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ABSTRACT
The susceptibility of aluminum brass and aluminum bronze to stress corrosion cracking

(SCC) was evaluated in fluoride environments by means of the slow strain rate technique. The
effects of fluoride concentration and applied electrochemical potential on the SCC susceptibility
were investigated. The SCC mechanism of aluminum brass was found to be dependent upon the
de-alloying phenomenon while that of aluminum bronze on the film rupture mechanism occurring
within a certain range of applied electrochemical potentials. For aluminum brass, both the stress
ratio and the time-to-fracture ratio were closely related to the logarithmic concentration of F- ions.
The fracture modes were ductile dimpled tearing fracture for the aluminum brass at the corrosion
potential while intergranular for the aluminum bronze at various anodic potentials. The micro-
galvanic effects of the constituent elements were used to estimate the anodic equilibrium
potentials of the two alloys.

Keywords:  Stress corrosion cracking; Aluminum brass; Aluminum bronze; Slow strain rate
technique; Dimple; Intergranular.



1. Introduction

Several mechanisms for the stress corrosion

cracking (SCC) of copper-based alloys have been

proposed. Two that have found a wide acceptance are:

(a) the mechano-chemical theory and (b) the de-alloying

or selective dissolution theory. The mechano-chemical

process includes the concept of passive film rupture /

transient dissolution / repassivation. Under the action of

tensile stress, the passive film, usually a metal oxide or

a noble metal film that exists on a metal surface in a

given environment, undergoes fracture. Unless the

repair of these films is sufficiently rapid, metal

dissolution occurs at the film fracture site, leading to

crack initiation and propagation. Parkins[1] has

developed a potentiodynamic method to predict the

susceptibility of alloys to stress corrosion cracking

failure in carbonate/bicarbonate solutions. Curves,

resulting from the potentiodynamic polarization can

provide a reasonably accurate prediction of the potential

ranges, and of the kinetic factors controlling stress

corrosion cracking. Such curves are well known to be a

function of the rate at which the potential range is

transversed, and use is made of this in the context of the

SCC predictability.

Parker and Pearce [2] have suggested that SCC of

alloys such as low alloy steels or copper alloys occurs

under conditions of partial passivity such that general

corrosion is inhibited but complete passivity of the

metal surface is not attained. The potential regions

showing partial passivity can be found by comparing

fast and slow polarization scans. The test has the

obvious advantage of being very quick. They also

proposed that the susceptibility to cracking, and the

form of cracking, are dependent upon the type of test

being used. They concluded that the addition of

phosphate ion in ammonium acetate solution inhibits

both the crack initiation and propagation under constant

strain conditions, but can cause SCC in constant strain

rate tests.

The other theory that has gained wide acceptance

suggests that de-alloying or selective dissolution of the

alloying component, e.g. Zn in Cu-Zn alloys, is a

contributory factor in the SCC process. In the case of

Cu-Zn alloys, preferential dissolution of Zn occurs in

the region of the crack tips, or at the grain boundaries [3,

4]. This leads to a porous Cu-rich matrix ahead of the

crack tip, which is so mechanically unstable that ductile

tearing may occur as a part of the overall cracking

process. The equilibrium potential-pH diagram [5] for

pure metals can be useful in predicting the susceptibility

of de-alloying, and in evaluating the likelihood of

certain electrochemical reactions taking place.

Torchio [6] and Mazza and Torchio [7] have found that

a chloride-citrate solution can cause dezincification of

aluminum brass. Torchio [8] also proposed that the acidic

chloride solution can induce SCC of the aluminum

brass, but he did not consider that de-alloying would

reduce the aluminum content at the surface.

Finnegan et al. [9] have made use of the potential-pH

diagram (Pourbaix diagram) to explain the

dezincification of -brass. Verink and Parrish [10] also

applied the Pourbaix diagram to predict the

denickelification of 90-10 cupronickel in chloride

solutions. On the other hand, Shih et al. [11, 12]

investigated the inhibiting effect of some inhibitors such

as 1,2,3-benzotriazole (BTA) and 1,2,4-triazole for

suppressing the SCC of 70-30 brass in chloride and in

fluoride environments. The effects of pH, and

electrochemical parameters such as pitting and

protection potentials on the SCC of brass in fluoride

solutions have been determined [13, 14].

