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Abstract: Watchmaking manufacturers obtain their bracelet links from machining drawn metal
profiles. But, today, there is another process that represents an alternative to manufacture them: metal
injection molding using metal powders (MIM technology). This process is less expensive than the
machining of drawn metal profiles. The aim of this study was to evaluate the corrosion behavior and
the nickel cation release of two stainless steel alloys: 316L MIM and 904L MIM. The general corrosion
behavior was evaluated by the rotating electrode technique; the galvanic corrosion measurements
were conducted with a 316L AISI bulk coupling partner. The pitting corrosion behavior was evaluated
in FeCl3 0.5 M media (according to ASTM G48-11). For comparison, a complementary study was
conducted on 316L and 904L bulk alloys. The Ni cation release tests were conducted on 316L and 904L
MIM and bulk samples according to EN 1811. Different electrochemical parameters were measured
and calculated (open circuit potential, polarization resistance, corrosion current and Tafel slopes,
coulometric analysis). Generally, if MIM steels are compared with conventional steels, their corrosion
resistance behavior is inferior. In the couplings studied, the galvanic currents generated are very
important. The shape of the curves also reveals the presence of localized corrosion phenomena.
According to tests in ferric chloride, MIM steels were noted to have inferior behavior compared to
conventional steels. MIM type 904L steels are comparable in behavior to conventional type 316L steels.
The quantities of nickel released according to EN 1811 were very significant (2 mg cm−2 week−1 up
to 24 mg cm−2 week−1) and did not meet the requirements of the European directive (0.5 µg cm−2

week−1). In conclusion, conventional steels studied under the same experimental conditions revealed
a better behavior compared to MIM steels independently of the phenomenological parameters chosen.

Keywords: metal injection molding; MIM; 316L steel; 904L steel; generalized corrosion; galvanic
corrosion; pitting corrosion; nickel release; allergy of nickel

1. Introduction

Powder metallurgy is the process of obtaining components and objects from metals and
ceramics powders. The powder materials are mixed, pressed into a desired shape and then
heated in a controlled atmosphere to bond the contact surfaces of the particles and to achieve
the geometric shape of the desired object. Thus, the manufacturing techniques generally
adhere to the following steps: powder synthesis (atomization, precipitation, decomposition),
powder preparation/development of feedstock (grinding, agglomeration, mixing with plastic
binder, granulation), formatting (ceramic or metal injection molding—CIM/MIM, extrusion,
pressing/compaction, pouring, sol–gel, infiltration) and densification (sintering, hot pressing,
hot isostatic pressing (HIP), gas pressure sintering (GPS)) [1]. MIM is therefore a shaping
process, as shown in Figure 1.
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Powder synthesis. The properties of articles obtained by powder metallurgy are
highly dependent on different powder characteristics (chemistry and purity, particle size,
size distribution, particle shape and particle surface texture). Several processes can be used,
and each of these give distinct properties and characteristics to the powder and therefore to
the final product:

− Gas atomization, where jets of high-pressure gas (usually nitrogen, argon or helium)
strike a stream of liquid metal as they emerge through the nozzle;

− Liquid under pressure (usually water) can replace gas under pressure by transforming it
in an atomization process with water;

− In another system, an electric arc encroaches on a rapidly rotating electrode. The
centrifugal force causes the molten metal droplets to fly from the surface of the
electrode and freeze in flight.

Water and gas atomization processes are generally used to obtain powders with a
spherical geometry, especially from stainless steels such as 304L, 316L and 904L. Regarding
the size, powders manufactured by chemical techniques generally have smaller dimensions
(0.2–5 µm) than those obtained by water or gas atomization (4–40 µm) [2].

Feedstock elaboration. This step consists of mixing a powder and a polymer-based
binder. The mixture is generally created using mixers and/or extruders at a high shear rate
to ensure good homogeneity.

The binder must be thermally resistant to the mixing, granulation and shaping stages
without degrading, and then it must be able to be disposed relatively easily in the debinding
stage [3]. Generally, multi-component systems based on thermoplastics (polyolefins) ensure
the flow during the injection phase and the strength of the component not only after
injection but as long as possible during the debinding stage. Waxes are also widely used to
reduce the viscosity of the binder to promote injectability.

The ratio between the powder and the binder is also a very important parameter. The
loading rate, Tc, is defined as the ratio of the powder volume to the total volume of the
powder and binder. A higher loading rate causes a very high viscosity, which makes the
injection stage difficult. In addition, the presence of air bubbles in the feedstock mass can
be the cause of the appearance of defects such as cracks during the debinding stage [4]. A
lower loading rate can lead to significant inhomogeneities in the brown part as well as to a
sagging of the brown part during the debinding stage. At a loading rate of 50%–65% by
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volume, the viscosity is still optimal for good injection, and the powder grains’ contact is
sufficient to maintain the shape of the brown part during the entire process.

