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NIST-Boulder received the contract for this program in early June, 2006. Thus far, since this contract started, our efforts have been focused on the on full-thickness fatigue specimen machining, CTOA testing of weldments and development of the model for our dynamic ductile fracture experiments. In addition, we have completed the design of the dynamic CTOA fixtures, ordered materials and submitted engineering drawings to the machine shop for approval.
Technical status of tasks:
Fatigue crack growth
In support of the DOT/PHMSA pipeline program, NIST purchased a set of large capacity (220,000 lbs) hydraulic grips for conducting fatigue tests on full-thickness X100 pipeline specimens. The grips arrived and are planned for installation by Oct 31. Fatigue specimens are machined and ready for the conduct of this part of the program. For much of this effort, test specimens will be fatigued such that the crack will be propagating in the axial direction. NIST presented two papers at IPC in September 2006. One of these papers, “Fatigue Crack Growth Rates in Pipeline Steels and Fatigue Life Prediction” detailed some of the work that was done in the earlier phase of our pipeline program. This new research will expand on the earlier efforts.
 Hydrogen charged fatigue crack growth
Six compact tension specimens have been machined and modifications have been made to the test machine in order to conduct fatigue crack propagation tests. The system software has been verified and reference fatigue data has been generated in air for the CT type samples. One sample has been hydrogen charged and is ready for fatigue testing to compare with the reference data. Data on this sample should be available by Oct 31.
CTOA testing and modeling
CTOA specimens have been machined and testing is underway on girth direction fracture specimens. Previous efforts were focused base metals with cracks oriented in the axial direction. The current effort will examine fracture resistance along the girth weld and  girth heat affected zone (HAZ) as well as base metal in the girth direction. In addition, seam weld CTOA specimens are being machined to study ductile fracture resistance in the HAZ of the seam weld and weld metal. The second paper submitted to the IPC, “Crack Tip Opening Angle: Measurement and Modeling of Fracture Resistance in Low and High Strength Pipeline Steels” was presented in September 2006. Our new efforts on CTOA will supplement the research presented in that paper. Measurements across an X100 girth weld, figure 1, shows the effect of the weld and heat affected zone on the CTOA. The region of stable crack growth is from approximately 7 mm to approximately 42 mm in this figure. It is clear from this plot that the HAZ is more ductile than the base metal and that the base metal is more ductile than the weld metal. 
We are currently modifying the image data acquisition system in hopes of streamlining the CTOA measurements, but only if the data quality is as good as current methods.
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Figure 1. CTOA versus crack extension across an X100 girth weld.

In support of the DOT/PHMSA pipeline program, NIST purchased a new control system for a high-rate CTOA fracture test system. The controller arrived in September 2006 and should be operational by the end of October. High-rate CTOA testing, using the double cantilever beam specimen design has not been done before and problems dealing with optical data acquisition, high speed data acquisition and instrumentation for high speed crack measurement will need to be resolved. We are reviewing specifications on high speed cameras capable of imaging the crack tip at speeds similar to those of a running crack. 
Finite Element Analyses

For quasi-static crack growth: An elastic-plastic finite element code, FRANC2D/L (FRacture ANalysis Code 2-D/Layered), is being used to predict the stable tearing behavior in the MDCB fracture tests (CTOA). A two-dimensional elastic-plastic finite element analysis, using a critical CTOA fracture criterion, is being used to calculate the applied load vs. crack extension behavior. The elastic-plastic analysis employs the initial stress concept based on incremental flow theory and the assumption of small strain. A multi-linear representation of the uniaxial stress-strain curve is being used in the analysis with the Von-Mises yield criterion. Our FEM calculated crack extension behavior for plane stress analysis (in the cracked region) agrees well with the experimental measurements.

For dynamic crack growth: Several steps are relevant for this simulation in order to understand the elastic plastic anisotropic X100 steel and the dynamic damage. An elastic-plastic finite element code, ABAQUS, is being used to predict the dynamic crack growth. For the anisotropic elasto-plastic behavior of the material a simple model (Hill) will be used and then we will employ a more elegant model (Barlat or Chaboche). For the damage process, a simple law (Lemaitre) will be used and then we expect to switch to a more complex law (Gurson and Tvergaard). A micromechanically based damage law (like Gurson) seems better because the metallurgists will be able to draw some physical conclusions about how to improve the steel.
The strain rate sensitivity of several grades of pipeline steel has been investigated using a Kolsky Bar technique at NIST Gaithersburg. For a running ductile fracture in a gas pipeline, the ability of a steel to strengthen near the crack tip, where the strain rate is very high, has an important impact on the propagation and arrest behavior of the fracture. The flow stress of the various grades is measured in compression tests at strain rates of 2500 s-1 using the Kolsky Bar, and the results are compared to quasi-static yield stress measurements to estimate how rapidly these steels strengthen with strain rate. Figure 2 plots the strain rate sensitivity exponent, m, versus the static yield strength for each steel tested. Stronger grades exhibit progressively less strain rate sensitivity, as indicated the decrease in m, than weaker grades. As a result, stronger steels have less capacity to strengthen around the crack tip, limiting their ability to resist ductile fracture propagation.  It is interesting to note that X100 steel has an "m" significantly above the trendline established by all the lower strength steels.  Thus, this particular X100 alloy pipe should perform better in high rate fracture situations than would be predicted from correlations based on lower strength pipeline steels.  The results of these tests will be used to model the fracture behavior of different steels to determine whether high strength steels can be designed to provide both high strength and enhanced strain rate strengthening capacity for optimal fracture resistance. 
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Figure 2. Strain rate sensitivity versus yield strength.

Fracture surface examination
Fracture surface examinations are being done on failed specimens and hardness traverse measurements are being conducted in order to have a better understanding of the mechanisms involving ductile fracture and arrest on X100 pipeline material. Hardness measurements are conducted at 0 .25 to 0.5 mm intervals across the seam welds and girth welds, including the base metal, HAZ and weld metal. We found no surprises in the hardness traverse measurements. Hardness measurements were taken at the weld cap and weld root and at t/4, t/2 and 3t/4, as shown below in figure 3. In addition, hardness traverses were made across the thickness of the base metal in 2 areas and the weld metal in order to evaluate material property variation through the thickness, as shown in figure 4.
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Figure 3. An etched cross-section of a seam weld on X100 pipeline showing line of hardness traverse.

Data from three of the hardness traverses on the seam weld are shown below in figure 4. Not surprisingly, the HAZ proves to be the softest of the three regions (base metal, HAZ and weld) and the weld is the hardest.
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Figure 4. Three hardness traverses across the seam weld pictured in figure 2. 
In addition to the hardness measurements made on the seam weld, hardness traverse measurements were made on the girth weld as well. Data has been generated, but is not yet available in graphical format. 

Method for determination of yield strength in high strength pipeline steels and welds
A plan is in draft for consideration of this task. We will use existing yield strength data as well as data generated from various high strength pipeline steels available to us.
Reporting
This is the second quarterly report under agreement number DTPH56-06-X-000029. The next quarterly report will be submitted in 3 months. Three staff members attended the IPC conference in Calgary in September 2006 to present papers on the work that was completed thus far under a previous effort sponsored by the DOT/PHMSA.
