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Executive Summary

Galvanic corrosion is one of the most prevalent corrosion problems of modern times, where dissimilar metals
and alloys are routinely used in industrial applications. This report focuses on galvanic corrosion in bridge
applications through a literature review, a comprehensive experimental study, advanced analysis, and the
development of an evaluation tool, a guiding procedure, and a set of galvanic corrosion criteria. It aims to
provide information and resources to bridge engineers to conduct a better assessment on

galvanic corrosion in bridge design and management.

A galvanic series was developed that provides a systematic collection and comparison of the corrosion
tendencies of bridge alloys. It has demonstrated that a significant galvanic corrosion tendency warrants
attention, but also revealed that a seemly low tendency could lead to substantial galvanic corrosion between two
actively corroding metals. These findings support the need of a method for further evaluation: a measurement

of galvanic corrosion rate that assesses how fast the anodic alloy loses its mass. A set of criteria to interpret

the magnitude of galvanic corrosion risk was established by considering both galvanic corrosion rate, and a

new concept of a ratio that takes account of the galvanic corrosion rate in the context of a general corrosion

rate (Gal/Corr), providing a consistent assessment for the alloys studied in this project. These advancements
subsequently enabled the development of a three-step guiding procedure for assessing galvanic corrosion.

The experimental design and results provided the foundation on which 11 bridge alloys were studied by using
guantitative electrochemical techniques, microstructural analysis, and visual inspection of samples tested in a
salt-spray chamber. The results also support corrosion-mechanism-based mitigation strategies by countering
the necessary conditions for galvanic corrosion to occur and considering the key factors that influence its
magnitude; that is, how the assembly and configuration affect the cathode/anode surface area ratio and how
an environment affects corrosivity. Another important finding was that the galvanic corrosion rate is not only
governed by the driving force (potential difference) but also by individual corrosion behaviours of metals. Two
actively corroding metals (e.g., weathering steel and a carbon steel bolt in a chloride-laden environment),
despite having similar corrosion potentials, were found to produce a galvanic corrosion rate much higher than
two less active metals having very different corrosion potentials (e.g., aluminum and stainless steel bolt).

While effectively comparing the galvanic corrosion resistance of paired bridge alloys, galvanic corrosion is clearly
shown to be materials-environment-configuration specific. For example, the galvanic corrosion rate of A325 Type
| carbon steel bolt coupled with weathering steel was found to be high in chloride-laden environments; however,
it would be expected to be low in a chloride-free environment. In the future, developing a better understanding

of the corrosion performance of bridge metals and alloys, and systematically examining them in a manner

similar to their mechanical properties is recommended. This applies particularly to aluminum bridges. Although
aluminum'’s corrosion potential indicates a high corrosion tendency, its actual corrosion rate can be low due to the
protection from the corrosion products of aluminum oxides. It would be also beneficial to establish information
about the individual corrosion properties of bridge alloys as a part of the alloys’ complete characterization,
including their interactions with exposure conditions, concerning especially weathering steel since its corrosion
behaviour in chloride-laden environments is not fully understood. There is also a need to further develop risk
assessment criteria to interpret galvanic corrosion. This study represents an initial effort based on existing data, an
experimental study, and a newly developed concept of the Gal/Corr ratio that has put the evaluation of galvanic
corrosion in a new perspective and will hopefully spur interest and promote further discussion and research.
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GALVANIC CORROSION IN STEEL AND ALUMINUM BRIDGES

Figure 1: Illustration of a galvanic corrosion cell formed between a noble metal (1) and an active metal (2): i = current density,
A = anodic reaction, and C = cathodic reaction. Reproduced with permission from National Research Council Canada.
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The two metals are polarized when the potential is
changed; the active metal (2) is anodically polarized

to a more positive potential E' than its original E.,; and
the noble metal (1) is cathodically polarized to

a more negative E' than its E.,. Their potential
changes then induce changes in the oxidation and
reduction reaction rates on both metals. Accordingly,
the anodic reaction (metal dissolution) rate on

the active metal (2) is increased from i) (the
corrosion current before coupling) to ix,', and its
cathodic reaction rate is decreased from i) t0 ico:
The opposite occurs in the noble metal; its anodic
dissolution is reduced from iconu) t0 ia: and the cathodic
reaction rate increases from icoqq) t0 i

The two-electrode system will have a new equilibrium
at E', and the currents from these reactions will follow
the conservation of mass:
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In this process, the electrons are transferred from one
electrode (anode) to the other (cathode), producing
an electrical current flow in terms of the galvanic
corrosion current igoyple!

