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ABSTRACT. Ultrasonic impact treatment (UIT) is a remarkable post-weld technique applying mechanical
impacts in combination with ultrasound into the welded joints. In the present work, a 3D simulation method
including welding simulation, numerical modelling of UIT-process and an evaluation of fatigue crack growth
has been developed. In the FE model, the actual treatment conditions and local mechanical characteristics due
to acoustic softening are set as input parameters. The plastic deformation and compressive stress layer are
found to be more pronounced when acoustic softening takes place. The predicted internal residual stress
distributions of welded joint before and after UIT are compared with experimental results, showing a fairly
good agreement with each other. Finally, simulated results of fatigue crack growth in various residual stress
fields are well compared with test results, so that the proposed model may provide an effective tool to simulate
UIT-process in engineering structures.

KEYWORDS. UIT; Residual stress; FEM; Surface crack growth.

INTRODUCTION

hand, the fatigue strength of the welded joints is little influenced by the static strength level because of the tensile

welding residual stress and high stress concentration near the weld toe. Ultrasonic impact treatment (UIT) is a new
method for increasing fatigue strength by improving the weld toe geometry, removing defects and introducing beneficial
compressive residual stress [1-3]. Recently, new IIW guidance on fatigue strength improvement using high frequency
mechanical impact (HFMI) methods including UIT has been prepared by Marquis et al. [4-5]. In parallel to the
development of IIW guideline, ship classification societies have also accepted or investigated the UIT as post-weld
treatments in ship and offshore structures [6-7].
In order to better understand the effects of UIT on fatigue performance of welded joints, its mechanism has been
experimentally investigated in several studies. Cheng et al. [2] measured the residual stress induced by UIT using both X-
ray and neutron diffraction (ND) techniques for the first time. The compressive stress layer was found not less than 1mm
in depth for welded specimen. A German research project [8, 9] has presented the experimental data that the compressive
residual stress is generated down to a depth of 1.5 to 2 mm with maximum values at approximately 0.4 to 0.5 mm below
the surface. After treatment the weld toe radius is averaged by 1.5 to 2 mm with its groove depth of 0.1 to 0.2 mm. The
study at the University of Waterloo, Canada [10, 11] was carried out to investigate the fatigue performance of structural
steel welds subjected to UIT at under-, proper and over-treatment levels, respectively. A close relationship was found
between the measured groove depth and local residual stress, indicating the groove depth as an important quality control

I t 1s well known that the fatigue strength of steel plates increases in proportion to its static strength. On the other

476



/.
"4
((‘

K.L. Yuan et alit, Frattura ed Integrita Strutturale, 34 (2015) 476-486, DOI: 10.3221/IGF-ESIS.34.53

parameter. Ultrasonic impact treatment consists of ultrasonic waves and mechanical impacts. Very limited studies [12-14]
have demonstrated that the ultrasonic vibration superimposed by UIT on metals has indeed an acoustic softening effect
on material properties undergoing deformation.

Normally the experimental methods for residual stress measurements need considerable cost, time and skillful technique.
It is practically impossible to obtain full field measurement of residual stress. For this reason, the residual stress induced
by UIT has been recently evaluated by some studies using finite element (FE) analysis. There are mainly two groups of
simulation methods for UIT process: quasi-static implicit and dynamic explicit methods. The former is modelled as
pressing the pin at the weld toe to one prescribed depth by displacement or load control approaches, rather than peening
[15-16]. In the latter [17-18], the modelled pin impacts to a symmetry-cell model that is widely used in shot peening
simulation [19], however, the welding residual stress is not taken into account. It is found that the predicted in-depth
residual stress and groove depth could not consist well with measurements together [15-10], because in the above
mentioned simulations the acoustic softening effect has not been introduced, which plays an important role in the
mechanism of UIT.

Therefore in this study, one novel 3D prediction approach including thermal-mechanical welding simulation, dynamic
elastic-plastic FE analysis of UIT-process, and an evaluation of surface fatigue crack growth for cruciform weld joint has
been proposed. The actual process parameters and ultrasonic induced material softening, which is appropriately adjusted
to fit experimental results, are considered. The predicted residual stresses distributions, treated weld toe shape and fatigue
strength are compared with published test data [3, 20].

