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Abstract: The elastic prestressed ultrasonic peen forming (UPF) was adopted in order to solve problems of insufficient bending
deformation and large spherical deformation of plate during free UPF. The theoretical analysis of prestressed UPF and the influence
of elastic prebending moment on deformation were analyzed. Spherical deformation coefficient was defined to quantificationally
describe the spherical deformation. Experiments were conducted to compare the differences between free UPF and prestressed UPF
processes and the effects of processing parameters on bending curvature and spherical deformation coefficient were studied. The
results show that peening trajectory in chordwise direction is beneficial to enlarging spanwise bending deformation and decreasing
spherical deformation coefficient. Large prebending curvature is helpful to increase spanwise bending deformation and decrease
chordwise deformation, thereby obviously decreasing spherical deformation coefficient. Large spanwise deformation can be obtained
under large firing pin velocity, small plate thickness and small offset distance. Large firing pin velocity plays a positive role in
decreasing spherical deformation, while plate thickness and offset distance have little effect on it. Above all, prebending curvature
and peening trajectory are the most important factors during prestressed UPF process. This study provides guidance for parameters
optimization of prestressed UPF for wing plate with large thickness.
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properties, fatigue life and corrosion resistance [2—4].

1 Introduction

Ultrasonic peen forming (UPF) technology with
advantages of easy operation, non-pollution, low energy
consumption and good comprehensive performance, has
been widely used in fields of aerospace, weapons, marine
vessels and automobile industry. The intense shock wave
generated by ultrasonic generator is transferred to the
surface of the metal by impact media of shots or firing
pin. UPF is a kind of deformation technology with high
energy and high strain rate for its high vibration
frequency, strong load effect and quick impact [1]. Large
deformation, nanostructured surface layer and residual
comprehensive stress can be generated on the surface of
the metal, which remarkably improve mechanical

The study on UPF process is mainly focused on the
bending deformation, residual stress and properties of the
metal plate. As the UPF process and the effect of
processing parameters on the variation of deformation
and residual stress is quite complex, numerical
simulation models are widely used. GARIEPY et al [5]
established a finite element model (FEM) to study the
effect of peening trajectory on deformation of the plate
during UPF process. The relationship between shot
impact velocity and crater depth was studied in
Rousseau’s model [6], while the relationship between
shot impact angles and impact density of the plate was
studied in Badreddine’s model [7]. LU et al [8,9] studied
the stability of plate for different impact amplitudes
during UPF process and analyzed the influence of the
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thickness and width of strengthening ring on the
curvature radius difference. For surface morphology,
YIN et al [10] studied the effects of shot diameter and
shot peening time on the surface morphology, and
MAREAU et al [11] studied the effects of ultrasonic shot
peening (USP) parameters on roughness for stainless
steel. For residual stress, CHAISE et al [12] established
models to predict distortions and residual stresses
induced by UPF. GUO et al [13] studied the influence of
the second impact on the residual stress variation
induced by the first impact. FAN and ZHAO [14]
analyzed the effects of treated material, diameter of shots
and peening velocity on the value and depth of residual
stress. Moreover, many researches [15—17] had been
conducted on the effect of process parameters of USP on
surface nanocrystallization. UPF process was known to
improve the fatigue life for different materials, and
KAKIUCHI et al [18] conducted experiment to study
high cycle fatigue behavior of 304 stainless steel after
UPFE. DONG et al [19] studied the effect of UPF on
corrosion of ferritic—martensitic steels. Prestressed UPF
had been investigated by many researchers. XIAO
et al [20,21] simulated the effect of prestress on the
variation of stress distribution after UPF. MIAO et al [22]
experimentally studied the effects of peening time and
peening velocity on the residual stress as well as the
effect of prebending moment on the arc length. HU
et al [23] combined eigenstrain-based model and
experiments to study the influence of prestress on the
bending deformation and residual stress of aluminum
alloy 2024-T351 during laser peen forming.

