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Abstract: The purpose of this paper is to use SKPFM to characterize the gradient
strengthened layer induced by the ultrasonic surface rolling process (USRP). A
correlation between the dislocation, residual stresses, and SKPFM derived \olta

potential was obtained using Scanning Kelvin probe force microscopy (SKPFM),
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electron back-scattered diffraction (EBSD), transmission electron microscopy (TEM)
and X-ray stress analysis. In the plastic deformation region, a localized fluctuation of
\olta potential at structural interface was formed due to the decreased electron work
function caused by dislocations pile-up, where the Volta potential at the interface is
higher than the surrounding region. However, in the elastic deformation region, due to
the slight influence of residual tensile stress, the potential value is still higher than the
unreformed zone but much lower than the plastic deformation region, and the Volta

potential map tended to be flat without localized potential fluctuations.

Keywords: SKPFM; Ultrasonic surface rolling processing; \Volta potential;

Residual stress gradient;

1 Introduction

Ultrasonic surface rolling process (USRP) is an effective strategy to reduce the
surface roughness of alloy steel, introduce residual compressive stress in the surface
layer, and improve the wear resistance and fatigue resistance [1, 2]. Since severe plastic
deformation significantly alters the microstructure of the surface, a great deal of research
has been done on the effect of ultrasonic treatment on corrosion properties [3-11]. In
most cases, mechanical deformation that leads to grain refinement usually results in a
decrease in average corrosion resistance due to large amount of grain boundary, except
for other related improvements such as passivation, roughness, pitting resistance, etc.
But, in the strengthened layer, there are two types of main gradient changes, the grain

size gradient and the residual stress gradient, although the correlation of grain size with
2
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corrosion behaviour was well known, how the residual stress filed affecting the
electrochemical actively was not clear. Chui et al. [12] investigated the effect of surface
nanocrystallization induced by fast multiple rotation rolling (FMRR) on corrosion
behavior of 316L stainless steel, and the results showed that the FMRR treated 316L
stainless steel with a surface nanocrystallized layer reduced the corrosion resistance in a
3.5% NaCl solution and enhanced the pitting corrosion rate in a FeCI3 solution. Sun et
al. [8] studied the localized corrosion behaviour of 7150 aluminum alloy after ultrasonic
shot peening (USSP) and found that the USSP enhanced the pit-initiation resistance but
accelerated the pit propagation kinetics of 7150 aluminum alloy due to the constricted
pit morphology caused by a gradient microstructure. Lu et al. [11] have shown that
nanocrystalline boundaries of AISI 316L stainless steel by surface mechanical attrition
treatment (SMAT) reduced the corrosion resistance, whereas twin boundaries improved

the corrosion resistance in 0.05 M H»,SO,4 + 0.25 M NaySO,.

SKPFM measures the \Wolta potential with nanometer resolution and an energy
sensitivity better than 0.1 eV [13]. By reducing the size of the Kelvin probe to the
nanoscale and combining it with atomic force microscope (AFM) [14], the resulting
SKPFM can produce simultaneous maps of the surface topography and the
corresponding Volta potential in local scale to gain insight into the local electrochemical
nobility of heterogeneous microstructures [15]. Ornek et al. [16] conducted the SKPFM
study on the difference between the y and & phases of duplex stainless steel, suggesting

that regions with higher contact potential differences tended to preferentially corrode. E.
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Rahimi et al.[17] revealed that the Cu region has a higher \Volta potential than the Ti
region, and corrosion mainly occurred on the Cu side due to the increasing growth of the
Ti passive film. Ma et al [18] studied the work function (WF) variation on different grain
orientations of 90Cu-10Ni alloy by using SKPFM and found that grains close to (100)
exhibited lower WF with lower dissolution rate, whereas grains close to (111) with
higher WF dissolved faster. As mentioned above, the effect of residual stress gradient on
the localised corrosion in the strengthen layer was not clearly known, hence, whether
SKPFM technique can be used as a method to reveal the correlation of residual stress

gradient with Volta potential has aroused great interest.

