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B ceapnvix coeounenusax 6 3a8uUcuMoCmu om paHuiHelX YCI08Ull, NApaAMempos CeapKu t moauuHbl
C8APUBAEMBIX NAACMUH MO2YM HAOMOOAMbCA BbICOKUE COHCUMANOWUE UTU PACMALUBAIOWUE OCMA-
MOYHble HANPSANCEHUS, OKA3LIEAIOWUE CUNIbHOE GNUAHUE HA YCIMATOCHIHYIO NPOYHOCIb 6 MHO2OYUKILO-
601l obnacmu. B cryuae mooenuposanua cmuvik08020 c6apHo2o coeOuHeHus 8 ude ocmpoeo V-obpas-
HO20 HAOpe3a ¢ HYyNe6blM pAOUyCOM CKpY2ileHUs 6ePULLHbL NONSL OCMAMOYHbIX HANPAACEHUL MOJICHO
OnUCAMb ¢ NOMOWBIO YAPY2UX U YRPY2ONIACMUYECKUX KOIDDUYUEHIMOE UHMEHCUBHOCMU OCMAMOY-
HbIX HanpsdjiceHull 8 Hadpeze. Dmo no3eoaem pacyemyukam OYeHumy GuusHue OCMamoyHblX Hanpsi-
JHCEHULl HA YCMANOCMHYIO 00NI208€4HOCHb CBAPHBIX coedunenutl. IIpoananuzuposano eiusHue ocma-
TMOYHBIX HANPANCEHUU HA YCMATOCHMHYIO NPOYHOCMb CHIBIKOBbIX CEAPHLIX COCOUHEHUL U3 ANFOMU-
HUEB020 CNIABA 6 PAMKAX N00X00d JNOKANbHOU NIOMHOCMU dHepeuu degopmayuu. Ycemanoenena
MecHas Koppenayus Mexcoy NOIYYeHHbIMU PACYEMHbIMU 3HAYEHUAMU YCMALOCMHOU 001208€4HOCTU
U U36ECHHBIMU IKCNEPUMEHMANLHBIMU OAHHBIMU.

Kniouesvie crosa: noxanbHas IUIOTHOCTh SHEPTUH JIeOPMAIIUHU, OCTATOUHBIC HAMTPSIKECHUSI,
IIOMHHHUEBBI CIUIAB, YCTAJIOCTHAs J[OJTOBEYHOCTh, YMCICHHOE MOJICINPOBAHUE, CHUHIY-
JISIPHOE T10JIE HAMPSDKEHUH, KOI(PPHUIMEHTH HHTEHCHMBHOCTH OCTATOYHBIX HAMPSHKEHUN B
Hajpese.

Introduction. Fatigue resistance of welded joints is highly influenced by residual
stresses induced by welding operations, provided the stress ratio is equal to or less than
zero and the lives are greater than one million cycles [1, 2]. Despite first contradictory
results [3—7], which highlighted a poor influence of residual stresses on the fatigue limit of
as-welded joints compared to that of the stress-relieved ones, an increase of the fatigue
resistance over 150% was observed in the stress-relieved steel joints [8]. More recent
papers, then, confirmed the strong influence of residual stresses on fatigue limit of some
types of joints [9, 10].

The Design Codes include the residual stresses effect in reference curves obtained by
claborating a large amount of experimental data. Due to the presence of high residual
stresses in the real structures, these curves do not depend on the nominal load ratio (R). On
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the other hand, Eurocode 3 allows to increase the category of the welded detail when the
welded joints is ‘stress-relieved.’ In particular, the increment is 33% when the nominal load
ratio changes from R=0 to R=-—1.

