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Strength mismatch effect on yield load in X-shaped weldment with centre crack
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Abstract This paper provides yield load solutions for the single edged fracture toughness specimen subjected to bending SE (B) with present X-shaped weld joint. The weld centre crack is located in the overmatch weld part. The corresponding fully plastic yield loads were obtained directly by plane strain finite element analysis for five characteristic a/W ratios: 0,1; 0,2; 0,3; 0,4 and 0,5. Also, the influence of the systematically varied weld root width 2H on the fracture behaviour has been evaluated. It was found that yield load decreases with increasing of the weld root, because the undermatched region ahead the crack tip plays the dominant role. 
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1. Introduction

Welded components have wide application in many engineering fields today. However, welded joints present very often potential places for the crack initiation and propagation, what may lead to the catastrophic failure of the structure. Therefore, an integrity assessment of the welded structure with defects should be required using some of usual failure assessment procedures (R6, FAD or SINTAP). Such procedure demands the yield load FY, which has to be determined mainly by finite element method (FEM) or slip line field (SLF) analysis. One of the most used documents for assessing the significance of crack-like defects in joints with mechanical heterogeneity (such as welded joints) is EFAM ETM-MM 96 see Schwalbe et al [1]. It includes a number of yield load solutions for homogeneous materials FY and mismatch yield load solutions FYM for a lot characteristic configurations as well. Moreover, the influence of the weld slenderness and crack length on the yield load solution was analysed recently see Kim and Schwalbe [2]. Also, the stresses and strains distribution in the neighbourhood of the cracked strength mis-matched weld joint in the moment of rupture may assist by complete fracture behaviour assessing see Kolednik [3]. 
Having in mind that all performed analyses suppose weld as completely homogeneous (either strength overmatched or strength undermatched related to the base metal) and as idealised (a simple strip butt weld configuration), some of yield load solutions are still opened. Inhomogeneity present within the weld is often consequence by application of welding repair technique. Gubeljak et al [4] analysed the influence of the distance from the crack tip to the interface of the mismatched weld materials on the crack driving force, where one halve of the X-shaped weld was performed as overmatch and the second halve as undermatch. Such performance makes sense also by weld joints where possible cold hydrogen assisted cracking can appear. First analysis, which includes the weld heterogeneity effects on the yield load generally, varying simultaneously the width in the root of simple strip butt weld 2H and crack length ratio a/W was made by Konjatic et al, see [5].  
In this paper an initial geometry of the SE(B) fracture toughness specimen with present heterogeneous X-weld, proposed by Gubeljak, was intentionally varied using the same materials as in the [4], with the crack tip positioned in the overmatched halve. The goal was to estimate the plastic yield load for such heterogeneous weld configurations, comparing obtained values with those calculated by assumption that all-weld is performed as either whole overmatch or whole undermatch. The influence of the shape of the weld joint on the yield load value was also evaluated. 
2. Limit load solutions for the SE(B) fracture toughness specimen with present homogeneous simple butt weld
The mismatch yield load solutions for SE(B) fracture toughness specimen made as all-base material or with homogeneous I-shaped weld joint are given in the Ref. [1] for both plane strain and plane stress. They were obtained by limit load finite element analysis, which assume elastic-ideally plastic (non-hardening) materials in the joint. This approach reduces the complexity of the problem, simplifying the material behaviour, but still can provide qualitative information.
When assessing the effect of mechanical mis-match on the fracture behaviour of a component, the behaviour of the all base plate component is taken as the reference. The base material properties are kept constant, while the weld metal properties vary. This variation is described by mis-match factor:
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where YW and YB present the yield strength of the weld metal and the yield strength of base metal, respectively. The weld metal is commonly produced with a yield strength greater than that of the base plate; this case is designated as overmatching (OM) with the mis-match factor M > 1. However, an increasing use of high strength steels forces the fabricator to select a consumable with lower strength to comply with the toughness requirements, what is designated as undermatching (UM), where M < 1. 

