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Stress Corrosion Cracking Mechanism of Cu-4%Ti Alloy'
Tadashi TAKEMOTO*, Shigenori HORI** and Ikuo OKAMOTO***

Abstract

Stress corrosion cracking (SCC) mechanism of an aged Cu-4%Ti alloy has been investigated with respect to the
effect of modulated structure on dissolution reactions. SCC tests were carried out in 6N aqueous ammonia conlaining
10.2/¢ copper under the applied tensile load of 80% of 0.2% proof stress. The depth of cracks and the number of
transgranular cracks were measured after various lesting times. Both inier- and transgranular cracks were formed
during SCC test, but the depth of intergranular cracks was larger than that of transgranular ones irrespective of ag-
ing condition and testing time.

The mechanism of the influence of aging at 450°C on transgranular cracking susceptibility has been also investi-
gated in relations o corrosion reaction and modulated structure. The increase of conceniration difference of zone
complex within the modulated structure was found to be responsible to the increase of the number of transgranular
cracks in definite periods of modulated structure. The increase of the ratio of cathode area to anode area increased
the depth of cracks. The increase of cathode area enhanced the dissolution reaction that was considered to be a main
SCC process of this system since the dissolution reaction of the alloy proceeded under concentration polarization and

was controlled by cathodic reaction.

KEY WORDS:

1. Introduction

Various copper alloys have been known to be
susceptible to stress corrosion cracking (SCC). Above
all, many studies have been carried out on « -brass in
relations to the pH of corrosive solution,™# de-
formation substructure®® and dezincification.” The
inhomogenious concentration distribution of solute
atoms such as segregration at grain boundaries and
stacking faults was also attracted attention.®) Our
earlier work on a -brass” pointed out that the local
segregation of solute atom concentration was impor-
tant for SCC. Then the authors found that aged Cu-Ti
alloy, in which the periodical fluctuation of solute
atom concentration (modulated structure) exists, was
susceptible to SCC¥~'V. The time to failure of
Cu-4%Ti alloy was mainly controlled by propagation
of intergranular cracks, however, many fine trans-
granular cracks were also found in aged specimens.

In previous works,'®!V SCC susceptibility was
compared by the time to failure which was determined
by the propagation of intergranular cracks. There-
fore, little discussions were attempt for the trans-
granular cracks. This article is scheduled to investi-
gate the effect of aging on the transgranular cracking
susceptibility and then to clear the SCC mechanism of
Cu~Ti alloy. For the first time, the progress of SCC
was examined by measuring the depth and the number

(Stress Corrosion) (Copper Alloys) (Cracking) (Heat Treatment) (Mechanisms)

of intergranular and transgranular cracks after va-
rious stress corrosion testing times.

The purpose of this article is to clear the cause of
transgranular cracks and the effect of modulated
structure on the corrosive reaction and SCC suscepti-
bility.

2. Experimental Procedures

The laboratory cast Cu—4%Ti alloy was made from
high purity copper and sponge titanium. The cast ingot
(40 X 40 X 150, mm) was then forged, hot rolled, and
cold rolled to 0.8 mm thickness. The chemical com-
position of the alloy was as follows: 3.7%Ti,
0.006%Fe, 0.002%Pb and balanced Cu. The alloy
sheet was machined to a size of 15 mm gage length and
4 mm width as shown in Fig. 1, solution treated at 900
°C in vacuum and aged at 450 °C up to 48 hr.

SCC tests were carried out by applying the
constant load on specimen. The applied stress was
80% of the 0.2% proof stress of each specimen.
Illustration of the test apparatus is shown in Fig.2.
Corrosive solution for SCC test was 6N aqueous
ammonia containing 10.2g/ ¢ copper added as CuSOy,

- 5H,0. The solution was prepared from special
reagent grade chemicals and doubly distilled water.
Prior to the SCC test, specimens were sanded by
emery paper followed by electropolishing. Test
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Fig. 1 Schematic illustration of SCC test apparatus
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Fig. 2 Shape and size of SCC test specimen

temperature was maintained at 25 ~ 28 °C .