This work is concerned about the mechanism of

SCC of copper-based alloys in fluoride environments

and attempts to manifest the validity of the theories in

highlight of the above discussion.
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2. Experimental Procedures

The chemical compositions (at%) of the copper-

based alloys used in this study are as follows: (a)

aluminum brass: 74.65% Cu, 21.19% Zn, 4.16% Al,

and (b) aluminum bronze: 84.696% Cu, 13.03% Al,

2.27% Si, 0.004% Mn, as analyzed by the atomic

emission spectrometer. Cylindrical SCC specimens

were machined so that each was 50.8mm long and

5.08mm in diameter; they were threaded on both ends

to facilitate the attachment to the pulling device and the

gauge section was 3.175 mm in diameter and 12.7 mm

in length, fabricated according to ASTM G49-85 [15].

Prior to the testing, the reduced area of the specimen in

the tensile direction was polished using 400, 600, and

800 grit silicon carbide (SiC) papers, followed by a

final polish using diamond paste on cloth to avoid any

possible notch effects. The specimen was ultrasonically

degreased by acetone, washed with distilled water, and

finally dried in air.

Test solutions were prepared from reagent grade

sodium fluoride (NaF, Merck), and de-ionized water to

give concentrations in the range of 0.1N to 0.0001N at

pH values varying from 6 to 7 in equilibrium with the

atmosphere. All experiments were carried out at room

temperature (~25 ).

The construction of the slow strain rate test (SSRT)

apparatus used in this study has been described

elsewhere [16]. The drive mechanism consisted of a

moderately hard straining frame that produced six

crosshead speeds adjusted by gear changes. The use of a

constant speed motor drive in conjunction with a

gearbox reducer and chain and sprockets gave a reliable

positive drive system. Crosshead speeds lay between 

5 10-4 and 5 10-6 mm/s.

The SSRT tests were carried out either under open-

circuit conditions or under potentiostatic control using

an AMEL MODEL 549-potentiostat. The test specimen

passed through silicon rubber stoppers fitted at each end

of a cylindrical glass test cell (200ml in volume), which

contained the test solution. The cell contained an

electrolytic bridge to an external SCE (saturated

calomel electrode) and a platinum rod counter electrode

for potential control. The load and elongation were

measured continuously by a load cell and electrical dial

gauge, respectively, the outputs of which were recorded

on a computer-controlled X-Y recorder (YEW MODEL

3025) until fracture occurred. Bradford et al. [17-19] have

found that in various SCC-inducing environments,

cracking occurs in copper alloys only below a certain

strain rate (10-4s-1) and, for this reason, a strain rate of

3.8 10-6s-1 was applied to the specimen in this study.

Electrochemical polarization tests were performed upon

cylindrical specimens (10mm long, 5mm in diameter),

cold mounted in epoxy resin to give an exposed area of

1 cm2 to the solution. Before each experiment, the

specimens were ground with emery paper up to 1500

grit, and polished with alumina powders (0.3 m) to

provide a mirror-like finish, then degreased by

ultrasonic cleaning in acetone. The polarization

apparatus was similar to a standard assembly used

elsewhere [20, 21]. A potentiostat/galvanostat (EG&G

Princeton Applied Research (PAR) Model 273) was

used, and interfaced with an IBM PC/AT for data

processing, storage, and analysis. The potentiodynamic

measurements were carried out at both a high sweep

rate of 1 V/min and a slow rate of 20 mV/min in the

anodic (noble) direction. All the potential values given

below are expressed on the standard hydrogen electrode

(SHE) scale, which is 241 mV higher than the SCE. The

total potential range scanned was 1.0V from 0 V to

1.0 V.

After the experiments, SEM (HITACHI, S-4700,

Type II), XRD (RIGAKU ME510-FM2), and EPMA

(JEOL, JXA-8800M) were utilized for analyzing the

fracture surfaces and the modes of SCC.
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3. Results

3.1 Anodic polarizations

The potentiodynamic polarization curves in figure 1

show that aluminum brass is active over a wide range of

fluoride concentrations from 10-1 to 10-4N, and that the

free corrosion potential, E
corr

, which is at or slightly

below +241 mV, is apparently independent of the

fluoride concentration, [F-]. This implies that the degree

of polarization (or depolarization) at both the cathode

and anode are approximately the same. The more

concentrated fluoride ions yield higher anodic current

densities for aluminum brass. However, aluminum

bronze shows a distinct range of active-passive

transition (~100 mV) at a scan rate of 20 mV/min, but

remains entirely active at 1 V/min, as shown in figure 2.