The basic equation used in this work for the yield load determination in the case of the SE(B) specimen made all from base metal and cracked in the middle is given by Equation (2). 
Plane strain reference yield load for all-base metal plate:
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where 
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 and S = 4 W.
This value is usually used as the reference value to the yield load solution of the mismatched SE(B) specimen with present homogeneous OM or UM weld. This enables comparison of particular solutions FYM to the referent solution FYB.  

Overmatching (OM):
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where 
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Equation (3) is the general solution for the case when the yielding zone spreads through the remainder ligament of the weld metal.

Undermatching (UM):
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where 
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Equation (4) presents the solution for the case when the plastic deformation is fully confined to the weaker weld metal, determined from the slip line field analysis.
The aim of this work was to found the yield load solutions for the combined weld joint, half welded by overmatch and half by undermatch consumable. The yield strength of the base metal was 545 MPa and mis-match ratio-M were M=1,19 and M=0,86 in the case of overmatch and undermatch weld metals, respectively.

3. Finite element modelling of the SE(B) fracture toughness specimen with heterogeneous X-weld

In order to evaluate the mismatch yield load variation by SE(B) fracture specimen (Figure 1) with different geometries, it is necessary first to consider which influencing geometrical parameters should be varied and in which range. In this work the influence of the weld root 2H and crack length ratio a/W on the plastic mismatch yield load value FYM has been in focus of the investigation. They are systematically varied as follows: H=W/4, W/6, W/8, W/10, W/16 and as a/W=0,1; 0,2; 0,3; 0,4 and 0,5. This means different geometrical in-plane constraints within the specimen. Also, technological possibilities to perform the welded joints with such widths in the root were also getting into account. The results for the mismatch yield load were normalised by all-base metal yield load for 25 analysed combinations in total. 

The groove angle of X-shaped butt welded joint was idealised as 10º. The crack was located in the centre of the specimen, completely in the strength overmatch metal advancing to the undermatched region. Heat affected zone is not modelled as particular material. The height of the overmatched weld part is approximately the same as the height of the undermatched weld part. 
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Figure 1: SE(B) fracture toughness specimen with X-weld
For mismatched specimens, plastic deformation pattern is very complex, due to influence of not only (W-a)/H parameter, but also on value of mis-match factor M. Typical finite element mesh employed in the present investigation is depicted in the Figure 2 (a/W=0,3 and W=6H), by using commercial FEM programme ANSYS. Due to symmetry, only one half of the specimen was modelled. The weld centre crack was located in the overmatched part of the weld, although in the case of a/W=0,5 where the crack tip was positioned at the interface between OM and UM part. All materials were considered as isotropic bilinear elastic-plastic, with the same hardening after yielding point amounts E’=500 MPa. The number of elements and nodes is equal to about 1200 and 3700, where the first fan of elements was sized by about 100 m. Stress concentration was assigned to the crack tip location with the first row of singular elements generated automatically around the crack tip. The mesh density was very fine in the regions where material changes and where the steep stress gradients may be expected. The loading was given as the pressure distributed on the very narrow area, what corresponds to the contact area between the specimen and the rollers. The magnitude of applied pressure should be large enough to bring the specimen to its fully yielding state through the net section. The equilibrium stress and strain fields are computed after each increment of pressure. An increment of the loading near the yield load value has to be very fine to be able to estimate the yield load value as precisely as possible. 
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Figure 2: One half of the finite element meshed SE(B) specimen with inhomogeneous X-weld
4. Plane strain yield load solutions for the SE(B) specimen with present heterogeneity in the X-weld
In practice, inhomogeneous multipass weld joint with half OM- and half UM weld metal is usually used for repair welding of weld joints. Undermatched weld part satisfied high toughness requirements, while overmatched weld halves has the crack shielding effect. It is the question how accurately may be used the yield load solutions, given earlier for the case of homogeneous weld, if the weld is heterogeneous? Also, these yield load solutions are derived for the simple butt weld joint (I-shaped weld), so it is necessary to estimate the influence of the weld shape on the yield load magnitude. The conservative approach means to calculate the yield load solution assuming the weld made wholly from UM. This approach is near reality for the specimen with a/W=0,5, where the region in the front of the crack is undermatched, but considering the shallow crack, it can underestimate the yield load value. Such approach becomes more incorrect with the weld root width 2H decreasing, what is obviously from the Figure 3. Namely, as the weld is narrower, its influence on the complete fracture behaviour decreases. Therefore, the yield load values converge to those obtained for all-base metal, especially for low values of crack depths. 
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Figure 3: Plane strain mismatched yield load solutions for the SE(B) specimen with heterogeneous X-weld
It is evident from the Figure 3. that the crack resistance is the lowest for the crack length ratio a/W=0,5 regardless the weld root half width H actually. Increasing of the weld width by constant crack length causes the lower yield loads, generally. It is worthy note that yield load drops after some amount of crack advancing (mainly after about a/W=0,3). The influence of undermatch region by components with shallow crack is less, what may be of some help, shielding such components of unplanned failure. 
The value of the weld slenderness (W-a)/H is calculated for the different values of a/W and H. Its magnitude drops with a/W increasing, by H=const. It also drops with H value increasing, by a/W=const. In this investigation the slenderness ranges from 2 (a/W=0,5 and H=W/4) to 14,4 (a/W=0,1 and H=W/16). Fig. 4 shows an example of effects of (W-a)/H on the weld mis-match yield load solutions FYM, for different crack lengths. 
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Figure 4: Plastic yield load solutions for the SE(B) specimen depending on the weld slenderness
The curve has very low slope for the configurations with shallow cracks and it seems almost horizontal. It depends very few on the slenderness value. The load carrying capacity of the component with short crack, which is positioned deeply in the OM part of the heterogeneous weld, is dominantly dictated by OM region ahead the crack tip. On the other hand, the fracture behaviour of deeply cracked specimens is strongly affected by slenderness value (W-a)/H. 

