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a  b s  t  r  a  c  t

The  corrosion  resistance  of  S43035 ferritic  stainless  steel  at  elevated  temperatures  of  308 K,

328  K,  348 K  and  378 K  was  studied  through  potentiodynamic  polarization  test  and  optical

microscopy  analysis  in  2 M  H2SO4 at  0%, 1%, 3.5% and  6% NaCl.  Results  show  that  increase

in  temperature  and  NaCl  generally  hinders  the  formation  of  the  passive  “lm.  Changes  in

corrosion  rate  from  308 K  to  378 K  at  0% NaCl  was  marginal.  Metastable  pitting  was  absent

until  378 K  due  to  increased  electrolytic  action  of  SO4
2Š ions.  In  the  presence  of  chlorides  at

308  K  metastable  pitting  is  visible  delaying  the  formation  of  stable  passive  “lm.  Passivation

behaviour  was  absent  at  temperatures  above  308 K  due  to  polarization  similar  to  carbon

steels  and  a  strong  decrease  in  hydrogen  evolution  over  potential  especially  at  1% and  3.5%

NaCl.  Optical  images  showed  mild  deterioration  at  378 K  from  0% NaCl  and  the  formation  of

corrosion  pits  at  308 K  and  378 K  from  6% NaCl.  Negative  enthalpy  value  at  0% NaCl  implies

exothermic  nature  of  the  steel  corrosion  reaction.  Addition  of  chlorides  changed  the  steel

corrosion  reaction  to  endothermic.  Increase  in  NaCl  concentration  caused  a  decrease  in  acti-

vation  energy  and  increase  in  entropy  values  due  to  decrease  in  passivation  of  the  alloy  and

consequently  increase  in  corrosion  rate.  Statistical  analysis  through  ANOVA  at  con“dence

levels  of  95% and  97.5% showed  the  strong  in”uence  of  temperature  variation  on  corrosion

rate  with  F-values  of  5.256 at  50.8% in  contrast  to  the  NaCl  concentration  whose  value  was

below  the  signi“cance  level.

©  2017 Brazilian  Metallurgical,  Materials  and  Mining  Association.  Published  by  Elsevier

Editora  Ltda.  This  is  an  open  access  article  under  the  CC BY-NC-ND  license  (http://

creativecommons.org/licenses/by-nc-nd/4.0/ ).

1.  Introduction

Corrosion  of  stainless  steel  in  reducing/oxidizing  environ-
ments  is  a  fundamental  academic  and  industrial  concern  due
to  the  secondary  problems  associated  with  it  [1].  Stainless
steels  exhibit  exceptional  corrosion  resistance  characteristics
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in  conditions  deleterious  to  carbon  steels,  and  non-ferrous
metals  and  alloys  due  to  the  presence  of  chromium  and
other  alloying  elements.  The  chromium,  when  in  contact
with  oxygen,  forms  a  barrier  of  chromium  oxide  called  a
•passive  “lmŽ  which  shields  the  alloy  from  aggressive  ions.
This  property  enables  their  extensive  application  in  desali-
nation  plants,  pharmaceutical  industry,  thermal  power  plant,
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chemical  cleaning  and  pickling  process,  automobile  industry
and  petrochemical  plants  due  to  their  stability  and  strong
resistance  to  redox  reactions.  However  these  steels  are  not
impervious  to  corrosion  in  speci“c  environments  resulting
in  the  initiation  and  propagation  of  localized  corrosion  [2,3].
Localized  corrosion  occurs  in  many  forms  in  structures  made
of  these  steels  during  service  in  various  aggressive  media
such  as  intergranular  and  pitting  corrosion,  sulphide  and  chlo-
ride  stress  cracking  etc.  Corrosion  due  to  acids  and  chlorides
are  one  of  the  major  causes  of  stainless  steel  corrosion.  In
petroleum  re“ning  units  it  represents  a  signi“cant  portion
of  loss  as  a  result  of  lost  production,  inef“cient  operation,
high  maintenance  and  the  cost  of  corrosion  control  chemi-
cals.  During  cracking  of  petroleum,  acids  appear  as  a  result
of  hydrolysis  of  salts  which  have  destructive  effect  on  equip-
ment  made  of  steel  [4]. Hydrogen  evolution  occurs  during  steel
corrosion  in  acidic  solution  leading  to  metal  hydrogenation
responsible  for  impairment  of  their  mechanical  properties
[5].

