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A 23 factorial design was used to study the effect of implantation energy (A), implantation dose (B), and surface
roughness (C) on the corrosion resistance of ruthenium implanted AISI 304L stainless steel in 1 M sulfuric acid.
Potentiodynamic polarization was used to determine corrosion rates of the samples, and a 3-way ANOVA test was
used to calculate the effects of the independent variables and their interactions on the corrosion resistance of the
ruthenium implanted stainless steel. It was shown that the interactive effects of implantation dose and surface
roughness (BC), and of implantation energy and surface roughness (AC) are significant to the corrosion resistance
of the ruthenium implanted stainless steel. In fact, the lowest corrosion rates were obtained with (1) high im-
plantation dose and high surface roughness, and (2) low implantation energy and high surface roughness. XRD
measurements done prior to corrosion exposure showed a 2.1-2.6% lattice expansion for surfaces with high
roughness compared to 1.6-2.1% for polished surfaces, suggesting a higher surface concentration of ruthenium
on stainless steel substrates with high surface roughness. The strong dependence of the implantation parameters
and subsequently corrosion resistance of the 304L stainless steel on surface roughness is compelling. It suggests
that roughening substrates prior to ion implantation for corrosion resistance could be more beneficial than

polishing them as is common practice.

1. Introduction

Ruthenium has been shown to markedly improve the corrosion
resistance of stainless steel alloys in reducing acidic environments
(Potgieter and Brookes, 1995; Olubambi et al., 2009; Olaseinde et al.,
2012; Sherif, 2012) such as those found in flotation, electrowinning and
fuel cells. The improvement in corrosion resistance is due to cathodic
modification brought about by Ru. Cathodic modification, a phenome-
non first observed in 1911 (Monnartz, 1911) and later developed by
Nikon Tomashov and co-workers (Tomashov, 1964), involves intro-
ducing active cathodes such as Ru into stainless steel. This lowers the
stainless steel’s hydrogen overvoltage, increases the exchange current
density for Hy evolution, and consequently shifts its corrosion potential
into the passive region where the protective chromium (III) oxide is
stable.

Although alloying with Ru has the potential to increase the tolerance
of stainless steels in reducing acidic environments, even those with
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abrasive suspension (Wolff, 1999), the prohibitive cost of Ru limits
commercialisation and widespread application of the corrosion protec-
tion technique. This has prompted research in thin anticorrosion Ru
films, with films produced by electron beam vaporization, RF magnetron
sputtering and pulsed electrodeposition (Potgieter et al., 1992; Moyo
et al., 2016, 2018) showing considerable success. Thin Ru films
undoubtably present an economical alternative to bulk alloying
considered previously (Potgieter and Brookes, 1995; Olubambi et al.,
2009; Olaseinde et al., 2012; Sherif, 2012). However, Ru is inherently
brittle, and these films tend to spall severely and delaminate during
corrosion exposure, putting to question their practical applicability and
longevity.

Ion implantation, initially used for doping semiconductors, has
generated considerable interest in corrosion studies (Abreu et al., 2002,
2008; Padhy et al., 2010; Cano et al., 2006; Tjong and Chu, 2007;
Escalada et al., 2013). It is a low temperature technique that offers the
ability to enrich subsurface regions of a metal with any element
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regardless of their miscibility. Surfaces produced by ion implantation
have zero risk of cracking, buckling, spalling or delamination, as they do
not have definable interfaces that could be subjected to mechanical
weaknesses or interfacial corrosion (Dearnaley, 1978). In addition, im-
plantation doses as low as 10*° to 107 ions/cm? can impart appreciable
corrosion resistance as demonstrated in numerous studies (Abreu et al.,
2002, 2008; Padhy et al., 2010; Cano et al., 2006; Tjong and Chu, 2007)
making the approach cost effective. Collectively, these factors make Ru
implantation for corrosion resistance of stainless steel highly attractive
and worth examination.

Metal ion implantation for improved corrosion resistance is largely
understudied, with documented studies limited to implantation of
stainless steels with titanium and cerium for improved corrosion resis-
tance in sodium chloride and sodium hydroxide (Abreu et al., 2002;
Escalada et al., 2013). Rarer still is the study on Ru implantation, with
only one notable work by Tjong and Chu in 2007 (Tjong and Chu, 2007),
which focused on Ru implantation of ferritic stainless steel for corrosion
resistance in 0.5 M sulfuric acid. Despite the encouraging results, no
similar study has been done since then, leaving a knowledge gap that
requires empirical evidence to address.

