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Abstract: Designing a gradient nanostructure is regarded as an effective strategy for strengthening
commercial pure Ti without seriously sacrificing ductility. However, the corrosion behavior of
the gradient nanostructured (GNS) pure Ti is far from clear, especially in reducing acid in which
pure Ti shows poor corrosion resistance. The present paper aims at investigating the corrosion
behavior of GNS pure Ti in hydrochloric acid by electrochemical method. The GNS surface layer is
produced by a recently developed method called ultrasonic severe surface rolling. The GNS pure
Ti exhibits spontaneous passivation behavior as well as the coarse-grained one in 1 M HCL. Due to
the GNS surface layer, the corrosion current density and passive current density decrease by 70%
and 54%, respectively, giving rise to significantly enhanced corrosion resistance and passivation
ability. The better corrosion resistance is believed to be ascribed to the high-density grain boundaries
and dislocations induced by the surface nano-grained structure as well as the smooth surface with
few surface defects. The USSR processing also enlarges the static water contact angle of the pure Ti
to 61.0 £ 0.3°.
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1. Introduction

Commercial pure titanium (Ti) possesses great advantages in terms of low density,
high specific strength, excellent corrosion resistance, good biocompatibility, and high forma-
bility, and thus is widely applied in marine equipment and engineering, aerospace, rail
traffic, 3C products, and biomedicine industry. However, the strength of pure Ti is much
lower than its alloys. Although pure Ti exhibits excellent anti-corrosion properties in most
environments due to the stable oxidation film covering the surface, its corrosion resistance
in some extreme environments is still insufficient, such as in reducing acid. Due to the lack
of alloying elements, the available approaches to enhance the corrosion resistance of pure
Ti are limited, including regulating microstructure [1,2], using corrosion inhibitors [3,4],
and preparing anti-corrosion film [5]. Developing an ingenious microstructure can syn-
chronously improve the strength and corrosion resistance of commercial pure Ti and thus
has attracted extensive research attention for expanding its industrial applications.

Preparing the gradient nanostructure has been proven to be an effective strategy for
strengthening metallic materials without seriously sacrificing their ductility [6-11]. The
introduction of the gradient nanostructure can also greatly enhance fatigue properties. In
the past two decades, this strategy has also applied to pure Ti and Ti alloys [12-20]. For
example, Huang et al. [21] prepared a gradient nanostructured (GNS) pure Ti through deep
rolling treatment, thus significantly improving strength compared to its coarse-grained
(CG) counterparts. The authors also investigated the thermal stability of the resulting
gradient nanostructure. Lei et al. [22] obtained a high strength-plasticity synergy in the
pure Ti by introducing the gradient nanostructure by ultrasonic surface rolling. Li et al. [23]
found that the GNS pure Ti prepared by ultrasonic surface rolling was more resistant to
high-cycle fatigue than its coarse-grained counterparts.
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However, little attention has been paid to the corrosion behavior of the GNS pure Ti.
Fu et al. [24,25] reported that the surface mechanical attrition treatment (SMAT) promoted
a more stable passive film on the surface of pure Ti in NaCl solution, thus decreasing the
corrosion current density. The used SMAT is a general method of preparing the gradient
nanostructure [26]. Lu et al. [27] prepared a GNS pure Ti by sliding friction treatment and
investigated the in vitro corrosion behavior and biocompatibility. Their result indicated that
the GNS pure Ti exhibits an improved corrosion resistance in simulated body fluid solution
due to the formation of a thick passive film. These studies all demonstrate that a high
density of grain boundaries in the nano-grained surface of the GNS pure Ti is beneficial
to the formation of a more protective passive film, thus enhancing corrosion resistance.
It is necessary to further reveal the corrosion behavior of the GNS pure Ti in more corro-
sive environments to deepen the understanding of its corrosion mechanism and expand
its applications.

The surface microstructure and surface quality have a large impact on the corrosion
resistance of the GNS metals. Most of the methods of preparing GNS metals induce surface
defects, contaminations, and large surface roughness, giving rise to degraded surface
quality [28-30]. This is generally harmful to surface-sensitive properties, such as corrosion
resistance. Balusamy et al. [28] found that SMAT increased the surface roughness of AISI
409 stainless steel, and the resultant surface roughness strongly depended on the processing
parameters. The overlarge surface roughness led to decreased corrosion resistance, while
the GNS sample with a small increment in surface roughness exhibited improved corrosion
resistance. To eliminate the deleterious effect of the degraded surface roughness, post-
processing, such as mechanical grinding and polishing, is commonly used to improve the
surface quality of the GNS metals [31], which increases the complexity of the process.

