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Abstract: Ultrasonic surface rolling processing (USRP) is a new method to improve the fatigue
performance of titanium alloy, and repeated processing pass is an important factor that affects its
strengthening effect. The effect of USRP passes on the surface microstructure, residual stress, fatigue
performance and corrosion resistance of titanium alloy is researched via SEM, X-ray diffractometer,
rotating-bending fatigue test and electrochemical impedance spectroscopy. The results show that
Ti6 Al4V alloy undergoes cumulative plastic deformation during USRP process, the surface grains
are refined and a residual compressive stress field with a thickness of 500 um is introduced, which
together improve the fatigue performance of the Ti6Al4V alloy. Increasing the repeated processing
passes will deepen the grain refinement layer and increase the surface hardening effect, but the
fatigue life of the Ti6Al4V alloy does not increase with an increase in processing passes. A five-passes
processing under a static force of 550 N can result in a greater gain for the fatigue resistance of the
Ti6Al4V alloy; the fatigue life of a five-passes-processed sample under 600 MPa is 8 times higher than
that of an untreated sample, and its fatigue crack source initiates at the subsurface away from the
surface of 180 um. Furthermore, Ti6Al4V alloys treated by USRP show a better corrosion resistance
in both neutral and acidic solutions, especially for the five-passes-processed sample.

Keywords: corrosion resistance; fatigue performance; residual compressive stress; Ti6Al4V alloy;
ultrasonic rolling processing passes

1. Introduction

Titanium and titanium alloys are widely used in the production of aviation compo-
nents due to their low density, high specific strength and good corrosion resistance [1-3].
However, titanium alloys also have the disadvantages of poor wear resistance and high
notch sensitivity. Surface deformation-strengthening techniques, such as shot peening
(SP), deep rolling (DR), ultrasonic impact treatment (UIT), laser shock peening (LSP) and
ultrasonic surface rolling processing (USRP), have been recognized as effective means to
overcome the above mentioned shortcomings of titanium alloys [4-10]. Although these
treatments can provide some improvements in the fatigue performance of titanium alloys,
different techniques have their own characteristics and application scopes. In contrast, the
USRP technique combines the effects of ultrasonic frequency vibration and static machining,
so it may offer better surface integrity and superior results for titanium alloy parts [9-14].

In recent years, the ultrasonic rolling of titanium alloys has gradually attracted atten-
tion. Several studies suggest that static force has a greater impact on the surface integrity
of TC17 alloy compared with feed rate [12]. Static load and spindle speed are also the im-
portant parameters to determine the deformation degree of the Ti6Al4V alloy [14,15]. The
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smaller static force in ultrasonic rolling processing can generate uniform plastic deforma-
tion on the surface of the Ti6Al4V alloy and significantly improve its microhardness [14,16].
A spindle speed of 200 rpm can achieve a higher surface integrity and optimal fatigue
resistance for the Ti6Al4V alloy [15]. Furthermore, it has been proven that processing passes
have the greatest impact on the residual stress field [11,17]. Liu et al. determined that a
compressive stress field with a thickness of 530 um was formed and the fretting fatigue
limit of the Ti6Al4V alloy was optimal after single-pass treatment with USRP [11,18]. But,
on the other hand, Li et al., found that the high-cycle fatigue performance of the Ti6Al4V
alloy can only be greatly improved after the multi-pass processing of USRP [17]. In general,
ultrasonic rolling process conditions are closely related to the factors that determine the
fatigue performance (surface roughness, hardness, residual stress distribution, etc.), but
there is no unified understanding on the influence laws of ultrasonic rolling parameters.
Therefore, the ultrasonic rolling process conditions, especially the processing passes, can be
further optimized in order to obtain a better anti-fatigue effect.

