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Nano-surface layers were prepared on the surface of 6061 aluminum alloy using the ultrasonic surface
rolling process (USRP). The surface morphology, surface roughness, microstructure, hardness, and
corrosion resistance of 6061 aluminum alloy were systematically characterized using X-ray diffraction
(XRD), laser scanning confocal microscopy (LSCM), optical microscope(OM), scanning electron
microscopy (SEM), energy dispersive spectrometer (EDS), and other testing methods. The results
showed that ultrasonic surface rolling strengthening did not change the surface phase composition of
6061 aluminum alloy. It changed the size of the surface phases and the distance between the phases
while refining the surface grains. The static pressures has a great influence on the surface properties
of 6061 aluminum alloy. The best surface properties were obtained under 500N static pressures.
The surface hardness reached 129.5HVO0.5, the surface morphology was flat and continuous, the
surface roughness was reduced to Ra0.191um, and the corrosion resistance was significantly improved.
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1. Introduction

6061 aluminum alloy is an aluminum-magnesium-
silicon alloy with excellent processing properties and high
toughness'?, which is widely used in aerospace, transportation,
and other fields, and has a crucial position in the field of
automotive lightweight. Compared with steel, aluminum alloy
has the advantages of being lightweight and high specific
strength, but the hardness of aluminum alloy is low, and the
surface is easy to be corroded and produce cracks and other
defects, and the existence of surface defects further causes
fatigue damage, resulting in incalculable losses. Therefore,
it is very important to study the surface strengthening of
6061 aluminum alloy to improve the fatigue resistance of
6061 aluminum alloy.

In recent years, surface strengthening techniques such as
surface mechanical abrasion treatment(SMAT)?, ultrasonic
surface shot peening (USSP)*3, and surface ultrasonic impact
treatment (SUIT)® have been widely used in the field of surface
modification of metallic materials. Ultrasonic surface rolling
process (USRP), as a surface strengthening technique, can
significantly improve surface properties’. The principle
of USRP is a combination of ultrasonic impact and static
rolling, whereby the synergistic effect of high-frequency
impact and extrusion results in intense plastic deformation
of the surface, thus achieving the purpose of modification'’.

*e-mail: xsb@sdjzu.edu.cn

USRP can achieve nanosizing of the surface, i.e., grain size
refinement to the nanoscale!!, which results in a significant
optimization of the surface properties of the material. The
principle is shown in Figure 1.

Many alloys have been studied by scholars for performance
enhancement after USRP treatment. Tan et al.'? treated TC17
alloy by USRP and the surface roughness were reduced from
0.5~1.07pm to 0.04~0.12um, the friction factor was reduced
due to the reduction of roughness, and a dense work-hardened
layer was obtained; Ye et al."’ treated the specimens by
hard turning and ultrasonic tumbling respectively and the
surface roughness of the specimens was reduced by 88.5%
after treatment, the residual tensile stress was converted into
residual compressive stress, the grain size of the specimens
was refined, and the properties were significantly improved;
Chen et al." investigated the USRP of Mg-Y-Nd-Zr alloy
after iso channel angular pressing, the results showed that the
surface roughness of Mg alloy was significantly improved
after USRP treatment, residual stresses were introduced on
the surface of the most superficial layer, and 450um gradient
nanostructures were obtained.

Current research on aluminum alloys has focused
on the effect of the USRP process on surface properties.
Xu et al." investigated the surface integrity and corrosion
fatigue properties of 7B50-T7751 aluminum alloy treated
with USRP in one, three, and six passes. The results showed
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that a modified surface layer with refined microstructure
and increased microhardness was formed after USRP;
Sun et al.' investigated the effects of different USRP passes
on the surface condition, surface organization, and corrosion
resistance of this alloy. Ye et al.'” focused on the effect of the
ultrasonic surface rolling process on the surface, properties of
QAI10-3-1.5 aluminum bronze alloy under different rolling
reductions and rolling times, and the results showed that the
surface layer of USRP specimens underwent severe plastic
deformation, a significant reduction in surface roughness,
the substantial increase in surface hardness, and significant
enhancement in wear resistance.

This paper focuses on the USRP process for 6061
aluminum alloy. The surface properties such as surface
morphology, surface roughness, surface hardness, etc. under
different parameters are investigated by varying different
static load force parameters. At the same time, the mechanism
of USRP strengthening is investigated by combining the
microstructures.