As a matter of fact, Volta potential is a material specific property which is highly
sensitive to different elements in alloys, thus, the SKPFM was widely used in the
researches of alloy or multiphase structure, but concerning about the effect of residual
stress filed on the Volta potential measured by SKPFM, there was lack of publications.
Theoretically, the feasibility can be found in studies using scanning Kelvin probe (SKP),
because the principle of the two technique is basically the same. Although the measured
\olta potential is highly sensitive to the environment and the surface condition of the
tested material, the electron work function (EWF) difference between the tip and the
metal establish the Volta potential difference [19]. Li et al. [20] studied the EWF
changes of copper under various loading condition by SKP, found that in the elastic
deformation range, the tensile strain decreased the EWF and vice versa, while in the

plastic deformation range, the EWF always decreased with plastic strain no matter it was
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tensile or compressive. Furthermore, Li et al. [21]also demonstrated that the EWF at
grain boundaries was decreased owing to the lattice distortion or defects such as
dislocation, in contrast to the grain interior. However, the effective spatial resolution of
the SKP is limited. The sampling region for the potential measured from the metal
surface is limited to the submillimeter-scale [20, 22]. Thus, the SKPFM is an improved

way to characterize the gradient structure for its extremely higher spatial resolution.

In this work, SKPFM was used to characterize the cross section of 20CrMnTi
gradient layer in combination with grain refinement and dislocation density
characterized by EBSD and TEM. The 20CrMnTi steel is a commercial low carbon steel
for gear manufacturing and the microstructures of the quenched 20CrMnTi are mainly
martensite and retained austenite. After the high-frequency cold deformation by USRP, a
gradient changed strengthening layer with thickness of 100-300 um is formed. Hence,
the strengthened layer of 20CrMnTi is a ideal gradient layer with residual stress, grain
size refinement and minor element changes. It will be shown that the correlation of the
dislocation density, residual stress with the SKPFM measured \olta potential in the

20CrMnTi steel gradient layer caused by USRP.

2 Materials and methods

2.1 Materials

The 20CrMnTi steel rods with a chemical composition of (in wt.%) Cr: 1.2; Mn:

1.0, Ti: 0.08; C: 0.2; Si: 0.3; Ni: 0.03; Cu: 0.03 ; Fe: balance; were used as substrate
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materials. To obtain a martensite microstructure, the raw material was heat treated at
870°C for 1 h, quenched in a cold saline solution, tempered at 200°C for 2h and cooled
in air. The tempered specimens were cut into round bars with a diameter of 10 mm and a

length of 100 mm, and then ground using 320#, 600#, 1200#, 2000# sand paper.

2.2 USRP

The ultrasonic surface rolling treatment of 20CrMnTi steel was carried out on the
ultrasonic rolling lathe (CAG150, China). Three types of samples with gradient
deformation layers were obtained by adjusting the working pressure of the ultrasonic
rolling head to 0.1, 0.15 and 0.2 MPa, which was the variable that controlled the
production of the strengthened surface layer on the specimen. After the specimens were
removed from the ultrasonic rolling lathe, the surface lubricating oil that was used to
reduce the roughness of the sample in the ultrasonic rolling machine was immediately
removed using acetone, and the samples were dried using cold air. Cross-section cut
from the processed region is shown in Fig.1, where Z axis was the observation direction
perpendicular to the cross section, X axis was the deformation direction tangent to the
arc and the Y axis was the direction toward the center. Then, cross-section was polished
with argon ions and then characterized by SEM, SKPFM and EBSD. In addition, cross
sections were subjected to electrochemical test and residual stress test, the latter was
stripped by electrolytic polishing. A diagram of the overall experimental approach is
shown in Fig. 1, and the experimental procedures are described in detail in the following

subsections.
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2.3 Electrochemical method

The processed specimens were used as working electrodes. A heat-shrinkable tube
was used to wrap the unprocessed region, and silicone rubber was used to seal the gap
between the heat-shrinkable tube and the specimen. The exposed region of the working
electrode was 0.5 cm?. Electrochemical testing was performed in a borate buffer solution
(pH=8.45) with 0.05 mol.L™ CI" contamination at 30 °C+1 °C using a water bath. An
electrochemical workstation (Model CS350, Corrtest, China) was used for the
potentiodynamic polarization curves measurements. A saturated calomel electrode (SCE)
and Pt plate electrode were used as the reference electrode and counter electrode,
respectively. Potentiodynamic polarization curves were obtained at a scan rate of 0.5

mV.s™, ranging from -0.6 V vs. the OCP (open circuit potential) to +0.8 V vs. the OCP.