Numerous  investigations  have  been  done  to  understand
the  electrochemical  characteristics  of  stainless  steels  in  acidic,
chloride  and  basic  mediums,  but  its  corrosion  resistance  in
these  media  at  elevated  temperature  is  limited  [6]. The  interac-
tion  of  stainless  steels  with  chemicals  and  the  electrochemical
kinetics  of  their  dissolution  are  basically  subject  to  the  forma-
tion  and  collapse  of  their  protective  “lms  which  has  been  the
subject  of  in-depth  research  but  not  especially  at  high  tem-
peratures  [7,8].  The  kinetics  of  the  protective  “lm  formation
depends  on  the  rate  constants  for  the  interfacial  reactions  of
the  electrolytic  species  and  their  movement  within  the  “lm  [9].
Increase  in  temperature  causes  thinning  of  the  passive  “lm
and  accelerated  dissolution  of  the  steel  alloy,  thus  limiting
the  operation  of  the  respective  equipment  [10,11]. Hot  pro-
cess  streams  have  been  known  present  further  challenges  for
production  equipment.  316L stainless  steels  readily  crack  at
temperatures  higher  than  334 K  with  a  combination  of  tensile
stress  and  chlorides.  2205 duplex  stainless  will  resist  chloride
stress-corrosion  cracking  in  simple  salt  solutions  to  temper-
atures  of  about  392 K  [12].  This  research  aims  to  study  the
electrochemical  corrosion  behaviour  of  43035 ferritic  stainless
steel  in  sulphate/chloride  condition  at  temperatures  of  308 K,
328 K,  348 K  and  378 K.

2.  Experimental  methods

2.1.  Materials  preparation

S43035 ferritic  stainless  steel  (43035SS) sourced  commercially
had  a  nominal  composition  as  shown  in  Table  1. The  steel
electrodes  after  mounting  in  epoxy  resin  according  to  ASTM

G59-97  [13]  have  an  exposed  surface  area  of  1.26 cm 2. The  steel
specimens  after  machining  were  abraded  with  silicon  carbide
papers  before  washing  with  distilled  water  and  propanone  for
potentiodynamic  polarization  test  according  to  ASTM  G1-03
[14].

2.2.  Test solutions

Recrystallized  NaCl  obtained  from  Titan  Biotech,  India  was
prepared  in  volumetric  concentrations  of  0%, 1%, 3.5% and  6%
in  200 mL  of  2 M  H2SO4 solution,  prepared  from  analar  grade
of  H2SO4 acid  (98%, obtained  from  Sigma  Aldrich,  USA)  with
deionized  water

2.3.  Potentiodynamic  polarization  test

Potentiodynamic  polarization  tests  were  carried  out  at
308 K,  328 K,  348 K  and  378 K  with  a  three  electrode  system
within  a  glass  cell  containing  the  electrolyte  solution  and
a  thermometer,  using  Digi-Ivy  2311 potentiostat  interfaced
with  a  computer.  The  temperature  is  thermostatically  con-
trolled.  Polarization  plots  were  obtained  at  a  scan  rate  of
0.0015 V/s  between  potentials  of  Š0.5 V  and  +1.5  V  accord-
ing  to  ASTM  G102-89(2015) [15].  Corrosion  current  density
(Jcr ,  A/cm 2) and  corrosion  potential  (Ecr , V)  values  were
obtained  using  the  Tafel  extrapolation  method.  The  cor-
rosion  rate  (CR) was  calculated  from  the  mathematical
relationship;

CR =
0.00327 �  Jcr �  Eqv

D
(1)

where  Eqv is  the  sample  equivalent  weight  in  grams.  0.00327
is  a  constant  for  corrosion  rate  calculation  in  mm/y  [16].

