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The effect of sulfur on the corrosion behavior of nanocrystalline Ni produced by pulse plating has been
studied in solutions of varying pH.  Potentiodynamic polarization in conjunction with energy dispersive
X-ray spectroscopy was used to investigate the role of sulfur on the passivation behavior of
nanocrystalline Ni.  Cross-sectional examination by scanning electron microscopy demonstrated that the
unique structure of the nanocrystalline state promoted uniform dissolution that would minimize the risk of
catastrophic failure by localized attack.
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1.0 Introduction

Intergranular corrosion is a localized form of material degradation which can lead to significant mass loss,
rapid deterioration of structural integrity and, as a result, unpredictable catastrophic failure in many
conventional and advanced materials.  In the past, there have been numerous attempts to alleviate the
intergranular corrosion by controlling some of the factors that lead to this detrimental form of corrosion
including impurity segregation1, electrochemical environment2, grain boundary character distribution3,
second phase particles4 and residual stress5.

In recent years, the grain size of polycrystalline materials has been found to have a significant influence
on the grain boundary corrosion, particularly in nanocrystalline Ni and Ni alloys6-8.  Contrary to earlier
expectations, it has been shown that reducing the grain size in these materials below 100 nm can
effectively eliminate intergranular corrosion by delocalizing the attack over the entire surface6-8.  This is
probably a result of increasing the anode (interface) to cathode (grain interior) area ratio by several orders
of magnitude7.

In addition, for many metals, impurities are known to be detrimental in polycrystalline materials
because of their segregation to grain boundaries during thermomechanical treatments and subsequent
initiation of intergranular corrosion9.  It was proposed10 that nano-processing provides an opportunity to
improve the resistance to solute segregation by a solute dilution effect.  It has been previously shown that
the intercrystalline volume fraction (i.e., the total fraction of atoms associated with grain boundaries and
triple junctions) which is less than 0.03% for conventional polycrystalline material with 10µm grain size,
increases rapidly with decreasing grain size (d) below 100 nm, following a 1/d3 relationship11.  Using a
typical grain boundary thickness of 1 nm, this volume fraction approaches 50% at a grain size of 5 nm.
Furthermore, assuming complete segregation of all bulk impurities to grain boundaries and triple
junctions, the maximum attainable grain boundary impurity segregation can be computed10.  For example,
such analysis has shown that, for a total bulk impurity content of 100 ppm, the grain boundary
concentration at maximum segregation reaches a value of about 30% in a conventional polycrystalline
material with 10 µm grain size.  In contrast, by reducing the grain size to 10 nm, the maximum solute
concentration would only be about 0.03%.  In other words, in addition to providing more beneficial
anode/cathode ratios based on geometrical considerations, nanocrystalline materials (at the same level of
impurities) contain significantly “cleaner” grain boundaries than materials with grain sizes in the
micrometer range, which should ultimately result in reduced susceptibility to intergranular corrosion.

Recent advances in the cost-effective manufacturing of fully dense nanocrystalline metals and alloys via
the pulsed current electrodeposition process12 have resulted in numerous emerging industrial applications
of these materials either as thin and thick coatings or free-standing structures13.  In particular, the
mechanical, physical and chemical properties of nanocrystalline Ni have been studied extensively14.
Sulfur is one specific impurity of interest in nanocrystalline Ni because this material is often produced
from plating baths containing sulfur bearing additives, e.g. saccharin, from which sulfur in concentrations
of several hundred ppm can be codeposited with nanocrystalline Ni15.  A study of the influence of sulfur
on the corrosion behavior of nanocrystalline Ni is therefore, not only of direct interest for industrial
applications, but also provides an excellent system for the study of the impurity dilution effect.

