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a b s t r a c t

In the present paper the effects the of cold rolling on pitting corrosion of 17-4 precipitation hardening
stainless steel in 3.5 wt% NaCl solution was investigated. In order to clarify the effect of cold rolling
the metastable pitting has been examined in more details. The results presented show that cold rolling
increases the dissolution rate of metastable pitting in a manner which facilitates the transition from
metastable to stable pitting. On the other hand, the frequency of occurrence of metastable pits decreases
with cold working. In overall, cold rolling has no significant effect on pitting potential.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The plenitude of applications has made the stainless steels
important classes of alloys. For many applications, stainless steels
are subjected to different levels of cold working during the final
steps of manufacturing. In practical point of view, beside of the
corrosion resistance, the mechanical properties of stainless steels
are of interest. In the annealed state, yield strength of austenitic
stainless steels is relatively low. Higher yield strength and tensile
strength can be achieved through cold working process. Such
improvement in mechanical properties by plastic deformation gen-
erally accompanies with microstructural changes like increasing
dislocations density, introducing deformation bands, twining, and
more importantly for austenitic stainless steels, deformation in-
duced martensite [1–3]. Microstructure is one of the most impor-
tant metallurgical aspects of localized corrosion of stainless
steels. So that, the influence of cold working on corrosion
resistance of stainless steels has been subject of several studies
[1–10]. However, no comprehensive model has been proposed on
the influence of cold plastic deformation on localized corrosion of
stainless steels. While it has shown that cold rolling decreases
the pitting potential of austenitic stainless steels [2,3,5,10], on con-
trast, increase in pitting potential of work-hardened stainless steel
has also been observed [7]. Higher passive current and lower pro-
tection potential have been reported for cold worked stainless
steels. It is also mentioned that pit propagation takes place easier
for the work-hardened material [2,3]. However, lower passive cur-
rent and more noble protection potential has been observed for the
cold rolled stainless steel [7].

For an austenitic stainless steel, it has been shown that the
number of pits generally increases with increasing pre-deforma-
tion. Moreover, the rate of pit growth increases even after small
deformation (1%) but more severe deformation has little additional
effect [10]. Both the thickness and Cr:Fe ratio of passive film on
AISI 304 stainless steel increase as a result of cold rolling proce-
dure. X-ray diffraction has shown a texture for cold rolled material,
which enhances diffusion of Cr into the passive film over the sur-
face and therefore, increases pitting resistance [7]. Susceptibility
to pitting for AISI 304 stainless steel in chloride containing sulfate
media was reported to be greater for cold worked than annealed
sample. The in situ microscopic observation has showed that pit
initiation began at defective interfaces. The passivity decay with
cold rolling appeared to be mainly due to the formation of defec-
tive interfaces [2].

It has been reported that prior deformation accelerates the sen-
sitization of stainless steels. Plastic deformation induces slip bands,
which are prime sites for carbide precipitations. Cold working pro-
motes the formation of both grain boundary and intragranular
Cr2N precipitates of a high-nitrogen stainless steel. On the other
hand, desensitization was shown to be faster in highly cold worked
material, especially at high temperatures [6,9].

Among microstructural changes occur during cold working,
modification of non-metallic inclusions has an important role in
both strip quality and corrosion resistance. Cold working may pro-
duce and elongate the inclusions or produce micro-cracks at the
interface of matrix–inclusion, which affects the pitting resistance
of stainless steel [11,12].

Passivity break down, which plays an important role in initia-
tion of localized corrosion of stainless steels, is a phenomenon
showing a statistical and probabilistic nature [13,14]. Even at con-
trolled laboratory conditions, passivity breakdown exhibits a wide
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scatter of initiation time and/or location on the electrode surface.
Therefore, the pitting potential may not be considered as a unique
value determined for a given combination of material and environ-
ment. Although the importance of the probabilistic nature of the
potential at which a stable pit forms has been well acknowledged,
to our knowledge, no attempt has been made so far to employ sta-
tistic/stochastic approaches to pitting phenomena in matter of cold
worked stainless steels. Assessment of the influence of cold work-
ing on the pitting corrosion by using statistical approach may lead
to more in-depth understanding.