A comprehensive understanding of Ru implantation for corrosion
resistance of stainless steels must begin with a parametric study. The
objective of this study, therefore, was to use 2K factorial design to
determine Ru implantation parameters beneficial to the corrosion
resistance of AISI 304L stainless steel in 1 M HySO4. Parameters studied
were implantation energy, implantation dose and surface roughness,
and corrosion performance was characterized using potentiodynamic
polarization. In addition to reducing experimentation time and cost, 2k
factorial design can reveal parameters with interactive effects, which
would be impossible with a one-factor-at a time experimental approach.

2. Materials and methods
2.1. Sample preparation

Samples measuring 20 x 20 x 6 mm were sectioned from a 304L
stainless steel plate with 18.32% chromium and 8.2% nickel. One set of
samples were wet ground using silicon carbide paper 120 grit to give an
average surface roughness of ~0.82 pm. Another set of samples were
further ground using SiC paper of progressively finer grit, and eventually
polished using 6 pm alumina paste to give an average surface roughness
of ~0.11 pm. Thereafter, all samples were cleaned ultrasonically in
deionized water (>1 M Q.cm) to dislodge any SiC or alumina particles,
and then degreased with ethanol. The corrosion rate and corrosion po-
tential (Ecorr) of the as received 304L stainless steel in 1 M HySO4 were
0.89 mm/y and —366 mV respectively.

The target used for ion implantation was prepared using a 99% pure
Ru powder supplied by Anglo Platinum, South Africa. The powder was
consolidated using spark plasma sintering at 1400 °C and 30 MPa as
described by Angerer et al. (2009). The target was 20 mm in diameter
and 2 mm thick. Ion implantation was carried out in a Varian 350D
implanter at iThemba LABS North, South Africa. The implanter’s energy
and dose capacity ranged from 50 to 160 keV and 102 to 10'® Ru/cm?
respectively. Implantation was done at room temperature and 0° inci-
dence angle.

To understand the effect of implantation energy on the distribution
of Ru in the stainless steel substrate, the implantation process was
simulated using SRIM-2008 in the full cascade mode and with 5000 ions.
It should be noted that the Ru distribution obtained via this simulation
was only an approximation. However, the results of the simulation were
deemed sufficient for comparison purposes.

2.2. Design of experiments

A 23 factorial design was used for the 3 independent variables im-
plantation energy, implantation dose, and surface roughness. These
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were studied at two levels; high (+) and low (—) as described in Table 1.
Eight experiments were designed with the variables in Table 1 varied as
described in Table 2. All experiments were randomized, and 5 samples
were tested for each experiment in Table 2. A 3-way ANOVA test was
used to calculate the effects of the variables in Table 1 and their in-
teractions on the corrosion resistance of the Ru implanted stainless steel
samples in 1 M HySOy4. The significance of the effects thus calculated was
determined using a normal probability plot. In a normal probability plot,
effects that do not fit reasonably well in a straight line are regarded
significant, while those that fit in a straight line are normally distributed
and are considered insignificant.

2.3. Materials characterisation

The quantities of Ru implanted into the 304L stainless steel samples
could not be determined directly. However, it was expected that
implanted Ru would increase interplanar spacing in the stainless steel
lattice, and that the extent of increase would be directly proportional to
the concentration of Ru introduced in the lattice, as observed previously
on stainless steels implanted with nitrogen, molybdenum and silver
(Mandl et al., 2005; Dudognon et al., 2008). Interplanar spacing is
related to the Bragg angle, which can be measured by X-ray diffraction
(XRD) with appreciable accuracy. A shift of an XRD peak to lower Bragg
angles would suggest an increase in interplanar spacing. Although less
than ideal, this approach was sufficient to allow for drawing sound
conclusions. In this study, XRD measurements were done using a Bruker
D2 Phaser with a LynxEye detector and Fe-filtered Co-Ka radiation. The
XRD measurements were performed before corrosion exposure, and the
data obtained was analyzed using Diffrac.Eva V3.2 software.