2.0 Experimental Procedure

In this study, polycrystalline Ni200, nanocrystalline Ni and annealed nanocrystalline Ni samples, all in the
shape of cylinders having dimensions of 1.25cm in diameter and 1cm in length, were used.  The
polycrystalline Ni200 material with an average grain size of ~50µm was purchased from Alfa Aesar.
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Nanocrystalline Ni samples of ~650µm in thickness were produced by electrodeposition from a saccharin-
containing Watt’s bath on the outer diameter (OD) of carbon steel rods using a procedure described
elsewhere12.  The average grain size was found to be ~30nm as determined by transmission electron
microscopy.  Infrared adsorption analysis revealed that the nanocrystalline Ni contained ~1080 ppm of
sulfur.  Some of the as-deposited nanocrystalline Ni samples were annealed at ~950°C for 15 min. in
argon in order to obtain polycrystalline Ni through grain growth with the same overall sulfur content as
nanocrystalline Ni.  In addition to extensive grain growth, this annealing treatment also resulted in sulfur
segregation to grain boundaries and subsequent formation of grain boundary precipitates (various NixSy as
per equilibrium phase diagram16).  The OD surfaces of all samples were ground to grit size #600 SiC
paper within 1 hour of electrochemical testing, followed by ultrasonic cleaning in acetone.  The
potentiodynamic polarization experiments were performed using a 1286 Electrochemical Interface
manufactured by Solartron Instruments and a glass polarization cell similar to the one described in
ASTM-G5.

Two electrolytes were used in this study.  The first solution contained 0.25M sodium sulfate (Na2SO4)
prepared by using reagent chemicals dissolved in deionized water having electrical resistivity of 1MΩ.
The pH of the solution was ~6.5.  The second electrolyte was a 1 vol% ammonium hydroxide (NH4OH)
solution of pH ~11.5 at room temperature.  An assessment of the corrosion behavior of Ni in the latter
solution is of considerable technological importance.  For example, NH4OH is currently used to control
the pH in the secondary side of steam generators in CANDU nuclear power generating stations where 1
mm thick nanocrystalline nickel alloys were recently applied for structural in-situ repair of degraded
steam generator tubing17.

3.0 Results and Discussion

3.1 Corrosion behavior in Na2SO4 solution (pH = 6.5)

Figure 1 shows the anodic polarization behavior of polycrystalline Ni200, as-plated nanocrystalline and
annealed nanocrystalline Ni in deaerated 0.25M Na2SO4 (pH = 6.5).  The polycrystalline Ni200 displayed
a distinct passive region between the voltages of 0 and 0.5VSCE which is consistent with previous studies
conducted in Na2SO4 solutions18-20.  In the case of as-plated nanocrystalline Ni, the passive region in the
potentiodynamic curve is virtually eliminated.  It was earlier demonstrated in a study by Kim et al.21, that
the reduced passivity for as-plated nanocrystalline Ni was due to the high sulfur content (in the current
study: ~1080 ppm) introduced during electrodepostion.

Also included in Figure 1 is the potentiodynamic polarization curve for the nanocrystalline Ni annealed
at 950°C for 15 min.  The annealing resulted in a polycrystalline Ni with an average grain size of about
100µm.  The polarization curve of the annealed nanocrystalline Ni was found to be almost identical to that
of as-plated nanocrystalline Ni, indicating that sulfur has the same effect in both materials: it reduces the
passivity of Ni, regardless of grain size.

Despite the similar potentiodynamic polarization curves observed for as-plated nanocrystalline Ni and
annealed nanocrystalline Ni shown in Figure 1, a considerable difference in their corrosion morphologies
was noted in the scanning electron microscope (SEM) as shown in Figure 2.  In the case of as-plated
nanocrystalline Ni, the surface is covered with a high density of shallow pits which were most likely
formed as a result of sulfur blocking the sites for adsorption of hydroxyl ions, known as the precursor in
the formation of a passive layer22, preventing the formation of a stable passive film.  According to a 3-D
atom probe study by Warren et al.23, sulfur impurities (1000 ppm) in electrodeposited nanocrystalline Ni
are uniformly dispersed throughout the structure.  Therefore, it is not surprising that the pits formed on the
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surface of as-plated nanocrystalline Ni (Figure 2a) are evenly distributed over the entire surface.
However, in the case of annealed nanocrystalline Ni, extensive localized attack was observed along grain
boundaries where enrichment of sulfur would be expected after the heat treatment (Figure 2b).  In fact, in
a combined scanning transmission electron microscopy/energy-dispersive X-ray spectroscopy study,
Klement et al.24 found that there was already significant enrichment of sulfur at the grain boundaries after
annealing nanocrystalline Ni containing 1580ppm sulfur for 30 min. at 220°C.  Kim and Oriani19 also
observed that polycrystalline Ni, when doped with sulfur by exposure to SO2 at 1 atm and 800°C for 10
min., did not passivate in the same environment (0.25M Na2SO4), due to extensive intergranular corrosion
caused by second phase particles, nickel sulfides, which formed mainly along grain boundaries.
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Figure 1  Potentiodynamic polarization curves obtained in deaerated 0.25M Na2SO4 at pH = 6.5 (indicted with arrows are the
average grain sizes of each material used, scan rate = 0.2 mV/sec).

