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Abstract. The corrosion resistance of 17-4PH stainless steel obtained by powder injection 
molding (PIM) was investigated in a phosphate buffer solution (PBS) that simulates 
physiological solution and compared with that of 17-4PH steel obtained by conventional 
metallurgy. The corrosion resistance was investigated by electrochemical techniques for 
different immersion times. The cytotoxicity of both types of 17-4PH steel was also 
investigated using a minimum Eagle’s medium (MEM). The MEM solution is a type of cell 
culture medium, which simulates physiological fluids. The cytotoxicity assay was carried out 
by neutral red uptake methodology utilizing NCTC L929 cell line from ATCC bank and none 
of the steels showed cytotoxic effects. The resulting extracts obtained by immersion of the 
steel samples in MEM were analyzed by neutron activation analysis and the results indicated 
liberation of chromium and cobalt as corrosion products but in very low amounts. The 
electrochemical evaluation of both steels indicated that they are passive in PBS but presented 
susceptibility to pitting. The 17-4PH PIM steel was slightly more susceptible to pitting than 
that fabricated by conventional metallurgy due to its inherent porosity.  

Introduction 

The 17-4PH steel is one of the most widely employed precipitation hardened stainless steels 
being commonly used in nuclear power plants, aircraft and gas turbines, oil and gas wells and 
chemical process components owing to a combination of good mechanical properties and 
corrosion resistance at temperatures up to approximately 700 °C. It also has a moderate 
corrosion resistance to salt spray atmosphere. Some of its properties, such as electrical 
resistivity, thermal expansion and thermal conductivity are similar to those of austenitic and 
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duplex steels, while its mechanical strength, after the aging heat treatment, is significantly 
superior to that of austenitic steels such as AISI 304 or AISI 316.  

Some publications [1-3] have dealt with corrosion aspects of these alloys produced by 
conventional metallurgy, such as general corrosion, pitting and hydrogen embrittlement in an 
alkaline solution [1], stress-corrosion cracking [2] and crevice corrosion [3]. Lately, this steel 
has been produced by powder metallurgy (P/M) techniques. The porosity present in P/M 
steels affects their corrosion resistance and this has been a matter of particular interest from 
several recent investigations [4-15]. The porosity increases the area of metallic material 
exposed to the corrosive environment and might, eventually, induce localized corrosion, with 
concentration cells within the pores. This reduces the passivity of the sintered alloy [6-9].  

Powder injection molding (PIM) technique has been applied to powdered materials as 
an alternative route to manufacture corrosion-resistant sintered components. This last 
technology has been commercially used for manufacturing small components with high 
complexity [16]. Fine powders (median particle size below 25 µm) are commonly used, 
resulting in sintered densities of about 98% of the theoretical density of the alloy. Injection 
molded alloys generally present few and round pores. This microstructural feature improves 
the corrosion resistance of the material compared with conventionally sintered types.  

Injection-molded materials may be especially important for the manufacture of 
orthodontic components where 17-4PH steel has been used, due to its high mechanical 
strength. However, the high hardness of the 17-4PH steel hinders complex shapes 
conformability, resulting in clear advantages in the use of 17-4PH PIM steel with near final 
shape orthodontic devices. The corrosion resistance of this steel type has to be investigated in 
physiological environments in order to evaluate its usefulness for these applications. 

In this study, the corrosion resistance of 17-4PH PIM steel was investigated in a 
phosphate buffer solution (PBS) that simulates a physiological medium and compared to that 
of the same steel produced by conventional metallurgy. The cytotoxicity of both types of steel 
was also evaluated using a Minimum Eagle Medium (MEM) that also simulates physiological 
fluids.  

Materials and Methods 

Materials. Samples of powder injection molded 17-4PH steel, supplied by LUPATECH, 
Steelinject, Caxias do Sul, Brazil, were used in this study. Pre-sintering and debinding was 
performed at 980 °C for 1 hour under H2 atmosphere. Sintering was carried out at 1300 °C for 
4 hours in a reducing atmosphere of hydrogen (pressure of 50 mmHg), followed by cooling in 
the furnace. The final density of the sintered material was 7.6 g.cm-3. The density of the 
sintered material was approximately 98% of the theoretical density (7.8 g.cm-3), resulting in 
about 3% porosity, which means absence of interconnected porosity.  
Specimens preparation: The working electrodes were prepared by cold resin mounting, and 
the surface, by grinding with silicon carbide paper up to #2000, followed by polishing with 
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diamond paste (6 µm and 1 µm) to a mirror finish, then rinsing in deionised water and drying 
under a hot air stream prior to immersion in the test medium.  
Test medium: The experiments were performed in un-stirred and naturally aerated PBS 
solution (NaCl 8,77g/L, Na2HPO4 1,42g/L, KH2PO4 2,72g/L), at (25 ± 2) °C.  
Electrochemical Methods: The electrochemical methods used in this investigation were open 
circuit potential (OCP) measurements with time, potentiodynamic polarization tests and 
electrochemical impedance spectroscopy (EIS). A three-electrode cell arrangement was used 
for the electrochemical tests, with a platinum wire and a saturated calomel electrode (SCE) as 
counter and reference electrodes, respectively. The polarization tests were carried out using a 
273A EG&G PAR Potentiostat. The samples were scanned from Eocp in the anodic (positive) 
direction with a scan rate of 0.1 mV/s. The scan was reversed when the current density 
reached 10-3