THE UIT PROCESS

s depicted in Fig.1, the ultrasonic impact treatment method is based on conversion of harmonic oscillations of

the ultrasonic transducer into impact pulses at the treated surface. In order to efficiently transfer the energy into

the work piece, the installed cylindrical pins can freely move in a gap between the waveguide end and treated
surface. This kind of high frequency impacts of the pin in the combination with the ultrasonic stress waves transmitted
into the work piece through the pin contacting the treated surface is called as ultrasonic impact [12].

Force pulse

Ultrasonic Treated 7 Ultrasonic wave

transducer Spring Waveguide Surfat%

Ultrasonic Impact
Oscillations pulses

Figure 1: Mechanism of UIT [12].

Model of ultrasonic impact

In order to consider ultrasonic impact phenomenon in numerical simulation, one simplified model based on the
description by Statnikov [12, 21] as illustrated in Fig.2 is proposed. During one impact period Tim, it comprises both the
ultrasonic impact period # and pause between impacts %. In this work, the # is assumed as 1 millisecond, in the case of
impact frequency fim of 100Hz and the relation #/Tin=0.1, which is in the range of ultrasonic impact time from hundreds
of microseconds to units of milliseconds measured by Statnikov [12]. The oscillations of pin at a frequency of 27 kHz,
which mainly cause the plastic deformation, will recur about 30 times during reboundless contact phase up to 1
millisecond.

To construct UI'T FE model, the impact velocity of pin during reboundless period is essential. For the impact velocity, it
can be assumed here that all the ultrasonic impact on the treated surface will occur at the same velocity and an average
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velocity is considered. This average velocity is taken to be the maximum initial velocity of the waveguide. Considering that
the sinusoidal harmonic signal delivered by the transducer is

x(2) = Asin(27 f) @

the maximum initial velocity is

V. =2z fA @)

where A is the maximum displacement amplitude at the waveguide output end and f represents ultrasonic oscillation
frequency of UIT.
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Figure 2: (a) Oscilloscope picture of transducer excitation (top) and ultrasonic impact excitation (bottom) with UIT [12] , (b) Model of
ultrasonic impact, #-ultrasonic impact length (reboundless), %-pause between ultrasonic impacts (rebounding off), f-impact
frequency, fu-ultrasonic oscillation frequency, and #/Tin=0.1~0.3 [12], fin=100~120Hz, f =27~44 kHz [1].
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Figure 3: Ultrasonic-assisted tension tests; (a) schematic diagram of test devices with different modes, (b) measured force-deformation
data [12].

Aconstic softening effect

The effect of ultrasonic energy on metal deformation behavior for a wide range of metals has been well known since eatly
1950’s [22]. It was observed that the apparent yield strength of the material is immediately reduced upon the application of
ultrasonic energy and restores as the removal of ultrasonic energy. As for UIT, the relative motion between the specimen
and pin complicates the acoustic softening process. Statnikov [12] performed an ultrasonic-assisted tension test, in order
to confirm the effect of ultrasonic impact via an intermediate pin on the deformation resistance reduction in compatison
with a direct contact of the ultrasonic transducer and the specimen, as shown in Fig.3. An obvious reduction about 24-
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26% in ultimate tensile strength under ultrasonic impact was observed, which is just a little less than the 27-30% reduction
in the case of direct ultrasonic action. Nevertheless, the results suggested that the UIT could effectively transfer
ultrasound into the treated objects through the area of plastic deformation by means of ultrasonic impact.

To the best knowledge of the authors, there is no model to directly quantify the acoustic softening effect related to UIT.
Hence, in this work a yield stress reduction parameter 1 accounting for acoustic softening in Eq.3 is employed. The value
of 7 is iteratively adjusted by comparing the predicted indentation depth with experiment.

o, =0,(1-7) ©)

where 0,1s the flow stress considering acoustic softening, 6,is the flow stress without vibration and »n ranges from 0 to 1
depending on the amount of acoustic softening.

FINITE ELEMENT MODELING

n the present study, a three dimensional simulation procedure is set up including the uncoupled thermo-mechanical
welding simulation by SYSWELD [23], transfer of the results to the initial-stress state of a dynamic model of UIT by
explicit method in LS-DYNA [24], as shown in Fig.4.

