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Comparison between anodic behaviour and susceptibility to stress-corrosion cracking (SCC) in phosphate solutions
(NaH,PO,, pH = 4) of two kinds of construction steels — low carbon (0.17% C) and low-alloy (2.0% Cr) steels has been
carried out using the potentiodynamic polarization method with slow and fast potential sweep rates (10 and 300
mV/min) as well as slow strain rate techniques. It has been established, that both steels undergo active to passive state
transition in phosphate medium, more clearly expressed for the low-carbon steel. For this steel, the susceptibility toward
SCC is much higher than that of the low-alloy steel. The occurrence of SCC depends strongly on the potential and it is
expressed only within a narrow range of potentials for both steels: —0.3—0.0.V (SCE) for the low-carbon and —0.1+0.3 V
(SCE) for the low-alloyed steel. The SCC susceptibility decreases strongly with the increase of temperature and
lowering solution concentration. The most severe SCC extent has been registered in 1 N NaH,POy solutions at 20°C. It
is also shown that under SCC conditions a surface film, containing iron phosphates, is formed on both kinds of steels.
The conditions of SCC correspond well to the regions of active-passive state transition in the polarization curves for
both materials and are in good agreement with the regions, predicted by the potentiodynamic polarization method with
slow and fast potential sweep rates. On the basis of the results obtained, a conclusion is drown for the higher mechano-

corrosion stability of the low-alloy steel, compared to that of the low-carbon steel.
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INTRODUCTION

A survey of failure cases and analyses [1] show
that the share of carbon and low-alloy steels in the
stress-corrosion cracking (SCC) cases is 24%. It is
well known today, that this type of steels undergoes
SCC in hydroxide, nitrate and carbonate solutions.
Some works on susceptibility to SCC of these mate-
rials and Armco iron in phosphate media were
published as well [2-7].

SCC takes usually place in alloys in passive state
and within some ranges of potentials. For carbon
steels this region is close to the critical potential of
passivation, where the passive film is not very stable
[8]. Parkins proposed a simple method for pre-
dicting this potential range using a potentiodynamic
polarization method with fast and slow potential
sweep rates [3, 9, 10].

In our previous works, the detailed investigations
concerning the effect of pH, solution concentration
and temperature on SCC [11-13] as well as the film
composition under SCC conditions [14] of mild and
low-alloyed with Cr steels in phosphate media were
represented. Taking into account that the low-
alloyed steels are used as an alternative material for
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replacing the low-carbon ones, it is important to
compare their SCC behaviour. The aim of the
presented work was to make a comparison of SCC
susceptibility and electrochemical behaviour of low-
carbon and low-alloy (2% Cr) steels in phosphate
environment.

EXPERIMENTAL

Materials and solutions: The studies were carried
out with samples of:

- mild construction steel of the following com-
position (wt.%): C 0.17; Cr 0.06; Mn 0.36; Si 0.016;
S 0.029; P 0.01; Ni 0.06 and Cu 0.11. The mecha-
nical parameters of the steel (produced as hot-rolled
bars) were: ultimate tensile strength op = 440.0 MPa
and yield strength o5 = 354.7 MPa.

- low-alloy steel of the following composition
(%): C 0.066; Cr 1.89; Mn 0.61; Si 0.23; S 0.034;
P 0.015; Ni 0.066; Cu 0.15 and Al 0.08. The
mechanical parameters of the steel (produced as hot-
rolled sheets) were: ultimate tensile strength op =
392.0 MPa and yield strength 65 = 261.7 MPa.

Orthophosphate solution having pH = 4,
prepared of NaH,PO,4.H,O (p.a.) with small amounts
of H;POy (p.a.) or NaOH (p.a.) for pH adjustment,
was used as a corrosion medium.
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Polarization studies on non-stressed electrode

Disk sample-electrodes (working area of 1 cm?)
installed on a special Teflon holder, three-compart-
ment electrochemical cell and conventional experi-
mental procedure were used for the polarization
measurements [11, 12]. The potentiodynamic polari-
zation method with fast (300 mV/min) and slow (10
mV/min) potential sweep rate was applied for
assessment of the approximate potential range for
cracking [10—13]. The potentials were measured and
reported against saturated calomel electrode (SCE).