Formatting: Injection. The injection cycle is as follows. The material placed in the
hopper of the injection press arrives in the sheath, and then it is conveyed by an endless
screw and heated by thermal input. The screw stops rotating, and the mold is then filled
under pressure. The part is then ejected when the mixture has cooled sufficiently. At this
stage of the process, the injected part is called the “injection raw” or “green part”, and it
does not have the same dimensions as the final one due to the shrinkage phenomenon,
which occurs during the sintering stage. Oversizing must be determined precisely to
respect the tolerances imposed on the final part.

The main controlled molding parameters are as follows: the material temperature,
the mold temperature, the injection pressure and the speed [5]. The material tempera-
ture modifies the feedstock viscosity, which decreases as the temperature increases. The
temperature of the mold determines the flow of the feedstock. The injection pressure
influences the internal tensions, shrinkage and dimensional stability of the final parts. As
the pressure is applied longer and more consistently, the part becomes more stable during
the entire process.

The segregation phenomenon between the binder and the powder is difficult to
identify after injection and has dramatic consequences on the integrity of the sintered parts
since it causes anisotropic shrinkage and therefore very significant deformations. It is
favored by the use of binders that reveal low viscosities (such as waxes) [6].

Debinding. This stage consists of removing organic binders from the feedstock once
the part has been injected. There are two distinct debinding stages. In the first stage,
debinding is carried out to open the channels (capillaries) from the heart of the part to its
periphery. A quantity of the binder remains, and its role is to maintain a certain mechanical
resistance to the part, allowing it to be manipulated. In the second stage, which is always
the thermal stage (pre-sintering), it is necessary to eliminate the rest of the organic binder.

Depending on the feedstock used, the binder rate can vary between 35 and 50% vol.
This corresponds to a linear shrinkage of 13 to 21% (reduction between injected and sintered
geometric dimensions X, Y, Z). This is a difficult step to control despite requiring the fewest
adjustments to make.

Debinding is essential to avoiding causing physical (cracking) or chemical (carburizing)
damage to the part. A significant quantity of defects that appear after sintering is generated
by inadequate debinding. Its parameters (temperature, atmosphere, etc.) depend not
only on the binder type but also on the powder (metallic or ceramic). There is therefore
a modification of the chemical-physical, mechanical and biological properties, which no
longer correspond to the demanding requirements (special for the metal or a ceramic objects
that are in contact with living tissue) [7–9].

Another problem that poses great difficulties in this stage is the pollution of ovens by
the presence of carbon residues that come into contact with the pre-sintered parts.

Densification: Sintering. This is the last step of the MIM process, where the part must
be consolidated, and the cohesion and the typical microstructure of the final material must
be obtained. Sintering is accompanied by controlled shrinkage.

The principle of sintering is based on atomic diffusion; metals or ceramics are welded
by a diffusion mechanism at the sintering temperature [10]. There are two forms of sintering:
in the absence of a liquid phase and in the presence of a liquid phase [11]. Sintering
operations have three stages and must be carried out in oxygen-free conditions under a
vacuum or a protective atmosphere:

A. The first temperature stage is designed to burn the air and volatilize and remove
lubricants or binders that could interfere with the proper bonding of the metal particles.
When the compacts contain appreciable amounts of volatile materials, their removal can
create porosity and additional permeability in the pressed form.
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B. The second stage, or high temperature, is where the desired solid-state diffusion and
bonding between the powder particles take place. As the material seeks to decrease its
surface energy, the atoms move toward the contact points between the particles. This is
sintering in the absence of a liquid phase. In this stage, other phenomena must also be
controlled, such as deoxidation phenomena, control of the carbon level and the evaporation
of certain elements.

C. The third stage is a period of cooling the parts while keeping them in a controlled
atmosphere. This procedure serves to prevent oxidation that could occur during direct
release into the air and rapid cooling.

With current technologies, a new concept has been developed: the work pieces are
placed in a pressurized oven that can be sintered under a vacuum for sufficient time to seal
the surface and eliminate any internal porosity. This process is called hot isostatic pressing
(HIP) [12].

Stainless steels. Powder metallurgy technology has undergone a strong evolution,
particularly MIM, in the manufacturing of metal parts with geometric complexity. These
items can be produced in quantities of thousands in a relatively short period of time and
at very competitive costs. They affect a very wide range of applications, such as the auto-
motive industry, aerospace, medical devices, consumer products (watches, toys, jewelry,
household items), etc. Currently, through knowledge and know-how, a multitude of al-
loys can be used (steels, stainless steels, nickel-based alloys, super alloys, titanium-based
alloys [13–16], tantalum titanium, niobium alloys) [17–33]. Very interesting applications
are found in dental medicine [34].