The 17-4 PH stainless steel is one of most common types of pre-
cipitation hardening stainless steels. The combination of high
strength and ductility together with moderate corrosion resistance
has made this steel an attractive material for designers [15–19]. In
the present investigation the effect of cold rolling on pitting corro-
sion of solution treated 17-4 PH stainless steel in 3.5 wt% NaCl
solution was studied. Although this stainless steel is not used in
solution treated condition, however, it is still worth to study the
influence of cold working on its pitting corrosion susceptibility. At-
tempt has been made to explain the effect of cold working using
statistical approach with emphasis on pitting initiation.

2. Experimental

2.1. Material and cold rolling

The 17-4 PH (UNS S17400) stainless steel was supplied by EICO,
Esfarayen, Iran. The material was received as a hot rolled billet
with diameter of 90 mm. The alloy composition is given in Table
1. Discs with 5 mm thickness were obtained from the billet and
were solution treated at 1050 �C for 1 h and then were water
quenched. By this solution heat treatment the previous Cu-rich
precipitates dissolve and the martensitic matrix supersaturates
with Cu and Cr [17]. Solution treated discs were subjected to cold
rolling leading to 10%, 30%, 50% and 70% final reduction of thick-
ness. For the rest of the paper, specimens are denoted as ST for
solution treated, 10%, 30%, 50% and 70% for 10%, 30%, 50% and
70% cold rolled specimens, respectively. 10 mm � 10 mm speci-
mens were cut from the rolled discs, with test surfaces parallel
to the rolling direction. Then the specimens were mounted into
epoxy resin, polished up to diamond finish (1 lm), and etched in
modified Fry’s reagent to reveal the microstructural changes due
to the cold rolling [20]. Microstructure of the solution treated
and the cold rolled samples was examined using optical micros-
copy and scanning electron microscopy (SEM) equipped with en-
ergy dispersive X-ray spectrometry (EDX).

2.2. Potentiodynamic experiments

Potentiodynamic experiments were carried out in three-elec-
trode cell at two different potential scan rates of 30 and 5 mV/
min in 3.5 wt% NaCl solution. Higher potential scan rate was em-
ployed to investigate the effect of cold rolling on pitting potential,
and slower potential scan rate was used to study the nucleation
frequency of metastable pitting as a function of cold working.
The electrochemical cell was a 250 ml beaker open to air. A
saturated Calomel electrode (SCE) as reference electrode and a
platinum wire as counter electrode were used. The exposed surface
area of 0.5 and 0.2 cm2 was prepared for the higher and lower

potential scan rates, respectively. The electrodes surface was pre-
pared by grinding up to 1200 grit SiC paper. For all experiments,
the polarization started after 15 min recording corrosion potential,
which was enough to approach steady state condition. All experi-
ments were performed at room temperature, and were repeated
15 times at higher potential scan rate and 5 times at lower poten-
tial scan rate.

2.3. Potentiostatic experiments

To study pit nucleation, potentiostatic experiments were car-
ried out at constant potential of 0 V/SCE. Surface area of 0.2 cm2

of each sample, which was finished with 1200 grit SiC paper, was
exposed to the 3.5 wt% NaCl solution open to air. Such surface area
was chosen to reduce the overlap of events. Before the test beings
run, open circuit potential was measured for 15 min, and then cur-
rent response of the sample at constant potential was recorded at
frequency of 50 Hz for 1200 s. All experiments were carried out at
room temperature and were repeated 5 times for each specimen.

3. Experimental results

3.1. Microstructure

Fig. 1 shows the microstructure of 17-4 PH stainless steel after
solution heat treatment at 1050 �C for 1 h. The microstructure was
composed mainly of martensite and minor fraction of d-ferrite (less
than 1%). It has been shown that the martensite at this condition
consists of lath structure containing very high density of disloca-
tions [17]. No evidence of Cu-rich precipitates in the matrix has
been observed in the solution treated condition and it is believed
that the martensite is supersaturated with Cu and Cr [16,17]. The
absence of d-ferrite in the microstructure allows considering the
effect of cold rolling only on the martensite phase.

