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ABSTRACT

Standard fracture toughness tests require standard specimens with the presumption that mechanical properties are uniform in the crack growth direction. Standards for CTOD fracture tests prescribe remote crack mouth opening displacement-CMOD, which can lead to in-adequate results in the case of heterogeneous materials properties. This paper describes the application of an object grating method on the fracture behaviour of a heterogeneous specimen. Fracture behaviour is described by measuring deformation on the surface of a specimen, in terms of crack tip opening displacement and, consequently, by strain determination. An object grating method is advantageously used when measuring modified CTOD tests on two specimens with an initial crack in a macroscopic heterogeneous welded joint. Results significantly show that fracture behaviour depends on the material in the vicinity of the crack tip concerning the direction of crack propagation.
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1. INTRODUCTION

The application of photogrammetry and the object grating method (OGM) have arisen, in different topics regarding experimental and, especially, deformation measurements over the last ten years [1, 2]. 

On the basis of deformation measurements it is possible to determine strain at the surface of a loaded object. Fracture mechanics is a specific area for the application of the object grating method from among other topics in solid mechanics. New fracture mechanics parameters (e.g. CTOA-Crack tip opening angle) are introduced by the object grating method [3, 4]. In spite of the fact that the object grating method is useful for describing fracture behaviour, this method is rarely used in practice. The reasons are the standard description for remote clip-gauge measurements [5, 6], costly equipment, and additional post-test computation of measured values. By using standard testing procedure in complex material structures and components it is impossible to determine the fracture behaviour of heterogeneous materials. This case occurred when a crack propagated through the interface between two materials with different mechanical properties [7, 8]. Simha and Kolednik show that such crack growth depends on the local crack driving force component. The crack growth can be retarded (even stoped) or accelerated. 

The aim of this work is to investigate the performance of the object grating method for the CTOD fracture testing of a heterogeneous specimen, where it is impossible to apply a standard testing procedure. 

CTOD is defined as a local parameter in the vicinity of crack tip. It is possible to determine crack driving force by considering any dependence between CTOD and component load. The essential definition of CTOD given by Wells [9], and further by a HRR model [10] presenting CTOD as a material resistance parameter to crack growth. Unfortunately, experimental determination of real CTOD during experiments is impossible, because critical value occurs in the mid-thickness of specimen. Kolednik [11] shows that post-testing stereometry and reconstruction of a fracture enables the determination of critical CTODi. The CTOD5, so called 5, Introduced by Schwalbe et al. [12] is one of the well established techniques for direct measurement of CTOD without calibration function, and knowing the mechanical parameters of the materials (Young’s modulus, yield strength, Poisson’s ratio). The 5 measurement technique is the measurement of deformation between two points within a defined distance of 5 mm with the crack tip located in the middle (2.5 mm), as shown in Fig. 1. The CTOD(5) measurement and standard CTOD (BS 7448) values show a high level of correlation 1:1 for homogeneous materials [13]. Disadvantage of 5 measurement technique is the measurements of deformation of only two points on the surface of the specimen. In this paper the idea of 5 measurement is extended to the smaller or larger surfaces of objects by using the object grating method to follow the crack propagation. The specimens with global heterogeneous mechanical properties were particularly considered in terms of determining the effect on crack driving force. This paper introduces an advanced numerical and experimental approach, which is useful for the verification of mechanical elements containing structural damage and proposes novel testing procedures for damaged element monitoring during loading. 

Due to the crucial nature of the local crack shape and its actual position with respect to the mechanical element, it is necessary to apply such a non-destructive deformation measurement method in the crack tip vicinity. The main advantage is the possibility of continuous element monitoring under varying operating conditions. The passive non-contact optical measurement method was used in order to satisfy previous requirements, and to sequentially record the appearance and propagation of the crack affected by the loading conditions. All of the results in this paper were thus obtained by using the GOM ARAMISTM 3D image correlation photogrammetry system. The applied experimental method is capable to measure surface deformation based on an optical observation of the grating deformation when applied to the object surface, and is able to measure both planar 2D and 3D deformation fields. Continuous measurement of local displacements and deformations in the crack tip vicinity is possible. It provides valuable information regarding crack propagation either, under controlled laboratory conditions, or as the actual real time in-situ measurements. The system provides full high-data field density which enables an easier understanding of damaged component behaviour. This kind of measurements provides more data than discrete strain gauge measurements (e.g. 5), and can be easily visualized for better understanding. 