2.4.  Optical  microscopy  characterization

Optical  images  and  surface  morphology  of  43035SS for  0% and
6% NaCl  at  308 K  and  378 K  were  analyzed  after  potentiody-
namic  polarization  test  with  Omax  trinocular  through  the  aid
of  ToupCam  analytical  software.

3.  Result  and  discussion

3.1.  Potentiodynamic  polarization  studies

The  polarization  curves  of  43035SS in  2  M  H2SO4/0%  NaCl,
2 M  H2SO4/1%  NaCl,  2 M  H2SO4/3.5%  NaCl  and  2 M  H2SO4/6%
NaCl  at  308 K,  328 K,  348 K  and  378 K  are  shown  in  Fig.  1(a)…(d).
Table  2 shows  the  results  of  the  curves.  The  corrosion  rate  in
acid  chloride  solutions  increases  exponentially  with  increase

Table  1  … Percentage  nominal  composition  of  43035SS.

Element  symbol  Si  N  Ni  Mo  Ti  Cr  Mn  P S C Fe

% Composition  (43035SS) 0.75 0.03 0.2  0.1 0.335 17.35 0.50 0.04 0.03 0.01 80.655
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Fig.  1  … Potentiodynamic  polarization  curves  of  43035SS  in  2  M  H2SO4 at  (a) 0% NaCl,  (b) 1% NaCl,  (c) 3.5%  NaCl  and  (d)  6%
NaCl.

Table  2  … Potentiodynamic  polarization  results  for  43035SS  in  2  M  H2SO4/0…6% NaCl  concentration  at  308  K,  328  K,  348  K
and  378  K.

Sample  Temp.
(K)

Corrosion  rate
(mm/y)

Corrosion
current  (A)

Corrosion  current
density  (A/cm 2)

Corrosion
potential  (V)

Polarization
resistance,  Rp

(� )

Cathodic  Tafel
slope,  Bc

(V/dec)

Anodic  Tafel
slope,  Ba

(V/dec)

2  M  H2SO4 /0%  NaCl
A  308 0.39 4.60EŠ05 3.65EŠ05  Š0.173 558.20  Š7.223  3.169
B 328 0.92 1.08EŠ04 8.60EŠ05  Š0.176 243.90  Š7.547  1.261
C 348 1.25 1.47EŠ04 1.16EŠ04  Š0.151 175.20  Š10.690 10.820
D  378 2.57 3.02EŠ04 2.39EŠ04  Š0.131 85.19 Š10.160 9.852

2  M  H2SO4 /1%  NaCl
A  308 0.46 5.40EŠ05 4.29EŠ05  Š0.133 475.80  Š8.354  15.61
B 328 1.07 1.25EŠ04 9.92EŠ05  Š0.189 205.60  Š6.481  8.56
C 348 4.35 5.11EŠ04 4.05EŠ04  Š0.189 50.31 Š5.187  13.910
D  378 17.27 2.03EŠ03 1.61EŠ03  Š0.197 12.69 Š4.721  7.242

2  M  H2SO4 /3.5%  NaCl
A  308 0.70 8.25EŠ05 6.55EŠ05  Š0.138 311.40  Š8.638  9.815
B 328 2.72 3.19EŠ04 2.53EŠ04  Š0.214 80.44 Š4.175  6.264
C 348 11.95 1.40EŠ03 1.11EŠ03  Š0.209 18.34 Š2.861  6.534
D  378 21.21 2.49EŠ03 1.97EŠ03  Š0.224 10.33 Š2.380  2.980

