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ABSTRACT

Stainless steel reinforcing has an elevated chloride threshold and is an attractive alternative for
prestressed concrete applications. However, due to the high strength requirements for prestressing
strands, concern exists about the possibility of stress corrosion cracking (SCC). This investigation
screened for potential SCC development three candidate high strength alloys for use as prestressed
strands in a Florida marine environments. The alloys were a common austenitic stainless steel with
high nickel content UNS™ # S31603, a less common austenitic stainless steel with low nickel but high
manganese UNS# S24000, and a duplex stainless steel with high chromium and an additional
constituent, molybdenum UNS# S32205. The alloys were evaluated at various temperatures in MgCl,
solutions and also in a simulated concrete pore water solution at 60 °C, followed by an anodic
polarization regime as an alternative test acceleration method. The results suggest that duplex high-
strength stainless UNS# S32205 performed overall better than the other two alloys.

Key words: Magnesium Chloride, Relative Humidity, High-Strength Steel.

() Unified Numbering System for Metals and Alloys (UNS). UNS numbers are listed in Metal & Alloys in the Unified
Numbering System, 10th ed. (Warrendale, PA: SAE International and West Conshohocken, PA: ASTM International, 2004).
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INTRODUCTION

The service life of prestressed concrete piles is, in part, dictated by the time required to corrode the
steel once chloride ions are at the surface of the steel.”? Therefore, by increasing the chloride threshold
of the steel an increased service life can be expected. Stainless steel reinforcing has an elevated
chloride threshold and is an attractive alternative for prestressed concrete applications. However, due
to the high strength requirements for prestressing strands, concern exists about the possibility of stress
corrosion cracking (SCC). This investigation screened for potential SCC development three candidate
high strength alloys for use as prestressed strands in a Florida marine environments.

Each alloy was subjected to two stress conditions (phases) imposed by varied mechanical fixtures then
subjected to various forms of high chloride concentrations. The pH of these conditions was also varied
and in one case simulated the high pH common to concrete pore water solutions. Polarization of each
alloy to up to 400 mV versus Saturated Calomel Electrode (SCE) above the open circuit potential
(OCP), after ~2160 hours, while in a high pH solution categorized the relative passivation range of the
alloys.

BACKGROUND

Wu and Nurnberger studied SCC in high-strength stainless steels for use in prestressed concrete
structures.® Their work focused on the 300 series austenitic stainless steel alloys cold-worked to high-
strength. Partial testing of a duplex stainless steel was also included, but no manganese substitute
stainless steel alloy was considered. The austenitic alloys (UNS #S30400, S31600, S31653, and
S31753) were tested at three pH regimes (4.5, 8.5, and 12.1) at temperatures from 30 °C to 80 °C.
During those tests, SCC occurred in all of the steel alloys at 80 °C at all pH conditions. At 60 °C, only
UNS# S30400 and S31600 experienced SCC within 20,000 hours and in the case of UNS# S31600,
this was only at pH 4.5. Increased susceptibility to SCC occurred when either the pH was decreased, or
the temperature was increased. UNS# S31753 performed better than the other alloys. The authors
also evaluated prestressed piles fabricated using strands made of UNS# S31600, S31653, and S31753
alloys. The testing time in concrete with chloride solution added onto the piles, to simulate de-icing
cycles, was 2.5 years with no signs of corrosion after that time. The findings supported the use of
UNS# S31753 stainless steel alloy as prestressed strand material for concrete construction. That
investigation was an excellent starting point for research into determining appropriate alloys for use as
strand in prestressed concrete construction.

Later work by Sanchez’ uses the work of Niirnberger as a starting point and expands upon those initial
tests. Sanchez focused on the Arrhenius relationship between crack growth rate and inverse
temperature as it relates to the onset of SCC in high-strength steels in a bicarbonate solution. At 25 °C,
the crack growth rate was found to be 1.85E-09 m/s for cold drawn steel and 1.74E-09 m/s for modified
parent pearlitic steel.

