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Abstract

We investigated the corrosion behavior of commercially pure (CP) Ti with both ultrafine-grained (UFG) and coarse-grained
(CG) microstructures. It was found that the UFG Ti is more resistant to corrosion than its CG counterpart. The superior corrosion
resistance of UFG Ti is believed to result from rapid passivation of UFG Ti and the impurity segregation to grain boundaries in CG

Ti.
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1. Introduction

In recent years, a variety of techniques for fabrication
of ultafine-grained (UFG) materials with grain sizes in
the range of 10-1000 nm have been developed [1]. Most
investigations on UFG materials have focused on ther-
mal stability, microhardness, mechanical properties, and
elastic properties [1]. The corrosion behavior of UFG
materials has received only limited attention. Vinogra-
dov et al. [2] have shown that the corrosion behavior of
UFG Cu does not change significantly in comparison
with coarse-grained (CG) polycrystalline Cu. Similarly,
Rofagha et al. [3] have shown that the corrosion resis-
tance is the same for CG and nanocrystalline nickel
samples. In contrast, Rofagha et al. [4] also reported
that the corrosion resistance of a nanocrystalline Ni-P
alloy is lower than that for its CG counterpart. Thorpe
et al. have revealed [5] that UFG materials may possess
enhanced corrosion properties in comparison with their
CG polycrystalline counterparts. For example, the
nanocrystalline FeCr alloy has a considerably smaller
corrosion current density in the active—passive region
[6]. These reported results demonstrate that the effect of
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nanostructuring on corrosion resistance varies among
alloy systems.

The corrosion behavior of UFG Ti has not been
investigated. It is the objective of this work to investi-
gate the corrosion behavior of UFG Ti in comparison
with its CG counterpart.

2. Material and experimental procedure

The composition of the UFG and CG Ti samples
used in this study is (wt%) >99.36% Ti, <0.07% C, 0.18%
Fe, 0.10% Si, 0.12% O, 0.04% N, 0.01% H and 0.3%
other elements. The UFG Ti samples were processed by
the equal channel angular pressing (ECAP) route Be for
8 passes. Both the work piece and the ECAP die were
preheated to 450 °C before the 1st pass and the tem-
perature dropped to 400 °C after the 8th pass[7]. The as-
processed Ti samples had an average grain size of 300
nm. The CG Ti samples were annealed at 800 °C in
vacuum for 5 h, which resulted in an average grain size
of 7 um. To check the segregation of impurities to grain
boundaries, we measured impurity contents on grain
boundaries and interiors with X-ray energy dispersive
spectroscopy (EDS) using a JEOL 2010F transmission
electron microscope (TEM) equipped with an Oxford
EDS system.
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We measured the corrosion potentials and the
polarization curves in aerated 1M, 3M and 5M H,SO,
solutions as well as 1M, 3M and 5M HCI solutions. All
polarization curves were measured at a scan rate of 10~
V/s. The electrochemical cell was equipped with a ref-
erence electrode Ag-AgCl/saturated KCIl, Pt counter
electrode and Luggin capillary. Corrosion currents were
determined from the polarization curves using a four-
point method [8]. In addition, the corrosion rates were
measured by a weight-loss method.

For the electrochemical measurements, the UFG and
CG Ti samples were molded in Teflon, with a 3 mm in
diameter window exposed to the solution. Just before an
electrochemical measurement, the sample was mechan-
ically polished and then electropolished in a freshly
prepared solution consisting of 3 ml HNO;+3 ml
HF + 94 ml H,O, at a current density of 0.1 A/cm? and a
voltage of 7 V for 3 min. The purpose of this pretreat-
ment was to decrease surface defects. Samples were then
rinsed with hot distilled water and alcohol. Upon
immersion in the test solution, the sample was left for 30
min to achieve a steady open-circuit potential, which
was measured as the corrosion potential.

The corrosion resistance was measured in a corrosion
cell with acid solution re-circulation. The samples have a
dimension of 25 mm in diameter and 10 mm in thick-
ness. They were weighed before and after immersion in
the corrosion cell at 35 °C for 2160 h (90 days). All the
weight measurements were carried out with an analytical
balance with an accuracy of 10~* g. The corrosion rate
was calculated from the weight loss caused by corrosion.

3. Experimental results
3.1. Corrosion potentials

The corrosion potentials of UFG and CG Ti in
varying HCl and H,SO, acid solutions are listed in
Table 1. Two trends can be seen from the data in Table
1: (1) the corrosion potentials for both UFG and CG Ti
become more negative with increasing concentration of
HCI or H,SO, acid; (2) the corrosion potentials of the
UFG Ti are a little more positive than those for CG Ti
in all cases. The differences are in the range of 1.1-8.8%
and decreases with increasing concentration of hydro-
chloric or sulfuric acid.

