 2. Detailed printing parameters used in this work. 119 

Baseplate 

temperature/oC 
Laser power/W 

Scanning 

rate/mm∙s-1 

Hatch distance/ 

μm 

Powder 

thickness/μm 

80 80/200 1083 90 25 

 120 

Three types of solution were used to simulate the inflammation processes after implantation. 121 

The chemical compositions of the solution are listed in Table 2 and all tests were carried out 122 

at a constant temperature of 37±0.1oC.  123 

The solution in Stage 1 was based on the levels of H2O2 rapidly producing from superoxide in 124 

the inflammation processes [17,39,40]; the acidification (J.T. Baker) was simulated in Stage 2 125 

[9]. Stage 3 has corresponded to the natural body environment which indicates the end of the 126 

inflammation process. The experiments from Stage1 to Stage 3 are to clarify the corrosion 127 

behaviour of the implant materials during the full-inflammation periods. 128 

Table 2. Chemical composition of PBS solution 129 

Concentration (mmol/L) NaCl KCl Na2HPO4 KH2PO4 30%H2O2 pH 

Stage 1 137 2.7 10 1.8 150 7.4 

Stage 2 137 2.7 10 1.8 150 5.2 



Stage 3 137 2.7 10 1.8 0 7.4 

 130 

The simulated immersion tests for wrought 316L, DMLS 80W 316L, and DMLS 200W 316L SS 131 

were carried out in three stages, and the schematic diagram is provided in Figure 1. It is noted 132 

that the samples were not contacted with air as switching the solution between each stage. 133 
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Figure 1. (a) Schematic diagram of the system. (b) Immersion tests in three consecutive 136 

stages (Stage1, Stage 2 and Stage 3 as shown in Table 2). 137 

2.2 Methods 138 

Electrochemistry measurements  139 

The passivation behaviours of 316L SS manufactured through wrought and DMLS processes in 140 

(b) 
(a) 



three types of simulated inflammation solutions were measured by potentiodynamic 141 

polarisation using a Gamry workstation in a conventional three-electrode cell, where platinum 142 

foil as the counter and Ag/AgCl as the reference electrodes respectively. Potentiodynamic 143 

polarisation was conducted via applying an anodic potential of 600 mV vs. Ag/AgCl 144 

potentiostatic for 4000 s after 1 hour of Open Circuit Potential (OCP) measurement and was 145 

initiated from -0.1 V vs OCP at a scanning rate of 0.5 mV/s. The reversed current density is 5 146 

mA/cm2 and the repassivation behaviour for localized corrosion susceptibility was measured 147 

according to ASTMG61 [41]. The potentiostatic polarisation tests were conducted by applying 148 

the anodic potential of 600 mV vs. Ag/AgCl for 4000 s.  149 

The long-term Electrochemical Impedance Spectroscopy (EIS) measurements were monitored 150 

in various simulated inflammation solutions at OCP condition over a frequency range of 100 151 

kHz to 10 mHz using 10 mV sinusoidal potential modulation. Both OCP and EIS measurements 152 

were continuously monitored on the same sample for all three stages.  153 

Toxicity and surface characterisation 154 

The surface characterisation was observed using OXFORD Nordlys MAX3 with a High-155 

resolution CCD of 640 x 480. The concentration of Fe, Cr, Mo, and Ni ion releases in each 156 

period were measured and compared for various materials by Inductively Coupled Plasma – 157 

Mass Spectrometry (ICP-MS, Agilent 7500cc, USA). The X-Ray Photoelectron Spectroscopy 158 

(XPS, ESCALAB, 250XI) with an Al Kα X-ray source (hv=1486.6 eV) was operated by the end of 159 

each stage to identify the composition of surface passive films. The XPS spectra were 160 

calibrated by C1s peak at 284.8 eV, and the curves were fitted using an XPSPEAK4.1 software 161 

package. The profilometry was performed on the surface to charactersation of the pores/pit 162 



at each stage. 163 

3.0 Results  164 

3.1 Characterisation of material microstructure 165 

Figure 2 shows the grain sizes and surface morphologies of wrought 316L SS and DMLS 316L 166 

SS manufactured by DMLS at 80W and 200W, respectively. The DMLS 316L SS samples indicate 167 

that fine grains are surrounded by irregular grains. Both DMLS 80W and 200W 316L SS show 168 

smaller grain sizes and their sizes are elongate along the constructed direction, while large 169 

and regular grains are found for wrought 316L SS. It is also noted that pores exist on the 80 W 170 

DMLS sample as shown in Figure 2b, while no pores can be observed on the surface as the 171 

increase in the laser power up to 200W.  172 

 173 
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Figure 2. Macrostructure of wrought, DMLS 80W and 200W 316L SS. 175 

