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Abstract

One critical issue in the integrity assessment of pressurised vessels to be addressed is characterising the influence of initial residual stresses (arising from fabrication processes especially around welds, where the appearance of cracks is also a likely event) on cleavage fracture. Using a specific crack configuration, this paper explores the stress state at crack tip area under similar loading conditions with and without the presence of initial stresses as well as their interaction and compares the stress fields in the context of stress based statistical modelling of cleavage fracture toughness. A recently developed local stress based approach to failure probability prediction for cleavage fracture of ferritic steels is used to predict toughness distributions. It is found that the presence of initial residual stresses dramatically change the final fracture conditions.
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Introduction

Proof loading or autofrettage, where no defects or initial residual stresses are assumed, improves the load carrying capacity of pressure vessels. This is principally because of local compressive residual stresses generated at the crack tip. In presence of cracks the benefit from proof loading depends on the combination of crack geometry and loading conditions. If there exist residual stresses in a vessel containing defects, the stress field due to the applied mechanical loading will interact with the residual stresses. Determination of fracture parameters in residual stress fields has received great interest in recent years [1].  Local statistical approaches to predicting cleavage fracture toughness, mostly based on the Weibull distributions, have been developed [2-4].  Recently the authors developed a local stress based model that suggested using parameters calibrated based on material response at the specified test temperature regardless of the crack /loading configuration [5].  This model was used to predict the influence of warm pre-stressing on cleavage fracture in standard fracture mechanics specimens (e.g. C(T) and SENB) [6]. Recently the model was examined to explore its applicability to cases where initial residual stresses interact with the mechanical loading [7,8]. Initial RS field were generated by either local compression, proof loading, or in plane compression and the test specimens were subsequently subjected to proof loading prior to final loading to fracture [9] at a temperature lower than the proof load. This paper further explores the role of the type and the nature of initial residual stress fields on the subsequent resistance to fracture for a ferritic steel pressure vessel structure. This study is a continuation of the work reported by authors on use of the local approach to predict failure probability for a cracked vessel with prescribed initial stress [10].  

The Finite Element Simulations
The model used in this study was a 432 mm diameter pipe with a wall thickness of 19.6 mm. The dimensions were adopted from a test configuration reported by Bouchard and Bradford [11]. Depending on the type of loading, whole or half pipe FE models were produced in ABAQUS/CAE and used in the corresponding analyses. In case of symmetry, only one half of the cylinder was modelled with the plane of symmetry in the crack plane normal to the pipe axis. The whole pipe was modelled for use with general loading schemes where symmetry rules did not apply. In the whole model the partial circumferential crack was introduced artificially by the addition of new nodes at the coordinates coincident with the nodes representing the crack face and assigning those nodes to elements on one side of the crack. For the half model the crack was identified by assigning boundary conditions to the remaining ligament at the crack plane, the plane of symmetry. The partial circumferential crack was introduced on the outer surface of the pipe as shown in Figure 1. The crack front was 50 mm wide and 5mm through the wall at the deepest point.  The material used in the analyses was A533 steel for which appropriate models were available from previous research [12]. In all cases the introduction or generation of residual stresses as well as proof loading took place at room temperature, whereas the material was cooled to –170(C before final loading to fracture.

Based on the results of an initial displacement controlled analysis, the load level was adjusted for load controlled analyses so that the level of prior loading resulted in significant level of plastic deformation at the crack tip region thus producing a residual stress field of noticeable extent. The initial analysis was also used to identify the appropriate node/element sets at the crack front area in order to obtain the stress data files containing the crack front plastic zone for use in the local approach to cleavage fracture [5]. Thus stress and plastic strain data from ABAQUS results were only extracted over the region required and were stored in a data file for use with the failure prediction model. Throughout the load-controlled analyses an appropriate amplitude function was used to control the load application scheme.

The FE simulations were conducted in two stages. Firstly the as-received (AR) or cool-fracture (CF) and load-unload-cool-fracture (LUCF) analyses were performed. In the next stage, initial residual stress fields were introduced and the local approach was to predict fracture probability in presence of initial stresses. A series of analyses were undertaken as summarised below.

