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Abstract: Certain inclusions in high-strength 60Si2Mn–Cr spring steel result in poor resistance to localized corrosion. In this work, to study the
effect of inclusions on the localized corrosion behavior of spring steel, accelerated corrosion tests were performed by immersing spring steel in
3wt% FeCl3 solution for different times. The results show that severe corrosion occurred in areas of clustered CaS inclusions. Sulfide inclu-
sions containing Ca and Mg induced the strongest localized corrosion susceptibility. For the case of (Ca,Mn,Mg)S inclusions, the ability to in-
duce localized corrosion susceptibility is ranked as follows: MgS > CaS > MnS. Moreover, CaS, (Ca,Mn)S, and (Ca,Mn,Mg)S inclusions were
mainly responsible for inducing environmental embrittlement.

Keywords: steel; localized corrosion; inclusions; accelerated corrosion tests

  

1. Introduction

Lightweight and high-strength spring steels are required to
meet the needs of the modern automotive industry and high-
speed railways [1–2]. However, these advantages, especially
those induced by the presence of nonmetallic inclusions, de-
crease the corrosion resistance of the steels [3–4]. The pres-
ence of inclusions, such as Al2O3, MnS, and composites, in-
troduced by adding a deoxidizing agent during the steelmak-
ing or refining process, destroys the metallic material due to
an increase in cracking sources [5–8]. Fish-eye fractures are
typically induced by oxide or TiN inclusions due to their ca-
pacity  for  hydrogen  absorption  [9–10].  Furthermore,  a  tiny
change  of  state  resulting  from  the  presence  of  inclusions
yields enormous impacts on material failure; moreover, cor-
rosion  pits  form around  the  inclusions  [11–13].  Nam et  al.
[14] reported that corrosion fatigue cracking emerged at the
pitting sites of MnS inclusions because of anodic dissolution
and hydrogen embrittlement.  The types and states  of  inclu-
sions mutually reinforce hydrogen absorption, which leads to
hydrogen embrittlement. Komazaki et al. [15] illustrated that
absorbed hydrogen and corrosion pits had the same impacts
on  environmental  embrittlement  (EE)  in  spring  steel.  The
formation of corrosion pits, mainly initiated by inclusions, is
the key factor leading to fracture failure in spring steel.

Different types of inclusions yield different localized cor-
rosion  susceptibilities  [16]. The  pitting  corrosion  mechan-

isms induced by various inclusions in stainless and pipeline
steels  have  been  comprehensively  analyzed  [16–18].  The
passive film at the boundary of the inclusion and the matrix is
generally susceptible to dissolution; therefore, the emerging
fresh boundary undergoes pitting corrosion due to chemical
inhomogeneity. Corrosion pits develop at the inclusion sites
after  both  metastable  and  stable  pitting  [19–21].  However,
studying the inclusion-induced localized corrosion behavior
of spring steel is difficult because the matrix is susceptible to
corrosion. Understanding this process of localized corrosion
would clarify which inclusions need to be controlled in steel-
making or other metallurgical processes [22–24], so that the
resistance to localized corrosion and EE is fundamentally im-
proved.

To address  this  issue,  in  situ  immersion  tests  were  em-
ployed in this study to investigate the localized corrosion be-
haviors of  60Si2Mn–Cr spring steel  induced by various in-
clusions. The inclusions were statistically detected and ana-
lyzed by scanning electron microscopy (SEM) coupled with
energy-dispersive  X-ray  spectroscopy  (EDS).  Immersion
tests in 3wt% FeCl3 solution (298 K) were then conducted. 

2. Experimental

The experimental material was 60Si2Mn–Cr spring steel,
the chemical  composition of  which has been previously re-
ported [4]. The as-cast steel specimens were employed prior 
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to the experiments in order to exclude the influence of other
factors  (heat,  deformation  treatment)  on  the  inclusion-in-
duced localized corrosion behavior of spring steel [25]. The
standard corrosion specimen size was 10 mm × 10 mm × 5
mm.  Immersion  tests  were  conducted  in  3wt% FeCl3 solu-
tion at 298 K. All specimens were ground with 2000-grit sil-
icon  carbide  paper  and  polished  with  0.5 µm-diameter-
particle diamond paste to avoid the effects of surface rough-
ness. The specimens were then rinsed using deionized water,
degreased using  alcohol,  and  dried  immediately.  The  mor-
phologies and compositions of the inclusions were analyzed
by  a  Phenom  ProX  scanning  electron  microscope  using
backscatter  electron imaging and EDS modes,  respectively.
The type, composition, size, number, and distribution of in-
clusions were analyzed by SEM. Ninety inclusions were ran-
domly selected in each specimen to record their positions and
statistically  identify  their  properties.  Image-Pro  image-pro-
cessing  software  (Media  Cybernetics,  USA)  was  employed
to calculate the average size of the inclusions. Each test was
repeated three times to ensure accuracy of the calculations.