3.2. Polarization curves

Fig. 1 shows potentiostatic polarization curves of CG
and UFG Ti obtained in HCI acid solutions. The defi-
nitions of passive current density, iy, primary passive
potential Ep, and the critical current density, i, at Ep is
shown Fig. la [9]. Several interesting features can be
deduced from the curves, (i) the critical current density,
i, for UFG Ti is lower than that for CG Ti under every
HCI solution concentration from 1M to 5M; (ii) for
both the UFG and CG Ti samples, the critical current
density, i, increases with increasing HCI concentration;
(iii) the passive current density, ipss, of UFG Tiand CG
Ti are very similar, and both increases with increasing
HCI concentration; (iv) the primary passive potential Ep
shifts to more negative values with increasing HCI
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Fig. 1. The polarization curves of UFG and CG Ti in HCI solutions
with a concentration of (a) 1M, (b) 3M and (c) SM. The passive po-
tential, Ep, critical current density, i., and passive state current, iy,
are defined in (a).

Table 1
Corrosion potentials (V), measured under open circuit condition, for CG and UFG Ti measured in HCI and H,SO, acids
Solution HCl H,S0,
1M 3M SM 1M M SM
CG Ti +0.193 -0.254 -0.362 +0.237 -0.235 -0.352
UFG Ti +0.210 -0.242 —-0.358 +0.256 —-0.223 —0.345
Difference (%) 8.8 4.7 1.1 8.0 5.1 2.0
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concentration for CG Ti, but does not shift much for
UFG Ti; (v) the full passivation starts at about —0.05 V
for both CG and UFG Ti for all solution concentra-
tions.

The polarization curves in H,SO, are shown in Fig. 2.
Compared with the polarization curves in Fig. 1, both
CG and UFG Ti behave differently in the H,SO, solu-
tion, especially at lower H,SO,4 concentrations of 1M
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Fig. 2. The polarization curves of UFG and CG Ti in H,SOy solutions
with a concentration of (a) 1M, (b) 3M and (c) SM.

and 3M. The following features can be seen from the
polarization curves in Fig. 2: (i) the critical current
density, i., for UFG Ti is lower than that for CG Ti for
all H,SO, solution concentrations from 1M to 5M; (ii)
for both the UFG and CG Ti samples, the critical cur-
rent density, i., increases with increasing H,SO, con-
centration; (iii) the passive current density, ipas, is higher
for UFG Ti than for CG Ti, and decreases with
increasing H,SO,4 concentration. The feature (iii) is very
different from that in Fig. 1. The passive currents for
both UFG and CG Ti in H,SO, solutions are higher
than those in HCI solutions.

The corrosion currents were calculated by the four-
points method proposed by Jankowski and Juchniweicz
[8], and are listed in Table 2. One can see that corrosion
current density is lower for UFG Ti than for CG Ti. The
difference is in the range of 3-7x107® cm~2, or 3.1-
9.9%.

3.3. Corrosion rates

The corrosion rates (g/m?h) were determined by the
weight-loss method. The results are presented in Table 3,
which clearly shows that corrosion rates are significantly
lower for UFG Ti than for CG Ti in all solutions.

3.4. Impurity segregation to grain boundaries in CG Ti

EDS indicated that in CG Ti, impurities including Al
and Fe have higher concentrations on grain boundaries
than in grain interior. Such segregations were caused by
the prolonged annealing of the CG samples at 800 °C.
The impurity contents vary from grain to grain and
from grain boundary to grain boundary. On average,
the Al content is about 40% higher on grain boundary
than in grain interior; and the Fe content is 470% higher
on grain boundary than in grain interior. Therefore, Fe
is much more segregated than Al.

Table 2
Corrosion current density of UFG Ti and CG Ti (um/cm?)
HCl H,SO,
M M SM M 3iM M
CG 64 123 169 81 131 157
UFG 61 117 162 73 127 150
Difference (%0) 4.7 4.9 4.1 9.9 3.1 4.5
Table 3
Corrosion rate for UFG Ti and CG Ti, g/m*h
Solution HCl H,S0,
IM 3M M M 3M 5M
CG 0.62 1.37 1.98 0.76 1.46 1.87
UFG 0.42 0.90 1.38 0.58 0.78 1.09
Difference (%) 32 34 30 24 47 43
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4. Discussions

It is clear from the experimental results that UFG Ti
has different corrosion behavior from CG Ti. First, the
corrosion potentials of UFG Ti were shifted in the po-
sitive direction by 2.0-8.8% in HCI and H,SOy, solutions
as compared to the CG Ti (Table 1). The corrosion
activation occurs primarily at surface defects such as
grain boundaries and dislocations. Although the defect
densities in UFG Ti are much larger than in CG Ti, their
area fraction on the sample surface is very small as
compared with the total surface area. Therefore, only
small differences in corrosion potentials were observed.

