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Abstract

The corrosion resistance (weight loss) and mechanical properties (i.e., yield strength, ultimate tensile strength, and elongation) of four
newly developed low-alloy steels (LAS) were compared with a weathering steel (Acr-Ten A) and a carbon steel (SS400) using a laboratory-
accelerated test that involved cyclic wet/dry conditions in a chloride environment (5wt.% NaCl). The new LAS were designated 1604A,
1604B, 1605A, and 1605B. After 72 cycles of cyclic corrosion tests, the change in mechanical properties by corrosion was the least for SS400,
Acr-Ten A was second, and effects of corrosion on the mechanical properties of the other four low-alloy steels were similar. The susceptibility
of the steels to corrosion based on their weight loss was the most for SS400, and the least for 1605A and 1605B. In addition, it was found that
the corrosion potentials of low-alloy steels are more active prior to accelerated corrosion tests than after the accelerated test, and the corrosion
tendency of the six steels immersed in 3.5wt.% NaCl solutions after 72 cycles of accelerated corrosion tests was the least for 1605A and
1605B because the corrosion potentials were higher than other steels. The rust characteristics observed by SEM and analyzed by FTIR anc
EPMA indicated that most of the rust layers on the test steels were composed of a loose outer rust layer and a dense inner rust layer. The outel
rust layer of each steel was composed dfeOOH,y-FeOOH, magnetite (R®,), H,O, and amorphous ferric oxyhydroxide (F€OH)z _ 2,
x=0to 1), while the inner rust layer was composed mainly afdzevith a little «-FeOOH. In addition, it was apparent that the copper and
chromium alloying additions were enriched, respectively, at the rust-layer/substrate interface and in the rust layers. Finally, combining the
results of the accelerated tests, the rust layer analysis, and the corrosion potential measurements showed that low-alloy steels, such as 1605,
and 1605B, have better weathering steel properties than Acr-Ten A for use in the humid and salty weather.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction very important. For example, in coastal environments, the
atmospheres mainly contain chloride, while in industrial en-
Atmospheric corrosion is a relatively complex process, vironments, S@ predominates. However, it is well known
involving a metal/electrolyte interface, corrosion products, that except for stainless steels, which are more costly, almost
and chemical environments. It is generally an electrochemi- no uncoated or unalloyed steels can resist the influences of
cal process in the presence of a thin layer of electrolyte on thevarious corrosion factors coming from the atmosphere (e.g.,
surface of the metal. The electrolyte carries various chem- sulfide, chloride, dust, and moisture) for long periods of ex-
icals precipitated from the atmosphere, and is of decisive posure. Weathering steel (WS) is a kind of steel that can be
importance for the atmospheric corrosion. When evaluating maintained for dozens of years at low cost and without coat-
the corrosion behavior of metals in different test locations, ing. The enhanced corrosion resistance of weathering steels
consideration of the composition of atmospheric deposits is is attributed to the formation of a tightly adherent protective
rust layer, which has been shown to be related both to the
* Corresponding author. Tel.: +886 35715131x3845; fax: +886 35710290, alloying elements and to the environmental conditions under
E-mail addresshcshih@mse.nthu.edu.tw (H.C. Shih). which the rust formed1-7]. Due to its numerous advan-
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tages, WS has potential application in the civil engineering ing are used to simulate the intermittent wet/dry corrosion
and automobile industries. For example, they are employedenvironment in chloride-containing atmospheres. Also, the
in the construction of buildings and bridges and for architec- difference between the mechanical and the electrochemical
tural trim without the necessity of painting, thereby saving properties before and after the accelerated tests are frequently
appreciable maintenance costs over the life of the structure.measured.
Therefore, it makes sense to tailor WS alloys for specificenvi- ~ Generally speaking, the corrosion products on the sur-
ronments and substitute them for the less corrosion-resistanface of WS are mainlyx-FeOOH, y-FeOOH, B-FeOOH,
common steels wherever applicable. Fe(OH}, and FgO4. These products can coexist partly as

The development of weathering steels dates back to thecrystalline and partly as amorphous structyfe&4]. When
1930s and they have been used widely since then because ahe steel contacts moisture and corrodes, the initial corrosion
their unique corrosion resistanf®9]. In the 1950s, a WS  product is mainlyy-FeOOH, but gradually this transforms
called Cor-Ten Al8—11] was developed in North America. to a-FeOOH as a result of the intermittently wet/dry con-
Its outstanding corrosion resistance is suitable for the North ditions [6,14]. The alloying additions in WS result in cor-
American continental climate, but it does not perform as well rosion products that are denser and more stable than those
in the semi-tropical monsoon climate of an island with high on CS. Althoughx-FeOOH andy-FeOOH can also be ob-
humidity and salinity. The seasonal monsoons bring large served in corrosion products on CS, they are porous in nature
amounts of sea salt, and even the higher levels of air pol- since they are not enhanced by the alloying elements, and,
lution can contribute to more aggressive conditions for cor- in addition, the adhesion is poor between the rust layer and
rosion. For this reason, it is necessary to develop different the substrate. Consequently, the corrosive species can readily
types of WS that are suitable locally. Therefore, the high penetrate the porous rust layers to the substrate where cor-
phosphorus weathering steel, the so-called Acr-Ten A, hasrosion reactions may proceed endlessly. It is apparent that
been demonstrated to have a better corrosion resistance thathe rust layers on CS provide little or no protection to the
carbon steels (CS) in various atmospheres of Taiwan islandsubstrate.
[12,13] In this study, we compared the atmospheric corrosion re-