R N R
lcouple_lCI Ln =1y lC2 (2)

The above representation in equations 1 and 2 assumes
the electrolyte resistance is negligible, which is often
the case in galvanic corrosion between bridge steel
and its fasteners, or between two metal components
immersed in rainwater or a condensation film with
contaminants. In such a case, the two metals will reach
the same potential E!
























GALVANIC CORROSION IN STEEL AND ALUMINUM BRIDGES

galvanic corrosion co-exists with other corrosion forms,
therefore a complete consideration of corrosion risk is
needed beyond the galvanic corrosion risk for critical
structures and components.

2. What are the main factors of galvanic corrosion
that need to be addressed in the development of
prevention methods?

A galvanic series is an arrangement of metals and
alloys which are commonly used in practice in
accordance with their actual and measured free
corrosion potential in a given environment. It is often
developed in seawater and presented in corrosion
engineering handbooks. It is a very useful guide for
choosing metals to join with a minimal tendency to
undergo a galvanic reaction. Beside the potential
difference, many factors play a role in the magnitude
of galvanic corrosion between two coupled metals,
including the surface area, surface condition, solution,
and atmospheric environment, because they affect the

galvanic corrosion kinetics in terms of its corrosion rate.

Prevention methods should be developed by mitigating
the effects of these governing factors.

3. How do various industries study galvanic
corrosion to manage galvanic corrosion risk?

Galvanic corrosion is prevalent in automobiles,
aircraft, pipelines, electronics, batteries, and
biomedical implants. The two methods universally
used for assessing galvanic corrosion rate in these
applications are the corrosion potential (or a galvanic
series) and galvanic corrosion current measurements.
Computer modelling and surface science can assist

in further understanding these mechanisms. The
galvanic corrosion prevention methods used in these
applications are derived from the fundamental galvanic
corrosion mechanisms (e.g., the use of a coating that
prevents electrical contact between dissimilar metals).

4. What is the status of galvanic corrosion risk
management in the bridge design community?

The bridge community has recognized corrosion as
the most common problem for the durability of steel
superstructures and steel foundation bridges. Among
the codes and guides reviewed, the CHBDC provides
an environmental exposure-specific protection guide

‘ csagroup.org

and the ECCS offers a quantitative approach for
corrosion thickness allowances for weathering steel
design under different environmental exposures.
Despite these documents recognizing that corrosion
is a material-environment-specific deterioration
mechanism, the corrosion protection of steel bridges
is most commonly addressed by applying a coating,
metalizing, or using a particular steel type, without
considering the specific mechanisms of different
corrosion forms such as galvanic corrosion. The lack
of corrosion-mechanism-specific design guidance
may prevent adequate protection against

various forms of corrosion.

5. What needs to be done to prevent galvanic
corrosion in steel and aluminum bridge assemblies?

There is an acute need to establish guidelines that
consider bridge alloy corrosion behavior for their
application in bridges. A corrosion-based design
component for steel and aluminum bridges would
provide better guidance if based on the specific
corrosion form at play. This would be helpful to
assist in the evaluation of galvanic corrosion but
would also be essential to capture the risks from
other forms of corrosion.

The current study aims to develop guidance for
galvanic corrosion in bridge design and management,
addressing the following current gaps in knowledge:

= |dentification of the galvanic corrosion risk between
two bridge alloys. This can be accomplished by
measuring corrosion potential or through the
galvanic series of common bridge metals and alloys.

