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Ultrasonic impact treatment (UIT) is widely used in the aerospace field as a surface treatment technology.
The effect of UIT on the corrosion rate and corrosion fatigue properties of TC4 titanium alloy laser welded
joints was investigated in this study. On this basis, the surface roughness, surface morphology,
microstructure, microhardness and residual stress of samples treated with two different UIT amplitudes (18
and 25 lm) were analyzed. The results showed that compared with the untreated sample, the surface
roughness of UIT-treated specimens was increased by 3.9 times but the surface scratches were eliminated.
The surface grains of specimens were refined to form a plastically deformed layer � 110 lm thick.
Compared with the untreated specimens, the hardness of UIT treated specimens were increased by 13.2%,
and the hardness influence depth was 0.06 mm. In addition, a high level of compressive residual stress
(2 529 MPa) was introduced on the surface layer of the specimen. UIT reduced the corrosion rate of the
specimen, but the higher UIT amplitude, the worse the reduction effect. UIT treatment improved the
corrosion fatigue life of specimens, and the higher UIT amplitude, the more obvious the effect of
improvement. The fatigue fracture of the specimens was analyzed by scanning electron microscope. It can
be observed that for UIT treated specimens, the fatigue crack source was suppressed inside, the fatigue
fringe spacing was reduced, and the dimples were enlarged. Finally, the strengthening mechanism of UITon
the corrosion fatigue properties of the specimens was proposed.

Keywords corrosion fatigue properties, laser welding, ultrasonic
impact treatment

1. Introduction

Titanium alloys are among the commonly used engineering
materials in many applications ranging from aerospace, trans-
portation, biological applications, and petrochemical industry
because of their low density, biocompatibility, weight-to-
volume ratio, excellent corrosion resistance, and high
strength-to-weight ratio (Ref 1-4). Titanium alloys are charac-
terized by low thermal conductivity, high melting temperature,
and high reactivity to oxygen at typical welding temperatures
(Ref 5). These inherent material properties of titanium alloys
impose stringent demands on welding conditions. The connec-
tion technology of titanium alloy develops with the advance-
ment of welding technology. Laser welding is a joining
technology of titanium alloys due to its high welding quality,

high welding efficiency, and small welding distortion (Ref 6).
However, laser welding of titanium alloys is complicated due to
the irregular dispersion of heat, chemical composition, and
stress (Ref 7). Additionally, due to the poor thermal conduc-
tivity of titanium alloys, the microstructure and mechanical
properties of the welds are affected by heat input changes (Ref
8). By optimizing the welding parameters, the static strength of
titanium alloy laser-welded joints can be close to that of the raw
materials. However, problems still exist with inferior corrosion
resistance and fatigue performance (Ref 9). The poor fatigue
performance of welded joints is mainly due to the high-value
residual tensile stress that causes local stress concentration. The
residual tensile stress decreases the corrosion resistance of the
welded joint to below that of the base metal (Ref 10, 11).
Therefore, the post-weld treatment technology of welded joints
has received extensive attention and development. Ultrasonic
impact treatment (UIT), as a post-weld treatment technology, is
an effective method to improve the corrosion resistance and
fatigue performance of materials (Ref 12-13). During UIT, the
high-frequency ultrasonic vibration of the impact pin contin-
uously impacts the material, causing plastic deformation on the
material�s surface, grain size reduction, microstructural refine-
ment, and effectively eliminates residual tensile stress, intro-
duces residual compressive stress, and improves surface
hardness, thereby improving the material�s corrosion resistance
and fatigue performance (Ref 14-15). Lesyk (Ref 16) et al.
found that the corrosion potential increased significantly after
UIT, the attenuation of the corrosion current, and the protection
efficiency (PEF) improvement through the polarization exper-
iments, indicating that the corrosion rate of 1045 steel
specimens decreased. PEF of the passive film increased by
21% for the UIT processed surfaces. According to Daavari
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et al., UIT positively affected welded pipes under simultaneous
fatigue loads and corrosive environments (Ref 10). UIT induces
the residual compressive stress of the welded pipe, causing
plastic deformation and increased corrosion resistance due to
the residual tensile stress reduction. However, relatively few
studies exist on the changes in the corrosion resistance and
corrosion fatigue performance of welded parts by UIT.

