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Effect of sulfide on the stress corrosion behaviour
of a copper-aluminium alloy in saline water
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Physical Chemistry Department, National Research Centre, Dokki, Cairo, Egypt
E-mail: eaashour@mailcity.com

The stress corrosion cracking (scc) behaviour of «-Al bronze was investigated in 3.4% NaCl
with sodium sulfide contaminations under open-circuit potentials, as well as at different
applied potentials using the constant slow strain rate technique. The susceptibility of «-Al
bronze towards stress corrosion cracking has been found to increase with an increase in
sulfide ion concentration and in anodic potentials. The increase in sulfide ions in polluted
saline water resulted in a reduction in the maximum stress (¢ max). The results support
film rupture and anodic dissolution at slip steps as the operating mechanism of the stress
corrosion cracking process. © 2001 Kluwer Academic Publishers

1. Introduction 0.01% nickel (Ni), 0.04% silicon (Si), 0.006% magne-
Copper-base alloys have an attractive combination o$ium (Mg), and the balance Cu. The mechanical proper-
properties e.g. good machinability, high thermal andties are: Ultimate tensile stress (UTS) was 150 kgfnm
electrical conductivity and resistance to biofouling Brinell hardness (HB) number was 100 kg/fmmand
[1, 2]. Aluminium bronzes (Cu-Al) are an important elongationwas 6%. A constant slow strain rate machine
class of copper base alloys, which have good strengtivas used at a constant strain rate & 910°° s™1.
and corrosion resistance [3, 4]. Small quantities of FeThe specimens were machined to a gauge length of
Ni, Ag may be added to Al-bronzes to modify their me- 35 mm and a diameter of 6 mm. They were polished
chanical properties or corrosion resistance [3—7]. Theswith 320-, 600-, and 800-grit silicon carbide (SiC) pa-
Al-bronzes have been used in various sea water applper, degreased with acetone, and coated with paraffin
cations [1, 4, 8, 9]. Their corrosion resistance was atwax so that only the gauge length was exposed to the
tributed to the formation of a film of ADs, which heals  solution. The experiments were carried out a2 C
rapidly when damaged [10]. in air, and in aerated 3.4% NacCl with different concen-
Stress corrosion cracking (scc) failures in Al-bronzedtrations of sodium sulfide (5, 10, 20 ppm). The potential
have been reported, for instance, in Mattsson’s solutiomvas controlled using a potentiostat. Potentiostatic po-
[11], in marine and desalination environments [12], inlarization experiments were carried out on unstressed
3.4% NacCl solution [13] and in sodium nitrite solution specimens. The potentials were measured using a satu-
[14]. Various pollutants are often introduced in seawaterated calomel reference electrode and reported relative
by decomposition of seaweed [15]. Sulfide pollution ofto the normal hydrogen electrode (NHE). Potentiostatic
seawater can occur in many ways, such as from rottingolarization curves were measured using potential steps
vegetation, and from industrial waste discharge. Anaerof 20 mV mint. The potential was controlled using a
obic sulfate-reducing bacteria can produce sulfide butVenking Potentiostat L.T.73.
only under oxygen-free conditions [16]. Recent inves- The cell used was a 200 ml glass cylinder, closed by
tigations [17—22] were conducted on the corrosion ofupper and lower stoppers, through which the ends of
copper-nickel alloys in sulfide polluted seawater. Electhe specimen protruded. A platinum sheet was used
trochemical polarization measurements and slow straias a counter electrode. Cracked specimens were re-
rate tests have been reported [23] on the susceptibilitynoved from the solution after failure, cut 1 cm beyond
of 90 Cu-10 Ni alloy to stress corrosion cracking in seathe crack tip, and subjected to scanning electron mi-
water polluted by sulfide ions. croscopy (SEM) using a JEOL, JSM-T20 (Japan).
The objective of this paper is to study the suscepti-
bility of «a-Al bronze to stress corrosion behaviour in
3.4% NaCl with sulfide contamination under various3. Results and discussion
conditions. 3.1. Stress-time measurements
Stress-time curves were measured in 3.4% NaCl in
the presence and absence of different concentrations
2. Experimental procedure of sodium sulfide under both open circuit conditions
The material used wag-Al bronze which was sup- and controlled potentials. Measurements were also
plied by the Non-Ferrous Industries Company, Helwan performed in air for comparison. The results are shown
Egypt, with the composition: 7% Al, 0.04% iron (Fe), in Figs 1 and 2 and summarized in Table I. The stress
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TABLE | Stress corrosion cracking parameters @il bronze in 3.4% NacCl solution with sodium sulfide contaminations