2.4 Residual stress measurements

The axial residual stress (normal stress) of the samples rolled under 0.1 MPa, 0.15
MPa and 0.2 MPa pressures was measured by layer stripping method (electrolytic
polishing) on the GNR type X-ray diffractometer using fixed bits of heeling and the
siny method with y angles of 0°, +10°, +20°, +30°, and +40°. The XRD was conducted
with r-Ka radiation, a test collimator tube diameter of 2 mm, the {211} peak, a 20 kV
tube voltage, a tube current of 5 mA, a 147°~167° scan range, and a step distance of 0.1°.
Combined with the characteristics of the open testing platform of GNR residual stress
diffractometer, the electrolytic polishing of samples can be carried out on the residual

stress diffractometer working table to achieve in-situ layer stripping. The test points at
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different depths do not change in the X and Y directions in the coordinate system of the
work table, and the change in the height (normal) direction is exactly the strip depth.
Therefore, the test regions for the X-ray residual stress measurement before and after
stripping were consistent. By in-situ layer stripping of the sample on the X-ray

diffractometer, the in-depth residual stress distributions were obtained.
2.5 SKPFM measurement
2.5.1 Sample Preparation

To minimize the effects of the roughness, metal passivation and adsorption on the
variability of the acquired Volta potential values, samples were prepared using the same
steps for each map acquisition. To create a fresh and smooth surface for the SKPFM
measurements, the samples were all polished with argon ions after mechanical polishing,
because argon ion polishing can remove a damaged layer and reveal the internal
structure of a crystal, especially the grain boundaries, and the roughness can be reduced
to the nanometer level. Following each polishing step, samples were sequentially rinsed
with deionized water and nondenatured absolute alcohol and then dried with compressed
air. Following polishing and immediately prior to SKPFM imaging, the sample was
cleaned by ultrasonication in ethanol and then dried with compressed ultrahigh purity

(UHP) nitrogen gas.
2.5.2 Testing parameters

A MultiMode 8 atomic force microscope from Veeco Instruments (AFM) with a
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Nanoscope V8.15 acquisition program from Bruker was used. The working principles
and technical details of SKPFM have been described in other literature reports [23-26].
A standard MESP probe with n-type antimony doped-silicon coated with magnetic CoCr
on the front and back sides of the probe was used. The SKPFM was carried out by
employing the dual-scan mode, with the first scan determining the surface topography,
followed by a second scan in which the probe was lifted up to 80 nm to obtain the Volta
potential data. The SKPFM measurements were carried out in_ambient air at room
temperature with 30% relative humidity, a pixel resolution of 256 x 256, and a scan
frequency rate of 0.996 Hz. The SKPFM data analysis was performed with NanoScope
Analysis 1.5 software. According to the working principle of SKPFM, the equation for
the \olta potential difference between the specimen and tip (with bias) is as shown
below: [19]

Vepp = Wr— s

where W¥s is the Wolta potential of the sample, W+ is the \olta potential of the tip
(MESP probe), and Vcpp is the measured Volta potential difference. The reliability of the
tip used was assessed by measuring the \olta potential of a standard gold sample, and
maximum potential differences of 1-3 mV were measured prior to and after the test
during the same measurement day with no significant variation, indicating good tip
quality and a maximum sensitivity of the system [24]. Ornek et al. [19]suggested that a
polarity convention for SKPFM-measured Volta potentials is needed to improve the

interpretation. In this study, the Volta potential maps were not inverted, and a bias
9
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voltage of 750mV was applied to the tip. Therefore, the measured Volta potential
difference with positive values indicate lower work functions and, hence, lower \Volta
potentials of the sample relative to the tip, hence, it can be inferred that the sample is
less noble (anodic) than the tip. Here, high Volta potential value (more positive)
measured by the SKPFM indicate anodic (less noble) characters whereas low \olta

potential value (less positive) indicate cathodic regions.

2.6 EBSD measurements

To demonstrate the effect of cold-rolling on microstructure development, three
specimens that were rolled under different pressures (0.1 MPa, 0.15 MPa and 0.2 MPa)
were polished with argon ions and characterized by EBSD. The microstructures of the
gradient deformation layer were studied using an FEI Quanta 650 scanning electron
microscope (SEM) operated at an acceleration voltage of 20 kV. Data acquisition and
analysis were carried out with a Nordlys EBSD detector from Oxford Instruments
equipped with Channel 5 software. The plastic deformation regions of specimens, which
were within approximately 100 um from the edge, were chosen for the EBSD analysis at

a step size of 0.2 um.
2.7 TEM measurements

The dislocation density of samples with different strains was measured by TEM.
TEM analysis was conducted on an FEI TECNAI G2 F20 microscope with a Schottky

thermal field emission gun at an accelerating voltage of 200 kV. TEM samples were
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prepared by twin-jet electro-polishing in an alcohol solution of 10% HCIO, at a
temperature of 20 °C and Voltage of 40 V after the specimens were mechanically ground

to a thickness of 50 um to protect the rolled surface.
3 Results
3.1 Electrochemical behaviour