This article describes the effect of UIT on the corrosion
resistance and corrosion fatigue properties of TC4 titanium
alloy laser-welded joints. This study investigates the changes in
corrosion resistance and corrosion fatigue characteristics of
welded parts treated by UIT. Experiments to reveal the
corrosion mechanism include residual stress evaluation, micro-
hardness test, microstructure analysis, electrochemical corro-
sion test, surface morphology analysis, and corrosion fatigue,
and fracture morphology. Finally, the strengthening mechanism
of UIT on the corrosion fatigue properties of the specimens was
proposed.

2. Material and Methods

2.1 Materials

The metal used herein is a 2-mm thick TC4 titanium alloy
plate. The chemical composition (wt.%) of TC4 titanium alloy
is composed of 4.15Al, 6.32 V, 0.3Fe, 0.03C, 0.035 N, 0.065O,
0.0005H and Bal and its tensile strength, yield strength and
elongation are 895 MPa, 870 MPa and 10%, respectively.
Then, to eliminate the contaminants adhering to the surface of
the metal plate, the sheet metals were mechanically polished
using sandpapers of grit sizes ranging from 400 to 1000, wiped
with absolute ethanol, and dried in a drying flask.

2.2 Laser Welding

The TC4 titanium alloy plates were laser welded using an
automatic welding system comprising two parts: a 3000-W all-
solid-state laser and a matching welding robot. According to
preliminary tests, the optimized laser welding process param-
eters were selected (Table 1). Before welding, the surfaces of
the test panels were mechanically treated using sandpapers of
grit sizes ranging from #1200 up to #2000 to remove the
surface oxide layer. To prevent welding deformation of the
plate, an antideformation fixture was used. Welding was
performed in a closed room-temperature environment, and
protective gas was used to protect the welded joints from
oxygen during the process. The weldments were cut by wire
according to the specimen size. The specimens� sizes are shown
in Fig. 1.

2.3 Ultrasonic Impact Treatment

The UIT experiment was conducted at room temperature
(25 �C). The specimen was mounted on the fixture. During the

impact process, the impulse needle was perpendicular to the
weld and was swung at a certain angle perpendicular to the
weld direction. A certain amount of pressure was applied to the
impact gun to ensure a smooth impact process. The impact
degree was characterized by the ultrasonic impact time per unit
area (10 9 10 mm2). The selected UIT process parameters are
listed in Table 2. The schematic of UIT process is shown in
Fig. 1.

2.4 Surface Topography Observation and Roughness Test

The surface morphologies of different treatment forms were
observed using an optical microscope. A roughness tester was
used to perform three measurements in different areas of the
weld area, and the average roughness value of the three
measurements was obtained.

2.5 Microstructural Observations

The welded joint was wire-cut and made into a metallo-
graphic pattern. The metallographic patterns were mechanically
treated using sandpapers of grit sizes ranging from 400 to 3000
to ensure smoothness. The surface of the pattern was etched
with an etching solution of 1% HF + 2% HNO3 + 97% H2O
(vol.%), and finally observed using an optical microscope.

2.6 Residual Stress Test

The residual stresses on the surfaces of the weldments with
and without UIT were measured using x-ray diffraction. The
working voltage and current were 30.00 kV and 1.20 mA,
respectively. The source of the x-ray was Cu Ka radiation.
Herein, to guarantee the veracity of the experimental data, the
measurements were triplicated for each condition to obtain the
average value.

2.7 Microhardness Test

A digital hardness tester was employed to measure the
microhardness characteristics of the welded joints along the
depth directions and surfaces with and without UIT impacts.
The loading time and load mass were set to 12 s and 9.8 N,
respectively. The indentation method was used to evaluate the
microhardness. The measurement surface was smoothened to
reduce measurement errors.

2.8 Electrochemical Corrosion Test

Potentiodynamic polarization tests were developed at room
temperature using an electrochemical workstation in 3.5 wt.%
NaCl solution. The test solution temperature was set constant at
25 �C. The sample was soaked in the solution for 5 min before
the test, and the reference electrode (saturated calomel elec-
trode) formed a three-electrode system. Electrochemical corro-
sion test was performed as per ASTM G5-94 standard. The
potential dynamic polarization was tested and plotted at a
scanning rate of 10 mVÆs�1 from � 1 to 6 V.