In welded joints subjected to fatigue loading, cracks systematically initiate and
propagate from the weld toe or weld root where high stress concentration effects are
present. If the weld toe region is modeled as a sharp, zero-radius, V-shaped notch, the
distribution of the stress in the neighborhood of this zone is linear in a log—log scale and its
slope corresponds to the analytical solution by Williams [11], while the intensity of such a
stress distribution is quantified by means of the notch stress intensity factor (NSIF) [12].
The idea of estimating the fatigue strength of welded joints on the basis of the stress
intensity factor (NSIF) is well established and well documented in the literature [13—18].
However, the calculation of the NSIFs is far from easy if the residual stresses induced by
the welding process have to be taken into account. Asymptotic stress fields at the weld toe
induced by the solidification of a fusion zone (FZ) in aluminum alloy butt-welded joints
were first presented in [19]. In that work, the asymptotic nature of the residual stresses near
the weld toe was established and the obtained results were considered a promising starting
point for including the residual stress effect on the fatigue strength estimation of welded
joints by means of the local approaches mentioned above.

Unfortunately, the strong and complex interaction among thermo-mechanical material
properties, clamping conditions, geometry of the workpiece, thermal loads and phase
transformation make the calculation of residual stresses very hard and time consuming. A
complete solution of such complex problem is possible by using only numerical methods
[20]. Reliable models require the implementation of phase transformation effects on the
calculation of residual stresses induced by welding [21]. In a previous work, a consistent
analysis about the effect of phase transformations on residual stresses induced by a welding
operation was carried out [22]. Both volume change and transformation plasticity associated
with phase transformations were found to affect the residual stress field. The asymptotic
residual stress field near a sharp V-notch tip was investigated in [23, 24]. In those works,
authors found that both volume change and transformation plasticity associated with phase
transformations have a great influence on the value of the asymptotic residual stress field
arising near a V-notch tip. According to the specimen geometry, dimension and shape of the
heat affected zone (HAZ), phase transformation effects may change the sign of the singular
residual stress field if compared with that calculated with a simplified single-phase
material, as usually made in the past.

The main drawback of the local stress approach based on NSIFs is that it does not
allow a direct comparison of the fatigue strength of joints having different V-notch opening
angle. This is due to rational exponents in the dimensions of NSIFs, whose value varies
according to the V-notch opening angle [11]. To overcome this limit, the fatigue strength
assessments in the presence of failures from the weld root and the weld toes with different
opening angle can be carried out by using energy-based methods such as the J-integral
approach [25] or by the introduction of the concept of local strain energy density (LSED)
over a control volume [17, 26].

In a recent work [27], a method to quantify the effects of residual stresses on fatigue
strength of welded joints based on the LSED approach was proposed. The method requires
an accurate calculation of the asymptotic residual stress field in terms of NSIF and it is
applied in the high-cycle regime where the redistribution of residual stresses induced by
plastic effects is negligible (small scale yielding hypothesis). However, even if it was
shown the capacity of the model to quantify the effect of residual stresses on fatigue
strength of welded joints, an appropriate validation by means of experimental data is still
not available. The main aim of this work is to fill this gap by taking advantage of some
experimental results taken from literature. In particular, data from the work by Bertini et al.
[28] were used to validate the proposed method. In that work, the influence of the post weld
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treatments on the fatigue behavior of Al-alloy welded joint was investigated in detail.
Published data regarding microhardness profile, residual stresses measurement, and fatigue
tests of as-welded and stress-relieved joints were found sufficient for the validation of the
proposed method. A good agreement was found between experimental and predicted
results. The present paper is threefold. In the first part of the paper the method based on
LSED is described showing the main analytical developments. In the second part, the
numerical simulations of welding used to calculate the asymptotic residual stress distribution
in Al-alloy welded joints are described in detail. Finally, in the third part, the methodology
based on LSED is directly applied to estimate the influence of residual stresses on the
fatigue strength of as-welded joints.

1. Mathematical Background. Consider the problem of the elastic equilibrium in the
presence of a V-shaped notch with an opening angle 24 (Fig. 1).

Fig. 1. Domain Q for the sharp V-notch problem.

