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The Effect of Dissolved Chlorine on the
Pitting lchaviot‘of 304L Stainless Steel
in a 0.5 ¥ MaCl Solutiocn

H.H. Lu and D.J. Duquette’
Department of Materials Engineering
Rensselaer Polytechnic Institute
Troy, New York 12180-3590

\M _Tadiuae Chilor, do ,
:ll Electrochemical| experiments were performed on a 304L stainless steel

alloy in a 0.5 N\Eigz)lolution as a function of chlorine content (0-180
mg/l). Experiments p;rformod included & measurement of the corrosicn
ﬁotcntial as a Eunction of'timo{ the determination of the breakdown
potential, and of the téﬁaluiv-tion potential, utilizi£g cyclice
_polarization curves; and thc'ulc'of a scratching electrode technique to
measure the kinetic aspects of the breskdown of pnonivityﬂ The uddition
of chlorine to a solution of p4S in the concentration range of 20-60 ppm
chlorine resulted in a significant shift in the corrosion potential in the
noble direction. At higher conconttltiéno_of chlorine the cotronioq
potential shifts back toward that observed without chlorine additions..
Chlorine also fecults'iu a monotonic shift in the breskdown potaﬁtinl,'
suggesting that the passive film is rendered more stable against the
initiation of localized corrosion. Hovavor; the repassivation pétentinl

exhibits a minimum in the chlorine concentration range where the corrosion
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tential exhibits a maximum. This data suggests that thclritc of
opagation of localized corrosion should be mnximizgd in this chlorine
gime (20-60 mg/l). When scratching electrode experiments are performed,
e number of pits is minimized but the size of the pits is maximized
alysis of the kinetic ﬁit growth results suggest that, vhen the pits are :
all, the raie of pit growth is controlled by diffusion of corrosion
oducts through the bulk aqueous phase, but, as the pits age, the

chanism changes, and pit growvth is governed by diffusion through a solid

r semi-solid film on the vills of the pits.
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g ‘ | '!hc Effects of Dissalved Chlorine on the
g i Pitting Behavior of 304L Stainless Steel
in a 0.5N NaCl Solution

" H.H. Lu and D.J. Duquette
Department of Materials Engineering
.Rensselaer Poltechnic Institute
Troy, New York 12180-3590

Introduction

' Chlorine added to water is a potent,algnecidi and blctitiocide. and
has been used in a number of applications to reduce biofouling and/or
biocorrosion. Hovever.'thc noble redox potential for the Cl,/Cl”
'reqction-cuggantl that passive metais or alloys in chlorire containing
sclutions may yo susceptible to pitting and/or crevice corrosion if

chlorine is dissolved in solutions which contain chlorides.. Hovaer. a

literature survey conducted by NACE in 1976 resulted in the discovery of

only 30 publicationctrelnted to chlorinated water, (most related to vet
chlorine) and only 19 publications related to chlorinated brines. (1)
None of‘these studies were directly related to stainless steels.

Mora recently, Goodman, in a review of the effects of chlotinntion on
matetinln for sea water cooling systems concluded that there are few data
availably related to the effects of chlorine on the corrosicn behavior cf

| . ferrous alloys in general and still less on the behavior of stainless
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nlloys.‘zs Some recent studies, primarily performed in chlorinated sea
vwater, have been perférmed on a number bf stainless alloys (3-6), with
mixed results. For example, it has been shown that, for low levels of
chlorine (<0.ippm) the drift of corrosion potential in the noble direction
which is generally oﬁsetvéd in sea water for 300 type steels was
inhibited. However, a large, stable shift in the corrosion potential was
measured, and both pitting and crevice corrosion were obsgrved on the féee
surfaces of the alloy, although crevice corrosion in an artificial crevice
was no worse than for unchlorinated waters. The accelerated corrosion
phenomenon due to chlorine was shown to be highly temperature dependent,
with corrosion of even highly resistant alloys being obierved at 40°C, but
little corrosion being observed at 15°c.“'5? Pitting ;nd crevice
corrosion also have been observed in 22Cr-SNi-3Mo vwith chlorine levels of
1 mg/l.(s) The noble shift in the corrosion poténtinl.hna been
attributed to an alternative cathodic reaction due to the reduction of

dissolved oxygen:(“)

0Cl™ + 2¢~ + H,0 » Cl™ + 208" ' 1)

If the shift in the corrosion pctential due to surface reaction is
sufficiently electropositive, the pitting potential may be exceeded, and
" either pitting or crevice corrosion can be expected. This investigation
examines the pitting tendency of an 18Cr - 8Ni stainless steel in

chlorinated sodium chloride solutions.