2.9 Corrosion Fatigue Test and Fatigue Fracture
Observation

The MTS testing machine of the multifunctional servo-
hydraulic testing system for dynamic testing was used for the
corrosion fatigue testing of the samples at room temperature.
Corrosion fatigue test was performed as per ASTM E466
standard. The fatigue tests were force-controlled tension–

Table 1 Laser welding process parameters

Laser welding parameters Value

Welding power (W) 3000
Welding speed (mmÆs�1) 2
Shielding gas Argon
Protective gas flow (lÆmin�1) 6
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tension with a stress ratio (R) = 0.1, and were conducted at
10 Hz. The simulated environment comprised 3.5 wt% NaCl
solution. The fatigue fracture was washed with water to remove
the corrosive liquid then placed in acetone for ultrasonic
cleaning, and finally observed using a scanning electron
microscope.

3. Results

3.1 Surface Topography Analysis

The surface morphologies of the specimens before and after
UIT at different amplitudes as shown in Fig. 2. Figure 2(a)
shows the surface profile of the untreated surface, which is
relatively flat overall, but with significant surface damage and
poor surface integrity. The surface is marked by interlocking
grooves caused by mechanical treatment, which is interlocked,
generally in the same direction and of varying depth. Also, the

interlocking and varying thickness of cracks caused by welding
on the surface are observed. The surface morphology of UIT at
an amplitude of 18 lm, which shows that the surface damage
was mitigated, and the surface integrity was improved to some
extent (Fig. 2b). The striated gullies become less pronounced,
and the fissures taper off. The overall morphology becomes
gentle, with some areas of inconspicuous unevenness. The
surface morphology after UIT at an amplitude of 25 lm, where
the surface damage is significantly less, and the surface flatness
is better (Fig. 2c). The surface profile is smooth and free of
obvious striations and cracks, but some inner areas are uneven.
Hence, UIT effectively improved the surface damage caused by
welding and mechanical treatment, resulting in better surface
integrity and effectively improving the surface properties of
welded joints. However, with increasing amplitude, the uneven
deformation in some areas caused uneven surface morphologies
of the specimens.

3.2 Roughness Analysis

Figure 3 shows the surface roughness characteristics of
specimens at different UIT amplitudes. The average surface
roughness of the original specimen was 0.210 lm, with impact
amplitudes of 18 and 25 lm, corresponding to an average
roughness of 0.582 and 0.836 lm. The surface roughness of the
specimens with UIT amplitudes of 18 and 25 lm, respectively,
was 2.8 and 3.9 times that of the untreated specimens.
Evidently, UIT increases the specimen�s surface roughness,
and the UIT amplitude increases with the surface roughness.
This trend occurs because with the high frequency and
vibration of the impacting point on the material�s surface, the
extrusion and deformation of the material accumulate, forming
numerous different shaped depressions, eventually increasing
the roughness (Ref 17).

Fig. 1 Schematic of UIT process and specimens� sizes (in mm)

Table 2 UIT parameters used for the sample surface
treatment

Ultrasonic impact parameters Value

Impact amplitude (lm) 18 25
Working current (A) 1.8 2.1
Working frequency (kHz) 17.6
Number of impact needles 1
Impulse needle diameter (mm) 4
Swing speed (mm/min) 130
Processing time (min) 10
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3.3 Microstructure Analysis

The microstructures of specimens before and after UIT at
different amplitudes are shown in Fig. 4. Evidently, the
microstructure without UIT was in the form of equiaxed
crystals with uniform size, which was insignificantly different
from the matrix structure (Fig. 4a). Figure 4(b) and (c) show
the microstructure after UIT. Obviously, the microstructure
undergoes plastic deformation, the surface grains are refined,
the grain boundaries become blurred, and the color of the
deformed layer deepens, which significantly differs from the
matrix structure. Grain refinement and increase in grain
boundaries deepen the color of the plastically deformed layer
(Ref 18). The plastic deformation layer thickness formed after
UIT at amplitudes of 18 and 25 lm is � 90 and 110 lm,
respectively. The plastic deformation layer with ultrasonic
impact amplitude of 25 lm is thicker and darker, indicating that
UIT with larger amplitude greatly impacted the plastic defor-
mation degree on the material�s surface and a deeper impact on
the material�s interior. In contrast, the grain refinement-
strengthening effect caused by UIT keeps the strain inside
and outside the grain at the same level, resulting in uniform
stress on the welded joint, thereby inhibiting crack initiation
(Ref 19). Also, the grain refinement caused by UIT enhances
the passivation film formation on the material�s surface, thereby
improving corrosion resistance (Ref 20). Thus, the grain
refinement and plastic deformation induced by UIT improved
the corrosion fatigue performance of welded joints and
increased the corrosion fatigue life.