· Trial analysis: an un-cracked pipe with and without the initial residual stresses (IS) subjected to internal pressure until plasticity spread throughout the wall.

· As received (AR) or cool-fracture (CF): Cracked pipe with no residual stress subjected to axial loading to fracture at low temperature

· Load-unload-cool-fracture (LUCF): Cracked pipe with no residual stress subjected to axial loading to fracture at low temperature following WPS

· Initial stress-cool-fracture (ISCF): Cracked pipe with IS subjected to axial loading to fracture at low temperature

· Initial residual stress-load-unload-cool-fracture (ISLUCF): Cracked pipe with IS subjected to axial loading to provide proof loading at room temperature, unloaded and then reloaded to fracture at low temperature (CF) 

Finally the results for a whole range of analyses were used in conjunction with a stress based local approach to fracture [5], to explore the predictions for probability distributions and the consistency of the predictions with the stress distributions.
Description of analyses and results 

The residual stresses introduced to the cracked pipe were produced at two levels. “Short range” or “local” IS fields were generated by carrying out separate finite element simulations of load-unload cycles and editing the resulting stress distributions for use as initial conditions in the main analyses. Prescribed IS fields were also artificially generated using an arbitrary IS file and re-distributing over an initial analysis step. The latter procedure was used to introduce IS fields of significant level and extent.

Analytical stress intensity factors for crack configurations in cylindrical vessels are available from Anderson [13] and others [14-16]. An approximate solution taking into account the finite size effect was used to estimate K values. Fracture toughness was calculated from incremental fracture loading at low temperature during the last step of each analysis for the specific crack configuration.

The local approach predictions for fracture in the cylinder used the same Weibull parameters calibrated for the C(T) specimen in as-received conditions [5]. The failure probability distribution was calculated using the routine “local”, and plotted against stress intensity (or fracture toughness in the context of probability). The predictions were promising especially with regard to the validation of calibrated Weibull parameters for various configurations of geometry and crack for the same material. The distribution obtained for cylinder was found very much consistent with those of previous research for standard fracture mechanics specimens (C(T) and SENB) [5]. This is illustrated by comparing the as received distributions for the two problems for A533B steel loaded to fracture at –170°C in figure 2.

Various analyses as described were performed and required data was extracted for the examination of the local approach. The routine “local” used the material yield point in all cases to evaluate the Weibull stress hence the failure probability distributions. Consistent with C(T) test results, significant increase in fracture toughness distribution resulting from LUCF was observed (figure 2).

A series of analyses were performed for the ISCF and ISLUCF cycles. For low levels of initial residual stresses at the crack tip area, the shift in failure probability distributions were only marginal. However, the influence of initial residual stresses became more obvious where sufficiently high level of tensile stress normal to the crack plane and around the crack front was introduced. The crack front initial stress field remained significant when rebalanced through an analysis step. The results of these analyses were also used to predict fracture distribution using the local approach. Significant shift in predictions was observed when compared with the predictions corresponding to the effect of low-level initial stresses. This is shown in Figure 3. The required data files for the routine local were also prepared for all the analyses and the probability distributions were predicted. As figure 3 indicates the predictions are apparently different from the predictions found earlier in presence of secondary residual stresses in C(T) specimens [7].

Interaction of RS distribution with subsequent fracture loading

Interaction of initial residual stresses (distribution / redistribution) with the crack development process was also studied. Autofrettage loading was applied to the cylinder using the boundary conditions that represent the un-cracked cylinder. Using a load-unload (LU) cycle, a global RS field was generated. The RS field was then used to create a file containing stresses at significant level, both in magnitude and the extent. This stress field was then used as initial conditions. Subsequently, the crack was introduced and the residual stresses were allowed to rebalance. Cool-fracture (CF) and proof load –cool-fracture (LUCF) loading cycles were then applied in presence of the incorporated initial RS fields.