It is also interesting to compare these yield load solutions for the SE(B) specimen with heterogeneous X-weld to the specimen with heterogeneous I-weld, given in Ref. [5]. This comparison is given on the Figure 5 for the characteristic values of weld root width: W=4H, 8H and 16H. 
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Figure 5: The comparison of plane strain mismatched yield load solutions for the SE(B) specimen with heterogeneous X-weld or I-weld, but with the same width 2H in the weld root
One can remark that the shape of the curves for the same weld root width is similar, but with difference in limit load value up to 10%. In the case when the crack is located in the OM part of the heterogeneous weld, it can be expected that X-welded joints will be more inferior related to the I-weld. The reason is predominant role of the material properties in the direction where the yielding zones spread by load increasing. In our case, it is about material with lower material properties – UM. 

Finally, the Mises equivalent stress eq distribution through the ligament has been analysed. The material in the joint yields in the region, where the eq stress is greater than the yield strength of the particular material. It is evident from the Figure 6 that the higher stresses are located in the OM weld part. The shape of the yielding zones is for different weld root widths relatively similar .
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Figure 6: Yielding zones spread through the different materials of heterogeneous X-weld joint with different weld root half width W, by a/W=0,3
5. Concluding remarks
This paper compiles the yield load solutions for the SE(B) fracture toughness specimen with the crack in the centre of heterogeneous X-weld, obtained by plane strain finite element analysis. The inhomogeneity in the weld was intentional due to the practical application of the weld performed as one half overmatched and one half undermatched by repair welding. The aim was to compare the crack resistance of such performed configuration with the similar evaluated in the Refs. [1, 5]. Most influenced geometrical parameters on the yielding constraint as a/W and (W-a)/H were varied systematically in practical range of values. 
It is found by heterogeneous X-weld with the crack tip located in overmatched weld halve that yield load FYM decreases with increasing of the weld width H, generally. Also, the crack resistance is the lowest for the crack length ratio a/W=0,5, almost regardless the weld root half width H. 
The load carrying capacity of the component with short crack, which is positioned deeply in the OM part of the heterogeneous weld, is dominantly dictated by OM region ahead the crack tip. On the other hand, the fracture behaviour of deeply cracked specimens is strongly affected by slenderness value (W-a)/H. In the case when the crack is located in the OM part of the heterogeneous weld, X-weld joint will be more inferior related to the I-weld. The reason is predominant role of the material properties in the direction where the yielding zones spread by load increasing. 
Therefore, the configuration with the crack tip located in the UM weld part will probably show better resistance to the fracture, because the material crucial in the front of an advancing crack is OM. 
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List1

