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Powder metallurgy is an effective method for manufacturing stainless steel parts of high quality and 

accuracy at low cost. However, the use of sintered stainless steels is limited due to their low density, 

which deteriorates their corrosion resistance. The aim of this study was to determine the corrosion 

behavior of AISI 409Nb stainless steel specimens sintered with different contents of boron in a 

hydrogen atmosphere. Boron was added for promoting the formation of a liquid phase during sintering 

at 1150 °C, thereby achieving a reduction of porosity and increase in density, which is necessary to 

improve corrosion resistance. The electrochemical techniques of linear polarization resistance (LPR) 

and electrochemical noise (EN) were used to determine the corrosion behavior of samples with and 

without additions of boron after immersion in two solutions, 0.5M H2SO4 and 0.5M NaCl. The 

corrosion rates and the possible corrosion mechanisms in the sintered samples were determined. The 

results indicate that the samples with boron additions are more prone to corrosion due to chromium 

carbide precipitation. 
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1. INTRODUCTION 

The main attraction of powder metallurgy (PM) is its ability to manufacture stainless steel parts 

of high quality and practically of any geometry. Parts manufactured by PM can have tight tolerances, 

and their production costs are lower than those produced by conventional processes. This makes 

stainless steel PM parts represent a major and growing segment [1, 2]. However, their applications are 

limited due to their mechanical properties and corrosion resistance, relatively low when compared with 

wrought and forged products [3, 4]. The properties of sintered products may be higher when the 

sintering is performed in the presence of a liquid phase rather than in solid state due to an enhanced 

diffusivity of atoms, which promotes a high densification [3]. The addition of boron to stainless steel 

powders promotes the formation of a liquid phase and lowers the sintering temperature [5, 6]. The 

binary phase diagram Fe-B shows the existence of an intermetallic Fe2B, which forms a eutectic with 

iron at 1174 ° C, when the boron content is about 4 weight percent [7-9]. The lower corrosion 

resistance of sintered stainless steels can be attributed to: low density that facilitates the penetration of 

the electrolyte through the open and interconnected porosity, thereby increasing the active surface; 

high content of interstitial elements; and formation of intermetallic compounds during sintering [10, 

11]. This behavior has been observed in sintered stainless steels that have a microstructure which 

consists of austenite, ferrite, or combination of these (duplex) despite having a high chromium content 

[4, 12]. 

The electrochemical techniques of linear polarization resistance (LPR) and electrochemical 

noise (EN) have been used to determine the corrosion rate [13, 14] and the type of corrosion occurring 

in sintered materials [15, 16], respectively.  

Thus, in this investigation, the electrochemical behavior of an AISI 409Nb ferritic stainless 

steel, manufactured by PM, exposed to two solutions, and the effect of boron content on the corrosion 

behavior were determined. 

 

 

2. EXPERIMENTAL PROCEDURE 

Powders of stainless steel AISI 409Nb, supplied by Coldstream, Ath, Belgium, iron-chromium 

(Fe-Cr) and iron-boron (Fe-B), supplied by F. W. Winter & Co., Camden, N.J., were used as raw 

materials. The chemical composition and physical properties of these powders are shown in Table 1. 

Five mixtures were prepared in which the content of boron was varied from 0.8 to 1.2 weight percent; 

a reference sample with no addition of boron was also prepared. Each mixture was doped with iron-

chromium (2.6 wt %) in order to increase corrosion resistance of the stainless steel because of possible 

reactions between chromium and boron.  

For comparison purposes, an AISI 409 stainless steel sample was made by melting and casting. 

The chemical composition and nomenclature of the cast sample (Fe409) and mixtures with different 

contents of boron are presented in Table 2. 
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Table 1. Chemical composition and physical properties of the powders. 

 

Powder 
Composition (weight %) 

Apparent 

density 

Flow 

Fe Cr B C S Nb Si (g/cm
3
) s/50g 

409Nb 87.52 10.9 ---- 0.01 0.01 0.53 0.9 3.06 26.2 

Fe-Cr 24.93 74.0 ---- 0.03 0.02 ---- 1.0 4.11 ---- 

Fe-B 79.67 ---- 18.98 0.35 0.005 ---- 0.82 1.44 ---- 

Powder 
Granulometry (%) 

-60+80 -80+100 -100+150 -150+200 -200+250 -250+325 -325 

409Nb 0.03 0.19 7.26 31.92 11.99 24.65 23.96 

Fe-Cr 100 ---- ---- ---- ---- ---- 15 max 

Fe-B ---- ---- ---- ---- ---- 0.01 99.99 

 

Table 2. Chemical composition and nomenclature of the mixtures. 

