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Abstract: Due to their good corrosion resistance in sea-
water, tubes, rods, and forgings made from copper-nickel
alloys (Cu-Ni) are widely used in ship building, offshore
platforms, desalination plants, and numerous other appli-
cations. Welding is a major technology for joining this ma-
terial. Since the microstructures of base material, weld
seam, and heat affected zone may be quite different, the
consequences with respect to corrosion must be consid-
ered. In this study the influence of microstructure on corro-
sion behaviour was investigated using welded test coupons
of CuNi10Fe1.6 Mn, as-welded and after heat-treatment, by
metallographic examination and electrochemical corrosion
tests in synthetic seawater.

Keywords: Copper-nickel alloy, Weld, Corrosion tests,
Synthetic seawater

Einfluss von Warmebehandlungen an geschweif3ten CuNi
Blechen auf das Korrosionsverhalten in Meerwasser

Zusammenfassung: Aufgrund ihrer guten Korrosions-
bestandigkeit in Meerwasser werden Rohre, Stangen,
Schmiedesttlicke aus Kupfer-Nickel-Legierungen (Cu-Ni) im
Schiffsbau, auf Erdol-Bohrplattformen, in Meerwasserent-
salzungsanlagen und zahlreichen anderen Anwendungen
eingesetzt. Dabei ist SchweilRen eine wesentliche Techno-
logie zum Flgen. Da sich die Geflige von Grundwerkstoff,
Schweil3naht und Warmeeinflusszone stark unterscheiden
kénnen, muss die Auswirkung auf Korrosion bertcksich-
tigt werden. In diesem Beitrag wurden der Einfluss des
Gefliges auf das Korrosionsverhalten von geschweil3ten
Probestiicken aus CuNi10Fe1.6Mn im Ausgangszustand
und nach Warmebehandlung durch Metallographie und
elektrochemische Korrosionspriufungen in kinstlichem
Meerwasser untersucht.
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1. Introduction

Copper-nickel alloys (Cu-Ni) have been in extensive use in
seawater applications for many years. These materials of-
fer a good corrosion resistance and excellent antifouling
properties [1]. The addition of nickel to copper improves
the resistance against uniform and pitting corrosion and
increases the mechanical strength of the alloys [2-5]. The
higher corrosion resistance of Cu-Ni alloys is attributed to
the fact that nickel ions are incorporated in the Cu20 barrier
layer formed, which leads to a reduced ionic conductivity
in the Cu20 and thus to a higher corrosion resistance [6].
In the presence of CO2 in the medium, other reactions and
formation of carbonates take place [7].

It has been shown that, with increasing Ni content up to
30%, the resistance of Cu-Ni in acidic chloride solutions in-
creases. However, with an even higher Ni content, a reduc-
tion in the corrosion resistance of Cu-Ni alloys is observed
[8]. In alkaline solutions containing chloride, nickel con-
tents above 10% deteriorate the pitting corrosion resistance
[2]. In general, the corrosion resistance of copper nickel
alloys decreases with chloride concentration and temper-
ature [3, 6, 9-11]. The addition of some iron to Cu-Ni al-
loys was found to further improve the corrosion resistance
against seawater [12].

The aim of this contribution is to investigate the corro-
sion behaviour of iron containing alloy type 90/10 Cu-Ni
sheets welded with 80/20 Cu-Ni filler metal in synthetic sea
water. Manufactured as tubes, this material is extensively
applied as cooling water pipes for ship engines, transport-
ing sea water from the intake to the coolers where the heat
exchange to the fresh water filled secondary cooling circuit
takes place. The temperature and pressure of these lines
range from 11 to 20°C and from 7 to 11 bar, respectively. In
order to estimate the influence of the heat-affected zone,
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TABLE 1
Chemical composition (wt. %) of the CuNi10Fe1.6 Min sheets (batch analysis from the producer)

Cu Ni Mn Fe C S Pb P Zn Zr
Balance 10.4 0.80 1.69 0.0063 0.0025 0.0054 0.0082 0.0105 0.0001

some samples were also subjected to various heat treat-
ments.

