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ABSTRACT 

During the Second Intemational Piping Integrity Research Group (IPIRG-2) program, it was found that sulfur 
content has a significant influence on fracture toughness properties of stainless steel pipe. Two heats of Type 304 stainless 
steel pipe (designated A8i and A8ii) had radically different J-R curves. The main difference in chemical composition 
between the two heats was the sulfur content. For both heats, J-R curve testing was performed for a variety of load histories: 
quasi-static monotonic, dynamic monotonic, quasi-static cyclic (R =-0.3 and-1.0), and dynamic cyclic (R =-0.3) loading. It 
was found that regardless of load history, the J-R curves for the low sulfur heat (0.002 percent by weight) were about twice as 
high as the corresponding J-R curves for the higher sulfur heat (0.019 percent). 

Subsequent to the IPIRG-2 program, a sensitivity study was undertaken in which the effect of sulfur content on load- 
carrying capacity of stainless steel pipe was studied. During that study heats of stainless steel with varying amounts of sulfur 
were found in the PIFRAC database. The sulfur contems varied from 0.002 percent to 0.030 percent (maximum allowable 
for Type 304 stainless per the ASTM standard). A very consistent trend was observed when examining the fracture 
toughness data as a function of sulfur content. The heats with sulfur contents less than 0.015 percent had J-R curves that 
were about twice as high as those with sulfur contents greater than 0.015 percent. Fracture analyses were then conducted for 
a series of sample pipe cases to see what effect these differences had on the load-carrying capacity of both through-wall and 
surface-cracked pipe. It was found that the predicted load-carrying capacity of the higher sulfur (lower toughness) stainless 
steels were about 10 to 15 percent less than those for the lower sulfur (higher toughness) stainless steels. 

In addition to the above analyses, three cyclically-loaded pipe-system experiments were conducted during the IPIRG 
and Battelle Integrity of Nuclear Piping (BINP) programs. Each experiment involved one of the two heats of A8 stainless. 
The cyclic load histories for the three experiments were quite different, i.e., a single-frequency excitation and two very 
distinct seismic histories. The key finding from these experiments was that the load history had minimal (10 to 15 percent) 
impact on the load-carrying capacity. This finding must be qualified, however, because this may not have been the case if a 
lower toughness material, for which cyclic effects on toughness may be more pronounced, had been used. 

INTRODUCTION 

In the late 1970's Battelle-Columbus conducted a program for the Electric Power Research Institute (EPRI) 
investigating the fracture behavior of flawed stainless steel pipe (Ref. 1). As part of that program EPRI donated several 
lengths of 16-inch diameter, Schedule 100 Type 304 stainless steel pipe to the program for testing. At the time, it was 
assumed that each of these pipe lengths were from the same heat. Sections of this pipe were subsequently used as test 
specimens in a number of full-scale pipe-system 'experiments conducted as part of the two International Piping Integrity 
Research Group (IPIRG) programs (Refs. 2 and 3) and the on-going Battelle Integrity of Nuclear Piping (BINP) program. 

During the course of the Second IPIRG program (Ref. 4) it was discovered that these lengths of pipe that had been 
donated by EPRI were not from the same heat, as originally suspected, but from two different heats. Chemical analyses 
revealed that the chemistries of the two heats were generally similar, except for the sulfur content, see Table 1. One had a 
very low sulfur content (0.002 percent) while the other had a much higher sulfur content (0.019 percent). Note, the 
maximum allowable sulfur content for Type 304 stainless steel per the ASTM standard is 0.030 percent. The effect of the 
sulfur content is seen in the fracture toughness (as measured by the J-R curve) as evidenced by the higher sulfur heat 
material's toughness being appreciably lower than the fracture toughness of the lower sulfur heat, see Figure 1. Tensile 
properties for the two heats were comparable. Also, from Figure 1, it can be seen that the effect of sulfur content on the J-R 
curves is more pronounced for the quasi-static, monotonic load history than it is for the quasi-static, cyclic (R = -1) load 
history. 
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Table 1. Chemical compositions for 
two heats of stainless steel donated 

by EPRI 

A8i 

0.055 

A8ii 

0.043 

ASTM 
(max) 
0.08 

1.37 1.78 2.00 
0.022 0.022 0.045 
0.002 0.019 0.030 
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Figure 1. J-R curves for two heats of stainless steel pipe donated by EPRI (A8i and A8ii) 