Misawa et al[14] and Yamashita et aJ15] investigated sistance (weathering resistance) of the four low-alloy steels
the growth of the protective rust layer formed on weather- (LAS) that were developed by China Steel Corp., with two
ing steel in a marine atmosphere, and found that the pro-other alloys (Acr-Ten A and SS400) to identify the alloying
tective layer on traditional weathering steel could not form elements that confer additional corrosion resistance and/or
because of the corrosion by the chloride ions. However, inin- mechanical strength. We also investigated the change in me-
dustrial and rural atmospheres, the rust layer formed readily chanical properties and corrosion potentials before and after
on weathering steel, which acted as a barrier to slow down these accelerated tests. Finally, we analyzed the morphol-
the corrosion proceg9,14]. Furthermore, Okada et dl] ogy, bonding nature, and chemistry of the rust products using
pointed out that the protective rust layer on weathering steel SEM, FTIR, and EPMA, respectively.
was actually composed of two layers: the inner rust layer,
enriched with alloying elements like Cr, Cu, and others, was
compact and had a protective ability, whereas the outer layer,2. Experimental procedures
containing cracks and pores, could not inhibit the entrance of
the corrosive electrolyte. 2.1. Test materials

Studies on atmospheric corrosion are traditionally carried
out by field exposure tests. Since natural exposure tests are Four LASs, designated 1604A, 1604B, 1605A, and
by their very nature relatively long, it is necessary to as- 1605B, were compared with the commercial high-
sess the durability of materials used in certain environments phosphorus WS (Acr-Ten A) and with CS (SS400). The
by accelerated laboratory experimefit$. In principle, at- chemical compositions (wt.%) were analyzed by an induc-
mospheric corrosion is primarily ascribed to electrochemical tively coupled plasma-atomic emission spectrometer (ICP-
processes occurring on a metallic surface under wet/dry con-AES) and are listed ifable 1 The coiling temperature of
ditions. Consequently, it is likely that most, if not all, cor- 1605B was 400C, but the other three steels were coiled at
rosion results from the liquid-phase reactida$]. Cyclic 600°C. The test materials were all cut into reduced plate
wet/dry conditions and Clconcentration are important con-  tensile specimens, 6.25 mm in width, for the accelerated lab-
trolling parameters in accelerated tests. According to numer- oratory tests according to ASTM E 8M-989]; specimen
ous studies using accelerated td§t¥,14,17,18] the rust dimensions are shown fRig. 1 Fig. 2(a)—(f) show the sur-
layers formed on WS are less protective than those on carborface microstructures of the five as-received LASs (1604A,
steel (CS) under continuously wet conditions such as when1604B, 1605A, 1605B, and Acr-Ten A) and the CS (SS400).
they are buried in soil or totally immersed in water; however, They were all first mechanically wet ground using a 1200
the intermittent wet/dry process facilitates the formation of grit SiC paper and then etched in a Nital solution (98% nitric
a protective rust layer on WS that enhances its corrosion re-acid + 2% alcohol) for-25s. The microstructures of 1604A
sistance. Therefore, a cyclic salt spray and ultraviolet light- (Fig. 2(a)), and 1604BKig. 2(b)), as shown by SEM, are both
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Table 1

Chemical compositions of the test materials (wt.%)

Steel Fe C Si Mn P S Cu Ni Cr Al N Ti

1604A Bal. 001 0008 119 006 0008 Q31 016 - Q033 00028 0023

1604B Bal. 0011 Q008 119 0091 Q008 Q30 016 - Q029 00028 0026

1605A Bal. 0091 106 120 0092 Q0075 030 016 056 0030 Q0062 -

16058 Bal. 0091 105 120 0091 Q0075 030 016 056 0030 00062 -

Acr-Ten A Bal. 010 044 047 010 0008 031 030 055 0020 - -

SS400 Bal. as 019 081 0015 Q008 Q063 Q049 Q021 Q024 - -

f 104 —I 2.2. Alternating wet/dry accelerated corrosion tests

l— 32— | 32 | = 32 —

- - 1To ﬂ Prior to the accelerated cyclic corrosion tests, all the sur-

i 4 Jl 1 |_| faces of the tensile specimens were polished using 800-grade
- 25 | 0/ 43} emery paper, cleaned ultrasonically in acetone, and then

rinsed with distilled water before drying in air. All specimens

Fig. 1. Schematic drawings of the test specimen machined according ASTM Were put simultaneously into the salt spray tester (Q.U.V.
E8M; dimensions are in mm.

Accelerated Weathering Tester) and were mounted atB0
the horizontal according to the ASTM G 50-76 specifica-

of pure ferrite; 1605AKig. Zc)), Acr-Ten A Fig. Ze)), and tion for simulating natural atmospheric corrosi@®]. The

SS400 Fig. Zf)), are all duplex structures consisting of fer- accelerated corrosion testing procedure involved cycling be-
rite and small amounts of pearlite; and 16038g( 2(d)) is tween a dry environment and a mist composed of 5wt.%
composed of ferrite and bainite.