Polarization curves for the materials treated with different rolling pressures in the
solution with pH=8.45 and CI" =0.05 mol/L are shown in Fig. 2. The anodic passive
range changed with the rolling pressure and decreased as the rolling pressure increased,
as shown in Fig.2. The extracted data (the inset of Fig. 2) including corrosion current
density and passivation range are presented in Fig. 3. The passive current density for the
0.2 MPa pressure is nearly twice that for the 0.1 MPa pressure, indicating a degradation
of the corrosion resistance with increasing rolling pressure. Furthermore, the breakdown
potential (Ep) exhibited a negative shift (~130 mV) when the rolling pressure exceeded
0.2 MPa. Moreover, the specimens treated with pressure 0.20 MPa exhibited

prebreakdown of the passive film.

3.2 EBSD characterization

To assess the degree of the grain refinement, inverse pole figures are shown in Fig.
4. As shown, the grain size of the strengthened layer was reduced, due to the severe
deformation and breaking up of grains after cold deformation. The statistical results of

the grain size are shown in Fig. 5. The average grain size at a pressure of 0.1 MPa was
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1.37 um, while the grain size at a pressure of 0.2 MPa decreased to 1.19 um, and the
fraction of fine grains (average diameter less than 2 um) increased as the static pressure

was increased.

3.3 TEM characterization of the gradient structures

TEM micrographs of the treated and untreated samples are presented in Fig. 6. As
expected, the lath martensite is formed during rapid cooling and have a substructure of
dislocations, as shown for the untreated sample in Fig. 6a. The dislocation density is not
high, as evidenced by the magnified image in the insert of Fig. 6a, which still reveals a
small amount of residual austenite (Ar). For simplicity, its local density of ~0.91x10'®
m is roughly determined by the Fourier-reconstructed image (Fig. 6b), although such
density is larger than the real value because of the limited area measurement. USRP
deformation results in dislocation multiplication, whereas homogeneous deformation
does not occur at each lath at a lower stress level. For example, dislocations were pinned
at lath boundaries and dislocation tangles have been developed into most of laths after
0.1 MPa treatment, leading to a dramatic increase in dislocation density (~1.55x10'°
m?). However, the low-density zone is still visible in some of laths, highlighted by white
arrow in Fig. 6¢. As the rolling pressure increased to 0.15 MPa, the relatively
homogeneous deformation occurred, leading to further increase in density and gradual
evolution into dislocation cells from tangles (Fig. 6e). A further increase in pressure
results in severe deformation of the laths, evidenced by the significant accumulation of

dislocations (Fig. 6g) with a density as high as ~1.95x10'® m? (Fig. 6h). The statistical
12
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results indicate that dislocation density increases dramatically with the increase of
treated pressure, and subsequently tends to be become steady at a certain pressure higher

than 0.2 MPa (Fig. 7).

3.4 The surface morphology

Fig. 8 shows the surface morphology of the sample treated by USRP (0.2MPa) after
argon ion polishing, where Figs. 8a (SEM) and ¢ (AFM) are close to the sample edge
(strengthened layer), while Fig. 8b (SEM) and d (AFM) are the centre region of the
sample (matrix). Fig. 8a and c indicate that structures in the strengthened layer were all
inclined towards the rolling direction and squeezing each other, leading to plastic flow.
Plastic deformation amount decreases gradually along depth from the surface, which is
similar to the tendency of low carbon steel after 60 min SMAT [19]. Therefore, no
obvious plastic deformation was observed in the central region of the sample (Fig. 8b
and d). The purpose of polishing with argon ions was to show the contrast image of
microstructure. It can be seen that the polished surface was not flat but appeared surface
relief, and the different height of topography was due to different the ion beam polishing
resistant between grains or damaged microstructures. Although the surface looks uneven,
the surface height fluctuation caused by argon ion impact is only 200nm. If the grain
boundary is eroded by corrosion, the grain boundary corrosion depth may reach
hundreds of nanometers, even micron level. Therefore, the release of stored energy can

be avoided by argon ion polishing and by not using chemical etching.
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3.5 SKPFM-Volta potential map

The topography and corresponding Volta potential maps for the 0.2 MPa condition
at different depths from the surface are shown in Fig. 9. It can be seen that there was a
certain relationship between the Volta potential and the morphology at a depth of 45 um
from the surface shown in Fig. 9a. The potential map shows positive values (the tip is
biased), which means that the entire microstructure was less noble (anodic) than the
AFM tip. The potential map at the recessed region displays a potential peak (a purple
region confined by a white dotted line) that are higher than those of the surrounding
region, and hence, a local Volta potential gradient was formed. However, it was found
that the potential was not completely consistent with the surface height, when the white

dotted frame line was transferred to the morphology.