2  M  H2SO4 /6%  NaCl
A  308 0.94 1.10EŠ04 8.72EŠ05  Š0.168 491.40  Š8.030  10.05
B 328 2.48 2.91EŠ04 2.31EŠ04  Š0.221 88.25 Š5.380  7.19
C 348 13.82 1.62EŠ03 1.29EŠ03  Š0.211 67.42 Š5.758  7.940
D  378 46.37 5.44EŠ03 4.32EŠ03  Š0.232 4.73 Š1.562  0.000
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in  temperature,  due  to  decrease  in  hydrogen  evolution
over-potential  with  increase  in  temperature  [17]. The  polariza-
tion  curves  at  308 K,  328 K,  348 K  and  378 K  in  Fig.  1(a) shows
the  effect  of  changes  in  solution  temperature  on  the  corrosion
and  passivation  characteristics  of  43035SS without  NaCl  addi-
tion.  Metastable  pitting  condition  was  completely  absent  from
the  polarization  curves  until  378 K  due  to  the  absence  of  ClŠ

ions  which  tends  to  interfere  with  the  passivation  mechanism.
Anodic  passivity  of  metals  results  from  the  formation  of  Cr2O3.
In  general,  the  formation  of  passive  “lm  may  occur  according
to  solid  state  reaction  mechanism  in  the  following  equations
[18…21].

nM  +  mH2O �  MnOm  +  2mH+ +  2meŠ (2)

or  precipitation  reaction,

M2+ +  nH2O �  M(OH)2(n  Š  2)H2O +  2H+ (3)

At  378 K,  the  increased  mobility  and  electrolytic  action  of
SO4

2Š ions  slightly  delayed  the  formation  of  the  passive  “lm
on  43035SS resulting  in  metastable  pitting  activity.  Increase
in  temperature  generally  hinders  the  interfacial  reaction  of
chromium  and  oxygen,  delaying  the  formation  of  the  passive
protective  “lm  which  blocks  ion-transfer  processes  associ-
ated  with  metal  dissolution  [22].  Cr2O3 is  oxidized  to  CrO2

and  the  protective  Cr2O3 in  the  passive  “lm  is  removed
in  stainless  steels  polarized  above  the  transpassive  poten-
tial  in  chloride  free  solutions  [23,24].  The  strength  of  the
“lm  was  slightly  in”uenced  as  shown  on  the  passivation
range  at  the  temperatures  studied,  as  a  result  temperature
change  has  limited  in”uence  on  the  pitting  potential,  hence
the  pitting  corrosion  resistance  of  the  steel.  The  results  on
Table  2 (2 M  H2SO4/0%  NaCl)  for  the  polarization  curve  show
a  marginal  but  proportionate  increase  in  corrosion  rate  and
decrease  in  polarization  resistance  with  respect  to  increase  in
temperature.

Studying  the  polarization  curves  in  Fig.  1(b)…(c), 43035SS
retains  its  passivity  at  ambient  temperature  of  308 K;  how-
ever  metastable  pitting  becomes  more  visible  with  increase
in  ClŠ ion  (1%, 3.5% and  6%) concentration  which  delays  the
formation  of  stable  passive  “lm.  Generally  similar  electro-
chemical  behaviour  was  observed  for  43035SS at  348 K  and
378 K  (Fig.  1(b) and  (c), the  corrosion  rates  for  these  “gures
are  proportional  to  solution  concentration  and  temperature
(Table  2). The  cathodic  polarization  curve  of  Fig.  1(b) and  (c) at
378 K  shows  unusual  activity  signifying  an  increase  in  cathodic
reaction  rate  probably  due  to  major  decrease  in  hydrogen  evo-
lution  overpotential  [25]. At  Fig.  1(d),  there  is  a  signi“cant
increase  in  the  metastable  pitting  region  of  curve  at  308 K  prob-
ably  due  to  the  signi“cant  concentration  of  ClŠ ion  present
(6% NaCl).  Current  transients  and  spikes  are  visible  on  the
curve  due  to  passivation  and  repassivation  of  the  passive  “lm
before  instantaneous  failure  of  the  steel.  They  signify  pit  ini-
tiation  and  propagation  on  the  polarization  curve  due  to  loss
of  transpassivity  as  a  result  of  irreversible  collapse  of  the  pas-
sive  “lm  [26,27].  At  temperatures  above  308 K  [Fig.  1(b)…(d)],
passivation  behaviour  was  completely  absent  and  the  steel  in
effect  polarized  in  the  acid  chloride  solution  similar  to  car-
bon  steels  [28].  43035SS tends  to  more  easily  form  soft  acid

