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susceptibility to stress corrosion cracking of brass
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Abstract: Dezincification layer formed during corrosion or stress corrosion cracking (SCC) of brass in an ammonia solu-

tion could induce an additive stress. The effect of hydrogen on the dezincification layerinduced stress and the susceptibility

to SCC were studied. The dezincification layer-induced stress was measured using the deflection method and the flowing

stress differential method, respectively. The latter measures the difference between the flowing stress of a specimen before

unloading and the yield stress of the same specimen after unloading and forming a dezincification layer. The susceptibility

to SCC was measured using slow strain rate test. Results show that both the dezincification layer-induced stress and the

susceptibility to SCC increase with increasing hydrogen concentration in a specimen. This implies that hydrogenenhanced

dezincification layer-induced stress is consistence with the hydrogen increased susceptibility to SCC of brass in the ammonia

solution.
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1 INTRODUCTION

During stress corrosion cracking ( SCC) con-
trolled by anodic dissolution, a passive film or dezinci-
fication layer forms on the surface!!. Experimental
results exhibited that a foil of &Ti or brass with one
end fixed and another side protected with a protective
layer formed on it was concave during corrosion in a
methanol and an ammonia solutions,
Iyl2 3

interface between the passive film or dezincification
[2, 3]

respective
I This means that a tensile stress exists on the
layer and the matrix Extensive experiments
showed that the dependence of the dezincification lay-
erinduced tensile stress on the applied potential and
pH value in the solution was in a good agreement with
that of the susceptibility to SCC of brass in the am-

: . [476
monia solution! *™®

. Both the dezincification layer-in-
duced stress and the susceptibility to SCC had a maxi-
mum value at open-circuit potential, decreased slight-
ly under anodic polarization, and reduced remarkably
under cathodic polarization. When the cathodic po-
tential was below — 460 mV (SCE), the dezincifica
tion layer-induced stress was zero or compressive, and
correspondingly no SCC occurred'®' . The passive film
induced-stress and the susceptibility to SCC of & Ti in
a methanol solution decreased with increasing amount
of water in the methanol solution; when the amount

of water is about 10%, the passive film-induced

stress was zero, at the same time, no SCC occurred
71 So, the essential condition for the happening of
SCC controlled by anodic dissolution under the condi-
tions mentioned above is the presence of a big enough
tensile stress induced by the passive film or the dezin-
cification layer.

Hydrogen could facilitate corrosion and SCC of
type 310 austenitic stainless steel in a boiling MgClh

81 For example, the threshold stress for

solution
SCC of a precharged specimen decreased by 20%,
and the crack propagation rate increased by ten times
as compared with that of uncharged one '® .

Because the stress induced by the passive film or
the dezincification layer is closely related to the sus-
ceptibility to SCC, an increase in the susceptibility to
SCC by hydrogen might imply that hydrogen can in-
crease the passive film-induced or the dezincification
layer-induced tensile stress. The aim of this study is
to investigate the influence of hydrogen on the dezin-
cification layer-induced stress and the susceptibility to
SCC of brass in the ammonia solution, and the rela

tionship between them is discussed.
2 EXPERIMENTAL

The material used here was brass containing
38% Zn. Foil specimens in a dimension of 0.2 mm X
5 mm X 90 mm and smooth tensile specimens with the
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gauge length of 50 mm and cross section of 0.2 mm
X5 mm were used to investigate the dezincification
layer-induced stress. The single-edge notched specr
mens with a size of 0. 2 mm X 10 mm X 95 mm con-
taining a notch of Smm in depth and 0. 1 mm in ra-
dius of semrcycular tip were used to study the hydro-
gen embrittlement and the susceptibility to SCC. All
specimens were polished using 1000-grit finish, and
then annealed in vacuum at 280 C for 1. 5 h followed
by air cooling. Some specimens were precharged in a
solution of 0.5 mol/L H,SO4+ 0.25 g/ L. As;03 for
48 h, with current densities of 2, 20 and 200 mA/
em’ respectively. Hydrogen concentration ( Co) of
small samples charged with various current densities,
was measured by heat extraction method at 800
T,