 

 Element content (wt%) 

Mixture Fe Cr B C S Nb Si 

Fe409 Bal 12.5 0.0 0.08 0.01 0.48 0.70 

Fe0.0B Bal 13.5 0.0 0.02 0.01 0.50 0.89 

Fe0.8B Bal 13.5 0.8 0.184 0.01 0.47 0.89 

Fe0.9B Bal 13.5 0.9 0.207 0.01 0.47 0.89 

Fe1.0B Bal 13.5 1.0 0.230 0.01 0.46 0.89 

Fe1.1B Bal 13.5 1.1 0.252 0.01 0.46 0.89 

Fe1.2B Bal 13.5 1.2 0.275 0.01 0.46 0.89 

 

The raw powders were blended in a double cone mixer spinning at 20 rpm for 30 min. All 

mixtures were added with 1 wt% of zinc stearate (Blachford), which acts as a lubricant. Samples were 

compacted under a pressure of 700 MPa. Sintering was carried out in a horizontal tube furnace at 1150 

ºC during 60 minutes in a hydrogen atmosphere, at a heating rate of 20 ºC/min. 

A piece of copper wire was attached to the samples before the electrochemical tests. 

Afterwards, the samples were mounted in resin and ground with emery paper up to 1200 grit size. The 

electrochemical tests were carried out using a Gill-8 ACM Instruments potentiostat/galvanostat/ZRA 

employing H2SO4 and NaCl deaerated solutions, the concentration of both being 0.5 M. Measurements 

of linear polarization resistance (LPR) were conducted using an electrode of saturated calomel as 

reference, a working electrode (samples and Fe409) and a platinum wire that acts as a counter 

electrode. The linear polarization resistance was measured according to the ASTM G59-97standard 

[17], with operating parameters of ± 20 mV with respect to the corrosion potential (Ecorr), and a scan 

rate of 10 mV/min. From LPR data the corrosion rate was calculated in terms of the corrosion current 

density, icorr, using the Stern and Geary equation [18], which is presented below: 
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      (1) 

 

where 26 is the Tafel constant and LPR is the linear polarization resistance. The corrosion rate, 

expressed in millimeters per year, was calculated in accordance with ASTM G102-89 [19]; this 

calculation was done according to Equation 2. 



 corriC
ratecorrosion        (2) 

 

where C is a conversion factor (3.27 mmg/mAcmyear), ω is the equivalent weight (g), ρ is the 

material density (g/cm
3
), and icorr is the corrosion current density (mA/cm

2
). 

Electrochemical noise tests, measuring potential and current, were carried out on all polished 

samples in the two test solutions. With these data the electrochemical noise resistance was determined 

for all the mixtures according to the ASTM G199-09 standard [20]. For these tests an array consisting 

of a working electrode (samples and Fe409), a second working electrode (platinum) and a reference 

electrode of saturated calomel (SCE) was used. The potential and current signals were acquired 

simultaneously every 1 second for a period of 2048 seconds. 

 

 

3. RESULTS AND DISCUSSION  

3.1. Density 

The addition of boron improves densification of the stainless steel AISI 409Nb due to the 

formation of a boron-rich liquid on grain boundaries during sintering at 1150 ° C, which promotes re-

arrangement of particles, solution and reprecipitation of intermetallics, reduction of porosity and grain 

growth [21]. It has been reported that sintered compact density increases as the boron content 

increases, which was attributed to the homogenization of the microstructure and grain growth [22]. 

The formation of borides and occurrence of eutectic reactions between boron and 409Nb stainless 

steel, below their melting points, are due to the high diffusivity of the former in the α iron phase and 

carbon content [23, 24]. 

 

3.2. Linear polarization resistance 

Table 3 shows the test results of linear polarization resistance. The corrosion current density of 

the samples tested in the 0.5M H2SO4solution remains in the same order of magnitude and the 

corrosion rate is practically the same. Meanwhile, the Fe409 sample has a corrosion current density of 

an order of magnitude smaller; therefore its corrosion rate is lower. 

Crevice corrosion is the most feasible mechanism that explains the high corrosion rate in 

sintered steels immersed in a 0.5M H2SO4 solution. The attack begins in the pores, but as the 

immersion time is prolonged [25], this becomes more aggressive because it moves toward the inside of 

LPR corr i 26  
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the material. Nucleation and propagation of crevices are associated with the creation and development 

of localized solutions inside cavities and pores. The presence of porosity favors a differential aeration 

in crevices and a differential concentration of protons. Under these conditions, the corrosion potential 

of aerated zones of a crevice is greater than the passivation potential, thus the passive layer remains 

stable. In contrast, when there are active conditions inside the pores, active-passive cells are created. 

