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Abstract: The investigations on the effect of the initial surface and microstructure on the seawater corrosion of Cir Ni ak
loy tubes were carried out by processing, electrochemical methods and natural seawater exposure as well as SEM. Defor
mation had more impact on the final microstructure of the tubes than the annealing time did, and at the deformation of
32% and annealing temperature 550~ 600 ‘C for 1 h the tubes was completely recrystallized microstructure. As increasing
the volume fraction of recrystallization, the homogeneity of microstructure and the corrosion resistance increased. The
residual carbon film produced on the inner surface of the tubes during the processing, had higher corrosion potential than
the alloy substrate and good electronic conductivity, so accelerating the dissolution of the substrate in seawater, and the
norr protective and loose corrosion product film formed. Immersed in natural seawater, the tubes of incomplete recrystal-
lization, consisting of deformed and recrystallized grains, displayed intergranular corrosion, which resulted from corrosion
micro-cells built between deformed and recrystallized grains and the preferable transportation of electrons on the boundaries
of both the grains. In contrast, the recrystallized alloy tubes formed the uniform and compact corrosion product film under

Apr. 2000

which no corrosion was found.
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1 INTRODUCTION

Cu-Ni alloys have been primarily used as tubes
for condensers and heat exchangers since they came
into practical use in 1950 s. As the alloys have excel-
lent corrosion and biofouling resistance to seawater,
their applications in marine engineering have been
rapidly developed. However, some early failure and
serious corrosion occasionally occur to CurNi alloys
during their service. Extensive researches have been
carried out mostly on chemical compositions, initial
surface films and environmental factors during their

[1~31 " Some measures, e. g. the addition of al

service
loy elements with certain content, surface pretreat-
ment and pre-formation of the film in clean seawater,
have ever been taken to prolong the service life of the
alloys to some degree. But the measures cannot com-
pletely prevent the early failure of the alloys.

By different heat treatment to obtain the mi
crostructures with homogeneous solid solution, con-
tinuous precipitates or discontinuous precipitates,
Drolenga et all*! notified the influence of microstruc
ture on the corrosion behavior of CurNi alloys. They
demonstrated that the corrosion resistance of the alloy
with discontinuous precipitate was distinctly low in
seawater. Since their processing parameters for the
alloys were far from those in industrial production, no
discontinuous precipitate could be observed even for
commercial CurNi alloys annealed at 450 C for

40, Some research verified that particles rich in
NrFe formed during slow cooling for 90Cu- 10Ni and
70Cuw30Ni alloys'®. Thus, it still needs to explore
how to eliminate and inhibit the occurrence of the dis-
continuous precipitates and correlate the processing
and corrosion of Cu-Ni alloys.

As shown in the author’ s previous work, the de-
formation and heat treatment can change the mi
crostructure of Cu-Ni alloys and so influence their cor

. . [7]
rosion resistance .

This paper is to investigate the
relationship of processing, microstructure and corro-
sion, applying deformation and heat treatment to
commercial CurNi alloy tubes and further comparing

their corrosion data and behaviors in seaw ater.
2 EXPERIMENTAL

2.1 Materials

Specimens were cut from commercial 70Cu-30Ni
alloy tubes, and their chemical compositions and pro-
cessing are listed in Table 1.