Potentiodynamic polarization was done in a 3-electrode cell con-
sisting of the Ru implanted stainless steel sample as the working elec-
trode, Ag/AgCl reference electrode and a large area graphite counter
electrode. The tests were carried out in a Metrohm PGSTAT 302 Autolab
interfaced with Nova 1.7 data acquisition software. Prior to polarization,
the samples were held at OCP for 120s, and then polarized at a scan rate
of 0.5 mV/s vs OCP. Corrosion rates were determined by the Stern-Geary
method as described in ASTM G102. The corrosion tests were carried out
in freshly prepared 1 M HySO4 as widely done by previous researchers
(Olubambi et al., 2009; Olaseinde et al., 2012; van der Merwe and
Tharandt, 2015) on stainless steel alloys modified with Ru. All tests were
done under natural aeration and static conditions with the temperature
controlled by a water bath at 25 + 1 °C.

3. Results
3.1. SRIM simulation

Fig. 1 and Table 3 show that implantation depth increased with in-
crease in implantation energy. The depth of the Ru peak concentration
was ~13 nm at 50 keV and increased to almost 34 nm at 160 keV. The
skewness at 50 keV was more positive, indicating that the implanted Ru
was closer to the surface than at 160 keV and therefore more readily
available for corrosion processes.

Notably, Ru distribution at 160 keV had a long tail (Fig. 1) consistent
with marked channeling. Channeling occurs when the implanted ions
travel between the atoms and crystallographic plans of the substrate.

Table 1

Factors and experimental levels used for the 2° factorial design of experiments.
Factor Parameter Low (—) High (+)
A Energy (keV) 50 160
B Dose (Ru/cm?) 10'2 101
C Surface roughness Polished" Rough”

# Ra ~0.11 pym.
> Ra ~0.82 ym.


astm:G102
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Table 2
Experimental levels used for the 8 experiments. Five samples were tested for
each experiment.

Experiment number Experimental level

A B C
1 + - +
2 + + -
3 - + -
4 + + +
5 + - -
6 - - +
7 _ _ _
8 - + +

The consequence of channeling is implantation depths larger than the
predicted distribution. Ru distribution at 50 keV had a much shorter tail
pointing to less channeling and a higher likelihood for the Ru ions
stopping at shallow depths.

The lateral straggle was larger at 160 keV than at 50 keV (Table 3); it
was in fact 149% wider. This suggests that the Ru ions implanted at the
higher energy interacted more with the atoms of the 304L stainless steel
substrate. The consequence of this is a large volume of damage due to
the knock-on effect of implanted Ru ions, which could be detrimental to
corrosion resistance of the implanted stainless steel.

3.2. XRD analysis

XRD diffractograms for Ru implanted 304L stainless steel shown in
Fig. 2(a) are identical to those for unmodified 304L stainless steel. The
absence of Ru peaks suggests that the amounts of Ru implanted into the
stainless steel substrates were lower than 4 vol%, the detection limit of
the D2 Phaser used in this study. In all cases studied (Table 2), there was
a shift of the (111) and (200) peaks to Bragg angles lower than 51.97°
and 60.64° measured on as received 304L stainless steel. The shift in the
Bragg angle suggests an increase in interplanar spacing consistent with
volumetric expansion of the 304L stainless steel lattice due to the
implanted Ru.

As can be seen in Fig. 2(b), and except for one case, Ru implantation
into the rough stainless steel samples resulted in larger shifts in the
Bragg angle. Angular shift of the (111) peak was between 2.1 and 2.6%
for the rough samples, while the shift of the same peak for the polished
samples ranged from 1.6 to 2.2%. These observations seem to imply that
more Ru was implanted into the subsurface of the rough samples leading
to larger lattice expansion. The largest shift, a 2.6% decrease in Bragg
angle, was associated with the rough samples implanted at low energy
and high dose. This set of samples would be expected to exhibit low
corrosion rates in 1 M H3SOy4, consistent with the expectation that the
corrosion resistance of Ru modified stainless steels increases with in-
crease in Ru concentration (Olubambi et al., 2009; Potgieter et al., 1995;
Sherif, 2011).

