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Developments in the fracture and fatigne assessment of materials and structures
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INTRODUCTION

Cruciform Welded Joints (LCW]J) is widely used. Numerous advanced local approaches have been proposed to

characterize the fatigue life of welded joints, such as notch stress [1], hot spot stress 2], equivalent structural stress
method [3], NSIF method [4, 5], SED method [6-10], PSM [11, 12], fracture mechanics method [13], and other method
[14]. Due to large numbers of complicated FE models are required to be created, it is cumbersome and time-consuming
process for serving the needed results. To simplify this procedure of creating models, an analytical formulation based on
NSIFs is extended to calculate the fatigue life indicator of local approaches considering different joints geometry and cyclic
loading modes.
The fatigue life of the weld toe failure in LCW] tends to take longer than weld root failure due to the discrepancy of crack
locations. Zong et. al [15] discussed the effects of initial crack size and crack mode fatigue performance in LCW] by fracture
mechanics approach. In addition, Singh et. al [16] investigated the high cycle fatigue life variation of AISI 304L steel LCW]
considering lack of penetration sizes. Effective Traction Stress (ETS) and Equivalent Effective Traction Stress (EETS),
which were based on structural mechanics theory, were employed to illustrate the weld toe and weld root failures as fillet

ﬁ s one of the most typical connection types in shipbuilding or ocean engineering structures, the Load-carrying
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weld size varies by Xing [17]. From another perspective, NSIFs are adequate to precisely assess the fatigue crack initiation
at sharp corner notches or crack-liked notches [18]. However, the process is computationally expensive and highly
impractical for complex component geometties and/ ot long loading histories. Recently, Qian et al. [19] and Saiprasertkit et
al. [20] provided explicit parametric expressions for non-load-carrying fillet welded joints and LCWJ considering different
loading conditions and material properties based on a fictitious notch rounding concept. Hence, these analytical researches
give us some inspiration to extend corresponding functions. SED values can be expressed as a function of relevant SIFs,
which are estimated readily by analytical equations.

In this paper, the primary goal is to assess fatigue life of LCW] by extending an analytical formulation from the NSIFs
including weld toe and weld root in LCW]. Then, SED and PSM values are used to characterize the fatigue life from the
related analytical equations. Such simple analytical equations allow a direct estimation of NSIF, SED and PSM values at
weld toe or weld root in LCW] by the available experimental data from fatigue tests and literature.

NOTCH MECHANICS THEORY

Lately, these Williams solutions were introduced into NSIFs, to characterize quantitively the intensity of the
asymptotic stress distributions close to a notch tip using a polar coordinate system (r, 0). NSIFs related to Mode I
and II can be expressed by the notch stress fields, which are defined as follow equations [21]:

T he problem of singularity at sharp notch tip has been solved by Williams solutions for mode I and mode 1I loading.

KN =27 lim r"o,,(r,0 =0) 1)
r—0"

K =2r lim r%7 ,(r,0 =0) ©)
r—0"

where the stress components o, and o,, have to be evaluated along the notch bisector (0=0).

Since the mesh strategy limits the developing of the NSIF method for complicated structures. We can obtain the notch
intensity conveniently and avoid the disadvantage of NSIF method that their units are not uniform for different notch angle.
Under plane strain conditions, the SED solutions containing mode I and mode II can be expressed by Eqn. (3) over a
semicircular sector in Fig. 1 [22].

A7 =4 AK1N ’ ¢, AK‘;‘V ’ 3
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where E is the Young's modulus, and R is the radius of the semicircular sector, which is dependent on the material
properties. It is defined as R_ = 0.28m for steel welded joints. The parameterse, , ¢, are dependent on the opening angle

2a and on the Poisson’s ratiov . Lazzarin defined following convenient functions to assess the high cycle fatigue of welded
joints for two fracture modes by simplifying the expression of NSIFs:

AKN =k Ao it )
AKY =k,Ac 1 ©

where Ao, is the range of the nominal stress, # is the plate thickness and £, are non-dimensional coefficients, which are

dependent on the overall joint geometry and on the kind of remote applied load (membrane or bending). Therefore, the
SED equation can be modified by extended analytical expression for notch specimens. Furthermore, the SED equation is
rewritten as the following form from Eqn. 3:

Ao ; 2(1-4) ; 2(1-%4)
AV = E" el@z[gj +ezk§(gJ (6)
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It should be noted that the AK) stands for the simplified form of mode I notch stress intensity factor. In order to calculate
the NSIFs and SED by EFM method, Meneghetti [20] connects the peak stress with these results to obtain closed-form

expression of NSIF and averaged SED values for different modes, which are written as follows:

. K
K;, = L =~138 )
AO_HQ,@:O,/JM/% : dl &
. K
K}, = Py =338 (8)
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where d is the mean finite element size. Aoy, 4, peak and A7, peat ATC the stress results under polar coordination from

FE analysis. The K} values can be obtained from numerical results using very refined FE mesh patterns. Finally, SED

values can be deduced by the PSM equation, which is shown as follows:
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The equivalent peak stress can be obtained from the following equation:

2 2 2 2
Ao-eq,pmk = \/[w ’ (j[u/l ' AGHH,&):O,;;M + wa ' Arrg,tg:(),pm,é) (1 0)

where f,, and f, ,atre induced according to element size and the corresponding control volume for SED evaluation. It

should be noted that the relationship between Ao, and Ao, . for as-welded joints can be simplified by a correction

parameter f, , which is shown as follows:
_/(;1/ ' Ao-pmé = Ao—fq,pm,% (1 l)

For the notch opening angle 2a =135° and the average FE size d = 0.5, the parameter f, is obtained as 1.064. 1f
the SED values are determined from NSIF analytical solutions, the PSM values can be calculated from Eqn. 9.
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Figure 1: Geometty of cruciform welded joints and corresponding SED geometry illustration.
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THE EXTENDED ANALYTICAL EQUATION BASED ON SIFs

Extension of analytical solutions
( : onsidering the comprehensive effects of joints geometry on the non-dimensional parameters £, we can deduce the

analytical equations from these results via least square fitting methods. The non-dimensional parameters £ analytical

solutions of NSIFs at weld toe in non-load-carrying cruciform joints under pure tension were proposed by Lazzarin
et al. [5] and Atzoti et al. [23], which are shown as follows:

/é] =1212+ 0'4956—04985(2/7/2) _ 1.2596—1.12(217//)—04485(///) (12)
/éz =0.508 — 0.7976’_1'959(2/]/1) + 2.7236—14126(217/2)—0.769(//2) (13)

Similar to the expression of £ mentioned above, the equations of £, for LCW] considering the penetration effect under

pure tension and bending loadings can be expressed as the following form:
& =[ A 4B, 4 C, AU (19)

The numerical analysis of LCW] under different loading conditions demonstrate local geometry imposes negligible effect
on the strain energy density, as also reflects in Eqn. 6, which cancel the effect of the attachment plate thickness (L), while
incorporates the effects of weld length (h) and penctration length (p). Finally, the £ equations of weld toe and weld root

under different loading conditions from the Eqn. 14 becomes:
For weld toe:

Tension: /éltoe, tension _ 1.204 —1.284 - 6734()91(/7/0 +6.8- 673A177(/J/l)74A707(p/t) (1 5)

Bending: D0 = 0.8681+0.6158- ¢TI | 563, 7T D=2 (/) (16)
For weld root:

Tension: /élmal,lemian — 02553 _ 7732 . €—1.4l4(/}//) + 9287 . €—1.4l4(/j//)—0.3516(p/t) (1 7)
Bending: /éliwl,hmdiqg =0.056+0.2706 - 6’71762(/)/;) +0.6201- 674.556(/7/1‘)774304([)/1‘) (1 8)

Based on these extension equations, the NSIF and SED values at weld toe and weld root in LCW] can be simply estimated
without some FE analysis.