The onset of crevice corrosion in sintered materials is produced through the enrichment of metal ions, 

mainly chromium, inside the pores, which leads to acidification as a result of the hydrolysis reaction 

Cr
3+ 

+ 3H2O↔ Cr(OH)3 + 3H
+ 

[26]. 

The corrosion current density and corrosion rate measured in the samples immersed in the 

NaCl 0.5 M solution were smaller than the values measured in the sulfuric acid solution. The corrosion 

rate for the majority of the samples was in the same order of magnitude. In this case, the presence of 

chloride has a significant effect on the stability of the passive layer. Corrosion by pitting in passive 

metals is eased by the existence of weak sites (defects and pores) in the oxide layer. In duplex and 

martensitic stainless steels pitting occurs in the open porosity and tends to propagate towards the inside 

of the material [4, 27]. This mechanism may occur in several samples analyzed in this investigation. In 

these materials, crevice corrosion can result from depletion of the dissolved oxygen in the pore. 

Oxygen deficiency impairs the passive layer and produces an accumulation of metal cations within the 

pore. An increase in the concentration of cations induces a flow of chloride ions into the pores to 

balance the charges. The high concentration of chlorides and occurrence of acidic hydrolysis reactions 

within the pores can produce localized metal dissolution [11]. 

 

Table 3. Electrochemical parameters and corrosion rates derived from the Linear Polarization 

Resistance method. 

 

Sample Solution 
Ecorr, 
(mV vs. ECS) 

LPR,  

Ω-cm
2
 

icorr, 

mA/cm
2
 

Corrosion rate, 

mm/year 

Fe409 

0.5M 

H2SO4 

-535.0 49.32 0.52 5.87 

Fe0.0B -538.2 10.85 2.39 29.30 

Fe0.8B -478.9 8.97 2.89 36.05 

Fe0.9B -478.9 9.69 2.68 33.33 

Fe1.0B -476.1 9.49 2.73 31.95 

Fe1.1B -470.3 9.40 2.76 32.02 

Fe1.2B -470.7 9.10 2.85 32.83 

Fe409 

0.5M NaCl 

-569.8 529.39 0.049 0.547 

Fe0.0B -489.3 3252.66 0.007 0.097 

Fe0.8B -580.9 961.74 0.027 0.336 

Fe0.9B -563.1 963.43 0.026 0.335 

Fe1.0B -600 584.14 0.044 0.519 

Fe1.1B -609.6 583.02 0.044 0.515 

Fe1.2B -630.2 706.96 0.036 0.422 
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3.3. Electrochemical noise (EN) 

Electrochemical noise determination is characterized by measuring stochastic fluctuations of 

current and potential without externally perturbing the original conditions of the system [28]. In the 

present work, the current and potential system noise signals were refined by employing a fifth degree 

polynomial model; the magnitude of noise was calculated by employing the residuals [29]. 

Figure 1 shows potential and current time series with tendency for samples tested in a 0.5 M 

H2SO4 solution. It can be seen that the bulk sample does not show pronounced fluctuations in potential 

and reach a constant behavior, which indicates that the surface tends to passivate in this solution. This 

behavior is also reinforced by looking to the current fluctuations, in which a decreasing tendency was 

observed followed by a constant trend at longer testing times. Such behavior suggests that the surface 

suffers passivation, since a constant current is measured in the system as immersion time increases 

[30]. Conversely, powder metallurgy samples show more active potentials with higher currents as 

testing time increases, with all samples showing comparable current levels. Also, they showed larger 

current and potential fluctuations than bulk counterparts. 

 

 
 

Figure 1. Potential and current time records without trend removal for samples exposed in 0.5M 

H2SO4 solution. 

 

Figure 2 shows potential and current time series without tendency for samples Fe409, Fe0.0B, 

Fe0.8B and Fe1.2B, all immersed in a 0.5M H2SO4 solution. Potential fluctuations of sample Fe409 

are an order of magnitude larger than those of the three other samples. Also, noise signal from sample 

Fe409 contains low frequency and high amplitude fluctuations. Those fluctuations decrease as testing 

time increases, suggesting the occurrence of passivation of the surface. On the other hand, PM samples 

show low amplitude-high frequency fluctuations, both in current and also in potential, which are 

characteristic features of uniform corrosion phenomena occurring on those samples. Fluctuations in 

PM samples can also arise from electrolyte penetration or air entrapment within the pores network 
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[31]; they also can be produced from nucleation of hydrogen bubbles during active dissolution in acid 

media [32]. All samples were studied by optical microscopy after electrochemical noise testing in the 

H2SO4 solution. PM samples showed a more pronounced electrochemical attack at inter-particle 

boundaries than the bulk counterparts (see Figure 5). 