= Quantification of galvanic corrosion rate. This can be
accomplished through the measurement of galvanic
corrosion current.

3 Methods

The following experiments were conducted at the
NRC Construction Corrosion Lab, and some replicate
measurements were performed in a laboratory of
Western University following the same procedure,
using the same materials and corrosion cell setup
under NRC supervision. The results observed at both
laboratories were consistent and in agreement.
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This test was conducted for comparative purposes
based on visual corrosion damage to help validate the
corrosion resistance of the alloys under examination.
After 28 days in the salt spray chamber, bolted samples
of various bolt/plate samples were taken out for

visual examination.

Table 2: List of plates and bolts in salt spray testing

Structure Steel Plate Bolt

Carbon steel (350W) A325 Type | CS, A490

A325 Type | CS, A325

Weathering steel (350AT) Type | GS, B8M, B8SH

Aluminum B8M, B8SH

Figure 8: (a) Bolted plates, (b) aligning bolts, and
(c) tightening bolts to 1/3 turn.
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4 Results

The results are presented to first consider galvanic
corrosion tendency (thermodynamics), followed
by galvanic corrosion current (kinetics), and finally
corrosion behaviours of individual alloys and visual
observations. In this way, information of increasing
sophistication is presented:

= Open-circuit potentials (OCPs) indicate the corrosion
tendency and their differences indicate the galvanic
corrosion tendency between two alloys.

= Galvanic corrosion currents indicate the magnitude
of damage with time on the anode of the coupled
alloys.

= Corrosion rates and pitting tendency provide
additional information on the corrosion properties of
the individual alloys to help further understand their
galvanic corrosion behaviours. Visual observation of
the coupled alloys' corrosion and galvanic corrosion
damage in the salt-spray chamber supplement
already gathered information to validate the
corrosion performance of the studied alloys.

4.1 Open-circuit Potential

4.1.1 OCP and Effect of NaCl Concentration:
Within Alloy Comparison

OCP values (E..) of the structural alloys and bolt
materials were measured at three different NaCl
concentrations for 48 hours or until stabilization.
Data plots are presented in Appendix B, with some
presented in this section for illustration.

= B.J1 presents OCP with time measured from two or
three replicates of each alloy in the order of carbon
steel, weathering steel, A1010 steel, aluminum,
carbon steel bolt (A325 Type I), galvanized A325
Type | bolt, weathering steel bolt (A490 Type lll),
stainless steel bolt B8M, and stainless steel bolt
B8 in the 0.5 wt% NaCl solution;

= B.2 presents these alloys in the 1.5 wt% NaCl
solution; and

= Section B.3 presents results obtained in the 3.5 wt%
NaCl solution.
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The following observations were made for carbon
steel and weathering steel:

The OCPs of carbon steel were highly replicable and
stabilized within 25 hours. The average values were
600 mV (see Figure 9), 650 mV, and 670 mV for the
chloride concentrations of 0.5 wt%, 1.5 wt% and 3.5
wt%, respectively. OCPs in the three 1.5 wt% and 3.5
wt% NaCl solutions were similar, with a difference of
about 20 mV.

The OCPs of weathering steel were similar to those of
carbon steel for the three NaCl solutions but tended to
stabilize faster with time than carbon steel, particularly

in the 0.5 wt% and 1.5 wt% NaCl solutions, where
steady state was reached within 5 hours.

= |n summary, carbon steel and weathering steel

OCPs ranged from 600 mV to 700 mV, including both

structural steel and bolts.