Immersion tests  were conducted in  3wt% FeCl3 solution
with immersion times of 0 s, 5 s, and 15 s to analyze the loc-
alized corrosion  behaviors  of  60Si2Mn–Cr  spring  steel  in-
duced by various inclusions. Other surfaces were sealed with
epoxy resin  to  achieve  a  faultless  test  surface  and  suppress
the  impacts  of  specimen defects  on  the  corrosion  behavior.
Pure hydrated FeCl3 and deionized water were used to pre-
pare the immersion solution. 

3. Results

The distribution (Fig. 1(a)) and the number proportion and
average size (Fig. 1(b)) of various inclusions (their composi-
tions were determined by SEM-EDS) were studied. Fig. 1(a)

shows that MnS inclusions were uniformly distributed (#13).
The MnS  inclusions  readily  induced  pitting  corrosion  be-
cause preferential dissolution around the sulfide inclusion can
produce  sulfur,  which  facilitates  pitting  initiation  and
propagation [26]. Moreover, TiN inclusions were the second
most  prevalent  type  and  were  also  uniformly  distributed
(#12). Ha et al. [27] showed that inclusions containing more
Ti and less content of Ca were resistant to corrosion. The dis-
persed distribution of TiN inclusions resulted in a slight sus-
ceptibility  of  the  matrix  to  localized  corrosion.  In  addition,
CaS  inclusions  were  unequally  distributed  and  clustered
(#11). Numerous CaS inclusions were present in the matrix
and their corrosion resistance was much weaker than those of
the other inclusions because of their sulfide nature and high-
er Ca content. The uneven distribution of CaS inclusions led
to  unequal  corrosion  because  relatively  dense  areas  of  CaS
inclusions yielded more severe localized corrosion. Compos-
ite (Ca,Mn)S  inclusions  displayed  a  non-clustered  distribu-
tion (#10). Silicon carbide inclusions were uniformly distrib-
uted  (#9),  and  their  ability  to  improve  corrosion  resistance
was much stronger than that of the sulfide inclusions due to
the  high  Si  content  [28].  A  relatively  small  proportion  of
(Ca,Mn,Mg)S inclusions was also present, and these presen-
ted a non-clustered distribution (#8); however, this type of in-
clusion enhanced the localized corrosion susceptibility of the
steel matrix because of its high Ca and Mg contents. Few iron
carbide inclusions (#7) exhibiting higher corrosion resistance
were found in the matrix. Very few spinel and Al2O3 inclu-
sions (#5, #6) existed in the matrix; thus, these had little ef-
fect on the localized corrosion of spring steel.

Fig. 1(b) shows that the proportion of single MnS inclu-
sions  (#13)  reached  almost  one-half  of  all  inclusions.
Moreover,  TiN  (#12)  and  CaS  inclusions  (#11)  were  the
second and third most common types, respectively. The res-
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Fig.  1.      Distribution  (a)  and  proportion  and  average  size  (b)  of  inclusions  in  spring  steel.  #1—(Mg,Mn)S;  #2—Al2O3+SiC;
#3—Al2O3+MnS;  #4—MgO+SiC;  #5—Al2O3;  #6—Al2O3+MgO;  #7—iron  carbide;  #8—(Ca,Mn,Mg)S;  #9—SiC;  #10—(Ca,Mn)S;
#11—CaS; #12—TiN; #13—MnS.
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ults indicate that the sulfide inclusions and their composites
were  the  dominant  inclusions  (#1,  #3,  #8,  #10,  #11,  #13)
present in the matrix, accounting for 68.13% of all inclusions.
Because  these  inclusions  can  induce  localized  corrosion  in
spring steel,  the  corrosion  resistance  was  significantly  de-
creased. The average sizes of the sulfide, oxide, and other in-
clusions were 2.9, 4.98, and 4.9 µm, respectively. The aver-
age size of the composite-sulfide inclusions (#1, #3, #8, #10)
was  smaller  than  that  of  the  single-sulfide  inclusions  (#11,
#13);  therefore,  these  small-sized  composites  improved  the
corrosion resistance.  Studies  have  shown that  the  corrosion
resistance  around  an  inclusion  is  governed  by  the  micro-
crevice formed at the inclusion/matrix boundary and by the
critical size of the inclusion: specifically, a smaller-sized in-
clusion improves localized corrosion resistance [29–32]. The
small-sized  SiC  (#9)  and  TiN  inclusions  (#12)  therefore
provided better localized corrosion resistance than the com-
posite oxide (#2, #4, #5) or sulfide inclusions (#13). Acceler-
ated corrosion tests were performed in 3wt% FeCl3 solution
for immersion times of 0 s, 5 s, and 15 s to observe the local-

