Prediction of Failure by Using Crack Driving Force and Crack Tip Opening Displacement (CTOD) Resistance Curves of Strength Mis-match Welded Joints
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1. Introduction

The main task of a comparison between the experimental results of fracture behaviour and the numerically described stress-strain state is to estimate the initiation of stable and unstable crack propagation. It is reasonable to expect, that the comparison analyses depend on accurate mesh modelling and description of the mechanical properties. Usually the mechanical properties used in numerical modelling are obtained by round tensile testing. Whilst, the fracture toughness testing is performed on a three bend specimen. It is evident that a different level of constraint between these two types of testing occurred. Hence, the scatter between numerical and experimental results can be significant. It is more evident on global strength mis-match welded joints. 

The first passes of global strength mis-match welded joints are welded to an under-match consumable, with the aim of omitting pre-heating and reducing the cost of welded structures (1(. The filled passes are welded by over-match consumable with the purpose of ensuring a global over-match of the welded joint. 

The aim of this paper is to determine the initiation of stable crack growth and to predict the failure of cracked specimens made by global strength mis-match welded joint using two dimensional numerical modelling.

It is necessary to determine the conditions for unstable crack propagation by considering the shape of the weld joint and the specified mechanical properties of weld metals.

2. Experimental procedure

High strength low alloyed HSLA steel (with thickness of 40 mm), corresponding to the grade HT80, was used as the base metal (BM) in a quenched and tempered condition (Q+T), Table 1. Three different overmatched X-grooved multipass welded joints are studied, one with homogeneous and two with heterogeneous welds. The Flux Cored Arc Welding process (FCAW), with CO2 as a shielding gas, was used and three different consumables were selected. The first one ensured global overmatching with the weld metal denoted by WM1, and the latter two enabled a soft layer appearance in the weld metal (WM2 and WM3). 

A homogeneous welded joint was made by preheating using only the first consumable. Two different types of both heterogeneous welded joints were made using the other two consumables for the soft root layer, while the filler passes were made with the first consumable (2(. 

Three different types of global overmatched welded joint were obtained: 

- homogeneous weld (WM1fil+root), 

- overmatched welded joint with heterogeneous weld (WM1fill+WM2root) with medium strength of root layer and 

- overmatched welded joint with heterogeneous weld (WM1fill+WM3root) with lower strength of root passes. 
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The heterogeneous welds were made with either two or four passes in the root layers. The difference between the welded joints with a heterogeneous weld produced by two or four soft root passes (WM2root or WM3root) is only in the height of the soft root passes and not in the microstructures. The mechanical properties of the weld metal are listed in Table 1.

Table 1.   Mechanical properties of BM and significant regions of real welds at room temperature and testing temperature -10°C. 
Tablica 1. Mehanička svojstva osnovnog materijala i karakterističnih dijelova zavarenih spojeva 
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na temperaturi ispitivanja –10°C
Figure 1.  Three point bending specimen (Bx2B) and measuring points (CMOD, 5).

Slika 1.  Epruveta za savijanje u tri točke (Bx2B) i mjerne točke (CMOD, 5).

The single edge notched bend (SENB) specimens were used for CTOD fracture toughness testing. The specimens with the notch tip completely in the weld metal were used for the estimation of fracture behaviour of the different global mis-match microstructure metals. The geometry of SENB specimens was Bx2B (thickness x width) with B=36mm and a crack length to thickness ratio a0/W=0.5.

Specimens were fatigue pre-cracked in the thickness direction using the stepwise high R-ratio SHR method (3(. In the stepwise high R-ratio technique, fatigue pre-cracking consists of two steps, each at a different fatigue stress ratio (R), in accordance with BS 7448 (4(. 

A single specimen method was used at a testing temperature of -10(C. The DC potential drop technique was applied for crack growth monitoring. CTOD values were directly measured with the (5 clip gauge, developed by GKSS (5(. Measuring points are marked on the specimen surface as in Figure 1. 

Figure 2 shows the plots load (F) vs. CTOD(5). Since all specimens have the same crack length the curves are overlapping each other in the linear region of loading. In all specimens (except the one taken from the base metal (BM)), after some amount of stable crack growth, unstable fracture initiated, as shown in Fig. 2. This is typical fracture behaviour in the ductile-to-brittle transition region (6(.

