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Background

Presently railways rely on a wide variety of steels for its materials requirement. It is since
steel meets the requirements of cost, weight, reliability, crashworthiness, maintainability
and inspection required by the railways. Large varieties of steels are used by railways for
Its requirement for

(1) rolling stock (locomotives, coaches, and wagons),

(1) rail tracks (permanent way),

(111) electric traction,

(iv) Infrastructure.

The quality of steels used are: mild steel, other plain carbon steels, alloy steels, high
strength steels, wear resistant steels, corrosion resistant steels, spring steels, electrical

steels, and stainless steels etc.



Background

The rail track i1s known as a stable structure. It ensures the transportation of trains

through providing a dependable surface for their wheels.

Components of Rail Track

Rail track can be divided into main four components namely

(1) rails,
(i) sleepers,
(i11) fish plates,

(iv) rail fasteners.



Background

Rail is the most expensive material in the track. Rail is the steel section that has been
rolled into an inverted T shape.

Rails are made of high carbon steel to be able to withstand stresses:
(C:0.6~0.8,Mn:0.8~1.3,Si:0.1~0.5,5<0.03, P<0.03,Al<0.015).

Some grades of steel contain chromium (Cr: 0.8 ~ 1.2).

Rails are also produced from special steels containing :

niobium (Nb- 0.04 % max.) or vanadium (V-0.2 % max.).

Recently rails made from corrosion resistant steels have also been developed.



The corrosion types in a rail section include:
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Alloy development of corrosion-resistant rail steel
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Table 1. Chemical composition of C—Mn. Cu—Mo zand the four new rail steels

: - Table 2. Average surface roughness (um) at three locations on the
Sample C Mn Cu Mo Cr Ni Si S P . A _ B _ _ B K
crevice created in rail steels after mmmersion m 3.5% MNaCl+ 3.5%
C-M=n 0.71 1.04 = - - - 021 0013 0022 : i .
Cu_Mo 0.69 116 0.24 0.18 _ _ 019 0.022 0024 FeCl; solution after 30 days of immersion
Cu-Si 0.60 1.20 0.35 zZ I 2 0.66 0.024 0027
Cu-—Ni 0.63 1.02 0.41 i = 020 031 0020 0.028 .
Cr—Cu-Ni 0.71 1.15 0.40 - 059 020 035 0.026  0.027 Location
Cr—Cu-Ni-Si 0.70 1.09 0.39 - 0.53 020 056 0.023  0.027
Metal 3 2 1
@ C—Ivin 3 87 343 12 41
Cu—Mo 2.61 273 9.70
Cr—Cu—N1 2.09 2.47 7.85

Figure 1. Arranzement for conducting crevice corrosion test according to ASTM G-78: a. Unassembled components and
b, Assembled condition.

ICr—Cu—Ni

Figure 2. Typical results from profilometer analysis at the st g portion of the crevice (location 1). @, C—Mn steel sample; b, Cu—Mo and Figure 3. Macro images of foot portion of rail steel: . C—Mn: . Cu—Mo and ¢. Cr—Cu—N1 and corresponding microscopic features (observed by

¢. Cr—Cu-Ni rail steel sample on immersion in 3.5% NaCl = 3.5% FeCl, solution after 30 days. ?f_}vcl)uc:;?l:t;xl' ;‘:x:;lon the rail steels. d—f. After six months of salt fog exposure showing the lower rusting and compact rust formation in the case of
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Atmospheric corrosion evolution of Low Alloy Steel (LAS)

» Middle stage: Final stage:
Initial stage: The deposition of gaseous phase,  The aggregation, growth,
The ads_orptlon and The chemical changes in the liquid and thickening of the
absorption of water  ,pase and the dissolution of steel. corrosion product.

