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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 

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

(ii) rail tracks (permanent way), 

(iii) 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. 



Rail track can be divided into main four components namely

(i) rails, 

(ii) sleepers,

(iii) fish plates, 

(iv) rail fasteners. 

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

through providing a dependable surface for their wheels.

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 , S < 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.

Background



The corrosion types in a rail section include:

Railhead ： friction and wear

Focused in this presentation

Fastener 

Dissimilar metal corrosion

wear-resistant performance by heat treatment



Alloy development of corrosion-resistant rail steel
R. Balasubramaniam1,†, B. Panda1, G. Dwivedi1, A. P. Moon1,*, S. Mahapatra1,

A. K. Manuwal2, A. Bhattacharyya3, K. Srikanth3 and R. K. Rathi4

1Department of Materials Science and Engineering, Indian Institute of Technology, Kanpur 208 016, India

2Research Designs and Standards Organization, Indian Railways, Manaknagar, Lucknow 226 011, India

3Research and Development Centre for Iron and Steel, Steel Authority of India, Doranda, Ranchi 834 002, India

4Steel Melting Shop and Research Control Laboratory, Bhilai Steel Plant, Bhilai 490 001, India



www.imr.cas.cn

Initial stage: 

The adsorption and 

absorption of water

Middle stage: 

The deposition of gaseous phase,

The chemical changes in the liquid 

phase, and the dissolution of steel.

Final stage: 

The aggregation, growth, 

and thickening of the 

corrosion product.

Atmospheric corrosion evolution of Low Alloy Steel (LAS)

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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• Atmospheric corrosion evolution of LAS is correlated with the rust 

compositions of -FeOOH,  -FeOOH,  -FeOOH, and Fe3O4. 

• Alloy elements and the environmental type make significant impact on the rust 

composition.

Fe（M）= Fe2+
（sol）+ 2e（M）

Hydrolysis and the 

subsequent oxidation

Anode of corrosion

8FeOOH + Fe2+ + 2e = 3Fe3O4 + 4H2O

     solMg OHeOHO  442 22

Cathode of corrosion

Initial and middle stages

The final stage

Atmospheric corrosion evolution of Low Alloy Steel (LAS)
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Misawa, T., Asami, K., Hashimoto, K., and Shimodaira, S., Corr. Sci., vol. 14, pp. 131-149, 1974.

Kamimura, T., Hara, S., Miyuki, H., Yamashita, M., and Uchida, H., Corr. Sci., vol. 48, pp. 2799-2812, 2006.

1. Industrial (SO2): - or - FeOOH

2. Coastal (Cl-):  -FeOOH

3. Industrial – coastal (SO2+ Cl-)

correlate with each content

1. Weathering steel: Cu, P, Cr, Ni, Mo, Si, 

Cu: Fe3O4;  Ni: Fe3O4,- FeOOH; 

Cr: - FeOOH; Mn-Cu: Fe3O4,  -FeOOH

Atmospheric corrosion evolution of Low Alloy Steel (LAS)
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• The stability of the ferric hydroxides :

-FeOOH,  -FeOOH,  -FeOOH

• the corrosion decelerating  compositions:

-FeOOH and Fe3O4

• the corrosion accelerating compositions:

 -FeOOH and  -FeOOH

• Protective Ability Index (PAI)

α/γ* = α-FeOOH/(β-FeOOH+γ-

FeOOH+Spinel)

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.

The difference of reduction ability for 
-FeOOH,  -FeOOH and  -FeOOH



Outdoor atmospheric corrosion exposure test and its indoor 

simulated corrosion acceleration test  

万宁站

W = Atn

W /t = Atn-1

dW /dt = Antn-1
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Fitting  of atmospheric corrosion evolution

• power model (linear bilogarithmic law):

1. Weight loss: 

lg (W) = A + nlg(t)

2.      Mean corrosion rate:

lg (W /t) = A + (n-1)lg(t) can be fitted by data

3.      Instantaneous corrosion rate 

lg(dW/dt) = A + lg(n) + (n-1)lg(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

W = Atn

W /t = Atn-1

dW /dt = Antn-1
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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 (IL) of oxygen. 

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

the corrosion rate will keep as a constant (IL)

n -1 = 0

O2 + 2H2O + 4e=4OH-

dW/dt = ziFIc Ic = IL

In case of oxygen diffusion
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dW/dt =zFIc = ziF(1--FeOOH-Fe3O4)IL+ zjF-FeOOHIc-

then Ic< IL, and Ic reduces with the increase of -FeOOH+ 

Fe3O4, in other words, Ic decreases with the extension of time.