Welding simulation UIT simulation
by SYSWELD by LS-DYNA
i k I 1
' [ Thermal ; | Updatedmodel, ||
1| analysis ™~ i Welding residual I
1 . l stress S;
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i l distribution | ! . l |
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Figure 4: Flowchart of welding-UIT process simulation.

Unit: mm

Groove width

Leg length

Figure 5: Geometry and dimensions of UIT specimen.

Analysis model and process parameters

A non-load-carrying cruciform joint used in the recent experimental work by Suzuki et al [20] is selected as analysis object.
Fig.5 shows the dimensions of test specimen, which was welded using CO; fillet welding with JIS-SM490A base metal
plate. The welding parameters are given in Tab. 1.
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The welded joints for as-weld and UIT were fabricated by one pass welding with leg length of 7mm.The used UIT

equipment was Esonix™ 27 UIS. The operating frequency of ultrasonic generator was 27 kHz, shifting speed of 10 mm/s
and 3-mm-diameter hardened metal pins.

Welding material
SF-1

Wire diameter[mm|]

1.2

Speed [mm/min]
300
Table 1: Welding conditions.

Current [A]
250

Voltage [V]
29

Arc efficiency

80%

Simulation of welding process

For welding simulation, a half symmetrical 3D model of cruciform joint is created. This FE model has been constructed
for small width of 4 mm, in order to be most effective considering the accuracy and computational effort (see Fig.6).
Therefore both sides of this segment are restrained in Z-direction, to simulate the specimen in plane strain state. The FE
model mainly employs 8-node hexahedral solid elements except for few wedge elements in the weld bead region. Near the
weld toe, an extremely fine mesh (0.2X0.1X0.2mm) is required for the following UIT process simulation.

In the first step of thermal analysis, heat input (1160 J/mm) is given all at once to the weld metal and an initial
temperature of 1400°C for activation of the weld bead material elements is assumed. Accompanying with heat radiation
and convection, the cooling-down period between the subsequent weld is set as 1 hour. For the second step of mechanical
analysis, the material model is assumed to follow von Mises yield criterion with bilinear kinematic hardening. The used
temperature-dependent thermal and mechanical material properties are illustrated in Fig.7.

Side faces
(Uz=0)

Weld 1

Weld 2

Figure 6: Finite element model for welding simulation.
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Figure 7: Temperature-dependent material properties referring to SYSWELD material database [23].
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Simunlation of UIT process

After welding simulation in SYSWELD, the results of cruciform joint including element information, as-weld residual
stress distribution and plastic strain are imported into LS-DYNA. The tips of 3-mm-diamter pins are modelled as elastic
body with an elastic modulus of 206 GPa, Poisson’s ratio of 0.3 and measured mass of 1.5 gram [16]. The pins are angled
at 67.5° to the top and bottom surfaces of the specimen. According to Eq. 2, the impact velocity Vimp is estimated as
5m/s with cotresponding equipment parameters (oscillation frequency of 27 kHz and amplitude of 30 um under loaded
condition [1]). The pin is controlled to continuously impinge the weld toe at the same location for 30 times (equivalent to
one ultrasonic impact as mentioned before) by using restart analysis option of LS-DYNA. After each ultrasonic impact,
the pin is moved 0.4 mm along weld line to achieve a smooth peened groove with reasonable calculation efforts. This
leads to at least four overlapping indentations for the contact area of pin. The weld toe on the top surface is first peened,
and that on the bottom surface is subsequently treated.

700

Move along - 600 -
weld line
1 _ 500 |
I -]
g =
E 400 ¢
= 300
@
£
& 200
—n=0% (NSZ)
100 | —n=40% (SZ)
SZ: softening zone
. 0 : : : :
/l\ x NSZ: no softening zone 0 01 02 0.3 04 0.5
a) Z b) True strain

Figure 8: (a) Finite element model of UIT, (b) Mechanical properties considering acoustic softening.