Figure 9: OCP vs. time of carbon steel 350W in 0.5 wt% NaCl
solution; square, circle and triangle symbols are replicates 1, 2
and 3, respectively.

e —a— 350 W-0.5 Wi %-1
e 350 W05 wt.%-2
—a— 350 W-0.5 wt.%-3

-400 4

-500 4

-700

Open Circuit Potential (mV vs. SCE)

B0+ 7T T T
0 5 10 15 20 25 30 35 40 45

Time (h)

Table 3 presents the OCP values (E.,), (rounded to
the nearest ten millivolts for comparison due to the
dynamic process of corrosion) of the structural alloys
and bolt materials. Measurements represent at least
two replicates at different NaCl concentrations for 48
hours or until stabilization. In comparison, A1010 steel
demonstrated much more positive potentials, which
were about -100 mV for all three concentrations of the
NaCl solutions. This was expected because of its high

GES
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chromium content (about 9-10%). Weathering steel
has only about 0.4% chromium. However, A1010 steel
samples also showed a tendency to develop crevice
corrosion at their edges. Figures 10 and 11 reveal that
when crevice corrosion occurs, the OCP can drop

by 300 mV to about -400 mV. Therefore, the OCPs of
A1010 steel demonstrated two values (potentials) in the
tested salt solutions: -100 mV, and -400 mV in samples
with crevice corrosion.

Figure 10: OCP vs. time of A1010 in 0.5 wt% NaCl solution;
square, circle and triangle symbols are replicates
1,2 and 3, respectively

50
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Figure 11: OCP vs. time of A1010 in 3.5 wt% NaCl solution; circle
(passive), and square (creviced)
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Table 3: OCP of structural alloys and bolt materials at three NaCl concentrations

0.5 wt% 1.5 wt% 3.5 wt%

NaCl Solution OCP Time to OCP Time to OCP Time to
(mV) stabilization (h) (mV) stabilization (h) (mV) stabilization (h)

Bridge structural alloy

Carbon Steel (350W) -600 25 -650 25 -670 25
Weathering Steel (350AT) -600 5 -650 5 -650 5
ASTM A1010* -100 10 -100 10 -100 10

-400* 5 -400* 10 -440* 5
Aluminum (A1) -780 3 -680 3 -700 3

Bolt Alloy

Carbon steel

(A325 Type I) G 15 610 10 080 °
(325 Type ) 980 3 10s0 ’ o i
ieathering seo 4 ; o
Bam (55316) 50 N ©0 ° 0 K
Stainless steel -150 5 -180 5 -200 10

B8SH (SS 304)

T ES CERVE R TS

SS 316L = - -80 20 = -

SS 410 = - -100 15 = -

*OCP with pitting corrosion

The OCPs of aluminum were also measured with good with increased chloride concentration. From 0.5 wt%

repeatability. They stabilized quickly within 3 hours in to 3.5 wt%, the change in OCP was observed to be

the 0.5 wt% and 3.5 wt% NaCl solutions. The OCPs less than 100 mV. This is notable and in significant

slightly decreased with increasing NaCl concentration contrast to the effect of chlorides on the OCP of

and ranged from -700 mV to -650 mV in the tested carbon steel rebar in concrete, which can drop

solutions. by more than 500 mV when the chloride content
increases.

The following summarizes the OCP results of the four

bridge structural alloys of carbon steel, weathering * In a galvanic series, in order of decreasing nobility,

steel, A1010 steel, and aluminum: A1010 steel would have two positions, -100 mV and

-400 mV for crevice corrosion; carbon steel and
weathering steel would range from -600 mV to -700
mV; and Aluminum -650 mV to -700 mV.

= The OCP was observed to become negative with
increasing the NaCl concentrations for all the alloys.
This was expected, showing greater corrosion activity

‘sp ggéup'” ‘ csagroup.org
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For the carbon steel bolt (A325 Type I), galvanized
steel bolt, weathering steel bolt (A490 Type 3),
stainless steel bolt B8M, and stainless steel bolt B8,
their OCPs were observed as follows:

= The OCPs were highly repeatable and in a range
expected for each material except for the B8SH bolt.

= Galvanized steel OCPs were around -1000 mV to
-1060 mV at the three NaCl concentrations.

= Carbon steel and weathering steel bolts decreased
from -600 mV to about -650 mV with increasing NaCl
concentration.,

= B8M bolts (SS 316) demonstrated the most
positive (noble) OCPs, from -40 mV to -80 mV, with
increasing NaCl concentration (Figure 12).

