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Minor Fe additions are widely added to enhance the corrosion resistance of cupronickel alloys. The present
paper aims at optimizing the amounts of Fe in Cu;o(Ni,Fe)s (at.%) alloys using a cluster-plus-glue-atom
model for stable solid solutions. By this model, it is assumed that one Fe atom and 12 Ni atoms formed
a Fe-centered and Ni-surrounded cube-octahedron cluster and the isolated FeNi, clusters embedded in
a Cu matrix. The stable solid solution alloy composition of Fe-modified Cu;oNiso alloy was described by
a cluster formula [FeNiq3]Cusgs = CuyoNiy; 7Fes s (at.%). The effect of homogenizing annealing treatment
on the microstructure and corrosion resistance was also investigated by XRD, TEM and electrochemical
corrosion measurements. The corrosion test indicates that the Cu;oNi,77Fe; 3 alloy annealed at 800 °C for
5 h possesses the best corrosion resistance in 3.5% NaCl solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The 70/30 Cu-Ni alloys are widely employed as heat exchanger
tube and vessel materials due to their good resistance to seawa-
ter corrosion [1-3]. The addition of minor Fe to Cu-Ni alloys was
found to be particularly beneficial to enhance the corrosion resis-
tance, and a synergistic effect of Ni and Fe on sea water corrosion
behavior was also found [4-6]. The Fe-Ni precipitates deteriorate
the corrosion performance when the Fe content exceeds 2 at.% in
the Cu-Ni alloys containing 10 wt.% Ni [7-8]. It was demonstrated
that the mechanical properties of Cu—Ni alloys were influenced by
heat treatment [9-10]. Although much research has been devoted
to the corrosion behavior of Cu-Ni alloys in seawater, the Fe con-
tents in CuygNisg alloys and the influence of annealing treatment on
the microstructure and corrosion behavior of Cu-Ni alloys remain
unresolved.

The aim of the present investigation was two-fold, first to the-
oretically optimize the Fe levels in CuygNi3q alloys from the view
point of an atomic cluster structure model for stable solid solu-
tion, and second to experimentally investigate the effect of the heat
treatments on the microstructure and the corrosion resistance of
Cu7o(Ni,Fe)sp (at.%) alloys.

2. Composition design

In an alloy containing elements with negative enthalpies of
mixing (AH<0), dissimilar atoms tend to form nearest neigh-
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bors and the resultant nearest neighbor local atomic environments
are characteristic of this alloy structure. These nearest neigh-
bor coordination polyhedra, called atomic clusters in the present
paper, have been used to explore the composition rules of metal-
lic glasses and quasicrystals [11-12]. For instance, a Cu-centered
CugZrs icosahedron, derived from a devitrification phase CugZrs,
explains a series of Cu-Zr-based metallic glasses. It was then pro-
posed that compositions with high glass-forming abilities satisfied
a simple and universal formula (cluster);(glue atom)y, x~ 1 or 3.
This cluster-based description, termed the cluster-plus-glue-atom
model, suggests a new way of understanding atomic structures:
a metallic glass can be viewed as a random and dense packing
of a certain cluster glued with one or three third element situ-
ated in the interstitial sites between the clusters. Such an idea is
essentially similar to Miracle’s sphere packing scheme for metal-
lic glasses [13], where atomic clusters centered by primary solute
atoms are densely packed in a face-centered-cubic-like (FCC-like)
structure for CN > 12 clusters, CN being the coordination number
of the clusters.

The very same idea can be generalized to solid solutions com-
posed of elements showing negative enthalpies of mixing. A solute
atom should be preferentially surrounded by the solvent ones.
The solid solution structure can be viewed as random packings of
solute-centered and solvent-surrounded clusters. This constitutes
a unique structure description alternative to the conventional unit
cell one. Only the nearest neighbor interactions are involved in this
simplified scheme.

The atomic size differences of Cu, Ni, and Fe are negligibly small
so that any chemical effect can be easily manifested as resulted
from enthalpies of mixing. Cu and Ni atoms show a small positive
enthalpy of mixing (AHc,_nj =4 kJ/mol [14]). A relatively large and
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Fig. 1. Cluster-plus-glue-atom model of FCC Cu-Ni-Fe solid solution alloys, (a)
Fe;Niy2 cube-octahedral cluster, (b) FeNij, clusters embedded in a Cu matrix.