Ultrasonic impact force
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2. Experimental Methods

The test material was a thin sheet of hot-rolled 6061
aluminum alloy and a vertical machining center VMC850B
was used to mill a block of size 20x20x10mm?® in a sheet
of'size 100x60x20mm3 and to grind the burrs at the edges,
as shown in Figure 2. The specific chemical composition
of the material is shown in Table 1.

Using the ultrasonic rolling machine Haokeneng
HVM1260 performs USRP treatment on the surface of 6061
aluminum alloy, which includes an ultrasonic generation
system, a CNC system, and a processing system with a
14 mm diameter WC carbide rolling ball. For the USRP
treatment, the ultrasonic power was 28 KHz, the ultrasonic
amplitude was 3um, the depth of downward pressure was
0.1 mm, and the step size was 0.1 mm. The static load force
was set to 300 N, 500 N, and 700 N as a single variable to
obtain the USRP specimens. The untreated specimens are
called original pieces (U).
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Figure 1. USRP working principle diagram.
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The phase structure of the specimens was determined
using Cu target XRD. The average grain size of the samples
was calculated by the Scherrer-Willson equation'”. Wire
Electrical Discharge Machining(WEDM) was used to cut
5x10x10mm? specimens from the USRP-treated specimens
for SEM (ZEISS SUPRASS) combined with EDS to observe
the surface phase changes. The microhardness of the surface
and the gradient microhardness of the cross-section were
tested using a Vickers microhardness tester (HVS-1000A).
The distance between each indentation is greater than
5 times the width of the indentation to minimize the effect
of deformation. The test load was 0.5kg and the holding
time was 15s.

The surface morphology before and after USRP treatment
was observed and the surface profile height difference and
roughness were measured using a laser scanning confocal
microscope (LSCM, KC-X1000). The scanning area was
4 mmx4 mm, the scanning pitch was 5um, and the scanning

Figure 2. Schematic diagram of specimen size.

speed was 7,500um/s. To reduce the influence of errors,
the roughness values of horizontal, vertical, and diagonal
lines in the scanning area were measured and averaged as
shown in Figure 3.

The electrochemical corrosion performance of the
specimens was tested using an electrochemical workstation
(Interface1000, China). A 10mmx10mm sample was used
as the working electrode, a platinum sheet as the auxiliary
electrode, and a three-electrode system with a glycol-saturated
electrode as the reference electrode. The working surface
of the specimen was left exposed to corrosion, and all the
remaining surfaces were wrapped in epoxy resin. The corrosion
medium was 3.5 wt% NaCl solution, and the kinetic potential
polarization curve and AC impedance curve were measured
at 25°C+2°C. The dynamic potential polarization scan rate
was 2 mV/s, and the open circuit potential was £250 mV;
the frequency range of the AC impedance spectrum was
100 kHz-10 mHz, and the AC signal amplitude was 10 mV.

Figure 3. Schematic diagram of surface roughness acquisition Ral, Ra2 and Ra3.

Table 1. Detailed chemical composition of 6061 aluminium alloy (wt%).

Mg Si Fe Cu

Cr Mn Ti Al

0.816 0.566 0.447 0.203

0.136 0.066 0.035 Bal.
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3. Results and Discussion

3.1. XRD analysis

The XRD test results before and after USRP treatment
are shown in Figure 4. It can be seen from the figure that the
diffraction peaks are in the same position for all specimens,
proving that USRP did not change the phase composition
of the 6061 aluminum alloy. The FWHM (full width at
half maximum) and grain size of the specimens before and
after USRP processing are listed in Table 2. The FWHM
and crystallite size at 20 of 38.5%°and 44.7°were calculated
using Jade5.0 software and the results were averaged for
both.The comparison shows that the grain size gradually
becomes smaller and the FWHM gradually increases with
the increase of static loading force. It can be demonstrated
that the surface grain refinement after USRP treatment leads
to a larger width of the diffraction peak, and the higher the
static loading force applied during USRP treatment, the
more pronounced the grain refinement.

3.2. Microstructure analysis

The three-dimensional microstructure of the hot-rolled
formed 6061 aluminum alloy sheet has significant differences
in the three directions, and its three-dimensional microstructure
is shown in Figure 5. The three directions of rolling are
RD (rolling direction), TD (transverse direction), and ND
(normal direction). The RD-TD surface has a slender fibrous
organization; the grains in the ND-TD surface are deformed,
and the effect of merit orientation is obvious; the grains in
the ND-RD surface are coarser compared with the other
two surfaces, and the changes are more obvious after USRP
treatment, so in this paper, the microstructure of this face
was used as the object of study to explore the microscopic
changes after USRP treatment.