EXPERIMENTAL VERIFICATION

experiments of load-carrying cruciform welded joints were performed on a 250KN electro-hydraulic setvo testing

system MTS 809 with a loading-control condition. Fig. 3 illustrates the procedure of specimens processing and fatigue
tests. Two panels of 10CrNi3MoV steel were fabricated in Fig. 3(a). Each panel was cut up into LCWJ specimens of 35mm
width by wire-electrode method, as shown in Fig. 3(b). This steel yield stress is about 693MPa. The nominal stress range of
100-200 MPa was tested with a stress ratio (R=0.1) and loading frequency between 5 and 15Hz. More test details are
described in Ref. [10].

I n this section, the experiments data were used to verify the proposed analytical solutions. High cycle fatigue
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(a) Cruciform joints plate (b) Cruciform joints specimens (c) Fatigue tests
Figure 3: Load-carrying cruciform plate/joints specimen sizes and fatigue tests[10].
Specimens S&E;Z;:; & Fatigue life ifj::.;r; Specimens Strg;gz; 8¢ Fatigue life ir::;l;r::
Spl 400 21500 Weld toe Sp13 120 429300 Weld toe
Sp2 360 37800 Weld toe Spl4 160 157400 Weld toe
Sp3 320 46800 Weld toe Sp15 300 118800 Weld toe
Sp4 280 56580 Weld toe Sp16 320 73200 Weld toe
Sp5 240 129600 Weld toe Spl7 305 28700 Weld toe
Sp6 200 224700 Weld toe Sp18 305 53500 Weld toe
Sp7 240 327400 Weld toe Sp19 100 320500 Weld root
Sp8 400 15200 Weld toe Sp20 120 184500 Weld root
Sp9 360 47000 Weld toe Sp21 120 156900 Weld root
Sp10 280 160700 Weld toe Sp22 150 41400 Weld root
Spl1 180 95000 Weld toe Sp23 150 54190 Weld root
Sp12 150 204100 Weld toe Sp24 180 75450 Weld root
Specimens Strzfz;z)n 8¢ Fatigue life forca;:ifj Specimens Strg;;z)n 8¢ Fatigue life E;:j:;l;f
Q345-Sp1 130 214500 Weld toe Q345-Sp14 90 608738 Weld toe
Q345-Sp2 130 612100 Weld root Q345-Sp15 90 538695 Weld toe
Q345-5p3 130 206234 Weld root Q345-Sp16 80 256961 Weld root
Q345-Sp4 120 602991 Weld toe Q345-Sp17 80 328896 Weld toe
Q345-Sp5 120 460568 Weld toe Q345-Sp18 80 294796 Weld root
Q345-Sp6 120 323194 Weld toe Q345-5p19 80 810030 Weld toe
Q345-Sp7 120 343144 Weld root Q345-5p20 80 552986 Weld toe
Q345-5p8 110 482628 Weld root Q345-Sp21 70 962772 Weld toe
Q345-Sp9 110 523176 Weld toe Q345-Sp22 70 1488320 Weld toe
Q345-5p10 110 602503 Weld toe Q345-5p23 70 1088900 Weld root
Q345-Spl1 100 548100 Weld root Q345-Sp24 60 677008 Weld root
Q345-Sp12 100 674549 Weld root Q345-Sp25 60 2296250 Weld root
Q345-5p13 90 632400 Weld root Q345-Sp26 60 2085860 Weld root
Specimens Stt?;;;:;l & Fatigue life forj:tt.;f Specimens Strgzgz; & Fatigue life ir::;l;r::
AISI 304L-Sp1 260 438000 Weld root AISI 304L-Sp8 170 315000 Weld root
AIST 304L-Sp2 230 744000 Weld root AISI 304L-Sp9 150 1100000 Weld root
AISI 304L-Sp3 210 1090000 Weld root AISI 304L-Sp10 130 1980000 Weld root
AISI 304L-Sp4 210 240000 Weld root AISI 304L-Sp11 150 116000 Weld root
AISI 304L-Sp5 170 1260000 Weld root AISI 304L-Sp12 130 2510000 Weld root
AISI 304L-Sp6 150 1840000 Weld root AISI 304L-Sp13 110 983000 Weld root
AISI 304L-Sp7 190 227000 Weld root

Table 1: Fatigue test results of 10CtNi3MoV[10], Q345Qd [15] and AISI 304L [16] steel LCW].