The material of the weld joint is assumed to follow linear kinematic hardening behavior. To consider the acoustic
softening effect in Eq.3, the parameter 7 is selected as 40% by trial and error, so that predicted groove depth fits to the
experimental results. The softening zones (§Z) around the weld toe in Fig.8 are assumed to be affected by acoustic
softening during peening, of which each depth is determined as 8mm according to measured stress reduction in 16-mm-
thickness specimen [14], and the remain zones (INSZ) are not affected by softening. It should be noted that the apparent
yield stress dominantly affected by acoustic softening reveals reduction, although the strain-rate effect due to oscillatory
stress has been implicitly included in the above mentioned ultrasonic-assisted test [12].

In order to prevent unnecessary long post-impact residual oscillations, which may lead to numerical instability, in this
model the material proportional damping is employed as follow:

C=aM =20éiM )
E

o -2 |E ©)
2T\ p

where Cis the damping matrix, M is the mass matrix, o is the mass proportional Rayleigh damping, wo is the lowest
natural frequency, £ is the corresponding damping ratio, E is elastic modulus, g and T are density and thickness of the
plate, respectively. According to [19], the adopted value of £=0.5 is adequate for the rapid stress convergence. Moreover,
the contact surfaces are set between the pin tip and the specimen with a Coulomb friction coefficient p=0.5.

VALIDATION OF WELDING-UIT SIMULATION

Determination of acoustic softening parameter
he acoustic softening parameter v is firstly selected by trial and error so as to match the experimentally measured
I indentation depth 4 and weld toe radius » [20] on a cross-section with the predicted ones after one ultrasonic
impact, as shown in Fig.9. It can be seen that it is easier to form a smooth change of the shape at the weld toe
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when the resistance necessary for plastic deformation is decreased due to acoustic softening, and the parameter, n=40%, is
used in the following UIT simulation. This result is comparable to the measured yield strength reduction of 45% in
stainless steel specimen under direct ultrasonic energy 600 Watt [14], while the consumed power of 27 kHz-type UIT
equipment is 600-1200 Watt [1].

The internal residual stress profiles during 30 times of pin’s impinging (one ultrasonic impact without translation along
weld line) are shown in Fig.10. Near the plate surface the compressive residual stress layer appears. The surface
compressive residual stress gradually increases with the peening, but this increase is saturated after 30 times of continuous
peening. Having introduced the yield strength reduction due to acoustic softening, the compressive residual stress layer is
deepened approximately by 2mm, while the maximum value decreases in comparison with that without acoustic softening

(see Fig.10b).

5 5 5
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Figure 9: Determination of acoustic softening by comparing the treated weld toe shape; (a) simulated with n=0%, (b) simulated with
1N=40%, (c) measured by Suzuki et al. [20].
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Figure 10: Evolution of in-depth transverse residual stress distributions during one ultrasonic impact; (a) simulated without acoustic
softening, (b) simulated with n=40%.

Residual stress distribution in the depth direction of As-weld and UIT joints

In practice, the peening tool is travelling along the weld line, until the original shape of the weld toe disappeats and the
smooth groove is formed. The transverse residual stress ox acting perpendicular to the welding line is considered as the
driving or resistance force for the surface crack at the weld toe. Therefore, considering the movement of the pin, the
transverse residual stress distribution and weld toe shape before and after UIT are illustrated in Fig.11. It has been
confirmed that the tensile welding residual stress at the weld toe has been changed to significant compressive residual
stress. The step-by-step movement of 0.4 mm provide sufficient overlapping of the impacts. In order to verify the
accuracy of the finite element simulation, the residual stress distributions in the depth direction are compared with those
measured by X-ray and neutron diffraction methods, respectively [20]. As show in Fig.12, there exist good agreements
between the experimental and numerical results. Slight over-estimation of UIT compressive residual stress on the surface
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is seen, however, it has been found that the measured surface stress by X-ray method is very sensitive to the location of
measurement spot [25].

Fringe Levels
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Figure 11: Transverse residual stress distributions and plastic deformation at weld toe; (a) as-weld, (b) UIT with n=40%.
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Figure 12: Distribution of transverse residual stress of as-weld and UIT specimens in the depth direction, and comparison with
experimental results [20].