In addition, surface strengthening may also cause changes in the electrochemical
properties of materials due to the severe deformation and refinement of the surface structure.
Several studies have shown that surface strengthening reduces the corrosion performance
of materials [19-22]. The nanostructure of cp-Ti leads to a decrease in corrosion resistance
in a 0.9% NaCl solution compared with coarse-grained material [20]. The corrosion rate of
nanostructured surface layers prepared via shot peening on 6061 and 7075 aluminum alloys
is significantly higher than that of the bulk material [21]. However, some research works
confirmed that ultrasonic rolling treatment can significantly improve the pitting corrosion
resistance of 7B50 aluminum alloy and Z5CND16-4 martensitic stainless steel [22,23].
Furthermore, the gradient nanostructures formed on pure Ti treated by ultrasonic rolling
caused its corrosion current density and passivation current density to decrease by 70% and
54%, respectively [24]. The hot corrosion rate of the ultrasonic shot-peened samples is also
lower compared to the untreated Ti6Al4V alloy [25]. There is considerable disagreement
among these studies on the effect of surface strengthening on the corrosion behavior of
materials. Therefore, it is necessary to study the effect of ultrasonic rolling treatment on the
corrosion resistance of the Ti6Al4V alloy.

In short, the repeated processing pass is an important parameter affecting the USRP
strengthening effect, but the current research on its effect on surface structure and perfor-
mance of titanium alloys is not systematic; the effect on corrosion resistance is especially
rarely reported. Thus, researching the effects of ultrasonic rolling processing passes on
the surface morphology, microhardness and residual stress of the Ti6Al4V alloy, as well
as analyzing the fatigue and corrosion resistance of titanium alloys under different states,
play positive roles in optimizing the ultrasonic rolling technique and improving the fatigue
performance of titanium alloys.

2. Experimental Section
2.1. Materials

Ti6Al4V alloy bars with the diameter of ¢ 13 produced by Baotai Co. Ltd., Baoji,
China are used in this work, whose main chemical composition (wt. %) is 6.70 Al, 4.20 V,
0.30 Fe, 0.03 C, 0.15 N, 0.14 O and balance Ti. The bars are formed by hot rolling, which are
vacuum-annealed at 890 °C for 1 h and then cooled to room temperature before use. As
shown in Figure 1a, Ti6Al4V alloy mainly has the typical primary structure of « + 3 and
the secondary « phase. Furthermore, Figure 1b presents the geometric dimensions of the
sample for USRP and fatigue test.
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Figure 1. The metallographic structure of Ti6Al4V alloy (a) and the geometric dimensions of fatigue
sample and schematic of ultrasonic rolling processing device (b).

2.2. USRP Treatment

USRP treatment of Ti6Al4V alloy is carried out using an ultrasonic rolling processing
device (HK30G, Shandong Huawin Electrical and Mechanical Technology Co., Ltd., Jinan,
China), as schematically illustrated in Figure 1b, and the specific details can also be found
in refs. [11] and [18]. A smooth (Ra = 0.1 um) and scrollable WC/Co ball with a diameter
of 14 mm rolls and hits the sample surface to perform plastic processing. The ultrasonic
vibration frequency, vibration amplitude, static force, feeding rate and spindle speed
are 27 kHz, 5 um, 550 N, 0.20 mm and 100 rpm, respectively. While keeping the above
parameters unchanged, the repeated processing passes are adjusted between 1 and 20 to
treat the sample.

2.3. Microstructure Characterization

The surface and cross-sectional microstructure of Ti6Al4V alloy samples are observed
via KH-7700 three-dimensional microscope (Hirox Co., Ltd., Tokyo, Japan) and FESEM
(Nova Nano SEM450, FEI Co., Ltd., USA), respectively. The surface roughness (R,) of
different samples are measured using JB-6C profilometer. The microhardness of different
samples are measured via Q10A+ Vickers hardness tester (Quness Co., Ltd., Salzburg,
Austria) under a load of 0.25 N for 15 s. Furthermore, the residual stress for the samples is
measured using an X-ray diffractometer (Proto-LXRD, Proto Manufacturing Ltd., LaSalle,
ON, Canada) with Cu-K« radiation. The tube voltage and current are 30 kV and 20mA,
respectively. When testing the depth distribution of residual stress, Ti6Al4V alloy is
removed using an electrolytic polishing machine (Proto-8818, Proto Manufacturing Ltd.,
LaSalle, ON, Canada) in saturated NaCl solution at 1 V.