If the material is homogeneous and isotropic, under the hypothesis of linear, thermo-
elastic theory and plane-strain conditions, it has been demonstrated [19] that the equations
representing the stress field near the V-notch, are independent of the thermal terms and
match the exact elasto-static solution obtained by Williams [11]. In such conditions,
whatever the load applied (thermal or mechanical), under linear-elastic hypothesis and
plane-stress or plane-strain conditions, the induced stress field near the notch tip (Fig. 1)
(by relating only to the first term of the Williams solution and mode I of V-notch opening),
is described by the following asymptotic equation:

thy,m
05 O)=—5-8;0) (G j=r0), ()
r
where g;; (0) are the angular functions, Ay is the first eigenvalue obtained from Eq. (2),
Asin(2f)+sin(264)= 0, 2)

and K Ith’m is the NSIF due to a thermal (#2) or mechanical () symmetrical load (opening

mode ). According to the Gross—Mendelson definition [29]:
KM= omlimr Moy (r,0=0). 3)
r=0
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The first eigenvalue depends only by the V-notch angle (2/3) and varies in the range
between 0.5 and 1. The eigenvalue is 0.5 in the crack case (28 = 0), and increases to 0.674
and 0.757 when the notch opening angles are equal to 135 and 150°, respectively. Then, the
corresponding degrees of singularity of the stress field become 0.5, 0.326, and 0.243.

Since in the linear elastic field the stresses and the strains are linked by the Lame
constitutive equations, it is possible to calculate the strain energy density at each point in
the vicinity of the notch tip and average it in the control volume near the singular zone.

Under plane strain conditions and mode I loading, the strain energy density averaged
in the circular sector of radius R is [26, 30, 31]:

2
7 = ] Klth’m 4
- E Ré_il ’ ( )

where the parameter e; depends on V-notch opening angle (23), Poisson’s ratio (v) of the
material and failure hypothesis. Under Beltrami failure hypothesis (total strain energy
density) and plane strain conditions, v = 0.34 (aluminum alloy AA 6063) and 23 =135°,
er is equal to 0.111. The control radius (R-) is a material characteristic length that for
Al-alloy welded joints was found to be equal to 0.12 mm [17, 30]. For more details and
application of the SED approach see, e.g., [32-36].

Relating to fatigue problems of welded joints, K" [Eq. (4)] is normally the NSIF of

as-welded joints, which would take also into account the presence of pre-existing residual
stresses. However, due to the lacking of information about the residual stress field near the
weld toe induced by welding processes, the contribution due to the residual stress has been
always neglected in the past. Residual stresses have the effect of modifying the local load
ratio (R). As a matter of fact, the following relationships can be written:

AK =K' — K"

n

K+
_ min

m res
=%t +x K TKT >0, ®)
Imax I
Rm = Klrtnin KI’:’nax
AK = Klm +KIr€S m res
max K, +K;~ =0, (6)
R — O min

where now K[ is the R—NSIF which characterizes the residual stress field, and R™ and

R correspond to the local load ratio of the nominal and real cycle, respectively.
Starting from Eqs. (4)—(6), for R = 0, the following equation is obtained (details about
the analytical frame employed are published in [27]):
RIH

E(C)l/z
c e N K[res

= - 7
Ao, Py P O]

1/2

where Ao, is the nominal stress range. Similarly, for R >0 the following relationship is
obtained:
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1/2

” 1/z
K )2+ (1+R™)E Ré(l—il)(c)
(1—Rm)€ N Kres
OL 1 _ 1 (8)
max — k tl_}q m 1-4 N
I (1+R™) kyt (1+R™)

where C is a constant and z is the slope of the fatigue data expressed in terms of local
strain energy density experimentally calculated (z = log(N D, /N D, )/ log(AWD2 / AWDI ),

subscripts D; and D, indicate two points of the curve AW (N), k; is a non-dimensional
coefficient, similar to the shape functions of cracked components calculated by using the
following equation:

Kfn = ho'nhl_/II ’ (9)

where o, is the remotely applied stress, and / is a geometrical parameter of the plate,
according to Lazzarin and Tovo [12]. Equations (7) and (8) are applied in high-cycle
fatigue regime where the redistribution of the pre-existing residual stresses are considered
negligible [27].

2. Numerical Welding Simulation. By using the experimental data found in [28],
6063 Al-alloy sheets welding was simulated by means of Sysweld® numerical code. Plates
were welded in the double V-configuration using the GMAW technique and the ER4043
alloy as filler metal. Geometry of the specimens is shown in Fig. 2. The weld toe is
modelled as a sharp V-notch with 28=135°.