 

 
 

Figure 2. Potential and current time records without trend removal for samples Fe409, Fe0.0B, Fe0.8B 

and Fe1.2B exposed in 0.5M H2SO4 solution. 

 

Potential and current vs. time data, with tendency, for samples tested in the NaCl solution are 

shown in Figure 3. All samples tested show active corrosion potentials as testing time proceeds, with 

more active values for PM specimens; except for sample Fe0.0B which showed stable corrosion 

potential values around -450 mV. Bulk Fe409 sample showed potential fluctuations as testing time 

increased, reaching a maximum of -400 mV between 1200 to 1600 s, the same fluctuations were also 

observed for current density measurements. Current density trend was similar for all PM samples, with 

sample Fe1.2B showing the highest current density. In general, for PM samples, those with higher 

boron contents showed higher current densities. Bulk and PM samples showed localized corrosion 

when tested in a 0.5M NaCl solution; in the first case the mechanism may occur as the passive layer is 

broken by the chloride ions within the solution, which in turn generates a very large cathodic/anodic 

surface ratio [33]. In PM samples the presence of pores is the most important factor leading to the 

occurrence of localized corrosion, which masks any influence of the microstructure or chemical 
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composition on corrosion behavior. Finally, corrosion of PM samples in NaCl can be attributed to 

electrolyte penetration into the pores network and also to air entrapment within the same network. 

 

 
 

Figure 3. Potential and current time records without trend removal for all samples exposed in 0.5M 

NaCl solution. 

 

Figure 4 shows the potential and current versus time series, with tendency removal, for samples 

Fe409, Fe0.0B, Fe0.8B and Fe1.2B tested in a 0.5M NaCl solution. Samples Fe409 and Fe0.0B 

presented similar fluctuations in potential which were higher than those measured in samples Fe0.8B 

and Fe1.2B. On the other hand, current fluctuations for sample Fe409 were significantly higher than 

those from specimens Fe0.0B, Fe0.8B and Fe1.2B, whose current variations fell within +/- 0.002 mA. 

For all samples, the anodic transients were high at the beginning of the test, followed by a decreasing 

tendency and further stabilization around +/-0.001 mA, as testing time proceeded. This suggests the 

occurrence of localized corrosion phenomena in the samples [31]. This form of corrosion promotes 

transient electrochemical noise signals, as the superficial and sub-superficial cavities hinder ion 

diffusion; and is promoted by a mechanism which is similar to that of pitting caused by chloride ions 

[34]. The main difference is that crevice corrosion prevails for longer times than pitting; such a 

behavior was observed here in PM samples. Noise transients for crevice corrosion in stainless steel are 

similar to those produced by a stable pit, lasting several hours [35].  

In PM samples, porosity acts as a reservoir for chloride ions. Interparticle friction during 

sintering is an important factor that contributes to localized corrosion at the particle-pore interface. 

During sintering, friction of particle surface promotes localized abrasion and consequently, during 

immersion in a corrosive media, instability of the passive layer in those zones. Such a layer may not be 

able to regenerate due to the low oxygen partial pressure at that constricted regions. Therefore, if 

particle bonding is not completed during sintering, anodic active localized zones are expected to be 

formed at the pore-particle interfaces. Corrosion in those regions results in partial disintegration of the 
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sintered structure. Figure 5 shows this phenomenon occurring in samples Fe0.0B and Fe1.2B. 

Resistance calculated form noise measurements (Rn) can be expressed as the ratio of potential and 

current standard deviations (E and I) multiplied by the total area (A), as in Ohm´s law [20], see 

Equation 3. 

I

E
n

A
R






                                                 (3) 

Rn can be compared to linear polarization resistance measurements, therefore, is possible to 

calculate corrosion rates by employing equations 1 and 2. The localization index (LI) is commonly 

employed as a way of measuring corrosion and is expressed as 

Irms
LI I


                                                (4) 

Where I and Irms are the standard deviation of the current and root square mean of current 

fluctuation value, respectively. LI values between 0.1 and 1 indicate localized corrosion, whereas 

general corrosion is found for 0.001>LI<0.01. Finally, a mixed corrosion mode is found for values 

between both ranges [36, 37]. 