2.4. Fatigue Test and Electrochemical Test

Fatigue tests of Ti6Al4V alloy samples are conducted by a PQ-6 rotary bending fatigue
tester (Ningxia Qing Shan Testing Machine Co. Ltd, Yinchuan, China) in air at room
temperature. The four-point force method is used to test with a frequency of 50 Hz
and stress ratio of —1. Based on the tensile strength (900~1000 MPa) and fatigue limit
(~500 MPa) of Ti6Al4V alloy [18,26], 700 MPa and 600 MPa are selected to compare the
fatigue performance of Ti6Al4V alloy before and after USRP. At least three samples shall be
tested under each condition to ensure the reliability of data. The fracture morphology after
fatigue test is observed via SEM (SU 1510, Hitachi Co., Tokyo, Japan).

Electrochemical impedance spectroscopy (EIS) is conducted using an CHI604D elec-
trochemical workstation (Shanghai Chenhua Instrument Co., Ltd, Shanghai, China). The
reference and counter electrodes are saturated calomel electrode (SCE) and platinum plate,
respectively. The working electrode is a Ti6Al4V sample inlaid in epoxy resin with an
effective area of 1 cm?. EIS are acquired at open circuit potential (OCP) over the frequency
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range of 1072~10° Hz using an AC signal amplitude of 10 mV. All tests are performed at
25 °C and repeated in three samples to ensure the reliability of results.

3. Results and Discussion
3.1. Surface Morphology of Ti6 Al4V Alloy in Different Processing States

Figure 2 shows the surface morphology of a Ti6Al4V alloy with different states. As
shown in Figure 2a,b, the surface of the untreated sample has approximately periodic
machining traces along the chip direction and a few deep pits, resulting in the higher R,
value of 0.317 um. After USRP treatment, the surface flatness of the Ti6Al4V alloy samples
is significantly improved; the surface machining traces are basically eliminated, so R,
value is greatly reduced, as shown in Figure 2c-1. By comparison, it can be found that
there remains small cracks and pits on the surface of the single-pass-processed sample;
the surface state of the samples are more uniform when the processing passes increase to
5~10, but the surface reappears with pits, and the surface roughness increases if excessive
processing passes (15~20) are executed.
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Figure 2. OM (a,c,e,g,i k) and 3D images (b,d,f,h,j 1) of surface morphology for untreated Ti6 Al4V
alloy (a,b) and treated by USRP of 1 pass (c¢,d), 5 passes (e,f), 10 passes (g,h), 15 passes (i,j) and
20 passes (k,1).

As is well known, ultrasonic rolling performs plastic processing on the metal surface
via the combination of ultrasonic impact and static rolling [9-18]. During an ultrasonic
rolling process, high-frequency ultrasonic waves applied on the sample surface make the
atoms inside the material constantly oscillate, while the hard ball always rolls and hits
the sample surface at a high speed under static force, these combined action makes the
oscillating atoms migrate in the same direction and so produces the plastic deformation on
the metal surface [12,15,17,18]. The cumulative processing effect flattens the protrusions
on the sample surface and flows into the pits or valleys, thereby achieving a smoothing
effect. Meanwhile, the plastic deformation causes the dislocations to move and intersect,
resulting in the refinement of grains and the significant reduction in roughness [13,27,28].
The force acting on the sample surface during single-pass processing is limited; some deep
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machining traces cannot be completely filled, so the roughness is high at this time. The
processing coverage on the sample surface will increase if the repeated processing passes
are increased, whereby more macroscopic defects are eliminated, so the surface roughness
significantly decreases. However, excessive processing passes will result in the superfluous
work hardening of the surface layer and reduce its plasticity, which causes cracks to easily
form on the sample surface, as well as pits and other defects, during processing, thus
negatively affecting the surface quality.