(~0.86M) NacCl, according to ASTM B 117-921]. Each

10pum

Fig. 2. Surface microstructures of the as-received low-alloy steels and the carbon steel under the scanning electron microscope at a mag@i@iéation of
(a) 1604A, (b) 1604B, (c) 1605A, (d) 1605B, (e) Acr-Ten A and (f) SS400.
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wet/dry cycle (24 h) consisted of a wetting period (8h at 2.5. Rust products, observation and analysis
35°C, 97+ 1% RH) plus a drying period (16 h at 6Q, 20%
RH). The lighting source was an UVB-313 tube. The dry/wet ~ Throughout the accelerated corrosion tests, the specimens
ratio was 2:1, which was more severe than conditions in a were examined without stripping the rust from the surface.
previous study (drying period for 18 h and wetting period The surface and cross-section of the rust layers were ana-
for 6 h) [13]. This was done to determine whether the differ- lyzed using various analytical techniques, including scanning
ences between WS and CS would be more significant thanelectron microscopy (SEM), Fourier transform infrared spec-
those under the dry/wet ratio of 3:1 if the time of wetness in- troscopy (FTIR) and electro probe microanalysis (EPMA).
creased during the 24 h cycle. On the other hand, the chambeSpecial care was taken to analyze the interface between the
temperature during the drying period was raised fromG0  steel substrate and its rust layer, and to understand the distri-
[13] to 60°C in order to increase the density of the rust lay- bution of the alloying elements at this interface.
ers[22]. NaCl was provided only during the wetting period,
and the NaCl concentration in the chamber was controlled to
5wt.%. The accelerated corrosion tests lasted for a total of 3. Results and discussion
72 cycles.

3.1. Weight loss

2.3. Mechanical properties and weight loss

measurements Almost all of the rust layers fell off the tensile specimens

as they were being pulled to failure by the MTS 810. The re-

maining rust was removed by immersing the specimens into
nthe Clark’s solution and vigorously stirring. The rust-free
specimens were then weighed. The results of the relation be-
tween weight loss and the test cycles are listefgign 3. The
weight loss data in this study are expressed as the weight loss

tinuously by a load cell and electric dial gauge, respec- per unit surface area. In general, the final _vveight losses are
tively, the outputs of which were recorded on a computer- the lowest for 1605A and 1605B, and the highest for SS400.

controlledX-Y recorder (YEW MODEL 3025) until fracture 1 nerefore, the alloys can be arranged in order of decreasing
occurred. The stress—strain curves were used to determindVeight 10ss, as follows: SS400 (pearlite/ferrite) > Acr-Ten A
the yield strength (YS), the ultimate tensile strength (UTS), (Pearlite/ferrite)>1604B (ferrite} 1604A (ferrite) > 16058

and the elongation (%). The results were then plotted ver- (bamng/ferntg)z 1605A (pearhte/ferrltle).. Itis found that thg
sus the number of corrosion cycles to compare the steelsCToSion resistance of steels containing higher chroml.um
tested. and silicon, such as 1605A and 1605B, need a longer time

In preparation for weight loss measurements after the (>30 cycles) to r_eveal their corrosion resista_nce. In other
specimens fractured, corrosion products on the specimen sur!Vrds, the corrosion rate of 1605A and 16058 in accelerated

faces were removed chemically by immersion in a Clark's (€St decreased markedly afte30 cycles. This means that,
solution (100 ml HCI, sp gr 1.19+20g 8b3 + 509 SnC})

After a pre-determined numbers of corrosion test cy-
cles (e.g., 18 and 45), the tensile specimens were take
out and pulled to failure in a tensile testing machine (Ma-
terial Testing System 810). The strain rate was set at
0.1 mm/s. The load and elongation were measured con-

[23] that was vigorously stirred for10 min at 25 C. After 300
corrosion products had been completely removed, the speci- 1 | ——S8400
mens were rinsed with distilled water, dried in air, and then 2504 |--@-Acr-TenA
weighed to determine their mass loss. | 1604A
o —-+--1604B
: . = 2 1605A
2.4. Corrosion potential measurements E’ -y~ 16058
~ 150
The electrochemical open-circuit potentials, i.e. corrosion E
potentials, of the six steels changed from the time before £ o | %
(i.e., 0 cycle) to the time after (72 cycles) the dry/wet ac- g ] I,‘.’"_,:.
celerated tests. The potentials were measured with a po- a5 AL
tentiostat/galvanostat (EG&G Princeton Applied Research P
(PAR) Model 273) using a saturated calomel electrode (SCE) ] /
as the reference electrode. The test solution of 3.5wt.% M M S S S S S —
NaCl was prepared from reagent grade sodium chloride 0 o2 N 49 N 0 70O
(Merck) and deionized water in equilibrium with the at- Test period (cycles)

mosphere. The measurement lasted for 12 h. All electro-
chemical experiments were carried out at room temperature
(~25°C).

Fig. 3. Relations between the weight loss (mgpmf the steel samples
and the test cycles of accelerated cyclic corrosion in a chloride (5wt.%)
environment.
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be seen that th¥ values for 1605A (1.0636) and for 1605B

o S$S400 (1.0239) are roughly consistent with the previous observa-
0. ® Acr-Ten A i tions that the corrosion (weight loss) rates for both LASs de-
1 Tapds, ] crease as time increases. For neutral atmosphetic corrosion,
+ 1604B "
1605A the value ofY should not exceed 1. However, itis apparent that
16058 theYvalues here are >1. The consta@pproaches 0.5 when
anideal diffusion process is the controlling mechanigial-

ues> 0.5 result from an acceleration of the diffusion process
7 when the rust is detached by cracking, erosion, dissolution,
] etc. ConverselyY values <0.5 arise from a decrease in the
diffusion coefficient as the rust layer becomes more and more
compact with time. The reason f¥ractually being >1 may

be that the ratio of wet period/dry period is not optimum. The
drying period (16 h) is only twice as long as the wetting pe-
riod (8 h), and a longer drying time may be necessary to allow
for the moist and salty rust layers to become completely dry.
In addition, it is possible that the weight loss increases with
an increase in the number of test cycles because the presence
of thicker rust layers will make it more difficult to dry the

