
Materials Letters 64 (2010) 524–527

Contents lists available at ScienceDirect

Materials Letters

j ourna l homepage: www.e lsev ie r.com/ locate /mat le t
Corrosion and ion release behavior of ultra-fine grained bulk pure copper fabricated
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Ultra-fine grained (UFG) bulk pure copper has been successfully fabricated by equal-channel angular pressing
(ECAP), with the grain size about 380 nm after 8 passes. The potentiodynamic polarization results of the ECAP
copper specimens tested inHanks solution revealed that the corrosion current ofUFGcopper ishigher than that of
the coarse grained copper. The cupric ion release behaviors ofUFG copper immersed inHanks solution for 30 days
only displayed a burst release during the first 3 days (in comparison to the 1–2 months for the conventional Cu)
from 115 μg/day to 12.5 μg/day, after which the ion release remained constant and slow. During the immersion
experiments, Cu2O was the only corrosion product found on the surface and it took 10 days or so to form a
uniform Cu2O layer. Uniform corrosive damage on the surface and few localized corrosion is observed. The above
results indicate that UFG copper could have high potential as biomedical materials for contraception.
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1. Introduction

One of the important applications for copper in biomedical area is
copper-containing intrauterine device (Cu-IUD). However, there
appears to be several problems with the coarse grained copper as
IUD materials, such as the side-effects from burst release of cupric ion
during the first 1–2 months of implantation [1,2], low transfer
efficiency of cupric ion from copper element [3], and corrosion
breakage [4]. Great efforts have been made to solve these problems in
the last decade, utilizing copper tubes instead of copper wires to avoid
corrosion breakage [5], creating a novel T-shape Cu/low-density
polyethylene (LDPE) nanocomposites IUD to alleviate users' pain [6],
and synthesizing LDPE film on the surface of Cu/LDPE composites to
control the release of cupric ion [7]. Nevertheless, the burst release of
cupric ion in uterine environment is still an issue of Cu-IUD for
immediate attention. Hence, a new type of copper material is desired.

Ultra-fine grained (UFG) copper bulk with grains in nanoscopic
range produced by severe plastic deformation (SPD) exhibits many
attractive properties such as coexisting high strength and tensile
ductility [8], excellent cyclic stability [9], and high resistance to stress-
corrosion damage [10]. The corrosion of UFG Cu for industrial
application purpose had been done in NaCl [11,12] and acid solutions,
like modified Livingstone etchant [13,14] and acidic CuSO4 solution
[12,15,16], but no work has been done in simulated body fluid for
biomedical applications to the author's knowledge. The aim of this
study is to investigate the biocorrosion property and ion release
behavior of UFG pure copper in Hanks simulated body fluid, thereby
exploring the potential of UFG Cu-IUD.

2. Experimental procedure

Commercial pure copper (99.97%) rods of 7.9 mm diameter and
45 mm length were pressed through the 90° ECAP die up to eight
passes by the so-called route Bc [17]. All experimental samples were
cut into disks of 7.9 mm diameter and 0.5 mm thickness and
mechanically polished with silicon carbide paper down to 2000
grade and ultrasonically washed in acetone and ethanol.

The microstructures were observed on an OLYPUS-PMG311U
microscope and on a Hitachi-H8100 TEM, with the accelerated voltage
being 120 kV. The hardness and compressive testswere evaluated using
a HVS-1000 Digital Micro Vickers Hardness Tester and a 3365 Instron
universal testing machine for standard compression specimens
(2 mm×2 mm×4 mm) from both radial and transverse directions.

The electrochemical experiments were carried out in a traditional
three-electrode cell. A SCE reference electrode and a platinum counter
electrode were used for corrosion test. The electrolyte was Hanks
simulated body fluid (NaCl 4.97 g/L; KCl 0.224 g/L; CaCl2 0.167 g/L;
NaHCO3 0.25 g/L; glucose 0.5 g/L; and NaH2PO4·2H2O 0.072 g/L). All
experiments were carried out at 37 °C. A Solartron 1287 potentiostat
combinedwith a Solartron 1260 frequency response analyzerwas used.

The samples were incubated in 50 mL Hanks solution at 37 °C for
30 days. The release of cupric ion was measured by absorbance
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Fig. 1. Optical micrograph of ECAP copper after (a) 0 passes, (b) 2 passes, (c) 4 passes; (d) TEM bright field image of ECAP copper after 8 passes and corresponding SAD inset;
(e) Relationship between grain size of ECAP copper and the ECAP passes; (f) Changes of Vickers microhardness and (g) compression strength of ECAP copper with the ECAP passes.
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measurement and cupric ion release rates were calculated as μg Cu/day
[18]. A SHIMADZU UV-2550 spectrophotometer was used. After
incubation, a Zeiss VP FESEM and a Philip X'Pert Pro diffractometer
were applied to observe the surface morphology and to identify the
composition of the corrosion product layers originated.