In-situ OCP and pH measurements at various immersion times were recorded (Figure 3). For 176 

wrought and DMLS 80 W 316L SS, it can be seen that the presence of H2O2 causes the 177 

fluctuation of OCP in the early stage, follows by a decline and then OCP is maintained stable 178 

at -0.16V after the first 5 days of exposure. The stabilised OCP of DMLS 200 W 316L SS after 5 179 

days of exposure was recorded at -0.12 V vs. Ag/AgCl and approx. 50 mV higher than that of 180 

wrought and DMLS 80W 316L SS in Stage 1.  181 

The acidifying inflammatory condition in Stage 2 sharply rises the OCP by 200 mV compared 182 

to Stage 1, and DMLS 200W 316L SS shows a nobler potential than that of wrought 316L and 183 

DMLS 80W 316L SS. The increase in OCP for all types of 316L SS is attributed to the 184 

acceleration of the effect of hydrogen ions on the cathodic reaction as follow: 185 

 𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂 (1) 

The acidification during inflammation provides acidity and promotes reaction (1), further 186 

increasing corrosion potential to a higher level. 187 

In Stage 3, the recorded OCP for all types of 316L SS is declined sharply after the removal of 188 

No pores fine grains (c) 



H2O2 and the increase of solution pH. It is noted that OCP shifts to relatively negative values 189 

compared to that of suffering inflammation, suggesting that the degradation of passive film 190 

on 316L SS occurs through the inflammation period in Stage 2. 191 
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Figure 3. The fluctuation of corrosion potential for wrought, DMLS 80W, and DMLS 200W 193 

316L SS in different stages of simulated inflammation environments. 194 

3.2 Corrosion properties of wrought 316L SS and 3D printed 316L SS exposed to the 195 

simulated inflammation environments. 196 

Figure 4 illustrates the passivation behaviour of wrought, DMLS 80W 316L SS and DMLS 200W 197 

316L SS in different simulated body environments. For all three stages, DMLS 200W 316L SS 198 

exhibits the most stable passivation behaviour compared to wrought and DMLS 80W 316L SS. 199 

It is found that the presence of H2O2 at pH 5.2 (Stage 2) increases the current densities for all 200 

types of 316L SS, especially for wrought 316L SS. The gradual increase in the current densities 201 

suggests that the dissolution rate of the passive film accelerates and beyond its growth rate, 202 

leading to the dissolution of the passive film.  203 



The results in Figure 4d indicate that the breakdown potentials considerably reduce for each 204 

material after the presence of H2O2 at pH 5.2. The breakdown potential for DMLS 200W 316L 205 

SS is above 800 mV vs. Ag/AgCl compared to 400 mV vs. Ag/AgCl for wrought 316L in an 206 

acidified inflammatory environment. The breakdown potentials of DMLS 80W and 200W 316L 207 

SS increase to 1000 mV vs. Ag/AgCl in Stage 3. The elevated breakdown potentials for DMLS 208 

316L SS at high laser power indicate the improved response of the passive film resistance in 209 

the simulated inflammation solutions. 210 
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Figure 4. Plots of potential dynamic curves for wrought and DMLS 316L SS in (a) PBS with 213 

H2O2 at pH 7.4, (b) PBS with H2O2 at pH 5.2, (c) PBS without H2O2 at pH 7.4 [36], and (d) the 214 

comparison of pitting potentials for three types of 316L SS in three typical conditions.  215 

The corrosion behaviour of wrought and DMLS 316L SS at all three stages was continuously 216 

measured via EIS as shown in Figure 5 and Figure S1. For Stage 1, the results in Figures 5a-b 217 



show that the semi-circles for wrought and DMLS 316L SS become smaller in the presence of 218 

H2O2, which indicates that the corrosion resistance gradually decreases with exposure times. 219 

DMLS 200W 316L SS shows the largest semi-circle after 7 days of exposure, suggesting the 220 

slow dissolution process with fewer released toxic ions. 221 

After a pH drop in Stage 2 as shown in Figure 5c-d, It is interesting to note that the impedance 222 

for all types of 316L SS increase after 3 days of exposure to inflammation condition and remain 223 

stable thereafter (Table S2). However, the corrosion resistance of DMLS 200W 316 L SS is larger 224 

than that of wrought and DMLS 80W 316L SS (Figure S1 b). The large semi-circles for DMLS 225 

200W 316L SS suggest an improved corrosion resistance compared with 316L SS 226 

manufactured by wrought process.  227 

Stage 3 illustrates the condition after the removal of H2O2 and with the solution pH of 7.4. A 228 

linear tail gradually appears in the low-frequency region of Nyquist plots, which suggests that 229 

the dissolution of metal ions is controlled by diffusion. The linear tail is due to the evolution 230 

of the passive film towards a protective layer with low porosity in nature which acts as a 231 

diffusion barrier to inhibit the transportation of the corrosive species to the metal surface 232 

with the large charge transfer resistance [42]. The absence of aggressive substances depresses 233 

both the cathodic and anodic reactions as shown in Figure 4, leading to the decrease in the 234 

dissolution rate of the passive film and a low corrosion current density. During this stage, 235 