Developing a new fabrication process to effectively produce a GNS surface layer with a
high-quality surface is still an essential task in the field of gradient nanostructured metallic
materials. Recently, a new method to prepare the GNS surface layer called ultrasonic
severe surface rolling (USSR) was developed by the present authors [32]. USSR has a great
advantage in terms of effectively producing a thick GNS surface layer with a high-quality
surface and therefore promotes the superior strength-ductility combination in 316L stainless
steel, Cu-Zn alloy, pure Ti, and ZE41 Mg alloy [32-36]. The USSR process has also enhanced
the corrosion resistance of 316L in NaCl solution and pure Ti in Hank’s solution [34,36].

Pure Ti is frequently used in marine equipment and serves in acid rain zones, which
introduces an extreme corrosion environment (low pH value and high C17) [37]. To the best
of the authors” knowledge, the corrosion behavior of the GNS pure Ti in this environment
has not been reported. The present paper aims to investigate the corrosion behavior of
the GNS pure Ti in 1 M HCI solution compared to its CG counterparts through electro-
chemical measurements. The GNS pure Ti is prepared through USSR processing, which
synchronously produces a high-quality surface. The GNS surface layer greatly improves
the corrosion performance of pure Ti in hydrochloric acid. The associated mechanism of
the improved corrosion resistance is discussed. This work deepens our understanding of
the corrosion behavior of GNS pure Ti in extreme corrosion environments and provides
an approach to enhance the corrosion resistance of commercial pure Ti in an environment
with low pH and high C1™.

2. Materials and Methods
2.1. Material Preparation

The commercial Grade 2 Ti plate was used in this work, which was provided by BaoTai
Group Co., Ltd., Baoji, China, and processed according to the Chinese standard test GB/T
3621-2007. The as-received sample was cut into cubic samples (20 mm x 50 mm x 2 mm)
and then ground using SiC sandpaper of #180, #400, and #800 in turn to obtain a smooth
surface. The as-received sample is denoted as the CG sample. Subsequently, the as-received
samples were processed by USSR for one pass. During USSR processing, a free rolling
cemented carbide ball (14 mm in diameter), which was vibrating synchronously by an
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ultrasonic device, scanned the sample line by line with a constant velocity of 0.01 m/s, a
feed interval of 0.1 mm, and a static load of 1000 N. The processing parameters refer to our
other studies of Mg alloy and pure Ti [32,36]. The USSR-processed sample is denoted as
the GNS sample.

2.2. Microstructure Characterization

The cross-sectional microstructure of the GNS sample was characterized by an optical
microscope and transmission electron microscope (TEM, FEI, Talos, F200X, Thermo Fisher
Scientific Inc., Waltham, MA, USA). The microstructure of the CG sample was characterized
by an optical microscope. The optical microscopy observation for both CG and GNS
samples was conducted along the cross-section. The specimens were mechanically ground,
polished, and then etched using the Kroll solution. The TEM observation of the GNS sample
was conducted at the depth of about 20 um from the USSR-processed surface along the
cross-section. Before TEM observation, a 500-pm-thick foil was first machined using a low-
speed saw along the longitudinal section. Then, this foil was thinned through mechanical
grinding followed by ion milling around the surface on a Gatan 695 ion polishing system
(Gatan, Pleasanton, CA, USA).

2.3. Electrochemical Measurements and Contact Angle Tests

The potentiodynamic polarization measurements were carried out in 1 M HCl solu-
tion on a Gamry 600+ electrochemical workstation using a conventional three-electrode
system at room temperature. A platinum foil and saturated calomel electrode (SCE) were
used as the counter electrode and reference electrode, respectively. For electrochemical
measurements, the CG sample was ground with SiC sandpaper of #180, #400, and #800 in
turn, and the GNS sample was slightly polished using ethyl alcohol to remove the surface
contaminants. Then, the CG and GNS samples were sealed using silicone rubber with an
area of 0.5 cm X 0.5 cm exposed to hydrochloric acid as the working electrode. Before
electrochemical measurements, the samples were immersed in the 1 M HCI solution for
60 min. Then, the potentiodynamic polarization measurements were conducted, for which
potential was continuously scanned from —0.6 to 2 Vgcg relative to open circuit potential
with a constant rate of 0.33 mV/s. After potentiodynamic polarization measurements, the
surface morphologies were observed using scanning electron microscopy on a Hitachi
Regulus8100 (Hitachi, Tokyo, Japan). The static water contact angles were measured using
a contact angle meter (POWEREACH, JC2000D1). The CG samples for contact angle tests
were ground with SiC sandpaper up to #800, and the GNS samples were slightly polished
using ethyl alcohol to remove the surface contaminants. All the electrochemical and con-
tact angle tests were independently repeated three times to ensure the reproducibility of
the data.

3. Results

Figure 1 illustrates one sample piece after USSR processing. The processing region is
smooth and without visible cracks and other processing defects, showing a good mirror ef-
fect. This smooth surface results from the USSR-induced severe surface plastic deformation.