— ] —>

*C. Leygraf, T. E. Graedel, Atmospheric Corrosion

the initial stage and the middle stage experienced very short time, even within

1 wet/dry cycle. The final stage occupied most of the service time.
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Sewime eas o AMospheric corrosion evolution of Low Alloy Steel (LAS)

Anode of corrosion Cathode of corrosion

Initial and middle stages
OZ(g) + 2H 20 + 4e(M) = 40H _(sol)

The final stage

— Ca2
Fe iy = Fe*" (son T 28 (w)

Hydrolysis and the

subsequent oxidation 8FeOOH + Fe?* + 2e = 3Fe,0, + 4H,0

« Atmospheric corrosion evolution of LAS is correlated with the rust
compositions of a-FeOOH, B -FeOOH, y -FeOOH, and Fe;0,.

« Alloy elements and the environmental type make significant impact on the rus
composition.
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Atmospheric corrosion evolution of Low Alloy Steel (LAS)

1. Industrial (SO,): a- or y- FeOOH 1. Weathering steel: Cu, P, Cr, Ni, Mo, Si, ...

2. Coastal (CI): B -FeOOH Cu: Fe;0,; Ni: Fe;0,,a- FeOOH;

3. Industrial — coastal (SO,+ CI) Cr: a- FeOOH; Mn-Cu: Fe,;O,, y -FeOOH
correlate with each content Ko, . o, 5. WA Yornsshits, . st Ui, . .St v, 46, 9, 27003512, 205,

Lepidocrocite

coeology.blogfa.co X
egeology.blogfa.com egeology.blogfa.com



EMR The difference of reduction abillity for

www.imr.cas.cn a-FeOOH, y -FeOOH and B -FeOOH
e » The stability of the ferric hydroxides :
. 0-FeOOH, 7 -FeOOH, B -FeOOH
0.4  the corrosion decelerating compositions:
b a-FeOOH and Fe;0,
> OZ  the corrosion accelerating compositions:

vy -FeOOH and 3 -FeOOH
* Protective Ability Index (PAl)

—0.4

—1.6

| = 2
g = * —
08 Fe | S| 9/’ = a-FeOOH/(B-FeOOH+y-
! I I
~1.0 | | | FeOOH+Spinel)
|
=1.2 | I I i I i 11
=2 0 2 = 6 8 10 12 14 16 ]
pH
M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solutions, NACE-Cebelcor(1974) .
Yamashita, M., Miyuki, H., Matsuda, T., Nagano, H., and Misawa, T., Corr. Sci., vol. 36, pp. 283-299, 1994.
W. Ke, J.H. Dong, Acta Metal. Sin. 46 (2010) 1365-1378.

L. Hao, S.X. Zhang, J.H. Dong, W. Ke, Corros. Sci. 58 (2012) 175-180.



Outdoor atmospheric corrosion exposure test and its indoor
simulated corrosion acceleration test
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AW = At"

AW t = At-L

dW /dt = Ant™1

Fitting of atmospheric corrosion evolution

power model (linear bilogarithmic law):
Weight loss:
lg (AW) = A + nlg(t)
Mean corrosion rate:
lg (AW /1) = A+ (n-1)Ig(t) can be fitted by data
Instantaneous corrosion rate

lg(daw/dt) = A + Ig(n) + (n-1)Ig(t) can notm just calculate

A the initial mean corrosion rate;

A + 1g(n): the initial Instantaneous corrosion rate;

n or (n-1): a measure of the long-term change in corrosion rate... '
n>1: corrosion accelerated; n<1: corrosion decelerated ‘(‘

the sign of (n-1) is correlated with the type of ferric hydroxides



MR In case of oxygen diffusion
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In the case of the atmospheric corrosion starts on a steel substrate, the
cathodic current density of oxygen reduction reaction (equation 4)
equals to the diffusion limited current density (l,) of oxygen.