At high implantation energy and dose (Fig. 2(b)) the effect of surface
roughness on Bragg angle was indistinguishable. The 26 position of the
(111) peak as measured on the rough and the polished samples was 50.8
and 50.9° respectively. This could be due to the channeling reported in
Fig. 1 at high implantation energy and is consistent with the expectation
of a deeper Ru distribution in these samples.

3.3. Corrosion characterisation

The presence of Ru shifted Eo of 304L stainless steel to nobler
values as illustrated in Fig. 3(a). However, the effect of Ru implantation
on E.,r was rather slight, given that the E.o of as received 304L
stainless steels was —366 mV. Slight increases in E o values after Ru
additions to stainless steel were also noted by other researchers
(Olubambi et al., 2009; Sherif, 2011) although in both cases this was
accompanied by a marked decrease in corrosion current density and
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Fig. 1. Distribution of Ru implanted in 304L stainless steel as simulated as (a)
50 keV, and (b) 160 keV. Angle of incidence = 0°.

hence corrosion rates. In this work, the biggest change in Eoy was
observed on the rough samples prepared at 50 keV and 10'* Ru/cm?%
Ecorr increased to ~ —263 mV.

From Fig. 3(b), the highest corrosion rates were obtained on the
rough samples implanted at low dose (102 Ru/cm?) and high energy
(160 keV). Corrosion rates for this set of samples were as high as 1.4
mm/y and averaged 0.89 mm/y. This is the same as the corrosion rate of
unmodified 304L stainless steel, which was ~0.89 mm/y; meaning that
Ru implantation at high energy and low dose did not improve corrosion
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Table 3
Effect of implantation energy on Ru distribution in 304L stainless steel as
determined by SRIM simulation.

Parameter Implantation energy (keV)
50 160
Ion range (nm) 13.4 339
Lateral straggle (nm) 5.7 14.2
Skewness 0.5618 0.4254
Kurtosis 3.2826 2.9711
(111)
0
c
E]
£
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2 (200)
]
8 J\  10"Ru/cm?
£
" ) 10"?Ru/cm?
\“L 304L
45 50 55 60 65
2 theta (°)
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(b)

Fig. 2. (a) Typical XRD diffractograms for Ru implanted 304L stainless steel,
and (b) effects of implantation dose, implantation energy, and surface rough-
ness on the Bragg angle of the (111) peak. Three samples were tested
per condition.

resistance at all.

The least average corrosion rate recorded was 0.062 mm/y and was
measured on rough samples prepared at low energy and high dose (Fig. 3
(b)). For this set of samples, corrosion rates ranged from 0.014 to 0.183
mm/y, consistent with protection efficiency (Sherif, 2011) of at least
79%. At first glance this observation is atypical since rough surfaces are
usually associated with high corrosion rates (Melchers and Jeffrey,
2004; Li and Li, 2006). However, the results in Fig. 3(b) are consistent
with the expectations that (1) at low implantation energy, Ru would be
distributed closer to the surface (Fig. 1 and Table 3) and more accessible
for corrosion processes; and (2) this set of samples experienced the
largest Bragg angle shift in Fig. 2(b) and supposedly had the largest
subsurface concentration of Ru.

Interestingly, corrosion rates of polished samples increased with in-
crease in implantation dose regardless of energy. This response was
contrary to expectation that higher doses would cause improved
corrosion resistance as demonstrated previously (Padhy et al., 2010).
For rough samples though, corrosion rates decreased with increase in
dose, which was expected. This peculiar trend suggests that surface
roughness had a marked effect on the corrosion resistance of the Ru
implanted stainless steel.
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Fig. 3. Influence of implantation energy, implantation dose, and surface
roughness on (a) Ecoyr, and (b) corrosion rate of Ru implanted 304L stainless
steel in 1 M H,SO,.

3.4. Significant parameters

The normal probability plot in Fig. 4 shows that the effects of surface
roughness (C) and implantation dose (B) (Table 2) as well as the in-
teractions AB and ABC approximately lie in a straight line and were
therefore normally distributed and insignificant. The revelation that
dose was insignificant to the corrosion resistance of Ru implanted 304L
stainless steel was quite surprising. It was natural to expect that Ru
concentration would have a significant effect on the corrosion resistance

100
< AC ®
Q
275 {1 Ae
) °c
3
g_ 50 Be -
E ABC @
s % AB @
z
BC ®
0 ‘ ‘ ‘
0.6 0.4 0.2 0 02 0.4

Effect on corrosion

Fig. 4. Normal probability plot for the main factors A-implantation energy, B-
implantation dose, and C- surface roughness, and their interactions.
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of the Ru implanted stainless steel as demonstrated by other researchers
in similar corrosion control systems (Olubambi et al., 2009; Padhy et al.,
2010; Potgieter et al., 1995; Sherif, 2011).