[image: image12.png]


Figure 2.  Experimentally obtained curves F vs. CTOD(5) for base metal and different weld metals
Slika 2.  Eksperimentalno dobivena krivulja opterećivanja F - CTOD(5) za osnovni materijal i 

zavarene spojeve
3. Numerical procedure

For the numerical modeling of specimens the two-dimensional isoparametric elements for elastic and elasto-plastic analyses are used. Actually, the stress and critical size of the hardening zone in the vicinity of the crack tip at the moment of instability are determined by the finite element method (FEM). The FEM calculations at common fracture mechanics single edge notch bend (SENB) standard Bx2B specimens (B = 36 mm) were performed, as is shown in Fig.3. 

An actual welded joint is rather complicated, both metallurgically and geometrically. For simplification in the following analysis the effect of the heat affected zone, residual stresses and other kinds of heterogeneity are omitted. For example, the fusion line is modeled as an interface in a bi-material system as shown in Fig. 3. Due to symmetry only one-half (hatched part) of the specimen was modeled. At the surface the specimen nodes are specified, which correspond to the measure points for 5 and CMOD as are shown in Fig. 3.

The uniaxial stress-strain behaviour of specified material is described by pairs of () points, taken from an experimentally obtained  curve. In the case of large scale yielding (>10 %) the single axial stress-strain behaviour is described by using the Ramberg-Osgood power low:
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where 0 is the reference stress, 0=0/E is the reference strain,  is a dimensionless approximation parameter and n is the strain hardening coefficient, the values are listed in Table 1. The values of the parameters in the Romberg-Osgood power low are approximated by experimental measured data obtained from tensile testing specimens.
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Figure 3.   Position of crack notch, geometry and manner of loading CTOD testing specimens

by simplifying the heterogeneity of a welded joint as a bi-metal material

Slika 3.  Položaj vrška pukotine, dimenzije i način opterećivanja CTOD epruvete s 

pojednostavljenjem zavarenog spoja kao dvo-materijalni sistem
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Figure 4. Mesh and boundary fixed supports on one half of Bx2B specimens.

Slika 4.  Umreženje i nepomični oslonci na polovici epruvete Bx2B.

The conventional small strain theory of plasticity is employed in the finite element analyses by using ANSYS 5.0 (7( software. The mesh was automatically generated with a determined radius of r=0.5 mm in first row of crack-tip elements. Figures 4 presents the mesh on one half of Bx2B specimens.

In the FEM analyses the singularity at the crack tip was solved by using two-dimensional 8-nodes isoparametric crack-tip elements.  These elements are essentially  4-sided elements which collapse into triangle elements with three coincident nodes at the crack tip. Using the first array of elements the crack tip stress concentration was assigned. For linear-elastic problems these nodes have the same displacements and mid nodes in the 1/4  position,  because of r-1/2 strain singularity at the crack tip. In the case where large scale yielding is expected it is necessary to provide three coincident nodes at the crack tip elements, because r-1 strain singularity now exists at the crack tip. Those nodes have the ability to displace from the same start point in different directions and to model blunting in this way (8(. 

The use of different finite elements under condition of different singularity was suggested by Huchinson, (9( Rice and Rosengren (10(. Today their recommendations are generally accepted in the numerical modeling of fracture behaviour. 

For each type of weld joint one of the B x 2B specimens is used. FEM calculation was performed by the successive increase of force up to the maximum load measured by experiments for all specimens. It means that FEM solutions lie on the crack driving force curves, while the CTOD-R resistance curve was obtained by  experimental CTOD testing (11(. 

All nodes of elements in axis x (axis of specimen symmetry) and the node in support position (y axis) were fixed. Specimens were loaded in three point bending, with a load applied at mid-span. In the elastic-plastic analyses, the manner in which the load is applied can be very important. If the load is applied to a single node, a local stress and strain concentration will occur, and the elements connected to this node will yield almost immediately (12(. A better way of applying this boundary condition might be to distribute the load over several nodes and specifying that the elements on which the load acts remain elastic, i.e. F/2=F/6+F/3 (13(, as is shown in Fig. 4.

4  Numerical analysis

The fracture behaviour of specimens has been calculated by quasi-static increasing of the load up to the point of experimental instability. The stress-strain conditions at the surfaces of specimens, displacement in the characteristic points (5, CMOD) and the maximum equivalent stress eq were calculated.