SCC tests were stopped after certain periods, then
the depth and the number of cracks were measured at
longitudinal section by optical micrographs. Corrosive
solutions after the tests were analyzed by atomic
absorption analysis. Corrosion products on specimen
surface were analyzed by chemical analysis and
electron diffraction.

3. Results

3.1 Progress of stress corrosion

The time to failure of Cu—4%Ti alloy was strongly
dependent on aging time at 450°C and the minimum
time to failure was obtained in the specimen aged for
54 min'?. Figure 3 shows the changes of the depth of
stress corrosin cracks and the number of transgranu-
lar cracks during stress corrosion tests for the
specimen aged at 450°C for 54 min. After testing for
11 min, a few transgranular cracks were found- per
1mm longituditional section, and the depth of inter-
granular cracks was about 10#. The number of
transgranular cracks increased after 17 min, and
remakably increased after 25 min, but it scarsely
changed until failure. Both inter- and transgranular
cracks grew with the testing time, but intergranular

Transactions of JWRI

cracks were always deeper than transgranular ones.

And the difference of crack depth between intergranu-
lar cracks and transgranular ones becomes larger with
testing time, as a result, the time to failure is mainly
controlled by the propagation of intergranular

cracks'®. Figure 4 shows the cracks in 54 min aged
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Fig. 3 Changes of the depth of inter- and transgranular cracks and

the number of transgranular cracks during SCC tests of
Cu-4%Ti alloy aged at 450°C for 54 min

Fig. 4 Crosssectional stress corrosion cracks after 1 hr SCC test
of Cu-4%Ti alloy aged at 450°C for 54 min
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Fig. 5 Changes of the depth of inter- and transgranular cracks and

the number of transgranular crack during SCC tests of
Cu-4%Ti alloy aged at 450°C for 12 min

specimens after 1 hr SCC test where the number of
cracks reached a constant value.

The growth of cracks during stress corrosion tests
of the specimens aged for 12 min at 450°C is shown in
Fig. 5. Similar process of growth observed in 54 min
aging is shown. But the time that the number of
transgranular cracks reached a plateau was prolonged
to 40 min and the number of transgranular cracks was
lower than that of the specimens aged for 54 min.
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3.2 Effect of aging

In the 12 min aged and 54 min aged specimens, the
number of transgranular cracks reached a plateau
after tested for 1 hr. To investigate the effect of aging
on the depth and the number of cracks, specimens were
aged for various periods at 450°C and then stress
corrosion tested for 1 hr. Figure 6 shows the effect of

aging on the stress crrosion susceptibility. The depth

of cracks rised with aging time and reached a
maximum depth when aged for about 1 hr. Further
aging reduced the depth of cracks. Changes of the
crack depth with aging time are similar irrespective to
cracking path such as intergranular or transgranular.
The results indicate that aging for about 1 hr caused
the maximum crack depth, i.e., the highest SCC
susceptibility. This result coincides well with the
previous work'? that investigated the effect of aging
on the time to failure.

As already mentioned in 3.1., intergranular cracks
were always deeper than transgranular ones at any
aging times. Consequently, the fracture proceeded
mainly intergranularly. Figure 7 represents the inter-
granular failure of 54 min and 48 hr aged specimens.
Typical configuration of intergranular fracture is
shown, but the morphology of fracture is somewhat
intricated near the grain boundary triple points
according to the cellular precipitation. Cellular pre-
cipitates increased with the aging time,'® therefore,
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the area of typical intergranular cracking was de-
creased by aging for 48 hr (Fig. 7 (b) ). Figure 7 (C)
shows the slip lines or deformation twins on inter-
granular fractographs showing the evidence of plastic
flow during SCC process. At the interior of specimen
or fracture surface in air condition, dimple pattern
which indicates the ductile fracture is shown (Fig. 7
(d)), reprepenting that the alloy is ductile in nature.