. i surface of the steellable 2shows theX andY coefficients
under these severe cyclic wet/dry test conditions, a Iongerfor the six steels. Also, the difference between the results

time is necessary to form adhesive dense rust layers on high'shown inFig. 3 andTable 2for 1605A and 1605B can be

chromgum ste;lfs, ef" #6052’ tGOSB' Asm;:lar phenqmenon explained by the fact that, for a greater number of test cycles,
was observed for Acr-Ten A, but its weathering resistance y, o protective effect of tightly adhesive rust layers outweighs

was less séi)gni;‘]icanththar? 120?'6‘ ?2841;\3055 ;‘ggiéthis_ EnVi' the negative effect of the rust layers absorbing water. Further-
ronment. On the other hand, for an (without more, the weathering effect becomes more significant as the

Cr), the corrosion rates did not decrease with time. This may number of cycle increases

be explained by the fact that the dense inner-rust layer did The values oK andY obtained from actual exposure tests

not appear to a_ldhere_nghtly to the substrate. The _adhesmqn the atmosphere can be used to predict the atmospheric cor-
of rust layers will be discussed later. The lowest weight loss | i\ behavior over a longer period of tirf@#,25} How-

occ(;lrred n 1604A an5d01604|18 a.t earILerthat?es of accf:erl]er- ever, there are still some differences between actual atmo-
ate corrosion (e.g., <50 cycles) IS probably because o t e'rspheric exposure and the laboratory simulation test. In an
pure ferrite microstructure associated with their low carbon accelerated corrosion test, the environmental variables are

104

Log (Weight loss (mg/cm?)

1 10

Log (Test period (cycles))

Fig. 4. Bi-logarithmic plots of data points (weight loss vs. test cycles) from
Fig. 3

content7,17]. Finally, the corrosion (weight loss) rate of the

more restricted than those of the actual atmosphere in a real

common carbon steel (SS400) containing low chromium did life situation.X andY values are mainly influenced by the

not decrease with an increase in the number of test cycles.
The results irFig. 3have been re-plotted iRig. 4 using

log—log (bi-logarithm) coordinates to reveal a linear relation-

ship between log (weight loss) and log (test cyclgs].

Atmospheric corrosion of WS and CS in the accelerated test

followed the well-known bi-logarithmic equation:

LogW =LogX +YLogr or W =X x1t'

@)

whereW is the weight loss (mg/cf), t is the exposure time
(test cycles), an&K andY are constants. Sincéis equal to
Wwhen time is unity{= 1), X is considered a measure of the
initial corrosion resistance of the metal. On the other hand,
reflects the change of weight loss with exposure tinable 2
gives values of the constants in Kfj). FromTable 2 it can

chloride concentration, temperature, and the wet/dry period
ratio in a salt spray test.

3.2. Effects of corrosion on the mechanical properties

The mechanical properties of the as-received LASs are
listed inTable 3 These data were used as a standard against
which mechanical properties obtained after the accelerated
corrosion tests could be compared.

After the accelerated cyclic corrosion testing, all the ten-
sile specimens were pulled to failure ina MTS 810 machine
to measure their mechanical propertiegs. 5 and Ghow
that the mechanical strength (YS and UTS) of the steels de-
creases with an increase in the number of test cycles. The

Table 2

Linear regression coefficients of Ed.) for the steel samples after the cyclic accelerated corrosion tests

Coefficientsteels SS400 Acr-Ten A 1604A 1604B 1605A 1605B
X 1.2599 21171 13450 12264 21893 26981

Y 1.2709 11422 11956 12209 10636 10239
R? 0.9986 09836 09864 09942 09773 09784
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Table 3
Mechanical properties of the test steels before the fatigue tests
Mechanical propertiesteels SS400 Acr-Ten A 1604A 1604B 1605A 1605B
YS (MPa) 325 395 431 473 545 551
UTS (MPa) 432 516 469 517 626 750
Elongation (%) 406 3678 3437 3061 3250 2200
560 800
] W wsiiaie - | ——S5400
“-.__ 750 - = NS g - - Acr-Ten A
520 “y... 1605B ] Rl i
| 1605A e _ O_'c? 700 4 ‘v 1605A
= 480 = 1 e --¥-- 16058
I - = = 650
=3 1604B "~ k4 = - ey
£ 440 + . ‘\_\ o 600
5 | g g s
o 1604A A e oL 550
i . .. B ]
i i ; M L
> 360 Acr-Ten A L L i B i, T
TRk T 450+ B ‘ T Ty
To. E ] R Oeenl e
320 T— 5 T s
SS400  ™~__ 400 ToTe—— 0
— |
280 ' . . . . . r . r ‘.I 350 T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Test period (cycles) Test Period (cycles)
Fig. 5. Yield strength (YS) of the steels as a function of test cycles. Fig. 6. Ultimate tensile strength (UTS) of the steels as a function of test
cycles.

decrease in YS and UTS is the smallest for SS400. Interest-

ingly, the YS and UTS for Acr-Ten A decrease quite linearly and 1605B contain both Cr and Mn, they have higher me-
with an increase of the number of test cycles. On the other chanical strength than the other test steels.