Hydrogenated and hydrogen-free notched specr
mens were slowly extended in air and in a solution of
1 mol/L NH4OH + 5 g/ L CuCl, respectively to fail
with a displacement speed of 1. 89 x 10" °> mm/s. The
susceptibility to hydrogen embrittlement is Inp= [ 1
- O4(H)/ 0] x 100%, where 0,,(H) and O, are
fracture stresses of the hydrogenated and hydrogen
free specimens, respectively. The susceptibility to
SCC of the specimens with various hydrogen concen-
trations is Iscc= (1= Oyl/ On) X 100%, where Oy
(H) and 0, are fracture stresses of the specimens
with the same hydrogen concentration extended in air
and in the solution, respectively.

Two methods were used to measure the dezincr
fication layer-induced stress. The first one is deflec
tion method. 1. e., a hydrogenated or hydrogen-free
foil specimen with a protective layer formed on one
side and another end fixed deflected gradually during
immersed in the above mentioned ammonia solution.
The dezincification layer-induced stress averaged over
the thickness of the dezincification layer is defined
ERTY

. ER2S

®= 301 V) Ld (D
where 0 is the deflection at the free end of the foil,
E= 108 GPa, V= 0. 35 are the elastic modulus and
Persion’ s ratio of brass, h= 0.2 mm, L= 60 mm
are the thickness and the length of the specimen im-
mersed in the solution, and d is the thickness of the
dezincification layer, d= s/ L, where s is the cavity
area inside the dezincification layer measured by scan-
ning electron microscopy (SEM) .

The second one is the flowing stress differential
method, i.e., ahydrogenated or hydrogen-free spec-
imen was extended in air to the plastic strain €, 2
1% . After unloading, the specimen was immersed in
the ammonia solution for 1 h to form a dezincification
layer through corrosion. After cleaned and dried, the

same specimen with the dezincification layer was ex-
tended in air to yield. The yield stress of the speci-
men with the dezincification layer Oy, is different to
the flowing stress before unloading, 0, and the difference

[11]

between them is the additive stress induced by the

dezincification layer, i.e., 0= O— 0.
3 RESULTS

3.1 Influence of hydrogen on dezincification layer-
induced stress

Hydrogen content in the hydrogenfree specimen
was measured to be 1. 6 x 10” © after the specimen
heated to 800 C. The hydrogen must exist in irre-
versible traps, that is, can not diffuse out of the spec
imen at room temperature. After precharged in a
H,SO4 solution with current densities of 1= 2, 20

mA/cm? and 200 mA/cm? for 48 h, hydrogen con-
centrations measured at 800 C were 3.2x 107 %, 4.5
x 10" % and 8.4 x 10" °, respectively. Correspond-
ingly, the diffusible hydrogen concentrations ( Co) in the
hydrogenated specimens were 1.6 x 107 °, 2.9 x 10" °
and 6. 8% 107 ®, respectively, as listed in Table 1.

Table 1 Dezincification layer-induced stress in
brass containing hydrogen

il (mA*em™ %) Co/107° &/ mm d/Um 6, /MPa ©0,/MPa

Uncharged 0 0.565 3.85 65.6 13.1
2 1.6 0.685 4.44 68.9 17.8

20 2.9 0.75 4.51 74.3 28.7
200 6.8 1.8 5.03 134.1 45.7

The deflections of the hydrogenated and hydro-
gerr free specimens corroded for 40 min in the above
mentioned ammonia solution increases linearly with
corrosion time, as shown in Fig. 1. And the mor-
phologies of the dezincification layer are shown in
Fig. 2. The cavity area in the dezincification layer has
been measured by SEM and then the average thick-
ness d of the dezincification layer was calculated and
listed in Table 1.
stress averaged over the thickness of the dezincification
layer, G, , was calculated based on Eqn. (1) and also
listed in Table 1.