Irrespective of the scan rate, the E
corr

of aluminum

bronze is +191 mV in a solution of 0.1N NaF.

3.2 Effects of fluoride concentration

Engineering stress vs. strain curves were recorded

for various fluoride concentrations either under the

open-circuit potential conditions or at one of a range of

controlled potentials. The SSRT was also conducted in

air to provide a standard of comparison, because the

strain rate has no appreciable effect on tensile stress or

ductility in air [17]. This allowed calculation of two

parameters the time-to-fracture ratio (t
f
) and the stress

ratio (
R
). The t

f
value is defined as the ratio between

the time-to-fracture in the test solution and the time-to-

fracture in air. Similarly, the 
f
value is defined as the

ratio between the stress at fracture in the test solution

and the stress at fracture in air.

The results for aluminum brass at its free corrosion

potential (+241 mV) are shown in figure 3. An apparent

decrease in 
R

as well as t
f

was observed with

increasing fluoride concentration. The above results

indicate that for aluminum brass, the higher the fluoride

concentration, the greater the SCC susceptibility is.

However, aluminum bronze showed no such behavior

both t
f

and 
R

are independent of the fluoride

concentration. 

The linear regression with least squares fit for the

curves in figure 3 correspond to the following empirical

equations:

R 
= 0.043 log [F ] + 0.645 (1)

t
f

= 0.069 log [F ] + 0.125              (2)

where [F ] is the fluoride concentration in units of N.

It is clear that aluminum brass suffers severe SCC in

fluoride-containing environments, e.g. fracture within 2

h in a 10-1N NaF solution. SCC susceptibility also can

be seen in aluminum bronze, as shown in figure 4.

There is a sudden drop in the 
R

value for aluminum

bronze as the potential is increased from +341 mV to

+391 mV, corresponding to the passive potential range

of aluminum bronze (in 0.1N NaF). In other words, the

SCC susceptibility for aluminum bronze starts to

increase significantly in the passive range of potentials

from +341 mV to +391 mV, and there is also

susceptibility at potentials nobler than +391 mV, as

clearly observed in the anodic polarization curve.

3.3 Fractographic examinations

The fracture surface of aluminum bronze shows

predominantly intergranular stress corrosion cracking

(IGSCC) at the anodic potential of +391 mV, as shown

in figure 5(a). In addition, there are numerous pits and

secondary cracks within the gauge length of the

specimen, as shown in figure 5(b). The secondary stress

corrosion cracks exhibited in figure 5(b) are mainly

oriented in a direction perpendicular to the tensile axe

(parallel to the fracture surface). Figure 5(c) shows the

fracture surface along with the circumferential area, i.e.
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it exhibits the adjacent cracked surface in the specimen

gauge section. Again the mode of IGSCC predominates,

and additional cracks appear on the side surface. On the

other hand, at a potential that exceeds the passive

potential range (e.g., +441 mV), the fracture surface has

lost much of its intergranular character, as shown in

figure 6.

At the corrosion potential of aluminum brass,

intergranular cracking was completely absent and,

instead, a typical dimpled structure was observed, at as

shown in figure 7. It clearly shows that the failure mode

for aluminum brass is predominantly ductile dimpled

tearing fracture.

4. Discussion

A significant result of this study is that aluminum

brass is extremely susceptible to SCC in the presence of

fluoride at ambient temperature (~25 ). This SCC

susceptibility was confirmed by the short failure time

(2h in 0.1N NaF) at the slow strain rate of 3.8 10-6s-1.

The failure time depended upon the applied

electrochemical potential and the F- ion content of the

environment. However, the fracture mode of ductile

dimpled rupture for aluminum brass is due to the

absence of the active-passive behavior and the fact that

the anodic current density consistently increases with

time.