2. Experimental
2.1 Specimen Preparation

Welded sheets of CuNi10Fe1.6 Mn (according to DIN WL
2.1972) with a thickness of 3mm were achieved by cutting
from a tube of 152 mm diameter carrying a circumferential
weld. The weld filler was CuNi20 (Mat. No. 2.0822 accord-
ing to DIN 17664), and a two-pass TIG (tungsten inert gas)
process under argon (5-10L/min) was applied. The alloy
composition of the parent material (sheet) according to the
batch analysis from the producer is provided in Table 1.

These as-received samples were 70 by 40mm? in size
with the 40mm long weld seam in the middle. Some sam-
ples were subjected to heat treatments in a tube furnace in
an argon atmosphere to prevent oxidation. A first anneal-
ing occurred at 700°C for 4 h, followed by water quenching.
Some of these samples were annealed in a subsequent step
at 200°C for 12, 50, or 100 h, respectively.

As-received and heat treated samples were cut perpen-
dicular to the weld seam into 3mm wide and 25mm long
slices with the weld in the middle position. These spec-
imens were used for metallographic investigation of the
cross section and for electrochemical corrosion tests.

2.2 Metallographic Investigation

The sectioned specimens were warm mounted in phenolic
resin. The metallographic preparation was with 320 grit SiC
paper for plane grinding, followed by fine grinding and pol-
ishing with 9, 3, 1 um diamond suspensions and finally with
a 0.05um alumina suspension. To reveal the microstruc-
ture, a cupric ammonium chloride (NHa4)2CuCls-2H20-solu-
tion was used [13].

Metallographic investigations were performed using
a light optical microscope (LOM) and a FEI QUANTA 200K
scanning electron microscope (SEM), equipped with en-
ergy dispersive X-ray analysis (EDX). SEM-images were
acquired in back scattered electron (BSE) mode.

2.3 Electrochemical Corrosion Testing

The sectioned specimens were ground with a 600 grit SiC
paper for electrochemical corrosion testing. The electrolyte
was synthetic sea water (SSW) according to DIN 50905-4,
which was prepared by dissolving the respective amounts
of NaCl, NaHCO3, Na2S04, MgCl2-6H20, and CaCl2-2H20 in
deionized water.

The tests were carried out under potentiostatic control
in a cylindrical container (approx. 30cm in diameter) filled
with 61 of SSW. A cylinder made from a stainless steel
mesh was placed inside along the container wall, serving
as a counter electrode. A silver/silver chloride electrode
(SSE, 0mVsse=+198mV vs. the standard hydrogen elec-
trode, SHE) served as a reference electrode and was in-
serted from top in the centre of the container.

For each test, four specimens acting as working elec-
trodes were electrically contacted by clamping to suitably
bent stainless steel wires and placed symmetrically around
the reference electrode inside the container. It should be
noted that the contacting wires remained passive through-
out the tests and the crevice effect at the points of contact
was kept negligible by minimizing the area of contact.

The four specimens were polarized to -150, —100, -50,
and 0mVssg, respectively, controlled by a multichannel
potentiostat (Octopoti, home-made [14]) hooked to a data
acquisition system for logging the individual currents
throughout the test duration of 70h. The total currents of
the specimens (all very close to 3.2cm? surface area) are
presented here, since calculating the current density may
be misleading due to the heterogeneous character of the
surface (weld/heat affected zone/base metal).

After the tests, the morphology of surface attack and the
corrosion products were assessed by a 3D-digital micro-
scope (3D-DM, Keyence) and SEM in BSE mode.

3. Results and Discussion
3.1 Characterization of the As-received Material

An overview of the two-layered weld seam joining two
sheets of parent material is presented as cross section in
Fig. 1a.

A banded structure characteristic for rolled material can
be seen in the parent material, which may be traced back
to local differences in the Cu:Ni ratios [12] revealed by the
etching (Fig. 1b, c).