DMLS 200W 316L represents the highest repassivation ability and the largest impedance 236 

compared with that of wrought 316L and DMLS 80W 316L, showing that DMLS 200W 316L SS 237 

has the improved corrosion resistance under the test conditions here.  238 
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Figure 5. Nyquist plots for wrought 316L SS, DMLS 80W 316L SS, and DMLS 200W 316L SS 242 

in simulated inflammation Stage 1 for (a)1 hour and (b) 168 hours, Stage 2 for (c) 1 hours 243 

and (d) 168 hours, Stage 3 for (e) 1 hours and (f) 168 hours. 244 

The EIS results were further analysed using the numerical fitting with the equivalent circuit as 245 

shown in Figure 6. Two-time constants were applied to characterise the interface for 316L SS, 246 



the semi-conductivity of the passive film with defects (Figure 6a) and a relative dense passive 247 

film exhibiting migration phenomena are provided in Figure 6b, where Rs represents the 248 

solution resistance, Router and Rinner are the resistance for the outer layer and inner layer of the 249 

passive film, and ZW is the Warburg impedance. CPE1 (Qouter) and CPE2 (Qinner) are used to 250 

describe the capacitive behaviours for the outer layer and inner layers. The definition and 251 

detailed fitting values are provided in a supplemental document (table S1-S3). 252 

 253 

Figure 6. Electrode-equivalent circuits for 316L SS (a) during inflammation period-Stage 254 

1/2 and (b) after inflammation-Stage 3. 255 

The applied electrode-equivalent circuits in Figure 6 suggest the formation of the passive film 256 

with defects during the inflammation period, resulting in the penetration of corrosive species 257 

through the film to the inner layer. In stages 1 and 2, the resistance of the inner layer mainly 258 

corresponds to the charge transfer resistance (𝑅ct), while the growth of the film during Stage 259 

3 is controlled by transport of species (mass transfer, 𝑅mt) accompanied by charge transfer 260 

through the inner layer. Figure 7a illustrates the resistance against the transport of aggressive 261 

ions and toxic metal ions through the inner layer. The square symbols and triangle symbols 262 

represent the values of 𝑅ct  and 𝑅mt  during inflammation period, respectively. The total 263 

resistance for the inner layer was calculated via the following formula and are presented as 264 

dash lines in Figure 7a: 265 



𝑅inner = 𝑅ct + 𝑅mt                           (2) 266 

It is noted that the transport of species through the inner layer is promoted after suffering 267 

Stage 1 and 2 for both wrought 316L and DMLS 80W 316L SS while the depressing resistance 268 

with the removal of inflammation solutions is in Stage 3. Surprisingly, the inner layer 269 

resistance of the passive film for DMLS 200W 316L SS reverts to a relatively high level 270 

immediately in Stage 3, and gradually raises and approaches the initial level. The enhanced 271 

resistance against species transport through the inner layer restricts the release of metal ions 272 

from the substrate and suggests the formation of a compact inner layer. 273 

The outer layer of the passive film is regarded as the transformation from the inner layer [42–274 

44]. As shown in Figure 7b, the corrosion resistance of the outer layer (𝑅outer , circle) is 275 

relatively insignificant compared with that of the inner layer in stages 1 and 2, whereas 276 

showing an exponential increase in Stage 3. The inflammation solution provides an aggressive 277 

condition to promote the instability of the inner passive layer, resulting in the accelerating 278 

dissolution of the outer layer, indicating as small values of 𝑅outer. After the removal of H2O2 279 

and the rise of pH in Stage 3, the stability of the passive film is improved with increases in 280 𝑅outer. It is noted that the DMLS 200W 316L SS maintains larger 𝑅outer values than wrought 281 

316L SS during the whole period from Stage 1 to Stage 3, which give a passive potential to 282 

decrease the dissolution of the passive film and provide a hypo-toxicity. 283 

The total resistance for the passive film was calculated via the following formula and was 284 

compared in Figure 7b with the solid line: 285 

𝑅total = 𝑅inner + 𝑅outer                            (3) 286 



The value of 𝑅total represents the ability to prevent the toxic metal ions released from the 287 

substrate. The passive film formed on DMLS 200W 316L SS exhibits a relatively high resistance 288 

during each stage of the inflammation process. DMLS 80W 316L SS represents the improved 289 

corrosion resistance compares to wrought 316L SS in all three stages. However, the 290 

degradation of the passive film for DMLS 80W 316L in Stage 1 occurs rapidly in the presence 291 

of H2O2, and this can be ascribed to the pores formed during the manufacturing process which 292 

provide the preferred sites for destruction.  293 
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Figure 7. The total resistance for different types of 316L SS through simulated inflammation 295 

process 296 

3.2 Post surface characterisation 297 

Characterisation of the passive film 298 

The hypo-toxicity for DMLS 200W 316L SS over the inflammation period reveals the unique 299 

passive film as a barrier against metal ions release. Figure 8 shows the different compositions 300 

of the passive films formed on wrought, DMLS 80W, and DMLS 200W 316L SS over each stage 301 

of inflammation. According to the calculated results of integral areas through XPS peaks, the 302 

passive films are mainly constituted by compounds of Fe and Cr with a trace amount of Ni and 303 