3.2. Microstructure and Stress Distribution of Ti6AlI4V Alloy with Different States

Figure 3 shows the cross-section morphology of Ti6Al4V samples treated by USRP
with different processing passes. Ti6Al4V alloy undergoes obvious plastic deformation
to form a gradient-strengthening layer after USRP treatment. The surface grains are
obviously refined and deflected at a certain angle, but the grain size gradually increases
with increasing depth. The thickness of the deformation layer and the deflection angle
of grains successively increase as the processing passes increase, and the degree of grain
refinement is also more obvious. As shown in Figure 3a, the thickness of the plastic
deformation layer for a single-pass-processed sample is only 16 pm, and the deflection
angle of grains is about 5.2°. When the repeated processing passes increase to twenty,
the thickness of the gradient deformation layer reaches 230 um, and the deflection angle
of grains also increases to 37.8°, as shown in Figure 3d. Furthermore, the surface work
hardening effect is more significant and the microhardness gradually increases with the
increase in processing passes. The surface hardness of the single-pass-processed sample is
almost equal to that of the Ti6Al4V alloy matrix (~330 HV), but the surface hardness of a
twenty-passes-processed sample increases to 385 HV.
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Figure 3. Cross-section microstructure of Ti6Al4V samples treated by USRP of 1 pass (a), 5 passes (b),
10 passes (c), 15 passes (d) and 20 passes (e).

Figure 4 shows the residual stress curves of Ti6Al4V alloy with different states. A
gradient residual compressive stress field is introduced on the surface of Ti6Al4V alloy
after USRP treatment. The maximum value and attenuation amplitude of residual stress
for Ti6Al4V samples are different after conducting different processing passes of USRP.
The residual stress value of the single-pass-processed sample is the largest at the surface
(—609 MPa), and then it decreases rapidly along the depth direction, and is about —301 MPa
when 200 pm away from the surface. Both the maximum stress values of the samples treated
with five passes and twenty passes are at 30 um away from the surface and are relatively
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close in value (~600 MPa). However, the residual stress value of five-passes-processed
sample decreased significantly slower, and is still =390 MPa at a distance of 500 pm from
the surface, which is significantly larger than that of other samples.
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Figure 4. Residual stress curves of Ti6Al4V alloy with different processing states.

Various research studies have confirmed that the dislocations inside the original coarse
grains of titanium alloy may slip, interlace, entangle and rearrange as the high-frequency
impact energy and static force during the USRP process, and so the grains will be squashed,
elongated and even broken [13,15,27-29]. After long-term pressure is applied, the surface
grains of the material are gradually refined and the strain gradually aggravates to result
in severe plastic deformation. Grain refinement increases the deformation resistance of
grain boundaries. The intersection and multiplication of dislocations also increase the work
hardening effect, which together improve the surface hardness of the sample [8,11,17,30,31].
The accumulated plastic deformation on the sample surface will form an equilibrium
constraint with the inner undeformed area, resulting in a large residual compressive
stress on its surface. Furthermore, the sample will be simultaneously subjected to the
perpendicular pressure and tangential shear force during USRP, which makes the grains
deflect at a certain angle. Different processing passes lead to different degrees of plastic
deformation, thereby affecting the stress distribution and microhardness. When there are
fewer processing passes, the plastic deformation is limited due to less energy injection, so
only a low residual compressive stress is introduced. By increasing the number of repeated
processing passes, the frequency of ultrasonic impact and rolling force that is applied on
the sample increases. The grains are more likely to be compressed and rearranged, so
the plastic deformation degree significantly enhances and the surface microhardness also
shows an increasing trend. However, excessive processing passes will make the steady-state
atoms re-oscillate and cause local elastic deformation; and so, the residual compressive
stress presents a larger fluctuation. Therefore, a proper processing pass is the key to ensure
reasonable plastic deformation and introduce effective residual compressive stress.