USSR Unprocessed
Processed region region
L l 1 I 1 I ] I L I 1 l L
0 1 2 3 4 5 cm

Figure 1. Appearance of the sample after USSR processing.
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Figure 2 presents the optical micrograph of the CG sample. The microstructure
of this sample is featured by homogenous equiaxed grains, giving rise to a recrystal-
lized structure. The mean grain size is approximately 45 pm measured by the line inter-
cept method, indicating a coarse-grained structure. A few twins are also found in the
CG sample.

Figure 2. Optical micrograph of the CG sample.

Figure 3 depicts the microstructure of the GNS sample along the longitudinal section.
At the top ~400-um-thick surface layer, the microstructure is remarkably refined, and grain
size increases with depth, as shown in Figure 3a. Dense twins are also found at a depth
range of 200 to 1300 pm, and their density is greatly larger than that in the CG sample.
Previous studies have proven that the deformation twin is the main deformation mode of
pure Ti as well as dislocations [38]. The TEM observation indicates that the microstructure
is mainly composed of elongated nanograins with an average thickness of 172 nm at the
depth of about 20 pm, as depicted in Figure 3b,c. The high density of dislocations and
dislocation tangles are also observed within the nanograins. The selected area electron
diffraction (SAED) pattern reveals that these nanograins are surrounded by both high-angle
grain boundaries (HAGBs) and low-angle grain boundaries (LAGBs). Our microstructure
characterization reveals a GNS surface layer in pure Ti produced by USSR processing.
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Figure 3. Microstructure of the GNS sample: (a) optical micrograph; (b,c) TEM images at the depth
of about 20 um from the USSR processed surface. The insert in panel ¢ shows the corresponding
SAED pattern.
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Figure 4 presents the polarization measurement result of the CG and GNS samples.
The corrosion paraments, including corrosion potential Eoyr, corrosion current density icosr,
and passive current density 7,5, are extracted from the polarization curves and collected
in Table 1. The GS and CG samples exhibit similar polarization curves, giving rise to
similar cathodic and anodic reactions. For the anodic branch, both samples immediately
enter a steady passivation region and have not shown a pitting phenomenon within the
scanning potential range of —0.6 to 2 Vgcg. This result indicates that both samples exhibit a
spontaneous passivation behavior and have a wide passive range and perfect passivation
ability in hydrochloric acid. As the potential exceeds 0.6 Vgcg, current fluctuation is ob-
served for both samples, which is possibly related to the competition between the formation
and dissolution of oxide film [39]. A transition current is observed after approximately
1.3 Vgcg, which is frequently reported in the Ti alloy and may be caused by the oxygen
reaction [39,40].
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Figure 4. Potentiodynamic polarization curves of the CG and GNS samples.

Table 1. Corrosion parameters obtained from the polarization curves.

Ecorr (Vscg) icorr (HAlcmZ) ipass (HA/CHIZ)
CG —0.340 £ 0.012 425 +0.42 8.12 + 047
GNS —0.342 + 0.007 1.28 4+ 0.08 3.73 £0.71

The polarization curve of the GNS sample moves towards the left compared to that
of the CG sample, giving rise to decreased corrosion current density and passive current
density. The current density at a potential of 0.5 Vg is artificially appointed as passive
current density. The passive current density of the CG sample (8.12 & 0.47 uA/cm?) is
more than two times higher than that of the GNS sample (3.73 + 0.71 pA/cm?). The
corrosion current density of the CG sample (4.25 + 0.42 pA/ cm?) is more than three times
higher than that of the GNS sample (1.28 4 0.08 wA /cm?). Moreover, the two investigated
samples have similar corrosion potential, as shown in Table 1. The smaller passive current
density generally means the easier generation of passivation behavior, and the smaller
corrosion current density means a lower corrosion rate [41-43]. The greatly decreased
passive current density and corrosion current density demonstrate that USSR processing
significantly improves the protective ability of the passive film and the corrosion resistance
of commercial pure Ti in hydrochloric acid.

Figure 5 presents the SEM surface morphologies of the CG and GNS samples. There
are no visible pitting corrosion pits for both samples, indicating that pitting corrosion
has not activated, which agrees well with the result of the potentiodynamic polarization
measurements. Many deep and wide grooves are found in the CG sample because it is
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ground using raw sandpaper, while a smooth surface is observed in the GNS sample with
some small pits but without other obvious processing defects, such as cracks.

20) um

Figure 5. Surface morphologies of the (a) CG and (b) GNS samples after polarization.