In order to enable a comparability of fracture behaviour between specimens made from different weld metals and different crack depth a/W it is convenient to interpret the results with load ratio F/Fy. The yield load Fy depends on the geometry of the specimens and the types of loading (e.i. bending, tensile), crack depth and the yield stress of material.

The term Fy is yield load, which is also used in ETM model (14(, for the SENB specimens
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where


B-thickness of specimen, 

W-width of specimen,


S-span distance between supports
a/W-depth of specimens,


y is usually yield stress Rp0.2  (offset 0.2% strain in tensile plot),


A=1.072



plane stress,  a/W>0.02
          

(3.a)


A=1.455



plane strain,  a/W>0.296
          

(3.b)


A=1.455-3.141((0.31-a/W)2
plan strain,  a/W<0.31

          
(3.c)

A is the approximation parameter determined by a correlation between FEM and experimental results for isotropic ferrite steels, (15(. In this case it was found that the best could be obtained if A is exactly the same as at Eq. (3.b) and (3.c) and y equal to o from Ramberg-Osgood Eq. 1. The normalized load F/Fy is a kind of utility load level, also the named ratio of load carrying capacity. The accuracy of estimates beyond Fy depends on the accuracy of the yield load solutions. Particular problems arise when the state of stress is somewhere between plane stress and plane strain. Optimistic estimates of the load carrying capacity than can than be made if planes stress is assumed to prevail (A=1.072). 

A taken from Eq. (3.b) or (3.c) can be used for strain hardened elements in the plain strain state. In this case cleavage fracture occurred in the ductile-to-brittle transition region. This is the reason for the use of reference yielding stress o instead of Rp0.2 for y.
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b)

Figure 5.    Comparison between FE calculation results  and experimental 


     results a) for F/Fy vs. CMOD and b) F/Fy vs. CTOD(5).
Slika 5. 
     Usporedba između numeričkih MKE i eksperimentalnih rezultata 

     a) za F/Fy –CMOD te b) F/Fy –CTOD(5)

Figure 6. eq/o vs. CTOD(5) in comparison between  all weld joints

Slika  6. Usporedba ovisnostieq/o - CTOD(5) za sva tri tipa zavarenih spojeva

The mean stresses (1, 2 and 3) are related to the Cartesian stress by Sneddons equations for xx, yy  and xy:
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Equivalent stress eq is determined as von Misses yield stress:
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           (5)

The dependence of equivalent stresses eq on CTOD values up to an unstable point is shown in Figs. 6.a) and b). From the comparison between specimens made from base metal and the weld joint, it is evident that the initiation of cleavage fracture in weld joints occur when F/Fy<1. It means that the material does not achieve full load carrying capacity, as happens in base metal. This is a consequence of the high constraint caused by the bending of specimens and mainly by a narrowing of the width of the weld joint gap. Note, that cleavage initiation occurred when F/Fy<1 and at the same time as the moment of instability eq/o>1 at all weld joints. This means that the cleavage fracture occurred during the process of hardening in all welded joints. High constraint is related to lower yielding and higher hardening. The process of strain hardening (with some amount of ductile tearing) would be interrupted if the origin of the cleavage initiation (e.g. LBZ or M - A constituents) is loaded by a high enough normal yy stress component. The yy corresponds to critical stress for I mode of loading. 

The obtained isostress lines of equivalent stresses eq are shown in Figures 7,8,9 for WM1, WM2 and WM3 welded joint, respectively. 

The yielding of materials is given by a contour of equivalent stresses eq for each type of material (three types of weld metals and base metal) for reference yield load 0. The contour is the border between two colors, for example:

- WM1fill (eq = 0 = 833 MPa) it is contour between red and orange color,

- WM1root (eq = 0 = 801 MPa) it is contour between orange and yellow color,

- WM2root (eq = 0 = 787 MPa) it is contour between yellow and green color,

- WM2root (eq = 0 = 667 MPa) it is contour between green and light blue color,

- base metal (eq = 0 = 676 MPa) it is contour between green and light blue color,

- WM3root (eq = 0 = 629 MPa) it is contour between green and light blue color.

The contour between the blue and dark blue colors corresponds to stress eq = 600 MPa. The reference yield load of base metal (0 = 667 MPa) and weld metal (eq = 0 = 676 MPa) are similar, hence these two contours are given as one at eq = 0 = 676 MPa. 