O, + 2H,0 + 4e=40H-
dAaw/dt = zFl, 1=,

If the corrosion is always controlled by the limited diffusion of oxygen,

the corrosion rate will keep as a constant (l,)

n-1=0

-
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wwwimr.cas.on In case of goethite reduction

80-FeOOH + Fe?* + 2e = 3Fe,0, + 4H,0

dAW/dt =zFI, = ZF(1-6,, reoon-Greso0a) 1Lt ZiF O, .reoonlc-o

Zi0,, reoonlc-a-FeooH = Zi(0,.Feoon™ re304)1L< O

then I .< |, and I, reduces with the increase of 6_ .con* €
ce304, 1N Other words, |, decreases with the extension of time.

n-1<0 ?
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IR In case of y-FeOOH reduction
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8 y- FEOOH + Fe?* + 2e = 3Fe,;0O, + 4H,0
dAW/dt =zFl; =z;F(1-0, reoon-bresod) 1Lt ZjF O, reoonlcs- Feoon
Zj gy-FeOOHIC-y/-FeOOH ) Zi(eyx-FeOOH+9Fe304)IL> 0 IC = IL

|, Increases with the increase of 6. r.oon, that means I, increases
with time extension in the initial stage.

n-1>0.

while 6-.;5, INCreases with the reduction of y- FeOOH, which again
reduces |, with the extension of time.

when |, <1 n-1<0




MR . .
_ In case of existing both a- FeOOH and y- FeOOH
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dAW/dt =zFI
= Z{F(1-6,reoon0 reoonOresoa) ILT
Z{F(0, reoonlc.rreoon * Orreootlc-a-FeooH )

Zi(6.reoonlc--FeooH T @ -Fe0OHIc-a-FeOOH )-

Z{(1- 6, reoonreoorGre304)1. >0
n-1>0

Zi(€,.reoonlc--Feoon T @ -Fe0OHIc-a-FeOOH )
2(1 -Fe0oH™ O-Fe0on-Ore304)1L<0; - i r

n-1<0
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(0.3%NaCl

Weight gain (g/cmz)
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Corrosion Evolution of Q235 Steel under the

Simulated Wet/Dry Cyclic Corrosion Test
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EMR Mn-Cu weathering steel: evaluation In
TS A simulated coastal environment

§

(0.3%NaCl)

— - 5 a— —pr—y
logtie-2 4028740 :-hll:oz:/ § 0.00104 o 4 F 400N ,.:oo,, wFOOOM Fe.0, igt B - FeOOH
in N @ . — . FeOOH
o “i' 5 % 0 * ||CaF, 80 < [T magnetite
5 .. Boocs{ 5: a0 ‘ | e amorgnous
20014 (o w [+ A _ ° ®
= 0013 = 3] ( =
€ H < e v | pA
> > & 00006 2 l 1 2
? _v,"'.logwrs 1425+ 1.0750410gN 5 g 1000 4 \V 64
. 8 000044 . = J ]
E L g = \ 4
. -
e 8ooooa< fetcmas, \ 8
of 0l
. . r - . r N 1
10 100 0 20 40 80 100 120
Cycles CYRLES

10cycles

20cycles

lgAW=IgA + nigt OL'—W = Ant"™

Turning point moved up! y-FeOOH and Fe;O, moved up to occur! Compac
moves up to form!



E(V) vs SHE

E,V(SHE)
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Relationships of rust composition/structure and its

athering
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Atmospheric corrosion evolution

Fe;O,: Inverse spinel structure

Unit cell: one tetrahedron and two
octahedrons. Three types of Fe
atom.

Fe3*: interstitial site in tetrahedron
Fe3*: interstitial site in octahedron
~ Fe?*:interstitial site in octahedron

A R
SRR f}b

Synergetic principles of Mn and Cu: Cu atom is located in
Interstitial site in tetrahedron of the crystal of Fe;O,, replacing
one Fe3*, leading to localized Cu(l)O,%. The negative charge can
be attracted with Mn?* in the rust due to Kulun force, and can
repel the penetration of Cl- in the electrolyte to inner rust layer,
leading to the lowered corrosion rate and lower contents of Cl
and Na in the rust.

pK,=2.12

pPK,=7.20

HPO,> = PO, + H*;
pPK;=12.36

PO,* and HPO,? have
strong complex action with
H*, and can lower the
dissolution of H* to rust
layer, leading to the
suppressed cathodic
process;