When cross-sections of both as-plated and annealed nanocrystalline Ni were examined in the SEM, a
more drastic difference was noted as shown in Figure 3.  For the annealed nanocrystalline Ni, the
localized grain boundary corrosion penetrated as deep as 130µm into the deposit, which resulted in “grain
dropping” in some areas (Figure 3a).  However, in the case of nanocrystalline Ni, the uniformly
distributed pits on the surface as shown in Figure 2(a) were very shallow, usually less than 2µm in depth
(Figure 3b).  A similar delocalized corrosion attack in nanocrystalline Ni has been previously shown in
other environments including 2N H2SO4 solution (pH = 0)6 and 30 wt% KOH solution (pH ≈ 14.8)8.

3.2 Corrosion behavior in NH4OH solution (pH = 11.5)

Figure 4 shows the potentiodynamic polarization curves for polycrystalline Ni200, as-plated
nanocrystalline Ni and annealed nanocrystalline Ni in deaerated 1 vol% NH4OH solution (pH=11.5).  The
as-plated nanocrystalline Ni, unlike in 0.25M Na2SO4 solution at pH=6.5 (Figure 1), shows nearly
identical active, passive and transpassive behavior as observed for conventional polycrystalline Ni200.
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This is consistent with results reported in an earlier study by Kim et al.21 in which, in Na2SO4 solution
with 50 ppm NaOH (pH ~10.9), the polarization curves for polycrystalline Ni200 and as-plated, sulfur-
containing nanocryrstalline Ni were found to be the same, both showing well-defined passive regions.
This can be explained as follows.  At high pH, (i.e. lower H+ concentration), a lower concentration of
NiOH+ is required for the passivation reaction (1) to occur since the saturation concentration, [NiOH+]s,
follows a solubility product (Ksp) as shown in equation (2)25.

NiOH+ → NiO + H+ (1)

Ksp = [NiOH+]s/[H+] (2)

    
(a)

    
(b)

Figure 2  SEM images at two different magnifications showing the corrosion morphologies following potentiodynamic testing
in deaerated 0.25M Na2SO4 of (a) as-plated nanocrystalline Ni, (b) annealed nanocrystalline Ni (950°C for 15min.).
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 (a) (b)
Figure 3 Cross-sectional examination of corroded samples of (a) annealed nanocrystalline Ni and (b) as-plated nanocrystalline
Ni.

In addition, another significant parameter in passivation is the Flade potential26.  The Flade potential, EF,
is the potential at which the transition from active to passive occurs.  It was previously found that EF of
many metals such as iron, chromium, Cr-Fe alloys and nickel generally follows a linear relationship with
pH in the following form27:

EF=EF°-0.059pH (3)

where EF° is the Flade potential at pH = 0.  Therefore, reduced metal dissolution combined with a more
negative potential at which a passive layer forms at higher pH enable nanocrystalline Ni to form a passive
film prior to accumulating on the surface a critical amount of sulfur22, above which a non-protective
sulphide film forms.
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Figure 4  Potentiodynamic polarization curves obtained in deaerated 1 vol% NH4OH (pH = 11.5, scan rate = 0.2 mV/sec).