3.3. Fatigue Performance of Ti6Al4V Alloy with Different States

Figure 5 shows the fatigue life of the Ti6Al4V alloy under different states at 700 MPa
and 600 MPa. The fatigue life of the Ti6Al4V alloy has been greatly improved by USRP
treatment, but the fatigue life of different samples varies greatly with the processing
passes. At 700 MPa, the fatigue life of the untreated sample is about 25 kilocycles; it has
been increased by about 3 times after single-pass processing, but has little change if the
processing passes continue to increase. At 600MPa, the fatigue life of the Ti6Al4V alloy is
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more significantly increased by USRP treatment. After a single and five passes of USRP, the
fatigue life of the samples reached 202 kilocycle and 329 kilocycles, respectively, which are
nearly 5 times and 8 times higher than that of the untreated sample. However, the fatigue
life of the Ti6Al4V sample actually decreases when the repeated processing passes reaches
twenty. Overall, ultrasonic rolling processing can effectively improve the fatigue resistance
of the Ti6Al4V alloy, and the anti-fatigue effect reaches a good state only when five passes
are selected, especially in the high-cycle fatigue tests.

400
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350 L B- USRP sample (1 time) 2287 B - = 600 MPa
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Figure 5. Fatigue life of Ti6Al4V alloy under different states at 700 MPa and 600 MPa.

Figure 6 presents the fracture morphology of different samples after a fatigue test at
600 MPa. As shown in Figure 6a—c, fatigue cracks of the untreated sample occur on the
surface, then rapidly propagate along a fan-shaped path to the interior of the sample, and
finally converge in region III to cause ductile fracture. The initiation and propagation of
fatigue cracks for ultrasonic rolled samples have partially changed, which is related to the
processing passes. For the samples treated by USRP of single pass and twenty passes, the
crack source is still on the surface, but the crack source area is obviously flatter and smaller,
as shown in Figure 6e,k. However, the crack source of the five-passes-processed sample
transfers inward to the subsurface, away from the surface, by about 180 pm, as shown in
Figure 6h. The crack initiates from the inside and expands radially to the surrounding area,
and the area of the crack propagation zone is significantly larger.

It is generally believed that the fatigue life of materials mainly consists of crack
initiation life and crack propagation life, the surface integrity and surface hardening
layer will affect the initiation of cracks, while the residual compressive stress is closely
related to the growth of cracks [7,11,15,32-35]. The surface of the untreated sample has
obvious machining traces, pits and other defects (Figure 2a), which can easily cause stress
concentration and become fatigue crack sources under alternating loads [7,15,17,18,32,34].
After USRP treatment, the surface roughness of the Ti6Al4V alloy decreases, the surface
hardness increases and a grain refinement layer forms simultaneously (Figure 3). The
improvement of surface integrity and the existence of a hardening layer help to hinder the
formation of cracks, thus increasing the crack initiation life [17,18,33,34,36]. Meanwhile, a
compressive stress field with a thickness of 500 pm is introduced into the sample surface
under cumulative plastic deformation during USRP process (Figure 4), which offsets the
effect of alternating stress to some extent and has a positive contribution to fatigue life. The
surface roughness, hardening layer thickness and residual compressive stress of the Ti6AIV
alloy will be significantly different if the USRP processing pass is changed, resulting in
different initiation and propagation rules for the fatigue cracks.
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Figure 6. Fatigue fracture macroscopic morphology (a,d,g h), enlarged image of crack initiation zone
(b,e,h k) and instantaneous fracture zone (c,f,i,1) of untreated Ti6Al4V alloy (a,b,c) and the samples
treated by USRP of 1 pass (d,e,f), 5 passes (g,h,i) and 20 passes (j k1) after fatigue test at 600 MPa
(I represents the crack initiation zone, II represents the crack propagation zone, and III represents the
instantaneous fracture zone).

If the Ti6Al4V sample is subjected to single-pass processing, the surface roughness
is still relatively high (Figure 2c) and the grain refinement layer is only 16 um (Figure 3a),
fatigue cracks are still prone to emerging at the surface defects (such as pits, micro-cracks),
thus providing a lower gain in fatigue life. Although the plastic deformation layer is
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deepened for the sample treated with 20 passes, the surface integrity deteriorates and the
local stress relaxes due to excessive processing, the residual stress decreases rapidly along
the depth direction and the stress value is only —205 MPa at a distance of 200 um from
the surface (Figure 4), which causes the fatigue crack source to still occur at the surface
and rapidly expand [7,17,18,32]. Appropriate processing times can simultaneously ensure
good surface integrity, grain refinement effect and introduce a deep and stable residual
compressive stress field for titanium alloys. As shown in Figures 2e, 3b and 4, the surface
roughness of the five-passes-processed sample is only 0.108 um, and its residual stress
value can still reach -390 MPa at a distance of 500 um away from the surface. In contrast, the
lower surface roughness reduces the stress concentration and hinders the crack initiation,
and the deeper and stale compressive stress field effectively inhibits the propagation of
fatigue cracks. The combined effect of these factors causes the five-passes-processed sample
to exhibit a better fatigue resistance.

