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Abstract
Previous studies have demonstrated that the wear-corrosion synergism can be markedly affected by the loading speed. In this study,
effects of the loading speed or strain rate on corrosion and corrosive wear of annealed, impact-fractured and slow bending-fractured surface
layers of AISI 1045 steel in a 3.5% NaCl solution were investigated using electrochemical, scanning Kelvin probing and electrochemical
scratching techniques. In order to understand the mechanism responsible for the effects of loading speed on corrosion and corrosive wear, SEM
fractography, X-ray line profile analysis and micro-hardness testing were employed to investigate changes in microstructure and corresponding
mechanical properties with respect to the loading speed. Results of the experiments are explained in terms of the effect of strain rate on surface
microstructure and corresponding electrochemical and mechanical properties, and consequently the corrosive wear behaviour of the steel.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
In recent years, the synergism of wear and corrosion has
become an important research area and attracted increasing
interests [1]. The synergistic attack of wear and corrosion to
metals is not well understood, since it involves several processes simultaneously, such as the formation and failure of
passive films or adsorption layers, stress-accelerated corrosion and corrosion-accelerated wear, etc.
Since wear is a dynamic destructive process, the loading speed should also have a marked influence on wear. In
many cases, the loading speed could be very high, for example, in the erosion-corrosion situation, the impact velocity of solid particles may reach 1000 m/s. In sliding wear
processes, the sliding speed also varies significantly. It has
been shown that the loading speed can considerably influence the wear-corrosion synergism [2,3] since mechani∗
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cal properties, corrosion resistance and corresponding failure mode of a surface layer could be affected by the strain
rate.
In order to predict corrosive wear under impact or a highspeed loading condition, one needs (1) to understand variations in surface microstructure and defect configuration arising from the dynamic loading and (2) to determine how
electrochemical and mechanical properties change as a result of the microstructural variation. In addition, the dynamic aspect of wear-corrosion synergism also needs to be
taken into account, which is, however, relatively difficult to
deal with.
In the present study, effects of loading rate on the surface
microstructure, defect configuration and consequent changes
in mechanical properties, corrosion and corrosive wear behaviour of AISI 1045 steel were investigated. A 3.5% NaCl
solution was chosen as the corrosive medium because of its
relatively mild corrosivity with which the thin deformed surface layer (2–4 mm) would not be dissolved too quickly during the electrochemical and corrosive wear tests.
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Fig. 1. Optical microstructure of the full-annealed 1045 steel.

2. Experimental
AISI 1045 steel (0.43–0.50 wt% C, 0.60–0.90 wt% Mn,
maximum 0.04 wt% P, maximum 0.05 wt% S) was selected as
a sample material. All samples were austenized at 810 ◦ C for
45 min and quickly cooled down to and maintained at 640 ◦ C
for 30 min, followed by furnace cooling to room temperature. The microstructure of the sample was characterized by
standard optical metallography (etchant: 2% NYTOL). Fig. 1
shows the optical microstructure of the steel sample, which
is a typical hypo-eutectoid structure: Ferrite + Pearlite.
Samples for Charpy impact test were machined following the requirement specified in ASTM E 23 (Type A). The
Charpy impact tests were performed at room temperature
using a standard Charpy pendulum machine with a capacity of 360 J. Some of the Charpy samples were tested using
a three-point-bending fixture in an Instron testing machine
at a loading rate of 0.5 mm/min. Charpy absorbed energy
(CVN) and the slow-bending absorbed energy were determined. Fracture surfaces generated by both the tests were
examined using SEM.
Micro-hardness of the fractured surface layer was evaluated using a Fischerscope H100C micro-mechanical probe
(Fisher Technology Ltd., Winsor, CT, USA). A standard Vickers diamond indenter was employed, which was
pyramid-shaped and had an angle of 136◦ between faces.
The indenter tip penetrated into the sample at a normal load
that was increased continuously up to a designated level. The
load was then gradually decreased back to zero. The entire
loading and unloading processes were recorded automatically, resulting in a load-displacement curve. Hardness and
elastic modulus could be determined from the curve, based on
the attained stiffness of contact, contact depth and projected
contact area. This system also incorporated a positioning device consisting of a microscope and a measuring stage, which
allow precise location of the measurement point.
In order to qualitatively investigate the lattice distortions
caused by deformation at different loading rates, residual microstrains in the fractured surface layers were determined
through X-ray diffraction line profile analysis based on ap-