hand, the changes of the other four LAS are less regular, but  The changes in mechanical strength, while near linear, are
decrease in general. These non-linear reductions in mechanscattered and insufficient data were accumulated to determine
ical strength may be due to the negative effect of the surfacelinear regression curves, such@sX x tY, that express the
roughness on the mechanical properties. variation in strength with the number of test cyd28], simi-

In Fig. 5, it is apparent that the yield strengths of 1604A, lartoFig. 4 Therefore, we compared the mechanical strength
1604B, 1605A, and 1605B are higher than those of Acr-Ten and the weight loss for each steel after 45 cycles, as shown
A and SS400. Furthermore, the YS of 1605A and 1605B in Table 4 Itis apparent that the reduction in the mechanical
are higher than 1604A and 1604B. The strengthening ef- strength, especially of the yield strength, is greater than that
fects are due to the addition of manganese (1604A/B andof the cross-sectional area. Only the mechanical strength (YS
1605A/B) and chromium (1605A/B). Manganese will com- and UTS) ratios for SS400 approach the value of remaining
bine with sulfur to form globular MnS and it also strengthens cross-section ratio. This may be attributed to the fact that
the ferrite in steels by solid-solution strengthening. On the the loosely adhering rust layers on the substrate of SS400
other hand, chromium will combine with carbon in steel to provide no local protection, so almost uniform corrosion oc-
form carbides and also strengthen the steels. Because 1605&urred on the substrate thereby maintaining a smooth surface.

Table 4

Comparisons of mechanical strength, weight loss, and remaining cross-section after 45 cycles of accelerated corrosion tests

Steel SS400 Acr-Ten A 1604A 1604B 1605A 1605B
Weight loss (mg/crf) 165.4 187.3 132.4 132.8 147 153.8
Thickness lossim)? 420.8 476.6 336.9 337.9 374 391.3
Remaining cross-section raftio 0.905 0.908 0.899 0.901 0.901 0.893
Yield strength rati 0.892 0.853 0.770 0.793 0.780 0.831
Ultimate tensile strength raflo 0.889 0.870 0.846 0.832 0.837 0.833

2 Thickness loss =weight loss/[(upper and lower surfagg@on density)] =AwW/2Ap.

b Remaining cross-section ratio = weight of the specimen (after the rust is stripped off)/weight of the specimen (without corrosion) (assungjtigcathe len
specimen is not changed by corrosion).

¢ Yield strength ratio=YS (45 cycles)/YS (0 cycle) [YS (0 cycle) is the mechanical strengths of an original (un-corroded) specimen)].

d Ultimate tensile strength ratio = UTS (45 cycles)/UTS (0 cycle) [UTS (O cycle) is the mechanical strengths of an original (un-corroded) specimen].
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404

—— S5400
- @~ Acr-Ten A
- 1604A

1605A
--y--- 16058

at this stage (18 cycles) is caused by the gap (separation) be-
tween the rust layer and the substrd&g( 8(@)). This loose

rust layer can easily be removed leaving the substrate basi-
cally untouched in a dry condition. In addition, itis difficult to
transport chloride across the gap between the rust layer and

35 = e

S iy .. _ the substrate. For those two reasons, the corrosion weight
loss of SS400 was lower after longer test cycles (18-45
I cycles).

''''' ~ After the accelerated tests were finished (72 cycles), the
rust layers of SS400 were still easily removed and contained
numerous voids. However, although most of the rust layer
. separated from the substrates of 1604A and of 1604B, parts

B ot ;e W = of each rust layer did adhere, allowing localized corrosion,
which made the substrate rougher than that of SS400. Fur-
thermore, there were deep-colored inner rust layers found at
the rust-layer/substrate interfaces of 1605A, 1605B, and Acr-
Ten A. This indicates that the rust layers of these three LASs
gradually form the thick (400-5Q©m) and dense inner rust
layers during the later cycles of the test. Experience with the

. stripping process and SEM observations suggested that the
The smoother surface of SS400 after 45 cycles provided Iessdegree of difficulty in removing rust layers is dependent on

chance of stress concentration than the rougher surfaces dethe amount of chromium in the steels. The rust layers on the

veloped on the other alloys. The larger decrease in th_e YSIow-alloy steels with high-chromium content, such as 1605A,
and UTS for the Iat_te_r alloys may also be due to localized 1605B, and Acr-Ten A, are more compact and more difficult
corrosion such as pitting. to remove. The dense, crack-free rust layers on Acr-Ten A

Fig. 7.|IIustrates the reIatlonshlp_ between elonggtlon aqd and 1605A after 45 cycles are shownFirg. 8&(d) and (h),
test period. It shows that elongation decreases with an in- respectively.

crease in the number of test cycles, but that decreases are not
linear. However, after 20 cycles, the elongz_mons of 16Q5A 4. Composition and structure of the rust
and 1605B are not changed much. In addition, the ductility
of the alloys are roughly 70-82% of their original values.

304 s

Elongation (%)

254 5.8

204

15

0 10 20 30 40 50
Test period (cycles)

Fig. 7. Elongation (%) of the steels as a function of test cycles.