3.4 Residual Stress Analysis

Residual tensile stress can impair the fatigue life and
corrosion resistance of welded joints (Ref 1, 21). The residual
stress distribution on the surface of the specimens before and
after UIT at different amplitudes is displayed in Fig. 5. The
residual stress in the original specimens is mainly in the form of
tensile stresses, with a maximum residual tensile stress of
123 MPa in the weld area and an average value of 116 MPa.
The residual tensile stress is unevenly distributed and decreases
as the distance from the center of the weld increases. High
levels of tensile residual stress and uneven stress distribution in
the weld area result from uneven thermal expansion and
contraction during welding and cooling (Ref 22). After UIT, the
residual stress on the surface of the specimens� changes from
residual tensile stress to residual compressive stress. As the
distance to the center of the weld increases, the residual
compressive stress gradually decreases, and the curve shows an
upward trend. The stress distribution tends to be homogeneous,
with average residual stresses of � 433 and � 529 MPa,
corresponding to impact amplitudes of 18 and 25 lm. Appar-
ently, the surface residual compressive stress increases with
increasing ultrasonic impact amplitude. According to the
Goodman formula (Ref 23), the fatigue limit change caused
by UIT can be determined as follows: Drr ¼ �mrr, where Drr

is the material�s fatigue limit, m is the average sensitivity
coefficient, and rr is the residual stress. The material�s fatigue
limit increases with the participating compressive stress
induced by UIT. Thus, the residual compressive stress increases
with an increase in ultrasonic impact amplitude before satura-
tion, which increases the fatigue limit and prolongs the fatigue
life of specimens.

3.5 Microhardness Analysis

Most cracking originates at the material�s surface, and an
increase in microhardness can inhibit cracking and improve the
material�s fatigue properties (Ref 24). The surface microhard-
ness and microhardness with the depth of specimens before and
after UIT at different amplitudes as shown in Fig. 6. The
average microhardness of the weld zone (WZ) of the original
welded joint are 375.4 HV (Fig. 6a). The average microhard-
ness of WZs treated at amplitudes of 18 and 25 lm are 414.8
and 425.1 HV, an increase of 10.5 and 13.2%, respectively,
compared to the original WZ. The increase in microhardness
caused by UIT was mainly attributable to grain hardening and
work hardening effects (Ref 25). As the distance from the
surface increases, the microhardness values of the original
welds fluctuate in a small range, between 360 and 370 HV, with

Fig. 2 Surface morphology of UIT treated and untreated specimens: (a) untreated, (b) 18 and (c) 25 lm

Fig. 3 Surface roughness of UIT treated and untreated specimens:
(a) untreated, (b) 18 and (c) 25 lm
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an average value of 364.3 HV (Fig. 6b). The internal hardness
value of the weld after UIT increases significantly and
decreases with increasing depth from the surface, eventually
leveling off. The depths of hardness impacts for amplitudes of
18 and 25 lm are � 0.04 and 0.06 mm, respectively. Com-
paring the surface microhardness characteristics and depths of
impacts for different amplitudes reveals that high amplitude
ultrasonic impacts produce higher impact force values, result-
ing in greater plastic deformation of the specimen surface,
ultimately leading to a deeper work-hardened layer and high
hardness values.

3.6 Electrochemical Corrosion Analysis

Table 3 and Fig. 7 show the potentiodynamic polarization
test plots before and after UIT at different amplitudes. The
corrosion potential (Ecorr) and current density (Icorr) were
calculated using the Tafel extrapolation of the cathodic and
anodic branches of the polarization curve, and the corrosion
rate (CR) was calculated using Faraday�s law (Ref 26):
CR = IcorrKEW/qm, where K is the Faraday constant
(3.272 9 10�3 mmÆgÆlA�1Æcm�1Æyr�1), Icorr is the corrosion
current density (lAÆcm�2), Ew is the equivalent weight, which

is 11.98 for Titanium alloy, and qm is the density, the density of
titanium alloy is 4.5 gÆcm�3.