Fig. 9b also displays the Volta potential peaks. Several local potential peaks
occurred not only in the recessed regions but also in the protruding regions, indicating
that these regions with steep potential changes had a high local corrosion activity. Given
the distance tracking advantage of the SKPFM method, the effect of the surface
roughness (height difference) on the Volta potential was not dominant. However, the
distribution of the Volta potential near the matrix (Fig. 9c for a depth of 800 um from the
surface) was very stable and did not contain fluctuations, whereas the morphology
exhibited the same characteristics (Figs. 9a and b), especially with regards to the
roughness, which was basically consistent with Fig. 9a and was also 200 nm. Hence, the

\olta potential distribution of the gradient layer was closely associated with other factors,
14
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such as the residual stress gradient caused by USRP.

Fig. 10 shows the topography and corresponding \olta potential information at
different depths from the surface of the material treated at 0.15 MPa. As an illustration,
the potential peaks occurred only in the strengthened layer closest to the surface (Fig.
10a), which should also result in a microstructure that is more susceptible to corrosion
(less noble) than the areas with a uniform potential distribution (Figs. 10 b and c). This
phenomenon also appeared on the material treated at 0.1 MPa (Fig. 11), in which only
the region closest to the surface had potential peaks, but the region 100 um deep from
the surface and near the matrix possessed a uniform potential distribution. Therefore,
consistent with Fig. 9, the \olta potential distribution was closely related to the

strengthened layer caused by ultrasonic surface rolling (Figs. 10 and 11).

To investigate the correlation between the residual stress and the Volta potential
distribution, measurements of the \olta potential and residual stress along the gradient
layer were conducted on each specimen. Fig. 12 displays the Wolta potential and residual
stress at different positions. The right ordinate axis presents the in-depth residual stress.
It can be seen that the variation of the residual stress in the gradient layer first increased
and then decreased. The increase in the rolling pressure increased the depth of the
affected layer. The depth of the residual stress layer in the material treated at 0.2 MPa
increased to 900 um (Fig. 12 c), whereas the depths of the residual stress layers were
600 um and 700 um for the materials treated at 0.1 MPa and 0.15 MPa, respectively

(Figs. 12 a and b). The left ordinate axis presents the average Volta potential value and
15
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\olta potential distribution (subplots) at different depths from the surface, where the
average Volta potential is the average value of three different regions of the same depth,
and one of the three regions constitutes the potential distribution (subplots). Previously,
the distribution of the Volta potential in each sample at different depths from the surface
was studied (Figs. 9, 10 and 11), which were close to the surface, approximately 100 um

away from the surface and close to the matrix.

As illustrated in Fig. 12, all potential curves showed a general trend. The average
\olta potential decreased steeply in the first 300 um, where the residual stress was large,
varied more than 100 mV, then fluctuated smoothly with depth and eventually became
stable. The variation of the Volta potential with the residual stress is consistent with the
studies of the EWF under different degrees of deformation and yielding [20, 27]. The
maximum average Volta potential occurred in the region with a relatively high residual
stress, where the Volta potential increased by 130-200 mV compared to that of the
matrix where no stress was applied. As the residual stress decreased sharply, the Volta
potential smoothly decreased and eventually became stable when the residual stress
approached zero. However, it is worth noting that the \olta potential values were
different at the locations where residual stresses were the same (depths of approximately
300 wm and 0 um from the surface). Hence, the rise in the potential near the surface may
be due to other factors, such as dislocation accumulation at the grain boundaries and an

increase in the dislocation density with an increase in the rolling pressure.
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3.6 Morphology of the polished and etched cross-sections

To characterize the anodic activity at the grain boundaries, three specimens with
polished surfaces were immersed in a picric acid etching solution for 2 min. The etched
morphology is shown in Fig. 13. The width of the grain boundaries close to the surface
was obviously larger than that far away from the surface. For example, in the material
treated at 0.1 MPa, the width of the grain boundary closest to the surface reached 0.9 um
(Fig. 13 a), while the width away from the surface was only 0.22 um (Fig. 13 d). This
phenomenon was also observed in the materials treated at 0.15 MPa and 0.2 MPa. A
comparison of the Volta potential curve (Fig. 12) to the corrosion morphology (Fig. 13),
suggested that the anodic (less noble) character along the gradient layer was decreased
as the average VWolta potential values decreased. In addition, the surface of the material
treated at 0.2 MPa had wider grain boundaries (reached to 1.5 um) than those in the
deformation layer, which is consistent with the high potential peak in Fig. 9, indicating
local corrosion-activity. This behaviour was also associated with strain-induced
dislocation; as the dislocation density increased, the grain boundary corrosion activity

increased.