SCC tests

The measurements were made using the slow
strain rate technique in situ (strain rate 2.34x10°
s') under potentiostatic conditions at different
potentials. Tensile testing specimens were: for the
mild steel — cylindrical specimens of 180 mm
overall length, 10 mm diameter and 3 mm reduced
gauge diameter, and for the low-alloy steel - sheet
specimens 3 mm thick, 170 mm overall length and 3
mm reduced gauge width.

The electrochemical cell, the tensile testing
apparatus and the experimental procedure were
described elsewhere [15, 16]. The susceptibility. to
SCC was evaluated by comparison of the mecha-
nical parameters (tensile strength og and reduction
in the specimen cross-sectional area RA) at fracture
in the corrosion medium and inert atmosphere.

RESULTS AND DISCUSSIONS

Fig. 1 and Fig. 2 show typical potentiodynamic
polarization curves (10 mV/min) of mild and low-
alloy steels in phosphate solutions at concentrations
0.05-2 M NaH,PO,, pH = 4, 20°C. As it can be
seen, both kinds of steels undergo active to passive
state transition. The maximum in the active state
(the critical potential) shifts in positive direction
while the width of the passive region is reduced
upon lowering solution concentration, more strongly
expressed for the low-alloy steel. At low concen-
trations (0.05 M for the low-carbon and 0.1 M for
the low-alloy steel) the steels are in an active state
within the whole potential range. In more concen-
trated solutions, the polarization curves show
“double peak”, i.e. a region of “primary passivity” at
potentials more negative than the potential of deep
passivity, clearly expressed for the low-carbon steel.
Upon increasing the temperature, this region for
both kinds of steels shrinks and shifts to more
negative potentials.

According to Kolotyrkin [17] the region of
“primary passivity” for iron in phosphate media is
related to formation of a surface film, composed of

two layers. The first one is thin, protective, created
by adsorption of phosphate ions and their interaction
with iron atoms from the metal surface. The second
(external) layer is formed as a result of a secondary
chemical reaction between iron and phosphate ions,
composed of Fe;(PO,),.8H,0, without any pro-
tective properties. The presence of a phosphate layer
in the region of active to passive state transition was
proved by our Mdssbauer study of surface films,
formed on the steels in phosphate solutions [12].
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Fig. 1. Potentiodynamic polarization curves (10 mV/min)
of low-carbon steel in solution of NaH,PO,, pH =4, 20°C
with concentrations (g-eqv/1): 2.0 (1); 1.0 (2);

0.5 (3); 0.1 (4) and 0.05 (5).
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Fig. 2. Potentiodynamic polarization curves (10 mV/min)
of low-alloy steel in solution of NaH,PO,, pH = 4, 20°C
with concentrations (g-eqv/l): 2.0 (1); 1.0 (2); 0.5 (3)
and 0.1 (4).

The differences in the polarization curves of the
two kinds of steels can be explained by the different
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steel composition. Probably, the lower carbon con-
tent and the presence of chromium in the low-alloy
steel affect the process of film formation on the
metal surface and its properties.

The potentiodynamic polarization curves with
fast (f) and slow (s) sweep rate under the most
severe SCC conditions for both kinds of steels: 1 N
NaH,PO4, pH = 4, 20°C as well as the ratio of
current densities i¢/i; are represented in Fig. 3 and
Fig. 4. As it is known, the idea of this method is to
determine the range of potentials with high metal
activity (in the absence of film, high rate) and low
metal activity (in the presence of a film, low rate)
and in this way to define the region of most
favorable electrochemical conditions for SCC
development [10—-12].
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Fig. 3. Potentiodynamic polarization curves with 10
mV/min (1) and 300 mV/min (2) sweep rate,
and i¢ /i ratio (3) for low-carbon steel in 1 N NaH,PO,.
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Fig. 4. Potentiodynamic polarization curves with 10
mV/min (1) and 300 mV/min (2) sweep rate and i;/i; ratio
(3) for low-alloy steel in 1 N NaH,PO,.