 
 

Figure 4. Potential and current time records without trend removal for samples 409, Fe0.0B, Fe0.8B y 

Fe1.2B exposed in 0.5M NaCl solution. 
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Table IV shows v, I, Rn and LI values for the whole set of samples studied here. Most of the 

samples immersed in the NaCl solution showed localized corrosion, whereas corrosion of samples 

Fe1.0B and Fe1.2B presented a mixed mode. Samples immersed in H2SO4 showed mixed corrosion; 

evidence of localized corrosion was only found in specimen Fe409. Metallographic evidence shown in 

Figure 5 is in good agreement with the results regarding corrosion type included in Table IV. 

 

 

Table IV. Electrochemical noise parameters, corrosion rates, LI and corrosion type in both solutions 

for all specimens. 

 

Sample Solution σv σI 
Rn, 

Ω-cm
2
 

Corrosion rate, 

mm/year 
LI Corrosion type 

Fe409 

0.5M 

H2SO4 

0.095 9.29E-4 102.620 3.097 0.729 Localized 

Fe0.0B 0.412 0.039 10.416 30.52 0.035 Mix 

Fe0.8B 0.525 0.070 7.479 43.24 0.082 Mix 
Fe0.9B 0.401 0.028 14.329 22.53 0.073 Mix 
Fe1.0B 0.837 0.085 9.848 30.79 0.040 Mix 
Fe1.1B 0.502 0.082 6.099 49.35 0.039 Mix 
Fe1.2B 0.282 0.042 6.651 44.92 0.053 Mix 
Fe409 

0.5M 

NaCl 

1.700 2.20E-3 775.4 0.373 0.361 Localized 
Fe0.0B 1.988 3.13E-4 6167.8 0.051 0.109 Localized 
Fe0.8B 0.624 7.24E-4 861.7 0.375 0.184 Localized 
Fe0.9B 0.647 5.87E-4 1104.6 0.292 0.188 Localized 
Fe1.0B 0.384 3.67E-4 1047.3 0.289 0.074 Mix 

Fe1.1B 1.642 2.30E-3 724.6 0.415 0.294 Localized 

Fe1.2B 0.725 6.75E-4 1073.5 0.278 0.091 Mix 

 

Figure 6 shows a summary of the calculated corrosion rates for samples immersed in NaCl and 

H2SO4, employing linear polarization resistance and electrochemical noise techniques. Samples tested 

in H2SO4 showed higher corrosion rates than those immersed in NaCl, being such a difference around 

two orders of magnitude. No evident effect of boron additions on corrosion rate was found. On the 

other hand, for samples tested in NaCl an increased corrosion rate was observed as the boron content 

was higher. 

For the various alloys tested in H2SO4 and NaCl solutions, the corrosion rates measured by 

electrochemical noise were comparable to those obtained by linear polarization resistance. This 

suggests that the former technique can be used accurately for measuring corrosion phenomena in 

samples processed by powder metallurgy. 
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Figure 5. Optical micrographs in plan after electrochemical noise measurements for specimens 

exposed in 0.5M of H2SO4 and 0.5M of NaCl solutions. 
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Figure 6. Corrosion rates calculated from linear polarization resistance and electrochemical noise 

measurements for all samples exposed in a) 0.5M H2SO4 solution and b) 0.5 M NaCl solution. 

 

4. CONCLUSIONS 

Compacted and sintered steel samples tested in H2SO4 solution showed higher corrosion rates 

than those measured in a NaCl electrolyte. This can be attributed to hydrolysis occurring at the surface 

of samples, which involves local concentration of protons, that in turn results in dissolution of the 

passive layer and formation of active-passive cells within the pores. Such mechanism is complemented 

by a crevice corrosion mechanism. 

Sample without boron showed the best corrosion resistance when tested in NaCl, this can be 

attributed to its lower carbon content, which hinders the formation of carbides that may act as 

corrosion initiation sites. 

Electrochemical noise measurements showed a mixed corrosion mechanism for samples tested 

in H2SO4, whereas samples immersed in NaCl presented degradation by localized corrosion. 

Current and potential behavior of samples tested in H2SO4 during noise measurements was 

erratic; this was attributed to electrolyte flow through superficial pores and air displacement from those 

regions into the solution. 

Boron additions are deleterious to PM 409Nb stainless steel corrosion resistance, as B-

containing samples showed the highest corrosion rates among the samples studied here. 

A good correlation between electrochemical noise and linear polarization resistance 

measurements was found in this study, which suggests that the former technique is a reliable technique 

useful for corrosion evaluation of alloys manufactured by PM techniques. 
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