Stressstrain curves for specimens with various

The dezincification layer-induced

hydrogen concentrations before or after the dezincifi-
cation layer formed during slow tensile tests in air are
shown in Fig. 3. The dotted lines are the stress
strain curves extending in air and the solid lines are
those extending again in air after unloading at point A
and forming a dezincification layer through corrosion
in the ammonia solution. The difference between the
flowing stress at the point A and the yield stress at
the point B is an additive stress induced by the dezin-
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Fig. 1 Deflection of brass containing various
hydrogen concentrations vs corrosion time
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Fig. 3 Stress vs strain curves before and after

dezincification layer forming for uncharged and
charged specimens

0, for the hy-
drogenated and hydrogerrfree specimens are also list-
ed in Table 1. Experiments showed that the yield
stresses of the specimen without the dezincification

cification layer, i.e., O,= Oj— O,

layer after unloading were the same with the flowing
stresses before unloading, and the differences were
less than 2 M Pa, which was less than the dezindifica-
tion layer-induced stress listed in Table 1. It should
be pointed out that 0, measured by the flowing stress
differential method is that over the thickness of the
whole specimen, and 0, measured by the deflection
method is the dezincification layer-induced stress av-
eraged over the thickness of the dezincification layer.
The thickness of the dezincification layer is much
smaller than that of the whole specimen. So, the lat-
ter, i e., 0; is far higher than the former, i. e.,
0,. Since the measurement error of the dezincification
layer thickness is big, the measurement precision of
0, is far lower than that of 0,. The dezincification
layer-induced stress increases with increasing hydro-
gen concentration, as shown in Fig. 4.
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Fig. 4 Dezincification layer-induced stress

measured using two methods
vs hydrogen concentration

3. 2 Susceptibility to hydrogen embrittlement of
hydrogenated specimen

The results in slow strain rate tests ( SSRT)
with displacement rate of 1. 89 X 10” > mm/s for the
notched specimens with various hydrogen concentra
tions are listed in Table 2. The fracture stress Oy, and
fracture time ¢, of the hydrogenated specimens in air
increased slightly as compared with that of hydrogen
free specimen, instead of decreas
ing . This result indicates that brass has no sus

Table 2 SSRT results of brass containing
various hydrogen concentrations

i/ CO/ Oair/ t air/ osol/ 14 sol/
-2 -6 . . Ascd/ %
(mA*cm™ ) 10 MPa min MPa min
Uncharged 0 218 1950 60 248 72.6
2 1.6 225 2040 52 214 76.9
20 2.9 227 2100 46 192 79.7
200 6.8 226 2100 38 170 84.8
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ceptibility to hydrogen embrittlement in SSRT of the
hydrogenated specimen.

3.3 Influence of hydrogen on susceptibility to SCC

If the hydrogenated and hydrogen-free specimens
were slowly extended in the ammonia solution with
the displacement rate of 1. 89 x 10™ > mm/s, the frac
ture stress Oy and fracture time ¢4, decreased greatly
as compared with that in air, as shown in Table 2.
The susceptibility to SCC of the specimens with varr
ous hydrogen concentrations, [Iscc, is also listed in
Table 2. It can be seen that the susceptibility to SCC
of brass in the ammonia solution increased with in-
creasing hydrogen concentration. The variation of the
susceptibility to SCC of the specimens with various
hydrogen concentrations with the dezincification lay-
er-induced stress averaged over the whole specimen is
shown in Fig. 5. Fig. 5 indicates that the suscepti-
bility to SCC increases linearly with increasing the
dezincification layer-induced stress.
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Fig. 5 Susceptibility to SCC vs dezincification
layer-induced stress