positive enthalpy of mixing between Cuand Fe (AHcy_ge = 13 kJ/mol
[14]) indicates that Cu tends to separate from Fe upon mixing.
Fe and Ni, however, exhibit a small negative enthalpy of mix-
ing Hga_nj = —2 KJ/mol [14]. They are miscible at all proportions at
high temperatures, but undergo a eutectoid reaction at low tem-
peratures. Therefore, Fe—Ni dissimilar bonding is preferred against
Fe-Fe and Ni-Ni ones in the Fe-Ni FCC solid solutions, which pro-
motes the Fe-Ni-type short-range order. In the ideal case, one
Fe atom would be screened completely by 12 solvent Ni atoms,
forming cube-octahedron Fe;Niy, (Fig. 1a). In order to avoid the
occurrence of any longer-range ordering Ni-Fe-Ni-Fe, ... in the
lattice that eventually leads to the FeNi3 phase, the FeNi, clusters
would not allow any sharing with their neighboring clusters and
this is the case of the solid solubility at which the Fe/Ni proportion
is the same as the cluster itself, viz. Fe:Ni=1:12. In another paper,
we illustrated how our cluster structure model is applied to analyze
the solubility of Fe in Fe-modified Cu;gNi3g FCC stable solid solu-
tion alloy [15-16]. The overall atomic structure of the Cu-Ni-Fe
FCC substitutional solid solution is thus viewed as Fe-centered and
Ni-surrounded FeNi;; cube-octahedra embedded in Cu matrix as
shown schematically in Fig. 1b.

From the above analysis, The stable solid solution composition
of the Fe-modified Cu;gNis3q alloys is described by Cu;gNiy77Fe; 3
(at.%), or in cluster formal [Fe;Niq]|Cusg3. The Fe content of 2.3%
(or 2.1wt.%) is within the Fe content range of 0.4-2.3wt.% for
commercial alloys such as Cu-30%Ni-1%Fe [UNS C71500] and
Cu-30%Ni-2%Fe [UNS C71640] [17].

3. Experimental
3.1. Materials preparation

Fe-modified Cu;oNi,77Fe; 3 alloy was prepared by arc melting in a water-chilled
copper crucible under an argon atmosphere. The metal purities are 99.99 wt.% for
Cu, 99.99wt.% for Ni and 99.99 wt.% for Fe respectively. The initial vacuum level
in the chamber was about 5 x 103 Pa. The ingots were annealed for 5h at 1000,
900, 800, 700 and 600°C in an annealing furnace, and subsequently quenched in
water.

3.2. Materials characterization

Phase identification was carried out by means of XRD (Cu Ko radiation,
) =0.15406 nm). The standard twin-jet electrolyte thinning was employed to pre-
pare TEM specimens. The sample thinning processes were accomplished in a bath
containing 75% CH3OH and 25% HNOs (volume fraction) at —40 °C. TEM observations
were carried out on a TECNAI G20-STWIN TEM operated at 200 kV.

Corrosion resistances in a 3.5% NaCl solution were measured to simulate the sea
water corrosion. Electrochemical measurements were performed in a typical three-
electrode electrochemical cell with saturated calomel as the reference electrode and
a platinum sheet as the counter electrode at room temperature.

Fig. 2. XRD patterns of CuzoNiy7Fe; 3 alloy annealed at different temperatures.

The weight loss method was used to evaluate the general corrosion behavior.
Samples for immersion test were first ground with SiC papers and then polished.
The as-polished samples were ultrasonically cleaned for the subsequent weight loss
tests. The samples were immersed in a 3.5% NaCl solution at room temperature for
different times. The sample weights before and after corrosion were measured with
anaccuracy of +£5 x 104 g. Corrosion rates were calculated from v = (wy — w»)/(D x
S x t), where v is the corrosion rate (wm/h), D the density of the alloy (gcm~3), S the
area of specimen surface (cm?), and t the immersion time (h).

4. Results and discussions
4.1. Microstructure

The microstructure is first analyzed by XRD measurement. Fig. 2
shows the XRD patterns of the Cu;gNiy77Fe, 3 alloy as cast and
annealed at different temperature for 5h and then quenched in
water. The XRD patterns can be indexed by an FCC solid solution
alloy structure. As compared with the diffraction peak positions of
pure Cumetal, the peaks of these solid solution alloys shift to higher
diffraction angles, indicating solid solution of Fe and Ni in Cu.

In order to reveal the microstructure influenced by the heat
treatments, the Cu;(Ni,Fe)sq alloy was analyzed by SEM and TEM.

The SEM micrographs of the Cu;gNiy77Fe, 3 alloy annealed at
600-1000°C are shown in Fig. 3. The as-cast alloy presents a typi-
cal dendrite structure as shown in Fig. 3(a). The examinations of the
sample annealed at 1000 and 900 °C and then quenched in water
revealed a single phase, but with grain sizes ranging from 100 to
400 pm as shown in Fig. 3(b) and (c), and the dendrite microstruc-
ture has disappeared. This inhomogeneous grain size distribution
is typical of a recrystallization structure during the cooling pro-
cess. The examinations of the sample annealed at 800, 700 and
600°C and then quenched in water revealed a macroscopically
homogeneous single-phase structure, with much narrower grain
size ranges, about 150 m, as shown in Fig. 3(d)-(f).