PO,3 can form non-soluble
phosphate with the
dissolved metal ions.
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Figure 3 XAFS spectra in the form of &*y(k), where £ i:
the wave number and (k) is the oscillation term: NiC
at Ni K-edge (bottom), a-FeOOH at Fe K-edge, the
inner layer at Ni K-edge, Fe;O4 at Fe K-edge (top)
Some of the spectra were shifted along the x-axis fo
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E/V vs. SHE

comparison. L
— Cation Selective 4 — Anion Selective — 1.4 ] | I ] L IR W W (NN SN S |
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@ + " =
DQQGQ Na Gef pH
H H 2 2
o) + fo) Fig. 1. Potential (E)-pH diagram for Fe-Ni binary system assuming [Fe”'] = 10~* and [Ni*'] = 10~* mol/
Feit Feit * kg. (1) H'"+1/2NiFe,04 = 1/2H,0 + 1/2Ni*" + FeOOH, (2) e+ 4H" +3/2NiFe,0, = 2H,0 +
92 6 3/2Ni*" 4+ Fe;05, (3) e+ H' +3/8NiFe,0, =4/8H,0 +3/8Ni+2/8Fe;0; and (4) e+ H'+
I'e,NiO, FeOOIL1 Ni{OH); + 2FeOOH = 3H,0 + NiFe;0,.

Fig. 4 Schematic diagram of the interface between a
rust and a solution on it, when pH of the solution is low.



(a) Initial stage crck

Steel
(Cr. Cu, P)

dissolution ; and precipitation

v
(b) Meta-stable stage

Steel
(Cr. Cu, P)

solid state | transformation

(c) Final stage

Steel
(Cr, Cu, P)

Initial rusting

[several years]

Metal-stable state

Cr, Cu and P enrichment in an
inner uniform amorphous
layer

IN-VITAL
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FT Magnitude, FT[K 3 x (k)]

Radial Structure Function around Cr and Fe

Cr K-edge of Rust on Weathering Steel

016 | Cr-0 ~ (COTHT:0.198mdd0.018mm/y at 18y)

014

012 F or K-edge of Fe
Cr alloy film ru
010 |

Cr K-edge o Fe-Fe
3%Cr—goethitfg

0.08

0.06

0.04

0.02

000 S B 19HT:0.041mdd:0.004mm/y at 17y)

0 1 2 3 4 5 6
-1
Radial Distance, R / 10 nm

Fig. Fourier transform of the EXAFS spectrum, i.e. radial structure function,
of the rust layer of the Fe—-bmass%Cr alloy film and the weathering steel rusts
at Cr K-edge and those of the artificial 3mass%Cr—goethite powder at Fe and
Cr K-edges measured by using PF synchrotron radiation X-rays.

Fig. Schematic of atomic arrangement of
Cr-goethite with considering interstitial Cr.

M.Yamashita, H.Konishi, J.Mizuki and H.Uchida(2001)



Models of alloy elements on weathering resistance

Evalution of Fe(0,0H), linkages oward packed rnust grains
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Weathering steel used for bridge