SENSITIVITY STUDY ON THE EFFECT OF SULFUR CONTENT ON THE MOMENT-CARRYING CAPACITY 
OF CRACKED STAINLESS STEEL PIPES 

In order to examine what effect sulfur has on pipe fracture behavior, a small sensitivity study was conducted. As 
part of this effort fracture toughness data (in terms of J-R curves) for a number of stainless steel piping materials were 
extracted from records of previous experiments documented in the PIFRAC database (Ref. 5). J-R curves for seven pipe 
materials, with sulfur contents ranging from 0.002 percent to 0.030 percent, were extracted from PIFRAC ~. Table 2 presents 
the measured sulfur contents for each of these pipe steels. Figure 2 is a plot of J-R curves for these materials. Each of the J- 
R curve tests represented in this figure was conducted at a temperature of 550 F. The load history was quasi-static, 
monotonic in each case. As can be seen in Figure 2, the J-R curves are in two distinct groupings. The J-R curves for the four 
materials with sulfur contents less than 0.011 percent are about twice as high as the J-R curves for the three materials with 
sulfur contents greater than 0.018 percent. Furthermore, for this limited data set, it appears that the J-R curves reach a 
saturation point, where higher values of sulfur content do not appreciably lower the J-R curves. 

Only sulfur content was examined in this investigation, however, there may be other impurity elements that may also play a 
role in determining the fracture toughness properties of stainless steels. 



Table 2. Sulfur contents of pipes 
analyzed in sensitivity study 

Material 
Designation 

DP2-A5 

Sulfur 
Content 

0.018 
DP2-A8i 0.002 
DP2-A8ii 0.019 
DP2-A23 0.011 
DP2-A35 0.010 
DP2-A45 0.005 
DP2-A52 0.030 

Numeric estimates of the maximum moment carrying capacity for different flawed piping configurations were then 
predicted by J-estimation scheme pipe fracture analysis routines incorporated in NRCPIPE and NRCPIPES. The through- 
wall crack predictions were made using the LBB.ENG2 J-estimation scheme (Re£ 6) and the surface crack predictions were 
made using the SC.TNP 1 J-estimation scheme (Re£ 7). Figures 3 and 4 are plots of the predicted maximum moments for a 
through-wall crack and surface crack, respectively, in a 16-inch diameter, Schedule 100 pipe as a function of the sulfur 
content. In each of these figures the maximum moments have been normalized by the Net-Section-Collapse limit-load 
moment. For the through-wall crack case (Figure 3), the initial through-wall crack length was 6-inches long (approximately 
12 percent of the pipe circumference) which is a typical-size crack for a leak-before-break (LBB) evaluation. For the surface 
crack case (Figure 4), the initial crack was 25 percent of the pipe circumference in length and 50 percent of the pipe wall 
thickness in depth. As can be seen from both Figures 3 and 4, the analyses for the higher sulfur content steels (with 
corresponding lower J-R curves) resulted in lower predicted maximum moment capacities, but the reduction in moment 
capacity was only about 10 to 15 percent in each case. 
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Figure 2. J-R curves extracted from PIFRAC for seven stainless steel pipe materials 
analyzed in sensitivity study 
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Figure 3. Results of through-wall crack sensitivity study 
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Figure 4. Results of surface crack sensitivity study 
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STAINLESS STEEL PIPE-SYSTEM EXPERIMENTS 

Three full-scale pipe-system experiments were conducted using the two heats of the EPRI-donated pipe (A8i and 
A8ii) as part of the two IPIRG programs and the BINP program. Each experiment was conducted in the IPIRG pipe loop 
facility. Table 3 summaries the test conditions for these three experiments. The test specimens for Experiments 1.3-3 from 
IPIRG-1 and BINP-2 from BINP were fabricated from the higher sulfur content heat of A8 (A8ii) while the test specimen for 
Experiment 1-1 from IPIRG-2 was fabricated from the lower sulfur content heat of A8 (A8i). The test conditions for each of 
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the experiments were comparable (same test temperature [550 F], same test pressure [2,250 psi], and nominally the same flaw 
size [50 percent of the pipe circumference in length and 66 percent of the pipe wall thickness in depth]). The major 
discriminator between the three experiments was the forcing function. Experiment 1.3-3 was a single-frequency excitation 
while Experiments 1-1 and BINP-2 were simulated seismic forcing functions. The BINP-2 simulated seismic forcing 
function was designed to be more damaging than the Experiment 1-1 seismic history in that the Experiment 1-1 seismic 
history had one very large loading cycle at the beginning of the experiment so that the resultant moment-rotation curve 
looked very much like a dynamic-monotonic loading. 