3. Results and discussion

Fig. 1(a), (b) and (c) presents the metallographic pictures of ECAP
copper pressed for 0, 2 and 4 passes. The microstructure of the initial
copper consists of coarse and equiaxed grains about 40 µm. With
increase of the ECAP passes, the parallel and elongated grains appear
and the grain size decreases dramatically. Fig. 1(d) shows the bright
field TEM image of ECAP copper pressed for 8 passes. The average
grain size is about 380 nm with equiaxed grain, and plenty of
dislocations are also found. Fig. 1(e) shows the change of copper grain
size with the number of ECAP pass. Fig. 1(f) and (g) displace the
microhardness and compression strength of the ECAP copper through
Fig. 2. Potentiodynamic polarization curves (a) and corrosion current density (Icorr)
different ECAP pass. Nearly linear increase of hardness with the
number of ECAP pass is obtained; the hardness of ECAP copper after
8 passes is about 176.37 (HV) which is 45.3% higher than that of the
copper (121.36 (HV))without pressing. Both the radial and transverse
compression strength of the ECAP copper also increases with the press
passes, but it increases slower after four passes. The radial and
transverse compression strength of the ECAP copper, which is
exposed to 8 passes, reaches to 450 MPa, and increases by 41.3%
and 77.2% respectively.

Before the polarization testing, 1 h open circuit potential test was
takenand the results showthat all specimensare stabilized in1 h inHanks
solution and there is no significant difference of potential among the ECAP
copper specimens. Fig. 2(a) presents the potentiodynamic polarization
curvesof theECAPprocessed copper specimens inHanks solutionat 37 °C.
The shape of the polarization curves does not change substantially with
ECAP passes. The corrosion current density (icorr) values estimated from
the plots for each sample are shown in Fig. 2(b) which shows small
variation of the corrosion current density and corrosion potential of ECAP
and corrosion potential (Ecorr) (b) for ECAP processed copper in Hanks solution.



Fig. 3. (a) Release rate of cupric ion per unit area vs. time forUFG copper immersed inHanks solution; (b)XRDpattern forUFG copper after immersion inHanks solution for different times.
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copper. The dissolution rate of ECAP copper for 8 passes is higher than
that of the coarse grained copper.

Fig. 3(a) shows the cupric ion release rateofUFGcopper versus time in
Hanks solution for 30 days at 37 °C. As shown, there is a burst release of
cupric ion in the first three days of incubation from 115 μg/day to nearly
12.5 μg/day. A slight increase occurs on the tenth day; thereafter the
cupric ion dissolution rate remains constant and slow, around 9 μg/day,
until the 30th day. The burst behavior of cupric ion in simulated body
fluids (SBFs) is commonly reported [19,20]; the cupric ion release of UFG
copper lasts a relatively shorter time compared to the reported burst
release results. Fig. 3(b) shows the XRD patterns of the UFG copper
specimens after immersed in Hanks solution for different times. It can be
seen that Cu2O phase appears from the first 1 h immersion and Cu2O
peaksgradually rise indicating themore formationof Cu2Ophasewith the
incubation time longer in Hanks solution.

Fig. 4 presents the SEM images of corrosion surface morphology of
UFG copper after immersed in Hanks solution for different days. A few
Cu2O appear on the copper surface after only 1 h immersion which
suggests that the corrosion has already started. After 12 h, dissolution
of the copper occurs from the abrasion grooves on the copper surface
(Fig. 4(b)) corresponding to the burst release of cupric ion. From the
third day of immersion, the copper surface is covered discontinuously
by Cu2O and 10 days later, the Cu2O extends to the whole copper
surface. A thick corrosion product layer forms on top of the surface
Fig. 4. SEM images of the corrosion surfacemorphology of UFG copper in Hanks solutionwith dif
when UFG copper is immersed for 22 days; the Cu2O particles keep
growing and the bigger particles fall off as the UFG copper is kept on
incubation in Hanks solution until 30 days. The corrosion morphology
of UFG copper in Hanks solution shows uniform surface damage and
few of localized dissolution. This may be due to the high fraction of
grain boundaries which tends to equilibrate the energies across the
material, leading to a more uniform corrosion [21].

The long time immersion experiment for UFG copper revealed the
biocorrosion behavior of UFG copper in Hanks solution. In the first few
days of immersion, the main reaction was the dissolution of copper to
form Cu2+ in the solution, so the cupric ion release rate is quite high;
then the Cu2O layer formed on the surface suppressed the further
dissolution to a certain degree during the following 10 days; after that,
the fully covered Cu2O layer stopped the dissolution but the Cl− and
other anions in the solution reacted with Cu2O to form Cu2+ and was
slowly released.

4. Conclusions

The ultra-fine grained bulk pure copper with about 380 nm grains
was successfully fabricated by equal-channel angular pressing. The
microhardness and compressive strength of the UFG copper increased a
lot after 8 passes due to work hardening. The electrochemical results of
the UFG copper in Hanks solution showed a high corrosion current
ferent immersion time: (a) 1 h, (b) 12 h, (c) 3 days, (d) 10 days, (e) 22 days, and (f) 30 days.



527X.X. Xu et al. / Materials Letters 64 (2010) 524–527
density. The cupric ion release behavior of UFG copper immersed in
Hanks solution for 30 days displayed a burst release at the first 3 days,
after which the ion release remained constant. During the immersion
experiments, a uniform Cu2O layer was the only corrosion product
found on the surface and this played an important role in the formation
of Cu2+ released into the solution. The above results indicate that there
is high potential for UFG copper to be used as biomaterials for
contraception and sterilization with improved mechanical property
and short time burst release.
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