ized corrosion behaviors  of  spring steel  induced by various
inclusions. The localized corrosion behavior around MnS in-
clusions  was  preferentially  analyzed  due  to  their  greater
number (as shown in Fig. 1). The results showed that the av-
erage size of MnS inclusions was 4.3 µm, and the majority of
these exhibited  polygonal  morphology.  The  corrosion  mor-
phologies of MnS inclusions before and after corrosion tests,
shown in Figs.  2(a)–2(c), indicate  that  these  inclusions  dis-
solved at  the  inclusion/matrix  boundary after  an immersion
time of 5 s. A micro-crevice at the inclusion/matrix boundary
was formed after 15 s, as indicated by the increase in the im-
age contrast, and no dissolution was found on the surface of
these inclusions.  This  shows  that  the  pitting  initiation  pro-
cess occurred along the depth direction at the inclusion/mat-
rix boundary. The corrosion morphologies of TiN inclusions
before  and  after  the  immersion  tests  are  shown  in Figs.
2(d)–2(f). The TiN inclusions were not dissolved after 15 s,
but their average size (~3.6 µm) was small, which illustrates
relatively  higher  localized  corrosion  resistance  compared
with that of other inclusions.

 
 

(a) (b) (c)

(d) (e) (f)

5 μm 5 μm
5 μm

5 μm5 μm5 μm

Fig.  2.      Corrosion  morphologies  of  MnS  (a–c)  and  TiN  inclusions  (d–f)  after  immersion  times  in  3wt%  FeCl3  solution:  (a)  and
(d) 0 s; (b) and (e) 5 s; (c) and (f) 15 s.
 

Corrosion morphologies  of  CaS  inclusions  after  immer-
sion times of 0, 5, and 15 s in 3wt% FeCl3 solution are shown
in Fig. 3. The chemical compositions detected by SEM-EDS
of CaS inclusions after different immersion times are shown

in the table of Fig. 3(d). By increasing the immersion time to
5 s, the contents of S and Ca in CaS inclusion were reduced
(Fig.  3(b)). Moreover,  CaS  inclusion  was  completely  dis-
solved after an immersion time of 15 s (Fig. 3(c)) since the S
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and Ca contents in CaS inclusion monotonically decreased to
0, as shown in the table of Fig. 3(d). Compared with the res-
ults  of Fig.  2,  the  corrosion  resistance  of  the  steel  matrix
around CaS inclusions was weaker than that of the steel mat-
rix  around  MnS  inclusions.  The  corrosion  morphology  of
(Ca,Mn)S inclusions is shown in Fig. 4. The CaS inclusions
in  these  composites  dissolved  entirely,  leaving  a  residue  of

MnS after  an  immersion  time  of  5  s.  This  then  completely
dissolved  at  15  s.  Comparing  the  results  of Figs.  2(a)–2(c)
with  those  of Fig.  4,  the  presence  of  CaS  inclusions  in
(Ca,Mn)S composite inclusions weakened the corrosion res-
istance of MnS inclusions.

The  corrosion  morphologies  of  (Ca,Mn,Mg)S  inclusions
(~3 µm) before and after immersion tests are shown in Fig. 5.