During the USRP process, the specimen is subjected to
both the impact force in the vertical direction from the rolling
head and the shear stress in the rolling direction generated
by the rotational motion, which results in severe plastic
deformation and refinement of the grains. And the shear
stress in the rolling direction is generated by the rotational
motion, which results in severe plastic deformation and
refinement of the grains.

The cross-sectional microstructure of the specimens under
different static pressures is shown in Figure 6. After the USRP
treatment, a distinct gradient strengthening layer was formed
in the surface layer of the cross-section. Here the gradient
strengthening layer was divided into the refinement zone
and transition zone. The results show that with the increase
of static loading force, the size of the refinement zone and
transition zone gradually increases, the grains are elongated
and the grain refinement is more obvious; the size difference
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between the gradient strengthening layer at SOON and 700N
is not large, which means that when the static loading force
reaches S00N, the effect of USRP gradient strengthening is
close to a critical value, and the static loading force does not
play a major role in the strengthening effect of the surface at
this time. Since the aluminum alloy is a face-centered cubic
(fec) structure, it has 12 slip systems, which are subjected to
multi-system slip and relative slip mechanisms, resulting in
plastic deformation's. Therefore, the greater the static load
force at USRP, the greater the shear stress effect, so the
greater the degree of deformation and the greater the depth
of the reinforced layer.
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Figure 4. XRD patterns of specimens under different static pressures.
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Figure 5. Three-dimensional microstructure (OM) of hot-rolled
6061 aluminum alloy.

Table 2. Calculated data of specimens under different static pressures.

static pressures FWHM Average crystallite size(nm)
U 0.281 —
300N 0.331 299
500N 0.359 273
700N 0.373 262
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The SEM combined with EDS analysis of the specimen
surface before and after USRP treatment is shown in Figure 7.
The AlFeSi phase in the specimen without USRP treatment
is present in bone and needle shape; after USRP treatment,
AlFeSiisrefined, and present in interrupted shape at the grain
boundaries. From the corresponding EDS energy spectrum

analysis, it is clear that O and Cu appear in the AlFeSi phase
after USRP treatment. It is speculated that O and Cu may
be present in the second phase in the form of CuO, which
improves electron conduction and makes the passivation
film more dense, thus slowing down the corrosion process
and improving corrosion resistance'’.
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Figure 7. Changes in surface AlFeSi phase of 6061 aluminum alloy before and after USRP(SEM): (a) Before USRP; (b) After USRP.
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The AlFeSi phase on the surface of the USRP-treated
specimens under different static pressures was further
analyzed. The SEM images of the AlFeSi phase on the
specimen surface are shown in Figure 8. The results show
that the size of the AlFeSi phase gradually becomes smaller
and the distance between phases gradually becomes larger
with the increase of static loading force. During the USRP
treatment, the increase of static loading force makes the
plastic deformation of the specimen surface more intense
so that the surface grains are refined while the AlFeSi phase
is refined as well. The smaller the size of the AlFeSi phase
and the larger the spacing between the AlFeSi phase and
phase, the smaller the surrounding aluminum substrate is
corroded®. Therefore, from the effect of the AlFeSi phase
in the local corrosion of 6061 aluminum alloy, the greater
the static loading force at USRP, the smaller the scope of
corrosion influence of the AlFeSi phase on its surrounding
aluminum substrate, and the better its corrosion resistance.

3.3 Hardness analysis

The surface hardness of the specimens after USRP
treatment with different static pressures is shown in Figure 9.
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Figure 9a shows the surface hardness of the original
specimen was only 97.2 HV  ,, when the static load force
was 300 N, the surface hardness was 116.93 HV0.5, which
increased by 20.3%; when the static load force was 500 N,
the surface hardness was 129.6 HV ., which increased by
33.3% compared with the original specimen. The hardness
increases with the increase of static load force. When the
static load force is 700 N, the hardness decreases compared
to 500 N. At this point, the static load force plays a secondary
role in the hardness increase. The reason for this is that
hardness mainly follows the Hall-Petch relationship®'. When
the static loading force is greater than 500 N, the hardness
remains essentially constant because the grain size of the
specimen does not change significantly. The variation of the
cross-sectional microhardness of the specimen with depth is
shown in Figure 9b. It can be seen that the hardness tends to
decrease gradually with the increase in depth, and the trend
of change is more or less the same between different static
pressures. Further analysis shows that the greater the static
load force, the greater the deformation of the specimen,
the more obvious the process hardening phenomenon, and
therefore the greater the hardness.
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Figure 9. Microhardness of specimens under different static pressures: a) surface microhardness; b) gradient microhardness of the cross-

section along the depth direction.
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3.4. Surface morphology and surface roughness