A clear relationship between the stress ratio and the

anodic polarization potential of aluminum bronze was

established. A sharp decrease of the stress ratio (
R
)

occurs for aluminum bronze at potentials between +341

mV and +391 mV, corresponding to the passive range

of potentials identified in the potentiodynamic

polarization curve. The potential range for cracking also

corresponds to the potential range for Cu
2
O stability,

according to the potential-pH diagram [5] for Cu/H
2
O at

25 . A comparison of rapid and slow sweeps of the

potential can indicate the range of potentials within

which SCC is likely to occur [22]. That is to say, slower

polarization with a longer time at each potentiodynamic

step results in a lower current density at all potentials of

the anodic polarization curve, especially in the passive

region.

The local film breakdown at the applied potential of

+391 mV (figure 5(b)) can be interpreted as resulting

from the passive/pitting transition under tensile stress.

In general, the SCC susceptibility of iron base alloys

such as carbon steels and stainless steels in some

special conditions appears to be greatest at the two

extremes of the passive range potentials where the

passive film is less stable and relatively weak [23],

specifically, at the active/passive and the passive/pitting

transitions. However, these two transitions, which SCC

may occur readily, are not observed for aluminum

bronze in 0.1N NaF (pH 6) at 25 . In this study, the

SCC susceptibility of aluminum bronze in fluoride

solutions starts to increase significantly through the

whole passive potential range. This may be attributed to

the fact that fluoride ions can destroy the passive Cu
2
O

film on the aluminum bronze locally by forming specks

of AlF
3

3H
2
O, which eventually lead to the passive

film unstable even at the passive potential range. As

indicated in figure 8(a), the existence of Cu
2
O, AlF

3

3H
2
O can be detected by XRD. The signals for Cu

2
O are

strong at 2 values of 36.4o and 61.3o, corresponding to

the crystallographic planes of (111) and (220),

respectively; and the peaks for AlF
3

3H
2
O occur at 2

values of 16.2o and 23.1o, corresponding to (110) and

(200), respectively. Furthermore, another corrosion

product, which precipitated from the solution after long

immersion times exhibited a bright blue color. X-ray

diffraction data, as shown in figure 8(b), suggest it is

CuF
2 
. The SCC is promoted by the rupture of the

passive film leading to an accelerated dissolution at the

slip steps because of the moving dislocations emerging

at the specimen's surface during continuous straining [13].
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The results were confirmed by the SEM observations on

the fractured surface whereby a large number of cracks

exist along the cylindrical surface close to the fracture,

as shown in figure 5(c). It can be concluded that

aluminum bronze suffers IGSCC due to the film-rupture

mechanism [24], wherein SCC is promoted through the

rupture of the passive film because of continuous strain.

Figure 9 shows the general attack and the X-ray

mapping of Al and Zn on aluminum brass after anodic

polarization. It is apparent that aluminum dissolves first

to enrich the Zn content, which subsequently is de-

zincified. The preferential dissolution of aluminum is

likely to be attributable to the more active potential of

Al (-1.662V) than Zn (-0.763V). Because Al and Zn are

both strongly active to Cu (+0.337V), Al will first

dissolve, after which Zn readily leaches out of the

aluminum brass, leaving behind a relatively porous

copper with poor mechanical strength. The favored

leaching sites, such as grain boundaries, are also the

favored paths for the propagation of cracks [10] and may

serve as the initiation sites for SCC.

The potential-pH diagrams for Cu-H
2
O, Al-H

2
O and

Zn-H
2
O at 25 are superimposed in figure 10

assuming that all of the ionic activities (molality 

activity coefficient) are 10-6 M. A potential de-alloying

region is seen within the pH range 6-7 where Cu exists

as Cu
2
O, Zn as Zn2+ and Al as AlO

2
- at the corrosion

potential of aluminum brass, ~ 241 mV (shown as an

error bar in figure 10). The corresponding corrosion

reaction of copper due to the direct complexing of

copper by the fluoride ions can be written as follows:

Cu + 2F CuF
2

+ e (3)

The Cu
2
O surface film is then formed by hydrolysis 

of the CuF
2
- complex:

2CuF
2

+ H
2
O Cu

2
O + 4F + 2H+ (4)

Aluminum dissolves first by selective dissolution

from aluminum brass as follows:

Al + 2H
2
O AlO

2
+ 4H+ + 3e (5)

Zinc then dissolves by dezincification from

aluminum brass as follows:

Zn Zn2+ + 2e (6)

