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Abstract: The effects of ultrasonic rolling strengthening treatment and polishing on 2D12 aluminum alloys were investigated, and the

surface hardening, residual stress, and fatigue life were studied. The residual compressive stress and gradient nano-crystalline

structure can reduce the fatigue crack initiation and propagation, which play a critical role in improving fatigue performance of

components. The results and analytic predictions indicate that after ultrasonic rolling strengthening treatment, the axial compressive

stress and the microhardness of specimens are improved by 55% and 20%, respectively. The strengthening rule provides a guidance

for strengthening process and the fatigue behavior improvement of 2D12 alloy.
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Aluminum alloys are widely used as components of
aircrafts because of their high specific strength, corrosion

resistance, and wear resistance!

. Generally, the fatigue
damage is the main reason of fracture under cycle loading
during the service period. Thus, the improvement of the
fatigue properties is a critical problem in engineering.

The microstructure, surface morphology, residual stress,
and surface roughness have a certain influence on the fatigue
properties™.
enhancement in fatigue life by the combined effects of surface

Currently, researches are focused on the

nanostructure and compressive residual stresses'™. Because the
residual stresses can increase the fatigue strength, several
mechanical processes have been studied in order to introduce
compressive residual stresses on the material surface. The
ultrasonic  strengthening plastic
deformation of the surface material, resulting in residual

treatment can cause
compressive stress with a cold processing technique. The
small grain size can raise the threshold of fatigue crack
initiation and coarse grains may deflect the propagation paths
of fatigue cracks by grain boundaries, thus introducing crack
closure and decreasing the rate of crack growth!.

Usually, the fatigue cracks are initiated from surface layer
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of the components. In order to improve the fatigue
performance of metal components, surface strengthening
treatments are considerably effective, including conventional
shot peening (SP), ultrasonic shot peening (USP), laser shock
peening (LSP), ultrasonic surface rolling (USR), ultrasonic
impact treatment (UIT), low plasticity burnishing (LPB), and
surface mechanical attrition treatment (SMAT)'*”.

USP can increase the resistance of materials to surface-
related failures, such as fatigue and stress corrosion cracking.
Some researches also show that USP is one of the most
efficient techniques for increasing the fatigue life of welded
components, compared with grinding, SP, and hammer
peening methods™'”. Marteau et al'' studied the surface
roughness of AISI 316L steel specimens after USP with
different processing parameters and obtained a linear
relationship between the roughness and the fatigue
performance. Lindemann et al" reported that the compressive
residual stresses and surface strengthening effect can be
observed in the surface layer after USP. Benedetti et al™”
studied the effect of the peening intensity on the reverse
bending fatigue behavior of Al-7075-T651 alloy, and

discussed the effect of roughness, strain hardening, and
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Roland et al™ performed tension-
compression fatigue tests on 316 stainless steel after SMAT
and found that the fatigue limit improves by 16%~21%. Li et
al" also performed pulsating fatigue tests on stainless steel
plates after SMAT and found that SMAT process can improve

the fatigue strength of 400-series stainless steel with nano-

residual stresses.

crystallized surface by 13%.

USR is a mechanical surface treatment without modifying
the chemical composition of the material to rapidly realize
surface nano-crystallization, which also impacts the surface
strengthening effect!*"™. As a new technique, USR combines
ultrasonic frequency vibrations with the static forces, thereby
achieving the advantages of SMAT, UIT, and LPB, which can
improve the fatigue resistance, microhardness, and fatigue
life™. In addition, USR is also considered to improve the
surface properties and microstructure, reduce the material
failures, and ameliorate the fatigue life of materials®*.
Zhang et al® investigated the fatigue performance of machine
parts treated by USR which introduces a compressive residual
stress field into the surface of metallic materials due to the
cold working effect. Wang et al®" revealed that a deformed
layer with a gradient microstructure is generated near the
surface treated by USR, and the microstructure changes from
a coarse lamellar ¢ structure to ultrafine lamellar grains,
ultrafine equiaxed grains, and nanograins. The deformed layer
has a much higher hardness than the matrix does, which is
ascribed to the grain boundary strengthening and dislocation
strengthening effects. Dai et al®” found that the hardness of
Inconel 690 alloy is increased with decreasing the grain size.
The materials of nanostructure have a higher strength and
exhibit a better fatigue resistance, compared with the materials
with coarse grains.

Generally, USR is a surface strengthening method superior
to USP. USR exerts a better improvement in surface
roughness than USP does, although the later has a more
obvious degree of work hardening; USR and USP have similar
residual stress distribution, but the residual stress of USR is
deeper. This research focused on the influence of USR on the
fatigue properties of materials, including surface hardening,
residual stress, and surface profiles. The surface integrity of
specimens, including microhardness, residual stress, and
microstructure, was also investigated to discuss the effects of
modification on surface layer of different specimens (turning,
turning+surface polishing, and turning+USR).

1 Experiment

Th 2D12 aluminum alloy was used in this research, and its
phase analysis was already described in Ref. [26]. The
chemical composition of 2D12 aluminum alloy is shown in
Table 1.