Despite being called stainless steels, they are very sensitive to corrosion localized
forms, namely pitting, crevices and intergranular corrosion. The formation of an oxide
layer on the metal surface (natural passivation) provides it some protection in different
chemical environments.

Metals undergo a change described as a variation in valence and electron density in
equilibrium with possible ionic states. Passivity is the result of the layer’s formation on
the metal surface of a low electrical conductivity. Various theories have been developed
to explain the formation of the passive layer. One of the most generally accepted is the
formation of a stable OH- (oxy-hydroxide hydrate) film in the range of a few millivolts
around the redox potential, Ecor (mixed corrosion potential). The thickness of this film is
between 10 and 100 Å. Passivity, in general, is a kinetic inhibition of the capacity of metals
and alloys to react with the medium in contact with their surface. Passivity results in the
formation of an ultra-thin film, which is compact, dense and free of porosities and which
uniformly covers the metal surface. Today, it is known that the stationary state of these
films are layers of solid oxides and not mono-molecular adsorption layers [34].

The protective oxide film can be subjected to attack followed by localized degradation,
which leads to pitting and crevice corrosion morphologies of the steel. Sintered stainless
steels, superalloys and nickel-based alloys also undergo corrosion through the occasional
destruction of their oxide layer formed on the surface. But in sintered materials, inherent
pores and crevices are part of the material. Depending on their dimensions, these pores can
act as initiation markers for pitting and crevice degradation of the materials.

A large part of the bibliographic resources on the corrosion of PM alloys reports
immersion tests in chloride and salt spray environments [35–38]. Test results can provide
useful information for some systems, but they are often not sufficiently described to evaluate
similar alloys. In addition, they do not provide information on the nature or mechanisms
of the corrosion of PM alloys.

In fact, mechanisms of degradation in an artificial environment, such as salt spray, are
often very different from those of a natural environment. These tests can be considered as
screening tests.
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Also, tests in orthodontics involving the galvanic coupling of conventional and metal
injection molded (MIM) brackets with various nickel–titanium or copper–nickel–titanium
wires are conducted by immersion in lactic acid [39,40].

Corrosion resistance studies of CoCrMo MIM alloys in the manufacturing of ortho-
pedic prostheses have also been reported [41,42]. In watch clothing, MIM technology is
commonly used to obtain links for bracelets. MIM links are made of 316L and 904L steels.
Nickel is found in the composition of these alloys.

The role of nickel in the biological response to alloys used in medical devices is of
immense significance regarding toxicology and biological performance. There is now
a tendency to take nickel out of alloys for medical applications. However, this needs
careful evaluation, since no compromise is acceptable regarding the mechanical properties,
corrosion resistance or any other harmful consequences due to nickel substitution [43].

Nickel allergy is the most widespread of all contact allergies. In the general population,
the prevalence is 10%–15% of adult females and 1%–3% of adult males in Europe who are
allergic to nickel [43,44]. Of nickel-sensitive people in the general population, 30% develop
hand eczema.

Nickel is the object of two European directives: 94/27/CE and 2004/96/CE. Today,
it is found in Annex XVII of the REACH regulation with restrictions on the manufacture,
placing on the market and use of certain dangerous substances, mixtures and articles. It
shall not be used [45] (a) in any post assemblies that are inserted into pierced ears and other
pierced parts of the human body unless the rate of nickel release from such post assemblies
is less than 0.2 µg/cm2/week (migration limit); or (b) in articles intended to come into
direct and prolonged contact with the skin, such as earrings, necklaces, bracelets and
chains, anklets, finger rings, wristwatch cases, watch straps and tighteners, rivet buttons,
tighteners, rivets, zippers and metal marks, when these are used in garments, if the rate
of nickel release from the parts of these articles coming into direct and prolonged contact
with the skin is greater than 0.5 µg/cm2/week [45].

Thus, in the manufacture of bracelets and other articles specific to watch clothing,
there is a trend of replacing these steel grades with nickel-free austenitic steels. Attempts
are being made today to transfer these steel grades to MIM technology [34,46–55].

The purpose of the current study was to study the potential of using watch bracelet
links obtained by MIM processes intended to be in contact with the skin. This was a request
of a Swiss watchmaking group. The corrosion behavior of several stainless steels obtained
by MIM and MIM + HIP were evaluated by different electrochemical techniques. Common
stainless steels were also tested in the same media. In the manufacture of bracelets in link
and pin assembly, galvanic currents can be generated by the presence of sweat or other
aqueous electrolytes (sea water, swimming pool water, rain or condensation of atmospheric
humidity). For this reason, direct measurements of the galvanic couplings between MIM
alloys and common steels were carried out.

The pitting potential of these alloys was also evaluated by applying the ASTM G48-11
standard for ferric chloride [56].