The corrosion potential does not provide much in-
sight into corrosion rates [9]. The polarization curves
give us much more information. It can be seen from
Figs. 1 and 2 that the primary passive potential, Ep, of
UFG Ti shifts to more positive value as compared to
that of CG Ti, and the critical current densities of UFG
Ti are lower than those of CG Ti in both HCl and
H,SO, solutions. These results indicate that UFG Ti
might have a lower corrosion rate than CG Ti.

The corrosion current densities (Table 2) determined
from the polarization curves using a four-point method
[8] indeed demonstrate that the UFG Ti has lower cor-
rosion current densities than CG Ti, although the dif-
ference is not large (3.1-9.9%). Table 2 also shows the
corrosion current densities increasing with higher acid
concentration in both HCl and H,SO, solutions and for
both UFG and CG Ti. However, the relative difference
between the corrosion current density of UFG Ti and
that of CG Ti was smaller in higher concentration
H,SO, (3M and 5M) than in low concentration H,SO4
(1M), but not affected much by the HCI concentration.

Figs. 1 and 2 show that the passive current density of
UFG Ti is similar to that of CG Ti in HCI solutions, but
higher than that of CG Ti in H,SO, solutions. In
addition, the polarization curves of UFG and CG Ti
samples in the H,SO, solutions are very complex and
different from those in the HCI solutions. These polar-
ization behaviors are not well understood and need
further investigation.

The most straightforward measurement of the cor-
rosion resistance of a material is the corrosion rate,
which is unfortunately time consuming to measure.
Table 3 shows that the corrosion rate of UFG Ti is
significantly lower (by 24-43%) than that of CG Ti in all
solutions used in this experiment. The corrosion rate
increases with increasing acid concentration for both
UFG and CG Ti in both HCI and H,SO, solutions. In
the HCI solutions, the relative corrosion rate difference
between the UFG and CG Ti samples seems not affected
much by the HCI concentration (see Table 3). In con-
trast, the corrosion rate in CG Ti compared to UFG Ti
decreased more significantly in high H,SO,4 concentra-
tion (3M and 5M) solutions than in the low H,SO,

concentration (1M) solution. The corrosion rate data in
Table 3 clearly establishes that UFG Ti is more corro-
sion resistant than CG Ti.

The higher corrosion resistance of UFG Ti could be
attributed to two factors. First, the segregation of
impurities to the grain boundaries in CG Ti could cause
intergranular corrosion [9]. Preferential corrosion at
grain boundaries could be severe enough to drop grains
out of surface, which significantly accelerate the corro-
sion rate. Second, the UFG Ti, which was deformed se-
verely, could form passive surface layers more readily
than CG Ti[10]. Johansen et al. [11] studied Ti oxidation
at low current densities and found that Ti oxide film
formed on the surfaces of deformed Ti samples (34%
plastic strain) at a greater rate than on the surfaces of
annealed samples. Tomashov and Ivanov also found
lower passivation current, i, for deformed Ti (80%
strain) than for annealed Ti [12] in H,SO4 and HCL. It is
believed that the passivation first started on surface
crystalline lattice defects of Ti[11]. The UFG Ti has high
density of grain boundaries and dislocations inside
grains. If the passive films on the sample surfaces were
nucleated at surface crystalline defects, as asserted in a
previous work [11], the UFG Ti would have had a high
density of nucleation sites for passive films, which leads
to high fraction of passive layers and low corrosion rates.

5. Conclusions

In this study, we found that UFG Ti produced by
ECAP had better corrosion resistance than CG Ti in
both HCI and H,SOy, solutions. In addition, compared
with CG Ti, UFG Ti has lower corrosion current den-
sities, more positive corrosion potential, lower critical
currents, i, at the passive potential, and more positive
passive potential, Ep. Higher concentration of HCI or
H,S0, led to higher corrosion rates for both UFG and
CG Ti. The corrosion resistance of UFG Ti is believed
improved by rapid formation of passive films at surface
crystalline defects including grain boundaries and dis-
locations. On the other hand, the segregation of impu-
rities to grain boundaries in CG Ti could have
accelerated its corrosion.
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