The microstructure of the specimen was observed
on an optical microscope ( Neophot 2, Denmark).
The volume fraction of recrystallization was ascer
tained by line analysis, i. e. four intersection lines in
the metallograph were chosen to form angle 45° by
each other. The ratio of the recrystallization per unit
length in the lines stands for the volume fraction of
recrystallization.
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Table 1 Chemical compositions and processing of 70Cu-30N1i alloy tubes
Specimen Chemical composition( mass fraction, %) Processing
A Ni29.58, Fe0.89, MnO. 89, Mehmg> Semr casting Pres%mg( 1020 C) Drawing—> Annealing
Si0.19, Co< 0.01, Ph0.0001, CuBal. Drawing(11%) Annealing( 550~ 600 C) 1h
. . Meltir_lg Semr casting Pre%%lng( 1020 C) ~ Drawi ing Anneahng
B Cu70.08, Ni28.72, Fe0.54, MnO. 66 Diswsng 219}  Anniedling( 350~ 600 1) 0.5k
y y . Meltmg> Semr casting Pres%lng( 1020 'C) ~ Drawi ing Anneahng
C Cu70.08, Ni28.72, Fe0.54, MnO. 66 Drawing(21%)  Annealing( 550~ 600 C) 1h
. Meltmg Semt casting Pres%lnng 020 C) Drawmv—)Annealing
D Cu70.08, Ni28.72, Fe0.54, MnO. 66 Drawing(32%)  Annealing( 650 C) 1h
E Ni29.51, Fe0.39, Mn0.78, Si0.07, Mehmg> gemrcastmg Pressing( 1040 C) Drawmg Annealing
Pb< 0.02, P< 0.03, CuBal. Drawing(24% ) Annealing( 550~ 600 C) 1h
F Ni30.08, Fe0.30, Mn0. 60, Si0.09, Pltmg> Semr casting Pre%%lng( 1040 C) Drawmg—) Annealing
Pb< 0.02, P< 0.03, CuBal. Drawing(28% ) Annealing( 550~ 600 C) 1h
G Ni29.39, Fe0.43, MnO0.85, Si0.09, Mehmﬂ Semr casting Pre%%mg( 1040 C) memg—> Anneahng
7 P< 0.03, Pb< 0.02, CuBal. Drawing(32% ) Annealing( 550~ 600 C) 1
H Ni30.79, Fe0.85, MnO. 87, Meltmg> Semr casting Presslng( 1040 C) Drawmg Annealing

P0.0001, CuBal

Drawing(35%) Annealing( 550~ 600 C) 1h

2.2 Electrochemical analysis

Specimens were polished to sandpaper No. 800
and rinsed by water, and then degreased by acetone
and dried by wind dryer. Table 2 lists the chemical
composition of corrosion medium, i. e. synthetic sea-
water, and S*~ ions were introduced to synthetic sea-
water (2% 10" ® g/L) by adding Na;S. The electro-
chemical experiments from cathodic to anodic polar
ization were carried out on Corrosion M easurement
System Model 351 ( Princeton Corp. US) and scan-
ning velocity was 10 mV/min. Cyclic polarization
curves were obtained from ®.( corrosion potential) —
100mV~ €.+ 150 mV and then reversed scanned to

?.— 50mV (scanning velocity was 10 mV/ min).

Table 2 Chemical composition of artificial seaw ater
(from Lyma and Fleming) 8]

Salt Mass/ g Salt Mass/ g
NaCl 23.476 NaHCO3 0.192
MgClL 4.981 KBr 0.095
Na,SOy4 3.917 H3BO; 0. 025
CaCl, 1.102 SrCl 0.024
KCl 0. 664 NaF 0. 003

Adding water to 1000g in total

2.3 Natural seawater exposure and corrosion pro-
duct analysis

Natural seaw ater immersion was in Qingdao Sea
water Corrosion Station (36003/ north latitude, and
12025 east longitude) and the main environmental
factors are listed as Table 3. Exposure was in full im-
mersion (1. 5~ 5. 0 m below seawater). Before im-
mersion in seaw ater, specimens ( d25 mm X 200 mm

X 1mm) were degreased by acetone and other organic

dissolvent and dried for 24h, and weighed on the bal-
ance with high precision to 1 mg twice. After immer-
sion, specimens were put into 10% H»SO4 solution to
remove the corrosion product, degreased and dried for
24 h, and then weighed on the balance with the same
precision as before. The corrosion rate can be calcu-
lated as follow formula:
Average corrosion rate= K W/( AtP) (mm/ a)

K —Constant, 3. 65 x 103; W —Loss of

mass, W= m A —Area of specr

w here
m

original — corrosion’
men, cm’; ¢ —Exposure time, day; P—Density of
specimen.

