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embrittle faster than SS 304LN. Therefore, SS 304LN

is the choice of material.

The chemical composition of the SS 304LN material

for MHT system piping of AHWR was finalized and is

given in Table 1 along with corresponding ASME

specification SA 312 Type 304LN [3].

to a decrease in cracking up to 0.16% [5].  Cr and Ni

limits were modified considering the beneficial effect

on LTS behaviour (SS 304 with carbon towards the

lower limit, Cr towards higher limit and Ni towards

lower limit shows better properties compared to SS

304L with carbon towards the higher limit, Cr towards

lower limit and Ni towards higher limit). Phosphorous,

The chemical composition ranges for various elements

have been narrowed down to reduce the scatter in

material properties. The upper limit of carbon has been

reduced to ensure that sensitization during welding

will not occur. Lower limit on nitrogen content has

been specified for compensating strength due to

reduction in carbon. Optimizing corrosion resistance

property and weldability considerations decided the

upper limit on nitrogen content. Nitrogen addition also

enhances resistance to precipitation of certain

undesirable phases in austenitic stainless steel. It has a

refining effect on the solidification structure, leading

Sulphur and Silicon are treated as impurities and lead

to formation of various types of inclusions. P and S

also have adverse effect on weldability of the material

[4]. Considering the adverse effect of Titanium,

Niobium and Copper on weldability, maximum limit

has been specified, althoughno such limits exist in

ASME specification.The maximum limit on Oxygen

has beenspecified, which will lead to reduction in oxide

inclusions and increase in corrosion resistance

although there are no such limits in ASTM

specifications.

Table 1: Chemical composition (product analysis) in weight %
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specimen) show higher FCGR for weld joints (SMAW)

as shown in Fig. 10. FCGR was also been compared

to that given in ASME Section XI. [10] and is shown

in Fig. 10.

Fracture toughness tests require load and Crack Mouth

Opening Displacement (CMOD) for fracture resistance

characterization. Measured load versus CMOD curves

for weld of GMAW and SMAW are shown in Figs. 11

and 12 respectively. Figures indicates that in case of

weld (SMAW) there is rapid load drop as compared to

base. This clearly shows that there is excessive crack

tearing. GTAW has much higher crack tearing resistance

as compared to SMAW. This observation is further

highlighted in fracture resistance (J-R) curves shown

in figure 13a. The figure clearly quantifies that fracture

resistance of GTAW is significantly higher than that

of SMAW. J-R curve of conventional and narrow grove

weld joints are same (shown in Fig. 13 b).

Fig. 10: Fatigue crack growth rate curve for base

and weld

Fig. 11: Comparison of base and GTAW weld joint

Fig. 12: Comparison of base and SMAW weld joint

Fig. 13a: Comparison of J-R curves for SMAW &

GTAW

Fig. 13b: Comparison of J-R curves for SMAW &
GTAW
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Pipes with part through and through-wall notch

were subjected to fatigue loading till the crack

has grown through thickness. Thereafter fracture tests

were carried out on through-wall cracked

pipes. The final through-wall crack size after fatigue

test was taken as the initial crack size for the

fracture tests.

During the test on through-wall cracked pipes, Load

Line Displacement (LLD), load and Crack Mouth

Opening Displacement (CMOD) were recorded. The

crack growth at either tips of the through-wall crack,

the load, angular rotation of the pipe about the support

on either end and vertical deflection of the pipe at

four locations along the length of the pipe were

measured.

Fatigue tests (Level II of LBB)

In these tests, the pipes containing machined notch

were subjected to cyclic loading. Number of cycles to

crack initiation and the evolution of crack shape during

crack growth were monitored. The results of these

studies on crack resistance behaviour of the austenitic

stainless steel pipe and pipe welds can be summarized

as:

. For the typical stress range expected in the

piping of AHWR, the number of cycles to crack

initiation is very large as compared to the expected

number of cycles (Fig. 15).

Fig. 15: Crack initiation and growth with no. of

cycles

. Fatigue crack growth also depends on the

aspect ratio. Aspect ratio (2C/a) at the point

of through thickness lies in the range of 3 to 4

irrespective of the initial notch aspect ratio

(Figs. 16 and17). This provides justification for

the usual assumption in LBB, that for a

reasonable part through crack, the length at

break out (leakage size crack) is not likely

to be more than is normally assumed.

Crack growth in surface direction is more

for the aspect ratio greater than 4 compared

to thickness direction. Notch of semi circular

front (aspect ratio is crack length by

crack depth=2) maintains its shape till

through thickness (Fig. 17). Number of

cycles required for crack to grow through thickness is

very large as compared to those expected during plant

life.