from  the  concept  Lewis  acid…base theory  at  high  temperature
when  compared  to  its  behaviour  at  308 K  ambient  tempera-
ture  due  to  the  increased  oxidizing  strength  and  mobility  of
the  corrosive  ions.  Under  this  condition  excessive  adsorption
of  sulphates  and  chlorides  ions  accelerates  the  corrosion  rate
of  the  steel  [29].

The  corrosion  potential,  cathodic,  and  anodic  Tafel  slope
values  in  Table  2 varies  with  respect  to  temperature  and  ClŠ

ion  concentration.  The  corrosion  potential  shifts  positively
with  increase  in  temperature  at  0% NaCl  while  the  cathodic
and  anodic  Tafel  slope  increases  in  value.  At  1%, 3.5% and
6% NaCl  the  corrosion  potential  shifts  to  negative  potentials
consistent  with  visible  increase  in  corrosion  rate  as  the  tem-
perature  rises  while  the  cathodic  and  anodic  Tafel  slopes
decreases.  Variation  in  ClŠ ion  concentration  is  responsible
for  these  observations.  In  the  absence  of  chlorides  the  increase
in  corrosion  rate  was  marginal  while  the  corrosion  potential
decreased  due  to  strong  resistance  of  the  steel  to  anodic  dis-
solution  [30]. This  shows  that  43035SS is  highly  resistant  to
corrosion  in  the  absence  of  chlorides  even  at  the  tempera-
tures  studied,  retaining  its  passivation  despite  the  increase
in  cathodic  and  anodic  activity.  However  chlorides  play  a
major  role  in  the  dissolution  of  stainless  steels.  In  the  pres-
ence  of  chlorides  there  was  a  signi“cant  increase  in  corrosion
rate  with  respect  to  temperature  but  an  unusual  decrease  in
cathodic  and  anodic  currents  due  to  the  metallurgical  char-
acteristics  of  the  steel  coupled  with  its  corrosion  resistance
properties.

3.2.  Effect of  temperature

The  relationship  between  the  corrosion  rate  of  43035SS in  the
acid  chloride  solution  and  temperature  is  expressed  by  the
Arrhenius  equation  which  calculates  the  activation  energy  (Ea)
of  the  steel  corrosion  using  Arrhenius  theory.  Assumptions
of  Arrhenius  theory  is  expressed  by  the  following  equation
[31];

CR =  A  exp
�

Ea

RT

�
(4)

where  CR is  the  corrosion  rate,  T  the  absolute  temperature,
R is  the  universal  gas  constant  and  A  is  the  Arrhenius  pre-
exponential  factor.  The  activation  energy  is  the  minimum
amount  of  energy  required  for  the  H2SO4/NaCl  solution  to
react  with  43035SS surface.  Plots  of  the  logarithm  of  corro-
sion  rate  vs.  l000/T  are  given  in  Fig.  2. The  plots  obtained
are  straight  lines  and  the  slope  of  each  straight  line  gives  its
activation  energy  Ea while  the  intercept  give  the  Arrhenius
pre-exponential  factor.

The  enthalpy  and  entropy  of  activation  can  be  evaluated
using  the  Transition  state  equation  below  [32].