The surface morphology before and after USRP treatment
under different static pressures is shown in Figure 10a
shows the sample without USRP treatment, and its surface
is uneven; Figure 10b shows the sample surface becomes
flat and smooth after USRP treatment under 300N static
load force, forming a uniform and continuous plane, and
the surface bump disappears; (c) and (d) show the surface
morphology after USRP treatment under 500N and 700N,
respectively, and both have obvious USRP traces, and at
700N, the surface appears (e), (f), (g), and (h) corresponds
to the surface profile height changes in (a), (b), (c), and (d),
respectively. The surface profile height fluctuations were
large before the USRP treatment and became significantly
smaller after the USRP treatment. The maximum height,
minimum height, and height difference of the surface profile
after USRP treatment with different static load forces are
shown in Table 3. It was found that the height difference
of the surface contour of the USRP-treated specimens was
significantly reduced, and the lowest height difference of
the surface contour was 9.8um at a static load force of
500 N. It was proved that USRP could make the surface
flat and the effect of cutting the peaks and filling the valleys
was obvious®.

The surface roughness before and after USRP treatment
under different static load forces is shown in Figure 11.
The trend of the surface roughness values under different

static pressures is the same, the higher the static loading
force, the smaller the surface roughness value. When the
static load force reaches 500N, the surface roughness is the
smallest at Ra0.191pm, which is about 10 times lower than
that of the original specimen Ral.773pum; when the static
load force reaches 700N, the roughness value increases
slightly compared with that at SO0N, which is due to the
reduction of roughness caused by the generation of fine
crack defects on the surface, echoing the study of surface
profile in the previous paper. All three sets of roughness
values corresponding to each static load force have the
smallest value of Ra, and the largest value of Ra,. Ra, is
the roughness value along the machining direction and Ral
is the roughness value in the vertical machining direction.
Therefore, it can be inferred that the roughness value along
the machining direction is smaller than the roughness value
perpendicular to the machining direction. Therefore, in this
paper, the average value of roughness in three directions is
used as the surface roughness. The semi-empirical formula for
calculating the surface stress concentration coefficient using
surface roughness parameters is expressed by Equation 12

K =1+n |22 (1)
P

where Kt is the stress concentration factor, A is the ratio
of profile spacing to depth, and p is the effective radius of
curvature of the profile valley.

Figure 10. Surface morphology and surface profile height of specimens under different static pressures: a) and e) original specimen;

b) and f) 300N; c) and g) S00N; d) and h) 700N.

Table 3. Difference in surface profile height of specimens under different static pressures.

static pressures Max altitude Min altitude Altitude intercept
U 248.6um 213.5um 35.1um
300N 287.3um 274.2um 13.1um
500N 339.5um 329.7um 9.8um
700N 294.2pm 276.5um 17.7um
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This equation can be used to explain the effect of surface
roughness on fatigue resistance performance. Fatigue cracks
usually originate on surfaces where there are small peaks
and valleys, such as scratches and cracks, which can cause
stress concentrations. The presence of stress concentrations
reduces the fatigue strength of the part®. Therefore, the
quality of the surface has a great impact on the life of the part.
The smoother the surface, the more difficult it is to sprout
fatigue cracks. The semi-empirical formula for calculating
the surface stress concentration factor from the surface
roughness parameter shows that USRP reduces the surface
roughness, which is less likely to form stress concentrations
and improves the fatigue resistance of the material.
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Figure 11. Surface roughness of specimens under different static
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3.5. Electrochemical corrosion analysis

Figure 12a shows the dynamic polarization curves of the
USRP-treated specimens under different static pressures. As
can be seen from Figure 12a, the higher the static loading
force, the higher the self-corrosion potential (Ecorr) shifts
to the right and a very obvious passivation zone appears in
the anodic region, indicating that a dense passivation film
is formed on the surface of the USRP-treated specimen.
However, if the static loading force is too high, cracks will
appear in the passivation film and the protection capacity
will be reduced, thus decreasing the corrosion resistance of
the surface. The values of Ecorr, Icorr, anodic polarization
rate (Pa), and cathodic polarization rate (Bc) are listed in
Table 4. The results show that the Icorr at a static loading
force of 500 N is one order of magnitude lower compared
to the unprocessed specimen. As the static loading force
increases, the Icorr gradually decreases. When the static
load force increases to 700 N, the Icorr increases slightly
compared to that at 500 N.