Time to failure

Potential i
Medium MVAHE h min ra P s Mode of failure
Air — 3 10 1.00 1.00 0.00 ductile
3.4% NaCl OCP 2 45 0.93 0.86 0.10 ductile
3.4% NaCH-5 ppmSZ* OCP 2 48 0.96 0.88 0.07 ductile
3.4% NaCH- 10 ppmS*~ OCP 2 54 0.95 0.92 0.06 ductile
3.4% NaCH- 20 ppmSZ* OCP 2 53 0.87 0.91 0.11 Brittle
(microcracks)
3.4% NaCH- 20 ppmSZ* 200 3 — 0.92 0.94 0.07 brittle
3.4% NaCH- 20 ppmS?~ 400 2 40 0.88 0.84 0.14 brittle
3.4% NaCH- 20 ppmSZ* —-20 2 39 0.95 0.84 0.09 ductile
3.4% NaCH- 20 ppmS?~ —200 2 33 0.95 0.81 0.10 ductile
8 = omax(SOl.)lomax(air).
bz —tr(sol.)k(air).
¢S=susceptibility to scc.
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Figure 1 Stress-time curves ofAl bronzein 3.4% NaClinthe presence
and absence of different concentrations of sodium sulfide at open-circuit
potential (OCP).
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increased with time up to the maximum yield stress Time(min.)

(U max) _b,efore it declined pntll failure ot The Figure 2 The effect of potential on the stress-time curves-@l bronze
susceptibility to stress corrosion was measured by th@ 3.49 NacH- 20 ppm Nas.

ratios of both the time to failurer] and the maximum

stressK).
The maximum stress ratio is defined as tr(sol.)
T=—— (2)
ts(air)
B omax(sol.) )
omax(air) The values of andt and the metallographic appear-
ance of the fracture surface are useful criteria for assess-
and the ratio of time to failure ing susceptibility to stress corrosion cracking (scc). In
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Figure 4 SEM fractographs of-Al bronze in 3.4% NaCk 20 ppm
NapS at OCP.

(b)

Figure 3 SEM fractographs of-Al bronze in (a) air and (b) 3.4%
NaCl+ 10 ppm NasS, at OCP.

previous work [24] bothr andt were combined in a
quantitative phenomenological expression for the sus
ceptibility (s) to scc, given by:

S=[1-r)-o)"? ®3)

Fig. 1lillustrates the stress-time curves obtained in 3.49
NacCl in the presence and absence of different concen
trations of NaS under open-circuit potential (OCP).

The increase of sulfide ion concentration led to a re-

on the stress-time curves in 3.4% NaC20 ppmS?~
is shown in Fig. 2. It reveals that an increase of the an- &g, * 8 ,
odic potential reduces the maximum stress endured by (b)

a-Al bronze before failure. The metallographic appear-

ance of the fracture surfaces in most tests under OCPgure 5 SEM fractographs o&-Al bronze in 3.4% NaCk-20 ppm

and cathodic potentials displayed ductile failure (sed'®S at (@) 200 M¥xe (b) 400 M.

e.g. Fig. 3). Some microcracks are evident on the brit-

tle fracture surface in Fig. 4. These microcracks argotentials £200 m\\ue). These observations find in-
believed to have been caused by the increasing aderpretation in the following: (i) the effects of both chlo-
gressivity of sulfide polluted saline water (20 ppm). ride and sulfide ions depend on the electrode potential
Fig. 5 shows a brittle failure for the alloy in 3.4% (which is a measure of the oxidizing power of the elec-
NaCl+ 20 ppm S*~ under anodic potentials. Table | trolyte in absence of potential control), (i) the severity
summarizes the above results. The effects of potentiadf cracking increases with the increase of applied ex-
onr, t ands are shown in Fig. 6. It reveals thatr  ternal anodic polarization and (iii) under the potentials
ands are affected only slightly by changes in potential. range mentioned above, the sulfide ion results in an in-
The above evidence indicates that sce- @il bronzein  crease in the measured anodic current. The increase of
3.4% NaCH- 20 ppmS?~ occurred mildly at the higher current may be attributed to the anodic oxidation of the
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Figure 6 Effect of potential onr, t ands for «-Al bronze in 3.4%
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Figure 7 Potentiostatic polarization curvesofAl bronze in 3.4% NaCl
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in the presence of different concentrations of sodium sulfide.

sulfide ion. The propensity af-Al bronze to scc de-

100 300 500 700 900

ions. The current increases abruptly with potential at
values near the OCP. At cathodic potentialsBgy,

the current is a measure of by the oxygen reduction
reaction (cathodic reaction in aerated seawater)

0O, + 2H,0 4+ 4 — 40H". 4

However, generally, the pollution of seawater with sul-
fide results in corrosion problems with Cu-base alloys
due to the formation of Gi$. The formation of black
cuprous sulfide (unstable) occurs via:

2Cu+ & - CwS+ 26 (5)

According to Tromanst al. [25] Cu is also involved in
this reaction:

2Cu+ H,0 — CO + 2HY + 2= (6)

Recently, Ateyaet al. [9, 13] as well as Schussler and
Exner [26] identified AJO3 as an inner adherent layer,
acting as a barrier for ionic transport across the corro-
sion product.