Parameters that seemed significant to the corrosion resistance of Ru
implanted 304L stainless steel were energy (A) (Table 2), and the
interaction of energy and surface roughness (AC) and that of dose and
surface roughness (BC). As can be seen in Fig. 4, the effects of these
parameters did not fit reasonably well on a straight line. Interaction of
effects takes precedence over effects of individual factors, i.e., the in-
teractions AC and BC were more important than the factor A. Therefore,
further analysis was focused on these interactions only.

Interactions AC and BC were disordinal as can be seen by the in-
tersections of the graphs in Fig. 5. This indicates that the effects of en-
ergy and dose on the corrosion resistance of Ru implanted 304L stainless
steel were strongly dependent on surface roughness of the substrate pre
ion implantation.

In Fig. 5(a), increasing both implantation energy and surface
roughness had the effect of increasing the corrosion rates of the Ru
implanted stainless steel. The results are consistent with the expectation
that (1) at high implantation energy, Ru distribution was deeper in the
subsurface (Fig. 1 and Table 3) and less available for corrosion pro-
cesses; (2) high implantation energies are associated with greater
damage as alluded to in Fig. 1; and (3) rough surfaces are generally
prone to high corrosion rates. On the other hand, increasing implanta-
tion energy on polished samples caused a decrease in corrosion rate of
the Ru implanted stainless steel in 1 M HySO4. The decrease was

0.6

0.4

0.2 A

Corrosion rate (mmly)

-1.5 -1 -0.5 0 0.5 1 1.5
Energy (Coded)

~
o
~—

0.6 1

0.4 A

0.2 1

Corrosion rate (mmly)

0 \ \ \ \ \
-1.5 -1 -0.5 0 0.5 1 1.5

Dose (Coded)

(b)

Fig. 5. Interaction graphs for the effects of (a) implantation energy and surface
roughness (AC), and (b) implantation dose and surface roughness (BC) on the
corrosion rate of Ru implanted 304L stainless steel in 1 M H,SO,4. C = +1 means
high surface roughness, and C = —1 means low surface roughness.
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however marginal, ~11%, compared to ~66% when decreasing im-
plantation energy on rough samples (Fig. 5(a)).

Simultaneously increasing dose and surface roughness also led to low
corrosion rates as can be seen in Fig. 5 (b). Increasing implantation dose
from 10'2 to 10'* Ru/cm? on rough surfaces increased corrosion resis-
tance by a factor >4.5. While it was expected that increasing implan-
tation dose would improve corrosion resistance, a similar effect was not
expected with increasing surface roughness. On polished surfaces,
increasing implantation dose had the opposite effect: increasing dose on
these surface increased corrosion rates by as much as 138%.

4. Discussion

In most of the cases studied, 7 of the 8 experiments detailed in
Table 2, introducing Ru to 304L stainless steel by ion implantation
improved corrosion resistance in 1 M HySO4 by between 42 and 93%.
This confirms the potential of the technique as an anti-corrosion method
and is consistent with the results obtained by Tjong and Chu (2007) on
Ru implanted Fe-24Cr ferritic stainless steel in 0.5 M HySO4.

During corrosion exposure of cathodically modified alloys, it is
postulated that selective dissolution of the base alloy leads to surface
enrichment of the active cathodes like Ru (Pickering, 1983), and the rate
of surface enrichment is a function of the concentration of the active
cathode in the alloy. Hence for samples implanted at 160 keV and having
a deeper distribution of Ru (Fig. 1 and Table 3), the rate of surface
enrichment would be low, and the effectiveness of cathodic modification
reduced. This could explain the decrease in corrosion resistance asso-
ciated with high implantation energy.