The USR experiment device is displayed in Fig. 1. The

Table 1 Chemical composition of 2D12 aluminum alloy (wt%)

Si Fe Cu Mn Mg Zn Ti Al
0.2 0.3 4.1 0.4 1.5 0.1 0.1 Bal.
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Fig.1 Appearance (a) and schematic diagram (b) of USR device

vibration amplitude was 30~40 um with a feed speed of 5~10
mm/s. The tool tip was driven by the ultrasonic waves with a
frequency of 20 kHz to achieve the high-frequency impact and
the material surface was rolled under a static force.

The microstructure of 2D12 aluminum alloy was observed
by optical microscope (OM). The surfaces were etched by
Keller reagent (2.5vol% HNO,, 1.5vol% HCI, 1vol% HF,
95vol% H,0). The microhardness was measured by the HVS-
1000A microhardness tester. The load was 4.9 N with a
holding duration of 12 s. The microhardness at different points
was obtained, and the mean value and standard deviation of
microhardness at different positions were calculated.

The residual stress profiles were determined by X-ray
diffraction (XRD) at the specimen surface along the axial
direction of the central position. Five points were selected
along the longitudinal direction on the tensile specimen
surface, and the interval of each two adjacent points was set as
8 mm, as shown in Fig.2 (point 3 was the central point of the
tensile specimen). The effect of USR on the distribution of
residual stress along the depth direction was also investigated.

All fatigue tests were operated on a 100 kN high frequency
fatigue testing machine under the constant amplitude loading
with frequency of 120 Hz and stress ratio of R=0.06 at room
temperature in air. Low energy ion milling was used. In
fatigue tests, the specimens treated by turning, turning+surface
polishing, and turning+USR were named as T1, T2, and T3,
respectively. The fracture morphologies of specimens were
analyzed by scanning electron microscope (SEM). Fig. 3
shows the size of the 2D12 aluminum alloy specimens used in
the fatigue tests.

2 Results and Discussion

2.1 Microstructure

The OM cross-sectional microstructures of specimens after
polishing and after USR, i.e., T2 and T3 specimens, are shown
in Fig.4 and Fig.5, respectively. It can be seen that the grain
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Fig.2 Schematic diagram of measurement points in residual stress

test
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Fig.3 Schematic diagram of specimen for fatigue tests

characteristic boundary of T2 specimen is obvious and
complete, while the thickness of the plastic deformation layer
of T3 specimen is increased after USR and many grain
boundaries are generated.

The microstructure of the surface layer of T3 specimen is
finer than that of T2 specimen. The bright area in Fig. 5
represents the irregularly shaped crystals of nanostructure
without sharp crystal size distribution. The refined
microstructure improves the microhardness, wear resistance,
and residual compressive stress, and the reduction of
deformation twins indicates that the main mechanism of
plastic deformation changes.

2.2 Microhardness

The microhardness at five different points of T2 and T3
specimens is shown in Fig.6, and the average microhardness
and standard deviation of microhardness are shown in Table 2.

It can be seen that after USR, the microhardness at different
points is significantly improved. The average microhardness
of T3 specimen is 1245 MPa, which increases by around 20%
compared with that of T2 specimen, due to the increase in
deformation bands and dislocation density during surface

deformation. The work hardening prevents the formation of
slip bands on the specimen surface and inhibits the initiation
of fatigue cracks. The increase in microhardness caused by
USR treatment can improve the fatigue resistance of 2D12
aluminum alloy.

2.3 Residual stress

The detailed residual stress results of T2 and T3 specimens
are shown in Table 3. The average surface residual stress and
standard deviation of surface residual stress along the axial
direction are shown in Table 4.

It can be found that all USR-treated specimens show
compressive stress. The surface residual stress of the base
material after polishing is around —173 MPa, while the T3
specimen after USR treatment shows a higher compressive
residual stress of —268 MPa in average value at the surface
layer. The surface residual stress along axial direction of T3
specimen increases by 55% compared with that of T2
specimen.

Fig. 7 shows the residual stress of T2 and T3 specimens
along the depth direction, which exhibits the similar trend.
The surface compressive residual stress is obviously increased
after USR treatment.

The residual stress should be taken into consideration
because it affects the fatigue performance. It can be clearly
observed that the residual stress along axial direction of T3
specimens is obviously higher than that of T2 specimens,
which is beneficial to the performance improvement.