The change of the number of transgranular cracks
with aging time is also shown in Fig. 6. Transgranular
cracks appeared in the specimens aged for more than
2 min after 1 hr SCC test. The number of cracks
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6 Variations in the depth of inter— and transgranular cracks
and the number of transgranular cracks after SCC tests for
1 hr on Cu—4%Ti alloy aged at 450 C for various times

Fig. 7 Fractographs of Cu-4%Ti alloy by SCC, (a)(c)(d) aged at 450 “C for 54 min, (b) aged at 450 “C for 48 hr, (c) deformation

pattern on intergranular cracks, (d) dimple pattern at interior of specimen (final fractured area)

135



(136)

Fig. 8 Transgranular cracks at the surface of specimen aged at 450
°C for 1 min, after SCC test for 4 hr )

remarkably increased with aging and reached a max-
imum at aging for 16 hr, prolonged aging reduced the
number of cracks. After stress corrosion for 1 hr,
transgrnular cracks were not found in the specimens
aged for 1 min, however, further stress corrosion test
produced fine transgranular cracks. Figure 8 shows
transgranular cracks in the specimen aged for 1 min
after testing for 4 hr.

3.3 Corrosion reaction

To clarify the corrosion reacton of this alloy,
copper and titanium in corrosive solutions were
analyzed after SCC tests for the specimens of various
aging conditions. The results are shown in Table 1.
Copper is dissolved into the solution for all aging
conditions however, titannium is found only as a trace
element. Therefore, titanium is difficult to dissolve
independent of the aging coadition such as supersatu-
rated solid solution, modulated structure, intermedi-
ate phase and equilibrium phase.

On the other hand, corrosion products attached to
the specimen surface contained much titanium as
shown in Table 2. From the above mentioned results,
it is clear that the corrosion of the alloy is proceeded
mainly by dissolution of copper. The corrosion reac-
tion of Cu-4%Ti alloy in the solution containing cupric
complex ions is supposed as follows, which is original-
ly proposed by Pugh et al.'® for Cu—Zn alloys.

Cu(NH3)421+ + Cusurface—’ ZCU(NHS)_g
Qs o0 (NH)2 T (1)

Anodic and cathodic reactions are supposed as equa-
tions (2) and (3) respectively, presented by our
another work'" and Pugh et al.!¥

Cu + 2NH; + Cu(NH3)? "= 3Cu(NH3) T + e
Cu(NH3)2" + e = Cu(NHa)§ + 2NH;

(@)
@)
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Table 1 Increase of copper and titanium in 6N aqueous ammonia

containing 10,2g/ ¢ of copper after stress corrosion tests

Increase in )
Heat treatment O-A/O:)Q Cu content Ti content
(g/0) (mg/Q)

0.8 9.40 1
As—quenched

1.0 6.30 1

0.3 5.00 1
Quenched and

0.6 5.50 1
aged at 450°C

0.8 4.00 1
for 54 min

0.9 5.50 1

0.4 6.00 1

0.6 6.35 1
Quenched and

1.0 5.85 1
aged at 450°C

1.15 5.35 1
for 170 hr

1.3 3.75 1

Qa:

Qo.2: 0.2% proof stress of specimen

applied stress

Table 2 Chemical compositions of copper and titanium in corrosion
products of unstressed specimens immersed in 6N aqueous

ammonia containing 10.2g/ ¢ of copper

Cu Ti
Heat treatment (3) (%)
As quenched 30.9 27.9
Quenched and aged
at 450°C for 54 min | °/*° 18.9

Cu(NHg)Jgris changed into Cu(NHg)‘%Jr by the following
reaction because it is unstable in the solution contain-
ing oxygen.