320

Using this method the electrochemical conditions
for SCC for both kinds of steels were defined and
verified by slow strain rate SCC test. Fig. 5 and Fig.
6 show that the reduction of steel tensile strength op
can be observed actually in the area, predicted by
the polarization curves. In support of this result
comes also the dependence of the relative reduction
in the specimen cross-sectional area at fracture
RA% on the potential. For low carbon steel in all
solution concentrations (0.1-2 g-eqv/l) the tensile
strength of the steel o decreases (compared to this
one in air) in the potential range —0.3—0.0 V(SCE)
(Fig. 5) corresponding to the zone of active-passive
state transition of the metal in the range of rising
current ratio i¢/i;. The susceptibility to SCC however
strongly depends on the phosphate concentration in
the solution. The most severe cracking is registered
in 1 M solution, where the tensile strength at poten-
tial about —0.15V is reduced more than 2.5 times
compared to the tensile strength in air. The reduc-
tion of og in 2 M and 0.1 M solutions is only about
10%, as it was expected in view of the change of i¢/i
ratio. These results are confirmed also by the rela-
tionship between the reduction in specimen cross-
sectional area RA% and potential (Fig. 5). It was
also. established that SCC susceptibility decreases
with the increase of temperature.
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Fig. 5. Dependence of tensile strength o (1) and of the
reduction in area RA (2) on the potential for the low-
carbon steel in 1 N NaH,PO,, pH = 4.

The SCC susceptibility of the low-alloy steel is
much lower in comparison to that of the low-carbon
steel (Fig. 6). The most severe decreasing of the
tensile strength op (15%) is registered in 1 N
solutions at 20°C in the zone of active-passive state
transition of the metal (-0.1+0.3 V) in the range of
rising current ratio if/is. Like SCC of mild steel, the
SCC of low-alloy steel is very weak at higher
temperatures and lower solution concentrations.
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Fig. 6. Dependence of tensile strength o (1) and of the
reduction in area RA (2) on the potential for the low-alloy
steel in 1 N NaH,PO,, pH = 4.

The lower SCC susceptibility of the low-alloy
steel compared with the low-carbon steel can be
explained by the differences in the steel structure
and composition.

The steel composition and especially the carbon
distribution in the steels are very important in
respect to homogeneity and protective properties of
the surface films. The mild steel has a ferrite
structure with well defined grain boundaries and
more strongly expressed carbon segregation (carbon
content 0.17%) along the grain boundaries compared
to the low-alloy steel. The carbon segregation
facilitates the formation of a film on the grain
boundaries with weak protective properties and
lower mechanical strength compared to the film,
formed on the metal grain itself [4, 5] and thus, it
creates favourable conditions for breakdown of the
film and highly localized corrosion attack under
stress, i.e. for SCC. The intergranular paths of
cracking, registered by SEM and metallographic
observations [11, 12], are obviously related to the
detrimental effect of carbon segregations on the
properties of the passive film. The carbon content in
the low-alloy steel is lower (0.07%), which leads to
lower carbon segregation and formation of more
uniform film with better protective properties
(facilitated also by the presence of Cr), resulting in
lower susceptibility to SCC of this type of steel.

CONCLUSIONS

The main results of the comparison of SCC
susceptibility of low-carbon and low-alloy with Cr
steels are as follows:

- In phosphate environment both kinds of steels
undergo active-passive state transition, more

strongly expressed for the low-carbon steel. There is
a region of “primary passivity” in the polarization
curve for this steel, missing in case of the low-alloy
steel.

- Both kinds of steels undergo SCC in solutions
of NaH,PO,4 (pH = 4) however the SCC suscepti-
bility of the mild steel is higher (reduction of the
tensile strength about 2.5 times for the low-carbon
and only 15% for the low-alloy steel).

- The SCC susceptibility is strongly dependent
on the potential and it occurs in a relatively narrow
potential range: for the mild steel this range is —0.3
—0.0 V and for low-alloy steel it is =0.1+0.3 V.

- The SCC susceptibility of both kinds of steels
depends strongly on temperature and solution
concentration. It diminished with increasing the
temperature and lowering. solution concentration.
For both kinds of steels the most severe SCC is
registered in 1 N-solutions at 20°C.