Later work by Moser® uses not only the work of Niirnberger, but many others as a basis for his work.
Moser analyzed UNS # S30400, S31600, S31653, S32101, S32105, S32304 and S32205 and
compared them using Slow Strain Rate Testing (SSRT) in varying concentrations of Cl"to determine the
best candidate high-strength stainless steel among those evaluated. The testing included both alkaline
and carbonated solutions with CI" molar concentrations ranging from 0.25 to 1.0. The results showed
pitting in the alloys with less Cr (S30400 and S32105) at lower CI" concentrations while S32205 showed
the best corrosion resistance even in carbonated solution at 1.0M of CI". Corrosion detected was in the
form of pitting corrosion, with more pitting at either higher CI" concentrations or lower pH (Carbonated
solution versus alkaline solution).
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Further research is desired however to evaluate the performance of duplex stainless steel as well as
manganese substitute austenitic stainless steels, given the increasing commercial availability of those
materials as candidate alloys for this type of service. This investigation examined the SCC
performance of a 300 series austenitic stainless steel alloy, a manganese substitute austenitic stainless
steel alloy, and a duplex stainless steel. The temperature dependence of the time to cracking was in
terms of an Arrhenius relationship. Anodic polarization was used and evaluated as an alternative test
acceleration method.

EXPERIMENTAL PROCEDURE
Supplied Material Specifications

The three alloys tested were UNS# S31603, S24000, and S32205 (common names 316L,
XM29 and 2205 respectively). The source for the material tested in these experiments was supplied by
three manufacturing companies. The UNS# S31603 7-wire strand was supplied by National Strand
Products Company? in Houston, TX, the UNS# S24000 7-wire strand was supplied by the Insteel Wire
Products Company®in Sanderson, FL, and the UNS# S32205 single wire was supplied by Carpenter
Steel (Carpenter Technology Corporation)* in Houston, TX.

The diameters of each alloy wire were as follows: 4.36 mm (0.171 inches) for UNS# S31603,
4.47 mm (0.178 inches) for UNS# S24000, and 4.56 mm (0.179 inches) for S32205. Their yield
strengths as reported by the manufacturers were: 1.24 GPa (180 ksi) for UNS# S31603, 1.59 GPa (230
ksi) for UNS# S24000, and 1.59 GPa (230 ksi) for UNS# S32205.

The two main experimental methodologies used were designated as Phases 1 and 2 and are described
in the following text. The polarization alternative testing was done as a separate evaluation from both
phases and is also described below.

Phase 1 - Multiple Temperatures, MgCl, solutions.

In Phase 1, the supplied material was cut into segments 114 mm (4.5 inches) in length, unwound from
a 7-wire strand to use only one of the wires from the strand (only for UNS# S31603 and UNS# S24000
as UNS# S32205 was supplied in a single wire form), and inserted into a three-point bending frame. As
shown in Figure 1, an ~ 2 cm long portion of the wire length on the tension side (in the bending frame)
was coated with Magnesium Chloride (MgCl.,) crystals that absorbed moisture from the test cell’'s
airspace creating a mixture that was to remain saturated throughout the experiment. A wick was
attached (using PTFE® tape) to the wire to ensure the solution stayed against the wire throughout the
experiment. The three-point bending frame was placed in a small enclosure (12.5 cm long by 5.5 cm
wide by 5.5 cm tall) (Figure 2) containing its own heating element and control thermocouple. The wire
was then stressed by use of the three-point bending frame, and heated by a heating element
underneath the frame.

The amount of stress applied to each specimen by the applied turns was calculated to be 1.15 GPa
(167 ksi), 1.43 GPa (207 ksi) and 1.38 GPa (200 ksi) for the wires of alloy UNS# S31603, S24000 and
S32205 respectively. This corresponds to 93%, 90%, and 87% of the yield strength of each alloy
respectively.®’
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Stressing let and Bolt Three-Point Bending Frame

il 2
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4

Specimen Wick with MgCl,

Figure 1 Diagram of Bending Frame

Figure 2 Small Enclosure (Bending Frame, Thermocouple, and Heater)

The small enclosure was in turn placed in the air space of a larger enclosure (Figure 3) that had
deionized (DI) water placed at the bottom which was heated (by a heater underneath the large
enclosure) to a temperature (T4) corresponding to the water temperature needed for the Relative
Humidity (RH) to be around 25% in the small enclosure. That RH level promoted the formation of a
saturated MgCl, solution in the wick.