CR =
RT
Nh

exp
�

�S
R

�
exp

�
Š

�H
RT

�
(5)

where  h  is  Plank•s  constant,  N  is  the  Avogadro  number,  � S is
the  entropy  of  activation  and  � H  is  the  enthalpy  of  activation.
Plot  of  Log(CR/T) vs  1/T  (Fig.  3) where  straight  lines  obtained
with  slope  of  (� H/R) and  an  intercept  of  Log(R/Nh) +  (� S/R) from
which  the  values  of  � H  and  � S were  calculated.
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Table  3  … Results  of  enthalpy  of  activation,  entropy  of  activation,  activation  energy  and  pre-exponetial  factor  at  different
NaCl  concentrations.

NaCl
concentration
(%)

Arrhenius  equation  Transition  state  equation  Gibbs  free
energy,  � G

(kJ/mol)

Activation
energy,  Ea

(kJ/mol)

Arrhenius
pre-exponential
factor,  A  (day Š1)

Correlation
coef“cient,  R2

Enthalpy  of
activation,  � H

(kJ/mol)

Entropy  of
activation,  � S

(kJ/mol)

Correlation
coef“cient,  R2

0 Š1.31 3.88 0.9777  Š1.16 0.91 0.9711 Š281.44
1 Š2.69 8.34 0.9885  2.54 5.38 0.9873 Š1762.10
3.5 Š2.54 8.17 0.9521  2.39 5.20 0.9456 Š1807.21
6 Š2.93 9.45 0.9829  2.78 6.48 0.9811 Š2446.78

Gibbs  free  energy  was  calculated  from  the  relationship
below  [33];

�G  =  �H  Š  T �S  (6)

Results  of  enthalpy  of  activation,  entropy  of  activation,  acti-
vation  energy  and  pre-exponential  factor  at  different  NaCl
concentrations  are  shown  in  Table  3.  The  positive  value  of  � S
in  Table  3 implies  that  the  activation  complex  represents  a
disordering  taking  place  from  reactants  to  the  activated  com-
plex.  The  degree  of  disorderliness  continued  to  increase  with
increase  in  value  of  � S corresponding  to  increase  in  ClŠ ion
concentration.  The  negative  sign  of  the  enthalpy  (� H) at  0%
NaCl  concentration  implies  an  exothermic  nature  of  the  steel
corrosion  reaction  in  the  acid  media  at  308 K,  328 K,  348 K
and  378 K  involving  the  release  of  heat  and  low  temperature
dependence  [34…37]. At  1%, 3.5% and  6% NaCl  concentration
the  steel  corrosion  is  endothermic  as  the  chemical  reaction
involving  chlorides  absorbs  energy  coupled  with  increase  in
temperature  [38…41].  The  values  of  Ea decreases  with  increase
in  ClŠ ions  signifying  a  decrease  in  passivation  of  the  alloy
surface  due  to  accelerated  dissolution  process  which  conse-
quently  increases  the  corrosion  rate  [34].  This  also  shows  that
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Fig.  2  … Arrhenius  plots  of  Log  CR vs  1/T.

the  energy  barrier  of  the  corrosion  reaction  decreases  as  the
ClŠ ion  concentration  increases  and  transition  state  complex
forms  at  a  slower  rate.

The  change  in  � G for  the  corrosion  reaction  shows  the  reac-
tion  occurred  spontaneously.  The  spontaneity  of  the  reaction
increased  with  addition  of  chlorides  to  the  acid  solution  before
the  reaction  shifts  to  equilibrium  from  the  standard-state  con-
dition.  The  signi“cant  difference  in  the  values  of  the  activation
parameters  (Ea, � H, � S and  � G) between  the  0% NaCl  steel
samples  and  samples  with  variable  ClŠ ion  concentration  indi-
cates  that  there  were  essential  changes  in  the  dissolution
mechanism  of  the  steel  in  the  presence  and  absence  of  chlo-
rides  [42].