From the isostresses eq at the moment of instability it is obvious that yielding is limited by the shape of  the weld joint. In the case of B x 2B specimen with the weld metal WM3root (Fig. 9) the yielding zone is of the same size as in the case of another two WM1fill+root (Fig. 7) and WM1fill+WM2root (Fig. 8). This is a consequence of the carrying effect in the high strength filler region WM1fill. 
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Figure 7. Contour of von Mises’s isostress eq for base metal

Slika 7. Kontura von Misesove granice tečenja za osnovni materijal
Figure 8. Contour of isostress eq for homogeneous weld joint WM1fill+root

Slika 8. Kontura von Misesove granice tečenja za homogen zavareni spoj WM1fill+root
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Figure 9. Contour of isostress eq at the root of  heterogeneous weld joint WM1fill+WM2root

Slika 9. Kontura von Misesove granice tečenja u korijenu heterogenog zavarenog spoja WM1fill+WM2root
Figure 10. Contour  of isostress eq at the root of  heterogeneous weld joint WM1fill+WM3root

Slika 10. Kontura von Misesove granice tečenja u korijenu heterogenog zavarenog spoja WM1fill+WM3root

Figure 11.a) Determination of  the initiation of stable crack propagation as a deviation point between experimentally and numerically (a=0) obtained loading curves WM1fill+ root
Slika 11.a) Određivanje inicijacije stabilnog širenja pukotine kao točke gdje dolazi do odstupanja između eksperimentalne i numeričke  (a=0)  krivulje opterećenja za spoj WM1fill+ root

Figure 11.b) Determination of an unstable point at the intersection of the CTOD-R resistance curve and Crack Drawing force curve for homogeneous weld joint WM1fill+root
Slika 11.b) Određivanje točke nestabilnog loma kao sjecišta između CTOD-R krive otpornosti materijala i krive sile razvoja pukotine za homogen zavaren spoj WM1fill+root


Figure 12.a) Determination of the initiation of stable crack propagation as a deviation point between experimentally and numerically (a=0) obtained curves for heterogeneous weld joint WM1fill+WM2root

Slika 12.a) Određivanje inicijacije stabilnog širenja pukotine kao točke gdje dolazi do odstupanja između eksperimentalne i numeričke  (a=0)  krivulje opterećenja za heterogeni spoj WM1fill+WM2root

Figure 12.b) Determination of an unstable point at the intersection of the CTOD-R resistance curve and Crack Drawing force curve for heterogeneous weld joint WM1fill+WM2root

Slika 12.b) Određivanje točke nestabilnog loma kao sjecišta između CTOD-R krive otpornosti materijala i krive sile razvoja pukotine za heterogen zavaren spoj WM1fill+WM2root

Figure 12.a) Determination of the initiation of stable crack propagation as a deviation point between experimentally and numerically (a=0) obtained curves for heterogeneous weld joint WM1fill+WM2root

Slika 12.a) Određivanje inicijacije stabilnog širenja pukotine kao točke gdje dolazi do odstupanja između eksperimentalne i numeričke  (a=0)  krivulje opterećenja za heterogeni spoj WM1fill+WM2root


Figure 12.b) Determination of an unstable point at the intersection of the CTOD-R resistance curve and Crack Drawing force curve for heterogeneous weld joint WM1fill+WM2root

Slika 12.b) Određivanje točke nestabilnog loma kao sjecišta između CTOD-R krive otpornosti materijala i krive sile razvoja pukotine za heterogen zavaren spoj WM1fill+WM2root
Figure 13.a) Determination of the initiation of stable crack propagation as a deviation point between experimentally and numerically (a=0) obtained curves for homogeneous weld joint WM1fill+WM3root
Slika 13.a) Određivanje inicijacije stabilnog širenja pukotine kao točke gdje dolazi do odstupanja između eksperimentalne i numeričke  (a=0)  krivulje opterećenja za heterogeni spoj WM1fill+WM3root

Figure 13.b) Determination of an unstable point at the intersection of the CTOD-R resistance curve and Crack Drawing force curve for heterogeneous weld joint WM1fill+WM3root
Slika 13.b) Određivanje točke nestabilnog loma kao sjecišta između CTOD-R krivulje otpornosti materijala i krivulje sile razvoja pukotine za heterogen zavaren spoj WM1fill+WM3root
4. Discussion

The comparison between numerically and experimentally obtained values of CTOD as a fracture toughness parameter is shown in Figures 11, 12, 13 for specimens WM1fill+root, WM1fill+WM2root and WM1fill+WM3root, respectively.

