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ABSTRACT

Ribbed steel pipes made of Type 2 aluminized steel are commonly used for culverts, which are
required to have long service life. However, early corrosion of aluminized steel pipes has been
recently observed in some inland locations. Fabrication of sharp bends might cause aluminized
coating fissures leading to early corrosion. The extent of brittle failure of the inner, intermetallic
aluminized layer as function of simple bending radius was quantified. Electrochemical
impedance spectroscopy was used to measure corrosion rate of both formed and flat
aluminized steel samples in simulated natural waters. Initial findings show that specimens
formed by spherical indentation were susceptible to early corrosion development in moderately
aggressive simulated natural water, but less so in a more benign, precipitating simulated
natural water solution.
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INTRODUCTION

Aluminized steel Type 2 is produced as a steel sheet hot dip coated on both sides with
commercially pure aluminum (ASTM A929 and ASSHTO MZ274), which provides corrosion
protection through low corrosion rate of the aluminum when the aluminum is in passive
condition, and also may confer galvanic protection to the exposed underlying steel under
certain circumstances’. For that reason, aluminized steel Type 2 is increasingly used for
metallic drainage components in contact with natural waters. However, corrosion is an
important durability limitation factor in these components which are often designed for very
long service life (e.g. 75 yr) 2.
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Microscopic examination of aluminized steel Type 2 in cross section shows a nearly pearlite-
free ferrite low carbon steel substrate with regular grains, a partly columnar brittle inner alloy
layer ~15 um thick, and a softer outer aluminum-rich layer ~30 ym thick. The inner alloy layer,
commonly of composition Fe,Als > * is an essential ingredient of the coating protection system,
supplementing the outer aluminum-rich layer and possibly providing a second line of defense
against corrosion. The composition of the outer layer is predominantly nearly pure aluminum
with Fe-rich intermetallic precipitates (6-11 wt% Fe) °. During manufacturing and/or handling of
the final material, discontinuities in the aluminized coating can extend to the substrate steel,
creating coating breaks. Those coating breaks exposing the steel base may result in the
formation of galvanic macrocells. However, if the environment is mild as those commonly
found in Florida inland waters, sacrificial protection to the exposed underlying steel may not be
sufficient to prevent early corrosion.

Ongoing field inspections, conducted by Florida D.O.T. on spiral rib aluminized steel Type 2
culvert pipes exposed to Florida inland waters for only a few years, have shown severe
corrosion damage in the form of pits and generalized corrosion at the pipe ribs (where
extended material bending occurred), but less so at the flat portions of the pipe. The possible
causes of the deterioration are under investigation, which includes the present study.

This work aims at determining the corrosion behavior of mechanically formed aluminized steel
Type 2. The microstructural aspects of mechanical distress upon bending as a precursor to
corrosion development are characterized. Specimens with various bending radii of curvature
are electrochemically assessed in waters of varying scaling tendencies with moderate chloride
content, resembling compositions typically found in inland Florida waters. The investigation is
in progress and initial findings are presented here, to be amplified in the future as additional
information is developed.

EXPERIMENTAL PROCEDURE

Microstructural assessment of mechanical distress due to bending has been performed to date
with 16-gage (1.58 mm thick) Type 2 aluminized steel sheets simply bent to various extents.
The bent region was mounted metallographically. The cross section of the outer bent was
examined at low magnification and digitized to determine local radius of curvature. The same
regions were then examined at high magnification to determine the type and extent of distress.
Future tests will address the deformation of samples formed by spherical indentation as those
described in the next paragraph.

Circular 16-gage aluminized steel specimens with exposed area of 12.6 in? (82 cm?), and with
minimal as-received surface distress were indented at the center to a hemisphere shape using
stainless steel ball-bearing balls with diameters of 1 in (2.54 cm) , 3/4 in (1.90 cm), and 9/16 in
(1.43 cm) (Figure 2). The indentation was made by pressing the bearing ball, socketed in a
steel plate into the initially flat specimen. An indented Teflon plate was used to protect the
convex face of sample until full hemispheric penetration was achieved. The convex face was
the one later exposed to the test solution. After forming the specimens were cleaned with
ethanol and acetone, and stored in a desiccator prior to immersion. Figure 3 shows the
appearance of the dimpled specimens. Control flat specimens without surface indentation were
also used for comparison. Multiple specimens were prepared for duplicate testing.