proximated profile shape-functions [4]. X-ray diffractograms
of annealed, impact-fractured and slow bending-fractured
surface layers were obtained using a Rigaku 3014 X-ray
diffractometer with Cu K␣ radiation, operated at 40 kV and
35 mA in a continuous-scan mode. The scanning speed was
0.2◦ /min. A graphite crystal monochromator was used to obtain monochromatization. K␣1 lines were separated from the
combined K␣1 and K␣2 lines using a computer program.
The full-annealed sample was used as a reference sample.
(1 1 0) and (2 2 0) peaks were selected for the line profile
analysis.
Electrochemical tests, including potentiodynamic polarization, linear polarization and Tafel plot measurements, were
performed using a computerized Gamry PC4/750 electrochemical system. For all the electrochemical experiments,
a saturated calomel electrode (SCE) and a platinum (Pt)
net were used as the reference electrode and the counter
electrode, respectively. The electrolyte solution was 3.5%
NaCl. All the experiments were performed at room temperature (∼22 ◦ C). The Potentiodynamic polarization experiments were performed at a scan rate of 0.33 mV/s.
At least three linear polarization corrosion tests were performed for each sample to measure its polarization resistance
Rp , starting from 9.0 mV below the open circuit potential
(OCP) and ending at 9.0 mV above OCP. The scanning rate
was 0.05 mV/s.
At least three Tafel plot corrosion tests were performed for
each sample, starting from 100 mV below OCP and ending
at 140 mV above OCP. The scanning rate was 0.1 mV/s. The
corrosion current density icorr was calculated based on the
following equation (ASTM standard G3-89):
icorr =

b a bc
2.303(ba + bc )Rp

where icorr is the corrosion current density; ba , the anodic
Tafel slope; bc , the cathodic Tafel slope; Rp , the linear polarization resistance.
A scanning Kelvin probe (SKP), provided by the KP Technology Ltd. (Caithness, UK), was employed to investigate the
influence of strain rate on the surface electron work function
(EWF). The KP system had three sub-systems, including a
digital oscillator, data acquisition, and sample translation,
which are controlled by a host PC. A three-axis microstepper positioner permitted high-resolution sample positioning
(0.4 m per step) and the scanning area was 2 mm × 2 mm.
A gold tip with diameter equal to 1 mm was used. The oscillation frequency of the Kelvin probe was 173 Hz. Details of
the system and the Kelvin method have been described in [5].
Before the KP test, the annealed samples were polished up
to 600 grit abrasive papers and finally finished with 0.05 m
alumina. The impact-fractured samples and slow bendingfractured samples were tested with the original fracture surfaces.
Performances of the annealed, impact-fractured and slow
bending-fractured surface layer during corrosive wear were
evaluated using an electrochemical scratch technique, details
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of which have been described in [6]. In this study, the corrosive medium was a 3.5% NaCl solution (NaCl + H2 O). The
scratching tests were all performed under the open circuit potential. Surfaces of all the samples were polished using 600
grit abrasive paper and finally finished with 0.05 m alumina. It should be indicated that the polishing treatment was
carefully done to ensure that only a very thin surface layer
of about 100–200 m was removed, which should not affect
the evaluation of surface layer’s electrochemical properties
and its resistance to corrosive wear, since the fractured surface layers were fairly thick (more than 2000 m, estimated
from microindentation tests). Three normal loads were used:
5 g, 10 g, 30 g. The moving speed of the tip was 6 mm/s.
Sliding distance was 4 mm. The cross-sectional profiles of
the scratch grooves were measured using an atomic force
microscope (Digital Instrument, Santa Barbara, CA, USA).
For each sample, three scratch tests were made and 12 or
more cross-sectional profiles were measured. The wear loss
was obtained by averaging 12 measurements, represented
by the volume loss per unit length of the scratch groove
(mm3 /mm).
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3. Results and discussion
3.1. Surface microstructure and mechanical behaviour
Fig. 2 illustrates fracture surfaces caused by Charpy impact and slow-bending, respectively. The fractographs of the
surface resulting from the Charpy impact test shows relatively brittle features, i.e. cleavage facet and river pattern
(Fig. 2(a) and (b)), while the fracture surface of the slowbending samples exhibits ductile features, i.e. micro-void coalescence (Fig. 2(c) and (d)). Microcracks were observed in
surface layers (Fig. 3), which existed beneath the fracture
surface of both types.
Absorbed energies of both the Charpy impact and slowbending samples were measured and are illustrated in Fig. 4.
As shown, the absorbed energy of the former is 32.5 J while
that of the latter is 48.6 J. This absorption energy measurement is consistent with results of the SEM fractography examination, in which the impact fracture surface is relatively
brittle and therefore consumed less energy during the fracture
process.