. Experimental Procedure

Potentiodynamic anodic polarization experiments, as well as scratching



eleétrode éxperiments. vere performed on a'vacuum melted 304L stainless
steel in solutions containing 0.5N sodium chloride.at room temperature
(2S¥3°C). Tﬁe alloy composition is shown in Table I. <Chlorine
concentrations were controlled between 0 ana 180 mg/l by the addition of
sodium hypochlorite (NaOCle and the pH of the solution was controlled

~ with the addition of HCl. Chlorine is génerated in this system

accordingly to the reactions:
NaOCl + HC1l » NaCl' + HOCl (2)
HOC1 + HCl » Cl, + H,0 (3

The buik of the expgriments‘conducted were.a: a pH Qf-s.o. At this pH
the primary species present is HOCl (Figure 1). Specific chlorine
qoncenttationé were measured for each experiment utilizing the standard
DPD method (7). 1In nddition'to experiments conducted at pHS, pH for some
experiments was varied between pHl and pHS. An additional variable
included a preliminary 'study of the effects of cathodic reduction of the
Ialloy surface prior to polarization in order to examine the role of'the
stability of the air formed £ilm against localized corrosion. |

The specimen geometry was approximately 1 cm x 1 cd,x 0.3 cm.
Polarization samples were mounted in epoxy. Specimen surfaces were wet
ground to 600 grit on 5iC paper. For most experiments the speéimen was
held at -1.0 V vs. SCE for five minutes, and a one hout‘exposﬁre at the"
rest poténtial followed by an anodic polarization scan. Pélatization scan
rates were performed atlld mv/sec and the breakdown putential, E,, and

, were determined from the polarization

the repassivation potential, Ep




scans, performed [ .4t in the noble direction followed by a reverse scan.
in the active direction. _

A limited study of the kinetics of pit growth was performed by fixing
the potential at a value noble to the pit nucleation potential, scratching
the specimen surface, ard monitoring the resultant increase in current
density. thgse experiments were performed at éaom temperature, in a 0.5 N

NaCl solution of pHS, with 0, 20, and 60 mg/l chlorine.

Results and D#scussiog

Figuré 2 shows anodic and cnthodic'polatization'cutves for 304L
stainless steel, cathodically reduced at -1.0 V vs. SCE for 5 minutes, in
0.5 N NaCl solutions containing 20 mg/l and §0 mg/l chlorine, at room
temperature. Similht'data were gencrated for a chlorine concentration of
180 mg/l1 but are not shown for clarity. In each solution the alloy shows
a marked hysteresis behavior, indicating that crevice corrosion can be
expected, and be a significant problem in the presence of chlorine.
Additionally, increasing the.chlorine concentration of the solution
'shifted the corrosion potential in the noble ditectioq by apProximately
300-400 mv.

A similar shift in the zero current potential, as derived from the
polarization curves also is observed, although the maximum potential in
thig case occurs at 60 rather than 20 mg/1 dissolvedAéhlorine (figure 3).
The scatter in this data, as determined from triplicate tests, is the the.
order of 3$30 mv. The differencen is these values are believed to be due
‘to the relatively short time for the polarization experiment compared to
the measurements of the free corrosion potential. For low concentrations

of chiorine the steady state conditions on the alloy surface are sluggish



compared to the situation for more concentrated chlorine solutions.
Aécordingly. the corrosion potential tends to appeur to be somewhat more
noble than the zero-current potential for chlorine concentrations less
than 60 mg/l. At higher chlorine concentrations the values are similar.
The breakdown potential and the repnssi&ation‘potential as a function

of dissolved chlorine concentration are shown in figure 4. The breakdown

potential increases monotonically with increasing chlorine concentrations,

from a value of -+ 0.050 mv vs. SCE at 0 mg/l chlorine to a value of

-+ 0.400 mv vs. SCE at 180 mg/l dissolved chlorine. The repassivation
potential, on the other hand,‘exhibits 28 minimum at approximately 20 gg/l
and increases for larger concentrations of chlorine, If the data of
gigures 3 and 4 are plotted on the s@me diagram, figure 5, it can be seen
that in the chlorine concentration range of 10-60 mg/l, the corrosion
potentiil is;inlfact noble to the repassivation poténtial. In this
chlorine concentration regime then, localized corrosion initiated in
crevices can be -expected to freely propagate, aithough, as the chlorine
concentration is increased, the resistance to ghe.initia:ion of localized
corrosion is increased. The scatter in these data, as determined from
triplicate tests is also of the order of 30 mv.