8-FeOOH + Fe2+ + 2e = 3Fe3O4 + 4H2O

n-1<0

zj-FeOOHIc--FeOOH - zi(-FeOOH+Fe3O4)IL< 0
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In case of -FeOOH reduction

dW/dt =zFIc =ziF(1--FeOOH-Fe3O4)IL+ zjF-FeOOHIc-- FeOOH

Ic increases with the increase of  -FeOOH, that means Ic increases 

with time extension in the initial stage.

8 - FeOOH + Fe2+ + 2e = 3Fe3O4 + 4H2O

zj-FeOOHIc--FeOOH - zi(-FeOOH+Fe3O4)IL> 0 Ic > IL

n-1>0.
while Fe3O4 increases with the reduction of - FeOOH, which again 

reduces Ic with the extension of time.

when Ic < IL,  n-1<0
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In case of existing both - FeOOH and - FeOOH

dW/dt =zFIc

= ziF(1--FeOOH--FeOOH-Fe3O4)IL+

zjF(-FeOOHIc--FeOOH + -FeOOHIc--FeOOH )

zj(-FeOOHIc--FeOOH + -FeOOHIc--FeOOH )-

zi(1--FeOOH--FeOOH-Fe3O4)IL<0, .

zj(-FeOOHIc--FeOOH + -FeOOHIc--FeOOH )-

zi(1--FeOOH--FeOOH-Fe3O4)IL>0

n-1>0

n-1<0
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Evolution of mass loss and rust composition
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Corrosion Evolution of Q235 Steel under the 

Simulated Wet/Dry Cyclic Corrosion Test

10 cycles 20 cycles 30 cycles 40 cycles

        tnAn
dt

Wd
Ant

dt

Wd
tnAW n log1loglog;;logloglog 1 





 

（0.3%NaCl）
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（0.3%NaCl）

lgW=lgA + nlgt
1 nAnt

dt

dW

Turning point moved up! -FeOOH and Fe3O4 moved up to occur! Compact rust 

moves up to form!

Mn-Cu weathering steel: evaluation in 

simulated coastal environment



Relationships of rust composition/structure and its 

properties of weathering



0.1890.189键长(nm)

5.84.2配位数(x)

Mn-OxCu-Ox模型：Fe3O4

空间群： Fd-3m

Relationships of rust composition/structure and its 

properties of weathering
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• Fe3O4: 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

• Fe2+: interstitial site in octahedron

Synergetic principles of Mn and Cu: Cu atom is located in 

interstitial site in tetrahedron of the crystal of Fe3O4, replacing 

one Fe3+, leading to localized Cu(I)O4
2-. The negative charge can 

be attracted with Mn2+ 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.

Fe3O4 model

Atmospheric corrosion evolution

• H3PO4 = H2PO4
- + H+ ；

pK1=2.12

• H2PO4
- = HPO4

2- + H+ ；
pK2=7.20

• HPO4
2- = PO4

3- + H+；
pK3=12.36 

1. PO4
3- and HPO4

2- have 

strong complex action with 

H+, and can lower the 

dissolution of H+ to rust 

layer, leading to the 

suppressed cathodic 

process;

2. PO4
3- can form non-soluble 

phosphate with the 

dissolved metal ions.



Mechanism of Ni on weathering resistance



Protective Rust Layer
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Mechanism of Cr on weathering resistance
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Fig.  Schematic of atomic arrangement of 
Cr-goethite with considering interstitial Cr. 

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

O

Mechanism of Cr on weathering resistance



Models of alloy elements on weathering resistance
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Weathering steel used for bridge



www.imr.cas.cn
Weathering steels used for bridges
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Corrosion acceleration test of MnCuMo steel  in a simulated 

industrial environment
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Weathering steel used for bridge
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Under natural atmosphere condition, it takes 4~15 years 

to be stabilized，which caused  a bigger thickness loss

Stabilization methods of the rust layer

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.

atmosphere

Alloy 

elements

 Kind of rust and its effect

 Rust 

compositions

1. industrial(SO2)：-FeOOH、-FeOOH

2. coastal(Cl-)：-FeOOH

3. industrial-coastal (SO2+ Cl-)：upon the content of SO2

Cu: Fe3O4; Ni: Fe3O4; 

Cr: - FeOOH; Mn-Cu: Fe3O4,  -FeOOH

1.Slow corrosion：-FeOOH, Fe3O4

2.Promote corrosion：-FeOOH, -FeOOH

3.Protection index (PAI)：α/γ* = (α-FeOOH+Spinel)/(β-FeOOH+γ-FeOOH)
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Stabilization methods of the rust layer



 

加药结束 
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Stabilization methods of the rust layer
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Summary and outlooks

• 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 rail 

manufacture should be existed.

• Steel rail with both wear-resistance and corrosion 

resistance should be the development focus to prolong 

the service life of rails.
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