2.4 Fatigue properties

The stress and fatigue life both determine the fatigue
performance of specimens. The results of the applied stress (o)
and fatigue life (N, namely the number of fatigue test cycles)

Fig.5 OM images of T3 specimen at different scales: (a) 100x, (b) 200x%, and (c) 500x
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Fig.6 Microhardness at five different points of T2 and T3 specimens

Table 2 Average microhardness and standard deviation of

microhardness of T2 and T3 specimens (MPa)

. Average of Standard deviation
Specimen . )
microhardness of microhardness
T2 1042 58
T3 1245 77

Table 3 Residual stress at different points of T2 and T3

specimens (MPa)
Specimen Pont
1 2 3 4 5
T2-1 -194 -173 -187 -193 -201
T2-2 -188 -162 -167 -148 -180
T2-3 -183 -121 -157 -159 -176
T3-1 -294 -257 -253 -239 -269
T3-2 -286 =277 -252 -243 -269
T3-3 =277 -254 -259 -269 -327

Table 4 Average residual stress and standard deviation of

residual stress along axial direction of T2 and T3

specimens (MPa)
. Average residual Standard deviation
Specimen )
stresses of residual stress
T2 -173 20.941
T3 -268 22.344

are represented in Table 5, and the related o -N curves are
shown in Fig.8. Therefore, the fatigue strength corresponding
to the number of fatigue test cycles can be obtained.

The relationship between the fatigue life N and the stress
range Ao can be expressed by Eq.(1):

mlgAo +1gN =1gC )
where C and m are material constants. The peak stress ¢, can
be calculated through stress range and stress ratio.

The fitting equations of ¢, -N curves are shown in Table 6,
and therefore C and m can be calculated, according to Eq.(1).

The fatigue limit of T3 specimen is about 10 and 1.5 times
higher than that of the T2 specimen at the stress amplitude of
370 and 450 MPa, respectively. Because of different surface
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Fig.7 Residual stress of T2 and T3 specimens along the depth

direction

Table S Fatigue test results of T1, T2, and T3 specimens

Specimen Stress/ N/x10° cycle N/

MPa x10° cycle
450 15,6 21.7 248 172 23.6  20.253

T1 370 1749 137.6 1904 1342 137.7 153.304
320 383.8 818.7 497.8 626.3 339.8 506.359
450 269 222 224 475 363  29.689

T2 370  307.5 191.2 1843 243.6 233.7 228.055
320 8620.8 7142 >10* >10* >10* -
450 443 644 653 270 229 40.953

T3 370 297.6 2596.4 2633.1 1517.5 3429.6 1603.130
320 3429.7 4669.0 6479.9 9190.2 >10* -
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Fig.8 Applied stress o -fatigue life N curves of T1, T2, and T3

specimens

Table 6 Fitting equations of &, -N curves of T1, T2, and T3

specimens

Specimen Fitting equation
Tl 1gN=29.513-9.4921go,
T2 1gN=44.553-15.1521go, .
T3 1gN=44.433-14.9731go, .

treatments, the stress of T3 specimen is higher than that of T1

and T2 specimens under the same condition, which indicates
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Fig.9 LCF fracture surfaces of T1 (a), T2 (b), and T3 (c) specimens

that fatigue performance of the 2D12 aluminum alloy is
increased by USR treatment.

The crack initiation mechanism of specimen surface is
changed after USR treatment. Most cracks are difficult to
propagate due to the compressive stress and the improvement
in surface roughness, thus leading to the increase in fatigue
life, which agrees with the material fatigue fracture theory.
The improvement of low cycle fatigue (LCF) life may be
ascribed to the increase in the resistance against crack
initiation resulting from USR, i.e., the combined effect of
surface layer of nanostructure and the residual compressive
stress induced by USR improves the fatigue life of material.
2.5 Fracture surface

The fatigue fracture of specimens consists of the crack
initiation, crack propagation, and final rupture, while the crack
initiation accounts for 70%~80% of the entire fatigue life.
Thus, the characteristics of crack initiation should be seriously
concerned. The fracture morphologies of 2D12 aluminum
alloys were obtained under the maximum cyclic stress of 450
MPa by SEM, as shown in Fig.9.

The typical LCF fractography of specimens shows that the
fatigue source of T1 specimen is initiated on the specimen
surface, while that of T3 specimen appears at a deeper
position from the specimen surface, which indicates that USR
can cause the movement of the crack initiation site towards
the subsurface direction. This phenomenon is due to the fact
that the compressive residual stress can make the micro-cracks
grow slowly.

3 Conclusions

1) The ultrasonic surface rolling (USR) treatment can
improve the surface microstructure into the fine nanostructure
in 2D12 aluminum alloy. A highly deformed surface layer of
nanostructure is generated in alloys after USR treatment.
Thus, the fatigue crack is prevented to a certain extent.

2) The axial compressive stress of USR-treated specimen
(268 MPa) is significantly improved by 55%, compared with
that of specimen before USR treatment. USR process can
cause high residual stress and surface work hardening effect,
so the metallic materials after USR treatment have better
fatigue performance.

3) The microhardness of USR-treated specimens is
obviously increased. The average microhardness of USR-

treated specimen is 1245 MPa, which is improved by about
20% compared with that of specimen after polishing.

4) The better fatigue life and fatigue performance can be
obtained by USR treatment under the same stress condition.
The fatigue limit of USR-treated specimens is much higher
than that of the specimen after polishing. The enhancement in
fatigue life is due to the surface of nanostructure and
compressive residual stress resulting from USR treatment.
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