However, the theoretical analysis of prestressed
UPF was rarely carried out. Furthermore, prestressed
UPF is known to enlarge bending deformation even for
thick plate and decrease spherical deformation. The
effects of processing parameters on deformation
enlargement and spherical deformation decrease need to
be further studied to acquire optimized forming
parameters. In this work, theoretical model of prestressed
UPF was established and the variations of forming
curvature in spanwise and chordwise directions were
analyzed. Prestressed UPF experiments were conducted
to study the effects of processing parameters (peening
trajectory, prebending curvature, firing pin velocity, plate
thickness and offset distance) on variations of forming
curvature and spherical deformation. This study can
provide guideline for the optimization of processing
parameters and development of prestressed UPF
technology for wing plate with large thickness.

2 Theoretical analysis

During prestressed UPF, elastic bending moment is
applied to the plate before peening. The tensile stress on

the surface induced by the bending moment is beneficial
to the appearance of extensional deformation of the plate.
The theoretical analysis of prestressed UPF process is
shown in Fig. 1.
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Fig. 1 Schematic diagrams for theoretical analysis of
prestressed UPF: (a) Prebending process; (b) Peening process;
(c) Springback process; (d) Bending curvature after prestressed
UPF

It is assumed that elastic prebending moment
through the x direction (spanwise direction) MP™ is
applied on the unit width of the plate and corresponding
stress o is induced. The prebending moment through
the y direction (chordwise direction) is neglected, as
shown in Fig. 1(a). In the process of shot peening, the
upper surface of the plate is impacted by the firing pin.
As a result, severe plastic deformation and induced stress
oP ™™ are produced on the upper surface. This induced
stress destroys the existing stress balance inside the plate,
as shown in Fig. 1(b). After shot peening, stretching
force F;™ and induced bending moment M are
produced on the unit width of the plate under the action
of oM™ before removing the constraint conditions.
After removing the constraint conditions, the balance of
internal stresses is achieved again by occurrence of
bending deformation. The stretching force and
prebending moment turn into gPreind and  pgPre-ind ) as
shown in Fig. 1(c). The effect of gPreind on forming
curvature is neglected. The forming curvature radius on
bending direction (R,) and that perpendicular to bending
direction (R,), as shown in Fig. 1(d), can be calculated by
pure bending equations of Egs. (1) and (2):

2 - E(h-5,) 1
x 12 M);:re—ind _IuM);))re—ind

ey
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R - E(h-5,) 1
- ’ Msre—ind _#M}Y)re-ind

” D (2)

where E is elastic modulus, u is Poisson ratio, 4 is
thickness of the plate and J, is depth of residual
compressive stress after prestressed peening, M P
and M ﬁre'ind are induced bending moments in spanwise
and chordwise directions after constraint removal in
prestressed UPF, respectively.

Large bending deformation only in one direction is
required for many components in airplane, such as the
wing panel. Large bending deformation in spanwise
direction and small deformation in chordwise direction
are beneficial to service life improvement of this sort of
component. However, large spherical deformation
usually occurs in free UPF, which means that large
chordwise deformation will appear in the forming
process. In order to quantificationally study the spherical
deformation of wall plate during UPF, a spherical
deformation coefficient (R\/R)) is defined as the ratio of
spanwise forming curvature radius to chordwise forming
curvature radius, as shown in Fig. 1(d). The value of
R,/R,being 1 indicates ideal spherical deformation, while
the spherical deformation coefficient needs to decrease in
actual UPF. The theoretical calculation of spherical
deformation coefficient is shown in Eq. (3). As the
prebending moment is applied to the x direction of the
plate, MP*™ s larger than Mﬁre'i“d , the spherical
deformation coefficient R,/R, is smaller than 1, which
indicates that prestressed UPF is beneficial to the

decrease of spherical deformation.
Rx M}zre—ind 1— u M)[:re—ind / Mﬁre—ind

= pre-ind ' _ pre-ind pre-ind
R, MM 1 M

3)

The forming curvature radius in spanwise direction
(R,) and that in chordwise direction (R,) in prestressed
state in relation to that in free state (free UPF) (R) are
shown in Egs. (4) and (5), respectively:

& _ 1‘# .Mpre—ind (h—@g jS (4)
R 1 M};jre—ind mrend s
—H P
& _ 1- U . Mpre-ind [h _ 55 j3 (5)
R MR et h=8
M)]zre—md

where M"*™™ is induced bending moment after constraint
removal in free UPF, and ¢ is depth of residual
compressive stress in free UPF.