The temperature of the water in the large enclosure was controlled at its power supply. The large
enclosure was sealed to minimize the loss of water and ensure the air space above the water was at
the appropriate RH. The temperature of the wire (T;) was measured by a thermocouple attached to the
wire inside the small enclosure. This thermocouple output also controlled the heating element in the
small enclosure through a process controller connected into the power loop of the heater. This setup
caused the airspace in the small enclosure to be at a different RH (RH,) than the rest of the large
enclosure (RHy).
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Figure 3 Diagram with Test Setup Process Parameters

Phase 2 - 60 °C, Simulated Concrete Pore Solution with CI".

For phase 2, the alloys provided were cut down to 178 mm (7 inches), unwound in the case of UNS#
S31603 and UNS# S24000 7-wire strand (Only the center wire was used for this phase). After cutting,
the specimens were briefly (~< 1min) exposed to a 1 M nitric acid solution to clean off any low alloy
steel particles that may have been embedded on the surface from the cutting process, degreased using
ethanol, and rinsed with DI water. 6 specimens of each of the three alloys were tested in phase 2 (for a
total of 18 specimens with specimens #1 through #6 being UNS# 31603, #7 through #12 being UNS#
S24000 and #13 through #18 being UNS# S32205).

Once cleaned, each specimen was placed in a bending jig, and bent into a “U” bend. Stainless steel
plates then placed onto the specimens to hold to them in the “U” bend (Figure 4a).

Measurements of the amount of springback each specimen displayed after bending were taken prior to
being placed into the test chamber. These measurements provided an additional way by which to
determine if SCC occurred in the specimens and not just pitting corrosion. If the specimen after testing
did not springback as much as before the test, then this reduction in springback would be a sign that
the material has experienced cracking

The potentials of each of the 18 specimens were recorded using an activated titanium reference (ATR)
electrode (periodically calibarated agains a saturated calomel electrode (SCE)) that was permanently
placed in the solution and wire connections to each of the specimens through the air-tight fittings in the
test chamber wall, to a connector box with ports for each specimens. A significant drop in the potential
of a specimens is indicative of corrosion occurring in that specimen. As this method of detection does
not discriminate between types of corrosion, an secondary method of determining if the corrosion is
SCC needs to be used.

For phase 2, specimens of each type of stainless steel were placed in a large container (12 inches
inside diameter and 15 Yz inches tall) in a solution that contains 15% by weight CI" (adding NaCl to the
solution in a sufficient quantity to reach that level of CI'), NaOH, KOH, Ca(OH),, and pure water to
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simulate concrete pore water.® ® '° The simulated pore water solution (SPS) was created following the
base solution composition shown in Table 1.

Table 1 Target Base Solution Composition for 15 wt% Cl and SPS Solution™

Chemical Composition (g/L) and pH Values of Model Solutions

Ca(OH),™ NaOH KOH® Na,CO, NaHCO, pH® pHO
SCS 2.0 - - - - 126 12.0
SPS 2.0 8.33 233 - - 136 13.0
CPA - - - 421 2.66 9.7 86

® Most of the Ca(OH), was not dissolved.

® Reagent-grade KOH had a purity of only 85.3%.

©) Before addition of CI".

® With 15% CI".
Therefore, 8.33 g of NaOH, 23.3 g of KOH, and 2 g of Ca (OH), were added per liter of solution desired
(per Table 1). NaCl was added to obtain a final 15% by weight CI" content. The solution had pH
between 13 and 13.5. As the SPS solution when exposed to atmospheric conditions tends to drop in pH
especially at higher temperatures (due to carbonation), the testing chamber was sealed with a gasketed
lid to minimize the interaction with atmospheric CO, and possible decrease of pH as a result. Periodic
pH measurements confirmed that it remained above 13 throughout the test.