Fig. 2. SEM fracture surface morphology: (a) charpy impact fracture surface; (b) a closer view of the Charpy impact fracture surface; (c) slow bending fracture
surface; (d) a closer view of the slow bending fracture surface.
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Fig. 5. Micro-hardness of annealed, impact-fractured and slow bendingfractured sample surface.

Fig. 3. SEM observation of microcracks in fracture surface layers: (a) microcracks in fracture surface layer caused by the Charpy impact test; (b)
microcracks in fracture surface layer caused by slow bending test.

Mechanical properties of the surface layers right beneath
the fracture surface were measured using a micro-mechanical
probe. Results of the test are shown in Figs. 5 and 6, respectively. As illustrated in Fig. 5, slow-bending resulted in the
highest hardness (HV 269) followed by the Charpy impact
test (HV 254), and the annealed sample had the lowest (HV
147).
Fig. 6 illustrates the variations in micro-hardness as a function of the distance from the fracture surface. As shown, the
affected layers are rather thick. The impact-fractured sample
has a deformed layer of about 2800 m while that of the slow
bending-fractured sample is 4200 m thick. The hardness of

Fig. 4. Absorbed energies of Charpy impact and slow bending tests.

the very surface is lower than the sub-surface layer. This could
be attributed to microcracks in the near surface layer, which
could make the layer less resistant to indentation.
The X-ray diffractograms ((1 1 0) peak) of annealed,
impact-fractured and slow bending-fractured samples are superimposed in Fig. 7. (2 2 0) peaks were also analysed. The
X-ray line profile analysis results are summarized in Table 1.
It is shown that the slow-bending yielded larger microstrain
(0.0401%) than Charpy impact (0.0230%). In addition, the
diffraction peaks of both slow bending-fractured and impactfractured surface layers were found to shift to the left with
respect to that of the annealed sample, which indicate the

Fig. 6. Micro-hardness of impact-fractured and slow bending-fractured surface layers: (a) impact-fractured surface; (b) slow bending-fractured surface.
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Fig. 7. X-ray (1 1 0) diffractions of full-annealed, impact-fractured and slow bending-fractured surface layers.

presence of residual tensile stress normal to the fracture surface [4].
One of our tasks is to investigate the surface microstructure and defect configuration resulting from different loading
rates, mainly the dislocation density that strongly influences
the electrochemical behaviour of materials. The XRD results
indicate that the slow bending-fractured sample may have
higher dislocation density than the impact-fractured sample,
because its larger residual microstrain should mainly result
from higher dislocation density. The XRD result is consistent with that of the micro-indentation test. For instance, the
slow-bending sample had a higher microhardness than the
impact-fractured sample. This could be mainly attributed to
the strain-hardening effect that is dependent on the number
of dislocations.
The higher dislocation density of the slow bendingfractured surface layer may also be expected based on the
absorption energy measurement. The absorbed energies (E)
during fracture can be basically resolved into two components: the plastic strain energy (Wd ) and the surface energy
(Ws ) of the fracture surfaces as well as those of microcracks:
E = Wd + W s