4 Discussion

The statistic results in Fig.12 clearly demonstrated a gradient change of \olta
potential indeed existed in the strengthened layer. However, it is worth noting that the
\olta potential values were different at the locations where residual stresses were the

same (depths of approximately 300 um and O um from the surface). This result suggests
17
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that the Wolta potential may not always consistent with residual stress, thus, what factors
in the gradient layer essentially induced the response of \Volta potential need to be
discussed. As stated above, the electron work function difference establish the Volta
potential difference, and the decrease of the EWF can be considered as an increased
tendency for electron transfer [19]. Li et.al [28] proposed a simple electrostatic action
model to investigate the effect of a dislocation on the EWF of a one-dimensional lattice.
In this model, the enlarged atomic spacing induced by dislocation-related strain fields
leads to the potential well shallower and the electron binding force weaker, and hence a
lowered work function. Thus, the atomic spacing and the dislocation density are the key

factors account for the Volta potential change in the strengthened layer.

The schematic diagram as shown in Fig. 14 summarized the results presented in
Fig.9-11, which clearly shown the correlation of Volta potential difference with the
localized dislocation density. As generally known, the USRP generated a gradual
decreased plastic deformation layer along the depth from the surface, the plastic
deformation facilitates the dislocations pile-up near the grain boundary and the interface
of martensitic lath. Thus, at the region near the surface, the localised high dislocation
density caused by dislocations pile-up stimulate the \olta potential change, as
demonstrated by the linear potential profiles marked by the red line in Fig. 9 a shown in
Fig. 15. In the linear profiles, the potential line does not match the topography. The
region of the high potential is wider than the interface, as shown in the shaded region.

while at the region without plastic deformation, the more homogeneous distribution of

18
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dislocation density result in the flattened Volta potential map. Hence, the gradually
decreased Volta potential difference essentially revealed the reduction tendency of

dislocation density at different depth.

However, the dislocation density could not be the only factor that determines the
\olta potential in the strengthened layer. The plastic deformation region cannot cover the
entire region caused by USRP according to the residual stress affection. From a
mechanical equilibrium point of view, the intense plastic deformation near the surface
generate the residual compress stress, while in the deeper region, a residual tensile stress
must be generated for mechanical equilibrium as shown in Fig. 16, therefore, the
gradient layer is divided into two regions along the depth, namely, A-B (plastic
deformation) and B-C (elastic deformation). As stated above, in the plastic deformation,
the \Wolta potential is mainly controlled by the dislocation density. But in the elastic
deformation region, the dislocation density could not accumulate from the weakened
tensile stress, thus, the residual stress is considered to be the main factor that controlled

the following Volta potential in the B-C range.

Briefly, according to the principle of X-ray residual stress analyser, the principle is
based on the famous Bragg equation, 2dsin® = nA. By measuring the diffraction angle
changes (A0), the atomic plane spacing change (Ad) could be gained. According to
Hooke’s law and the modulus of elasticity, the residual stress of the material could be

calculated. Presently, the stripping method is mostly used to obtain the internal residual
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stress, when it is combined with XRD measurements, where milling and electrolysis are
the two main methods [29]. When the layer with residual stress is stripped, the residual
stress is redistributed and released [29, 30]. Therefore, there is a deviation between the
measured residual stress and the theoretical residual stress, and the further away the
sample surface, the greater the deviation [30]. According to this theory, the theoretical
and measured residual stress curves are plotted in Fig. 16. The combination of
electropolishing and XRD tests did not measure the tensile residual stress due to stress
release (Fig. 16), but it is theoretically present. In another word, the tensile residual
stress also enlarged the atomic spacing and corresponding reduction of Volta potential
difference in the B-C range. Obviously, the change of Volta potential in the B-C range
was significantly smaller than the change in the A-B range. This result indicated that the
expansion degree of lattice plane spacing caused by residual stress is much smaller than

the localised lattice distortion caused by dislocation accumulation.

5 Conclusions

SKPFM can be a useful tool for characterizing the gradient strengthened layer
induced by USRP. A correlation between dislocation density, the SKPFM measured
\olta potential and the residual stress was demonstrated experimentally in the gradient
layer of 20CrMnTi steel, that is, in the plastic deformation region, Volta potential
increased due to the dislocation density increase, while in the elastic deformation zone,
the residual tensile stress leads to a slight increase in the Volta potential. In addition, due

to the dislocation pile-up, there is a local Volta potential fluctuation in the plastic
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deformation region, while in the elastic deformation region, the potential map is very
flat without fluctuations.