3.3.  Statistical  analysis

Statistical  analysis  through  ANOVA  at  a  con“dence  level  of
95% and  97.5% (signi“cance  level  of  �  =  0.05 &  0.025) was
employed  to  calculate  the  statistical  in”uence  of  ClŠ ion  con-
centration  and  temperature  on  the  corrosion  rate  value  of
43035SS according  to  Eqs. (7)…(9).
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Fig.  3  … Transition  state  plot  for  Log  CR/T  vs  1/T.
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Table  4  … Analysis  of  variance  (ANOVA)  for  43035SS  in  2  M  H2SO4 /0…6% NaCl  (at  97.5%  and  95% con“dence  level).

Source  of  variation  Source  of
variation

Sum  of
squares

Degree  of
freedom

Mean
square

Mean  square
ratio  (F)

Min.  MSR at
97.5%

con“dence

Min.  MSR at
95%

con“dence

F (%)

Signi“cance  F Signi“cance  F

Among  columns  NaCl  Conc.
(columns)

455.03  3  151.68 2.099 5.078 3.863 20.3

Among  rows  Temperature
(rows)

1139.33  3  379.78 5.256 5.078 3.863 50.8

Residual  Residual  650.33  9  72.26

Total  Total  2244.69 15

The  sum  of  squares  among  columns  (temperature)

SSc =
�r r

c

nr
Š

r2

N
(7)

Sum  of  squares  among  rows  (NaCl  concentration)

SSr =
�� 2

r

nc
Š

� 2

N
(8)

Total  sum  of  squares

SSTotal =
�

x2 Š
� 2

N
(9)

Results  in  Table  4 showed  that  only  temperature  is  statisti-
cally  relevant,  thus  majorly  responsible  for  the  corrosion  rate
values  of  43035SS with  F-values  of  5.256. This  value  is  greater
than  the  control  signi“cance  factor  (signi“cance  F) value  of
5.078and  3.863 at  50.8%, con“rming  its  relevance  at  the  level  of
probability  used.  The  results  show  that  temperature  variation
strongly  in”uences  the  corrosion  behaviour  and  passivation
characteristics  of  the  steel  in  contrast  to  NaCl  concentration
which  has  a  signi“cant  factor  of  2.099 at  20.3%.

x40       100 µm

Fig.  4  … Optical  image  of  43035SS  before  corrosion  test  at
mag.  40× .

A

B

X 40

X 40

100 � m

100 � m

Fig.  5  … Optical  image  (mag.  40× ) of  43035SS  after  corrosion
in  0% NaCl  (a) at  308  K,  (b) at  378  K.

3.4.  Optical  microscopy  analysis

The  optical  images  of  43035SS at  308 K  and  378 K,  before  and
after  corrosion  at  speci“c  ClŠ ion  concentration  are  shown
from  Figs.  4…6(b). Fig.  4  shows  the  image  of  the  steel  sam-
ple  before  corrosion  test  at  mag.  40× .  Fig.  5(a) and  (b) shows
images  of  the  steel  sample  after  corrosion  (mag.  40× ) in  0%
NaCl  at  308 K  and  378 K,  while  Fig.  6(a) and  (b) shows  the
images  of  the  steel  sample  after  corrosion  (mag.  40× ) in  6%
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X 40      100� m

A

B

X 40      100� m

Fig.  6  … Optical  image  (mag.  40× ) of  43035SS  after  corrosion
in  6% NaCl  (a) at  308  K,  (b) at  378  K.

NaCl  at  308 K  and  378 K.  The  images  in  Fig.  5(a) slightly  con-
trast  the  image  in  Fig.  4 due  to  mild  surface  deterioration
whereby  the  lined  serrated  edges  in  Fig.  4 due  to  machining
are  worn  out.  The  corrosion  rate  results  (Table  2) for  Fig.  5(a)
sample  was  marginal,  in  effect  Fig.  5(a) is  an  etched  image
of  Fig.  4. The  presence  of  SO4

2Š ions  only  in  the  corrosive
test  solution  at  ambient  temperature  of  308 K  has  limited
effect  on  the  corrosion  resistance  of  43035SS. At  378 K  the
visible  surface  deterioration  are  clearly  shown  with  limited
evidence  of  the  presence  of  corrosion  pits  [Fig.  5(b)]  due  to
the  debilitating  action  of  the  SO4