The bending moment in y direction in prestressed
UPF is nearly equal to that in free state; while bending
moment in x direction is much larger than that in the free
state as an elastic bending moment is applied before shot
peening. Therefore, it can be concluded that

M}V)re—ind ~ Mpre—ind , RX<R and Ry>R.

Based on the theoretical analysis, the forming
curvature radius decreases in the bending direction and
increases perpendicular to bending direction. The
variation range increases with ascending prebending
moment. Therefore, prestressed UPF plays a vital role in
enhancing bending deformation in prebending direction
and decreasing spherical deformation.

3 Experimental

The UPF experiment was conducted by numerical
control ultrasonic peening device that consisted of 3-axis
CNC machine tool and ultrasonic peening tool. The size
of work table was 1400 mm x 650 mm and the rotational
speed of spindle was 40—8000 r/min. The ultrasonic
peening tool was made up of ultrasonic generator, energy
converter, booster, tool heads and firing pin. The
diameter of the firing pin was 3 mm and feed velocity of
machine tool was 3 m/min. The working frequency was
20 kHz and the maximum amplitude was 50 pm.

In prestressed UPF process, an elastic prebending
moment was applied to the plate before ultrasonic
peening. The prebending molds with different curvature
radii are shown in Fig. 2. The plate was fastened into the
curved surface of the prebending molds and different
prebending curvatures can be achieved by changing the
curvature radii of prebending molds. The tensile stress in
the outer layer of the plate should be smaller than the
yield strength to ensure that the prebending moment is
elastic. However, the elastic deformation turned to
plastic deformation after UPF. Combined with von-Mises
yield criterion and elastic—plastic theory, the prebending

curvature radius should meet the following
inequality [23]:

VI—pu+ yz -Eh
Ry z2——"— (6)

2(1- u*)a,

where R, is prebending curvature radius, and o is yield
strength.

100 mm |

Fig. 2 Prebending molds with different curvature radii R,
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After the UPF process, the forming curvature radii
in spanwise and chordwise directions are calculated. The
relationship between forming curvature radius and arc
height is shown in Eq. (7) [23]. The measurement of arc
height is shown in Fig. 3.

R=I’/(8H,,) ™

where H,, is arc height and L is measuring span. The
measuring span is 50 mm in chordwise direction and
100 mm in spanwise direction.

ap

L

Fig. 3 Relationship between curvature radius and arc height

The experiment material was aluminum alloy
2024-T351 and its size was 120 mm (length) x 50 mm
(width). The area of 80 mm x 50 mm in the middle of the
plate was set to be ultrasonic peening area. As the UPF
process is affected by many factors, the effects of
forming parameters (such as peening trajectory,
prebending curvature, velocity of firing pin, thickness of
plate and offset distance) on forming curvature were
studied by variable control method, as shown in Table 1.
The variation for velocity of firing pin can be achieved
by adjusting the amplitude of the amplitude amplifier, as
shown in Eq. (8):

v=2mAf (8)

where vis velocity of firing pin, 4 and f are amplitude
and vibration frequency of the amplifier, respectively.