(1)

The fracture surface and cross-sectional SEM examinations have shown that the impact-fractured and slow bendingfractured surface have similar roughness. Although the forTable 1
Results of the X-ray line profile analysis

Impact-fractured
Bending-fractured

t

Integral
broadening
(1 1 0)

Integral
broadening
(2 2 0)

Microstrain
(%)

0.0016
0.0025

0.0020
0.0032

0.0230
0.0401

mer shows more microcracks, the difference in the crack density between the fracture surface layers are not large, at least
on the same order of magnitude. Therefore, the higher absorbed energy of the slow bending-fractured sample may imply that it experienced larger plastic deformation than the
impact-fractured one. A higher dislocation density is thus
expected for the slow bending-fractured sample. However,
it should be pointed out that the thicker plastic deformation
layer of the slow bending sample also consumed part of the
absorbed energy. Nevertheless, the dislocation density of the
slow bending-fractured surface layer should be higher, not
only supported by all the experimental results but also expected theoretically.
The differences in residual microstrain and dislocation density between slow bending-fractured and impactfractured surface layers could be explained in terms of dislocation dynamics: the behaviour of dislocations moving at
high speeds is quite different from that of quasi-static ones
[7]. If we assume that a dislocation has an equivalent mass
(m∗ ), the force (F) required to drive the dislocation with a
certain acceleration (a) may be determined by Newton’s law
of motion [7]:
F = m∗ a

(2)

Therefore, there must be a drag force to hold back the dislocation before a certain velocity is reached. The larger the
acceleration, the larger the drag force. Thus, when a sample is
deformed at a high strain rate, dislocations are relatively difficult to be generated and moved. As a result, the dislocation
density would be possibly low and plastic deformation could
be restricted to relatively small local regions. Less plastic deformation with lower dislocation density could therefore be
expected in samples experienced the Charpy impact test, in
which the strain rate at the notch tip was estimated to be in
the range of 102 –103 s−1 [8].
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Thus, under the Charpy impact condition, brittle fracture
was the main failure mode with less plastic deformation involved. The deformation caused by the impact force could be
accommodated by microcracking. From this point of view, a
relatively lower dislocation density can be expected for the
impact-fractured sample.
The dynamic behaviour of materials, i.e. deformation at
high strain rates has been a subject of numerous studies for
recent decades, due to its significance to engineering practice [2,7]. Many investigators have examined the effects of
strain rate on the dislocation substructure by means of transmission electron microscopy (TEM) [9–11]. In many cases,
a cellular dislocation substructure develops, and the dislocation density increases with strain rate; while the dislocation
cell size decreases with the strain rate. As a consequence,
microhardness and flow stress have been found to increase
with the strain rate. It seems that the results obtained in this
study conflict with the previous studies reported in literature. However, it must be pointed out that the previously
reported experimental results were obtained using the SplitHopkinson-pressure-bar technique, in which a specimen was
deformed under compressive stress. In a compressive stress
state, the number of microcracks could be smaller than that
under tensile stress, bearing in mind that compressive stress
can not result in cracking. Therefore, more dislocations must
be introduced to accommodate deformation under the applied
stress. This could be a reason why under compressive stress
at high strain rates, more dislocations could be generated but
moved in local regions, thus resulting in small dislocation
cells. However, in the Charpy impact test, the stress in the
vicinity of notch tip is complicated but basically tensile in
nature [12,13], which favours the formation of microcracks.
Under such a condition, less plastic deformation was involved
and cleavage fracture could thus be the main failure mode. All
experimental observations in this study are consistent with the
theoretical argument.
3.2. Corrosion behaviour
The Potentiodynamic polarization curves of the 1045 steel
of different states measured in 3.5% NaCl solution at room
temperature (∼22 ◦ C) are shown in Fig. 8. Table 2 summarizes electrochemical properties obtained using Tafel method
and linear polarization method. One may see that the slow
bending-fractured sample has the highest corrosion rate, followed by the impact-fractured sample, and the annealed sample has the lowest corrosion rate.
In general, corrosion is an electrochemical reaction in
which a metal loses electrons and dissolves in the corrosive