_ Thus, it‘is apparent from these data that the éffect of dissolved
chlorine on the lpcalized corrosion behavior of 18-8 stainless steels is
more likely to be manifested in a propensity for crevice corrosion in this
chlorine concentration'rangeygfb10-60 mg/l. Accofdingly. a series of
experiments was conducted wherein the passive film was mechaﬂically
ruptured by scratching and the resultant current density wgs measuéed as a
function of time after scratching. The vesults of these experiments are

shown in Figures 5-9. For example, figure 6 shows the increase in current




dcniity for a specimen held at 50, 100 and 200 mv vs. SCE, respectively in
0.5 NaCl solution without chlorine additions (E, = 0.046 v, E; = 0.122

v vs. SCE). The data shown here are as expected, and indicate a large
1ncr§n:e in current density shortly after scratching, followed by a region
of steady state corrosion. These data are suggestive of rapid 1n£tintioﬁ
iollowed by transport limited pit growth.

Figures 7, 8, and 9 show these data for 20 and 60 mg/l dis:olvea
chlorine and exhibit similar trends. At 20 mg/l chlorine however, (E, =
0.195 v and Bp » -0.238 v vs. SCE) the initial data at +100 mv vs. SCE
are unstable, suggesting an attempt to repassinate the slloy cutfkéc.
(figure 7a) At intermediate applied potentials (200 mv and 250 mvr vs.
SCE) steady state pit growth is observed immediately after initiation;
while 'at the highest applied potential, a slight incresse in current (or
pit growth) with time is observed. At 60 mg/l dissolved chlotfne (Ep =
0.263 mv vs. Ep = 2200 mv vs. SCE) a small pecterbation in current
occurs for sn applied potential of +100 mv vs. SCE. At higher applied
potentials there is a large initial increase in current density followed
by a steady state, virtually constant, current suggesting steady state pit
.growth. '

It has been suggested that the time dependence of pit initiation and ™

growth on passive metals and alloys obeys a relltionship:(e)

fe = iy + A(t - tp)” (4)
where it = total measured cﬁrrent density
ip = passive current density

incubation time

"
-t
L}

A,m = constants which are a function of transport
conditions and pit geometry.

. 6



For the experiments described here the phsnlvc current density Ca cun
be assumed to approach zero and. since the surface is scratched to
initiate loczlized corrosion, ty » 0. Therefore this equation

simplifies to:

i=A® _ | ' (s)
or
log { = log A +mlog t o - (6)

'The data of figures 6a - 8a can thus be described on a log-log plot,
and if the equation is valid, the con;tlnts A and m can be determined from
.thc plot.  Figures 6b - Sb show this data, and indicate that each of ce:;
of data for figures 6a - 8a can'be reduced to‘either one dr‘tvo slopes;
the first slope related to a transient coadition (pit intiation) and the
. second to pit propagatioa. |

‘For most of the'initill or transient pit growth (with the exception of
a coiuticn contniying 60 mg/l chlorine at 100 mv vs. scs),-thebliopes lie
between 0.5 and 1.0, with a mean value of 0.6 - 0.7. (Table 1I)

_Thi: vaiuc can Be rationalized by considering the geémetfy of the pitg
(assumed to be circular on initiation and.tg»grow hemispherically) and the
assumptions that the groch of the pits is controlled by transport'
processes. .

The relationship between the linenf growth of a hemispherical pit, and

time can be expressed as (8):

r=c3va t? (7)




and, for transport control

¢ v | (8)

re " 3
where
v
Ce m 9
8xPF

In these equations, r is the pit fadiu:. Vn is ‘tlu specific volume
of the mni. F is Faraday's constant, ‘nnd Z {s the number of pits.