Table 1 Experimental scheme for UPF process

Experimental parameter Value
3,3.5,4,45,5
Offset distance, d/mm 0.6,0.8,1.0,1.2,1.4
Prebending curvature radius, Ry/m o0, 1.2, 1.0, 0.8, 0.6, 0.4
1.5,2.0,2.5,3.0,3.5

Velocity of firing pin, v/(m-s ")

Thickness of plate, #/mm

4 Results and discussion

4.1 Peening trajectory
In UPF, the peening trajectory consists of two ways:
impact along the spanwise direction (IASD) and impact

along the chordwise direction (IACD), as shown in
Fig. 4. During forming process of wall plate for aircraft
wing, smaller forming curvature radius in spanwise
direction (R,) and larger forming curvature radius in
chordwise direction (R)) are required. Figure 5 shows the
effect of peening trajectory on forming curvature radii in
spanwise and chordwise directions. With the increase of
prebending curvature, spanwise forming curvature radius
decreases sharply and then decreases slowly; while
chordwise forming curvature radius increases almost
linearly for both two shaping trajectories. Furthermore,
smaller spanwise forming curvature radius and larger
chordwise forming curvature radius are obtained in
IACD. Therefore, IACD is beneficial to further
enhancing spanwise forming curvature in prestressed
UPF.

Fig. 4 Schematic diagrams of two shaping trajectories for
ultrasonic peen forming: (a) Impact along spanwise direction
(IASD); (b) Impact along chordwise direction (IACD)

2.8

~=—IACD,R, —+IACD, R,
24} ——IASD,R, —~—IASD,R,
2.0r /
1.6}

Forming curvature radius/m

0.4 " " .
0.5 1.0 1.5 2.0 2.5

Prebending curvature/m™

Fig. 5 Effect of peening trajectory on forming curvature radius
under conditions of v=4 m/s, d=1.0 mm and 4#=2.5 mm (R,
refers to spanwise curvature radius and R, refers to chordwise
curvature radius)
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The effect of peening trajectory on spherical
deformation coefficient is depicted in Fig. 6. The
spherical deformation coefficient varies to about 1 at
certain value of prebending curvature in IASD; while the
spherical deformation coefficient in IACD is always
smaller than that in IASD and it decreases with
ascending prebending curvature. Based on the above
analysis, peening trajectory of IACD is beneficial to
enlarging forming curvature in spanwise direction as
well as decreasing spherical deformation coefficient in
prestressed UPF. Thus, peening trajectory of IACD is
adopted in the following experiment for the analysis of
other parameters.

1.4
—=—JACD
1.2} —e— JASD
1.0}
=
> 0.8
0.6+
0.4+ '\\\\
0.2 ; ! : .
0.5 1.0 1.5 2.0 2.5

Prebending curvature/m™!
Fig. 6 Effect of peening trajectory on R,/R,under conditions of
v=4 m/s, d=1.0 mm and /#=2.5 mm

4.2 Prebending curvature

Peening trajectory of IACD was adopted and the
diagrams of plates with different prebending curvature
radii after UPF are shown in Fig. 7. By measuring the
values of arc height for different plates, the forming
curvature radius can be calculated by Eq. (7). Figure 8
shows the effect of prebending curvature on forming
curvature radius in spanwise and chordwise directions.
The spanwise curvature radius in prestressed UPF is
much smaller than that in free UPF (R,=w0) as the
prebending moment in spanwise direction before peening
process contributes greatly to the spanwise bending
deformation. While the chordwise forming curvature
radius in prestressed UPF is larger, which agrees well
with theoretical analysis discussed above. With the
increase of prebending curvature, spanwise forming
curvature radius sharply decreases first and then
decreases slowly, while chordwise forming curvature
radius increases almost linearly. When the prebending
curvature reaches 2.5 m™' (R,=0.4 m), a 51.0% reduction
in spanwise forming curvature radius and a 26.7%
increase in the chordwise forming curvature radius
appear compared to free UPF.

Fig. 7 Diagrams with different prebending curvature radii after
UPF under conditions of v=4 m/s, d=1.0 mm and #=2.5 mm:
(a) Ry=o0; (b) Ry=1.2 m; (¢) R;=1.0 m; (d) R,=0.8 m; (¢) R,=
0.6 m; (f) R;=0.4 m