Mo compounds. 304 

Figures 8a-c represent the composition of the passive films formed on wrought 316L SS during 305 

different stages of inflammation. A high proportion of FeOOH is observed after H2O2 infusion, 306 

which is believed to converse from Fe3O4 and cause the degradation of the passive film [45]. 307 

After pH declines in Stage 2, Mo compounds are found in the passive film with the decrease 308 

of oxide compounds for Fe, Cr and Ni, which refer to a risk of implants. As the depletion of 309 

inflammatory species (Stage 3), Ni stabilises within the passive film and the increased MoO42- 310 

in Stage 3 are benefited for passivation behaviours through depressing the absorption of Cl- 311 

ions on the sample surface [46]. 312 

Figure 8d-f and Figure 8g-I indicate the composition variations of the passive film for DMLS 313 

80W and 200W 316L SS during the inflammation process respectively. The formation of 314 

FeOOH is depressed in Stage 1, as well as the reduction in the metallic phase of Fe and Cr for 315 

DMLS 316L SS in Stage 2 and Stage 3 compared to wrought 316L SS. The presence of Cr2O3 316 

and Ni compounds is responsible to provide high corrosion resistance of the passive film in 317 

Stage 3 for DMLS 200W 316L and DMLS 80W 316L, whereas the ratio of the metallic Fe and 318 

Cr to Cr2O3 and Ni remains high for wrought 316L SS at the end of Stage 3. The presence of 319 

Cr2O3 and Ni compounds enhances passivation behaviour for DMLS 200W 316L SS, therefore, 320 

showing the prominent depression effect on toxic ions release.  321 



(a) Wrought 316L-Stage 1 (b) Wrought 316L-Stage 2 (c) Wrought 316L-Stage3 

(d) DMLS 80W 316L-Stage 1 (e) DMLS 80W 316L-Stage 2 (f) DMLS 80W 316L-Stage3 

 

(g) DMLS 200W 316L-Stage 1 (h) DMLS 200W 316L-Stage 2 (i) DMLS 200W 316L-Stage3 

Figure 8. The components of the passive film formed on (a)-(c) wrought 316L, (d)-(f) DMLS 322 

80W 316L, and (g)-(i) DMLS 200W 316L in different stages of simulated inflammation 323 

environments. 324 

3.2 Characterisation of the release of metal ions for toxicity from solutions 325 

Characterisation of the passive film reflects the cathodic and anodic reactions affecting by 326 

inflammation conditions, and this yields the different migration of the matrix towards the 327 

simulated inflammation solutions for wrought and DMLS 316L SS. The dissolution of Fe, Cr, 328 

and Ni ions are considered as toxicity in body fluids. Figure 9 illustrates the measured 329 
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concentration of Fe, Cr, Ni, and Mo for wrought 316L and DMLS 316L SS from solution at each 330 

stage. It is noted that the release of metal ions is relatively high in Stage 2, indicating the 331 

accelerated dissolution in the presence of H2O2 at low pH. The results are consistent with the 332 

obtained polarisation data, where the increase in the current densities was recorded for all 333 

three 316L SS samples as shown in Figure 4.  334 

The Ni ions with a high concentration release from wrought 316L SS can be attributed to the 335 

absence of solid Ni compounds within the passive film compared with 316L SS manufactured 336 

by the DMLS process (Figure 8). Figure 9d provides the total released ions during the whole 337 

simulated inflammation period. The DMLS 200W 316L exhibits minimal toxicity during the 338 

inflammation process, followed by DMLS 80W 316L. The wrought 316L SS shows the worst 339 

behaviours over 21 days immersion test, releasing 0.179 ppm of Ni ions into the simulated 340 

inflammation body fluids. 341 
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Figure 9. The release of Cr, Fe, Mo, and Ni from wrought and DMLS 80/200W 316L SS in (a) 344 