It can be shown from simple measurements and calculations that for
each of these cases considered here 2-r? is equal to a constant ('i‘hb‘ln
II1) and thus the current density should scals as tz/c3. and the slope
of log 1 vs. time should have a slope of 2/3. It is assumed that ihe.
deviati;m of some of the measured slopes from 2/3 is a result of _tho
absence of purely hemispherical pits (a geometric factc-) and the
assumption that all pits arze of the same :lze.. .In any case it can be
concluded that initial pit growth is essentially the same for both
unchlorinated and chlorinated sodium rchloride solﬁtiom. is diffunign
controlled through ihe liquid phase, ‘and initially is not influenced by
the age of thel'pit.s. Figure 9z aud 9b show a slope of 0.67 .superimp‘osed

on the transient current data from figutes‘ 6b and (unchlorinated,, +200 mv

'vs. SCE) and 7b (20 mg/1 chlorine, + 200 mv vn. SCE) and show the

excellent fit of the data for potentials noble to the btgakdovn potuntiyl.
However, the second slope obtained for each Qet of cxperim:nn. which
generally approaches zero (Table II), indicated that ‘r.he{pit:: approach a
steady state lgrovth rate, where transport control through a solid or
semi-golid film governs the process. Further evidence of this type of

behavior as the pits age is the faceted appearsnce of the pits




as shown (n Pigure 10. This faceted appearance is indicative of slow

transport through a.solid or seai solid fila.

Pit Diotribution'nnd Morphologies - . . . f
Although the kinetic values of .pit growth are virtually independent of ‘

the chlorine concentration of :h‘ solution, the interaction between pit

initiation and growth are quite different, dopondlhg on the chlorine

concentration. fablc 111 shows the average pit density for samples

measured at the conclusion of the polarization experiments, as well as the

mean pit size and the maximum pit eize seasured in a 1 cm?

. area. These
data indicate %hat the number of pits per urit sres is large with no
éissolved chiorinc. but that the mean pit size ‘s small and correlates :
well with the maximum pit diameter. At zd mg/1l dissolved chlorine (the
most active ropa-livntion potonéial and the most noble corrosion
potential) the pit donlity.Lo st & minimum, while the pit diameter is &

~ maximum. As the amount of chlorine in soli:ion is increased, the pit
density Lnrrclsei sn, in general the pit size decreases. Thus, the pit
size, and the pit density correlate with the differences between the
repassivation potential and the corronibn potential. At values of 20 to
60 mg/l dissolved chlorine, the number of pits is relatively low and the
pit nizo is relatively 1.:;0.‘ This suggests thnt.‘gt these concentrations
pit growth occurs fcgdily. vhile initiation of new pits is more

difficult. At iovor and ﬁighor concentration of chlorine, large numbers
Of‘pitl are observed, initistion is easy but growth of the pits i»
thibitcd; ’rhuc. the morphological characteristics of the pits correlate
well with the differences between the breakdown and repassivation

potentials. These differences, exhibiting a maximum between 20-60 mg/l




chlorine, suggest that crevice corrosion (essentially a pit growth

process) can be expected to be & factor in this concentration range. The
' distribution and morphology of pits in s solution contsiniag 20 l;/i
chlorine is ohovﬁ-ln Figure 11. ‘

To susmarize, it appears that chlorine, a otroﬁ; oxideat, stabilizes
the passive film against pit initiation as measured by the dreskdown
potential. However, at intermediste conceucritions, when breakdown
occurs, pit growth is enhanced. At very high concentraticas the strong
oxldiiing poteritial of the chlorine apparently inhibits pit growth,
probably due to n‘ropuonivlzion process. S$ince the inside of s pit can be
expected to be scidified, a series of exper/ ments vli conducted as a
function of pH on the corrosion potertisl, the brockdoup pdtontinl. and
;ho tcpa.uiQntxon'potontinl at a chlorine concentration of 20 -ﬁ/l. The
results of these experiments are shown in Table IV. These data i{ndicate
that, as the pH is reduced, the difference between the breakdown
potential, and tne repassivation potential approach zero, indicating that
the t-lintlhco to pit jiovth is reduced. Since at these low pli's €l,
dominates the diolociation of the hypochlorite, it is likely that the
Cl, is diroctly-ro@ucoﬁ to C17, thus, iffOC;lvoly incressing the
ch}orldc concentration in the ptgl and accordingly lﬁhlbttlug

repassivation,

Conclusiong
1. The addition of chlorine to a 0.5 N NaCl of pHS resulted in a
marked shift {n th corrosion potential of the alloy in the nodle