Fig. 2. Schematic representation of cross sectional area of the butt-welded joint and polar coordinate
system centred on the singular point. (V-notch angle = 135°)

The V-notch angle was chosen on the basis of several analyses of aluminum welded
joints [17] and the geometry of the numerical model provided in [28].

Thermo-mechanical materials properties of the base metal were taken from Sysweld®
database. The dependence of thermal properties with respect to the temperature was found
not to have a significant influence on temperature and residual-stress distributions [37-39].
Here, for the sake of simplicity, room temperature thermal properties were employed (see
Table 1) [37-39]; on the other hand, residual-stress distributions are strongly dependent on
the variation of the mechanical properties with temperature, so that the yield stress range
was taken into account [37-39]. In this work, the isotropic strain-hardening model is used
and true stress—strain curve of the welded metal (ER4043) is taken from [40] where data
from microtraction tests are available.

In order to simulate the softening effect induced by welding in the HAZ, dissolution
of B"(Mg,Si) precipitates is taken into account by means of the following reversion model
[41]:
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t Oy nQq (1 1
R ) R

where [ is the dissolution fraction of precipitates, ¢ is the time, 7' is the temperature (K),
R# is the constant of a perfect gas, t: (900 s) is the time necessary for the total dissolution

of precipitates at a given temperature 7, (330°C), Q, is the enthalpy of metastable solvus
(434.6 J/mol), O, is the energy for activation of diffusion process of one of alloy elements
(the less mobile) (1883.8 J/mol) and, finally, » is a parameter which depends on f [n(f)=
= 05— afb ,with a=0.3948 and 5= 0.2669). The values of parameters in Eq. (10) were

taken from the Sysweld® database. The yield stress in the HAZ has been calculated by
using the following linear mixture law:

oy = foy" +(1= foy°, (1)

where oiHT and 056 are the yield stresses of the material at solution heat treated (SHT)

and T6 condition (solution heat treated and then artificially aged), respectively. Due to the
great number of nodes necessary to capture the asymptotic stress field near the weld toe, a
2D model under generalized plane-strain conditions has been used (for more details about
the use of 2D models for the welding process simulation, see [42—44]).

By taking advantage of the double symmetry, only one half of the joint was modelled
and analysed with about 5500 parabolic isoparametric elements (Fig. 3). At the notch tip,
the minimum size of the elements was about 5-10™* mm. Finally, an uncoupled, thermo-
mechanical analysis was carried out. The mesh was fitted only in the bottom side of the
joint where tensile stresses were applied during the four-point bending fatigue test.

res

Preliminary analyses have shown that the R—NSIF (K[“") in both sides of the joint is
negative but it is higher (in absolute value) in the bottom side compared to the top side.

Table 1
Thermal Properties of Aluminum Alloy AA-6063 at Room Temperature
Thermal conductivity Thermal capacity Density Solidus temperature
(W/(m-K)) (J/(kg-“C)) (kg/m*) (°C)
200 900 2700 616

112

Fig. 3. FE mesh of the specimen.
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The two-pass arc welding process was simulated by means of Goldak’s source [45]
shown in Fig. 4. By using the original symbols present in Goldak’s paper, the heat source is
described for a 2D model by the following equation:

V3 £,,0

_13:2/,2 _3.,2/p2 3 —O1%/
Qg (.xa y, t)= e 3a e 3y /b e [V(T )] CI.Z'
ﬂ\/;abcl,z

(12)

The meaning of symbols in Eq. (12) and their values are summarized in Table 2.

Table 2
Goldak’s Source Parameters
Q* Power input [W] 2860
n Efficiency 0.64
0 Absorbed power [W], with O = nQ* 1830
a 4.0
b . . 1.5
Molten pool dimensions [mm]
q 2.3
o 7.9
Ji e 0.6
F Constants for the energy distribution of the heat flux ”
J2 :
v Welding speed [mm/s] 11
T Total time spent by the welding source to be over the transverse cross 35
section of the plate [s]

Fig. 4. Two double ellipsoid heat sources configuration together with the power distribution function

along the £ axis of the moving coordinate system (x, y, §). The transformation relating the fixed and
moving coordinate system is § =z+ v(T —1).
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Due to the absence of information about the source parameters used in [28], a
calibration was possible by using the microhardness profile published in that work. As a
matter of fact, the hardness near the weld bead is a function of the thermal and
metallurgical history induced by the welding source in that zone. The microhardness profile
has been estimated by using the following linear mixture law:

HV = fHVSAT + (11— NHHVTS, (13)

where HV'T® and HVSHT are the Vickers hardness of the material in the T6 (85 HV) and

solution heat treated (50 HV) condition, respectively. Finally, fusion zones were modelled
by element birth method.