Immersed in natural seawater for different peri
ods of time, specimens formed corrosion product films

on their surface and the films were analyzed by SEM
and EDX.

3 RESULTS AND ANALYSIS

3.1 Microstructure

Specimen A with incomplete recrystallization
was composed of deformed and recrystallized grains
(Fig. 1).

plete recrystallization.

Both of specimen B and C displayed incom-
However, the grain size of
specimen C was a little bigger than that of specimen B
though the annealing time of specimen C is twice that
of specimen B. As increasing deformation to 32%,
specimen D is completely recrystallized ( Fig. 1(b)),
and so deformation has more effect on the microstruc
ture than the annealing time. Specimen E and F were
of incomplete recrystallization, whereas specimen G
and H of recrystallization ( Fig. 1(c)).
indicated finer grains than specimen D or H, and the

Specimen G

grain size of specimen H was almost the same but that
specimen G with fine grains demonstrated very differ-
ent grain size.
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Table 3 M ain environmental factors of Qingdao Seaw ater Corrosion Station

Salt Dissolved - Temperature/ C Flowing Tide half day
/(g*L™")  oxygen/(mLeL™") p High  Low Average  Velocity/(m*s b average tide difference/ m
32.23 5.57 8.16 27 1.1 13.6 0.1 2.7
- 80
- 120
- 160
>
£ -200
8-

Fig. 1 Microstructures of Cu-Ni alloy tubes
(a) —Specimen A; (b) —Specimen D; (c¢) —Specimen H

3.2 Electrochemical investigations in synthetic sea
water

The cyclic polarization curves for specimen B, C
and D in synthetic seawater with the addition of 2 X
10" ® g/L S* ions are shown in Fig. 2. Supposing
the initial potential and the potential ( reversal scan-
ning to where current is zero (/= 0)) were % and
®,, respectively, specimen B and C indicated low pit-
ting resistance since the oxide films formed by anodic
polarization were poorly protective for ¥,< ®.(specr
men B) or %= %(specimen C). The current density
of specimen D was high at first and rapidly decreased
when the potential reverse scanned, so the specimen
displayed more resistant to pitting for €> ., i e.
the oxide film by anodic polarization was more stable
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Fig.2 Cyclic polarization curves of

CurNi alloy tubes in synthetic seaw ater

containing 2 x 10” 6 g/ L S*
(a) —Specimen B; (b) —Specimen C; (c¢) —Specimen D

than that without the film. All the cathodic parts of
the specimens reached the oxygen diffusion limit cur-
rent.

Both the inner and the outer surface of specimen
E, F and G immersed in synthetic seawater for 20 d
were tested by electrochemical polarization ( Fig. 3
and 4). As to the cathodic polarization of the inner
surfaces (Fig.3(a)), specimen F had both the low est
corrosion potential and current density, which was
not up to oxygen diffusion limit current, and speci-
men E was similar to specimen F either in the cathod
ic or in the anodic polarization ( Fig. 3(b)). With the
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Fig. 3 Polarization curves of inner
surface of CurNi alloy tubes immersed in

synthetic seaw ater for 20d
(a) —Cathodic; (b) —Anodic

highest corrosion potential, specimen G showed the
rapid increase of cathodic or anodic current density,
which can be ascribed to the residual carbonaceous
film formed on the surface during processing. The su-
perior electronic and ionic conductivity of the residual
carbonaceous film has nearly no barrier for the elec
tronic transportation of the cathodic polarization or for
anodic dissolution and besides the potential of the film
is higher than the alloy substrate in seawater. Thus,
the alloy is accelerated to dissolve as an anode of cor-
rosion cells built between the alloy and the carbona
ceous film and so the initial corrosion product film is