Figures 11.a), 12.a) and 13.a) represent numerically obtained loading curves for different crack lengths  (a0+a). A prediction of the initiation of stable crack propagation is possible to recognize at the range where the array of experimental data started to deviate from the loading curve for a=0.

The experimental loading curve intersects several numerical loading curves with different crack extensions, as in a=0,25 mm, a=0.5 mm etc. However, too large a yielding and hardening zone can be obtained if the nodes on the crack tip are not released. The initiation of stable crack growth can be determined as the deviation between experimentally and numerically obtained curves because in both cases the yielding and hardening zone at the crack tip has been taken in the account. From the CTOD(5) loading curve it is evident that the initiation of stable crack growth has started at the significant lower values for CTOD(5) than in the case of the CTOD-R resistance curve, in the all types of weld joints. If these CTOD(5) values is to be accepted as the relevant allowed value for crack tip opening displacement then the safe approach to the assessment of carry loading capacity has been ensured.

The comparison between the numerically obtained crack driving force and the experimentally obtained CTOD-R curves enables a determination of the unstability point on CTOD-R curve, at an intersection between those curves, as is shown in Figures 11.b), 12.b) and 13.c) for specimens WM1fill+root, WM1fill+WM2root and WM1fill+WM3root, respectively. It is evident that unstable point always lies above intersection point of the crack driving force and CTOD-R curves. It means that the numerically obtained values of the fracture toughness parameter CTOD are always lower than the experimentally obtained ones. 

Therefore, the numerically calculated size of the yielding and hardening zone is always lower than the experimentally obtained ones. Since, the size of yielding zone affects the initiation of stable/unstable crack growth it means that two-dimensional numerical modelling in plane strain mode enables a safer approach to the prediction of the failure of strength mis-match welded joints.

6. Conclusions

Two-dimensional numerical modelling by using plane stain mesh elements enables a safer prediction of the failure by using crack drawing force and crack tip opening displacement resistance curves of strength mis-match welded joints. The numerically and experimentally obtained results are comparable in spite of any rough estimation of the mechanical properties of the specified regions of welded joint (root and filled part) and the simplification of the mesh modelling. 

Therefore, the mesh modelling of a section of a specimen at the narrowest region of the welded joint can be used as a critical region for the fracture behaviour of a whole specimen. Therefore the size and mechanical properties of the root region of the weld joint has a dominant influence on fracture behaviour. In the case when strength mis-match is higher than the weld joint is susceptible to unstable fracture behaviour, since yielding occurred under a lower load level.
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Prediction of failure of fracture toughness specimen is possible to estimate by using crack driving force and CTOD-R resistance curve of material. Accuracy of determination points on curve of crack driving force depends from numerical model and description of mechanical properties. The appropriate of numerical model is possible to determine by comparison between numerical and experimental results for displacements on surface of specimen. Initiation of stable crack propagation can be determinate by deviation between numerically and experimentally obtained fracture behaviour curves.  The intersection point between curve of crack driving force and CTOD-R resistance curve gives the critical values of CTOD and crack extension, where the instability can be expected. The unstable fracture behaviour depends on hardening ability of weld metal and its volume in the weld joint.





Predviđanje loma zavarenih spojeva nejednake čvrstoće pomoću sile razvoja pukotine i krivulje otpornosti materijala 





Predviđanje nestabilnog ponašanja lomnomehaničke epruvete je moguće ocijeniti pomoću krivulje sile razvoja pukotine i krivulje otpornosti materijala. Precizno određivanje točaka na krivulji sile razvoja pukotine zavisi od numeričkog modela i točnog opisa mehaničkih svojstava materijala u modelu. Primjerenost numeričkog modela je moguće odrediti iz usporedbe između numeričkih i eksperimentalnih rezultata za karakteristične pomake na površini epruvete.  Rezultati su pokazali da se područje inicijacije stabilnog širenja pukotine može odrediti kao početak odstupanja između eksperimentalno i numerički dobivene krivulje lomnog ponašanja. Točka presijecanja krivulje sile razvoja pukotine i krivulje otpornosti materijala predstavlja kritičnu vrijednost otvaranja vrška pukotine i prirasta pukotine kod koje dolazi do nestabilnosti. Nestabilno lomno ponašanje je uvjetovano deformacijskom sposobnošću materijala zavara i njegovom količinom u zavarenom spoju.
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