A direct relationship exists between the Ecorr values and
corrosion resistance; the higher the self-corrosion potential, the
less susceptible the material is to corrosion (Ref 27). It can be
seen from the graph that the corrosion potential of the specimen

Fig. 4 Microstructures of UIT treated and untreated specimens: (a) untreated, (b) 18 lm, and (c) 25 lm

Fig. 5 Residual stress of UIT treated and untreated specimens

Fig. 6 Microhardness of UIT treated and untreated specimens: (a)
surface and (b) micro hardness characteristics at different depths
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at UIT amplitude of 25 lm exceeds that of the ultrasonic
impact-treated specimen at UIT amplitude of 18 lm and the
untreated specimen. The untreated and ultrasonic impact-
treated specimens at ultrasonic impact amplitudes of 18 and
25 lm exhibit corrosion potentials of � 0.655, � 0.645, and
0.426 V, respectively. Consequently, the corrosion tendency
characteristics of specimens treated at higher amplitudes are
lower. The Icorr values of the nontreated specimens were
1.087 lA/cm2, showing a larger active region (Table 3 and
Fig. 7). Compared with untreated specimens, the Icorr values of
specimens with UIT decreased, and secondary passivation
occurred during the corrosion process. The Icorr values of the
ultrasonic impact-treated specimens at amplitudes of 18 and
25 lm are 0.175 and 0.417 lA/cm2, respectively. The corro-
sion current density directly reflects the CR, so it can be
inferred that UIT effectively reduces the specimen�s CR. The
enhanced corrosion resistance of samples after UIT was due to
the formation of a dense and uniform passive film, which was
related to the evolution of the surface microstructure and
surface topography (Ref 28). UIT-induced surface grain
refinement and residual compressive stress promoted the
formation of passivation films and increased the passivation
film formation rate, respectively, resulting in improved corro-
sion resistance (Ref 20). Comparing the Icorr values of samples
subjected to UIT at different amplitudes shows that the
corrosion current density increases with the UIT amplitude.
As the UIT amplitude increases, the uniformity and compact-
ness of the passivation film increase while producing higher
surface roughness. The higher surface roughness negatively
affects the passive film formation and corrosion resistance (Ref
20, 27, 29). Areas with higher surface roughness were the
preferred locations for passive film destruction, which increased
the CR. Thus, the high-corrosion potential and fast CR of the

ultrasonic impact-treated specimen at an amplitude of 25 lm
can be inferred.

3.7 Corrosion Fatigue Analysis

The effects of UIT at different amplitudes on the corrosion
fatigue properties of TC4 titanium alloy laser-welded samples
as shown in Fig. 8 and Table 4. The corrosion fatigue life of the
original specimen is 36753.51 cycles, and the corrosion fatigue
lives of UIT-treated specimens at amplitudes of 18 and 25 lm
are 118,806.25 and 166,267.75 cycles, respectively, which are
3.16 and 4.42 times that of the original specimen. Obviously,
UIT effectively improves the corrosion fatigue life of welded
joints, and the corrosion fatigue life of the specimen increases
with the UIT amplitude. The fatigue performance effect
depends on a combination of extrinsic and intrinsic factors of
the specimen (Ref 30). As the amplitude of UIT increases, the
improvement in surface damage, the formation of plastic
deformation layers, the increase in microhardness, and the
introduction of large residual compressive stresses more
effectively inhibit crack generation and expansion compared
to the negative effect of the increasing surface roughness on the
corrosion fatigue performance, thus improving the corrosion
fatigue performance.

3.8 Fatigue Fracture Analysis

Figure 9 shows the fatigue fracture morphology before and
after UIT at different amplitudes. It can be observed that the
source of the cracks in the original specimen originates at the
material�s surface, and the crack extension area occupies a
relatively small portion of the fracture surface (Fig. 9a). The
crack propagation extends along the weld thickness, and the
propagation route is relatively straight and runs through the

Table 3 Electrochemical corrosion characteristics of laser-welded joints of TC4 titanium alloy

Condition Ecorr, V Icorr,, lA/cm
2 Corrosion rate, 3 10–3, mm/year

Untreated � 0.655 1.087 0.947
18 lm � 0.645 0.175 0.152
25 lm � 0.426 0.417 0.363

Fig. 7 Potentiodynamic polarization test plots of UIT treated and
untreated specimens