[910] " With the increase of immer

porous and loose
sion time in synthetic seawater, the corrosion poten-
tial of Cu-Ni alloys shifted to negative for the reason
of the Ni enrichment in the surface corrosion product
film' """ 1 " As the cathodic polarization curves can re-
flect the electronic conductivity of the corrosion prod-
uct film formed on the surface, the corrosion product
films of specimen E and F were more resistant to the
electronic migration than that of specimen G during
corrosion since the former showed a lower electronic
conductivity. Both specimen E and F had passive
zones and their corrosion potential needed longer time
to return to the original value than that of specimen G

-8 -7 -6 -5 -4 -3 -2
1g(J/(Aem™2)]

Fig. 4 Polarization curves of outer

surface of Cu-Ni alloy tubes immersed
in synthetic seaw ater for 20d
(a) —Cathodic; (b) —Anodic
after cathodic polarization. Therefore, it verifies that
the corrosion product films for specimen E and F are
low in electronic conductivity, i. e. high resistance of
cathodic process and more resistant to the dissolution
of the anodic process. Specimen E displayed lower
current density and a narrower passive zone than
specimen F for anodic polarization. No passive zone
was observed in the anodic polarization curve and the
current density increased rapidly for specimen G.
Hence, the initial corrosion product film of specimen
G provided low resistance to the dissolution of the al-
loy.

From the polarization curves of the outer surface
(Fig. 4), specimen G kept the lowest current density
of the cathodic polarization and had a wide passive
zone in the anodic polarization curve. Consequently,
the immersion film formed on the outer surface was
low in ionic and electronic conductivity and so was
protective, and this was related to no residual car
bonaceous film on the outer surface. The current den-
sity of specimen E was high and increased rapidly e
ther in cathodic or anodic polarization, and there was
a peak in the cathodic polarization curve. Specimen F
kept betw een specimen E and G in the current density
of cathodic polarization and had a passive zone, which
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was not so wide as that of specimen G in the anodic
polarization curve. The polarization curves display the
corrosion resistance of the alloy tubes themselves since
there is no residual carbonaceous film formed on their
outer surface during processing. Both specimen F and
G can form protective corrosion product films, while
specimen E only forms the dissolvable corrosion prod-
uct film on the surface in seaw ater.

As to current peaks between the potential — 250
and — 350 mV for the inner surface of specimen G
and the outer surface of specimen E, Bjourndahl and
Nobe' ! speculated that the corresponding initial cor
rosion product was CuCl on the thermodynamics theo-
ry. Moreau''*! confirmed that the surface on the elec-
trode was CuCl by X-ray. Actually the distinct in-
crease of the current density demonstrates that some
species are involved in the cathodic process and so the
peak in the cathodic polarization curve results from
the reduction of CuCl. The rapid decrease of the cur-
rent density after the peak is called as “cathodic passi-
vation”, which is from the following reaction accord-
ing to Dhar et all .
CuCl; + e= Cu+ 2CI°

The other cathodic peak occurred at c. a. — 900
mV on the inner surface of specimen G and the posi-
tion of this peak should correspond to the potential of
the reduction of Cu,0!'%.

In the anodic process, the passive zone, i.e. the
formation of the film CuzO, shows the stability of the
surface film by means of its width. The formation of
the passive film enhances the resistance of ionic and
electronic migration, but the alloy tube without a
passive zone is in the active state and forms dissolv-
able compounds when exposed to seaw ater.

The polarization curves of the inner surface of
specimen A and H in synthetic seaw ater are shown in
Fig.5. The current density of the cathodic polariza-
tion for specimen H was lower than that for specimen
A and both had a passive zone in the anodic polariza-
tion curves, but specimen H demonstrated lower pas-
sive current density than specimen A. From the po-
larization curves of the outer surface (Fig. 6), the an-
odic current density of specimen H was lower than
that of specimen A. Also, specimen H had a passive
zone in the anodic polarization curve, whereas specr
men A kept active according to the anodic polarization
curve. The results of the inner surface should be in-
fluenced primarily by the initial surface and the effect
of the initial surface would disappear after corrosion
for a period of time.