2. Materials and Methods
2.1. Materials

Ten MIM stainless steels were investigated: 316L (#1 to #6) from one supplier and 904L
P (#7 and #8) and 316L A (#9 and #10) from a second supplier, as shown in Table 1. These
materials were obtained according to various technological manufacturing conditions:

− Milling × 1 Time: This is a feedstock in which the metal powder is obtained by
grinding once;

− Milling × 2 Times: This is a feedstock where the metal powder used is obtained by
grinding twice.
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Table 1. Sample identification.

Code Material Powder State of the Feedstock Cycle Process

#1 316L Green Long Sintering and HIP

#2 316L Green Long Frittage and HIP

#3 316L Milling × 1 Time Short Sintering

#4 316L Milling × 1 Time Short Sintering and HIP

#5 316L Green Short Sintering

#6 316L Green Short Sintering and HIP

#7 904L Green Short Sintering and HIP

#8 904L Milling × 1 Time Short Sintering and HIP

#9 316L Milling × 2 Times Short Sintering

#10 316L Milling × 1 Time Long Sintering

For a better understanding of sampling and manufacturing processes, we reorganized
the samples according to a diagram that takes into account the various technological
parameters chosen by the manufacturer (Figure 2).
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0.4 V and 0.3 A. The alloy microstructures were observed using a metallographic micro-
scope (Polyvar Met, Reichert-Jung, Vienna, Austria). A scanning electron microscope 
(Sigma, Zeiss, Jena, Germany) and an Oxford X-MAX EDX Instrument for microanalysis 
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Figure 2. Diagram of test samples according to technical manufacturing parameters. In black the
samples provided by the first supplier and in red the samples provided by the second supplier.

The samples prepared by the supplier were discs with diameters of 10 mm. The test
surfaces were “mirror” polished with diamond paste with a particle size of 0.1 µm. The
samples were embedded in a self-curing methyl methacrylate resin and then polished with
SiC paper and finally with diamond spray (6/3/1 microns). Electrolytic etching was carried
out in a bath of 100 mL of H2O, 10 mL of HCl and 5 g of Cr(VI)-oxide for 5 s under 0.4 V
and 0.3 A. The alloy microstructures were observed using a metallographic microscope
(Polyvar Met, Reichert-Jung, Vienna, Austria). A scanning electron microscope (Sigma,
Zeiss, Jena, Germany) and an Oxford X-MAX EDX Instrument for microanalysis were also
used. The analyzed samples were covered with a gold flash.

2.2. Evaluation of Corrosion Behavior Using Electrochemical Techniques

Generalized corrosion. The use of the rotating electrode technique allows the control
of mass transfer phenomena according to Levich’s theory (1942) [57–60]. An expression for
the Nernst diffusion layer specific to the rotating electrode is obtained; in other words, each
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dissolved species that reacts in the electrochemical system has its own Nernst diffusion
layer. Another factor that significantly influences the corrosion process is the amount of
oxygen dissolved in the electrolyte.

In these tests, the medium was deaerated with argon, which allowed measuring the
quantity of the dissolved oxygen during the test at 0.2 mg/L. The measurement system
was managed by a modified EG&G Par 273A potentiostat with a background noise of
1pA. The corrosion cell was a glass cell specific for the rotating electrode technique. The
counter electrode was made of platinum, and the reference electrode was a saturated
calomel electrode (SCE). The electrochemical cell was protected by a Faraday cage. The
measurements were made in a laminar regime (the criterion of Re = 3200) with a limiting
current of iL = 56 mA and a rotation speed of 300 rpm to control mass transfer phenomena
(mainly the diffusion phenomenon). A presentation of the rotating electrode technique
is shown in Figure 3. Figure 4 presents the electrochemical assembly diagram of the
rotating electrode.
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Counter-electrode

Measurement cell

Rotating electrode

Luggin probe

Reference electrode

Tachyprocessor

Potentiostat

Sample

PTFE Insulating

Working electrode

Faraday Cage

Figure 4. Electrochemical assembly diagram of the rotating electrode.

The electrochemical evaluation of generalized corrosion was carried out using different
ASTM standards, such as ASTM G3-14, ASTM G5-14 and ASTM G59-97 [61–63].

The electrochemical parameters measured were as follows:

− The open circuit potential recorded during immersion in the deaerated electrolyte
with Ar for 16 h;
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− The polarization resistance (Rp) calculated from the plotted polarization curve (±20 mV);
− The Tafel slopes and the corrosion current (Icorr) calculated from the polarization curve

(±150 mV);
− The coulometric analysis by zone drawing the overall polarization curve (−1000 mV

to +1000 mV).

Evaluation of galvanic corrosion by direct coupling measurements. Link–pin assem-
blies are ideal cases for the formation of galvanic cells, where an electric potential difference
of 50 to 100 mV can be measured. It has a release of cations toward the skin. This is the
typical case of nickel release, which today is regulated by REACH Annex XVII [44].