Fig. 8 Corrosion fatigue life of UIT treated and untreated
specimens
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entire fracture along the weld thickness. From Fig. 9(b), it can
be observed that after UIT, the position of fatigue crack
initiation is transferred to the material�s interior, the fatigue
propagation path becomes tortuous, the fatigue propagation
direction is deflected to a certain extent, and the crack
propagation is significantly hindered near the surface. As
shown in Fig. 9(c), the crack source moves further inward, the
fatigue extension path becomes more tortuous, the direction of
fatigue extension is deflected to a greater extent, and the crack
extension is more significantly impeded close to the surface.
The ultrasonically impacted weld surface increases the micro-
hardness and forms a plastic deformation layer, which effec-
tively inhibits crack initiation and allows cracks to develop in
areas of high-stress concentration within the weld. The
influence of residual compressive stresses in the reinforcement
layer, grain refinement, and plastic deformation layers increases
the resistance to the expansion of fatigue cracks to the surface,
resulting in a shift in the crack expansion direction and a
tortuous crack expansion path, thus extending the crack
expansion period.

The fracture morphology of the fatigue crack extension zone
is seen in Fig. 10. The entire crack extension path of the
untreated specimen is relatively flat and straight, with a single
direction and path of crack extension and the presence of some
large uncracked surfaces (Fig. 10a). After UIT at an amplitude
of 18 lm, the entire crack extension path becomes complex,
and the crack extension develops in multiple dimensions and
directions (Fig. 10b). Fatigue streaks are unevenly distributed
on planes of different heights and orientations, and the crack
extension direction changes. As observed in Fig. 10(c), at an
ultrasonic impact amplitude of 25 lm, the entire crack
extension path becomes more complex, with the direction and
dimension of the crack extension constantly changing, shifting

from one plane to another. The increase in grain boundaries
caused by grain refinement results in the crack extension
direction changes with the different orientations of the grain
boundaries, resulting in a tortuous crack extension path (Ref
31). Comparing the magnified areas, A, B, and C (Fig. 10d-f),
the fatigue streaks are more widely spaced before UIT. The
fatigue stripes become less spaced after UIT, and as the
ultrasonic impact amplitude increases, the fatigue stripe spacing
decreases further, and secondary cracks are observed. The low
spacing of fatigue streaks corresponds to a low crack expansion
rate (Ref 32). The residual compressive stress induced by
ultrasonic impact has a crack closure effect, which reduces the
range of stress intensity factors at the crack tip, thereby
reducing the rate of crack expansion (Ref 24). Therefore, it can
be deduced that UIT effectively reduces the rate of crack
expansion and thus increases the specimen�s fatigue life.

From Fig. 11, it can be seen that the fracture morphologies
of the transient fracture areas of the samples before and after
UIT at different amplitudes. The fracture morphologies of all
transient fracture zones show a ductile fracture mode with many
dimples. However, the dimples after UIT were larger and
deeper, and the size and depth of the dimples further increase
with the increase in ultrasonic impact amplitude. In the original
sample, the fracture morphology of the transient fracture region
mainly comprises small and shallow dimples (Fig. 11a).
Compared with dimples of the original specimen, the dimple
size and depth of the dimple at UIT amplitude of 18 lm
increases (Fig. 11b). When the UIT amplitude increases to
25 lm, the corresponding dimple size and depth further
increases. The larger and deeper dimple corresponds to the
increase in the willfulness of the material to fracture (Ref 33).
Therefore, UIT improves the fracture randomness of TC4
titanium alloy laser-welded joints.

Table 4 Fatigue life statistical parameters

Condition Number of samples, n Standard deviation, s Subsample coefficient of variation, Cv Median fatigue life, N50

Untreated 4 1553.65 0.04126 37,653.51
18 lm 4 4969.57 0.04183 118,806.25
25 lm 4 6940.96 0.04175 166,267.75

Fig. 9 Fatigue fracture morphology: (a) untreated, (b) 18 lm, and (c) 25 lm
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4. Discussion

Based on the above fatigue fracture analysis, the compre-
hensive effect of ultrasonic impact at different amplitudes on
corrosion fatigue performance was comprehensively analyzed.
The fatigue fracture principle before and after UIT at different
amplitudes is shown in Fig. 12.