The composition of the rust layers after 18 cycles and after
45 cycles was analyzed using FTIR. The outer rust layers of
each steel were quite similar after 18 and 45 cycles, and were
composed of-FeOOH;y-FeOOH, magnetite (€4), H20,

The cross-sections of each steel after 18 and after 45 cy-and amorphous ferric oxyhydroxide (Fg@H)3 — 2x, x=0to
cles of accelerated tests were observed by SEM, as shown irl), as shown irig. Ya) and (d). After stripping off the outer
Fig. 8@)—(h). It shows that the rust layers in these test steelsrustlayers, the inner rust layers were analyzed, which showed
all contain voids and/or micro-cracks, which facilitate the that the main absorption peak fgpfFeOOH became weaker
penetration of the chloride solution to the substrate, which, (Fig. 9(b) and (e)). For Acr-Ten A, 1605A, and 1605B, almost
in turn, promotes the corrosion process. Most of the rust lay- noy-FeOOH was found in the surface rust layeig Y(c)).
ers on the test steels were composed of two parts: the looselhe surface rust layer means that the rust layer just covers
outer rust layer and the dense inner rust layer. After 18 cycles,above the substrate-60um thick), and the inner rust layer
the corrosion resistances of 1604A and 1604B are better thanis just under the outer rust layer.
that of SS400, because the rust layers are denser and the voids These observations can be explained by acknowledging
and micro-cracks are fewer. The rust products on the two LAS that they-FeOOH was transformed into other kinds of cor-
(1604A/B) are similar to SS400—in that they can be removed rosion products; for example, much of thé=eOOH on WS
easily from the substrate. The thickness of the rust layers onwas transformed inta-FeOOH after 45 cycles of the expo-
1604A and 1604B after 18 test cycles are 1004200thin- sure in the experiment. Misawa et al. proposed that dissolved
ner than that on SS406-400m). On the other hand, the  chromium and phosphorusions enhance the formation of uni-
corrosion resistances of 1605A, 1605B, and Acr-Ten A are formamorphous ferric oxyhydroxide, which protects the steel
inferior to SS400 after 18 cycles. This is probably due to the substrate, and that this amorphous ferric oxyhydroxide will
fact that the drying time was not long enough in the cases further transform into the more stable and protective structure
of the adherent, dense, and deep-colored inner rust layers obf a-FeOOH[27,28]. However, the presence of Cwould
the three LAS, thereby exposing the substrates of these steelead to facile metal dissolution (Fe Fe#* + 2e7) by depas-
to humid condition for longer periods of time, and allowing sivating the iron surface. The acidic nature of the hydrated
more corrosion. The superior corrosion resistance of SS400Fe?* cation dissociates and therefore lowers the local pH via

3.3. Analysis of the rust layers
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Fig. 8. Rustlayers on the tested steel samples after 18 and 45 cycles of the accelerated corrosion tests: (a) SS400 (18 cycles), (b) SS4006)(Abreyeles), (
A (18 cycles), (d) Acr-Ten A (45 cycles), (e) 1604A (18 cycles), (f) 1604A (45 cycles), (g) 1605A (18 cycles), and (h) 1605A (45 cycles).

the following reaction: o-FeOOH. After 45 cycles in the cyclic corrosion test, the
24 Lt compact rust layers on the substrate of 1605A, 1605B, and
Fe(H0)s™" — Fe(Hh0)s(OH)" +H 2) Acr-Ten A were composed largely of @4 with a little of

This may promote the phase transformation to amor- a-FEOOH Fig. 9(c)). The valence of Fe in (&, is 8/3,
phous ferric oxyhydroxide (Fg@OH)3z_ 2, x=0 to 1) and which indicates that the dense rust layers prevent the dif-
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Fig. 9. FTIR spectrums of the rust layers of the tested steels: (a) 1605A (outer layer), (b) 1605A (dense inner layer), (c) 1605A (surface la94#8, (d) 16

(outer layer) and (e) 1604A (inner layer).

fusion of oxygen and result in the incomplete oxidation of coastal regions whereas rust formed in inland regions is

Fe.

rich in a-FeOOH. On the other hand, Evaf#!] assumed

Rust forms on steel in air, which in the case of plain carbon that the dissolution of iron (Fe- Fe*+2e”) occurs at
steel does not provide protection, whereas it does on weath-the substrate-R©®, interface and that a cathodic reaction

ering steel, so the rusting rate tends to decr§280]. In

(6FeOO0OH +2e — 2Feg;04 + 2H,0 + 20H™) occurs at the

water containing dissolved oxygen, the following anodic and Fe;04/FeOOH interface. It was assumed that the reaction

cathodic reactions occur:

Anodic : Fe > Fet +2e” (3)
Cathodic :30; + H20 + 2&~ — 20H~ (4)
Overall : Fe+ 30, + H,0 — Fe(OH) (5)

Rust is formed by the further oxidation of Fe(QHyith
water:

2Fe(OH) + 30, + H,0 — 2Fe(OH} (6)

Fe** — F&* occurs in the rust.

It must be noted that none of the FTIR examinations
demonstrated the existence @fFeOOH. This may be ex-
plained by the fact that the absorption bang3efFeOOH is
wide and s affected by the absorption bands of other ferric ox-
ides and hydroxides due to the smaller quantitg-6fe OOH.
Therefore, the absorption band @fFeOOH cannot be ob-
served. In addition, Misawa et §27] proposed that an inner
cohesive protective rust film is formed on low-alloy steels
after long-term atmospheric exposure (industrial or urban).
The protective film consists of amorphais&eOOH, the for-

Some researchers have drawn conclusions about the cormation of which is catalyzed by copper and phosphorus of
rosion mechanisms from the rust compositions. For in- the steel surface; alternate drying and wetting favors devel-

stance, some work indicates thatFeOOH forms first
and is then transformed t®-FeOOH and Fg0,4 [31-33]
Rust becomes rich in E®; but low in y-FeOOH in

opment of its protective qualities. Keiser et[85] confirmed
that the typical inner adherent rust layer consists mostdy of
FeOOH. However, it was not possible to determine whether
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Substrate rust layer

B e

Fig. 10. EPMA line profiles of the rust layer/substrate for Acr-Ten A: (a)
SEM photograph, (b) Cr and Mn, (c) Cu and Si.