An interesting observation in Figure 4 is that, despite showing qualitatively the same active-passive-
transpassive behaviour, the annealed nanocrystalline Ni exhibits a higher passive current density.  For
example, at a potential of 0.3VSCE, the passive current densities for Ni200 and as-plated nanocrystalline Ni
are ~1µA/cm2 whereas the passive current density for annealed nanocrystalline Ni is ~10µA/cm2.  In an
attempt to understand this phenomenon, some samples of both as-plated and annealed nanocrystalline Ni
were potentiodynamically polarized up to a potential of 0VSCE in deaerated 1 vol% NH4OH at which both
exhibit passivation and then immediately removed from the corrosion cell for surface examination in the
SEM.  Whereas the surface of as-plated nanocrystalline Ni showed nearly no resolvable damage (except
the scratches remnant from grinding, Figure 5a), the surface of the annealed nanocrystalline Ni showed
already considerable preferential attack (Figure 5b), especially along triple junctions and grain boundaries
(Figure 6).  This localized attack on the annealed nanocrystalline Ni is due to the nickel sulfide
precipitates that form during grain growth28.  Although
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(a) (b)

Figure 5  SEM images showing the surfaces of (a) as-plated nanocrystalline Ni and (b) annealed nanocrystalline Ni after
potentiodynamic polarization testing up to 0 VSCE in deaerated 1 vol% NH4OH solution.

 
(a) (b)

Figure 6 High magnification SEM images of the annealed nanocrystalline Ni (Figure 5(b)) showing preferential dissolution at
(a) a triple junction and (b) a grain boundary.

most of the surface-near nickel sulfide precipitates have been dissolved during polarization up to the
potential of 0VSCE, many pits still show some sulfur residues as shown by the EDS spectrum (Figure 7)
taken at the bottom of the grain boundary pit shown in Figure 6b.  Nickel sulfide precipitates were also
reported to initiate pitting in annealed Ni200 with much lower sulfur concentrations, particularly in NaCl
environments29-30.  Datta and Landolt29, after observing preferential pit formation on sulfides during high
rate dissolution of Ni200 in 5M NaCl, suggested the following mechanisms for pit formation.  First,
assuming the precipitates to be poor electrical conductors, the current density between inclusion and metal
is locally increased resulting in non-uniform current distribution which, in turn, could lead to preferential
dissolution around the precipitates.  Second, voids between the inclusions and the metal could form during
cooling due to the difference in the thermal expansion coefficient.  These voids could then act as
nucleation sites for preferential pitting.  Finally, the precipitates themselves may undergo chemical or
electrochemical dissolution and release sulfur ions that according to Oudar and Marcus22, can act as
catalyst for anodic dissolution of Ni.  Therefore, it is likely that the large amount of sulfur shifted the
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passive current density to a higher value when nickel sulfide precipitates are formed during the annealing
of nanocrystalline Ni.

Figure 7 EDS analysis of region 1 shown in Figure 6 (b).

4.0 Summary

In 0.25M Na2SO4 solution (pH = 6.5), the presence of 1080 ppm sulfur reduced the passivity of both as-
plated and annealed nanocrystalline Ni.  However, even at such a high concentration of sulfur, as-plated
nanocrystalline Ni is highly resistant to localized corrosion while the annealed polycrystalline counterpart
with the same sulfur-content resulted in highly localized attack with grain dropping.  At higher pH (pH =
11.5, 1 vol% NH4OH solution), both as-plated and annealed nanocrystalline Ni with 1080 ppm sulfur
displayed passive behavior comparable to that of conventional polycrystalline Ni200.  However, the
passive current density for the annealed nanocrystalline Ni was approximately 1 order of magnitude
higher and localized grain boundary/triple junction attack on Ni sulfide precipitates was observed.  The
results of this study support the earlier hypothesis that solute dilution by nano-processing can be used as
an effective metallurgical tool to improve the overall intergranular degradation resistance of Ni, in
particular, when high levels of sulfur impurities are present in the material.  The delocalised corrosion
observed for nanocrystalline Ni is of tremendous technological importance.  Regardless of whether or not
the material passivates, a highly uniform metal dissolution is desirable because for lifetime assessment
considerations, the total material loss can be designed for as long as the corrosion rate is known.  For the
case of polycrystalline materials with localized grain boundary attack, this is not possible and catastrophic
failures must be anticipated.
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