The effect of prebending curvature on spherical
deformation coefficient is depicted in Fig. 6. Large
prebending curvature is beneficial to decreasing the
spherical deformation coefficient; however, further
increase of prebending curvature only has small effect on
variation of spherical deformation coefficient. When the
prebending curvature increases to a certain value, the
induced tensile stress on upper surface of the plate is
nearly to its yield limit. At this time, the R,/R, nearly
reaches its maximum value, the spherical deformation
coefficient will not always be decreased as the spanwise
forming curvature radius will not reduce to almost zero
and the chordwise forming curvature radius will not
increase to infinity. As discussed in Eq. (3) in Section 2,
the R./R, is concerned with prebending moment through
spanwise direction, which will enlarge the value of
MP" i Eq. (3) and then decrease the ratio of RJR,.
Therefore, prestressed UPF can only reduce the
spherical deformation coefficient within a certain range;
it cannot achieve the forming of plate with single
curvature.
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Fig. 8 Effect of prebending curvature on forming curvature

radius in IACD peening trajectory under conditions of v=4 m/s,

d=1.0 mm and #=2.5 mm

4.3 Velocity of firing pin

During impact process in UPF, the kinetic energy
carried by firing pin is transferred to the plate by the
strike of firing pin. Elasto—plastic deformation is
gradually changed to plastic deformation with increase of
firing pin velocity. Figure 9 shows the effect of firing pin
velocity on forming curvature radius in spanwise and
chordwise directions. Compared to free state, prestressed
UPF can drastically reduce the spanwise forming
curvature radius especially at small firing pin velocity.
Prebending moment is the main factor to enlarge bending
deformation at small firing pin velocity in prestressed
UPF. However, the difference of spanwise forming
curvature radius between two UPF types gradually
decreases with ascending firing pin velocity because
severe bending deformation will appear at large firing
pin velocity for its large kinetic energy. At this time, the
role of prebending moment is not so obvious. The
spanwise forming curvature radius and the change range
both decrease with ascending firing pin velocity. The
deformation of the plate may reach its saturated value at
a certain firing pin velocity in free state; while it can be
further increased with the increase of prebending
moment in prestressed UPF. Therefore, the deformation
in prestressed state is much larger and it can be further
increased. The chordwise forming curvature radius
decreases firstly and then increases with ascending firing
pin velocity and reaches its minimum value at firing pin
velocity of 4 m/s.

The effect of firing pin velocity on spherical
deformation coefficient is depicted in Fig. 10. The
spherical deformation coefficient decreases with increase
of firing pin velocity for free state. The spherical
deformation coefficient is much smaller in prestressed
state. It reduces to 0.2 at v=5 m/s and R,=0.4 m. As the
bending deformation through spanwise direction can be
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Fig. 9 Effect of firing pin velocity on forming curvature radius

in spanwise (a) and chordwise (b) directions in IACD peening

trajectory under conditions of @=1.0 mm and #=2.5 mm
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Fig. 10 Effect of firing pin velocity on R,/R, in IACD peening
trajectory under conditions of @=1.0 mm and #=2.5 mm

further increased with ascending firing pin velocity, the
value of R, is further decreased; therefore, the spherical
deformation coefficient can be further decreased at large
firing pin velocity for prestressed state. However, large
surface roughness will be induced by large firing pin
velocity, which will significantly reduce the surface
properties of the plate. As discussed above, severe
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bending deformation and small spherical deformation
can be obtained at large prebending curvature and small
firing pin velocity in prestressed UPF, therefore, large
prebending curvature and proper firing pin velocity are
recommended.

4.4 Thickness of plate

Figure 11 shows the effect of plate thickness on
spanwise and chordwise forming curvature radii. The
forming curvature radius in spanwise direction increases
with ascending plate thickness for both free and
prestressed states. However, the change rule is different
for two states: the relationship between spanwise
forming curvature radius and plate thickness is
exponential for free state and it is nearly linear for
prestressed state. Bending stress increases with
ascending plate thickness, so the bending deformation is
much smaller under thick plate. Meanwhile, spanwise
forming curvature radius in prestressed state is smaller
than that in free state and its difference also increases
with ascending plate thickness, which indicates that
prestressed UPF is not so sensitive to the variation of
plate thickness and it is more efficient to increase
bending deformation for thicker plate. In prestressed
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Fig. 11 Effect of plate thickness on forming curvature radius in
spanwise (a) and chordwise (b) directions in IACD peening
trajectory under conditions of v=4 m/s and d=1.0 mm

UPF, prebending moment and shot peening process both
have positive effect on the enlargement of bending
deformation through prebending direction as well as
deformation depth of the plate. The chordwise forming
curvature radius and increasing range increase with
ascending plate thickness. As the elastic prebending
moment is applied in the spanwise direction of the plate,
it results in larger tensile stress than that in chordwise
direction, which restricts chordwise deformation for
prestressed state.