 A/cm2, and it was stopped when the loop was completed. EIS measurements 
were accomplished using a Solartron 1260 frequency response analyzer coupled to a 273A 
EG&G PAR Potentiostat. EIS measurements were carried out in potentiostatic mode at the 
open circuit potential, Eocp with a sinusoid ac voltage signal of 10 mV amplitude. The samples 
were analyzed in the frequency range from 100 kHz to 10 mHz and 6 points per decade were 
obtained. All electrochemical and immersion tests were carried out in triplicate. The results 
obtained in this work showed good reproducibility. 
Cytotoxicity assay: The cytotoxicity assay was performed by neutral red uptake method 
according to ISO [17] and the described methodology in a previous paper [18]. It was used 
mouse fibroblastic cell line NCTC L929 from ATCC bank. 
Chemical analysis of corrosion products: The corrosion products in the extracts were 
analyzed by instrumental neutron activation analysis (INAA), according to the procedure 
already described in a previous paper [19]. Aliquots of 500 microliters of each solution were 
pippeted and dried in polyethylene capsules from Faculty of Biology, Vije Universities, 
Amsterdam, for irradiation at the IEA-R1 nuclear reactor together with synthetic elemental 
standards. Samples and standards were irradiated for 16h with thermal neutron flux of 5x1012 
n cm-2s-1. After adequate decay times, gamma ray measurements were carried out using an 
hyperpure Ge detector connected to a gamma ray spectrometer. Analysis of blank of culture 
media was also carried out using the same experimental conditions adopted in the analysis of 
corrosion product extracts. Detection limit value for Ni was also evaluated according to 
Currie criteria [20] 

Results and Discussion 
The chemical analyses of metallic elements in the corrosion product extracts of steels are 
presented in Table 1. The results indicated the release of Co and Cr from both steels tested. 
These steels contain Ni however it was not detected in the extract within detection limit. 

Fig. 1 shows the cytotoxicity results obtained for the steels investigated. Both 17-4PH 
steels showed similar behavior. The cell viability curves are above cytotoxicity index (IC50%) 
line which means that none of them presented cytotoxic effect in this assay. The positive 
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control cell viability curve crossed the IC50% line and it was possible to determine the IC50% of 
24. 

Table 1. Elements detected in the corrosion product extracts of steels investigated. 

 

 

   

Elements 17-4PH conventional 17-4PH PIM 

Co (ng.mL-1) 19.1 ± 0.7 6.3 ± 0.2 

Cr (ng.mL-1) 50 ± 9 143 ± 4 

Ni (ng.mL-1) < 0.61 < 0.61 
 

 

Figure 1. Cytotoxicity assay cell viability curves by neutral red uptake method of 17-4PH 
conventional and PIM stainless steel. 

The electrochemical behavior of the two types of steel was compared at different times 
of immersion by polarization curves and EIS tests and the results are presented in Fig. 2 and 
3. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Polarization curves of 17-4PH PIM and conventional at various times of immersion. 
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The polarization curves show that the PIM type of steel presents only slightly lower 

pitting resistance than the conventional type, for all the immersion periods tested showing 
lower Eb (breakdown potential). This is expected considering the presence of surface 
porosities that favor more aggressive conditions towards the oxide film formed. However, the 
small differences found in Eb for the two steels must be due to the improved properties of the 
steel produced by PIM technology comparatively to other powder metallurgy techniques. 

Despite of the slightly lower corrosion resistance of the PIM steel, both types of steel 
tested are highly passive in the phosphate buffer solution used, as the EIS results shows, Fig. 
3. The capacitive results with phase angles around -90o, and the high impedance results at low 
frequencies, for both steels tested, are typical of highly passive materials. The results of this 
Fig. also indicate oxide film thickening on both types of steel with time of immersion in the 
phosphate solution causing the increase in impedance with time. This is an advantageous 
property that results in corrosion resistance improvement with time. 
 
 
 

 
 
 
 
 
 
 

 

Figure 3. EIS results as Nyquist and Bode phase angle diagrams for 17-4PH PIM and 
conventional at various times of immersion. 
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The electrochemical results obtained in this work indicate that the immersion of 17-

4PH steels in a phosphate buffer solution leads to the increase in corrosion resistance of their 
surfaces. 

 

Conclusions 

The 17-4PH steels tested in this study showed a passive behavior under open circuit potential 
but also susceptibility to pitting corrosion. Slightly lower pitting resistance is associated to the 
PIM steel comparatively to the conventional one. None of the tested steels showed 
cytotoxicity despite the presence of low amounts of Co in the corrosion products obtained. 
Consequently, the results indicated potential applications of the PIM steel as biomaterial. 

Acknowledgments: To LUPATECH for the 17-4PH PIM steel provided to this study. 
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