Fig. 2a shows SEM micrograph of an inclusion in specimen 10%.
The EDX analysis, Fig. 2b, indicates that the inclusion is sulfide type
and contains Fe and Cr. When the steel is subjected to cold defor-
mation, because the non-metallic inclusions and the steel matrix
have different ductility, the applied strain creates a trench at the
interface of matrix and inclusion. Such trench is shown in Fig. 2c
and d for specimens 50% and 70%, respectively. By increasing the
cold working the fracture at the interface has occurred more se-
verely. In specimen 70%, for example, the inclusion is nearly deb-
onded from the matrix. Beside the inclusion, Fig. 2c shows some
spherical precipitates. The EDS analysis has indicated that they
are Nb-rich phases and are believed to be NbC carbides [21].

3.2. Pitting potential

Typical potentiodynamic polarization curves obtained in 3.5%
NaCl solution at 25 �C for different specimens are depicted in
Fig. 3. As it can be seen, cold rolling did not noticeably influence
the corrosion potential and the passivity current density. Since pit-
ting potential (Epit) has a probabilistic character [20], it is reason-
able to employ statistical approach to address the effect of
plastic deformation on Epit.

Fig. 4 shows the cumulative probability of pitting potential dis-
tribution for 17-4 PH stainless steel with different cold rolling
reductions determined from potentiodynamic polarizations. The

Table 1
Chemical composition (in weight percent) of 17-4 PH stainless steel.

C S P Si Mn Cu Ni Cr V Nb Mo Fe

0.04 0.012 0.018 0.32 0.61 4.14 4.59 15.09 0.013 0.358 0.18 Bal.
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graph represents the pitting probability, P(E), as a function of po-
tential, expressed as:

PðEÞ ¼ n
1þ N

ð1Þ

where N is the total number of experiments and n is the number of
pitted ones. The pitting potential distribution of a stainless steel
strongly depends on the chosen current threshold at which it is
thought that the pitting corrosion proceeds [22]. Current threshold
values of 20 lA [13], 50 lA [23] and 200 lA [24] has been proposed

for onset of pitting corrosion. In the present study, reaching current
density of 100 lA/cm2, equal to 50 lA considering the electrodes
surface area of 0.5 cm2, is taken into account as current threshold
for determining pitting potential. None of the pits with a current
density of 100 lA/cm2 were repassivated.

Generally, the solution treated sample has the most positive
values of Epit distribution, while 30% cold rolled sample has the
lowest Epit distribution. The pitting potentials for 10%, 50% and
70% are distributed between the values of two other specimens.
However, the Epit of ST and 30% range from 95 to 178 mV/SCE
and from 57 to 148 mV/SCE, respectively.

Fig. 1. Microstructure of 17-4 PH stainless steel after solution heat treatment at
1050 �C for 1 h, etched in modified Fry’s reagent.

Fig. 2. Scanning electron micrograph of cold rolled specimens, etched in modified Fry’s reagent: (a) specimen 10%, (b) EDS analysis of the MnS inclusion, (c) specimen 50%,
and (d) specimen 70%.

Fig. 3. Potentiodynamic polarization curves of 17-4 PH stainless steel obtained at
potential scan rate of 30 mV/min in 3.5% NaCl at 25 �C for different levels of cold
rolling.
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In order to compare pitting potential of specimens with differ-
ent levels of cold working, one may consider the median values
of pitting probability, i.e. P(E) = 0.5. Solution treated specimen
has the highest median Epit and the lowest median Epit belongs to
30%. However, their difference is only 32 mV/SCE, which is less
than the difference between the maximum and the minimum val-
ues of pitting potential of ST (83 mV/SCE). Therefore, it can be con-
cluded that the cold rolling did not noticeably alter the pitting
potential of 17-4 PH stainless steel.

3.3. Metastable pitting

Fig. 5 illustrates the typical current transients obtained from the
potentiostatic polarization of solution treated 17-4 PH stainless
steel in 3.5% NaCl solution. There are many current spikes lay over
the background passive current. These events are characterized by
increasing the current from passivity background as the pit nucle-
ates and beings to grow. After a short time of growth, by rupture of
the cover over the pit mouth and dilution of the pit solution, the
metastable pit repassivates, and consequently, the current sud-
denly decreases to the original value of passive current [25,26].
However, another type of current transients has been reported,
progressive increase and decrease of the current [27]. In the

present study, both kinds of transients have been observed. Fig. 6
shows current transients of two metastable pits developed on ST
and graphically represents the key characteristics of these tran-
sients, i.e. the pit peak current (Ipeak), pit growth time (tg) and pit
repassivation time (tr).