= B8SH bolts were the only samples where pitting
corrosion occurred repeatedly. The pitting corrosion
was visible on its surface, as shown in Figure 13.
This also explains its oscillating OCPs with time,
displaying dynamic pitting growth and re-passivation
processes, as shown in Figure 14, They ranged
from -60 mV to -180 mV. This type of bolt is thus not
recommended for use in steel or aluminum bridges
when salt exposure is expected.

Figure 12: OCP vs. time of B8M in 0.5 wt% NaCl solution; square,
circle and triangle symbols are replicates 1, 2 and 3, respectively
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Figure 13: Visible pitting corrosion on B8SH surface after OCP
measurements obtained from (a) Western University (b) NRC.
The white resin (b) is an additional protective layer for inhibiting
crevice corrosion.

Figure 14: OCP vs. time of B8SH in 0.5 wt% NaCl solution;
square, circle and triangle symbols are replicates 1, 2 and 3,
respectively.
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4.1.2 OCP in 1.5 wt% NaCl solution

The OCPs of the alloys under study at three NaCl
concentrations demonstrated relatively small differences
in OCP within the alloy sample groups (within 100 mV).
A comparison of among different alloy sample groups
was explored using the 1.5 wt% NaCl solution. The 1.5
wt% NaCl concentration was also used for the LPR, PDP,
and galvanic corrosion current measurements.

Figure 15 compares the OCPs of (a) the four bridge
structural alloys tested and (b) the five bolt alloys. Given
that a more positive OCP, in general, indicates higher
corrosion resistance, A1010 had the most positive
(noble) value among the structural alloys at -100 mV in
a passive state and at -400 mV at crevice corrosion. The
next favorable potentials were demonstrated by carbon
steel and weathering steel, with very similar corrosion
potentials of about -600 to -650 mV. Aluminum exhibited
the least favorable corrosion potential of about -700 mV.
The structural alloys demonstrate that they belong to
three distinct corrosion potential groups.

In comparison, the bolt alloys also demonstrated three
corrosion potential groups, but with a broader range of
differences. B8M revealed the most positive corrosion
potential of about -80 mV; carbon steel and weathering
steel bolts had similar corrosion potentials (-600 to
-650 mV), which were also almost identical to those of
structural carbon steel and weathering steel. The
galvanized steel bolt had the lowest corrosion potential
of around -1000 mV, which was expected due to the
surface zinc.

Figure 15: OCP vs. time of (a) structural alloys and (b) bolt
materials in 1.5 wt% NaCl solution. Square is aluminum, circle is
350W, triangle is 350AT, inverted triangle is SS A1010
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(b)

4.1.3 Stainless Steel Washers

Ideally, washers are made from the same alloy as

bolts to avoid galvanic corrosion. In practice, they are
sometimes reported or found to be different. The B8M
(SS316) and B8SH bolts (SS304) ordered for this study
came with SS316L and SS410 washers. Therefore, it was
decided to conduct their OCP measurements to provide
more information. The results are presented in Appendix
B (Figures 52 and 53), obtained in the 1.5 wt% NaCl
solution. The SS316L washer had a corrosion potential of
about -50 mV, which was very similar to (but slightly
more positive than) the B8BM (SS316) bolt. The two
materials, SS316 and SS316L, are almost identical in
their compositions, except that SS316L has much less
carbon. This is consistent with their corrosion potential
measurements. The SS410 washers had a slightly more
negative (more active) corrosion potential of about -100
mV than the SS316L washer. More research will be
needed to understand better whether this washer

tends to develop pitting corrosion, although no pitting
corrosion was found in the current study.

4.1.4 Patina Formation on Weathering Steel

The corrosion potentials of the four weathering samples
were found to rise from -400 mV to more positive (noble)
values of -100 to -150 mV over time (Figure 16 (a)), which
are much more positive than the -600 to -700 mV in the
NaCl solutions as measured with the polished samples
(Figure 16 (b)).
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