3.4. Electrochemical Corrosion Behavior of Ti6 Al4V Samples with Different States

Figure 7 shows the electrochemical impedance spectra of the Ti6Al4V alloy with
different states in 3.5 wt% NaCl and 1mol/L HCI solutions, respectively. As shown in
Figure 7a, both untreated and ultrasonic rolled samples exhibit the characteristics of a
double capacitive arc, but there are some differences in the high-frequency capacitive arc
for the samples with different states. Generally, the low-frequency region of impedance
spectra reflects the corrosion control steps, and the high-frequency loop represents the
information of porous film on the electrode surface [37—40]. The impedance spectra can be
fitted by the equivalent circuit shown in Figure 8, where R is the solution resistance; Rt
and Qq represent the charge transfer resistance and capacitance of the electric double layer
at the metal-solution interface, respectively; R; and Qf correspond to the resistance and
non-ideal capacitance of passivation film, respectively. Furthermore, Q is a constant phase
element representing the dispersion effect of capacitance, and its value can be calculated
using Equation (1) [37-39], where Y| is the admittance constant, and # is the frequency
dispersion factor that varies from 1 to 0:
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Figure 7. Nyquist diagrams of Ti6Al4V sample with different states in 3.5 wt% NaCl (a) and 1 mol/L
HCI (b).

Table 1 shows the fitting values for the EIS of different samples in 3.5% NaCl solution.
It can be found that the R values of titanium alloy samples in different states are relatively
close on the whole. Generally, R is taken as a parameter to characterize the corrosion
rate [38,39]. The similar values indicate that different samples have little difference in the
corrosion resistance. However, from the perspective of R and Q, the coverage and com-
pactness of the passivation film for ultrasonic rolled samples are improved, as evidenced
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by the higher value of n¢ [38—41]. Furthermore, the n¢ value of the five-passes-processed
sample is larger compared with other samples, indicating that its passivation film is denser
and the corrosion resistance is slightly better.

12
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Solution  passive film Interface Ti6Al4V
alloy

Figure 8. Equivalent circuit for EIS of Ti6Al4V samples in 3.5wt% NaCl and 1 mol/L HCl solution.

Table 1. Fitting results of EIS for Ti6Al4V samples with different states in 3.5% NaCl solution.

Ti6Al4V Samples Q¢/F-cm—2 ng R¢/Q-cm? QqyF-em—2 nq Ry Q-cm?
untreated alloy 1.187 x 1072 0.901 288.6 1.756 x 107> 0.822 2.272 x 10°
USRP sample (1 pass) 1.787 x 107> 0.927 356.7 7.859 x 1070 0.921 2.827 x 10°
USRP sample (5 passes) 1.998 x 107> 0.939 362.4 1.036 x 107° 0.835 3.720 x 106
USRP sample (20 passes) ~ 6.493 x 107° 0.916 420.4 4.01 x 1072 0.901 3.593 x 10°

As shown in Figure 7b, the impedance spectra of all samples in acidic solution still

show two capacitive arcs, but their impedance value are significantly smaller than that in

a neutral system, showing that the corrosion resistance of the Ti6Al4V alloy in an acidic

solution deteriorates. The equivalent circuit in Figure 8 is selected for fitting and the results

are shown in Table 2. As shown in Figure 7b and Table 2, the R value of ultrasonic-rolled

samples is significantly higher than that of the untreated sample, indicating that ultrasonic

rolling processing increases the corrosion reaction resistance of titanium alloys in acidic

solutions. In addition, the comparison shows that the R value of a five-passes-processed

sample is larger, and the n¢ value is closer to 1, indicating that the thickness and density

of the passivation film are significantly higher, the self-healing ability is stronger and the

corrosion resistance is better [37,38,41].