Fig. 7 shows the cumulative probability plot of Ipeak for different
specimens. Ipeak is taken as the difference between the maximum
current measured in a transient and the background noise in
potentiostatic experiment. To draw the diagram, 30 Ipeak of more
than 150 transients for each specimen were chosen randomly.
Also, Eq. (1) was used as the cumulative distribution function. As
it can be seen, the peak current of metastable pits increases as
the cold rolling increased. For ST, which shows the lowest values
of peak current, the median of Ipeak is 97 nA. 10% cold rolling has
small effect on the peak current. However, by increasing the plastic
deformation to 30%, the median of Ipeak increases to 180 nA. The
median of distribution of Ipeak for 50% and 70% are 4 times and 6
times more than ST, respectively. Although the pit peak current
of specimens ST and 10% are less than 400 and 520 nA, respec-
tively, specimen 50% and in particular 70%, possess metastable pits
greater than 1 lA.

Fig. 8 illustrates the cumulative probability of metastable pits
growth time for different levels of cold rolling. The tg is taken as
the difference between the moment that the current began to in-
crease as the pit nucleates and the moment it starts to decrease
as the pit begins to repassivate. As Fig. 8 shows, the growth time
of metastable pits increases by increasing the cold rolling. Metasta-
ble pits occurred on the surface of the specimen 10% have just
slightly longer growth times than that of ST, which possesses the
shortest tg. Metastable pits developed on 30% have more extended
growth times. The specimens 50% and 70% even have longer
growth time which their median distribution of tg is 3.7 times
and 5.4 times longer than that of ST, respectively.

The cumulative distribution of growth rate of metastable pits of
17-4 PH stainless steel at different cold rolling degrees is shown in
Fig. 9. The growth rate is defined as the rate which a metastable pit
reaches to its maximum radius just before repassivation and is cal-
culated by dividing the pit peak current to the pit growth time [28].
The ST shows the least metastable pits growth rate. By increasing
the cold rolling the growth rate of metastable pits is increased. De-
spite the fact that more plastic deformation results in higher pit
currents and more extended growth times (Figs. 7 and 8), the
metastable pits growth rate increased. For instance, even though
specimen 70% possesses the greatest values of Ipeak and tg among

Fig. 4. Cumulative probability of pitting potential for different specimens.

Fig. 5. Current transients from metastable pitting of solution treated 17-4 PH
stainless steel at 0 V/SCE in 3.5% NaCl solution at 25 �C.

Fig. 6. Typical current transients of solution treated 17-4 PH stainless steel at 0 V/
SCE in 3.5% NaCl solution at 25 �C.
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other specimens, the rate of metastable pits growth of this speci-
men is still highest. This implies that the effect of cold rolling on
increasing the pit peak current was more pronounced than that
of pit growth time.

Fig. 10 depicts the cumulative distributions of repassivation
time of metastable pits for different specimens. As with growth
time, cold rolling lingered repassivation time of metastable pits.
However, such lengthening in repassivation time is less strict than
growth time. For instance, the median of repassivation time of 70%
is 3.8 times greater than that of ST, whilst its median growth time
is 5.4 times more than that of ST. In addition, metastable pits of ST,
for example, repassivate less than 0.26 s, while the least pit growth
time of this specimen is 0.32 s. Regardless of plastic deformation
state, comparison between the median of growth time and repass-
ivation time it reveals that the majority of metastable pits devel-
oped on 17-4 PH stainless steel repassivate much faster than
they grow.

The apparent radius of each metastable pit was calculated from
total anodic charge of the pit by utilizing Faraday’s law on the
assumptions that the growing pit was hemisphere. It has been
shown that assuming a growing metastable pit as a hemisphere
is acceptable [25]. It is also assumed that the mean oxidation state

of alloy was 2.19 per mole, the density was 7.82 g/cm3 and the mo-
lar mass of the alloy was 56.2 g/mole. Fig. 11 illustrates the cumu-
lative distribution of calculated metastable pit radii (rpit) for
different specimens. The radius of metastable pits of ST is ranged
from 0.41 to 0.82 lm with median of distribution of 0.52 lm. By
increasing the cold deformation the radii of hemispheres is also in-
creased. Metastable pits on specimen 10% are just bigger than
those on ST. Specimen 30% has even larger metastable pits. Increas-
ing the cold rolling to 70% increases the median of distribution to
1.68 lm.