Stage 1, (b) Stage 2, and (c) Stage 3 of inflammation, and (d) the comparison of total ions 345 

release between wrought 316L and DMLS 316L. 346 

3.4 The effect of DMLS 316L SS porosity on the development of pit  347 

3.4.1 The effect of pores on the corrosion behaviour 348 

As showed in Figure 2b, many pores were observed on DMLS 80W 316L SS via SEM. To clarify 349 

the effect of porosity characteristics of wrought and DMLS 316L SS on the development of 350 

local pit, Figure 10 shows that the cyclic polarisation was applied on the different 316L SS 351 

samples at the end of both Stage 1 and Stage 2 conditions. 352 

By the end of Stage 1, the passive films formed on wrought 316L and DMLS 80W 316L SS fail 353 

to re-passivate, indicating that the reversed anodic curves are intersected to the cathodic 354 

curves (Figure 10a) after the passive film breakdown in the presence of H2O2. It is interesting 355 

to note that the backswept curve for DMLS 200W 316L intersects above corrosion potential, 356 

showing that DMLS 200W 316L SS is re-passivated. However, a short potential range between 357 

corrosion potential and repassivation potential was observed, corresponding to where 358 

restrains the propagation of the existing pits.  359 

For the situation suffering at Stage 2 (Figure 10b), DMLS 80W and 200W 316L SS show 360 



relatively higher breakdown potentials with depressing current density compared to that of 361 

wrought 316L SS, especially for 200W. However, the passive films for all types of 316L SS fail 362 

to re-passivate after the breakdown, intersecting the curves below OCP to the cathodic curves 363 

in the acidified inflammation condition.  364 
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Figure 10. Plots of cyclic polarisation curves for wrought, DMLS 80W, and DMLS 200W 316L 366 

SS at the end of Stage 1 (a) and Stage 2 (b). 367 

3.4.2 Surface pit morphology 368 

Figures 11 (a)-(c) and (g)-(i) provide surface morphologies of different types of 316L SS before 369 

cyclic polarisation at the end of Stage 1 and Stage 2, respectively. No obvious corrosion 370 

product exists, and the polishing marks are visible on the surface. However, some pores can 371 

be observed on the surface of DMLS 80W 316L SS. 372 

Figures 11 (d)-(f) and (j)-(l) indicate the surface morphologies of wrought and DMLS 316L SS 373 

after the cyclic polarisation measurements, which are the same scanned areas as indicated in 374 

Figures 11 (a)-(c) and (g)-(i). The purpose of the tests is to reveal the pores induce the pit 375 

growth on the surface in an inflammation condition, especially for DMLS 80W 316L SS. After 376 



the cyclic polarisation at the end of Stage 1, it is interesting to note that some initial pores on 377 

the surface of DMLS 80W 316L SS develop into pitting which has been marked as the red 378 

square (Figure 11d). For Stage 2, large pits are developed after the cyclic polarisation 379 

measurement, and the location is closed to the pores, as showed in Figure 11j. For wrought 380 

and DMLS 200W 316L SS, the surfaces are clean, no pores can be found on the surface before 381 

the cyclic polarisation. However, pittings are developed randomly on the surface after 382 

applying cyclic polarisation. 383 
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Figure 11. Morphology of the sample surface before and after polarisation. 389 

 390 

3.4.3 The effect of pores on the pit propagation 391 

To further investigate the effect of pores on the propagation of pitting corrosion, DMLS 80W 392 

316L SS was selected and the sample was immersed in the solution and applied with a 393 

constant potential of 600 mV vs. Ag/AgCl (beyond the breakdown potential for DMLS 80W 394 

316L).  395 

Figure 12 illustrates the surface morphology before and after applying a constant potential of 396 

600 mV vs. Ag/AgCl (current-time curves are shown in Figure S2), and the pit morphology and 397 

pit depth were measured via SEM and profilometry measurements. The average pit depths in 398 

Figure 12c were calculated by considering the top 10 deepest pits from the sample surface. In 399 

the region shown in Figures 12 a and b, pore 1 increases from 24.6 to 42.7 μm between 0 and 400 

4000s, corresponding to the average pit depth of 35.5 μm; this suggests that initial pores have 401 

the potential to promote the pit growth on the surface. Interestingly, the pore depths (labeled 402 

as number 2 and 3 in Figure 11b) maintain relatively stable before and after the polarisation 403 

measurements, the pore depths of 33.8 and 27.2 μm were measured after 4000s at the static 404 

polarisation of 600 mV vs. Ag/AgCl.  405 
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Figure 12. Morphology on the surface of DMLS 80W 316L SS at the static polarisation of 408 

600 mV vs. Ag/AgCl for (a) 0s and (b) 4000s; and the (c) average depth and (d) profilometry 409 

of the prores and pits in the period of Stage 1. 410 

Figures 13a and 13b illustrate the polarised surface morphology in the acidised inflammation 411 

solution (Stage 2) for 0s and after 4000s. It is noted that the morphology of pores shows 412 

obvious changes, and the pore sizes increase with the polarised time prolong (blue area). The 413 

average pit depth by profilometry measurements is shown in Figure 13c. The large deviation 414 

for pit depth is attributed to the uniformed growth for the initial pores. As shown in Figure 415 
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13d, pore 1 increases in depth significantly whereas pore 2 shows inactivity during applying 416 

the potential, presenting the similar characteristics for DMLS 80W 316L in Stage 1. 417 
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Figure 13. Morphology on the surface of DMLS 80W 316L SS at the static polarisation of 420 