Substrate rust layer

8-FeOOH existed or not in this study because the absorp-
tion band of6-FeOOH is similar to that of amorphous ferric iy 11 £pma ine profiles of the rust layer/substrate for 1605A: (a) SEM
oxyhydroxide. photograph, (b) Cu and Mn, (c) Cr and Si.

Examination of the cross-sections of the rust layers by
EPMA showed the distributions of alloying elements for Acr-  obviously enriched in copper but copper was concentrated in
Ten A (Fig. 10 and 1605AFig. 11). Therustlayerin Acr-Ten  the rust layer near the interfaceig. 10(c)). In addition, the
A was enriched in chromium but contained no manganese, substrate was rich in silicon. On the other hand, the distribu-
as shown inFig. 1Qb). Furthermore, the interface was not tions of alloying elements in the rust are roughly the same
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for 1605A and 1605B. Chromium and silicon were abun- -0.45
dant in the inner rust layer of 1605A and 1605B after

45 cycles under the experimental conditions, as shown in  -0s0 % - ii:‘OTinA
Fig. 11(c). By contrast, copper concentrated at the interface g o 1608A
between the rust layer and the substrate, while manganese §4ss| o 16058

+- 1604A
% - 1604B

decreased markedly from the interface to the rust layer, and <
seemed to disappear completely in the rust layer, as shown in 3
Fig. 11(b).

In the research on weathering steels, several methods for
increasing the corrosion resistance are described. For in-
stance, one way is to alloy the steel with elements such as
chromium, copper, and phosphorus, which enhance the den- 070
sification and adhesion of the rust layers leading to better : S b

-0.60 -

Potential E (V

-0.35 N e -
As indicated above, chromium in WS plays an important -0.40 \ N S

role in enhancing the compactness, densification, and adhe-% -0.45 | ~ “

sion of the rust layers, thereby decreasing the diffusion of  -0.50 e

oxygen to the substrate. Furthermore, chromium can reduce  -0.55-

the conductivity of the rust layer87]. From the present 0

EPMA analyses, it was found that chromium was gradu- () Time (h)

ally enriched in the rust layersFig. 11(c)), and that the _ S _ , ,
dark regions in the rust Iayers were enriched with chromium Flg. 12. Distribution of the corrosion potentials of the test steels immersed

. . . . . in 3.5wt.% NacCl solutions at 25C: (a) before the accelerated corrosion
while the light regions were chromium-depleted, as shown in g5 ang (b) after the accelerated corrosion tests.
Fig. 11(a). Under the severe wet/dry cyclic conditions in the
present experiment, the Cr-rich dark inner rust layers were
formed incompletely. As a result of the poor protection by the C, Cu and Cr compositions (which appear to be most in-
the rust layers, serious corrosion of the substrate occurred. fluential in determining corrosion resistance) of Acr-Ten A
Copper alloying additions may segregate during the disso- are almost identical to 1605A/B.
lution of iron, and may adsorb on the surface of the steel, and
so accelerate the uniform dissolution of the s{@&+39] 3.5. Corrosion potential measurements
On the other hand, copper will promote rust formation in
the early stage of exposure, then will enrich the rust layers  Fig. 12a) and (b), respectively illustrate the time depen-
resulting in beneficial effects similar to those of chromium, dence of the open-circuit potential, i.e. corrosion potential,
i.e. of enhancing the protection and densification of the rust for various steels during the immersion tests before (0 cy-
layers. In the present study, copper only concentrated obvi-cle) and after (72 cycles) the accelerated corrosion tests. The
ously at the interface, which had little effect in promoting the combination of the corrosion potential and the potential-pH
protectiveness of the rust layers. diagram of a metal enable us to find out directly whether ef-
In addition, it is generally believed that manganese has fective cathodic protection of the substrate is possible or not.
no significant contribution in enhancing the weathering re- The corrosion potential of Acr-Ten A was the noblest, and
sistance of WS because of the absence of manganese in ththose of 1605A and SS400 were the most active among the
rust layers, and that silicon should help to increase the cor-six LASs during the 12 h immersion before the accelerated
rosion resistanci6]. This can be confirmed by the fact that corrosion test. After prolonged immersion, all of the corro-
silicon was rich in the rust layers of both 1605A and 1605B, sion potentials dropped due to the dissolution of the corrosion
as shown irFig. 11(c). However, the amount of siliconinthe  products. The nobler corrosion potential of Acr-Ten A is be-
rust layer of Acr-Ten A was lowKig. 10(c)). It is therefore lieved to have resulted from the numerous rust-filled pores
concluded that silicon alloying additions may be helpful to that developed after a longer immersion time, as shown in
enhance the protection and densification of the rust layers forFig. 13 On the other hand, the initial variations in corro-
1605A and 1605B, and therefore their corrosion resistance ission potential for 1604A and 1604B were probably caused
better than that of the common used WS (Acr-Ten A) even by the barrier effect of corrosion produ¢iS]. The corrosion