There is also the aspect of the cathode–anode ratio. The surfaces of the MIM steel
link are significantly larger than the surfaces of the pins (rods). Constructions with large
cathode surfaces and small anodic surfaces are very dangerous. The galvanic cell delivers
a strong anodic current that leads to rapid degradation of the anodic part by corrosion
mechanisms in crevices or pitting. This is probably the type of corrosion most frequently
found in bracelet constructions. The most direct procedure for galvanic cell measurements
involves immersing two dissimilar metals in an electrolyte and electrically connecting
them to measure the galvanic potential and current (igalv, Egalv) using a zero-resistance
ammeter. This technique is very accurate for time-dependent polarization but is expensive
and time-consuming. In general, couplings are measured for 3 to 4 days to obtain reliable
information. Individual samples can be weighed before and after testing to determine
the corrosion rate as a function of potential and thus make corrections if necessary using
Faraday’s Law.

The samples were mounted on PTFE sample holders. The measuring cell was made
of glass, and the measuring electrodes were positioned horizontally opposite each other.
The reference electrode was a saturated calomel electrode (ECS). The galvanic current as a
function of the coupling time was measured by an EG&G PAR model 273A potentiostat
with the electronic modifications indicated by the manufacturer of the device. These
modifications made it possible to measure galvanic coupling currents of around 100pA.
The electrochemical assembly is shown schematically in Figure 5. Galvanic corrosion
measurements were carried out for MIM steel and 316L steel couples conforming to ASTM
G71-81 [64]. The test medium was artificial sweat (Table 2) described by standard EN
1811 [65] at a temperature of 37 ◦C, deaerated with argon. All chemicals were of reagent
grade and were purchased from Merck (Darmstadt, Germany). The artificial sweat was
filtered through a sterilized Falcone 0.22 mm membrane; the bottles used were of the
Medical Devices type. The sweat used was not buffered with NaOH to ensure good
chemical stability during corrosion testing.
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Figure 5. Electrochemical diagram of the galvanic coupling measuring cell.

Table 2. Chemical composition of artificial sweat.

Chemical
Composition

Urea NaCl Racemic Lactic Acid

1 ± 0.001 g/L 5 ± 0.001 g/L 940 ± 10 µL/L
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The samples were also tested in terms of pitting and crevice corrosion. The samples
used for the evaluation of crevice corrosion (#3, #4 and #5) were 4 mm diameter rods
(machined from the initial rods samples) driven into Teflon sample holders suitable for the
crevice test technique according to ASTM F746-87 [66].

Evaluation of resistance to pitting and crevice corrosion in FeCl3 medium. Numerous
test environments for the study of pitting corrosion are described in the scientific literature.
These are usually solutions of halides such as FeCl3, MgCl2, NaCl, KCl, NaF, KF, NaI, etc.
The ASTM G48-11 [56] standard describes a ferric chloride (FeCl3) test to classify stainless
steels with respect to resistance at pitting and/or crevices in a medium containing chloride
anions. The use of a ferric chloride solution is justified by the fact that chloride ions are
known for their important role in the germination mechanism of corrosion pits and their
wide distribution in the environment and in sweat. Ferric cations are also considered in the
mechanism of pitting corrosion, particularly during the propagation of the pit.

The test used was adapted according to ASTM G48-11 [56]. The samples were placed
in a polymerizable resin and polished to 1 mm. The test samples thus prepared were
immersed in a 0.5 M FeCl3 solution at 50 ◦C for 2 h. After rinsing with deionized water
and ethanol p.a., the samples were examined visually and at low magnification (6×). The
number of bites was counted using photographs at this magnification. The results obtained
are expressed as the pit density (number of pits/cm2).

To have a comparison criterion for evaluating pitting resistance, identical samples
from other steels were prepared (discs with diameters of 10 mm), as shown in Table 3. The
surfaces were “mirror” polished with diamond paste with a particle size of 0.1 µm. They
were tested together with the MIM steel samples.

Table 3. Standardized composition of steels tested for pitting corrosion (FeCl3).

DIN AISI C Si Mn P S Cr Mo Ni Other

1.4571 316 Ti <0.08 <1.00 <2.00 <0.045 <0.030 16.5–18.5 2.0–2.5 10.5–13.5 Ti > 5; C < 0.80

1.4435 316L <0.030 <1.00 <2.00 <0.045 <0.025 17.0–18.5 2.5–3.0 12.5–15.0 --

SW14435 316L <0.030 <1.00 <2.00 <0.045 <0.025 17.0–18.5 2.5–3.0 12.5–15.0

PX14435 316L <0.030 <1.00 <2.00 <0.045 <0.025 17.0–18.5 2.5–3.0 12.5–15.0

1.4441 316L
med. <0.030 <1.00 <2.00 <0.025 <0.010 17.0–19.0 2.5–3.2 13.0–15.5 N < 0.10; Cu