For all the cases described above axial and hoop stresses throughout the analyses were obtained to explore the differences in fracture response based on changes in the stress-state. Results are discussed in the next section in relation to the local approach predictions for the corresponding analyses.

Finally a separate analysis was performed similar to ISCF as described above, but using an initial RS field defined intentionally with significant level of axial stress and no other stress component. Introducing such stress field into a cracked cylinder and redistributing the RS through one analysis step using the elastic material response, resulted in appearance of hoop stresses of significant level and also dramatic reduction in the initially introduced axial RS component when the RS field was redistributed due to the crack introduction. Comparison of the stress level at similar loading with the analyses that used low level of residual stresses, suggests that much further influence of the initial global RS field on the proof load effect is expected. This was the case both when initial RS was followed by LUCF and when it was followed by CF. probability distribution predictions presented in figure 3, suggested that unlike the secondary RS field, a global initial RS field with sufficient level and extent does influence the final fracture conditions.

The completed analyses include fracture loading of the cylinder with or without initial residual stress field and in both cases with or without proof loading. The residual stresses as well as the stress distributions on final loading step for various analyses were monitored and compared. Normal to the crack face residual stresses, axial for cylinder, and the hoop residual stress distributions through the thickness of the pipe wall are plotted in figures 4a and 4b respectively. Similarly stress distributions on reloading for identical load levels for various analyses are shown in figures 5a and 5b.

Discussion of results and conclusions

The performed analyses indicate that the nature of IS introduced has significant influence on subsequent fracture. This is believed to be due to the nature of the RS field that was introduced as initial condition. Where the RS field was generated by means of autofrettage of un-cracked cylinder, the level of axial RS was forced to remain significantly lower than hoop RS to maintain equilibrium conditions. 

The analyses results were used to explore the stress distributions throughout various load cycles and to extract the required input data for the routine ”local” to investigate the effect of global RS field on the proof loading effect and to compare the effect with previous analyses. In earlier study it was shown that secondary residual stresses used as initial RS field had effectively no influence on the final fracture conditions following proof loading as the RS field was completely wiped out as a result of pre-load-unload stage of the loading cycle [7]. The analyses performed based on the introduction of initial low level residual stress field  (created from load-unload of cracked cylinder as described) are essentially considered as a verification of previous findings obtained from the C(T) model Analyses [7]. However, the analyses performed based on the introduction of initial residual stress field of significant extent, i.e. arbitrary introduced high axial RS field to the un-cracked cylinder followed by crack introduction and rebalancing, suggested dramatic decrease in the probability distribution as shown in figure 3. From figure 4 it can be concluded that there exists consistent residual stress distributions, especially in the normal to crack direction, and their corresponding failure probability distributions in all analyses as shown in figure 3.  From figure 5 it can be concluded that this consistency is also the case for stress distributions for similar load levels for various analyses and their corresponding probability distributions. 

The present study only looks at a specific crack configuration whereas experimental observations suggest that cracks with different geometry and direction are likely to appear in pressure vessels.  A comprehensive study is underway that considers further simulations for various crack configurations to further explore the stress and failure issues. These investigations when put together would provide a framework for possible suggestions regarding the improvements in currently established integrity assessment procedures. Currently available integrity assessment codes include design curve approaches, FAD approach according to R6/BS 7910, fully plastic solutions of EPRI type, CEGB reference stress method, the engineering treatment model and the European SINTAP procedure [17]. The results of these studies may be compared to those of the established methods in order to assess the credibility of the local approach in fracture prediction.
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 Figure 1: Geometry and crack details for the finite element model
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Figure 2: Comparison of AR predictions for CT and pipe and the effect of local RS and WPS for A533B steel at -170Cf
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Figure 3: Failure probability predictions for various analyses for A533B steel cracked pipe at -170C
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Fig 4a. Axial residual stresses

 for various analyses
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Fig 4b. Hoop residual stresses

 for various analyses
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Fig 5a: Comparison of Axial stress field on reloading for various analyses
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Fig 5b. Comparison of Hoop stress field on reloading for various analyses
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