’ § - ) @) 0 2 4 6 8 10 12
protection against corrosion. Another method is to lower the Time (h)
carbon content of the steels in order to reduce the strain .05
energy and the amount of & produced thereby increas- -0.10 . ssa00
ing the corrosion resistance of the st§¢éj17]. Alterna- -0.15 \ ‘o Acr-Ten A
tively, the addition of titanium combined with some sub- 020+ . —e—1605A
stitutional elements, like carbon and nitrogen, can achieve -0 A
the effect of lowering the strain energy of weathering steels w -030! S T .~ 1604B
©
[36]. S
]
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Fig. 13. Rustlayersformedon Acr-Ten Aafter 12 h ofimmersionin 3.5 wt.%
NacCl.
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sealed the pores and depressed the anodic reaction and there-
fore resulted in a nobler corrosion potential in the later stages
of immersion.

In comparison with the corrosion potentials recorded be-
fore the accelerated corrosion tests, the variability of the cor-
rosion potentials after the accelerated corrosion tests was sig-
nificantly reduced. This can be explained by the presence
of stable and protective rust layers formed on the steels’
surfaces after long-term atmospheric exposure. Therefore,
chloride cannot easily penetrate to the substrate to induce
pitting corrosion or affect interfacial electric conductivity.
On the other hand, the corrosion potentials of 1605A and
1605B after 72 cycles of testing increased significantly,
and are even nobler than those of Acr-Ten A, which ex-
hibited the noblest corrosion potentials prior to the accel-
erated corrosion tests. This is consistent with the concept
that steels containing higher chromium and silicon, such as
1605A and 1605B, need a longer exposure time to reveal
their corrosion resistance. According to previous results in
this study, the corrosion rates of 1605A and 1605B in ac-
celerated tests decreased markedly aft80 cycles. This
means that, under these severe cyclic wet/dry test conditions,

potentials of the test steels tended to be stable and unchanged longer time was necessary to form adhesive dense rust lay-

with increasing immersion time. This is consistent with the

ers on high-chromium steels, e.g. 1605A, 1605B. A similar

presence of stable and protective rust layers formed on thephenomenon was observed for Acr-Ten A, but its weather-
surfaces of the steels. This rust may provide a barrier to theing resistance was less significant than that of 1605A and

anodic reaction and consequently the dissolution of iron is
mitigated.

In contrast, the corrosion potentials of the test steels all
increased significantly after 72 cycles of accelerated cor-
rosion tests. For instance, the corrosion potential of Acr-
Ten A after immersion for 10 h in 3.5wt.% NacCl increased
from —0.65Vsce before the accelerated corrosion test to
—0.47VscE after the test. At this point in time, the corro-
sion potential of 1605B was the highest; that of 1605A was

1605B.

Finally, the results of the accelerated tests indicate that
the corrosion rates tend to decrease with an increase in the
number of test cycles for 1605A and 1605B, similar to the
behavior of Acr-Ten A. In addition, the mechanical strength
of 1605A and 1605B are maintained after long periods of
intermittent wet/dry corrosion testing. Furthermore, the rust
layers on the two low-alloy steels have protective inner rust
layer like Acr-Ten A. And the corrosion potentials of the

second, and the corrosion potential of SS400 was the mosttwo low-alloy steels are higher than other test steels after the
active. Steels can be ranked in order of decreasing corrosionaccelerated corrosion tests showing lower corrosion tenden-
tendency by listing them in order of increasing corrosion po- cies. Therefore, it may be concluded that 1605A and 1605B

tential in 3.5wt.% NaCl after 72 cycles of accelerated cor- are weathering steels seem to be more suitable for use in the

rosion tests, as follows: SS400> 1604A >1604B > Acr-Ten humid and salty weather than Acr-Ten A.

A>1605A>1605B. The increase in the corrosion potential
here is believed to be associated with an increase of the rust
layer resistance. The higher the rust layer resistance, the no4-
bler is the corrosion potential and the higher is the corrosion
resistance of the steel. In addition, chromium within low- 1.
alloy steel decreases the conductivity of the rust layer and
consequently leads to a rise in the corrosion potefgig! It

is worth noting that the corrosion potential of Acr-Ten Ainter-
sected that of 1604B at an immersion time of Flg( 12b)).

After this immersion time, the corrosion potential of Acr-Ten

A was nobler than that of 1604B. This may be explained by 2-
the fact that the outer rust layer of Acr-Ten A, formed after
long-term atmospheric exposure (e.g., 45 cycles of acceler-
ated tests), contained numerous pores that were subsequently
filled with corrosion products formed in the chloride solution
during the first 5h of immersion. These corrosion products

Conclusions

The results of the chloride cyclic corrosion tests indi-
cated that the susceptibility of the steels to corrosion can
be listed in the following order based on their weight
loss (from high to low): SS400 (pearlite/ferrite) > Acr-
Ten A (pearlite/ferrite) >1604B (ferrite 1604A (fer-
rite) > 1605B (bainite/ferrite} 1605A (pearlite/ferrite).

The rust layers of LAS with high chromium content
(1605A/B) were denser and could therefore provide bet-
ter protection after longer periods of wet/dry cyclic cor-
rosion. On the other hand, LASs with ultra-low carbon
content (1604A/B) have even lower corrosion rates at ear-
lier stages of accelerated corrosion.
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