600 mV vs. Ag/AgCl for (a) 0s and (b) 4000s; and the (c) average depth and (d) 3D 421 

profilometry of the prores and pits in the period of Stage 2. 422 

4.0 Discussions 423 

Based on the results above, DMLS 200W 316L SS suffers less corrosion attack in a simulated 424 

inflammation body environment, followed by DMLS 80W 316L then wrought 316L SS. The 425 
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passive film properties are influenced by acidification and the presence H2O2 within the PBS 426 

solution, especially the latter one. The presence of H2O2 plays an important role in the 427 

influence of passive film properties and corrosion behaviour for application of DMLS 316L SS 428 

as an implant material. 429 

4.1 Passive film properties 430 

Figure 14 summaries the breakdown potentials of the passive film under different stages of 431 

simulated inflammation environments. The protective performance of the passive film is 432 

remarkable for DMLS 316L SS, and the breakdown potentials are higher than that for wrought, 433 

leading to an improved passivation behaviour.  434 
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Figure 14. Breakdown potential for wrought, DMLS 80W, and DMLS 200W 316L SS under 436 

different stages of simulated inflammation environments. 437 

The composition differences between the passive films formed in the natural body 438 

environment and inflammation body environment are mainly attributed to the presence of 439 

H2O2. In Stage 1, Fe dissolution is faster compared with Cr, and a large amount of Fe2+ ions 440 

release as shown in Figure 9. The XPS analyses (Figure 8) indicates that the surface film is 441 

dominated by the oxidation of Fe and the presence of H2O2 contributes to the formation of 442 



the passive film as follows: 443 

2𝐹𝑒2+ + 𝐻2𝑂2 + 2𝐻2𝑂 ↔ 2𝐹𝑒𝑂𝑂𝐻 + 4𝐻+                  (4) 444 

2𝐹𝑒2+ + 𝐻2𝑂2 + 𝐻2𝑂 ↔ 𝐹𝑒2𝑂3 + 4𝐻+                    (5) 445 

3𝐹𝑒2+ + 𝐻2𝑂2 + 2𝐻2𝑂 ↔ 𝐹𝑒3𝑂4 + 6𝐻+                   (6) 446 

It is noted that the electron acquisition capability for H2O2 promotes the formation of iron 447 

oxides with high valence. Among them, the passive film formed on DMLS 316L SS presents 448 

low hydrated feature compared with wrought 316L SS with the presence of H2O2 in the 449 

simulated inflammation environment of Stage 1 and Sage 2, favouring formation of Fe3O4 450 

rather than FeOOH. The formation of Fe3O4 consumes ferrous ions, indicating a depressed 451 

dissolution current density on the surface of DMLS 316L SS by the preference of reaction (6), 452 

which in agreement with XPS results shown in Figure 8. 453 

Unlike Fe compounds, the presence of H2O2 has less impact on the formation of Cr compounds, 454 

considering the stable valence for thermodynamically stable compounds: 455 

2𝐶𝑟3+ + 6𝐻2𝑂 ↔ 2𝐶𝑟(𝑂𝐻)3 + 6𝐻+                  (7) 456 

2𝐶𝑟3+ + 3𝐻2𝑂 ↔ 𝐶𝑟2𝑂3 + 6𝐻+                    (8) 457 

Cr2O3 regarded as the effective compounds for passivation [47] and shared a similar structure 458 

with Fe3O4 [48]; however, their proportion decreases in the passive film in the simulated 459 

inflammation environment of Stage 2 due to the acidification of the solution. The detection 460 

of metallic phase as shown in Figures 8b and 8e suggest that the development of the passive 461 

film on the surface is suppressed and accompanied by an accelerated dissolution rate in an 462 



acidised inflammation environment (Figure 9b), especially for wrought 316L SS.  463 

Considering the high proportion of FeOOH for Stage 1, the corrosion reaction of the passive 464 

film is mainly attributed to the following reaction 465 

 (2𝑥 + 𝑦)𝐹𝑒𝑂𝑂𝐻 + 3𝑦𝐻+ ↔ 𝑥𝐹𝑒2𝑂3 + (𝑥 + 2𝑦)𝐻2𝑂 + 𝑦𝐹𝑒3+ (9) 

For wrought 316L SS, unstable FeOOH prefers to dissolve to soluble ions than forming solid 466 

iron oxide, showing as a low amount of Fe2O3 within the passive film and a high level of Fe 467 

ions release. However, the passive film of DMLS 316L SS contains more iron oxide in acidifying 468 

inflammation conditions consequently releases fewer Fe ions and showed hypo-toxicity and 469 

prominent passivation characteristics, especially for the samples manufactured at 200W. 470 