		H=6,25 mm (W=4H)												H=4,166 mm (W=6H)

		a/W		Fyb		Sila		Reaction		React/Fyb				a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		0.986				0.1		94925				?		0.984

		0.2		76663				75700		0.9874385297				0.2		76663				75950		0.9906995552

		0.3		59157				57640		0.9743563737				0.3		59157				58600		0.9905843772

		0.4		43802				41600		0.9497283229				0.4		43802				41900		0.9565773252

		0.5		30654				27600		0.9003718927				0.5		30654				27600		0.9003718927

		H=3,125 mm (W=8H)												H=2,5 mm (W=10H)

		a/W		Fyb		Sila		Reaction		React/Fyb				a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		0.985				0.1		94925				?		1

		0.2		76663				76000		0.9913517603				0.2		76663				77000		1.0043958624

		0.3		59157				59300		1.0024172963				0.3		59157				60000		1.0142502155

		0.4		43802				43600		0.9953883384				0.4		43802				43800		0.99995434

		0.5		30654				27700		0.9036341097				0.5		30654				27800		0.9068963267

		H=1,5625 mm (W=16H)

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		1.001

		0.2		76663				77000		1.0043958624

		0.3		59157				60500		1.0227023007

		0.4		43802				44000		1.0045203415

		0.5		30654				29850		0.9737717753

		I-WELD, radi usporedbe

		H=6,25 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925		?		?		1.014

		0.2		76663		78229		77365		1.0091569597

		0.3		59157		59167		58970		0.9968389202

		0.4		43802		43542		43180		0.9857997352

		0.5		30654		28125		27951		0.9118222744

		H=3,125 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1				?		?		1.0135

		0.2		76663		78750		78080		1.0184834927

		0.3		59157		61354		60910		1.0296330105

		0.4		43802		46354		45967		1.0494269668

		0.5		30654		30729		30411		0.9920728127

		H=1,5625 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1				?		?		1.0155

		0.2		76663		79063		78235		1.0205053285

		0.3		59157		61667		61215		1.0347887824

		0.4		43802		46667		46274		1.0564357792

		0.5		30654		32188		31900		1.0406472239

		3-D input data

												a/W=0,5				a/W=0,4				a/W=0,3				a/W=0,2				a/W=0,1

		a/W		(W-a)/H		FYM/FYB						(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB

		0.1		1.8		1.01						2		0.900372		2.4		0.949728		2.8		0.970299		3.2		0.987439		3.6		0.993

		0.2		1.6		1.006809						3		0.900372		3.6		0.956577		4.2		0.990584		4.8		0.9907		5.4		0.995

		0.3		1.4		0.996839						4		0.903634		4.8		0.995388		5.6		1.002417		6.4		0.991352		7.2		0.996

		0.4		1.2		0.976145						5		0.906896		6.0		0.999954		7.0		1.01425		8.0		1.004396		9.0		1

		0.5		1		0.911822						8		0.973772		9.6		1.00452		11.2		1.022702		12.8		1.004396		14.4		1.001

		0.1		3.6		1.014

		0.2		3.2		1.009157

		0.3		2.8		0.996839

		0.4		2.4		0.978207

		0.5		2		0.911822

		0.1		7.2		1.0135

		0.2		6.4		1.018483

		0.3		5.6		1.029633

		0.4		4.8		1.041344
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		0.1		14.4		1.0155