Fig. 4 shows bright-field TEM images and selected area diffrac-
tion patterns of the CuygNiy7;;7Fe; 3 alloy annealed at 1000, 800
and 600°C for 5h and then quenched in water (the structure
of the 900°C-annealed sample is similar to that of 1000°C and
is not shown). Though a single-phase solid solution structure
is always retained, significant fluctuation contrasts of unknown
origin appear in both the high temperature (1000 °C) and low tem-
perature (600 °C) samples, and such inhomogeneous structures are
related to negated corrosion resistance performance of these sam-
ples in comparison with the 800 °C-annealed one as will be shown
in the next section.
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Fig. 3. SEM micrographs of CuzoNiy;7Fe, 3 alloy as cast (a), annealed at 1000 °C (b), 900°C (c), 800°C (d), 700°C (e) and 600 °C (f).

4.2. Corrosion measurement

Based on the above XRD and TEM structural analysis, it is con-
cluded that it is a single homogeneous phase for the Cu;gNi,7 7Fes 3
alloy annealed at 800-900°C for 5h and then quenched in
water, to contrast with the 1000 °C-annealed sample possessing
a recrystallization-like structure and with the lower temperature-
annealed samples showing a possible spinodal decomposition
tendency. In the following, the corrosion resistance results are pre-
sented to reveal the corrosion performances as influenced by the
heat treatments.

Fig. 5 shows room-temperature potentiodynamic polarization
curves of the CuygNiy77Fe; 3 alloy annealed at different tempera-
tures and then quenched in water. To further quantitatively study

the polarization curves in Fig. 5, a plot was analyzed by Tafel extrap-
olation. Parameters such as cathodic (B¢) and anodic (8,) Tafel
slopes, corrosion current density (icorr) and corrosion potential
(Ecorr) were calculated and tabulated in Table 1.

Fig. 6 shows the variations of corrosion current density icorr
and corrosion potential Ecorr of CuzgNiy77Fes 3 stable solid solu-
tion alloy as a function of the annealed temperature. The icorr Of
as-cast Cu;gNiy; 7Fe; 3 alloy is 178.1 wA cm—2. However, it sharply
decreases to 10.9 wA cm~2 for the CuyNiy7 7Fe, 3 alloy annealed at
800°C for 5 h, which exhibits the lowest icorr and the highest Ecorr
value nearly and shows the best corrosion resistance.

The corrosion resistances changes of Cu;oNiy77Fe; 3 alloy can
be partly explained using the microstructure evidence revealed by
SEM and TEM. The homogeneous 800 °C-annealed Cu;gNiy77Fe; 3
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Fig. 4. TEM images and selected area diffraction patterns of Cu;oNi,77Fe, 3 alloy annealed at 1000 °C (a and b), 800°C (c and d), and 600 °C (e and f).

Fig. 5. Comparison of potentiodynamic polarization curves of the Cu;oNiy;;Fez3 Fig. 6. Variation of corrosion current density and corrosion potential vs. heat treat-
alloy in 3.5% NaCl. ment temperature.
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Table 1
Tafel analysis of polarization curves of the CuzoNiy7 7 Fe, 3 alloy in 3.5% NaCl solution
obtained by fitting the curves in Fig. 5.

Anneal Ecorr (V) icorr ﬁa ﬂc
temperature (pAcm=2) (Vdec™) (Vdec™)
As cast -0.241 178.1 0.233 —-0.154
1000°C —0.181 343 0.194 -0.139
900°C -0.162 30.7 0.156 -0.143
800°C -0.137 10.9 0.126 —0.141
700°C -0.157 453 0.172 —-0.132
600°C -0.184 75.51 0.195 -0.125

Fig. 7. Static immersion corrosion rates vs. heat treatment temperature.

solid solution alloy possesses the best corrosion resistance. The
corrosion resistance of the sample annealed at other temperatures
decreases probably owing to the fluctuation-like inhomogeneities.

Fig. 7 shows the static immersion corrosion rates of all alloys
annealed at different temperatures in the 3.5% NaCl solution for
240h. It can be seen that the corrosion rate decreases with the
increase in annealing temperature up to 800°C, followed by an
increasing trend. The Cu;oNiy7 7Fe; 3 alloy annealed at 800 °C and
then quenched in water has the best corrosion resistance in the
3.5% NaCl aqueous solution. This is in agreement with the results of

electrochemical measurements. The corrosion rate decreases with
the annealing temperature due to the difference in microstructure.
The average corrosion rate of the Cu;gNiy7 7Fe; 3 alloy in the 3.5%
NaCl solution is about 0.0025 pwm/h.

5. Conclusions

A composition formula [FE1 Ni12]CU30'3=CU70Ni27_7F62_3 (at.%)
is pointed out for the Cuyo(NiFe)s3p (at.%) alloy by using a
cluster-based stable solid solution model. By this model, it is
assumed that one Fe atom and 12 Ni atoms formed an Fe-
centered and Ni-surrounded cube-octahedron cluster and the
isolated FeNiq, clusters embedded in a Cu matrix. The designed
alloy CuygNiy7 7Fe; 3 annealed at 800 °C for 5 h possesses a homo-
geneous structure and hence the best corrosion resistance in a 3.5%
NaCl aqueous solution, and the static immersion corrosion rate is
0.0025 pm/h.
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