1
2Cu(NH3) 5 + — 02+ Ho0 + 4NH,

= 2Cu(NH3)? " + 20H" (4)

Aging at 450°C causes the periodical concentration
fluctuation of Ti atoms, therefore it makes a possibil-
ity that the preferential dissolution of copper may
occur in the region of either lower titanium concentra-
tion martix or higher titannium concentration zone. To
investigate the preferential site for copper dissolu-
tion, the weight loss of equilibrium phase CusTi in
corrosive solution is investigated. Stoichiometric
Cu—25at%Ti cast alloy was fully homogenized. After
confirmation that the alloy phase is CusTi (h.c.p.) by
diffractometer, specimens were immersed in stress
corrosion test solution. The weight loss is only 0.3
mg/cm? after immersion for 3 hr. The value is
extremely lower than that of 54 min aged Cu-4%Ti
alloy (11.1 mg/cm?). Corrosion of overaged specimens,
in which the discontinuous precipitates covered
almost grains, ocurred at low titanium concentration
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Fig. 9 X-ray diffraction diagram of Cu-4%Ti alloy aged at 450°C
for 500 hr, (a) as electropolished specimen, (b) specimen
immersed in 6N aqueous ammonia containing 10.2g/ ¢ of
copper for 24 hr, solid lines represent the diffractions of

CuzTi and broken ones represent those of matrix

matrix and equilibrium CuzTi phase was stable in
corrosive solution. Figure 9 shows the X-ray diffrac-
tion intensity of overaged specimens. After immersion
in stress corrosion test solution, the diffraction lines
from matrix was scarcely observed, but the diffraction
lines from CuzTi was clearly observed. As mentioned
above, the corrosion of this alloy proceeded by the
preferential dissolution of copper, terefore it may be
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believed that the dissolution of copper of aged Cu-Ti
alloy is predominant in the region of low titanium
concentration matrix than in high titanium concentra-
tion zone.

3.4 Corrosion products

During SCC tests, the corrosion products are
formed on the specimen surface. To investigate the
relations among the dissolution reactions, formation
of corrosion products, and the SCC mechanism,
identification of the corrosion products was carried
out. The analysis of corrosion products were done
only for the 54 min aged specimen. Because the
dependence of the corrosion potential on the aging
condition is rather slight (less than 25 mV), the kind of
corrosion products might not be different with aging
condition. Figure 10 shows the scattering rings
obtained by electron diffraction. Figure 10(a) is the
diffraction from standard sample (Au) and corrosion
products, and Fig.10 (b) is that of Au only. The results
are settled in Table 3. The number of diffraction
rings are rather scarce, however, all obtained lines
coincide well the ASTM date for Cuy(OH)gSO4, which
corresponds the corrosion products formed in the
Mattsson’s solution (pH12.4)'Y.

Table 3 Results of electron diffraction analysis of corrosion product formed by SCC test of
Cu-4%Ti alloy aged at 450°C for 54 min

) Data for Data for
D( ga;at éufl;)trio‘?\‘)u Observation Cu4(OH)eSO, | CulSQu)}(OH)AH,0
(hkl) | d A d A 1 d A 1/1o | d A | I/1,
111 2.3546) 2.254 S 2.29 13 2.27 50
219 13 2.18 10
2.12 3 2.15 10
200 2.039 2-100 S 2.07 10
2.01 7 2.00 60
1.940 M 1.96 13
1.89 3 1.88 10
1.824 M 1. 82 17 1.83 30
: 1.74 .76
6 lines|  10~33 4 {ined 10~20
1.46 1.56
220 1.442 1.428 w 1.44 17 1.43 30
1.40 17
1.356 M 1.37 10 1.38 10
1.34 7 1,36 10
1.296 M 1.31 20 1.30 10
1.28 13 1.27 10
3 1.230 1.223 " 1.23 3 1.21 10
222 1.177 1.167 M 1.19 10
1.108 W 1.1 20 1.14 10
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{a) (b}
Fig. 10 Electron diffraction rings, (a) diffraction of both corrosion
products and standard sample (Au), (b) diffraction of Au