< 0.120

PM14435 316L <0.030 <1.00 <2.00 <0.045 <0.025 17.0–18.5 2.5–3.0 12.5–15.0

1.4539 904L <0.02 <0.70 <2.00 <0.030 <0.015 19.0–21.0 4.0–5.0 24.0–26.0 Cu 1.00–2.00;
N 0.04–0.15

Evaluation of the quantity of nickel released. The nickel release test was carried out
on artificial sweat according to the EN 1811 standard [65]. The samples, polished with
0.1 mm diamond paste, were first cleaned with ethanol p.a. under ultrasound. The test
tubes, containing a sample as well as 2.6 mL of artificial sweat, were kept in an oven at
30 ± 2 ◦C for 7 days. The nickel was then determined by ICP-AES.

3. Results and Discussion
3.1. Metallography

Figure 6 presents the surface of MIM sample #10 before and after the metallographic
attack. Before the metallographic attack, the existence of porosities on the sample surface
was noted. The metallographic attack also revealed small black dots, which were probably
porosities in the mass of the samples, and the dendritic structure could be distinguished.
According to ASTM E112-13 [67], the grain size was 4. The microstructures for all the other
MIM steel samples are presented in Figure 7.
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There are phenomenological changes that occur during sintering, which were noted
in all the structures shown in Figure 7. The structure is completely homogeneous, it is
a visible embedded dendritic structure with spheroidal porosity and considerable grain
growth. The original particle boundaries completely disappear with the formation of a
single-phase austenitic structure, peppered with annealing twins [68]. For the comparison
criteria, Figure 7 also presents the structures of the AISI 316L and AISI 904L steels.

3.2. Corrosion Behavior Evaluation Using Electrochemical Techniques

Generalized corrosion. The open circuit potential curves as a function of time for
MIM steels are presented in Figure 8. After 16 h of immersion, the MIM steels showed a
tendency toward passivation, and their Eoc potential stabilized in the cathodic domain
(positive values). Only for sample #2, the Eoc remained in the anodic domain. For samples
#9 and #10, disturbances were noted, most likely caused by surface phenomena such as
passivation–depassivation in a non-stationary immersion regime.

The calculated values of Rp, icorr and Tafel slopes are presented in Table 4. For
a comparative image, the electrochemical parameters of the 316L and 904L steels are
introduced in the same table. For all the results, it was noticed that MIM steels presented
an inferior corrosion behavior compared to 316L and 904L steels. It is very difficult to
envisage a certain trend in relation to the technological parameters taken into consideration
in Figure 2. The dispersion of results is too important.
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Table 4. Electrochemical parameters measured and calculated for MIM steels and for 316L and 904L
standard steels.

Samples Tested
E (i = 0) Rp bc ba icorr

Coulometric Analysis

Ecorr–300 mV 300 mV–600 mV

mV kOhm.cm2 mV/Decade mV/Decade nA/cm2 mC/cm2 mC/cm2

316L 32 1507 414 113 27 1.96 198.0

904L 123 347 122 312 91 2.52 20.65

#1 S+HIP 33 552 244 102 31 1.15 1691.0

#2 S+HIP −233 232 46 76 226 4.40 1300.0

#4 S+HIP 67 290 545 52 85 1.07 1304.0

#6 S+HIP 83 115 69 113 568 7.51 2354.0

#7 S+HIP 60 80 589 39 654 4.02 4.10

#8 S+HIP 72 55 252 52 777 2.16 3.70

#3 S 66 290 97 77 151 1.02 864.4

#5 S 76 53 92 47 528 1.82 1212.0

#9 S 74 45 251 39 931 1.23 663.5

#10 S 36 96 69 181 340 2.11 1503.0

Linear-version potentiodynamic polarization curves plotted between −1000 mV and
+1000 mV ECS for MIM steels are presented in Figure 9. It can be noted that the curves
reveal better corrosion behavior for the 904L MIM steels (#7 and #8) compared to all the
316L MIM steels.

The breakdown potentials of MIM type 316L steels were between 250 and 400 mV
(Figure 9b). For samples #5, #6, #9 and #10, degradation peaks (spikes) were observed at
100 mV. For samples #1, #2 and #3, anodic current values at –100 mV were revealed. The
shape of the curves indicated the presence of numerous disturbances that were specific to
pitting and crevicing phenomena.
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Figure 9. (a) Potentiodynamic polarization curves obtained for MIM steels—linear version; (b) Zoom
in the area of the breakdown potentials.

The potentiodynamic curves of an MIM steel and a classic 316L steel are presented in
Figure 10. Its potentiodynamic curve was traced under the same experimental conditions.
It should be noted that the 316L steel showed better generalized corrosion behavior.
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Figure 10. Comparison of the potentiodynamic polarisation curves of MIM 316L steels with 316L
steel measured under the same experimental conditions.