A three-electrode test cell (Figure 4) was designed for exposing horizontally the convex side of
the specimen, where distress is expected to be worst because of the tensile stresses.
Corrosion of the concave side will be assessed in future experiments. A metal-metal oxide
activated titanium mesh placed parallel ~6 cm from the specimen surface was used as a
counter electrode, while a low impedance activated titanium pseudo reference electrode 0.3
cm diameter and 5 cm long was placed ~1.5 cm above the specimens’ indentation and
periodically calibrated against a saturated calomel reference electrode (SCE). All potentials
reported here are in the SCE scale. Each test cell was filled with 500 mL of a solution, not
replenished during the test as explained below.

Two test solutions (Table 1) were prepared from de-carbonated de-ionized water of
resistivity>10° Q-cm combining reagent grade NaCl and NaOH (solution C of negligible
carbonate precipitating tendency) and NaHCOj;, HCI, and Ca(OH), (solution P of high
carbonate precipitating tendency). The Langelier Index was -5.9 for solution C and +1.50 for
solution P, consistent with the observation of a ~0.5 mm thick powdery precipitate layer of
CaCOg; uniformly distributed on the specimen surface shortly after initiation of exposure. The
test solutions in the test cells were quiescent and naturally aerated through a small opening.
The relatively small electrolyte volume/total specimen area ratio was intended to be
representative of, for instance, worst-case culvert pipe conditions with stagnant water on the
pipe invert, or of occluded conditions for pore water on the soil side of a pipe.

The immersion tests were conducted in duplicate at 22+2°C. Solution pH, conductivity, and
open circuit potential (Eoc) were monitored periodically. Electrochemical impedance
spectroscopy (EIS) measurements were obtained at the Eoc with a Gamry™ PCI4-300
potentiostat in the frequency range from 100 kHz to 1 mHz using sinusoidal signals of 10 mV
rms amplitude. The tests are in progress and results for the ~1,000 hours initial period are
presented here.

RESULTS AND DISCUSSION
Metallographic Analysis

Figure 1 (left) shows a metallographic cross section of the as-received (flat) material showing
the coating microstructure described in the Introduction. Figure 1 (right) shows the coating
condition of a bent sample (radius ~2 mm). The most notable feature is nearly completely
brittle fracture of the intermetallic layer, as manifested by its many elongation gaps. The outer
coating was much more ductile, with few instances of fracture as that illustrated on the left side
of the right figure, apparently originating at one of the larger brittle gaps of the inner layer. The
number and severity of fractures in the inner layer increased as the bending stress increased.
For completely brittle fracture, the integrated gap length measured on a line parallel to the
perimeter, divided by the initial length (that is, that of the remaining visible intermetallic) should
equal the total strain at the outer fiber. To test that hypothesis, the strain ey calculated from
measurements of the ratio of inner layer gaps to visible intermetallic length was compared with
the strain at the outer fiber expected from the local macroscopic bending radius and the sheet
thickness. For a simply bent sheet in which the neutral axis of metal sheet stays constant, the
theoretical relationship between the strain of outer fiber and radius of curvature ° is:



€ :m Eq(1)

where:

g1 is the ideal strain

T is the thickness of the sheet (16-gage = 1.58 mm)
R is the outer bending radius

Figure 5 compares the values of ideal outer fiber strain computed per Eq. (1) from the radius of
curvature determined for various specimens from the low magnification micrographs and the
sheet thickness, and ¢y from the micrographic analysis of the intermetallic layer. Flat samples
were assigned a radius > 50 mm in the graph. The results support the hypothesis of nearly
completely brittle behavior for the inner intermetallic layer. Tests in progress address behavior
of specimens bent by spherical indenting and ductile fracture of the outer layer, which will be
reported in the future.

Direct observation of corrosion performance

Visual examination of the specimen surfaces in solution P (high total alkalinity with carbonate
precipitation) showed early appearance of light yellowish discoloration uniformly distributed
over the convex indentation surface in all dimpled specimens tested, indicative of ongoing
corrosion there (Figure 6). Symptoms were more sever in solution C (low alkalinity and no
precipitating tendency), where appearance of strong reddish discoloration was first noted early
on in the exposure around the convex indentation of all dimpled specimens, and gradually
propagating covering the entire indentation surface (Figure 7). Corrosion appeared to be more
intense for the 1-in diameter indentation specimens, although it is noted that the affected area
was greatest for those even though maximum local strain may have been less severe than for
the smaller radius indentation specimens. In both solutions, corrosion of the surrounding
aluminized surface was minimal, suggesting preservation of passive behavior there during the
test interval sampled. Correspondingly, no sign of corrosion was observed in any of the flat
surface specimens exposed to both solutions, suggesting good corrosion performance to date
in those cases. Clearly, for the time being any galvanic protection from the aluminized portion
was insufficient to avoid initiation of active corrosion of the exposed steel especially in the C
solution, in agreement with the results reported elsewhere for specimens with machined
coating breaks .