only

4. Discussions

4.1 Possible SCC mecanism for Cu-4%Ti alloy

Forty et al’®. Bond et al.'® and Pugh et al.!?
stated that SCC of a —brass can be proceeded by the
alterndtive formation and brittle rupture of surface
film Cuz0. In this film rupture mechanism, the
propagation rate of cracks depends on the formation
rate of surface films (Cuz0). On the other hand,
corrosion products of Cu—4%Ti alloy were not Cu,O
but basic copper sulfate. Moreover, corrosion poten-
tial of Cu—4%T:i alloy changed only less than 10 mV
during the immersion for 24 hr. Therefore, formation
of basic copper sulfate dose not influence the corro-
sion potential. However, the formation of Cuy0 shifts
the potential toward noble direction?. In addition to
this, considering that no transgranular cracks has
been found in as quenched specimens®,it may be
concluded that such alternative process as the rupture
of surface film and following preferential localized
corrosion at a newly produced surface cannot form the
transgranular cracks of this alloy. Therefore,activated
dissoulution at the crack tips may be believed a most
important cracking process.

Generally, chemical reactivity of metals and alloys
is high under large stress concentration or yielding.
Hoar et al.'® " %Yconsidered that the SCC was an
electrochemical dissolution process accelarated by
stress. Ohtani et al.?? tried to explain the SCC using
mechanochemical mechanism. They showed that the
relation between the logarithm of the time to failure
and the applied stress was represented by a curve with
two points of inflections when the mechanchemical
process was operated. Similar curves were obtained in
our previous work!? and the evidence of deformation
was observed in fracture surface (Fig.7(C)), so the
activated dissolution at the crack tips was suggested
in this system. Therefore, the SCC of this alloy may
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be proceeded under the mechanism similar to the
mechanochmical theory.

Mechanochemical theroy is consisted on the basis of
such hypothesis as (a) activated dissolution at a crack
tip and (b) retardation of corrosion in the region of

- crack wall. Then the dissolution rate at crack tips

controles the SCC susceptibility. The following dis-
cussions inquire into the retardation of corrosion in
the region of crack wall, and lead the reasonableness
that the SCC of the alloy is controlled by the
dissolution rate at crack tips.

4.2 Retardation of corrosion at crack walls

Anodic and cathodic reaction of this system is
represented by equation (2) and (3) respectively. In the
interior of stress corrosion cracks, concentration of
Cu(NHg)i_'_ is enriched by the oxidation reaction of
cuprous complex ions, on the other hand, ammonia is
consumed and then its concentration is reduced. As
the dissolution reaction is proceeded under concentra-
tion plarization,'? diffusion of those species in crack
interior is retarded compared in bulk solution. There-
fore, dissaperance of enriched Cu(NHg)iJr and supply
of consumed NHjs is required for the continuous
dissolution of copper. Precipitation of Cuy(OH)sSOy4
is adequet for this requirement because the precipita-
tion of basic copper sulfate consumes the CU(NH3)2+
and produce NHj. After Mattsson’s designation®),
basic copper sulfate is reprepented as
Cu(S04)0.25(0H); 5. Possible precipitation reaction is
as follows:

3 1
Cu(NHs)§ - OH™+--S0%"
= Cu (S04)0.25 (OH)1 5 + 4NH3 (5)
Equilibrium constant K, is
K = [Cu(S04)0.25(0H), 5] INH3]* ©)

[Cu(NH3); T1[OH1*[SO,*%
After Mattsson?),

[Cu® "] [NH3J*

—_ —13
— 5 |
[Cu(NHg)2 ] _ 235x10

()

[Cu?®T][SOF1%%[0H]*® =1.30 x 107° 8)
Determining [{Cu(SO4)o.25(0OH); 5] = 1, put (7) and (8)
into (6),

Ks) = 1.81 X 10°
Of course, it may not be adequate to estimate the
transient reaction in crack interior by the equilibriun
constant, however, it offers an criterion that the
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reaction (5) is possible to occur theoretically. The
precipitation in the crack wall reduces the dissolution
of copper cofining it only at the crack tips. Then, it
may be concluded that the dissolution rate at crack
tips is believed to be a main process which controles
the SCC susceptibility of this system.