4 DISCUSSION

The results in SSRT in air indicate that brass
does not exhibit hydrogen embrittlement. So, the re-
markable decrease in the fracture stress and fracture
time of brass in the ammonia solution is induced by
SCC controlled by anodic dissolution. A passive film
or a dezincification layer forms on the surface during
SCC controlled by anodic dissolution resulting in an
additive tensile stress generating, which may be mea
sured by experiments. Why does an additive tensile
stress generate after a passive film or a dezincification
layer forms on the surface during original corrosion
and SCC? For brass, a lot of vacancies or even voids
generate in the dezincification layer because of the se-
lective dissolution of zinc. The vacancies and voids
will make the porous dezincification layer near the

surface shrink, the middle part of the specimen,
however, will hinder the shrinkage of the dezincifica-
tion layer, resulting in a big tensile stress generated at
or near the interface between the dezincification layer
and the matrix. The dezincification layerinduced
stress is parallel to the dezincification layer''”, and
has the same orientation with the applied stress O
during extending. Therefore the dezincification layer
induced tensile stress 0, will assist the applied stress O
to facilitate plastic deformation, as shown in Fig. 3.
Mon et all ' calculated the stress distribution of Au
Cu alloy with dealloying porous layer using the con-
tinium eigenstrain analysis method. The result indi
cated that the stress induced by the de-alloying layer
distributed inhomogeneously along the cross section of
the specimen, and the maximum tensile stress existed
near the interface but in the matrix' "', The dezinci-
fication layer-induced stress measured in this study is
averaged over the thickness of the dezincification lay-
er, or over the whole specimen, which is smaller than
the maximum additive stress near the interface. So,
the maximum additive stress in local area during orig-
inal corrosion or SCC should be a0,, where a > 1,
which has the same orientation with the applied stress
0. When the resultant stress 0+ a0, is equal to the
critical stress for dislocation generation and motion,
local plastic deformation occurs under a lower applied
stress. The observation in transmission electron mi
croscope (TEM) showed that new dislocations gener
ated continuously and the static dislocations moved a
gain during SCC under constant deflection condr
151 When the SCC-enhanced dislocation emis-
sion and motion developed to a critical condition, a

tion

microcrack of SCC initiated and propagated' ",
Maybe, the stress concentration in some local area
(such as dislocation free zone ahead a crack tip or the
front of pileup dislocations) is equal to the cohesive
strength and causes the atomic bond to break, result-
ing in initiation and propagation of a stress corrosion
crack. When the local macroscopic stress concentra-
tion 0+ a0, is equal to the fracture stress in air O,
SCC occurs. At the same time, the corresponding ap-
plied stress is the fracture stress extended in solution,
Oy, 1. €.,

Owl= Guir— QG (2)
According to the definition of the susceptibility to
SCC Isce= (1= 041/ 9,) x 100%, then,

Iscc= %Op X 100% (3)

air

Since hydrogen does not affect remarkably the
fracture stress of brass in air O (see Table 2), the
hydrogen increasing the additive stress 0, induced by
the dezincification layer causes hydrogen increasing
the susceptibility to SCC Iscc. Because O is basically
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a constant, Eqn. (3) shows that the susceptibility to
SCC of the specimens with various hydrogen concen-
trations increases linearly with increasing the dezinci-
fication layer-induced stress, which is consistent with
the experimental results shown in Fig. 5.

Previous studies indicate that the dependence of
the susceptibility to SCC of brass in the ammonia so-
lution on the applied potentials'*! or on the pH value

of solution!®

is in a good agreement with that of the
dezincification layer or passive film-induced stress.
Further, the results of the present study exhibit that
the variation of the susceptibility to SCC with hydro-
gen concentration is consistent with that of the dezin-
cification layer-induced stress. So, the dezincification
layer-induced stress is an essential condition to SCC of

brass in the ammonia solution.
5 CONCLUSIONS

1) A dezincification layer formed during corro-
sion of brass with various hydrogen concentrations in
an ammonia solution could generate an additive tensile
stress, which increased with increasing hydrogen con-
centration in the specimen.

2) Slow strain rate tests indicate that brass do
not exhibit hydrogen embrittlement, but hydrogen
facilitates SCC of brass in the ammonia solution, and
the susceptibility to SCC increases with increasing hy-
drogen concentration in the specimen.

3) The susceptibility to SCC of brass with vari-
ous hydrogen concentrations increases linearly with
increasing the dezincification layer-induced stress.
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