Figure 12b illustrates the Nyquist plots of USRP-treated
specimens under different static pressures. Figure 12¢
shows the variation of polarization resistance Rp with
static load force obtained by fitting the EIS curve. Since
the radius of the capacitive arc is correlated with the
electrochemical transfer resistance®. As can be seen from
Figure 12b, the curves of 6061 aluminum alloy specimens
under different static loads all show semicircular arcs,
which are typical capacitive arcs, indicating that the
whole electrode process is controlled by electrochemical
reactions. The diameter of the capacitive arc reflects the
difficulty of charge transfer on the surface of the specimen.
Figure 12b and Figure 12c together illustrate that the
USRP-treated specimens have better corrosion resistance.

pressures.
7000
1+a) — b)
—— 300N 6000 | -
2| —— 500N . ;’OON .
—— 700N
5000 A 500N

10000

<)

8000

/37 v 700N
! £ 4000 - 6000 |
Sl £ o £
NS = 3000 F L R a— \:_
=5} N Zohm £
= z ) 4000 |
— ; 2000 'vyVVVVVV'v'v

6+ 5. vvvv Yoy

s 1000 [- "V‘ 2000 |

s R .
wenl L
_23 L L L L L L L L L ) L L L 0 . L L L

-1.0

-0.5 0.0
Potential/V

.
0 1000 2000 3000 4000 5000 6000 7000
Z'/ohm

u

300 500
Static Pressure/N

700

Figure 12. Electrochemical corrosion data under different static pressures: (a) OCP curve and (b) Nyquist diagram (c)Variation of Rp
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Table 4. Parameters of dynamic polarization curves of USRP specimens under different static pressures.

. Ba Be Ecorr icorr
Static pressures
(mV/Dec-1) (mV/Dec-1) (mV) (HAcm-2)
U 8.13 -3.492 -743 61.7
300N 3.07 -12.468 =701 17.8
500N 2.732 -9.679 -652 9.3
700N 4.051 -10.121 =720 22.4
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As the static loading force increases, the diameter of the
capacitive resistance arc increases, indicating that the charge
transfer on the surface of the specimen is progressively more
difficult, the electrochemical transfer resistance increases,
and the passivation film formed on the surface of the
specimen is more stable with better corrosion performance.
When the static load force reaches 700N, the capacitive arc
diameter reaches the maximum value, about 4.5 times of
the unprocessed specimen.

In this study, we mainly start with the static load
force to investigate the effect of USRP on the surface
hardness, surface roughness, corrosion resistance, and
microstructure of 6061 aluminum alloy in order to reveal
the fatigue-strengthening mechanism of 6061 aluminum
alloy. We believe that the effect of residual stress on
the fatigue properties of 6061 aluminum alloy can be
studied subsequently. Residual compressive stress can
effectively inhibit surface crack initiation and extension®,
and USRP can preset higher residual compressive stress
on the material surface. Alternatively, we can conduct
a more in-depth study on the effects of the number of
USRP on the microstructure and fatigue properties of
6061 aluminum alloy?’.

4. Conclusion

In this paper, the effects of different static pressures
on the surface properties and microstructure of 6061
aluminum alloy were investigated by changing the static
loading force during USRP treatment. And the conclusion
can be shown:

(1). USRP does not change the phase composition of
6061 aluminum alloy, but after USRP treatment,
the grains and AlFeSi phase are refined. the AlFeSi
phase becomes intermittent at the grain boundaries
from the original bone-like or needle-like. With
the increase of static loading force, the size of the
AlFeSi phase gradually decreases and the distance
between phases gradually increases, so the smaller
the range of corrosion influence of AlFeSi relative
to its surrounding aluminum substrate, the better
its corrosion resistance.

(2). With the increase of static load force, the surface
hardness of 6061 aluminum alloy gradually increases,
reaching the maximum of 129.6HV . at 500N,
compared with the original specimen increased by
33.3%, the hardness slightly decreases at 700N, at
this time the static load force plays a secondary role
in the increase of hardness. decreases with depth.

(3). After USRP treatment, the surface shape of
6061 aluminum alloy becomes flat, and the effect
of cutting peaks and filling valleys is obvious, the
surface is the flattest at SOON, the height difference
of the surface profile is the smallest, 9.8um; the
surface roughness is also the smallest, Ra0.191pum.

(4). The USRP treatment forms a dense passivation
film on the surface of 6061 aluminum alloy, and
the corrosion resistance is significantly improved.
The improvement of corrosion resistance is mainly
related to the synergistic effect of surface grain
refinement and reduction of surface roughness.
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