In our experiment, cupric sulfate is added to
ammonical solution in which SO% ™ ions exist. The
calculated equilibrium constant of the precipitation
reaction of Cu(OH), in the solution of no SO%™ ions is
1.55 X 107. Therefore, the precipitation of Cu(OH), is
possible and the existence of SO% ion may not
substantially influence the dissolution reaction.

4.3 Influence of the Modulated Structure on
dissolution reaction and SCC Susceptibility

4.3.1. Number of transgranular cracks

From the discussions in 4.2, the dissolution reac-
tion at crack tips was believed to be a main process
that controlled the SCC susceptibility. Following
discussions deal with the effect of modulated struc-
ture on dissolution reaction and SCC susceptibility.
The modulated stucture has periodic solute concen-
tration distribution. The titanium concentration dis-
tribution in grain matrix of Cu-4%Ti alloys aged at
450 C has been investigated by means of X-ray
diffractionzs)’w, transmission electron microscopezg)
and X-ray small angle scattering®™ 2", The obtained
results were not always concordant in details, howev-
er, by combining together with the results of

(c)

Fig. 11 Changes of solute concentration distribution during aging at
450 °C , aging time increases from (a) to (c), (R, : radius of
central zone, C, : alloying concentration, C,,... : solute
concentration in matrix, C; : solute concentration in central

zone)

Tsujimoto?” and Saji et al®®., the change of titanium
concentration profile is supposed to be the angular
distribution as shown in Fig. 11. At relatively early
stage of aging, tiatanium rich particle (titanium
concentration: C; ) with rather clear interface is
precipitated, and surrounding area is slightly less in
titanuim than matrix. The structure is so called zone
complex. With the progress of aging, increase in the
radius of central zone (R;) and the amount of
precipitation and the decrease in titanium concentra-
tion are proceeded. The stable phase is appeared and
coalesence of particle is followed by further aging. In
view of the above mentioned discussions on corrosion
reaction, it would seem reasonable to suppose that the
titamium rich central zones are stable in corrosive
solution and the matrix with low titanium content is
the site for preferential dissolution.

The period of modulated structure of Cu-4%ti alloy
grew proportional to % (¢: aging time)?®*29. Table 4
shows the change of the period of modulated structure
in Cu-4%Ti alloy during aging at 450°C. The data
from 1 to 12 min are extrapolated values. Table 4 also
shows the radius of central zone (R;) measured by
Tsujimoto?” by means of X-ray small angle scattering.
On the basis that the formation of transgranular
cracks is responsible to the modulated structure, the
plots of the number of transgranular cracks in 10*
periods of modulation against the aging time is
represented in Fig. 12. The number of cracks in 10*
periods of modulation is similar to the probability of
cracking. The probability of transgranular cracking
increased with aging time but it slightly increased
beyond aging time of 16 hr. Saji et al.?® has shown
that the lattice parameter decreased continuously

Table 4 Variation in the period of modulated structure, the radius
of central zone and the number of transgranular cracks

with aging time at 450°C, the values put in parentheses are

extrapolated
Period of>" | Radius of”") | Number of
Aging time modulated central transgranular
(min) structure zone, cracks
(A) (A) (number/mm)
1 (85) 12 0
1.83 (93) 16 1.5
3 (100) 20 11
12 (125) 35 28.5
54 170 50 60.5
240 240 65 89
960 350 (80) 100
2880 490 (91) 82.5
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Fig. 12 Relationship between the number of transgranular cracks in
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Fig. 13 Relationship between the number of transgranular cracks in
10* periods of modulated structure and the titanium content

of matrix.