 

(a) (b) (c)

5 μm 5 μm 5 μm

(d)

Immersion time / s

0

5

15

S Ca

Chemical composition / wt%

Fe

28.3 30.2 41.5

13.5 27.0 59.5

0 0 100.0

Fig.  3.      Corrosion morphologies after immersion times of  0 s  (a),  5  s  (b),  and 15 s  (c)  in 3wt% FeCl3  solution and corresponding
compositions (d) of CaS inclusions.

 

(a) (b) (c)

5 μm5 μm5 μm

(d)

Immersion time / s

0
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15

S Ca

Chemical composition / wt%

Fe

25.9 21.3 36.2

8.1 0 78.0

0 0

Mn

16.6

13.9

0 100.0

Fig.  4.      Corrosion morphologies after immersion times of  0 s  (a),  5  s  (b),  and 15 s  (c)  in 3wt% FeCl3  solution and corresponding
compositions (d) of (Ca,Mn)S inclusions.
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The MgS inclusions in this composite were preferentially and
entirely  dissolved  at  the  immersion  time  of  5  s,  leaving  a
remnant composition of (Ca,Mn)S. The CaS component then
dissolved entirely at 15 s, leaving only MnS. Fig. 6 shows the
elemental mapping result of (Ca,Mn,Mg)S inclusion after an

immersion time of 15 s in 3wt% FeCl3 solution, correspond-
ing to Fig. 5(c). The MgS and CaS components dissolved in
an orderly manner when compared with the case of Fig.  5,
leaving only MnS inside the pits after an immersion time of
15 s. Figs. 2(a)–2(c) and Figs. 4–6 show that the presence of

 

(a) (b) (c)

5 μm 5 μm 5 μm

(d)

Immersion time / s

0
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S Ca

Chemical composition / wt%

Mg

23.6 4.9 3.7

15.5 4.6 0

18.3 0

Mn
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31.7 0

Fe

38.4

45.4

50.0

Fig.  5.      Corrosion morphologies after immersion times of  0 s  (a),  5  s  (b),  and 15 s  (c)  in 3wt% FeCl3  solution and corresponding
compositions (d) of (Ca,Mn,Mg)S inclusions.

 

(a)

Fe Mn

Fe Mn SS

(b)

(c) (d)

5 μm

Fig. 6.    Elemental mapping result of (Ca,Mn,Mg)S inclusion after an immersion time of 15 s in 3wt% FeCl3 solution: (a) Fe; (b) Mn;
(d) S; (d) combination of Fe, Mn, and S.
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Mg in composite inclusions changed the localized corrosion
resistance of the steel matrix around both MnS and CaS in-
clusions.  A  competitive  corrosion  relationship  existed
between the components of the MgS, CaS, and MnS inclu-

sions  in  (Ca,Mn,Mg)S  composites.  The  MgS  inclusions  in
composites dissolved  preferentially,  and  the  corrosion  pro-
cess of other compositions was relatively delayed.
 

The corrosion morphologies of iron carbide inclusions be-
fore and after immersion tests are shown in Figs. 7(a)–7(c).
The  local  matrix  around  these  inclusions  possessed  strong
corrosion resistance because no dissolution occurred after an
immersion time of 15 s. The corrosion morphologies of SiC
inclusions before and after immersion tests are shown in Figs.
7(d)–7(f). The corrosion behavior of SiC inclusions was sim-
ilar to that  of  iron carbide,  and no dissolution occurred,  re-
gardless of whether the matrix underwent serious corrosion,
even at  an immersion time of  15 s.  This  suggested that  the
steel matrix acted as a soluble anode and the dissolution po-
tential of  SiC  inclusions  was  relatively  high.  Other  inclu-
sions were  not  analyzed  owing  to  their  extremely  low pro-
portion in the specimen. They also had no significant effect
on  the  localized  corrosion  behavior  of  60Si2Mn–Cr  spring
steel.

Fig. 8 shows a typical macroscopic view of the corrosion
morphology of  spring steel  after  immersion in  3wt% FeCl3

solution for 15 s. Fig. 8(a) shows that there were two separ-
ate areas in the matrix, labeled as the clustered and dispersed
CaS inclusion areas. The clustered CaS inclusion area had a

more severe corrosion than the dispersed area. Fig. 8(b) in-
dicates that the clustered CaS inclusions induced a tunnel ef-

 

5 μm 5 μm

(a) (b) (c)

(d) (e) (f)

5 μm 5 μm 5 μm

5 μm

Fig.  7.      Corrosion morphologies  of  iron carbide  (a–c)  and SiC inclusions  (d–f)  after  immersions  in  3wt% FeCl3  solution:  (a)  and
(d) 0 s; (b) and (e) 5 s; (c) and (f) 15 s .