2Al + 3H,0 — Al,O3 + 6HT + 66" (7)

Another outer layer of G0 was also identified, both
were detected by X-ray diffraction and Auger electron
spectroscopy (AES) techniques on Al-bronze surfaces
in sodium chloride solutions. Pickerireg al. [17] sug-
gested that the higher corrosion rates of Cu-9.4 Ni-1.7
Fe in sulfide contaminated 3.4% NaCl solution are due
to a highly defective CxO layer containing C5 which
permits rapid ionic and electronic transport through it.
The CuyS is less protective than @0. The experimen-
tal work reported here is directed specifically at evalu-
ating the susceptibility of-Al bronze to scc in 3.4%
NacCl containing sulfides in the range of 5 to 20 ppm. It
is clear that the corrosion current decreases slightly as
the sulfide concentration increases as shown in Fig. 7.
This is in agreement with the results have been reported
by El-Domiatyet al. [ 23 ].

Fig. 8 illustrates the effect of potential on the current-
time curves ofx-Al bronze in 3.4% NaClk 20 ppm
S?~ with (w) and without (w/o) stress condition (i.e.
applied a constant strain rate). Tda€Al bronze system
shows an increase of current density values under an-
odic potentials as compared to cathodic potentials with
and without stress. This result confirmed that the scc
of a-Al bronze observed under high anodic potentials
was caused by anodic dissolution. The anodic dissolu-
tion current supported by the surface of the bare alloy
increases under the effect of the applied stress as aresult
of the breakdown of the oxide film which is known, due
to the formation of a slip steps at the crack tip. It con-
cluded that film rupture and anodic dissolution at a slip
steps was the operating mechanism of scc under high
anodic polarization condition. The curves pertaining to
the a-Al bronze system under anodic potentials (as in

pends on the sulfide ion concentration in the seawatdrig. 8 ) show a decrease of current with time caused by
which increases the severity attack.

3.2. Electrochemical measurements

Fig. 7. lllustrates the polarization curvesef\l bronze

the formation of a protective oxide layer. Recently, two
mechanisms have been proposed to explain the scc of
Cu-base alloys. Oneis the mechano-chemical model in-
cluding film rupture [11, 27-29]. The otheris a dealloy-

in 3.4% NaClin the presence of 5, 10 and 20 ppm sulfidéng or selective dissolution model [30-35]. According
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changes the morphology of the fracture surface from
ductile to brittle at anodic potentials.
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Figure 8 Effect of potential on current-time curves @fAl bronze in
3.4% NaCH- 20 ppm Na$S with (w) and without (w/0) stress.

17.

to the first mechanism, the break down of the oxide film

on thea-Al bronze surface takes place and the surfacés:

of the alloy becomes relatively active. The interaction
of the applied stress with the oxide film leads to the for-,,
mation of a slip step that causes the rupture of the film.

It has been proposed [23], for 90 Cu-10 Ni alloy in sea-21.

water polluted by sulfide ions, that film rupture occurrs?22- _ _
3. A. EL-DOMIATY andJ. N. ALHAJJI, J. of Materials Engi-

and two scc mechanisms are operational, namely suf
fide stress cracking associated with anodic dissolutiog,
in the low sulfide concentration range (less than 100

ppm) and hydrogen embrittlement, which is dominant25.

in the high sulfide concentration range (more than 100
ppm). It was found that a synergism exists between sul?
fide and stress that enhances the effect of the latter [23};
The results of tests indicate thatAl bronze in 3.4%
NaClwith sulfide contamination under OCP or cathodic

potentials was less susceptible to scc compared to wheis-

the alloy was anodically polarized.

4. Conclusions
1. The results of scc measurements and metallos
graphic observations indicate thatAl bronze in 3.4%
NaCl+ 20 ppm NaS is mildly susceptible to scc at the
higher potentials*$200 mWpg).

2. The susceptibility af-Al bronze to scc depends on
the sulfide ion concentration in the saline water and thé
anodic potential, which increases the severity attack.

2.

10.

11.

12.
13.
14.

15.

16.

28.

30.

31.

34.

4. The results support film rupture and anodic disso-

lution at slip steps as the operating mechanism.
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