- The SCC conditions for both kinds of steels,
determined by SCC tests, correspond well with the
region of active-passive state transition and are in a
good agreement to the regions, predicted by the
potentiodynamic polarization method with slow and
fast potential sweep rates.

= SCC of both kinds of steels is related to the
presence of phosphates in the surface film.

- The low-alloy steel has higher mechano-
corrosion stability compared to that of the low-
carbon steel studied.
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CPABHEHME HA CKJIOHHOCTTA KbM KOPO3MOHHO HAITYKBAHE HA HUCKOBBIJIEPOAHA
N HUCKOJIETUPAHA CTOMAHU BbB ®OCDOATHHU CPEIU

1. Mapuesa'*, P. Paitues

1 “ “
Texuuuecku ynusepcumem, Kameopa ,, Xumus “, oyx. ,, Knumenm Oxpuocku ™ Ne 8, Cous 1756
2 Unemumym no enexmpoxumus u enepeutinu cucmemu, Bvneapexa axademus na naykume, Cogpus 1113

ITocTpnuna Ha 9 okromBpu 2007 1., IlpepadoreHa Ha 2 auyapu 2008 T.
(Pesrome)

IocpenctBoM Merona Ha MOTEHIMOAMHAMUYHUTE IOJSIPHU3ALMOHHM KPHBH C HHCKA M BHCOKAa CKOPOCT Ha
n3Menenne Ha noreHnuana (10 u 300 mV/min), KakTo ¥ Ha METOAA HA JMHAMHYHO aehOopMHUpaHe HA 00pa3LHUTe in Situ
C HHMCKa CKOpOCT Ha jaedopmaliys, € HalpaBeHa CPaBHHUTENHA OICHKA HA aHOAHOTO MOBEJCHHE U CKIOHHOCTTAa KbM
kopo3uonHo HamykBane (KH) B®B docharnu cpenun Ha aBa Bupa cromanu: HuckoBbriaepomHa (0.17% C) u
Huckonerupana (0.07% C, 2.0% Cr). YcraHOBeHO €, 4e U IBETe CTOMaHH NposiBIBaT ckjaoHHOCT KbM KH B pa3rBopu Ha
NaH,PO, (pH 4), kosTO € mo-cuiHO U3pa3eHa 3a HUCKOBBIVIEPOJAHATa CTOMaHa (HaMaJIeHHe Ha IpaHHIlaTa Ha SKOCT Ha
Marepuana B cpenara 2.5 IIbTH 3a HUCKOBBIJIEpOAHATa M camo 15% 3a HuUckoserupaHara cromana). Kopo3noHHOTO
HaITyKBaHE 3aBUCH CHJIHO OT IOTEHIMAala U CE MPOsIBSIBA B TSICHA 00JIaCT OT MOTEHIMAIHN U 3a aBeTe ctomanu: —0.3-0.0
V (SCE) 3a auckosriaepognara u —0.1+0.3 'V (SCE) 3a muckonerupanata cromana. CxironHoctta KbM KH Hamarssa
CHJIHO C [OBHWIIIABAHE Ha TEMIIEpaTypaTa M pa3pexIaHeTo Ha pa3rBopa. YcnoBusara 3a KH, ompenenenu dpes
KOPO3MOHHO-MEXaHUYHHUTE U3IHUTAHUS, ChOTBETCTBAT HA 00JIACTUTE HA AKTUBHO-TIACKBEH MPEXO0/{ HA CTOMAHUTE U Ca B
J00po choTBeTcTBUE ¢ obsactute 3a KH, mporHo3upanu OT HONSIPU3AHUOHHNUTE KPUBH. Y CTAHOBEHO €, Y€ Pa3BUTHETO
Ha KH wu 3a aBata BHIa CTOMaHU € CBBpP3aHO C NMpHUChCTBHE Ha Qocdatu B moBbpxHOCcTHHs (uim. Hampaseno e
3aKJIFOUSHHUE 32 MM0-BUCOKATa KOPO3UOHHO-MEXaHMYHA YCTONYMBOCT HA HUCKOJIETMPaHaTa B CPaBHEHHE C OOMKHOBEHATa
HHCKOBBJIEPO/IHA CTOMAaHa.
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