Since no signal for the fluoride compound was seen

in the XRD pattern [25], it may be assumed that fluoride

ions attack the aluminum brass through the combination

with AlO 2- to form acids and oxides (e.g. Al
2
O

3
) [26], and

with Zn2+ to form soluble complexes [11, 27]. Therefore, the

increase of fluoride concentration increases the

corrosion rate of aluminum brass, and thus stimulates

the susceptibility to SCC. This implies that the stress

enhances the anodic dissolution at the grain boundaries

of the aluminum brass, and also that the F - ions serve as

a catalyst to accelerate the preferential dissolution of

aluminum and zinc, thereby producing a de-alloyed

layer on the aluminum brass. These reactions can be

described as follows:

2Al + 3H
2
O + 6F Al

2
O

3
+ 6HF + 6e (7)

Al
2
O

3
+ H

2
O + 6HF 2AlO

2
+ 8H+ + 6F (8)

Zn + 2F ZnF
2
+ 2e (9)

ZnF
2

Zn2+ + 2F (10)

The pH values (6-7) considered above are, in fact,

the values of the bulk solution. However, the surface pH

of the system is perhaps slightly higher than that of the

bulk because OH- is always produced as a result of the

cathodic reaction, i.e., either in the deaerated (2H
2
O + e-

2OH- + H
2
) or in the aerated (2H

2
O + O

2
+ 4e-

4OH-) water. As indicated in figure 10, at a surface

pH≥8.5, Zn would appear as Zn(OH)
2
, which was, in

fact, also observed on the surface of the specimen and
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detected by EPMA. In this study, the boundaries in the

superimposed potential-pH diagram assume that the

activities of all possible chemical species are 10-6 M. On

the assumption that 11≥ pH ≥ 8.5 at the corrosion

potential of 0.241 V where Cu exists as Cu
2
O, Zn as

Zn(OH)
2

and Al as AlO
2
- , the allowable ionic activities

observed from the Pourbaix diagrams [5] at 25 are

10-6M≥ (Cu2+) ≥10-8M, 10-6M ≥ (Zn2+) ≥ 10-7M and 10-4M

≥(AlO
2
-) ≥10-6M.

In order to facilitate the analysis of the corrosion

potential (E
corr

), it is necessary to compare the corrosion

potentials for the two copper alloys with the equilibrium

potential for oxygen reduction as a consequence of the

aeration of the NaF solution. Thus, at pH 7 (25 ), the

equilibrium potential for 1/2O
2

(0.21atm) + H
2
O + 2e- =

2OH- (pH=7) is +0.804 V; this potential (E
c
) is noble to

the corrosion potentials of both aluminum brass (+0.241

V) and aluminum bronze (+0.191 V). On the other

hand, the equilibrium potential for the anodic

dissolution (E
a
) was also calculated; for instance,

assuming the following parameters for aluminum brass

and the activities of all possible chemical species are

10-6 M:

E
a,Cu/Cu2O

= 0.471 - 0.0591pH = 0.0573V

E
a,Zn/Zn(OH)2

= -0.439 - 0.0591pH = -0.8527V

E
a,Al/AlO2-

= -1.262 - 0.0788pH + 0.0197log(AlO
2

)

= -1.9515V

The micro-galvanic cell effect of each compositional 

element on the galvanic potential (E
a
) for aluminum

brass can be determined by adding the weighted values.

This had done by multiplying the atomic percentage by

the individual equilibrium anodic potential, then adding

these weighted values together to approximate the

alloy's anodic equilibrium potential. Consequently, the

composite anodic potential of aluminum brass or the

galvanic potential of Cu, Zn, and Al is 0.0573V 74.65

at% + (-0.8527V) 21.19 at% + (-1.9515V) 4.16 at%

= -0.218V. Similarly, the composite anodic potential for

aluminum bronze is -0.203V. These two equilibrium

potentials are more active than the corrosion potential

(E
corr

) for the two copper alloys. Hence, the corrosion

potentials measured in the aerated NaF solution are

consistent with the thermodynamic necessity that they

always lie between the equilibrium anodic and cathodic

potentials, as shown in figure 11. In view of the

influence of polarization on the corrosion rate,

corrosion at pH 6-7 for the both alloys is under mixed

control; in that polarization occurs to some degree at

both anodes and cathodes (E
corr

is roughly halfway

between E
a
and E

c
).