A process controller maintained the temperature of the solution within the container typicallly within 5
°C of the target value (60°C). Two calibrated thermocouples were placed in two different points of the
solution to ensure uniform temperature measurements of the solution. All wires for potential and
temperature measurements went through air-tight fittings in the wall of the enclosure to maintain the air-

tight seal. The entire setup was externally insulated to assist in maintaining temperature uniformity
inside the test cell and is shown in Figures 4b and 5.

a 3.81

\ SpecimenPlate

Specimen

7.5

Water Line

/\(/\/\AZ/\/\/\

3.8

Figure 4a U-Bend Specimen Configuration (Units are in centimeters)
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Figure 4b Diagram of Phase 2 Setup (Units are in centimeters)

Figure 5 Picture of Phase 2 Setup
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Anodic Polarization of Selected Specimens from Phase 2

After 2160 hours of testing in phase 2, anodic polarization was imposed on select specimens using a
multiple potentiostatic device. The objective of the increased polarization was to act as a test
accelerator to induce SCC directly or by promotting pitting that then would increase local stress
intensity and initiate cracking. Three specimens of each type of alloy were polarized to a potential that
was 100 mV higher than the average OCP recorded shortly beforehand for each individual specimen.
After 1900 hours of polarization, the polarization was increased an additional 100 mV. After 2000 hours
at the higher potential, the polarization was increased again by 100 mV. Finally, after 1300 hours at the
new higher potential, the polarization was increased yet again ( to 400 mV higher than the initial OCP),
and the specimens exposed for an additional 2200 hours.

RESULTS AND DISCUSSION
Phase 1

Figure 6 summarizes the results of the tests done on all three alloys. An SCC cracking event was
declared if cracks were observed on the surface of the specimen by magnified visual inspection at the
time of experiment conclusion. If no cracks were visually apparent in the specimens while still placed in
the stressing frame, the specimen was removed, bent further to a hairpin shape with an inner radius of
~ 7 mm and examined again. If cracks were visible in that condition an SCC event was declared as
well. A not-cracked event was declared otherwise.

SCC occurred in all three alloys tested. Only alloy UNS# S31603 experienced cracks at 60 °C (140 °F).
Some data was offset left and right for display clarity. Sloping lines indicate Arrhenius abstraction of
the results using estimated activation energies (Q). Estimating Q was performed by using a time for
cracking assigned as the halfway point between the earliest crack observation and the latest no-crack
condition. The data obtained allows estimation of an apparent activation energy for UNS# S31603 and
UNS# S24000, Q ~ 72 kd/mol (left green line) and ~ 81 kJ/mol (right red line), respectively. Those
values are in rough agreement with temperature dependence properties of SCC reported in the
literature."” The quantity of data for alloy UNS# S32205 was not sufficient to establish a crack-no crack
transition so one was established only at 90 °C (194 °F). The middle dotted line was traced using the
working assumption that Q for that material was comparable to that of UNS# S31603 and UNS#
S$24000. Nominal time to SCC at 40°C is obtained for each material by extrapolation. The 10 year and
100 year markers are shown for contrast. Extrapolation of those trends would suggest that at 40 °C (an
estimated service temperature extreme for prestressed piles) cracking time would be in the order of one
week for UNS# S31603, a few years for UNS# S32205, and 80 plus years for the UNS# S24000. In this
test, UNS# S24000 performed the best followed by S32205 and lastly UNS# S31603.
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Figure 6 Graph of Exposure Time (Log Scale) indicating Test Outcome, as Function of Inverse
Absolute Temperature

One indicator that SCC has occurred rather than another form of corrosion or mechanical failure is the
branching of cracks that lead to failure. Branching cracks that are transgranular are a clear sign that the
failure mechanism was SCC rather than failure due to pitting corrosion causing the loss of cross
section, for example. Figures 7a, 7b, and 7c show the surface cracks (circled for clarity) on a specimen
of UNS# S31603 tested at 60 °C for 168 hours, a specimen of UNS# S24000 tested at 90 °C for 1344
hours, and a specimen of UNS# S32205 tested at 135 °C for 1 hour. Figures 8a, 8b, and 8c show the
metallographic cross-sections of those specimens with branching cracks that cut across the grain
boundaries (the grains are stretched into thin strips due to the cold working process, with the drawing
direction vertical for Figures 8a, 8b, and 8c and as shown clearly in Figure 8c).
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Figure 8a Metallographic Cross-Section of Cracked UNS# S31603 Specimen - Phase 1
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Figure 8c Metallographic Cross-Section of Cracked UNS# S32205 Specimen (The austenitic
phase are shown as the light regions while the ferritic phase as the dark regions) - Phase 1
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Phase 2 - Initial Stage

Figure 9 displays as function of time the potential range (highest and lowest valued) measured in the
multiple specimens of each alloy evaluated for the initial 2160 h test period. This display form is used
for clarity given the large number of specimens involved. None of the specimens of any alloy (18
specimens total) showed signs of corrosion after 2160 hours. None of the potentials dropped to below -
300 mV versus SCE, and most potentials stayed under -100 mV versus SCE. All alloys performed
equally well in this stage of the test.