Table 2. Fitting results of EIS for Ti6Al4V samples with different states in Imol/L HCI solution.
Ti6Al4V Samples Q¢/F-cm—2 ng R¢/Q-cm? Qq)/F-cm—2 nq1 Ret/Q-cm?
untreated alloy 5.018 x 107> 0.907 315.6 1417 x 107° 0.9213 4.991 x 10*
USRP sample (1 time) 6.726 x 10~ 0.944 128.5 3.049 x 10~ 0.8753 6.378 x 10*
USRP sample (5 times) 1.788 x 107> 0.965 468.6 4.828 x 107 0.8241 8.545 x 10°
USRP sample (20 times) 2.842 x 1075 0.959 435.7 8.148 x 10~° 0.6733 6.072 x 104

The analysis shows that titanium alloy undergoes cumulative plastic deformation
during USRP; the surface grains are refined to form a gradient-strengthening layer under
the combined action of high-frequency impact and rolling force, as shown in Figure 3.
The refinement of grains shortens the distance between atoms, and the number of atoms
per unit volume increases, so that the passivation film is easier to form and is more
dense; the migration resistance of the corrosive media increases, improving the corrosion
resistance [42—44]. On the contrary, the untreated sample has coarse grains and an uneven
surface (Figure 2a), the passivation film is slightly less dense and uneven, so CI" ions
easily penetrate the passivation film and cause a local corrosion of the sample [37,38].
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However, the degree of surface grain refinement and surface integrity of the samples vary
with ultrasonic rolling processing passes. If single-pass processing is selected, the grain
refinement of titanium alloy is not enough, and the improvement of the corrosion resistance
is relatively small. When Ti6Al4V alloy is treated for five passes, the surface grains are
obviously refined and surface integrity is better, and the continuity of the passivation
film may also be higher, resulting in a better corrosion resistance. Excessive processing
will cause cracks or pits on the surface of the sample (Figure 2ik); the continuity and
uniformity of the surface structure is destroyed, which causes its passive current density
and corrosion resistance to fluctuate within a certain range [41-45]. Overall, the corrosion
resistance of Ti6Al4V samples with different processing states in neutral 3.5% NaCl solution
is relatively close, but the ultrasonic rolled samples show a better passivation performance
and corrosion resistance in 1 mol/L HCl solution, and the five-passes-processed samples
are relatively better.

4. Conclusions

1. Ultrasonic rolling processing can cause cumulative plastic deformation on the surface
of a Ti6Al4V alloy, refine the surface grains, and introduce residual compressive
stress. Increasing the processing passes will deepen the grain refinement layer and
significantly improve the surface hardness of the Ti6Al4V alloy. The depth of the
plastic deformation layer for Ti6Al4V alloy can reach 230 um after twenty passes of
ultrasonic rolling, but excessive processing passes will adversely affect the surface
integrity and cause the stress relaxation. Five passes of processing can introduce a
more stable residual stress field, which can still reach a stress value of —390 MPa at a
depth of 500 pm.

2. Ultrasonic rolling processing can effectively improve the fatigue resistance of Ti6 Al4V
alloy, but its fatigue life does not increase with the increase in processing passes. The
anti-fatigue effect of the Ti6Al4V alloy reaches a better state when only five passes are
selected. Under 600 MPa, the fatigue life of the Ti6Al4V alloy treated by USRP with
five passes can reach 329 kilocycles, which is 8 times higher than that of the untreated
sample. The lower surface roughness, suitable fine-grained strengthening layer,
deep and stable residual compressive stress field together allows for the five-passes
processing to provide greater gain for the fatigue resistance of the Ti6Al4V alloy.

3. Ultrasonic rolling processing can also endow the Ti6Al4V alloy with a better passive
performance and improve its corrosion resistance to a certain extent, especially in
an acidic solution system. Relatively speaking, the five-passes-processed samples
performed better, which has a higher charge transfer resistance (R.t) value.
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