Fig. 8. Potentiodynamic polarization curves of different surfaces in 3.5%
NaCl solution: (a) full annealed; (b) Charpy impact fractured; (c) slow
bending-fractured.

solution. The activity of electrons may be reflected by the
electron work function, the minimum energy required to remove electrons from inside a metal to its surface with zero
kinetic energy [14]. In order to better understand the above
electrochemical results, the electron work functions (EWF)
of the three types of sample surface were measured using a
scanning Kelvin probe. Results of the test are shown in Fig. 9.
As shown, the slow bending-fractured surface has the lowest
EWF (4.1–4.3 eV), followed by the impact-fractured surface
(4.4–4.6 eV), and the annealed sample has the highest EWF
(4.6–4.7 eV).
It has been demonstrated that the EWF decreases with
plastic deformation no matter if it is tensile or compressive [15,16], which implies that dislocation renders electrons
more active and thus increases the driving force for electrochemical reaction. This means that a deformed metal tends
to lose electrons more easily than an unreformed one. Consequently, a heavily deformed metal should have a high corrosion rate, since its high-density dislocations provide a large
number of active sites at which corrosion is promoted. Previous studies have demonstrated that the corrosion rate of
a metal increases with an increase in the amount of plastic
deformation [17]. The results of the electrochemical test in

Table 2
Results of the electrochemical test
Ecorr (mV)
Annealed
Impact-fractured
Bending-fractured

−584 ± 7
−668 ± 10
−695 ± 12

Icorr (A/cm2 )

Rp ( /cm2 )

6.93 ± 0.23
14.78 ± 0.53
19.19 ± 0.44

1266 ± 84
1143 ± 77
934 ± 85

Fig. 9. Electron work functions of full-annealed, impact-fractured and slow
bending-fractured surfaces.
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this study are consistent with the EWF measurement and also
expected based on our previous studies. In summary, since
the slow bending-fractured surface layer has a higher dislocation density than the impact-fractured one, the former has
a higher corrosion rate. Among the three types of samples,
the annealed has the lowest corrosion rate. It should be mentioned that the EWF is also affected by surface roughness.
However, since the impact-fractured surface and the slow
bending-fractured one have similar roughness, the effect of
roughness on EWFs of these two surfaces could be largely
minimized or the roughness effect on the difference in EWF
between these two surfaces could be negligible. As for the
annealed sample, it should have higher EWF than the two
fractured surfaces, because of its lower dislocation density or
dislocation-free state.
3.3. Corrosive wear behaviour
The corrosive wear behaviour of the samples was evaluated using scratching test in 3.5% NaCl solution under different loads. After scratching, cross-sectional profiles of the
scratch grooves were measured under an atomic force microscope (AFM). The wear rate is represented by the volume
loss per unit length of the scratch groove (mm3 /mm). As
an example, Fig. 10 illustrates the cross-sectional profiles of
grooves scratched under a load of 5 g. The wear rate results
are summarized in Fig. 11.
As illustrated, under different loads, the samples performed differently. At the low load of 5 g, the slow bendingfractured and impact-fractured sample have close wear rates
that are lower than that of the annealed sample. When the applied load increased, the situation was reversed. At the load
of 10 g, wear rates of the slow bending-fractured and impactfractured samples are still close but higher than that of the
annealed one. At the load of 30 g, the impact-fractured samples have a markedly higher wear rate than the slow bendingfractured samples.
The observed performances of the three types of samples
can be explained. It is generally accepted that the wear loss is
approximately inversely proportional to the hardness of the
target material [18]. The slow bending-fractured and impactfractured surfaces are harder than the annealed one, due to
the strain-hardening effect that more or less benefited the
wear resistance [17]. As a result, the slow bending-fractured
and impact-fractured surfaces, although their toughness was
lower, could show higher resistance to wear than the annealed
one under low wear force. However, if the wearing force is
large, the situation could be different. Under relatively higher
loads, the fracture stress might be reached and all the samples would experience relatively severe wear. Under such a
condition, the softer sample (annealed) might have improved
performance relative to the strain-hardened ones, since it may
have larger contact area and thus smaller contact stress, which
may decrease the wear damage. In addition, the higher ductility of the annealed sample helps to accommodate deformation
and this may reduce nucleation and propagation of cracks.