Figure 6 shows the results of the static water contact angle tests of the CG and GNS
samples. The static water contact angle of the pure Ti enlarges from 48.6 + 0.3° to
61.0 & 0.3° after USSR processing. This result indicates that both the CG sample and
the GNS sample have a hydrophilic surface. It is suggested that the variation of the wa-
ter contact angle is related to the changed surface roughness and surface state induced
by USSR.

a)80 b
@®) ®) CA =483°
f 61.0+0.3°

@ 60
5 48.6 + 0.3°
on
=
w 40
g ©
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20
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Figure 6. (a) Water contact angle. (b) Water droplet on the CG sample. (c) Water droplet on the
GNS sample.

4. Discussion

Our study demonstrates a significantly enhanced corrosion resistance of the commer-
cial pure Ti in hydrochloric acid through the introduction of the GNS surface layer prepared
by the USSR. The improved corrosion resistance of the pure Ti through introducing surface
or bulk nanograins or ultra-fine grains by other techniques is also reported. For example,
Balyanov et al. [43] reported that the ultrafine-grained pure Ti exhibited decreased corrosion
resistance in hydrochloric acid compared to its CG counterparts, but the difference is only
4.1-4.7% depending on the concentration of the hydrochloric acid. The authors also found
that the ultrafine-grained and CG samples had similar passive current densities. Limited
improvement in anti-corrosion properties was also found in the GNS pure Ti prepared
by SMAT in NaCl solution [24]. Here, the corrosion current density and passive current
density of the GNS sample reduce by 70% and 54% compared to the CG sample, giving rise
to significantly improved anti-corrosion properties. It is evident that the USSR process has
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a great advantage in terms of enhancing the corrosion resistance of pure Ti as compared to
other technologies.

Our polarization tests indicate that both GNS and CG samples exhibit a spontaneous
passivation behavior, while the GNS sample has a low passive current density. This implies
that a stable passive film is formed covering the surface of both samples in hydrochloric
acid, and it is more protective for the GNS sample than the CG sample. Zhou et al. [37]
reported that the passive film of pure Ti was mainly composed of TiO; in hydrochloric acid.
The enhanced passivation ability of the GNS sample must be related to the microstructure
evolution, i.e., the formation of a surface nano-grained structure with high-density dislo-
cations. This unique surface microstructure significantly increases the volume fraction of
grain boundaries and dislocation density compared to the CG structure. Previous studies
have proven that the passive film was preferentially nucleated at lattice defects due to
their high activity, such as grain boundaries and dislocations [44]. Therefore, the GNS
provides many more nucleation sites for the rapid formation of the passive film, thus
promoting better corrosion resistance. Indeed, the rapid formation of the passive film is
generally used to explain the enhanced anti-corrosion properties of the nano-grained or
ultrafine-grained pure Ti [43,45,46]. Moreover, Lu et al. [27] found that the passive film on
the surface of the GNS pure Ti was thicker than that of the CG pure Ti in the simulated body
fluid solution. The thickened passive film is generally found in nanocrystalline stainless
steel, Ni, and Ti alloy [47]. It is believed that the thickened passive film is related to the
massive oxidation channels induced by high-density grain boundaries and other lattice
defects [27,47]. Therefore, it is suggested that the surface nano-grained structure in the
GNS sample renders a thicker and more compact passive film than the CG sample, thus
enhancing the corrosion resistance.

Here, USSR processes a smoother surface accompanied by the formation of the GNS
surface layer in pure Ti, giving rise to reduced surface roughness and few surface defects.
The reduced surface roughness has been proven to be beneficial to the corrosion resistance
of Ti alloy [48]. On the one hand, it is widely assumed that the smooth surface has a high
local electron work function (EWF), which means there is difficulty in releasing electrons,
resulting in high resistance to corrosion [49]. On the other hand, the smooth surface has
a small solid-liquid contact area than the rough surface when it is exposed to a corrosive
medium [50,51]. In addition, the smooth surface of the GNS sample is also responsible for
the enlarged static water contact angle. Moreover, some studies reported that the gradient
nanostructured surface layer could bring out degraded corrosion resistance due to surface
defects during processing [28,29]. Here, a mirror surface without obvious surface defects is
produced by USSR, thus circumventing the detrimental effect of the surface defects.

5. Conclusions

The corrosion behavior of the GNS pure Ti prepared by USSR is investigated in
hydrochloric acid. Here, the GNS pure Ti exhibits a spontaneous passivation behavior
in 1 M HCl as well as the CG pure Ti. However, the GNS surface layer can significantly
improve the corrosion resistance of commercial pure Ti, which is manifested by decreased
corrosion current density and reduced passive current density. In our experiment, the
corrosion current density decreases from 4.25 4 0.42 to 1.28 £ 0.08 pA/ cm?, and the passive
current density decreases from 8.12 + 0.47 to 3.73 + 0.71 pA/cm?. The better corrosion
resistance of the GNS pure Ti is believed to stem from the high-density grain boundaries
and dislocations derived from the surface nano-grained structure, as well as the smooth
surface, with few surface defects.
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