The stress ratio and time-to-fracture ratio of the

aluminum brass decreases markedly as the

concentration of the anion, F-, increases. A logarithmic

relation is established for the system in question: 

R = -m log [F-] + n, where R is either stress ratio or

time-to-fracture ratio. It is seen that an increasing F-

concentration reduces the two ratios significantly. The

presence of the adsorbed fluoride ions on the metal

surface retards the growth of the passive film and thus

allows the establishment of active pits. The value, m,

depends on the alloy system, the solution type [28, 29], and

the electrochemical technique used [30]. However, the

characteristics of the stress ratio and time-to-fracture

ratio as a function of F- concentration have not been

reported in the literature.

5. Conclusions

The susceptibility of the two copper-based alloys to

SCC was observed in the presence of sodium fluoride

solutions using the SSRT. Aluminum brass suffers SCC

even at the corrosion potential. A local de-alloying

mechanism is responsible for such cracking. In

addition, both the stress ratio (
R
) and the time-to-

fracture ratio (t
f
) depend on the concentration of F-
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according to the equation: R = -m log [F-] + n.

In contrast, aluminum bronze does not exhibit SCC

susceptibility under similar conditions. However, the

susceptibility for SCC of aluminum bronze can be

predicted from a comparison of anodic polarization

curves generated at fast (1 V/min) and slow (20

mV/min) scan rates. SCC can be promoted by applying

an anodic potential in the passive region where oxide

films prevail. A film-rupture mechanism is therefore

accountable for the failure of aluminum bronze

observed in fluoride environments.

The micro-galvanic cell approach can be used to

estimate the anodic equilibrium potential of the alloy by

multiplying the atomic percentage of each

compositional element by the individual equilibrium

anodic potential, and then adding these weighted values

together.
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Figure 2 Effects of fast and slow scan rates on the
anodic potentiodynamic polarization of
aluminum bronze in 0.1N NaF solution.

2 0.1N 

Figure 1 Effects of fluoride concentrations on the
anodic potentiodynamic polarization curves
of aluminum brass in various concentrations
of the NaF solution.

1

Figure 4 Effect of applied potential on SSRT data of
aluminum bronze in 0.1N NaF (pH = 6, 25

).
4 0.1N (pH =

6, 25 ) 

Figure 3 Effect of fluoride concentration (N) on the
SCC susceptibility of (a) aluminum brass, and
(b) aluminum bronze at their open circuit
potentials.

3 ( ) (a) (b)
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Figure 6 Fractured surface of aluminum bronze at +441 mV applied potential in 0.1N NaF
solution.

6 0.1N +441 mV 

Figure 5 Aluminum bronze under the applied potential of +391 mV in 0.1N NaF solution:
(a) IGSCC of aluminum bronze (b) Pits and secondary cracks of aluminum bronze.
The tensile direction is perpendicular to the secondary cracks in this figure, and (c)
Film rupture and IGSCC of aluminum bronze.

5 (a) 0.1N +391 mV 
(b) +391 mV 

(c) +391 mV 



-157-

Figure 8 X-ray diffraction pattern of the
corroded specimen of aluminum
bronze in 0.1N NaF (pH 6) at 25

.
8 0.1N (pH = 6,

25 ) X 

Figure 7 Ductile dimpled tearing rupture of
aluminum brass in 0.1N NaF
solution at the corrosion potential
(+0.241 mV).

7 0.1N 
(+0.241 mV) 

Figure 9  (a) General corrosion of aluminum brass in 0.1N NaF solution after the anodic
polarization, (b) X-ray mapping of aluminum, and (c) X-ray mapping of zinc.

9 (a) 0.1N (b)
X (c) X 
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Figure 10 Superimposition of the potential-pH diagrams for Cu-H
2
O, Al-H

2
O, and Zn-H

2 
O,

indicating the possible chemical species that exist when de-alloying mechanism
takes place. Assumes the activities of all possible chemical species are 10 -6M.

10 - - - pH 
(

) 10 -6 M

Figure 11 Comparison of the E
corr 

of both aluminum brass and aluminum bronze with their
anodic (E

a
) and cathodic (E

c
) equilibrium potentials at various pH values (25 ).

11 pH (25 ) 