In the area of the weld seam, dendritic solidification
structures are visible (Fig. 1d, e). SEM-EDX analysis data
from the sheet metal (on the left in Fig. 1f) and weld (on
the right in Fig. 1f) are provided in Table 2 for compari-
son. These data confirm that the filler material with approx.
20wt. % Ni has a significantly higher Ni content than the
sheet material.

The transition between sheet metal and weld seam is
very fine-grained, and the grain boundaries in the heat-af-
fected zone next to the weld are more strongly attacked by
etching than in the parent sheet metal (Fig. 1g, h). The lat-
ter may be attributed to elevated Ni concentration in the
grain boundaries, introduced during welding by the diffu-
sion from the filler metal more rich in Ni.
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Fig. 1: As-received welded sheets, aoverview, b, ftransition from parent metal to weld seam, ¢ parent metal, d, e weld, g, h heat affected zone (etchant:

(NH4)2CuCls.2H20-solution). a—e, g, h LOM. f SEM

3.2 Microstructural Changes During the Heat
Treatments

For comparison, the views of the microstructures of all sam-
ples are compiled in Fig. 2. After heat treatment for 4h at
700°C, the banded structure appears much weaker com-
pared to the as-received sample, but the shape and size of
the equiaxed grains did not change.

Subsequent annealing at 200°C leads again to a banded
and well defined microstructure after 12 and 50h, while,
with an increasing annealing time, the visibility of the grain
boundaries fades away in comparison to the as-received
sample. The bands appear more continuous after 50h,
but after 100h they have almost disappeared again and
equiaxial grains dominate the microstructure. It is unclear

TABLE 2

SEM-EDX analysis data (wt. %) from a metallograph-
ically prepared as-received sample (Fig. 1f)

Cu Ni Mn Fe
Sheet 86.6 10.2 1.1 2.0
Weld 75.8 215 1.5 1.3

whether this effect is related to the solution heat treatment
and a subsequent formation of kappa-micro-precipitates as
observed and reported by Drolenga et al. [12]. In general,
annealing results in a slight coarsening of the grain size in
the parent metal.

At the weld seam, the microstructure observed in the
as-received material disappears partially after annealing at
700°C for 4h, and epitaxial growth along inter-dendritic
bands occurred as consequence of the variations in the
thermal gradient during quenching. After further anneal-
ing at 200°C for 12 and 50h, zones free of dendrites and
areas with shorter dendrite arms appear, while after 100h,
an almost full recovery of a homogeneous, equiaxed, and
branched dendritic microstructure is observed.

3.3 Electrochemical Corrosion Tests

The recorded current-time traces of the specimens from
the as-received material tested potentiostatically in SSW at
the selected potentials are presented in Fig. 3 in linear and
logarithmic scaling. The shape and basic features of these
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4h 700°C, 50h 200°C 4h 700°C, 12h 200°C 4h 700°C

4h 700°C, 100h 200°C

Fig. 2: Microstructures of parent metal and weld of the as-received and the heattreated samples. (etchant: (NH4)2CuCl4-2H20-solution)
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Fig. 3: Currentsrecorded during potentiostatic corrosion testing of the
as-received samplein SSW, in linear (a) and logarithmic (b) scaling

curves are also representative for the data received from
the heat treated samples.

For the test potential of —-150 mVssg, low cathodic cur-
rents from reduction of the oxygen dissolved in and dif-
fusing into the electrolyte were established, while, at
-100mVssg, an anodic current of metal dissolution was ob-
served. We may conclude that the free corrosion potential
must be between these two test potentials.

For the most anodic test potential, i.e. 0mVssg, a rather
high current of almost 6mA is established by the blank
metal at first contact with the electrolyte. Due to formation
of a more or less protective layer of corrosion products,
the current drops rapidly and levels off at approximately
2mA after 10h, being quite constant for the rest of the ex-
periment, i.e. up to 70h. Spontaneous current peaks, here
visible after 30 and 45 h, are related to the flaking off of parts
of this porous and mechanically unstable layer.