'direction; This shift {s a maximum of -300 mv at a chlorine

10



concentration of 20 n;/l.jnnd doc:cuppn with further chlorine addition to
only -50 mv at 180 mg/l. A similar shift is observed in the zero
curreut potential of s potentiodynamic polat@:ltion curve, but the maximum
is observed at ;60 mg/1 chlorine. ’

| 2. The addition of céldriuo to s chloride solution also results in a
shift of both the breakdown potential and the repassivation potential ia
‘the noble direction. While the shift in.tho noble direction of the
breakdown potiptiai indicates an increased resistance to the initiation of
localized corrosion, there is a cross-over between iho corrosion potential
and the repassivation potential in the range lo-Go.lg/l.chloanc. This
behavior suggests that the propagation of.locultzod corrosion can be ’
gtpcctcd to be accelerated. Measurements of pit density and size confirm
this con;luuion in that, in the range of 20-60 mg/l d%toolvcd chlorine,
the pit density {s markedly decreased, dut tho»pit sise iovohurply
in;rcq004. o

3. The results of the pit growth experiments can be interpreted by
the development of a more stable passive film created by the strong
'~ oxidation potential of the chlorine. Thus, while pit initistion is
inhibited as indicated by the move noble dreakdown potential, there can be
expected to be a stronger driving !crc--!oi pigviroutb.duo to the larger
potéatill difference between the more stable passive film and the interior
of an ncti§o pit. |
| ‘;. The mechanism of pit growth and qltlf ptopuiltion appears to be
similar, and is believed to be controlled by diffusion of soluble species
from the interior of the pit through the liquid phase in the pits.
However, as the pits become larger, pit propagation rates are reduced.
The rate conttollin; step for larger pits is believed to be due to

diffusion thtéugh the solid or semi-solid film on ths surface of the pits.
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Figure 1. Variation of chlorine distribution in sea water as a function of

PH®

Figure 2. Typical cyclic polarization curves for 304L stainless steel in
chiorinated, 0.5N NaCl solution at 0, 20, and 60 mg/L dissolved chlorine.

Figure 3. Steady state corrosion potentials (open circuit) and zero current
potentials as a function of dissolved chlorine concentration for 304L
stainless steel . 0.5N NaCl solution.

Figure 4. Breakdown and repassivation potentials as a function of chlorine

concentration for 304L stainless steel in 0.5N NaCl solution.

Figure 5. A comparison of corrosion' potential, zéro current potential,
breakdown potential and repassivation potential for stainless steel in 0.5N

NaCl solution as a function of dissolved chlorine concentration.

Figure 6. Curr' nt density vs time after scratching at constant poientials
for 304L stainl ss steel in 0.5N NaCl solution (0 mg/L dissolved chlorine).

Figure 7. Current density vs time after scratching at constant potantials
for 304L stainless steel in 0.5N NaCl solution with 20 mg/L dissoived

~ chlorine.

' Figure 8.. Current density vs time after scratching at constant potentials .
for 304L stainless steel in 0.5N NaCl solution with 60 mg/L dissolved

‘chlorine.




Figure 9 Correlation between measured slope of current density vs time
with a hypothetical slope of 0.67 for transient period of localized
corrosion of 304L stainless steel in 0.5N NaCl solution (a) Unchlorinated
(b) 20 mg/L dissolved chlorine.

Figure 10. Typical morphology of pits in 304L stainless steel in 0.5N NaCl
solution. Pit morphology is unchanged by chlorinaton (a) Optical -
cross-section (b,' ¢) Scanning electron micrographs

Figure 11. Pit distribution on 304L stainless steel in 0.5N NaCl solution
with 20 mg/L dissolved chlorine.
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Figure 2. Typical cyclic polarization curves for 304L stainles

steel in chlorinated, 0.5N NaCl solution at 0, 20, and 60 mg/L

dissolved chiorine.
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Fig. 10 Typical morphology of pits in 304L stainless
steel in 05N NaCl solution. Pit morphology is
unchanged by chiorination (b,c) scanning electron
micrographs
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