EIS measurements

EIS results are exemplified for two typical cases in Figure 8. In one set of cases, usually early
during the test exposure, the impedance behavior could be accurately fit to that of an analog
circuit consisting of a solution resistance in series with a parallel combination of a non-ideal
capacitor and a resistor. In the rest of the cases the impedance diagrams showed two time
constants and the impedance behavior could be closely approached by incorporating an
additional resistor-capacitor parallel combination in series. After subtracting the solution
resistance, the value of the resistance of the single resistor or the sum of the two resistors
respectively was designated as the apparent polarization resistance Rp of the system and
used as an inverse descriptor of the effective corrosion current. Figure 9 shows the resulting
values of Rp of duplicate specimens in the C and P solutions, at various exposure times and
for the various dimple radii used.



The Rp values were typically much greater in the P solution, in agreement with the expected
more benign character of that precipitating solution. Rp there tended to increase with time,
indicating a maturing of the protective regime. Furthermore, there was little differentiation
between the Rp values of the flat and dimpled specimens, indicating that the light corrosion
manifested by direct observation had likely been arrested in this medium after some initial
active period. These results are consistent with protective regimes reported by Caseres® for
blemished aluminized steel in the same solution.

The Rp values correspond to more aggressive conditions in the C solution, in agreement with
visual observations. There the Rp values were generally much lower than in P, and decreased
with time indicating increasing corrosion. Moreover, Rp in the dimpled specimens was
generally lower than in the flat specimens, indicating an adverse effect of forming. It is noted
however that one of the duplicate flat specimens experienced a significant decrease in Rp
before 46 days of exposure, which may be indicative of onset of protective corrosion by the
aluminized layer"’ but also possible development of crevice corrosion artifacts in the cell.
Continuing test with multiple replicates is being implemented to elucidate this issue.

At this time, no clear differentiation in behavior has been established between specimens
formed with different radii indentations, in part because of the early stage of the tests and also
because the relative area of the mechanically distressed zones has not been quantitatively
determined. Long-term monitoring of specimens, and development of ways to account for
surface area normalization of corrosion at the different indentation sizes, is in progress.

CONCLUSIONS

1. Forming by bending results in brittle fracture of the inner (intermetallic) aluminized
coating layer, in a manner consistent with predictions of simplified bending mechanics
of the system. Failure of the outer (mostly aluminum) layer by ductile deformation was
much less common.

2. The convex portion of specimens formed by spherical indentation was susceptible to
early corrosion development in moderately aggressive simulated natural water. Not
formed (flat) aluminized control surfaces showed much less deterioration during the test
interval (from visual and electrochemical evidence).

3. Both formed and control specimens showed little corrosion damage when exposed to a
more benign, precipitating simulated natural water solution.

4. Impedance spectroscopy measurements were generally in agreement with the visual
observation trends.

5. The above are preliminary findings from tests in progress. Confirmation as well as
revealing the evolution of other modes of deterioration is pending on longer term
evaluation with the test assemblies created in the present work. .

6. Additional future work will focus on analyzing the strain of deep drawn specimens, and
establishing a relationship between the strain and corrosion rate of exposed specimen.
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Table 1- Solution Compositon and Properties

Ca*? cr

Solution TA | TH | FC Bl pH mglL | mg/L

C (Control) 6 2 0 8 ~7.4 0

372
P
(Precipitating) 184 | 52 | 13 | 223 74 | 200
Preparation
(Per 1 L of Solution)
c 0.05 mL of 0.01 M Na(OH)

5.25 mL of 2 M NaCl
100 mL of 0.1 M NaHCO3

P 0.37 g of Ca(OH),
105 mL of 0.1 M HCI

Legend: TA: Total Alkalinity (mg/L) of CaCO3;, TH: Total Hardness (mg/L) of CaCOs3
FC: free CO,, a: Solution Conductivity
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