3. Results and Discussion. Figure 5 shows the comparison between the experimental
and numerical microhardness, together with the peak temperature (7),), as a function of the
distance from the fusion line. Figure 5 is the result of the welding parameters calibration
(Table 2) obtained by means of different numerical simulations. A good correlation can be
observed between the calculated and measured HAZ extension. Discrepancies in the
microhardness numerical and experimental values for distances less then 4 mm (where the
minimum hardness value was measured), are due to the effect of natural ageing [41], not
taken into account here for sake of simplicity.

90 800
o Partly reverted >
83 1 region 0-"'_ b [ 700
1
80 4%
* o —HV, numerical values r 600 _
Y 8
Eﬁ 751 \\ O HV, experiments (Bertini et al. 1998) [ <50 %
- R
E AN o F 400 Z
J . g
5 65 E ~ T ry )
2 28 A | [ 300
S601 % "By A A
2 ¥ Tl b 200
5512 e
- e - 100
45 g y y y T 0
0 2 4 5] 8 10 12 14 16

Distance from fusion line (mm)

Fig. 5. Numerical and experimental microhardness profiles and peak temperature 7, as a function of
the distance from the notch tip.

Figure 6 shows the distribution of phase f (corresponding to the aluminum alloy at
the solution heat treated state) at room temperature and the temperature distribution at the
instant of maximum FZ extension.

The asymptotic distribution of residual stresses near the weld toe of the bottom side of
the joint is shown in Fig. 7 (since negative residual stresses were calculated, their absolute
value is plotted in the log-log diagram). A good correlation is found between the numerical
and analytical elastic solution [see Eq. (1)]. Due to the mixed mode loading, the analytical
solution contains also the mode I component that is not singular for the analysed V-notch
opening angle. However, the first term (mode I) dominates up to about 0.15 mm from the
notch. Since the R, value for aluminum alloys welded joints is 0.12 mm [17], the use of
only the first term (mode I) for the calculation of the strain energy density [see Eq. (4)] is
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T(O)

-0

=
=
400
[yt
s

80D

N
Second run

0.99

10000000mn -

Fig. 6. Fraction f of completely dissolved precipitates at room temperature and temperature
distribution at the instants of maximum FZ extension.
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Fig. 7. Absolute value of the residual stress distribution (09 component) at 6 =22.5° (K{* =
=—83 MPa- mm0'3264, K["l“ =5 MPa- nnn_0'3021)_

fully justified. In particular, the intensity of the asymptotic residual stress field is expressed

by a value of K{® equal to —83 MPa-mm®32%,

Now, by using the plate thickness (5 mm) as reference dimension (%), k; [see Eq. (9)]
is easily found to be equal to 0.976. Fatigue data of stress-relieved samples published in
[28] are used to calculate the fatigue curve expressed in terms of local strain energy density
by means of Eq. (7) with K{® equal to 0. Results obtained are collected in Table 3.

Finally, by using Eq. (7) with K{® equal to —83 MPa-mm®**** the influence of
residual stresses on fatigue strength of welded joints has been estimated. Figure 8 shows
the fatigue curves of stress-relieved and as-welded joints with a comparison between the

experimental and predicted results obtained with the proposed method. The correlation
between predicted and experimental results can be considered good in the high-cycle
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regime where the redistribution of residual stresses induced by local plastic deformation
can be neglected. However, it is clearly seen that in the short life region the experimental
curves overlap due to the redistribution of residual stresses induced by local plastic
deformation, as demonstrated in a previous work [27]. It is useful to observe that cracks
were always observed to nucleate at the weld root [28] were the local strain energy density
has been calculated.