Figure 1 CTOD(5) measurement technique [12]

Due to the passive nature of object grating method, the chosen system doesn’t require any special externally structured light source for object point definition (such as coherent laser sources used in holographic and ESPI deformation measurement systems) and can thus be easily adopted for dynamic measurements. 

2. Material and welding

High strength low alloyed (HSLA) steel in a quenched and tempered condition, corresponding to grade HT 50 was used as base metal (BM). Figure 2 shows the apparent material dimensions, and welding preparation. The Flux Cord Arc Welding (FCAW) procedure and two tubular wires were selected for the welding of steel plates in order to produce weld joints of strength in over- and under-matched conditions. The measured chemical composition and mechanical properties of the base metal and all-weld metals for the selected materials are given in Tabs. 1 and 2. The strength mis-matched factors M (ratio between weld metal and base metal yield stress) that were 0.86 for the under- and 1.19 for the over-matched weld joints are presented. Figure 3 shows a characteristic cross section of the multi-pass inhomogeneous weld joint with half under- and half overmatched weld metal. The described welding procedure is usually used for repair welding [14] or for weld joints where possible cold hydrogen-assisted cracking can appear. 

Figure 2 Welding preparation (2H=6mm)

Figure 3 Cross section of specimen with the position of the notch in over-match weld metal

3. CTOD Testing

A single specimen method was used for crack tip opening displacement-CTOD testing according to the Standard BS 7448. Figure 4 shows the geometry of the specimen. The CTOD tests are performed under displacement control (1mm/min) at room temperature (+24°C). The load (F) overall displacement and the crack mouth opening displacement-CMOD were recorded during the tests. Figure 5 shows experimentally obtained CMOD vs. load plot, where unstable behaviour is exhibited after some amount stable crack propagation and achieved maximum sustained load. The test was performed on two specimens: one with crack growth from over-matched weld metal to under-matched weld metal (anotch=11mm), and the second with crack growth from under-matched weld metal to over-matched weld metal (anotch=6mm). 

Figure 4 CTOD fracture toughness specimen

Figure 5 Experimentally obtained CMOD vs. load plot

Difference in slope and maximum sustained load are mainly a consequence of different crack lengths. During the tests behind, mentioned CMOD point-to-point measurements performed by contact gauges, the well-established object grating method had also been used for the registration of 3D displacement field on the surface mesh in the vicinity of the crack tip. Area-based displacement measurement is one of the essential advantages of this method, which is not limited only to single-parameter measurement, e.g. CTOD(5). Therefore, using an object-grating method it is possible to measure CTOD(5) and CTOD at any points at the surfaces of the specimens. The points could be considered as so–called local crack (tip) opening displacement C(T)OD parameter. Since irregularity can be expected due to the heterogeneity of the weld metal, attention was focused on points behind and in front of the crack tip. The considered coordinates on the specimen are shown in Fig. 6. Note that line A-B corresponds to CTOD(5) measurements and all distances are marked by “~” since the exact value of 5 mm is within tolerance of  ±0.05 mm. 

Figure 6 Considered coordinates on specimens for observing local CTOD

Figure 7 Local C(T)OD parameters vs. load on specimen with crack tip in OM weld metal

Figure 8 Local C(T)OD parameters vs. load on specimen with crack tip in UM weld metal

Figure 7 shows three C(T)OD curves where it is possible to recognise that, after maximum sustained load, C(T)OD at line (E-F) in front of the crack tip exhibited higher displacement than C(T)OD at lines (A-B and C-D). It is a consequence of higher deformation in undermatch weld metal in front of the crack tip than in overmatch weld metal. In contrast, Fig. 8 shows regular displacements of all lines proportional to the distance between crack tip and measurement points. 

4. Measurement by Object Grating Method

The actual deformation distribution was measured on the surface of the specimen by the optical grating method parallel to the CTOD measurements. The deformation of the surface was measured by recording the displacements of the optical marks, and captured in such a way that the 3D coordinates are connected with picture coordinates. During the experiment, the grating structure relating to different deformation states of the specimen was recorded by two CCD cameras, with a resolution of 768x572 points and 256 grey levels. Images of undeformed and deformed grating structures of a specimen surface are shown in Figs. 9.a) and 9.b) respectively. Several stages of deformation are recorded by the displacement of random grating attached to the specimen surface. 
Figure 9 Undeformed a) and deformed b) grating structures

The mutually independent image coordinates as well as the number of equations, is bigger than the number of unknowns in the over-determined mathematical triangulation model. The equation system is solved by the bundle adjustment method, applying suitable digital processing algorithms of the ARAMIS GOM GmbH measuring system [1]. Generally, mathematical model bases on well known space intersections for the  calculation of corresponding object points P(X, Y, Z) if the position of the two cameras and two homologous image points p1(x1, y1) and p2(x2, y2) are known [15]. 
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where x, y are image coordinates, x0, y0 are principal points, dx, dy are lens distortions, c and s are the camera constants, R is rotation matrix, X0, Y0, Z0 are coordinates of the projection centre and X, Y, Z are coordinates of object points. The constants are calculated through a calibration procedure as shown in references [16] and [2]. 