According to Galvele [29], for a unidirectional pit with depth of
a and current density of i, the product of i.a have to exceed a certain
critical value to pit grow stably. The product of i.a, which is known
as pit stability product, can be used to evaluate the susceptibility of
formation of stable pits [25,30]. The stability products were calcu-
lated using the metastable pit current density just before repassi-
vation multiplying to the pit apparent radius and compared for
ST and cold rolled specimens in Fig. 12. The current density of a
metastable pit is nearly constant with time [25,31], therefore, the
current density of pit before the pit death can be considered as
the current density throughout the pit growth. Higher pit current
density and higher pit radius results in higher pit stability product.

Fig. 7. Cumulative probability of metastable pit peak current for different
specimens.

Fig. 8. Cumulative probability of metastable pit growth time for different
specimens.

Fig. 9. Cumulative probability of metastable pit growth rate for different levels of
cold rolling.

Fig. 10. Cumulative probability of metastable pit repassivation time for different
specimens.
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Cold rolling significantly increased the stability product of meta-
stable pits. The stability product of ST is ranged from 0.12 to
0.45 mA/cm, while, the minimum stability product of 30% is
0.41 mA/cm. Fig. 12 clearly shows that the stability products of
specimens 50% and especially 70% are far greater than that of ST.

3.4. Metastable pitting initiation

The rate of pit initiation (k) was showed that is proportional to
the applied potential [32]. The pit initiation rate, which is the fre-
quency of pit initiation per unit time, is given by:

kðtÞ ¼ �d ln PðtÞ
dt

ð2Þ

where P(t), or survival probability, is the proportion of non-pitting
specimens at the time t. The survival probability is expressed as:

PðtÞ ¼ 1� PðEÞ ¼ 1� n
1þ N

ð3Þ

The average frequencies of metastable pit occurrence as a function
of applied potential for different cold rolled specimens in 3.5% NaCl
solution at potential scan rate of 5 mV/min are depicted in Fig. 13.
The k was obtained by counting the numbers of events within

50 mV intervals of potential sweep and dividing by the time taken
to traverse that interval (600 s at a sweep rate of 5 mV/min) and
dividing by 0.2 cm2 (electrode surface area). It should be noted that
all events greater than 3 nA were considered as metastable pit. Each
data point in Fig. 13 represents the average frequency of events cal-
culated from 5 separate runs and is presented at the middle of
50 mV interval. For all specimens k rises as the potential increases
until reaching a maximum value, and then, sharply decreases. Sim-
ilar behavior of increase and decrease of k has been reported by
other researchers [25,33]. However, they observed that the fre-
quency of metastable pitting increases rapidly to a maximum and
then decreases gradually. The decrease of k at more anodic poten-
tials is believed to be the result of the elimination of pit nucleation
sites from the electrode surface [25,34].

The potential interval at which the maximum metastable pit-
ting occurred for specimens ST, 10% and 70% is 50–100 mV and
specimens 30% and 50% reached the maximum k at 0–50 mV inter-
val. At lower potential intervals some overlaps can be seen for
metastable pitting frequency of all specimens except specimen
70%, which at all potential intervals shows the least values of k.
Generally, by increasing the cold rolling the frequency of metasta-
ble pitting decreases. Considering the k as the rate of metastable
pitting, it is implied from Fig. 13 that cold working hinders the
occurrence of these events.

4. Discussion

In the present study two distinct effects of cold deformation on
pitting corrosion of 17-4 PH stainless steel has been demonstrated:
the first is the increase of dissolution kinetics as a function of cold
rolling, and the second is the decrease of metastable pitting occur-
rence frequency by cold working. The combination of these two ef-
fects on pitting susceptibility was examined by means of pitting
potential measurements.

4.1. Microstructure

Generally, the microstructure of the 17-4 PH stainless steel is
largely composed of martensite and some amounts of d-ferrite,
which strongly depends on the steel chemical composition and
its thermal or thermomechanical history. The presence of d-ferrite

Fig. 11. Cumulative probability of metastable pit radii (calculated at Ipeak) for
different specimens.