during aging at 450°C up to about 50 hr, but further
aging to several hundred hours had a slight influence
on the decreasing rate in lattice parameter. The
decrease in lattice parameter has been considered to
correspond the decrease in the titanium concentration
of matrix®®. Consequently it is possible to obtain the
titamiun concenration of matrix from the data after
Saji et al®®. Figure 13 represents the relation
between the transgranular cracking probability (the
number of transgranular cracks in 10? periods) and
the titanium content in matrix. The plots reveals the
negative liner relationship between the transgranular
cracking probability and the titanium content of
matrix. Since the titanium concentration of central
zone has been seemed to be constant from the early
stage of aging®”), it is clear that the the difference in
titannium cotent between central zone and matrix
increased with aging time. In other words, the
concentration difference in zone complex increased
with the decrease in titanium content of matrix, and
this increase of concentration difference raised the
transgranular cracking probability. Conequently, it is
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concluded that the existence of local difference in
solute atom cocentration is important for the occur-
ence of transgranular cracking.

4.3.2. Depth of transgranular cracks

In succesion, the influence of the modulated struc-
ture on the change of the depth of transgranular crack
with aging is considered. The radii of central zones
(R;) after Tsujimoto®” were shown in Table 4. As
mentioned above, the corrosion proceeded preferen-
tially at the marix with low titanium content and the
central zones with high titanium content were believed
to be stable in the corrosive solution. Therefore, it
would be reasonable to consider that the low titanium
content matrix act as anodes and high titanium content
central zone act as effective cathodes. As shown in
Fig.11, the matrix adjacent to the central zone is
thought to have the least titanium content, however,
since the difference of titanuim concentration
matrix is small and the area has been unknown, the
whole matrix except the central zones are considred to
be anodes.

The crosssectional area fraction of central zone can
be calculated as follows. The number of zone in a
square with a definite side length (a) could be
represented by using the period of modulated struc-
ture (1), (a/A )% Supposing that the crosssection at
diameter for each central zone, the total crosssection-
al area of central zone with diameter R; existing in a
square with a side length a is 27 R? - (a/A ). On the
other hand, the area of matrix can be represented as
21 R% . (a/A ) . The ratio of cathode area to
anode area is expressed by the ratio of central zone
area to matrix area, i.e.,

RC/A = Sc/SA == (271’ R?/A 2)/(1—271’ R’?//l 2)

in

where, Rc, 4 : cathode area ratio, Sc: cathode area, Sy
: anode area.

All zone complexes are , of course, not always cut at
the center (i.e., diameter) of central zone, however,
R4 is efficient for relative comparison of the change
of cathode area ratio with aging time. Table 5 shows
the caliculated values of R, 4 using the values of A
and R; represented in Table 4. R¢c, 4 increased with
aging time at 450°C up to 54 min, where the maximum
value of 1.19, and then decreased with the progress. of
aging. Figure 14 shows the plots of Rca (= Sc/Sa)
at each aging time and the depth of transgranular
cracks of corresponding aging time. The depth of
transgranular cracks remarkably increased with the
increase of Rc 4 up to 0.5, that means cathode area is
just half of the anode area. Further increase in R¢, 4
also increased the crack depth, consequently the
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5 Changes of cathode area ratio during aging at 450°C

Aging time
(min)

12

54 240 960 2880

Cathode area .

ratio -14

.85 0.49 0.28

30

20

10

Depth of transgranular cracks ()

1
1.0

0O ]

0.5

1.5
Sc/Sa
Fig. 14 Plots of cathode area ratio (R¢, s = Sc/Sa, Sc : cathode

area, Sa : anode area) and the depth of transgranular cracks

transgranular cracking is easy to propagate with the
increase of Rc a. v

Corrosion of this alloy proceeds by the preferencial
dissolution of copper, and the matrix (low titanium
concentration) is expected as anodic site and the zone
(high titanium concentration) is an effective cathode.
Increase in the amount of pricipitates at the early
stage of aging bring the rise of cathode area and
relatively decreases the anode area. On the other
hand, further aging beyond 80—~100 min decreases
cathode area by coalescence of the zone and relatively
increases anode area.