3.3 Corrosion in natural seawater

After being immersed in natural seawater for 4
months (Fig. 7), the loose corrosion product film was
formed on the inner surface of specimen B and under
the film intergranular corrosion occurred. In regard to
specimen C, the outer layers were loose and porous
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Fig. 5 Polarization curves of inner surface of

CurNi alloy tubes in synthetic seaw ater

(a) —Cathodic; (b) —Anodic
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Fig. 6 Polarization curves of outer surface of

CurNi alloy tubes in synthetic seaw ater

(a) —Cathodic; (b) —Anodic
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Fig. 7 Corrosion morphologies of Cu-Ni alloy tubes immersed in natural seaw ater for 4 months
(a) —Specimen B; (b) —Specimen C; (c¢) —Specimen D

and the next layer scaled off. The next layer of specr
men D was rich in Ni, smooth and compact though
the outer layer was also loose. Fig. 8 displays the re-
sults of specimen A and H immersed in severely pol-
luted seaw ater and specimen E, F and G immersed in
clean seawater for 1,2 and 4a, respectively. The cor
rosion rates of specimen E and F seemed to be not
high, but their corrosion was serious from SEM ob-
servation and both had intergranular corrosion even if
they were exposed to clean seawater. Specimen G
showed low corrosion rate and the uniform and com-
pact surface film.
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Fig. 8 Corrosion data of CurNi alloy

tubes immersed in natural seaw ater

After immersion in seawater for 48 months,
specimen H showed the least corrosion and the thin,
uniform and compact corrosion product film was
formed on its surface (Fig.9(a)). By EDX analysis,
the film was rich in Ni and low in seawater species
and no corrosion was found under the film. In con-
trast, the corrosion rate of specimen A was high and
perforated after seaw ater exposure for 48 months. Al-
so. the corrosion product film was loose and corrosion
proceeded along certain boundaries between grains,
particularly even one whole grain or several grains fell
off for intergranular corrosion (Fig. 9(b)).

After 12 month immersion in natural seaw ater,
the corrosion characteristics of specimen E, F and G
were shown in Fig. 10. Some cracks existed on the
outer layer of specimen E and the size on grains was

very different where intergranular corrosion occurred
(Fig. 10(a)).
had cracks and serious corrosion could be observed
where the layer scaled off, and the whole surface kept
smooth and so no whole grain fell off though the size
of grains was different ( Fig. 10(b)). Specimen G
still kept the drawn residual carbonaceous film on the
outer surface and no alloy substrate could be observed

(Fig. 10(¢)).

For specimen F, the outer layer also

4 DISCUSSION

During the processing of CuNi alloy tubes,
drawing and pulling make the inner microstructure be
changed and especially the outer surface of the tubes
contacted with the drawing and pulling tool has
stronger deformation than the inner surface. As each
grain is forced differently and begins to deform not at
the same time since each one has its own particular
orientation, all grains must coordinate their neighbors
in deformation to keep the continuity of microstruc
ture. Dislocations augment and move during the de
formation of the alloy. If deformation is small, the
dislocation tangle forms for dislocation interaction
within grains. With the increase of deformation,
grains are composed of smaller zones (walls of cells)
divided by small angle grain boundaries, which con-
sist of three dimensional dislocation tangle web with
high density of dislocations''”'. When the pulling of
CurNi alloys is small, the deformation near the outer
surface is relatively bigger and so the number of dislo-
cation cells within grains increases and their size be-
comes smaller; while the deformation near the inner
surface is relatively smaller and so dislocation cells
within grains are fewer and bigger. In following an-
nealing, deformed grains are recrystallized and new
grains without strain form if their inner energy is up
to the driving force needed for recrystallization, e. g.
specimen H. If deformation is small, e. g. specimen
A, B, C, E and F, the density of dislocations is rela-
tively low but grains are different from one another.
Only grains near the outer or inner surface of the
tubes are recrystallized for their big deformation,
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Fig. 9 Corrosion morphologies of CurNi alloy tubes immersed in natural seaw ater for 48 months
(a) —Specimen H; (b) —Specimen A