Fig. 10. Cross-sectional profiles of scratch grooves generated by scratch in
3.5% NaCl solution at a load of 5 g: (a) annealed; (b) impact-fractured; and
(c) slow bending-fractured.

Fig. 11. Wear rates of annealed, impact-fractured, slow bending-fractured
surfaces caused by scratch in the 3.5% NaCl solution.
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It must be indicated that the larger volume loss of the fractured surfaces under the load of 30 g may be caused by the
accelerating effect of corrosion on wear that can be enhanced
by defects. The negative effect of defects, e.g., dislocations,
on corrosion has been demonstrated by the electrochemical
tests and EWF measurements in the present study. In addition, the microcracks and dislocations in the fractured surface
layers led to a decrease in toughness, thus reducing the wear
resistance under relatively larger wearing forces.
It is interesting to notice that, under the highest load of 30 g
force, the Charpy impact-fractured sample showed slightly
higher volume loss than the bending-fractured sample. This
might be ascribed to the surface defect structure. For the
impact-fractured surface layer, the dislocation density could
be lower than that in the slow bending-fractured surface layer
because of the high strain rate as discussed earlier. Instead,
the density of microcracks beneath surface could be relatively
higher than that of slow bending-fractured sample. The microcracks may act as stress raiser and made the surface vulnerable to wear attack especially under large wearing forces.
When immersed in the corrosive solution, material degradation and stress-corrosion cracking at the crack tip could
largely accelerate the surface wear failure, leading to a higher
wear rate.
It should be mentioned that the surface deformed layers of
the impact-fractured and slow bending-fractured samples had
different thickness values (Fig. 6), which might influence the
difference in wear behaviours between the fractured surfaces.
However, the deformed layers were quite thick (∼103 m).
Under the scratch test condition, where the scratch depth was
in the order of magnitude of 10–102 nm (Fig. 10), the difference in the depth of the deformed layers should therefore
not be responsible for the difference in wear performance between the impact-fractured and slow bending-fractured surfaces.

4. Conclusions
Effects of the loading speed or strain rate on corrosion
and corrosive wear of annealed, impact-fractured and slow
bending-fractured surface layers of AISI 1045 steel in a 3.5%
NaCl solution were investigated. The results showed that the
slow bending-fractured surface layer had the highest dislocation density and hardness, followed by the impact-fractured
one, and the annealed sample had the lowest dislocation density and hardness. The effect of the strain rate on the dislocation density could be explained based on the dislocation
dynamics and fracture mode. Electrochemical tests demonstrated that the slow bending-fractured surface had the highest
corrosion rates, followed by the impact-fractured one, and the
annealed one had the lowest corrosion rate. Such difference in
corrosion rate could be mainly attributed to different dislocation densities, which influence the surface electron activity.
Using electrochemical scratching tests, the corrosive wear
performances of the three groups of samples were evaluated.

It was demonstrated that under a low load of 5 g, the slow
bending fractured and impact-fractured surfaces had higher
wear resistance than the annealed one, while under higher
loads, the situation was reversed. Under the highest load of
30 g, the impact-fractured surface showed the lowest resistance to corrosive wear.
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