Fig. 12. Cumulative probability of metastable pit stability product for different
specimens.

Fig. 13. Metastable pitting occurrence of 17-4 PH stainless steel as a function of
potential during potentiodynamic polarization at scan rate of 5 mV/min. Each data
point represents the average frequency of events calculated from 5 separate runs
and is presented at the middle of 50 mV interval; Error bars give the 95% confidence
interval.
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not only increases the heterogeneity of the steel, but also can sig-
nificantly alter the mechanical properties of the material [15]. The
investigating 17-4 PH stainless steel is mostly consisted of mar-
tensite, so that it can be considered as a single phase material.
Therefore, the effect of cold rolling was studied only on the
martensite.

The non-metallic inclusions play an important role on both
mechanical behavior and pitting corrosion resistance of stainless
steels [35]. Inclusion size, inclusion position, rolling speed and roll-
ing reduction ratio are the most influential parameters affect the
inclusion deformation within a cold rolled steel [11,12]. Assuming
spherical shaped non-metallic inclusion, simulation using finite
element method of cold rolled stainless steel has been shown that
the strain value of the inclusion is much less than of the matrix
[12]. During cold rolling, when non-uniform deformation takes
place between the matrix and the inclusion micro-cracks might ap-
pear at the matrix–inclusion interface, especially in front of the
inclusion where large strain values exists. The deformation of a
inclusion decreases with decreasing the inclusion size, insomuch
when the inclusion size is less than 10 lm, the strain difference be-
tween the matrix and inclusion causes crack formation [12]. It is
also reported that the formation of crack in stainless steels under
plastic deformation is associated with MnS inclusion. Tensile plas-
tic deformation of a stainless steel produces formation of micro-
cracks at the interface of matrix and irregular shaped MnS inclu-
sion [11].

Fig. 2 shows decohesion of the matrix–inclusion interface of
cold rolled specimens. Interface debonding increased by increasing
plastic deformation. The micro-cracks formed between the matrix
and the MnS inclusions in cold rolled specimens had remarkable
importance in pitting initiation.

4.2. Effect of cold rolling on metastable pitting

Cold plastic deformation increases the dissolution kinetics of
17-4 PH stainless steel in 3.5% NaCl solution (Figs. 7–12). The main
parameters have been affected by cold rolling are the metastable
pit peak current and the metastable pit growth time. Although cold
rolling increased both parameters, increment of pit peak current
was more pronounced so that the growth rate of metastable pits
is also increased by increasing the cold rolling level.

Pitting initiation in the stainless steels is closely related to the
passive film stability and the presence of non-metallic inclusions.
It is shown that cold working may weaken [2,3,5] or, on the con-
trary, strengthen the passive film [7]. Formation of defected inter-
faces because of the accumulation of internal stresses during the
mechanical process is known to be responsible of passivity decay
of cold deformed steel [2]. Examination of the microstructure of
cold worked steels using transmission electron microscopy
(TEM), electron diffraction and X-ray diffraction characterized the
dislocation density, presence of deformation bands, slip bands
and deformation induced martensite [1,3,4]. The density of disloca-
tions increases considerably during the cold working. Planar defor-
mation structure at lower cold rolling levels and cellular structure
at higher reductions has been observed. Such planar structure is
shown to increases the number of pits formed on steel surface
[3]. Stain-induced martensite is believed to deteriorate pitting cor-
rosion resistance of cold worked austenitic stainless steels [36]. In
contrast, no direct effect on pitting susceptibility of the cold rolled
stainless steel with the presence of deformation-induced martens-
ite has been observed [3,7,37]. TEM analysis has been represented
that the dislocations have an important effect on pitting suscepti-
bility of stainless steels. Although the dislocation density of mar-
tensite phase is naturally quite high, TEM investigation of cold
rolled martensitic steel is revealed that 11% plastic deformation in-
creases the dislocation density more than 23 times compare to as

quenched sample [8]. Since the 17-4 PH stainless steel used in
the present study is martensitic, austenite to martensite transfor-
mation during cold rolling did not take place. However, it is ex-
pected that cold rolling increases the dislocation density of the
steel, which is approximately 4 � 1015 m�2 in solution annealed
condition [38].