TABLE 1

51 EERRE TR S i . - .
& 1 RERRARIES S R Example of Stipulated Chemical Compoasitions (mass%,) for Weathering Steel

AASHTO? ) EMEE (B ) RAEE (B )y YORR RS
. ASTM AT08  ZEBLT ASTM®?? ‘ _ JIS G 3114 (Conventional Weathering Steel)™
M270 ksi (MPa) ksi (MPa ) mm - -
36 % A36 36(248) 58(400) <101.6 Code c Si Mn P s Cu Ni cr Other ¥
0 0 AST2 80 (345) 85 (449) <101.6 GPA-H =042 | 020-075 | =060 |0070-0450| =0085 | 025-055 | =065 | 030125 | —
500 50w AS88 50 (345) 70(485) <101.6 SPA-C
HPS50W HPS50W 50 (345) 70(485) <101.6 EMA-4D0 | W 015-085 | o 0.30-0.50 | 0.05-0.30 | 0.45-035 May
HPSTOW HPSTOW AB52 70(485) 85 (585) <101.6 AR} | p =0.55 0.20-0.35 — 0.30-0.55 Mﬁb. -
100 100 A514 100 (690 110(760 <64 W .15-0u65 0.30-050 | 0.05-0.30 | 045075 i
1630) (760) SMA-450 <018 =003 | =0.035 T, %,
90 (621) 100(690) >64, <101. 6 INBIC) | p =055 a0 0.20-0.35 — 0.50-055 | Zrete.
1000 100w A514 100 (690) 110(760) <64 SMAETD | W 0.45-085 | 0.30-050 | 0.05-0.30 | 045-075 | Totat
90 (621) 100(690) >64, <101.6 [ABIC) P <1155 0.20-0.35 _ 0.30-0.55 =0.15
HPS100W HPS100W 100 (690) 110(760) <64 JIS G 3114 Equivalent’™ (Nickel Added Advanced Weathering Steel™)
3 AASHT O AEEEFEEABASHIANES 3 3 :BFaHEHE SRR 3 3 3 Aef Pl abistE Code C g Mn P 5 Cu Hi Cr Oitheer v

TEEEML AR A B AT T —

=035 =1.40
m: m 100255 | 15
SMALIW

0.50-1.00 | OF0-1.70 =120

5iiﬁw TErr ETEnT - - i e L A B 0 O ';Mt;!m MOD V12
WA RL R R ol B2 N LTE P o <
SESIEW  SMAAGOOEW SO00LE A R IR GRITA T2 B =0.55 =1.80
SANI00CH mﬂm”ﬁ'“: 235MH. Q285NH. ﬁ"gﬁﬁ?’;’
[z | QASSNH fIC460NH.
SIS5W  HSABSSWE  SISENW  SMAAGSONW 19001 LM FINHISG  WUIR T 5 — =018 =0.035 =0.035 =0.08 -
SEESIW SMALRIEW Gracex | TREEWIFIHISR. (LEMIHI. ShAAADOW {25
SERREIW ShAASROON HD’U I|||I15 =1
T S e SMAASOW 0.15-0.85 0.30-050 | 250-350 =150
= = L
— £1.40
SMALTOW
B 0S0uPCrNI HD{JIUWE
RSy IBAEY R e A)) |oncarane ] Fc-rben:rnraniij:??:: weathering stesls, such as JIS G3114 SPC and SMA, v values are not specified, but 2re normally calculated by Equation (2)
to be around 1.0,
™ All material properties of Ni added advanced weathering steels comply with JIS G3114 SMA excapt chemical composition, so that MOD is
SPAL Typal added in SMA codes.

9 Az examples for this article, chemical compositions and codes for nickel added advanced weathering steels with v values guarantesd by a
maker are salected. More of different stipulations are provided by the other makars,



EMIR Weathering steels used for bridges

www.imr.cas.cn
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—1.5% Ni-0.3M o | Marine atmosphere d F:C)Lg::hsdeggomnpol;
S.MAd.OlD S 0. 23mdd i (1.3 mdd NaCl) / N )
—— 55400 >°r A0 F S E R
0.06 £ sl / ‘R*fﬂﬁl 1.3 mg/dm?¥/day)
E ?E: Conventional weathering steel JIS-SMA#T
£ % 15k P £ UL
EE\ 0.04 - % il /
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Exposed Period (year) 10 mm
FIGURE 5. Resuits of a 9-year exposure test at 10 m away from a wharf in terms of conventional and nickel-added advanced
:00 El ' 4 ! '2 ' :'3 weathering steels. The former was almost rusted out while the latter remained mostly metallic.
L ERUF
Table 1 Chemical compositions of Ni added weathering steels
_ Chemical composition (mass%) Mechanical properties
Thick- -
Steel ness YS TS gl | vES T
C Si | M P S C Ni | Mo | C..*' | Pen™ | .~ , T E_gs ) VS
(mm) l . ! 1 © cd M (N'mm?) | (N/mm?) | (%) |V (15] (°C)
JFE-ACL400 Typel 12 0.04 | 0.30 | 0.57 | 0.032 | 0.003 — 1.42 | 0.30 | 0.27 | 0.13 291 460 34 373 —59
JFE-ACL490 Typel 50 0.07 | 0.32 | 0.71 | 0.033 | 0.002 — 1.45 032 | 033 | 0.16 358 515 38 281 —43
JFE-ACL570 Typel 75 0.07 | 0.26 | 0.74 | 0.029 | 0.004 — 1.48 | 0.31 | 0.32 | 0.16 532 625 32 270 —50
JFE-ACL400 Type2 50 0.02 ] 0.27 | 0.32 | 0.011 | 0.003 | 0.37 | 2.60 — 0.15 | 0.10 355 460 40 355 =35 sl N
JFE-ACL490 Type2 50 0.02 | 0.29 | 0.92 | 0.006 | 0.005 | 0.37 | 2.68 — 0.26 | 0.14 445 528 39 388 =-—80
JFE-ACLS570 Type2 50 0.02 | 0.34 | 0.98 | 0.013 | 0.002 | 0.39 | 2.61 — 0.27 | 0.14 523 637 32 390 =—-80