Just 50mV below the most positive testing potential,
i.e. at -50mVssg, the corrosion behaviour of the material
is quite different. Although the initial current of more than
1mA appears relatively high, it drops rapidly within the first
few hours and continues with a still declining trend after
70h, being approximately 1 order of magnitude lower than
the current observed at 0 mVssg at thattime. These observa-
tions are related to the relatively passive behaviour of cop-
per alloys in seawater up to a critical potential, above which
high corrosion rates are found. In this case, we may con-

0mVggEg
6
5
4
= 2]
Ezs
3
=" 2
1
0
a 5 min 35 hrs 67 hrs
Rl - -
1,4 [ as received
] [—1700°Cl4h
1,2 - [__1700°C/4h + 200°C/12h
1 1 700°C/4h + 200°C/50h
[ 700°C/4h + 200°C/100h

17 hrs

b 5 min 35 hrs 67 hrs

Fig. 4: Anodiccurrents observed at differenttimes of potentiostatic cor-
rosiontestsin SSW at0 (a) and-50 (b) mVssE forthe as-received and heat
treated samples

clude that this critical potential falls in the potential range
between -50 and 0 mVssk.

For a comparison of the data from all the samples, the
currents observed at selected times (5min, 35 and 67h, re-
spectively) have been compiled in Fig. 4 for the two most
anodic test potentials. At 0mVssg, the as-received and the
heat treated samples exhibit a very similar behaviour. The
drop of the initial current leads to very similar values for all
samples after 35h and after 67h. All the currents are still
high and fall in the narrow span of 1.0-1.3 mA, with the max-
imum value from the as-received and the minimum from
the sample annealed at 200°C for 50 h, respectively.

At the test potential of =50 mVssg, the decay of currents
from the high initial values appears much faster. After 17h,
the sample annealed at 200°C for 50 h established a signifi-
cantly lower anodic current compared to the other samples.
This trend continues steadily with time, and, after 67 h, the
lowest anodic current is observed for the sample treated
at 200°C/50 h (+10 yA), while the highest current (+70 yA) is
delivered by the as-received sample.

3.4 Characterization of the Corroded Surfaces

After the corrosion tests, an examination by means of 3D-
DM was carried out and views of all samples are compiled
for a comparison for selected test potentials in Fig. 5. For
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4h 700°C, 50h 200°C 4h 700°C, 12h 200°C 4h 700°C as-received

4h 700°C, 100h 200°C

Fig. 5: Surface inspection by 3D-DM: Specimens after the corrosion testsin SSW for 70 h at—150 and 0 mVssg

the lowest potential (-150 mVsse), due to the cathodic state,
no material loss is visually observed, but a brown discol-
oration occurred at the sheet and weld with a varying in-
tensity, strongly depending on the heat treatment.

For the specimens polarized to the most anodic potential
(0mVssg), however, an intense corrosion attack has been
observed. On the as-received specimen, left patches of
brown corrosion products indicate that just loosely adher-
ing layers have formed during the test. In the SEM-BSE
view (Fig. 6), the surfaces of the weld seam and sheet metal
appear very similar, i.e. no selectivity in the attack is ob-
served.

On the sample annealed for 4h at 700°C, the brown col-
orations are similar, but bright areas appear in the weld
seam. In SEM-BSE view, the surface of the sheet appears
darkerthanthe weld seam, indicating a rather uniform layer

of corrosion products on the sheet, while the weld seam
is rather blank. Spots of corrosion products appear in the
transition zone from parent metal to weld seam.

The dendrites in the weld seam, which are rich in cop-
per and form first during the solidification process, appear
more severely attacked than the nickel-rich inter-dendritic
areas.

The different annealing times at 200°C result in a similar
picture, with the sheet metal surface appearing evenly dark
brown and bright areas appearing in the weld seam. With
an increasing annealing time, the effects of the dendrites
and the inter-dendritic phase decrease in the weld seam.
This may be explained by the diffusion-driven equalization
of concentration gradients.