Since the growth rate of the metastable pits increases with
increasing the deformation, once the passive film broke down the
rate of dissolution of these specimens would be greater. In other
words, the ability to repassivate the growing metastable pits de-
creased as increasing the cold rolling.

4.3. Metastable pitting initiation

Fig. 13 provides that the rate of metastable pitting is decreased
by increasing cold rolling level. This can arise either because there
were less available sites on the surface of cold worked specimens,
or there were same number of sites, but they activated at slower
rate. It has been shown that the number of available metastable
pit sites on a stainless steel decay exponentially with time [25].

Eklund has shown that the MnS inclusions are thermodynami-
cally unstable above �100 mV/SHE. Since the corrosion potential
commonly measured on passive stainless steels in chloride con-
taining solutions is more noble, when the steel is left at its free cor-
rosion potential the MnS inclusion will be polarized and begins to
dissolve. Because of low electrical conductivity of the inclusion, the
dissolution begins to start locally at the interface of matrix–inclu-
sion. The dissolved MnS inclusion produces a crevice at the inter-
face of matrix–inclusion, which promotes the dissolution process
[39]. Dissolution of MnS inclusions in a stainless steel 10 s exposed
to Cl� containing solution at the open circuit potential has been
indicated that inclusions can either dissolve partially or com-
pletely. Even though hydrolysis of dissolved MnS inclusion in-
creases the concentration of Cl� within the cavity, it would not
be sufficient to prevent the repassivation of the bare metal surface
[40].

Previously, it was shown that cold rolling causes formation of
micro-cracks at the interface of matrix-MnS inclusions (Fig. 2).
The debonding became more sever at higher reduction levels. It
is also mentioned that before starting the potentiodynamic polar-
ization each sample was left at its free corrosion potential for
15 min. During this time, which was enough to approach the stea-
dy state condition, the MnS inclusions start to dissolve non-uni-
formly establishing from matrix–inclusion interface [41]. The
inclusions in the solution treated specimen begin to dissolve pro-
gressively during the immersion time by formation of crevice at
the matrix–inclusion interface. On the other hand, the dissolution
of inclusions in cold rolled samples proceeds even faster, because
the cavity formed by cold rolling eases the dissolution of the inclu-
sion. In other words, the kinetics of dissolution of MnS inclusions
within cold worked specimens enhances by the formation of cavity
at the matrix–inclusion interface. Since plastic deformation in-
creased the cracking at the interface, the probability of complete
dissolution of inclusions at the same immersion time increases. If
consider the MnS inclusions as preferred sites for nucleation of
metastable pits, when the steel was undergone the polarization,
there were less number of available sites for metastable pitting
occurrence. As a result, the metastable pitting frequency of 17-4
PH stainless steel decreased as the cold rolling increased. This
interpretation is in agreement with those have been observed by
other researchers. Stewart and Williams reported that laser surface
melting by reducing the size of inclusions markedly decreases the
nucleation rate of metastable pits [42]. Sudesh et al. have shown
that by decreasing the sulfur content of the stainless steels and
hence reducing the MnS inclusions the metastable pitting fre-
quency decreases considerably [43].

296 D. Nakhaie, M.H. Moayed / Corrosion Science 80 (2014) 290–298



Author's personal copy

4.4. Transition from metastability to stability

Cold plastic deformation of 17-4 PH stainless steel increases the
current density of metastable pits. The intensification of the pit
current density by cold rolling implies that the dissolution rate of
metal increases. Therefore, the amount of metal free cations inside
the pit increases and hence, the diffusion of Cl� ions into the pit in-
creases. The main result of the increase in the rate of metal disso-
lution in the pits by increasing cold rolling is that the sizes of
metastable pits were increased correspondingly. As Fig. 11 clearly
shows, the metastable pits formed on cold rolled specimens are
much larger compared to ST. Increase in the pit depth (pit radius)
increases the diffusion barrier of metal cations outside the pit [30].
As a result, it is expected that the concentration of metal cations
inside the pit increases. To estimate the cations concentration
within a growing pit Eq. (4) was proposed [25]:

DC ¼ 2p
3zFD

� �
ia ð4Þ

where DC is the gradient of cations between pit interior and bulk
solution, z is the mean oxidation state of cations (2.19), F is the Far-
aday’s constant in C/mol, D is the diffusion coefficient (ca. 10�5 cm2/
s), i is the pit current density and a is the pit radius. The cations con-
centration for different specimens was calculated from the median
of corresponding stability product distribution and is given in Table
2.