Captions of Figures

Fig.1. Schematic diagram of the experimental setting.

Fig.2. Polarization curves of 20CrMnTi in solution with pH=8.45 and Cl- =0.05mol/L
under different rolling pressures.

Fig.3. Statistical results of the variation of the passivation current and passivation range
with the rolling pressure.

Fig.4. EBSD surface grains map of 20CrMnTi under different rolling pressures: a) 0.1
MPa; b) 0.15 MPa; ¢) 0.20 MPa.

Fig.5. The average grain size and fraction of fine grains (mean diameter less than 2 pum)

of different specimens.

Fig.6. (left) TEM micrographs of typical lath martensite and (right) High-resolution
TEM images; the inset is the Fourier -reconstructed image showing dislocations (circled
in red). (a-b) untreated; (c-d) 0.1 MPa; (e-f) 0.15 MPa; (g-h) 0.2 MPa.

Fig.7. Dislocation density values of different specimens.

Fig.8. The morphologies of 0.2MPa after argon ion polishing: (a) SEM micrograph and
(c) AFM topography in the strengthened layer; (b) SEM micrograph and (d) AFM

topography in the matrix.

Fig.9. Topography and \Volta potential maps of 0.2 MPa at different depths from the
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surface: (a) 45 um ; (b)100 pm and (c) 800 pm.

Fig.10. Topography and Volta potential maps of 0.15 MPa at different depth from the
surface, (a) 27 um; (b) 130 pm and (c) 700 um.

Fig.11. Topography and \Volta potential maps of 0.1MPa at different depths from the
surface, (a) 51um; (b) 115 pm and (¢) 600 pm.

Fig.12. In-depth axial residual stress and \olta potential distributions in different
specimens, (a) 0.1 MPa; (b) 0.15 MPa; (c) 0.2 MPa.

Fig.13. SEM microstructure of the rolled samples at different depths from the surface, (a)
and (d) 0.1 Mpa; (b) and (e) 0.15 Mpa; (c) and (f) 0.2 Mpa; (a-c) 0-100 um; (d-f)
200-300 pm.

Fig.14. Diagram of the relationship between \olta potential and dislocation density at

grain boundaries.

Fig.15. Topography and Volta potential linear profiles of 0.2MPa marked by the red line

in Fig.9a.

Fig.16. Schematic diagram of the change in Volta potential in the strengthened layer.
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Captions of Figures

Fig.1. Schematic diagram of the experimental setting.

Fig.2. Polarization curves of 20CrMnTi in solution with pH=8.45 and CI- =0.05mol/L under

different rolling pressures.

Fig.3. Statistical results of the variation of the passivation current and passivation range with the
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rolling pressure.

Fig.4. EBSD surface grains map of 20CrMnTi under different rolling pressures: a) 0.1 MPa; b)

0.15 MPa; ¢) 0.20 MPa.

Fig.5. The average grain size and fraction of fine grains (mean diameter less than 2 um) of

different specimens.

Fig.6. (left) TEM micrographs of typical lath martensite and (right) High-resolution TEM

images; the inset is the Fourier -reconstructed image showing dislocations (circled in red). (a-b)

untreated; (c-d) 0.1 MPa; (e-f) 0.15 MPa; (g-h) 0.2 MPa.

Fig.7. Dislocation density values of different specimens.

Fig.8. The morphologies of 0.2MPa after argon ion polishing: (2) SEM micrograph and (c) AFM

topography in the strengthened layer; (b) SEM micrograph and (d) AFM topography in the matrix

Fig.9. Topography and Volta potential maps of 0.2 MPa at different depths from the surface: (a)

45 pm ; (b)100 um and

(c) 800 pm.

Fig.10. Topography and Volta potential maps of 0.15 MPa at different depth from the surface, (2)

27 pm; (b) 130 pm and

(c) 700 um.

Fig.11. Topography and \Volta potential maps of 0.1MPa at different depths from the surface, (a)

51um; (b) 115 pm and

(c) 600 pm.
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Fig.12. In-depth axial residual stress and Volta potential distributions in different specimens, (a)

0.1 MPa; (b) 0.15 MPa; (c) 0.2 MPa.

Fig.13. SEM microstructure of the rolled samples at different depths from the surface, (a) and (d)

0.1 Mpa; (b) and (e) 0.15 Mpa; (c) and (f) 0.2 Mpa; (a-c) 0-100 pm; (d-f) 200-300 pm.

Fig.14. Diagram of the relationship between Volta potential and dislocation density at grain
boundaries.