The image analysis was performed after measurements, in order to obtain 3D displacement determination. When homologous points are found, the object point in the undeformed grid P(Xu,Yu,Zu) and deformed grid P(X1, Y1, Z1) is determined by eq. (1). Displacement vector P(U,V,W) is calculated as the difference in displacement for each coordinate separately by eq.:
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(2)
Note, that for C(T)OD measurement only relative difference V=Y1-Yu is used!

4.1 Determination of Strain




When local displacements in each image pairs are found, 3D deformations can be calculated through space triangulation. As previously mentioned, 3D displacement evaluation requires a recording of the scene with two or more cameras in a convergent setup. Each camera records images of a reference and the loaded stage giving, four images in total.

The image positions of each homologous point pair for each image can be determined by calculations of all three 2D displacements between the images of the deformed and referent undeformed states. Since these homologous points represent the same object point in two loaded stages, its 3D coordinates can be calculated via back projection.

When the distinctive 3D spatial coordinates of each measurement point in the region of interest on the object’s surface, is determined, strain determination becomes merely a matter of numerical calculation from the displacement field. The chosen system calculates surface strain through transformation of the 3D displacement distribution into a 2D displacement distribution, thus strain is calculated in 2D space [17]. Initially, for each of the object points, a tangential plane is calculated (for both loading conditions) together with the surrounding object points. The obtained rectangular area is referred to as the object facet. Object points in this object facet are then projected onto the tangential plane in the direction of the normal vector of tangential plane, which renders the problem as planar. Further calculation of the deformation gradient is possible by using the theory of large deformations, which allows large plastic deformations as well as rigid body motion [1].
The performed strain analysis considered facet sizes to 11*11 pixels, in order to increase data density. The extreme strain gradients and extensive local out-of-plane displacement can be expected in the tiny specimen area near the crack-tip. Surface profiles were extracted from the digital elevation model, permitting the determination of crack-tip opening displacement, as shown by a series of images in Fig. 10. Figure 10 shows different strain stages during the loading. Fig. 10.a) shows the unloaded surface of specimen. Figure 10.b) shows that strain in the vicinity of the crack tip increases higher than at the rest of specimen surface. Figure 10.c) shows the highest recorded strain at the crack tip during the test. Relaxation occurred at the moment of crack initiation strain, as shown in Fig. 10.d). The strain relaxation at the surface is a consequence of stable crack propagation inside of the specimen. This is also confirmed by finite element analysis [18]. Therefore, initiation of crack propagation is possible using highly accurate displacement determination, by means of the object grating method. Otherwise, experimental stable crack initiation is possible to determine by using DC and AC potential drop techniques according to standards and testing procedures [5, 6, 19]. Since potential drop is an analog signal, the crack initiation is determined as a deviation between linear line and potential drop curve. Such assessment depends on the experience of researcher which should always be taken into account regarding some amount of error. Therefore, the object grating method is also a powerful tool for accurately determining stable crack initiation. 

Figure 10 Strain (von Mises) distribution at the crack tip at different loads of specimen (anotch=6 mm)

5. CONCLUSION

The object grating method is advantageously used when measuring modified CTOD tests on two specimens with initial crack in macroscopic heterogeneous welded joints. Results significantly show that fracture behaviour depends on the local material properties at the vicinity of crack tip concerning the direction of crack propagation. CTOD(5) is limited to a small area at the crack tip, but in heterogeneous materials critical area can also be located in front of the crack tip. Higher strain and displacement is measured in the area located in front of the crack tip. The modified CTOD concept of displacement analysis on the shifted lines is able to characterize any fracture behaviour of the heterogeneous material.  

The object grating method provides views of a stress field corresponding to the distribution of the material properties. The other advantage of the object grating method is the easy and accurate determination of the initiation of stable crack propagation. 

Since the deformation on the surface facet at the vicinity of the crack tip is observed and measured, one can expect that this technique will in future produce accurate experimental fracture testing of heterogeneous materials, in order to ensure the structured integrity of components.  
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