In the same way, potentiodynamic curves were drawn for the 904L alloys: MIM
samples #1 and #8 versus the classic 904L sample, as shown in Figure 11a. From the same
experimental conditions, the 904L classic steel presented better corrosion behavior, as
shown in Figure 11b. In the same area, the MIM steels showed peaks at 100 mV; this is the
beginning of pitting or crevice corrosion phenomena. However, in the region of 400 mV
to 800 mV, the best behavior was revealed by MIM steels. Due to a lack of samples, the
laboratory did not conduct specific pitting and crevice corrosion tests other than those
according to ASTM F746-87 [66]. The 904L steel in the anodic region revealed an increase in
current from a potential of 400 mV. This displacement was specific to the process of pitting
and crevice corrosion morphology. Current disturbances noted between 400 and 800 mV
were due to the pin hole propagation process. The breakdown potentials were around
800 mV ECS.
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Figure 11. (a) Comparison of the potentiodynamic polarization curves of MIM 904L steels with
904L steel measured under the same experimental conditions. (b) Zoom in the area of −200 mV to
+400 mV.

The coulometric analysis of the steels studied for the zones Ecorr to 300 mV and 300 mV
at 600 mV is presented in Table 5. It also confirms the observations and remarks made
according to the electrochemical parameters presented previously. In the family of MIM
samples, the best behavior was noted for the 904L steels (#7 and #8). From this criterion,
the comparison of MIM 316L steels does not allow correlations to be drawn with the
technological manufacturing parameters presented in Figure 4.

Table 5. Quantity of electrical charge delivered for 72 h of galvanic coupling.

Galvanic Couple MIM Steel/316L AISI Quantity of Electrical Charge Delivered for 72 h
[C/cm2]

MIM #1/316L AISI 3.69

MIM #3/316L AISI 0.25

MIM #4/316L AISI 1.24

MIM #5/316L AISI 0.22

MIM #6/316L AISI 2.12

MIM #7/904L AISI 3.23

MIM #8/904L AISI 0.17

MIM #9/316L AISI 2.97

The rotating electrode technique was used to highlight the morphologies of pitting
and crevice corrosion. The rotation speed applied was 300 rpm to ensure the presence in
a laminar hydrodynamic regime (laminar flow) with a Reynolds criterion value (Re) of
3200. The test was carried out with a low scanning speed of 0.03 mV/s. The polarization
curves were plotted in pseudo-stationary regime, as shown in Figure 12. The anodic current
increased sharply at the pitting potential, which is also called breakdown potential, Ebd [69].

Between the increasing domain of the current, 10−6 A and 10−4 A, there were noted
two stages. The first stage corresponded to pit initiation, and the second one from the Ebd
corresponded to pit propagation. The two tested MIM grades, 316L and 904L, presented
different levels of propagation in relation to the electric potential: for MIM 316L alloys,
E = 106 mV et I = 16 × 10−6 A/cm2, and for MIM 904L alloys, E = 367 mV and I = 1.74 ×
10−6 A/cm2, as shown in Figure 13.
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Figure 13. Pit initiation and propagation stages for #10 and 316L and #7 and 904L alloys.

According to bibliographic data mentioned in this study, the value of the pitting
potential (Ebd) does not correspond to a well-defined thermodynamic or kinetic parameter.
It depends both on the initiation processes and on the kinetics of propagation and re-
passivation. Being a property of the metal–environment system, the Ebd depends in
particular on: the chemical nature and microstructure of the metal, the surface condition, the
presence of inclusions, the chemical composition and nature of the electrolyte, temperature
and convection conditions.

The morphologies of pitting and crevice corrosion were highlighted by microscope
investigations after the potentiodynamic polarization tests. Figure 14 presents the images
of all the tested alloys. It can be noted that all the steels revealed a high sensitivity to this
form of morphology.
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Figure 14. Optical and electron microphotographs of MIM samples after potentiodynamic polariza-
tion tests.
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Figure 15 presents a zoom of a pit that highlights the metallic particles of the feed-
stock (red arrows). In this case, it can be considered an MIM composite mass and not a
homogeneous metallic mass in which all metallic particles should be dissolved.
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Galvanic corrosion evaluation. The galvanic coupling currents measured for the MIM
316L samples (#1, #3, #4, #5, #6 and #9) with 316L AISI steel as a coupling partner and MIM
904L (#7, #8) coupling with 316L AISI are presented in Figure 16. A strong dispersion of
the results can be observed, with current values up to 15 µA/cm2. The disturbances noted
on the curves reveal the presence of localized corrosion processes (pitting and crevices).
Examination of the surfaces of the tested samples showed important degradation of the
MIM steel surfaces compared with those of the 316L AISI steel.
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In general, to reduce the galvanic cell effect, galvanic couplings must deliver quantities
of electrical charge of micro and even nanocoulomb orders. Table 5 presents the calculated
quantity of electrical charge delivered in the couplings for 72 h. These quantities were high,
in the order of coulombs for MIM steels 316L #1, #4, #7 and #9 and in the order of hundreds
of millicoulombs for MIM steels 316L #3, #6 and #8. Finally, the corrosion process triggered
by the couplings generated surface damage with releases of cations. There was certainly a
reason why samples #3, #5 and #8 discharged less electrical charge, but it was not related to
the parameters shown in the diagram in Figure 2.