Fig.15. Topography and Volta potential linear profiles of 0.2MPa marked by the red line in

Fig.9a.

Fig.16. Schematic diagram of the change in \olta potential in the strengthened layer.
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Fig.1 Schematic diagram of the experimental setting
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rolling pressure.
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Fig.4. EBSD surface grains map of 20CrMnTi under different rolling pressures: a) 0.1 Mpa; b)

¢) 0.20 Mpa.
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Fig.6. (left) TEM micrographs of typical lath martensite and (right) High-resolution TEM
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images; the inset is the Fourier-reconstructed image showing dislocations (circled in red). (a-b)

untreated; (c-d) 0.1 MPa; (e-f) 0.15 MPa;

(9-h) 0.2 MPa.
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Fig.7. Dislocation density values of different specimens.
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topography in the strengthened layer; (b) SEM micrograph and (d) AFM topography in the matrix
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(a) 27 um; (b) 130 um and (c) 700 um.
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Fig.11. Topography and Volta potential maps of 0.1 MPa at different depths from the surface, (a)

51 pum; (b) 115 umand (c) 600 pm.

(a) 425 0
% igg[?m —m—Residual stress
400
> i E=J 200um ./
€ ars| | E=300um e - -100
g : B 400um u
o) :
O 350 3 B 500um /
5 | 600um .
O 325 § - -200
= :
ey 1 | |
T 300 ‘
© 3
c 275 i 4 -300
9 ; \
S 250 |
© I ! ] ~
<—>3 225 | \. ) - -400
200 F | \r'\
I R
175 | ] L. 1 ..l , N N ] 500
50 0 50 100 150 200 250 300 350 400 450 500 550 600 650

Depth from surface/ um

37

© 2020 Springer Science+Business Media, LLC, part of Springer Nature.

Residual stress/ MPa



(b) 425 0

L Surface ==2/Um _, Residual stressy_ g "
a0 E= 100um /I 1
> o BE= 200um -
€ 475 | § B= 300um n 1 -100
3 § E== 400um / ] &
o o E= 500um s
c 350 | | u
S 3 \ B 600um --200 —
o ro E= 7o0um n
2 325 [~ % ] 0
S =
E 300 | -4-300 »n
= o ~ / i g
Q 2751 | - . 3
S . 17*°¢
c 2501 ™ I e
E 225 [ \ . -
L i
T —u_ g 500
3 \./.~l
200 L i L 1 L 1 L 1 L L L L |
0 100 200 300 400 500 ~ 600 700
Depth from surface / um
(c) 20 : 0
Surface B UM e Sy
500 ! B= 100um Residual stress .
| E= 200um Pl
Z | E=]300um =" 77100
= 40 B 400um m ©
[} : ] o
o Lo BE= 500um =
5 400 b I 600um / 17200
S 3 \ B 700um Ve )
= | E= 800um ' 4
O 350} | B oo0oum +-300 +
I RS s
+— F ! 1 (_5
o= i
2 300 | / {4002
o L m ‘n
© m @
=250 \ o
> L am -500
200 | | N M
' L -600

0 '100 2oo 3oo
Depth from surface / um

Fig.12. In-depth axial residual stress and Volta potential distributions in different specimens, (a)

0.1 MPa; (b) 0.15 MPa;
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(c) 0.2 MPa.
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Fig.13. SEM microstructure of the rolled samples at different depths from the surface, (a) and (d)

0.1 Mpa; (b) and (e) 0.15 Mpa; (c) and (f) 0.2 Mpa; (a-c) 0-100 um; (d-f) 200-300 pm.

aqo

Near the surface

Intense plastic deformation

40

IE‘ Dislopation pile-up

GB. o
ES
o >
tential (oF
Oferonce ®
di L y
L €L
= all

Far away from the surface

Without plastic deformation

© 2020 Springer Science+Business Media, LLC, part of Springer Nature.




Fig.14 Diagram of the relationship between \olta potential and dislocation density at grain
boundaries

180 — 440
160 P(?![gn;ial LR o A 1
140 F o 420
120
400
100 |
>
= £
£ 380 =
— ©
5 360 &
T [e)
[a
340
320
300

Distance/um

Fig.15. Topography and Volta potential linear profiles of 0.2 MPa marked by the red line in Fig.

9a.
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Fig.16. Schematic diagram of the change in Volta potential in the strengthened layer.
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