Corrosion fatigue failure is a typical fatigue failure under the
coupling action of a cyclic load and a corrosive environment.
As shown in Fig. 12(a), during the corrosion fatigue process,
the transition radius of cracks and scratches caused by welding
and mechanical treatment on the surface of laser-welded joints
of titanium alloys without UIT is small, which is prone to stress
concentration. With the continuous application of an alternating
load, high boundary energy is accumulated on the surface of the

welded joint where the stress is concentrated, causing slip
deformation on the surface of titanium alloy laser welded joints,
where chemically active titanium is exposed to react with the
corrosive medium electrochemically (Ref 34). The occurrence
of fatigue pitting intensifies the local stress concentration
continuously, resulting in faster initiation of crack sources on
the welded joint surface. During crack propagation, the residual
tensile stress generated by welding is superimposed on the
external load stress, increasing the actual load stress. Also, the
alternating stress destroys the integrity of the passivation film
and accelerates the crack propagation rate until the specimen
breaks.

As shown in Fig. 12(b), after the 18 lm UIT, the surface
quality of the titanium alloy laser welded joint is improved, the
transition radius of the surface groove marks is enlarged, and

Fig. 10 Fatigue crack extension zone: (a) untreated, (b) 18 lm, (c) 25 lm, and zoom in on areas (d) A, (e) B, and (f) C

Fig. 11 Transient fracture zone: (a) untreated, (b) 18 lm, and (c) 25 lm
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the degree of stress concentration is reduced. The grain
refinement on the welded joint surface caused by ultrasonic
impact increases the surface hardness and densifies the
structure, forms a plastic deformation layer, inhibits the
generation of cracks on the surface, and finally moves the
crack source to the material�s interior. During the corrosion
fatigue process, the grain-refined plastic deformation layer
effectively enhances the material�s ability on the surface of the
titanium alloy laser welded joint to resist slip deformation,
hinders the rupture of the passivation film, and thus enhances
the laser welded joint�s corrosion resistance. Also, more grain
boundaries of the surface layer of the welded joint are caused
by grain refinement, which blocks crack propagation, making
the crack propagation path more tortuous and prolonging the
crack propagation. UIT removes residual tensile stress and
introduces residual compressive stress in laser welded joints of
titanium alloys. The residual compressive stress balances the
externally applied load of the corrosion fatigue test and
effectively delays the rupture of the passivation film on the
surface of the welded joint. However, the crack tip produces a
closing effect under residual compressive stresses, which
reduces the range of stress intensity factors at the crack tip,
thereby reducing the corrosion fatigue crack growth rate and
improving the corrosion fatigue resistance of the welded joint.
As shown in Fig. 12(c), the degree of grain refinement
increases and becomes more uniform as the ultrasonic impact
amplitude increases to 25 lm. Also, the residual compressive
stresses induced on the surface of the welded joint are
increased. Therefore, under the combined effect of residual
compressive stress and grain refinement, the corrosion fatigue
performance of welded joints is more effectively improved.

Hence, the grain refinement and residual compressive stress
induced by ultrasonic impact suppress the CR and the
generation of crack sources. Also, the fatigue fringe spacing
is shortened, resulting in deeper and larger dimples, effectively
slowing the crack growth rate and improving the material
toughness.

5. Conclusions

Herein, the effect of UIT on the corrosion fatigue properties
of laser-welded joint specimens of TC4 titanium alloy was
discussed. Some important conclusions were drawn as follows:

1. The surface roughness of the specimens with UIT ampli-
tudes of 18 and 25 lm, respectively, was 2.8 and 3.9
times that of the untreated specimens. However, surface
scratches and cracks were eliminated by UIT.

2. After UIT treatment, the surface microhardness of the
specimens with amplitudes of 18 and 25 lm increased
by 10.5 and 13.2%, and produced hardness layers of
0.04 and 0.06 mm. In addition, a high level of compres-
sive residual stress was introduced into the surface of the
specimen, inducing residual compressive stresses of
433 and � 529 MPa at amplitudes of 18 and 25 lm.

3. Compared with the untreated specimens, the corrosion
rate of the specimens with amplitudes of 18 and 25 lm
was reduced by 83.9 and 61.7%, respectively, and the fa-
tigue life was 3.16 and 4.42 times that of the untreated
specimens, respectively.

Fig. 12 Fatigue fracture principle of UIT treated and untreated specimens
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4. After UIT, the position of the crack source moved from
the surface to the inside, the crack propagation path be-
came tortuous, and the fatigue band spacing decreased,
which was the direct evidence that UIT reduced the crack
propagation rate.
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