Berg Huet m h (2021), 166. Jg., Heft 9
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Fig. 6: Observation by SEM in BSE mode: Surfaces of the specimens after the corrosion testat 0 mVssg in SSWfor70h
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4. Discussion

The investigated joint of parent material (CuNi10Fe1.6 Mn)
and weld filler made from a different alloy (CuNi20) is an
inhomogeneous material, and consequences for the cor-
rosion behaviour are to be expected. Moreover, the two-
pass-weld itself is of an inhomogeneous structure due to
the precipitation effects during solidification. Copper rich
dendrites are formed first and the inter-dendritic alloy is
enriched in nickel. During the corrosion in synthetic sea-
water, the copper rich dendrites extending to the surface
of the weld seam corrode preferentially. However, after
the dissolution of these surface-near dendrites, since they
are surrounded by the nickel-rich inter-dendritic phase, the
corrosion at the weld seam will cease and the further cor-
rosion process will be dominated by a dissolution of the
parent metal. The heat affected zone was found rather nar-
row and did not exhibit any particularly different corrosion
behaviour.

The free corrosion potential of the investigated samples
was found to be in the interval =150 to —100mVssg and,
at some critical potential, between -50 and 0 mVssg, a sig-
nificant transition in the corrosion behaviour occurs. At
potentials below this critical value, passivation takes place,
however slowly, and this process is not yet completed even
after 3 days. This is typical for copper alloys with their
sluggish reaction kinetics, and which is more conveniently
assessed by potentiostatic rather than by potentiodynamic
experiments. By contrast, at potentials more positive than
the critical value, a rather active corrosion takes place and
a kind of steady state corrosion rate is established within
a couple of hours by the formation of a moderately protec-
tive layer of corrosion products. From a practical point of
view, this transition in corrosion behaviour must be taken
into account when galvanic couples with metals with high
free corrosion potentials, like stainless steel or titanium, are
considered in a system.

The heat treatments performed in this study mainly equi-
librated concentration gradients in alloying elements in the
weld seam by diffusion. In comparison to the as-received
material, annealing at 700°C for 4h followed by 50h at
200°C improved the passivation process at the test po-
tential of -50mVsse remarkably in terms of kinetics and
passive current, while the effect on the trans-passive be-
haviour assessed at 0mVsse was not significant. The im-
proved behaviour in the passive range seems to correlate
with the appearance of the banded microstructure in com-
bination with the disappearance of the micro-precipitates
in the grain boundaries of the sheet metal. Annealing at
700°C for 4h followed by 100h at 200°C did not improve
the corrosion behaviour significantly compared to the as-
received sample, which coincides with the disappearance
of the banded structure and reappearance of the marked
grain boundaries.

5. Conclusions

The investigated welded joint made of a sheet of alloy
CuNi10Fe1.6 Mn and a weld filler corresponding to CuNi20

is an inhomogeneous material, macroscopically by the dif-
ferent nature of the parent metal and weld seam and micro-
scopically due to precipitation effects during solidification
of the weld.

Potentiostatic corrosion tests in synthetic seawater with
as-welded and post-welding heat treated samples indicated
a passive range ca. 100mV wide for all samples. Even af-
ter 3 days, the passivation process continues with the pas-
sive current still dropping. Among the various heat treat-
ments, annealing at 700°C for 4h, quenching and further
annealing at 200°C for 50 h resulted in the lowest passive
current, while extending the second annealing to 100h re-
established the corrosion behaviour of the as-received ma-
terial. Basically, the applied heat treatments equilibrated
the concentration gradients in the alloying elements and
possibly had some effect on the micro-precipitates.

Atthe applied test potential in the transpassive range, no
significantinfluence of the heat treatments on the corrosion
behaviour was found. In the beginning, corrosion attacks
preferentially the surface-near copper rich dendrites in the
weld. However, this process ceases due to the Ni-rich inter-
dendritic phase being more corrosion resistant. Further cor-
rosion then is dominated by the uniform dissolution of the
parent metal, controlled by a moderately protecting layer
of corrosion products. No particular corrosion effect was
observed at the narrow heat affected zone.

It may be concluded that a well-controlled thermal treat-
ment of welded CuNi10Fe1.6 Mn may potentially improve
the corrosion behaviour in the passive operating range of
the alloy in seawater.
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