In summary, the technological parameters chosen to characterize MIM steels do not
highlight the possibility of a discriminant analysis regarding their corrosion behavior. It is
noted that the MIM type 904L steels presented better behavior compared to MIM 316L steels.
Conventional steels studied under the same experimental conditions revealed better behavior
compared to MIM steels independently of the phenomenological parameters chosen.
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Pitting corrosion evaluation using the FeCl3 medium. Figure 17 presents the pitting
corrosion assessment test results for MIM samples in parallel with those obtained for a
series of conventional steels (Table 3). It is noted that the MIM stainless steels were affected
more than the conventional steels.
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Figure 17. Evaluation of the pit density (number.cm−2) after the ferric chloride test (FeCl3, 2 h at
50 ◦C).

MIM samples #5, #9 and #10 presented corrosion pits on their surface that were easily
visible to the naked eye. According to Figure 18, the following trends can be identified:
MIM samples #1, #2, #4, #5, #6, #9 and #10 presented the worst pitting corrosion behavior
in terms of pitting density, and samples #7 and #8 (904L) presented the best. MIM steel #3
represented an intermediate case.

According to the results obtained, MIM 904L steels are comparable with conventional
316L steels in terms of their resistance to pitting corrosion, as shown in Figure 17. All
samples suffered from crevice corrosion at the alloy–resin interface, as shown in Figure 18.
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Figure 18. Optical and electron microphotographs of MIM samples after FeCl3 media test (0.5 M, 2 
h at 50 °C). 
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Figure 18. Optical and electron microphotographs of MIM samples after FeCl3 media test (0.5 M, 2 h
at 50 ◦C).

Release of nickel cations. The released nickel cations calculated for the MIM alloys and for
two conventional 316L and 904L alloys are presented in Figure 19. In the case of the MIM alloys,
the quantities of nickel released were very significant; they varied from 2 mg.cm−2.week−1 up
to 24 mg.cm−2.week−1. For the two conventional alloys, the released nickel cations were very
low. Those for 904L steel was measured at 0.25 mg.cm−2.week−1, and those and for 316L steel
was measured at 0.35 mg.week−2.sem−1, similar to the medical applications alloys.
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4. Conclusions

The evaluation of corrosion resistance of ten MIM alloys (eight samples of MIM type
316L and two samples of MIM type 904L) was studied using electrochemical techniques,
rotating electrodes and galvanic coupling. Different electrochemical parameters were mea-
sured and calculated (the open circuit potential, the polarization resistance, the corrosion
current and Tafel slopes, the coulometric analysis and galvanic coupling current). A test to
evaluate their resistance to pitting corrosion in a ferric chloride medium and the measure
of the released nickel cations were completed in this study.

The following conclusions can be drawn from all the results:

− The measured and calculated electrochemical quantities showed the presence of local-
ized pitting and crevice corrosion processes between 100 and 400 mV. Unfortunately,
due to a lack of samples specific to the localized corrosion test, our laboratory was
unable to precisely determine and analyze this type of behavior. Generally, if MIM
steels are compared with conventional steels, their corrosion resistance behaviors were
noted to be inferior.

− In the couplings studied, the galvanic currents generated were very important. The
shape of the curves also revealed the presence of localized corrosion phenomena.

− According to tests in ferric chloride, for the MIM steels, inferior behavior was noted
compared to conventional steels. MIM type 904L steels were comparable in behavior
to conventional type 316L steels.

− The quantities of nickel released according to EN 1811 were very significant and did
not meet the requirements of the European directive of 0.5 µg.cm−2.week−1.

− The parameters studied to characterize corrosion behavior did not reveal any correla-
tion with the manufacturing parameters proposed as technological criteria.

Today, there is a strong trend of developing nickel-free steels that need adhere to the
ASTM standard F2229-02 designating a “Standard Specification for Wrought, Nitrogen
Strengthened 23Mn-21Cr-1Mo Low-Nickel Stainless Steel Alloy Bar and Wire for Surgical
Implants” [70]. A certain number of other nominally nickel-free austenitic steels are also
stabilized with nitrogen and manganese. This is an open door for the development of MIM
steels that can be used for articles in contact with the human body.
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