1 Cy = C + Mn/6 + Si/24 + Ni/40 + Cr/S + Mo/4 + V/14, *2 Py = C + Si/30 + Mn/20 + Cu/20 + 60/Ni + Cr/20 + Mo/15 + V/10 + 5B,
*3 ACL400 Typel, ACL490 Typel, ACL400 Type2, ACL400 Type2, ACL490 Type2, ** ACL570 Typel, ACL570 Type2
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Weathering steel used for bridge

Corrosion acceleration test of MNCuMo steel In a simulated
Industrial environment

Simulated industrial atmosphere - 03 Simulated industrial atmosphere
S 0 Measured results S |
- 10 it D 0.4 | —a-=Fire:resistant'steel
S | —Fitting results c Y9 |
o 3 (&) E\I
o)
S € 03 4
.% @ T
> ©
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S Fitting Equation o -
n— = _ 0 ' d.'°- ‘H-.
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In the initial etage of application, COR-TEN showe a yellowizh appearance. Thie iz followed by a gradual change
in the color of the protective rust from brown to a stable dark brown after one to two years in mtmn
Initial stage Meta=stable stage Final stage enwironments. Afterwards, the coloration shows no clear change except perhape to a deeper

Under natural atmosphere condition, it takes 4~15 years I I I l I

to be stabilized, which caused a bigger thickness loss oo —

crack

Dissalution

........ A
Staal Prer.ipiTaﬁnn

= A Solid state - R
Amor ghp.:; oytydroxide transformatign a-FedOH [Crenrichment]
*

Less than a few years Several years Decades

1. industrial(SO,) : a-FeOOH. y-FeOOH

atmosphere 2. coastal(Cl") : B-FeOOH
> Rust 3. industrial-coastal (SO,+ CI') : upon the content of SO,
COMPOSItIONS [ ajjoy { Cu: Fe,0,; Ni: Fe,0,;
elements Cr: a- FeEOOH; Mn-Cu: Fe;0,, y -FeOOH

1.Slow corrosion : a-FeOOH, Fe;0O,
> Kind of rust and its effect 2.Promote corrosion : y-FeOOH, B-FeOOH
3.Protection index (PAl) : a/y* = (a-FeOOH+Spinel)/(B-FeOOH+y-FeOOH)

Yamashita, M., Corr. Sci., vol. 36, pp. 283-299, 1994; W. Ke, J.H. Dong, Acta Metal. Sin. 46 (2010) 1365-1378; L. Hao,, J.H. Dong, W. Ke, Corros. Sci. 58 (2012) 175-180.



Stabilization methods of the rust layer
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* We introduced the corrosion types of steel rail sections,
which are Crevice corrosion, atmospheric corrosion,
dissimilar metal contact corrosion

» Studied results for weathering steel applied to bridges
are mainly introduced, possibilities of applying to rall
manufacture should be existed.

o Steel raill with both wear-resistance and corrosion
resistance should be the development focus to prolong ..
the service life of rails. v‘
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