If it is assumed that the cation concentration in the bulk solu-
tion is zero, DC will be the cations concentration at the pit surface
[25]. Table 2 shows that small amount of cations were dissolved in
ST compared with work-hardened specimens. It has been shown
that the concentration of metal cations have to be more than ca.
3 M to prevent repassivation of a growing pit [25]. Such critical
metal cation concentration is equal to stability product of 3 mA/
cm. From the cumulative distribution of metastable pit stability
product illustrated in Fig. 12 it can be seen that pits of cold rolled
specimens easier can attain the critical concentration. In other
words, higher dissolution rate of metastable pits of cold rolled
specimens makes it easier to achieve the minimum cation concen-
tration needed for prevention of repassivation. As the dissolution
rate increases with increasing cold rolling, this condition becomes
more severe as well. For example, DC calculated from the median
of stability product distribution for specimen 70 is equal to
1.56 M, which is more than half of the critical concentration. It
worth to mention that in this specimen there were pits which have
greater stability products and can reach stability even more easier.

4.5. Pitting potential

The initial growth stages of a metastable pit and a stable pit are
almost similar. From kinetics point of view, in both cases the pit
current density is nearly constant with time [25,27]. Williams
et al. characterized the probability of formation of stable pits based
on the rate of metastable occurrence and the probability of repass-
ivation [44,45]. According to their work the relationship between
metastable and stable pitting can be expressed as two probabili-
ties: the probability of initiation of a metastable pit and transition
probability from metastable to stable pit. Since the potential at
which a stable pit forms has a probabilistic nature [14], the effect

of cold rolling on pitting potential of 17-4 PH stainless steel can
be argued. The data presented in this work shows that cold rolling
decreases the number of metastable pits can be generated. The
reduction of the rate of metastable pitting reduces the chance of
formation of pits capable of attaining the critical pit stability prod-
uct. On the other hand, metastable pits of cold rolled specimens
experience higher rates of anodic dissolution, so that the attain-
ment of minimum metal cation concentration required for stable
growth will be easier. Accordingly, the cold rolling has a dual ef-
fect. While it increases the first probability, the latter probability
decreases. Eventually, the product of these two probabilities re-
sulted that the pitting potential for different specimens was almost
same. The advantage of using statistical approach to pitting is that
it gives brighter view of the effect of alloy or environment on pit-
ting susceptibility. Although some researchers have considered
less than 10 mV/SCE in pitting potential as the influence of cold
working on stainless steels [3], the results of present study illumi-
nates that the effect of cold plastic deformation on pitting potential
of stainless steels needs broader survey. One possible explanation
of the inconsistent results reported by different researchers for
the influence of cold working on pitting corrosion resistance of
stainless steels is that no attempt has been made to utilize statis-
tical approach. However, by applying the methods explained in
this paper it can be concluded that although cold rolling affects pit-
ting initiation and transition from metastability to stability, the po-
tential at which stable pits are formed is not influenced.

5. Conclusion

1. Cold rolling formed micro-cracks at the interface of mar-
tensitic matrix and MnS inclusions of 17-4 PH stainless
steel. The micro-cracks formed at the matrix–inclusion
interface accelerate the dissolution of the inclusion during
immersion time of the specimen at open circuit potential
before polarization.

2. The dissolution kinetics of metastable pits increased as a
function of cold rolling. The pit peak current, pit growth
time and pit growth rate increased with increasing cold
working level.

3. Cold rolling increased the metastable pit radii and pit sta-
bility product, so that, the attainment of critical metal cat-
ions concentration needed to prevent repassivation were
more feasible.

4. The rate of metastable pitting decreased with increasing
cold rolling. Dissolution of MnS inclusions of cold rolled
specimens during free corrosion potential measurement is
believed to decrease available sites for nucleation of meta-
stable pitting. Therefore, the frequency of metastable pit-
ting decreased.

5. The probability of formation of stable pits did not change
with cold rolling. Although cold rolling increased the prob-
ability of transition from metastability to stability, the
reduction of metastable pitting occurrence resulted in
almost same distribution of pitting potential.
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