Previous work® revealed that the corrosion pro-
cess of this system was proceeded under diffusion
control i.e., concentration polarization showing the
limiting current desity (ir) in cathodic polarization
curve. ig is closely ralated to the diffusion of cupric
complex ions and defines the amount of corrosion.
Therefore, the corrosion rate is increased by promot-
ing anodic dissolution through accelaration of catho-
dic reaction. On the contrary, decrease in cathodic
area suppresses the cathodic reaction and lowers the
corrosion current. Figure 15 shows this schematical-
ly. Decrease in cathode area relatively increases
anode area, and it relieves the anodic polarization. but
it suppresses the cathodic reaction. This change is
drawn in Fig.15 (a) by arrows. As indicated by broken
lines, corrosion current is reduced to i> from i;. In
addition to this, anodic current density is reduced
owing to increased anode area, which relieves the local

141

(a)
S Cathodic

noble—>»

Potential

Current

(b)

Cathodic

noble—>

Potential

Anodic

Current
Fig. 15 Schematic illustration of the change of polarization curves
with aging, (a) changes when the cathode area ratio is
decreased by aging beyond 4 hr. (b) changes when the

cathode area ratio is increased by aging up to to 1hr

corrosion. The above metioned reduction of anodic
current desity is considered to be a main factor for the
relief of the susceptibility by more than aging for 4 hr.

On the other hand, as drawn in Fig.15(b), increase in '
cathode area promotes cathodic reaction and corro-
sion current is increased to i from i;. Anodic
polarization is relieved, however, the corrosion cur-
rent is controlled by cathodic reaction. Local corro-
sion becames severe owing to the increase in anodic
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current density due to the decrease in anode area.
This is the cause of the rise in susceptibility when
aged up to about 1 hr. Interior of cracks especially at
crack tips, the diffusion of chemical species were
more difficult than in bulk solution, the concentration
polarization is thought to be a main rate controlling
factor. Therefore the increase of cathode area ratio
(Rc,a) is supposed to be important for the enhance-
ment of dissolution rate especially at crack tips. Thus
the change of SCC susceptibility with aging is well
described by the mechanochmical mechanism under
consideration of activated dissolution at the crack
tips.

5. Conclusions

SCC tests have been carried out in 6N aqueous
ammonia with 10.2g/¢ copper in order to investigate
the SCC mechanism of an aged Cu—4%Ti alloy. The
results were discussed with respect to the effect of
aging at 450°C ,changes of the titanium concentration
within the modulated structure and rate controlling
mechanism of dissolution reaction. Obtained results
are sammarized as follows.

(1) The depth of inter- and transgranular cracks
increased with SCC testing time but the number of
transgranular cracks reached a plateau within a
testing time of 1 hr.

(2) The depth of cracks showed a maximum value at
aging time for about 1 hr.

(3) The transgranular cracking probability increased
with the increase of concentration difference in zone
complex.

(4) Retardation of dissolution reaction at crack walls
could be well interpretable by precipitation of basic
copper sulfate and the mechanochemical dissolution
process was believed to be a main rate controlling
mechanism of the system.

(5) Corrosion proceeded preferentially at the low
titanium matrix by selective dissolution of copper and
high titanium central zones were considered to be
stable in corrosive solution and to act as effective
cathodes.

(6) Changes of the depth of cracks with aging time at
450°C was well explainable by change of the ratio of
cathode area to anode area. The increase of crack
depth by aging up to 1 hr was corresponded to the
increase in cathode area and the decrease in crack
depth by aging beyond 1 hr was corresponded to the
decrease in cathode area. The plots of the ratio of
cathode area to anode area and the depth of cracks
showed a positive relationship.
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(7) Since the dissolution reaction of the alloy pro-
ceeded under concentration polarization and was
controlled by cathodic reaction, the increase of
cathode area enhanced the dissolution at crack tips
that was considered to be a main SCC process of this
system.
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