4.2 Toxicity analysis of the solution at each stage 471 

Steinemann [49] proposed that the toxicity of the implant materials is associated with metal 472 

ion dissolution and its subsequent reaction products, such as high solubility hydroxides and 473 

hydrous oxides. According to the results obtained by Yamamoto et al., [50] Fe and Cr salts, 474 

which are metallic hard acids, have relatively low cytotoxicity, whereas the released Ni cations 475 

are corresponding to middle cytotoxicity. 476 

As shown in Figures 15a and b, the oxides of Cr and Fe remain thermodynamically stable at a 477 

neutral pH condition, presenting as Cr2O3 and Fe2O3/Fe3O4, consistent with the results 478 

obtained by Man et al. [38,51]. The presence of Cr2O3 coexists with Cr(OH)3 which has low 479 

solubility in the aqueous phase, suggesting the depressed dissolution of Cr compounds and 480 

low cytotoxicity inducing by Cr ions release.  481 



𝐶𝑟2𝑂3 + 3𝐻2𝑂 ↔ 2𝐶𝑟(𝑂𝐻)3 (10) 

For Fe2+ ions, the precipitation of FeOOH can reduce the dissociation of Fe2O3 at an elevated 482 

potential. Fe3O4 and Fe2O3 coexist with soluble ions in a wide potential range as reactions (11) 483 

and (12), which results in the relatively high release of Fe2+ species but not dominate the 484 

toxicity due to the low cytotoxicity of iron ions. 485 

𝐹𝑒2𝑂3+6𝐻+  ↔ 2𝐹𝑒3+ + 3𝐻2𝑂                    (11) 486 

𝐹𝑒3𝑂4 + 8𝐻+ ↔ 𝐹𝑒2+ + 2𝐹𝑒3+ + 4𝐻2𝑂               (12) 487 

Figure 15c represents the Pourbiax diagram for Ni in 316L SS which is regarded as toxicity for 488 

implants [30,31]. NiO directly dissolves as soluble Ni2+ ions in the equilibrium reaction (13) in 489 

the aqueous phase, resulting in the high release of Ni2+. 490 

𝑁𝑖𝑂 + 2𝐻+ ↔ 𝑁𝑖2+ + 2𝐻2𝑂 (13) 

Besides, the formation of oxides and hydroxides (reaction (4)-(8)) consumes alkalinity and 491 

results in the decrease in pH on the surface, promoting the release of Ni ions where localised 492 

acidification occurs. 493 

 494 

(a) (b) 



 495 

Figure 15. Pourbiax diagram of (a) Cr, (b) Fe, and (c) Ni in 316L SS in Stage 2. 496 

During the whole inflammation process, Stage 2 is noted as the most severe condition for 497 

implant material due to the acidification condition, which is also reflected by Pourbiax diagram 498 

showing as dash lines in Figure 15. The oxide of Cr coexists with its hydroxide at the pH of 5.2, 499 

whereas tends to dissolve into ions when the localised pH decreases below 5.15. Fe2O3 500 

coexists with Fe ions, however, it cannot maintain thermodynamically stability in local areas 501 

at low corrosion potential, corresponding to the increase in ion release in this period.  502 

As for Ni, no solid compound is thermodynamically stable at pH 5.2. The Ni compounds 503 

dissolve soluble ions when immersed in the acidised solution in Stage 2. The ICP results shown 504 

in Figure 9b indicate the thermodynamically stability of Ni2+ ions and the higher dissolution 505 

occurring on the surface of wrought 316L SS. DMLS 316L SS suppressed toxicity release in 506 

Stage 2, especially for 200W samples, suggesting the barrier effect of the passive film against 507 

the penetration of corrosive ions, and the results are consistent with the passivation 508 

characteristics above. 509 

Refer to the analyses for the composition of the passive film formed on DMLS 200W 316L SS 510 

in the simulated inflammation solution (Figure 8g and h), the large amount of sub-grain 511 

(c) 



boundaries (high-density dislocation and Cr/Mo segregation) provides the pathway and 512 

recovers the passive film on the surface of DMLS 200W SS [38,52,53]. The growth of Cr2O3 513 

protects the surface of DMLS 200W 316L and results in the Fe and Ni compounds maintaining 514 

stationary components after 168 hours of immersion in Stage 2. The Ni compounds involved 515 

in the passive film further depress the metal ion release and reduce the toxicity during 516 

implantation compared with wrought 316L SS. 517 

4.3 Effect of porosity on the pit properties 518 

The DMLS process provides the potential of implants to have hypo-toxicity behaviour, 519 

especially after clarifying the corrosion issues that may restrict application. It has been well 520 

known that the development of pitting corrosion due to the local acidified at the material 521 

interface greatly increased the ion release [4,5], as well as concentrated the stress and led to 522 

implant failure [54]. Frankel et al. [55] proposed that pitting corrosion would occur if the 523 

dissolution rate (Rdis) within the pits/pores kept beyond cations diffusion rate (Rdiff), and this 524 

suggests a critical cation concentration (Ccrit) for pit propagation. DMLS 316L SS shows better 525 

passivation behaviours than wrought 316L. The ICP results as shown in Figure 9 reveal the low 526 