		0.2		12.8		1.020505

		0.3		11.2		1.034789

		0.4		9.6		1.048299

		0.5		8		1.040647

		0.1		21.6		1.0165

		0.2		19.2		1.022462

		0.3		16.8		1.036226

		0.4		14.4		1.050972

		0.5		12		1.060123
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List1

		H=6,25 mm (W=4H)												H=4,166 mm (W=6H)

		a/W		Fyb		Sila		Reaction		React/Fyb				a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		0.986				0.1		94925				?		0.984

		0.2		76663				75700		0.9874385297				0.2		76663				75950		0.9906995552

		0.3		59157				57640		0.9743563737				0.3		59157				58600		0.9905843772

		0.4		43802				41600		0.9497283229				0.4		43802				41900		0.9565773252

		0.5		30654				27600		0.9003718927				0.5		30654				27600		0.9003718927

		H=3,125 mm (W=8H)												H=2,5 mm (W=10H)

		a/W		Fyb		Sila		Reaction		React/Fyb				a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		0.985				0.1		94925				?		1

		0.2		76663				76000		0.9913517603				0.2		76663				77000		1.0043958624

		0.3		59157				59300		1.0024172963				0.3		59157				60000		1.0142502155

		0.4		43802				43600		0.9953883384				0.4		43802				43800		0.99995434

		0.5		30654				27700		0.9036341097				0.5		30654				27800		0.9068963267

		H=1,5625 mm (W=16H)

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		1.001

		0.2		76663				77000		1.0043958624

		0.3		59157				60500		1.0227023007

		0.4		43802				44000		1.0045203415

		0.5		30654				29850		0.9737717753

		I-WELD, radi usporedbe

		H=6,25 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925		?		?		1.014

		0.2		76663		78229		77365		1.0091569597

		0.3		59157		59167		58970		0.9968389202

		0.4		43802		43542		43180		0.9857997352

		0.5		30654		28125		27951		0.9118222744

		H=3,125 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1				?		?		1.0135

		0.2		76663		78750		78080		1.0184834927

		0.3		59157		61354		60910		1.0296330105

		0.4		43802		46354		45967		1.0494269668

		0.5		30654		30729		30411		0.9920728127

		H=1,5625 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1				?		?		1.0155

		0.2		76663		79063		78235		1.0205053285

		0.3		59157		61667		61215		1.0347887824

		0.4		43802		46667		46274		1.0564357792

		0.5		30654		32188		31900		1.0406472239

		3-D input data

												a/W=0,5				a/W=0,4				a/W=0,3				a/W=0,2				a/W=0,1

		a/W		(W-a)/H		FYM/FYB						(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB

		0.1		1.8		1.01						2		0.900372		2.4		0.949728		2.8		0.974356		3.2		0.987439		3.6		0.993

		0.2		1.6		1.006809						3		0.900372		3.6		0.956577		4.2		0.990584		4.8		0.9907		5.4		0.995

		0.3		1.4		0.996839						4		0.903634		4.8		0.995388		5.6		1.002417		6.4		0.991352		7.2		0.996

		0.4		1.2		0.976145						5		0.906896		6.0		0.999954		7.0		1.01425		8.0		1.004396		9.0		1

		0.5		1		0.911822						8		0.973772		9.6		1.00452		11.2		1.022702		12.8		1.004396		14.4		1.001

		0.1		3.6		1.014

		0.2		3.2		1.009157

		0.3		2.8		0.996839

		0.4		2.4		0.978207

		0.5		2		0.911822

		0.1		7.2		1.0135

		0.2		6.4		1.018483

		0.3		5.6		1.029633

		0.4		4.8		1.041344

		0.5		4		0.992073

		0.1		14.4		1.0155

		0.2		12.8		1.020505

		0.3		11.2		1.034789

		0.4		9.6		1.048299

		0.5		8		1.040647

		0.1		21.6		1.0165

		0.2		19.2		1.022462

		0.3		16.8		1.036226

		0.4		14.4		1.050972

		0.5		12		1.060123
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List1

		H=6,25 mm (W=4H)												H=4,166 mm (W=6H)

		a/W		Fyb		Sila		Reaction		React/Fyb				a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		0.986				0.1		94925				?		0.984