Table 3
Fatigue Curve Parameters Expressed in Terms of Local Strain Energy Density
Life region z C, MPa“®
Short life region 2.275 4470
Long life region 8.5 241-107*
(from 2- 10° cycles)

150

100 -

Oy (MP2)

-%- Ag-welded (Experiments, Bertini et al., 1998)

-~ - Stress-relieved (Experiments, Bertini et al., 1998}

— As-welded (present model}

50 .

1.00E+05 1.00E+06
Cycles

Fig. 8. Comparison between the P50 fatigue curves of as-welded and stress-relieved joints.

Finally, it is worth mentioning that in real welded joints, a coupled effect arises among
modes I, I, and III, which can be captured only by means of 3D models [46, 47]. A model
improvement should thus be expected by means of 3D numerical welding simulations. It is
also important to underline that the present paper refers to traditional arc-welding process
and the critical radius should be re-calculated if laser beam welding [48] is considered.

Conclusions

1. An attempt was made to validate a recent model based on LSDE approach that
estimates the influence of residual stress on fatigue strength of welded joints. Experimental
results about fatigue strength of Al-alloy welded joints were taken from literature.

2. The proposed method requires an accurate calculation of the asymptotic residual
stress field in terms of NSIFs and it is applied in the high-cycle regime where the
redistribution of residual stress induced by plastic effects is negligible (small scale yielding
hypothesis).

3. By using information from microhardness profile across the HAZ, the source
parameters were calibrated.
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4. The calculated asymptotic residual stress field showed a good correlation with the
elastic solution by Williams. In particular, a negative value of the R-NSIF was found. An
improvement of fatigue strength is thus expected for the as-welded joints compared to the
stress-relieved ones.

5. Fatigue curves predicted by the model confirmed this phenomenon and showed a
good correlation with experimental fatigue tests. This can be considered a good starting
point for further validations of the model by using experimental data related also to steel
welded joints and more accurate 3D numerical analyses.

Pe3ome

VY 3BapHUX 3’€HAHHSIX Yy 3aJEKHOCTI BiJi TPAaHMYHHUX YMOB, IIapaMETPiB 3BapIOBaHHS i
TOBIIMHHU 3BaplOBaHMX IUIACTUH MOXXYTh MaTH MICIIe BHCOKI CTHCKaJbHI a0 PO3TSDKHI
3aIUIIKOBI HANPYXXCHHSA, SKI MAIOTh CHJIBHHNA BIUIMB Ha MIIHICTB BiJl YTOMJICHOCTI Y
OararouukiioBiii obsacti. [Ipy MojenroBaHHI CTUKOBOTO 3BapHOrO 3’€HAHHS Y BHIVISII
roctporo V-moAiGHOro Haipizy 3 HyJbOBHM PaiyCOM CKPYIJICHHS BEpIUMHH MOJIS 3aJIMIL-
KOBHX HAIIPY>KeHb MOKHA ONHCATH 3a JOIIOMOTOIO0 IPY)KHHX 1 MPY’KHO-IUIACTHYHUX Koedi-
LIEHTIB IHTCHCUBHOCTI 3aJIMIIIKOBUX HAIpPYXeHb Yy Hanpisi. lle mo3Boise po3paxoByBauam
OL[IHUTH BIUIMB 3aJIMIIKOBUX HAIPY)KCHb Ha yYTOMHY IOBIOBIYHICTH 3BapHHX 3’ €IHAHB.
[TpoanaiizoBaHO BIUIMB 3AJIMIIKOBUX HAINpPY)KEHb HA MIIHICTh BiJl YTOMJICHOCTI CTUKOBUX
3BapHUX 3’€JIHaHb 3 ATIOMIHIEBOTO CIUIaBY B paMKax MiX0/1y JIOKAIBHOI IIILHOCTI eHeprii
nedopmarii. YCTaHOBIEGHO TiCHY KOPENAIMiI0 MK OTPHUMaHHUMH PO3PAaXyHKOBHUMH 3HAYCH-
HSIMM YTOMHOI JJOBIOBIYHOCTI Ta BIJIOMUMH €KCIEPHUMEHTAJIbHUMU JaHHMHU.
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