2Š ions  at  high  tempera-
ture.  The  deterioration  is  quite  super“cial  damaging  only  the
aesthetic  value  of  the  steel  form  observation  of  the  corro-
sion  rate  results.  The  increase  in  corrosion  rate  from  308 K
to  378 K  for  43035SS at  0% NaCl  is  minimal.  As  such  the
value  for  Ea at  0% NaCl  is  the  highest  due  to  non-destruction
of  the  passive  protective  “lm.  Its  � S, � H  and  � G are  the
lowest  due  to  the  exothermic  nature  of  the  reaction  in  the
absence  of  chlorides,  low  spontaneity  and  disordering  of
the  reaction  process  resulting  in  less  damage  to  the  steel
morphology.

Studying  the  optical  images  in  Fig.  6(a) and  (b); the  electro-
chemical  action  of  ClŠ ions  (6% NaCl)  in  2 M  H2SO4 solution
is  clearly  visible  on  the  surface  morphology  of  43035SS after
corrosion  test  at  308 K  and  378 K.  Numerous  corrosion  pits
have  initiated  and  possibly  propagating  on  the  steel  sur-
face.  The  morphological  difference  between  Fig.  6(a) and  (b)
is  limited  but  the  corrosion  rate  values  of  0.94 mm/y  and
46.37 mm/y  varies  widely.  No  visible  surface  deterioration
were  observed  from  eye  observation  except  through  optical
microscopy,  however  optical  microscopy  analysis  did  not  give
anything  unusual  to  explain  the  very  high  corrosion  rate  at
378 K.  It  is  known  that  high  alloy  stainless  steel  do  not  undergo
general  corrosion  but  only  corrode  through  pitting.  It  is  sug-
gested  that  the  corrosion  pits  formed  on  43035SS at  378 K  are
more  advanced  than  the  ones  at  308 K.  This  assumption  is
con“rmed  from  the  very  value  of  Ea (Š2.93 kJ/mol)  at  this  tem-
perature  and  ClŠ ion  concentration.  The  value  signi“es  greater
destruction  of  the  passive  “lm  in  comparison  to  the  surface
morphology  of  43035SS at  lower  temperature  and  ClŠ ion
concentration.

4.  Conclusion

43035 ferritic  stainless  steel  retained  its  passivity  at  tempera-
tures  of  308 K,  328 K,  348 K  and  378 K  in  0% NaCl,  though  the
formation  of  its  passive  “lm  delayed  with  increase  in  temper-
ature.  The  presence  of  chlorides  at  speci“c  NaCl  signi“cantly
hindered  the  formation  of  the  steels  passive  “lm  at  308 K
with  the  formation  of  metastable  pits  and  decrease  in  the
passivation  range.  At  6% NaCl  the  passive  “lm  failed  at  very
low  corrosion  currents  due  to  excess  adsorption  of  chlorides.
Temperature  variation  in  the  presence  of  chlorides  signi“-
cantly  in”uenced  the  passivation  behaviour  of  43035 steel
coupled  with  accelerated  increase  in  corrosion  rate.  Optical
microscopy  analysis  showed  negligible  surface  deterioration
of  the  steel  at  378 K  from  0% NaCl,  however  formation  of
corrosion  pits  were  visible  on  samples  at  308 K  and  378 K
from  6% NaCl.  The  steel  corrosion  reaction  was  exothermic
in  the  absence  of  chlorides  and  endothermic  with  chloride
addition.  The  entropy  value  increased  while  activation  energy
decreased  with  increase  in  NaCl  concentration  due  to  decrease
in  the  passivation  behaviour  of  the  alloy.  Statistical  analysis
through  ANOVA  at  con“dence  levels  of  95% and  97.5% showed
the  strong  in”uence  of  temperature  variation  only  on  corro-
sion  rate  in  contrast  to  the  NaCl  concentration  whose  value
was  below  the  signi“cance  level.
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