Table 3. Test conditions for three stainless steel pipe-system experiments 

Expt. 
Number 
BINP2 
1.3-3 
1-1 

OD, inch 
16.35 
16.37 
16.42 

Wall 
Thickness, 

inch 
1.016 
1.031 
1.005 

Pressure, 
psi 

2,250 
2,250 
2,250 

Test 
Temp., F 

550 
550 
550 

a/t 
0.508 
0.647 
0.632 

2c/BD 
0.534 
0.552 
0.527 

M a x .  
Expt. 

Moment, 
in-kips 
5.090 
3,770 
5,290 

Table 4 summaries the results from these experiments by presenting the maximum moment-carrying capacities in 
terms of the fracture ratios, i.e., the maximum stress from the experiments normalized by the Net-Section-Collapse stress, 
accounting for the pressure induced membrane stress, Equation 1. 

where, 
Fracture Ratio = ((I3 m n t- (I)b_expt)/((I)m -t-(I3b_NSC) (1) 

l~m--  membrane stress due to pressure, 
(I3b_expt----- experimental bending stress, and 
q~b NSC = Net-Section-Collapse predicted bending stress. 

Table 4. Test Results from 
three stainless steel pipe 

system experiments 

Expt. Fracture 
Number Ratio 
BINP2 0.906 

1.3-3 0.936 
1-1 1.158 

The maximum experimental moments were normalized in this fashion to account for small differences in test 
conditions, i.e., small differences in crack sizes. As can be seen from Table 4, the fracture ratio for Experiment 1-1, which 
had a test specimen fabricated from the low sulfur stainless steel, was approximately 25 percent higher (i.e., higher 
normalized experimental stress) than the fracture ratio the other two experiments, which had test specimens fabricated from 
the higher sulfur stainless steel. Part of this increase in fracture ratio may be attributed to the differences in forcing function 
(i.e., the cyclic damage imparted to the test specimen for Experiment 1-1 may not have been as great as for the other two 
experiments due to the one large plastic load cycle near the beginning experiment), but part of this increase is most likely 
attributable to the higher fracture toughness due to the lower sulfur content. This 25 percent increase in fracture ratio is 
comparable (maybe slightly higher due to differences in load histories) to what was predicted based on the sensitivity study 
discussed above (i.e., 10 to 15 percent increase). 



DISCUSSION 

While it evident that higher sulfur stainless steels have lower fracture toughness (measured in terms of the J-R 
curve) and that this lowering of the J-R curve results in lower load-carrying capacities for cracked piping systems, the 
decrease in load-carrying capacity may not be that great (10 to 20 percent). Considering other uncertainties in such analyses 
(e.g., NDE flaw sizing errors), a 10 to 20 percent reduction in load-carrying capacity may not be that significant. This rather 
modest reduction in load-carrying capacity (10 to 20 percent), in light of differences in J-R curves (100 percent reduction for 
the high sulfur stainless with respect to the low sulfur stainless), may be an artifact of the fact that the absolute toughness 
values of both types of stainless steel (high and low sulfur) are still relatively high such that flawed pipes still fail at or near 
limit-load conditions. If such a reduction in toughness were to occur due to like mechanism in a class of materials with 
generally lower toughness values (e.g., carbon steels or aged cast stainless steels), then the overall affect on load-carrying 
capacity may have been much greater. 

CONCLUSIONS 

As a result of the efforts described in this paper, the following conclusions can be drawn: 
• Higher sulfur content stainless steels have lower fracture toughness values than lower sulfur stainless steels. 
• The net effect of this lowering of the J-R curves on the moment-carrying capacity of cracked stainless steel 

piping is minor (10 to 15 percent). 
• The effect of cyclic load history on the moment-carrying capacity of relatively high toughness stainless steel 

pipe is also minor. However, such an effect may be more significant in lower toughness materials. 
• The combined effect of sulfur content and load history on the moment-carrying capacity of this stainless steel 

pipe is approximately 25 percent, but this effect is still relatively minor, especially in light of other uncertainties 
in such analyses, e.g., NDE flaw sizing errors, etc. 
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