The effect of plate thickness on spherical
deformation coefficient is depicted in Fig. 12. The
spherical deformation coefficient increases sharply with
ascending plate thickness for free state, which indicates
that the degree of spherical deformation after free shot
peening is increased for large plate thickness. For
prestressed state, there is small fluctuation of the
spherical deformation with variation of plate thickness.
The spherical deformation coefficient reduces to 0.17
under conditions of R,=0.4 m and /4=3.5 mm, which is
quite smaller than that in free state under the same
conditions. Meanwhile, with the increase of plate
thickness, the spherical deformation coefficient has small
decrease in prestressed UPF. Therefore, prestressed UPF
can substantially raise the forming curvature as well as
restrain spherical deformation for plate with large
thickness, which provides guidance for forming process
of heavy plate.
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Fig. 12 Effect of plate thickness on R/R, in IACD peening
trajectory under conditions of v=4 m/s and d=1.0 mm

4.5 Offset distance

The offset distance has a direct effect on the
deformation and coverage of the plate during UPF
process. The effect of offset distance on forming
curvature radius in spanwise and chordwise directions is
depicted in Fig. 13. The spanwise forming curvature
radius decreases with descending offset distance, which
illustrates that small offset distance is beneficial to
increasing spanwise bending deformation. With the
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decrease of offset distance, the number of impact of
firing pin per unit area of the plate is increased. As a
result, more impact energy is transferred to the plate and
causes larger plastic deformation on the surface of the
plate. In prestressed state, the variation tendency is
similar to that in free state; while the change rate is
smaller compared to free state. However, the effect of
offset distance on chordwise forming curvature radius is
different between free state and prestressed state. For
prestressed state, the chordwise forming curvature radius
nearly decreases with descending offset distance and the
value of offset distance corresponding to the minimum
value of chordwise forming curvature radius also
decreases.
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Fig. 13 Effect of offset distance on forming curvature radius in
spanwise (a) and chordwise (b) directions in IACD peening
trajectory under conditions of v=4 m/s and #=2.5 mm

Figure 14 shows the effect of offset distance on
spherical deformation coefficient. The spherical
deformation coefficient increases with ascending offset
distance for free state, while it is almost unchanged for
prestressed state. Offset distance has little effect on the
decrease of spherical deformation coefficient; however,
prebending curvature significantly changes the spherical
deformation coefficient in prestressed UPF. Although
small offset distance is beneficial to enlarging bending

deformation, it will decrease the forming efficiency.
Therefore, a proper offset distance should be adopted to
balance large deformation and forming efficiency.
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Fig. 14 Effect of offset distance on R/R, in IACD peening
trajectory under conditions of v=4 m/s and #=2.5 mm

5 Conclusions

(1) Theoretical analysis of prestressed UPF was
conducted and the effect of prebending moment on
increase of spanwise bending deformation and decrease
of spherical deformation was verified by experiments.

(2) Peening trajectory through the chordwise
direction should be adopted in prestressed UPF because
it can increase spanwise forming curvature and decrease
spherical deformation coefficient.

(3) Large prebending curvature and firing pin
velocity are both beneficial to increasing bending
deformation of the plate and to decreasing spherical
deformation coefficient.

(4) Small plate thickness and offset distance are
good for the increase of bending deformation in
spanwise direction, while they have little effect on the
decrease of spherical deformation.

(5) Prebending curvature is the most important
factor in prestressed UPF, which can increase bending
deformation for plate with large thickness.
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