=O=High End S31603 —e—Low End $31603

0 ——low End . s24000 —-®—High End s24000
——low End $32205 —o—High End S32205
-0.1
> -
5-0.2
C
o)
o)
o
-0.3
-0.4

0 240 480 720 960 1200 1440 1680 1920 2160
Time /hr

Figure 9 Potential (SCE scale) versus Time during Phase 2 tests at 60°C (140 °F) for UNS#
$31603, S24000, and S32205. Initial 2160 hour stage. Specimens #1 through #18.

Phase 2 - Subsequent Anodic Polarization of Selected Specimens

Table 2 summarizes the data obtained during the polarization stage of the test. 9 of the 18 specimens
from phase 2 were polarized, and only 2 of those 9 (both UNS# S32205 alloy specimens) did not
experience pitting or SCC during the polarization time period. Two of the UNS# S24000 specimens
(specimens #10 and #11) failed at +100 mV over the initial OCP (IOCP), while the third UNS# S24000
specimen failed at +200 mV over IOCP. All three specimens of UNS# S31603 failed at +300 mV over
IOCP, with specimen #6 left in for ~2.5 weeks following the initial sign of corrosion. After those ~2.5
weeks, specimen #6 showed clear signs of SCC, while its initial corrosion indication by a spike in the
current demand showed only signs of pitting at that time. The pitting evolving into SCC as shown by
this specimen confirmed as expected that pitting promotes SCC and that propensity for pitting should
be then considered as a derating factor in assessing the susceptibility to SCC of a particular alloy. Only
specimen #16 of alloy UNS# S32205 failed, and that failure started as pitting and was allowed to
continue (for ~3.5 weeks) to the stage of SCC at +400 mV over IOCP. In summary, one UNS# S32205
specimen failed only at the highest polarization of +400 mV over IOCP while all three UNS# S31603

specimens failed at +300 mV over IOCP. All three UNS# S24000 specimens failed at or below +200
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mV over IOCP polarization, showing that this alloy had the poorest performance in this test. Therefore,
UNS# S32205 is considered to have performed better in this test as compared to UNS# S24000 and
S31603.

A clear indicator of fully developed SCC as opposed to just precursory pitting in these specimens was
loss of springback. Significant percentage of springback loss (~ 30% and above) was deemed to
indicate that the specimen has experienced SCC. If there were visual signs of pitting, but the
percentage of springback loss was below 30%, only pitting corrosion was deemed to have occurred. It
is noted that due to minor measurement uncertainty, some specimens showed negative loss of
relaxation, but the effect was small as compared to the differences of springback in failed specimens.

Table 2
Results of Polarization of Select Specimens of Phase 2 and Percent Difference from Initial to
Final Bent and Relaxed Values.

Percent Difference from Initial Value to
Specimen # / Alloy UNS# Final Condition Final Value Relaxed (%)

#2 / S31603 Pitting -0.79%
#4 / S31603 Pitting -1.43%
#6 / S31603 SCC 30.32%
#8 / S24000 Pitting 5.87%

#10 / S24000 SCC 48.89%
#11 / S24000 SCC 50.63%
#16 / $32205 scc® 18.69%
#17 | S32205 No Pitting /SCC -16.26%
#18 / S32205 No Pitting /SCC -1.87%

™ Note: specimen experienced severe deformation from "U"-bend shape.
CONCLUSION

The results suggest that duplex high-strength stainless steel UNS# S32205 performed overall better
than the other two alloys. While UNS# S32205 performed second best in the Phase 1 tests, it had
clearly superior performance in the Phase 2, anodic polarization stage tests, which involved high
severity and were also conducted in an environment more representative of conditions in concrete.
The results of testing in the initial stage of Phase 2 was nevertheless encouraging in that none of the
three alloys exhibited any signs of SCC in an environment that simulated heavily Cl- contaminated
concrete pore water at a highly accelerating temperature regime. These findings are preliminary in
nature and should be supplemented by the results of longer time exposures.
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