FATIGUE LIFE PREDICTION

stress near the weld toe. According to the measurements [20], the weld toe radius 7 of as-weld and UIT specimen
are assumed as 0.25 mm and 2 mm, respectively. The stress concentration factor, K, of the weld toe is estimated
by the following formula proposed by Tsuji [26]

I 1 or accurate fatigue life prediction of a weld joint, it is necessary to consider the stress concentration and residual

K, =1+[1.348 + 0.397In(3)]- 0** - £, ©
where

O=(/r/1280 /T)-2]

Jo =[1—exp(=0.9yW / 2/ -0)]/ [1 —exp(=0.9JW / 2/ - (%)]

T is the main-plate thickness of 16mm, /is the leg length of 7mm, 0 is the flank angle of 45°, and W=5=T+2/.
Under tension load, the stress distribution near the weld toe is calculated by

KtO'n r 1/2

_ r 3/2
o.()= 2\/5[(J+r/2 )] )

1
+—
2 y+r/2
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proposed by Glinka [27] in the vicinity of the weld toe taking K:so obtained by Eq.6 into account, while that apart from
the weld toe is calculated by elastic finite element analysis. The symbol used for Eq. 7 and the combined stress
distributions are shown in Fig.13, where o, represents the nominal stress.

x 45 ¢

. -=—FEM
4 F

[

---AW_Estimated_Eq.7

3.5

-+-UIT_Estimated_Eq.7

;1________

|

|
T

T

Stress concentration factor Kt

A

4 S S S S B S
0 2 4 6 8

a) b) Distance from plate top surface [mm]

Figure 13: (a) Symbol and coordinate used in Eq.7, (b) Assumed stress concentration near the weld toe.

The stress intensity factors Ki are calculated by

K, :[J-:O'X(J’)m(],a)gj;].[Sec(%\/%)]uz .

which is based on the weight function method in code API [28]. Here, the uniform stress distributions in the specimen
width direction are assumed, and m(y,2): the weight function which is standardized by the API, ox(y): the stress
distributions, y: distance from surface, #: surface crack depth, ¢: half crack length, and B: width of specimen.

The crack growth rate of the surface crack at the weld toe is given by

da / dN = C[(AKeff )w '(AKeff ):1: ] (9)

based on modified Paris-Elber law using the effective stress intensity range, AKeg, and its threshold value, (AKeg)wm. The
total and effective stress intensity ranges, AK and AKe, are calculated by

) -+ K
eff — o > Wlth AK = Kmax - Kmin total _— -
3 5 2
AK R 205 K. . +tK.

T

AK /(1.5-R R ., <05 K
AK _{ /( total) f " total — (10)

whete material constants C=1.45E-11, »=2.75, (AK)m=2.45 MPavm according to WES2805[29], Rl is the total
stress 1atio, Kmax, Kmin and Kis ate stress intensity factors for maximum, minimum applied stress and residual stress,
respectively.

A single initial semi-circular crack of depth 0.2 mm and final crack depth of 0.8T is assumed to propagate at the weld toe
in the center of specimen width, referring to the WES recommendation. Fig. 14 shows a comparison of the results of
estimations, experiments [3, 20] and recommended FAT-values [4]. These results demonstrate that the proposed fatigue
life prediction method clearly distinguishes the difference of fatigue strengths of as-weld and UIT weld joints, by taking
the stress concentration and residual stress neat the weld toe into account. It should be noted that since multi initial crack
followed by crack coalescence are not considered in this work, the present simulation may lead to a slight over-estimation
at high applied stress range. In addition, the predicted surface crack shapes are also compared in Fig.14, in which we can
clearly observe that the aspect ratio of the UIT case is relatively higher than that of as-weld case because of the
compressive residual stress combined with a lower stress concentration factor near the plate surface.
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Figure 14: (a) Validation of the predicted fatigue life of the as-weld and UIT joints, (b) Predicted evolution of surface crack shapes.

CONCLUSIONS

proposed in this paper. Employing commercial codes SYSWELD and LS-DYNA, a three dimensional numerical

simulation approaches for UIT-improved welded joints is established, of which the effectiveness has been well
validated by comparing with experimental results. From the numerical results, it has been verified that UIT is an effective
method to re-distribute the residual stress and reduce the stress concentration near the weld toe area. Deformation and
compressive residual stress layer are more pronounced when acoustic softening occurs, which is necessary to be
considered in numerical simulation.

B ased on the existing experimental observations, a model describing the ultrasonic impact phenomenon is
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