		0.2		76663				75700		0.9874385297				0.2		76663				75950		0.9906995552

		0.3		59157				57640		0.9743563737				0.3		59157				58600		0.9905843772

		0.4		43802				41600		0.9497283229				0.4		43802				41900		0.9565773252

		0.5		30654				27600		0.9003718927				0.5		30654				27600		0.9003718927

		H=3,125 mm (W=8H)												H=2,5 mm (W=10H)

		a/W		Fyb		Sila		Reaction		React/Fyb				a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		0.985				0.1		94925				?		1

		0.2		76663				76000		0.9913517603				0.2		76663				77000		1.0043958624

		0.3		59157				59300		1.0024172963				0.3		59157				60000		1.0142502155

		0.4		43802				43600		0.9953883384				0.4		43802				43800		0.99995434

		0.5		30654				27700		0.9036341097				0.5		30654				27800		0.9068963267

		H=1,5625 mm (W=16H)

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925				?		1.001

		0.2		76663				77000		1.0043958624

		0.3		59157				60500		1.0227023007

		0.4		43802				44000		1.0045203415

		0.5		30654				29850		0.9737717753

		I-WELD, radi usporedbe

		H=6,25 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1		94925		?		?		1.014

		0.2		76663		78229		77365		1.0091569597

		0.3		59157		59167		58970		0.9968389202

		0.4		43802		43542		43180		0.9857997352

		0.5		30654		28125		27951		0.9118222744

		H=3,125 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1				?		?		1.0135

		0.2		76663		78750		78080		1.0184834927

		0.3		59157		61354		60910		1.0296330105

		0.4		43802		46354		45967		1.0494269668

		0.5		30654		30729		30411		0.9920728127

		H=1,5625 mm

		a/W		Fyb		Sila		Reaction		React/Fyb

		0.1				?		?		1.0155

		0.2		76663		79063		78235		1.0205053285

		0.3		59157		61667		61215		1.0347887824

		0.4		43802		46667		46274		1.0564357792

		0.5		30654		32188		31900		1.0406472239

		3-D input data

												a/W=0,5				a/W=0,4				a/W=0,3				a/W=0,2				a/W=0,1

		a/W		(W-a)/H		FYM/FYB						(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB		(W-a)/H		FYM/FYB

		0.1		1.8		1.01						2		0.900372		2.4		0.949728		2.8		0.974356		3.2		0.987439		3.6		0.993

		0.2		1.6		1.006809						3		0.900372		3.6		0.956577		4.2		0.990584		4.8		0.9907		5.4		0.995

		0.3		1.4		0.996839						4		0.903634		4.8		0.995388		5.6		1.002417		6.4		0.991352		7.2		0.996

		0.4		1.2		0.976145						5		0.906896		6.0		0.999954		7.0		1.01425		8.0		1.004396		9.0		1

		0.5		1		0.911822						8		0.973772		9.6		1.00452		11.2		1.022702		12.8		1.004396		14.4		1.001

		0.1		3.6		1.014

		0.2		3.2		1.009157

		0.3		2.8		0.996839

		0.4		2.4		0.978207

		0.5		2		0.911822

		0.1		7.2		1.0135

		0.2		6.4		1.018483

		0.3		5.6		1.029633

		0.4		4.8		1.041344

		0.5		4		0.992073

		0.1		14.4		1.0155

		0.2		12.8		1.020505

		0.3		11.2		1.034789

		0.4		9.6		1.048299

		0.5		8		1.040647

		0.1		21.6		1.0165

		0.2		19.2		1.022462

		0.3		16.8		1.036226

		0.4		14.4		1.050972

		0.5		12		1.060123
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