 

Clustered CaS
inclusion area Dispersed CaS

inclusion area

10 μm

(a)

(b)

80 μm 80 μm

Fig.  8.      Corrosion  morphologies  of  clustered  and  dispersed
CaS inclusion areas.  The purple areas in (a)  and (b)  show the
clustered  CaS  inclusion  area.  The  red  dashed  arrows  refer  to
the enlarged view in the red solid frame.
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fect, which triggered severe corrosion below the matrix sur-
face, irrespective of the surface state. 

4. Discussion

The distribution,  number,  size,  type,  and  composition  of
various  inclusions  in  spring  steel  affected  the  formation  of
corrosion pits. Figs. 1 and 8 show that the clustered area of
CaS inclusions induced many pits due to their tunnel effect.
A  large  proportion  of  clustered  CaS  inclusion  areas  would
trigger  severe exfoliation behavior.  In contrast,  the areas of
dispersed CaS inclusions had no serious corrosion because of
the  existence  of  a  complete  entity  below  the  surface. Figs.
2–7 show that the local matrix around composites containing
CaS, MnS,  and MgS inclusions  possessed a  stronger  local-
ized corrosion  susceptibility.  The  MgS inclusions  preferen-
tially dissolved, followed by CaS inclusions, while MnS in-
clusions  were  the  last  to  dissolve.  The  localized  corrosion
susceptibility around these  three  sulfide  inclusions  is  there-
fore ranked as MgS > CaS > MnS. The localized corrosion
susceptibilities around TiN, SiC, and iron carbide inclusions
were relatively low (Figs. 2(d)–2(f) and 7), despite their high
proportion in the steel (Fig. 1). Corrosion pits were therefore
likely  to  occur  at  sites  of  sulfide  and composite  inclusions.
Moreover, CaS, (Ca,Mn)S, and (Ca,Mn,Mg)S inclusions ac-
counted for a large proportion (Fig. 1(b)) of the total inclu-
sions,  and  their  abilities  to  induce  localized  corrosion  was
very strong (Figs. 3–6). This indicated that corrosion pits in
this spring steel were mainly induced by these three types of
inclusions, despite that the pits appeared shallow due to the
very thin  surface  presented  by  the  three-dimensional  inclu-
sions  after  the  grinding  and  polishing  of  the  specimens.
Therefore,  we  conclude  that  CaS,  (Ca,Mn)S,  and
(Ca,Mn,Mg)S inclusions in spring steel mainly induce EE. If
these three types of inclusions can be well controlled to yield
a dispersed  distribution  of  CaS  inclusions  or  even  be  re-
moved  during  steelmaking  or  other  metallurgical  process
[33],  the  corrosion  pits  would  be  significantly  reduced  and
resistance to EE could be fundamentally improved. 

5. Conclusions

(1) The proportions of various inclusions in the matrix of
spring  steel  are  ordered  as  follows:  MnS  >  TiN,  SiC,  iron
carbide > sulfides containing Ca or Mg > composite oxide.
The localized corrosion resistances of the local steel matrices
around  TiN,  SiC,  and  iron  carbide  inclusions  were  greater
than  those  of  the  other  main  inclusions.  Sulfide  inclusions
containing Ca and Mg caused the worst localized corrosion
resistance of spring steel.

(2)  Clustered  CaS  inclusion  areas  triggered  a  corrosion
tunnel effect, causing corrosion pits to form, even below the
surface.  In  contrast,  dispersed  CaS  inclusion  areas  showed

slight  corrosion  due  to  the  existence  of  the  complete  entity
below the surface. For the case of (Ca,Mn,Mg)S inclusions,
the  ability  to  induce  localized  corrosion  susceptibility  is
ranked as follows: MgS > CaS > MnS.

(3)  Lastly,  CaS,  (Ca,Mn)S,  and  (Ca,Mn,Mg)S  are  the
main inclusion types in spring steel that induce EE. Remov-
ing  these  three  inclusion  types  and  dispersing  the  clustered
areas of  CaS inclusions  in  the  steelmaking  or  refining  pro-
cess would improve resistance to EE. 
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