Interestingly, increasing implantation energy from 50 to 160 keV had
a similar and marginal effect on the corrosion rate of polished Ru
implanted stainless steel regardless of implantation dose (Fig. 3(b)). At
10'2 Ru/cm?, increasing implantation energy caused ~11% decrease in
corrosion rate and ~12% at 10'* Ru/cm? This seems to suggest that the
depth of Ru in these samples, and hence its availability for the corrosion
process was the same irrespective of implantation energy. A similar
trend was not observed on the rough samples.

One of the challenges associated with ion implantation of poly-
crystalline substrates like 304L stainless steel is channeling. Channeling
results in a deeper than predicted distribution of the implanted element
and reduces its concentration near the surface. In Fig. 1, while chan-
neling was significant at 160 keV, it was just as likely at 50 keV albeit to
a lesser extent. It is possible therefore that the actual ion range for the
polished 304L stainless steel was deeper than 13 nm predicted by SRIM
simulation in Fig. 1 and Table 3.

Amorphization of the substrate can significantly reduce channeling,
and one of the simplest methods of achieving a nearly amorphous sur-
face is through surface roughening. Increasing surface roughness from
0.11 to 0.82 pm could have introduced disorder and heterogeneity in the
arrangement of crystallographic planes in the subsurface of the 304L
stainless steel substrate. A possible consequence of this is a decrease in
the stopping distance of the implanted Ru ions, such that the actual ion
range for the rough 304L stainless steel samples was shallower than that
predicted by the SRIM simulation in Fig. 1 and Table 3. This could
explain the decrease in corrosion rates with increase in ion implantation
dose observed in Fig. 4(b), and the larger shift in the (111) Bragg angle
in Fig. 2(b).

In all the cases studied, Ru implantation shifted the Bragg angles of
the (111) peak to lower values (Fig. 2), indicative of compressive
stresses in the Ru implanted stainless steel samples. Compressive stresses
in ion implantation are mainly due to interstitial atoms (Paine and
Speriosu, 1987) causing volumetric expansion of the substrate lattice.
Schubert et al. (1984) showed that the expansion of a niobium crystal
lattice was linearly proportional to the concentration of nitrogen
implanted in it. Similar results are reported in Fig. 2, where in most
cases, increasing implantation dose from 10'2 to 10'* Ru/cm? increased
the Bragg angle shift.
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The quantities of Ru implanted in the 304L stainless steel were too
small, <4 vol%, to be successfully detected by techniques such as energy
dispersion spectroscopy, auger electron spectroscopy, and transmission
electron microscopy, results of which are not shown here but are
available upon request. It is however plausible to conclude from the XRD
results in Fig. 2(b) that there were larger concentrations of Ru implanted
in the subsurface of the rough samples than in the polished ones. This is
consistent with the supposition that amorphization of the stainless steel
surfaces by roughening reduced the stopping range of the Ru ions, led to
shallower implantation depths, and increased the availability of the Ru
for effective cathodic modification. The lower corrosion rates reported
on most of these samples in Fig. 3(b) corroborate this. These results are
very important since it is common practice to polish samples prior to ion
implantation for corrosion application (Abreu et al., 2002, 2008; Padhy
et al., 2010; Tjong and Chu, 2007).

5. Conclusion

The effect of three Ru implantation parameters, implantation energy,
implantation dose and surface roughness, on the corrosion rate of 304L
stainless steel in 1 M HySO4 was studied using 2* factorial design.
Contrary to expectation, the best corrosion performance was observed
on the rough surface samples with average corrosion rates as low as
0.062 mm/y compared to 0.191 mm/y the lowest average reported on
the polished samples. In fact, low corrosion rates were achievable under
two conditions: (1) low implantation energy and high surface roughness,
and (2) high implantation dose and high surface roughness. Polishing
the stainless steel samples, a common practice, was not beneficial to the
corrosion resistance of the implanted alloy in HzSO4.

This preliminary work presents a strong and compelling dependence
of surface roughness on the effects of implantation dose and implanta-
tion energy on corrosion resistance of Ru implanted stainless steel, a
previously undocumented observation. Future analysis is required to
determine the underlying cause of this behavior, and to optimize the
interactions parameters for maximum corrosion resistance. In addition,
the distribution of the implanted Ru in the stainless steel substrates
needs to be experimentally determined.
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