Fig. 10 Corrosion morphologies of Cu-Ni alloy tubes immersed in natural seaw ater for 12 months
(a) —Specimen E; (b) —Specimen F; (c¢) —Specimen G

whereas grains whose energy is not up to the driving
force needed for recrystallization still keep in the orig-
inal strain state. In fact, even different parts within
one grain are not the same in deformation and it leads
some grains to be partly recrystallized.

In the past research, no attention has been paid
to the effect of deformation before heat treatment on
the final microstructure. From the above results of
CuwrNi alloy tubes, it is known that annealing time
has little effect on the microstructure at the same de-
formation. As deformation increases, the volume
fraction of recrystallization of the tubes increases and
so their microstructure becomes obviously homoge-
neous. Deformation has more impact on microstruc
ture, to some extent, than heat treatment does.
Thus, the proper coordination of deformation and
heat treatment can distinctly improve the corrosion
resistance by obtaining homogeneous solid solution at
the constant chemical composition. On the contrary,
the improper coordination of them results in inhomo-
geneous microstructure and even discontinuous precip-
itates on erain boundaries!™. As to CurNi alloys
with incomplete recrystallization consisting of de
formed and recrystallized grains, corrosion cells will
be built for different corrosion potentials between de-
formed ( high potential) and recrystallized (low po-
tential) grains in seawater. Consequently, corrosion
preferably proceeds along the boundaries between de-
formed and recrystallized grains since the distance of

electronic transportation on boundaries between is
shortest and so it leads to intergranular corrosion. On
the other hand, the corrosion of deformed grains and/
or along the boundaries is accelerated. The corrosion
product film of Cu-Ni alloy tubes with incomplete re-
crystallization forms by inhomogeneous way and so is
loose and porous. The original strain state including
residual stress and dislocations accelerates the ionic
diffusion and the occurrence of cracks of the corrosion
product film, so the film easily scales off for residual
stress. With the increase of the volume fraction of re-
crystallization, the homogeneity of microstructure in-
creases and so grain boundaries preferring to corrosion
become fewer. Besides, the decrease of residual stress
and dislocation density slows the dissolution of the al-
loy and the uniformity and compactness of the corro-
sion product film increase. Therefore, the protective
corrosion product film will form on the surface of re-
crystallized CurNi alloy tubes in seaw ater.

S CONCLUSIONS

1) Deformation has more impact on the final mr
crostructure of CurNi alloy tubes than the annealing
time does. The alloy tubes are recrystallized if defor-
mation is over 32%, and annealing at 550~ 600 C
for 1h.

2) As the volume fraction of recrystallization in-
creases, the homogeneity of the microstructure of Cu-
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Ni alloy tubes increases and the passive zone of anodic
polarization becomes wider and the corrosion rate
slows down in seaw ater.

3) The initial surface film of Cu-Ni alloy tubes
can influence the formation and protective characteris-
tics of the corrosion product film. The residual car
bonaceous film on the inner surface of the tubes dur-
ing processing accelerates the dissolution of the alloy
for the good electronic conductivity and the difference
of potential betw een the carbonaceous film and the al-
loy substrate and results in the formation of the loose
corrosion product film.

4) Immersed in natural seaw ater for a long pert
od of time, e.g. 48 months, Cu-Ni alloy tubes with
incomplete recrystallization corrode to be perforated
and display intergranular corrosion since corrosion
cells build up between deformed and recrystallized
grains for their difference of corrosion potentials and
electronic transportation being the shortest way along
grain boundaries, while the uniform and compact cor-
rosion product film forms on recrystallized alloy tubes
for the uniformity of microstructure in seaw ater.
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