Rdis for DMLS 316L SS at both laser powers. The active dissolution current (idis), which neglects 527 

the total ohmic potential drop between substrate and solution, and is written as follow to 528 

reflect the Rdis [56]:  529 

𝑖𝑑𝑖𝑠 = 𝑖𝑐𝑜𝑟𝑟 ∙ exp (𝐸𝑎𝑝𝑝−𝐸𝑐𝑜𝑟𝑟𝛽𝑎 )                         (14) 530 

where 𝐸𝑎𝑝𝑝 represents the applied potential for the active dissolution, and 𝑖𝑐𝑜𝑟𝑟, 𝐸𝑐𝑜𝑟𝑟, and 531 𝛽𝑎 are the potential, corrosion current, and anode Tafel slope for the substrate, respectively. 532 



Therefore, the value of 𝑖𝑑𝑖𝑠 at 600 mV vs. Ag/AgCl is large and results in the stable pit growth. 533 

It has been noted that the 𝐸𝑐𝑜𝑟𝑟 for DMLS 316L SS is significant nobler than that for wrought 534 

316L SS immersed in the simulated inflammation environment (Figure 3 and 9), leading to a 535 

relatively low dissolution rate at the same 𝐸𝑎𝑝𝑝. Kong et al. [51] tested the volta potential 536 

map on the surface of 316L SS via scanning Kelvin probe force microscopy and found the 537 

enrichment of Cr and Mo at the sub-grain boundaries raised the potential of 5 mV and 538 

promoted the oxidisation of passive film which further elevated the corrosion potentials. The 539 

elevated corrosion potentials for DMLS 316L SS suppress the active dissolution rate and result 540 

in the reduction of ions release with toxicity, especially for the sample manufactured at 200W. 541 

However, it also is noted that the initial pores on the surface of DMLS 80W 316L SS create 542 

difficulty for cation diffusion, corresponding to a relatively low Rdiff due to the complicated 543 

pore shape, indicating a low level of Ccrit within pores which provides the potential to cause 544 

pitting corrosion in the simulated inflammation body fluids. Man et al. [57] proposed that the 545 

possibility of the pores induced pit growth for DMLS 316L SS in aggressive conditions, 546 

consistent with our results as shown in Figure 12 and Figure 13. The acidity release with the 547 

active dissolution was believed to attribute to the Cl− migrates into the pit in order to balance 548 

the charge and maintain electroneutrality [56], and the initial pores on the DMLS 316L SS 549 

surface provide the advantage of forming an occluded corrosion cell based on the geometric 550 

characteristics. The results suggest the growth feature for multiple pores, that are, the pore 551 

with the lowest potential continuously dissolves as an anode, while other pores with nobler 552 

potentials as cathodes, inhibiting to develop into pitting corrosion. Finally, the formation of 553 

the corrosion products can restrict the corrosive species and affect the localised potentials on 554 



the surface, the uncovered pore can be considered as an anode site with the lower potentials 555 

to develop into pitting corrosion. 556 

For the body fluid condition, the low concentration of Cl− and a certain pH buffer capacity 557 

reduce the risk of environmental degradation to the pores; this indicates the prospect for the 558 

application of 3D-printed 316L SS as implants under the premise of controlling the quantity 559 

and size of pores during the manufacture. However, further work needs to address the 560 

mechanical properties and the acceptable pore sizes that can be safely applied to the human 561 

environment as implants as well as the improved methods such as suitable laser power that 562 

would improve the corrosion behaviour and mechanical properties of DMLS 316L SS for 563 

biological applications.  564 

5.0 Conclusion 565 

In summary, this study has systematically compared the passivation behaviours and toxicity 566 

for wrought 316L and DMLS 316L SS as implants in the early period with inflammation. The 567 

evolution and characterisation of the passive film and the pitting initiated by the intrinsic 568 

printing-induced pores during the inflammation process was evaluated and the main 569 

conclusions can be drawn as follows: 570 

1. All types of 316L SS showed the degradation behaviour with the presence of H2O2 in an 571 

acidic environment. The 316L SS produced by DMLS revealed the improved breakdown 572 

potential compared to wrought 316L SS, especially fabricated under high laser power 573 

(200W) with high density. 574 

2. The passive film formed on DMLS 200W 316L SS acted as a better barrier against the 575 



corrosive species and suppressed metal ion release. The dissolved concentrations of Fe, 576 

Cr, Mo, and Ni were at a lower level compared to wrought 316L SS during the whole 577 

simulated inflammation period.  578 

3. The favourable of forming Cr2O3, Fe3O4, and Ni compounds within the passive film on the 579 

surface of DMLS 200W 316L are compacted and results in the hypo-toxicity in the 580 

simulated inflammation solution. 581 

4. The pores on the surface of DMLS 80W 316L SS promotes the development of pit, inducing 582 

serve pitting corrosion and increasing the levels of toxic metal ions in the solution. 583 
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