. The use of the fatigue crack growth curve given

in ASME Section XI [10] will produce a conservative

result (Fig. 18).

Fig. 16: Variation of aspect ratio with crack growth
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Fracture Tests (Level III of LBB)

The fatigue test was continued till the crack grew

through-wall. The pipe containing through-wall crack

was subjected to monotonically increasing load till

collapse. Applied bending moment versus bending

rotation, applied moment versus crack extension and

fracture resistance (J-R) curves for the pipe and pipe

weld are shown in Figs. 19-21 for the 168 mm OD

pipe and in Figs. 22-24 for 324 mm OD pipe. Figs.

25 and 26 are the photographs of the 168 mm OD

pipe weld and base respectively. Similarly, Figs. 27

and 28 show the photographs of the 324 mm OD

pipe weld and base.

1. Fracture resistance of pipe is superior as compared

to pipe weld (Figs. 20 and 21, 23 and 24).

2. Initiation of crack growth occurred at a load lower

than the maximum load bearing capacity of the pipe,

e.g. the crack extension at maximum bending moment,

in pipe and pipe weld for 168 mm OD pipe, are 4.5

and 8.5 mm respectively (Figs. 20, 23). This shows

that failure is not due to plastic collapse alone and

therefore fracture mechanics has a role in the prediction

of instability condition in pipes.

3. Drop in bending moment after maximum moment

is faster in weld (Figs. 19 and 22).

Fig. 17: Fracture surface showing crack shape during fatigue crack growth

Fig. 18: Comparison of crack growth rate curve
from pipe tests and ASME

Fig. 19: Moment rotation curve - 168 OD

Fig. 20: Moment-crack extension 168 OD
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(Figs. 23, 24). This indicates that fracture resistance

of pipe and SMAW weld differ considerably whereas

in case of GTAW weld, this difference is not

significant. Thus there is a substantial incentive in

employing GTAW for welding of SS pipes.

Fig. 21: J-R curve 168 OD

Fig. 22: Moment rotation curve - 324 OD

Fig. 23: Moment-crack extension 324 OD

4. In the case of 168 mm OD pipe (GTAW weld),

the crack extension in pipe (base) and the pipe (weld)

are comparable (Figs. 20, 21).  But in case of 324

mm OD pipe (GTAW + SMAW) weld, the crack

extension is much more than that seen in base

Fig. 24: J-R curve - 324 OD

Fig. 25: Pipe weld of 168 mm OD

Fig. 26: Pipe base of 168 mm OD
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Conclusions

1. Among the various low carbon grades of

austenitic stainless steels viz. SS 304L, 316L,

304LN and 316LN, choice of SS 304LN is based

on its satisfactory low temperature sensitization

behaviour and superior low temperature

embrittlement behaviour which are important

for a targeted life of 100 years.

2. The IGSCC resistance is further improved by

adopting high deposition rate (hot wire GTAW)

process and narrow gap technique, which has

shown reduced residual stresses as compared

to conventional welding. Further during

welding, the margin on sensitization in terms

of time temperature (cooling rate) is higher in

case of hot wire GTAW.

3. Gas Tungsten Arc Welding gives much better

fracture resistance as compared to Shielded

Metal Arc Welding.

4. A combination of narrow gap technique and

hot wire GTAW will provide an added assurance

against failure due to IGSCC/fatigue/fracture.

5. Number of cycles for crack initiation in AHWR

piping is considerably higher than the number

of cycles anticipated during the design life.

6. The use of the fatigue crack growth curve given

in ASME Section XI will produce a conservative

result where as Paris constants determined for

this material using CT specimen give good

prediction.

7. Crack growth in depth direction is more

than that in length direction. Aspect ratio

(2C/a) at the point of through thickness lies in

the range of 3 to 4 irrespective of the initial

notch aspect ratio, thus favouring Leak-before-

break.

8. The load carrying capacity of a through-wall

cracked pipe is higher than the maximum

credible loading due to a Safe Shutdown

Earthquake. Thus, AHWR piping has been

shown to satisfy the Leak-before-break criterion.

9. Suitable multiplication factor has been suggested

for prediction of limit load of pipe welds (GTAW

and SMAW) based on flow stress of the base

material.

Table 4: Comparison of experimental and analytical limit loads

* PB6-Pipe base material-OD 6"; PW6-Pipe Weld material-OD 6"
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