Before fatigue tests, the LCW] geometrical profile obtained by image scanner were measured by CAD software. 24
specimens in total were measured and tested. The specimens with zero penetration at weld root is processed by wire-
electrode method. The fatigue test data and fatigue failure locations were summarized in Tab. 1. Due to the difference of
weld penetration in LCW]J, the fatigue failure modes were different. On the other hand, the fatigue test data of Q345qD
and AISI 304L steel LCWJ from [15,106] has been collected for the analysis in this study, which are shown in Tab. 1.
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All the fatigue data are plotted in Fig. 4 in the form of nominal stress ranges (Ao, ). In IIW standard, the FAT of weld

toe and weld root in LCW] are given as 63 and 306, respectively. The slope of these lines is fixed as 3 in terms of steel. For
the 10CtNi3MoV steel, the results agree well with the FAT63 and FAT36 for the weld toe and weld root, respectively.
However, the Q345qD LCW]J fatigue data in Ref. 15 show lower fatigue strength for weld toe failure. It demonstrates that
the LCWJs of Q345qD steel are undergrad. Additionally, the LCW] made by AISI 304 stainless steel were all failure at weld
root. Meanwhile, Fig. 4 compares the experimental data relevant to LCW] made of 10CtNi3MoV steel with the scatter band
suggested to design steel welded joints against fatigue. On the other hand, the proposal fatigue design standards based on
SED approaches for uniaxial loading by Lazzarin [25] was adopted here. This design scatter bond was proposed by fitting
approximately 200 experimental data taken from literatures. Fig. 5 shows the NSIFs against fatigue life, and the results
demonstrate that most of the experimental data are agreed with the NSIF design scatter bonds [6] for weld toe and weld
root respectively. However, it cannot combine these data into a same scatter bond due to the unit’s inconsistency of NSIFs
for weld toe and weld root failure. Fig. 6 shows fatigue life assessment by SED for these experimental data. The fatigue
strength expressed by averaged strain energy density is AW50%=0.015 N mm/mm?3, and the inverse slope of the design
scatter band is 1.5. A good agreement between theoretical estimations based on SED extended analytical solutions has been
obtained for weld toe and weld root failure. Similarly, most of these data are located in the design scatter band. Regards of
the fatigue failure criterion from SED method, it shows cleatly that the SED criterion boundary can be used to separate the
failure mode from the weld geometry in LCW]J, see Fig. 6. These results are compared with the scatter band proposed for
steel welded joints, as shown in Fig. 6 and Fig. 7. These design scatter bands reported in Fig. 7 based on PSM has been
defined by taking the endurable stress range at 5 million and 2 million cycles. A good agreement between theoretical

estimations for PSM (Ao, ) and experimental data has been obtained for most fatigue test data under tension loading.
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Figure 4: Fatigue test results of 10CrNi3MoV LCW]J expressed in terms of nominal stress range.
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Figure 5: Fatigue test results of 10CtNi3MoV LCW]J according to notch stress intensity factors.
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Figure 6: Fatigue test results of 10CrNi3MoV LCW] according to averaged strain energy density AW.
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Figure 7: Fatigue test results of 10CtNi3MoV and LCW] according to peak stress methods.

CONCLUSION

he analytical equations at weld toe and weld root under tension and bending loading in LCW] were extended to

estimate the SED values on the basis of NSIFs. The different geometric factors of LCW] including incomplete

penetration length were incorporated into these analytical formulations. These analytical solutions were verified by
the classical notch stress intensity factors from the finite element results. For the sake of extended analytical solutions, the
fatigue life assessment of the investigated outcomes of 10CtNi3MoV, Q345qD and AISI 304L steel LCW]s was conducted
and it further validates the feasibility of these analytical solutions by local approaches, such as NSIFs, SED, and PSM.
All fatigue data is recalculated by the parameters of notch stress intensity factors and peak stress according to extended
analytical solutions for weld toe and weld root failure in LCW]. This synthesis was verified in the corresponding design
scatter bands.
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