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ABSTRACT 

Fracture toughness and fatigue crack growth (FCG) behaviours of structural materials for applications in 

prototype fast breeder reactor   are being characterized in the authors’ laboratory. Also, the effect of ageing on these 

properties has been evaluated after ageing over a range of temperatures and durations. The operating temperature 

ranges for these components often fall in the dynamic strain ageing (DSA) regime for these materials.  In these 

studies, several manifestations of DSA, like decrease in fracture toughness, reduction in FCG resistance etc have 

been observed under various test and material conditions. These results are presented and discussed with reference 

to the need for considering these effects while generating the data for the design and integrity assessment of 

components. Also, concerns regarding experimental evaluation of these properties are highlighted. 

 

INTRODUCTION 

 

The integrity assessment of components of the prototype fast breeder reactor requires the fracture and 

fatigue crack growth properties of the materials at the operating temperatures. Since, failure of the welded 

components occurs invariably in the weld,  the integrity of these components is decided by that of their welds and 

characterization of the fracture behaviour of the welds  assumes special significance. Towards this, the fracture 

toughness and fatigue crack growth (FCG) parameters of both base and weld materials of SS 316L(N) – the major 

structural material in the reactor side and modified 9Cr-1Mo steel – the steam generator material have been 

characterized at Materials Technology Division, IGCAR. Also, the effect of ageing on these properties has been 

evaluated after accelerated ageing and service temperature ageing over a range of temperatures and durations. The 

operating temperature range for these components often fall in the  dynamic strain ageing (DSA) regime for these 

materials. The temperature dependence of mechanical behaviour of  alloys are significantly influenced by DSA, as 

discussed in the next section. This emphasizes the need to evaluate the properties at the operating temperatures.  In 

the fracture and FCG studies on the PFBR material, several manifestations of DSA have been observed under 

various test and material conditions.  The present paper aims at highlighting some of the indications of DSA as 

observed in fracture and FCG tests, emphasizing the need for caution in interpolating these data across the DSA 

regime.  

 

Dynamic Strain Ageing  
Dynamic strain ageing (DSA) is a phenomenon caused by the interaction between dislocations and solute 

atoms. Serrated yielding, i.e., serrations or irregularities in the load vs elongation plots in a tensile test is one of the 

well known manifestations of DSA. Typical load- elongation plots depicting different types of serrations observed in 

tensile tests are presented in Fig. 1. Other manifestations of DSA in tensile deformation are observed as anomalies in 

the variation of tensile properties with temperature; these include, a hump in the yield stress,  a plateau in the  UTS, 

a dip in the ductility and a negative strain rate sensitivity [1]. DSA behaviour of many austenitic and ferritic steels in 

tensile tests has been the subject matter of many a studies [2-7]. Different types of serrations have been observed in 

these materials depending on the material condition, testing temperatures and strain rates, and the solute species 

responsible for the DSA phenomenon. It is also, widely recognized that DSA occurs in certain widows of strain rate 

and temperatures [2]. This window would also depend on the material conditions, like the thermomechanical 

treatment.  
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Fig. 1: Typical load elongation plots from tensile tests depicting the various types of serrations  

 

Influence of DSA on the low cycle fatigue behaviour of these SS 316L(N) and 9Cr-1Mo steel and their 

variants including welds has also been extensively studied [8-10]. DSA was found to manifest in the cyclic stress 

response of SS 316L(N) base material in the temperature range 773–873 K, as  negative strain rate dependence of 

stress response in general,  and of half-life stress specifically, which was accompanied by serrated flow, only at 

certain temperature and strain rate combinations.  In the DSA regime, enhanced degree of slip planarity and 

inhomogeneity of deformation is observed in SS 316L(N) base material. This exerts a profound influence on the 

fatigue life. The stress concentration associated with the intersection of planar slip bands with the grain boundaries 

contributes to internal grain boundary cracks and a reduced fatigue life.   

 

The influence of DSA on the fracture behaviour of many alloys has been examined in the literature [11-20]. 

While, in general, a decrease in toughness as measured by various fracture parameters and also the area under the 

tensile stress-strain curve are reported, it appears that not always DSA has a detrimental influence on the properties 

[11]. There are results indicating that there is no influence of DSA on the JIc values for A516 Gr70 steel [12] and on 

SA 508 steel [13].  However, Kang and Kim [13] report that the different methods used for online crack length 

measurement differ in their efficacies in identifying the influence of DSA on the initiation fracture toughness.  

Similar observations were reported for a type 403 grade martensitic steel [14,15]. Dubey et al [14] report that JIc 

does not decrease consistently  with temperature  but dJ/da does. Gupta et al [15] on the other had report that both JIc 

and dJ/da decrease  in the DSA regime. On the other hand,  Srinivas et al [16,17] report a peak in fracture toughness 

as determined by JIc for Armco iron at 473 K. However, in the same study, it is reported that the tearing resistance as 

reflected by dJ/da, i.e., the slope of the J-R curve, exhibits a decrease in the DSA regime with a minimum at 423 K. 

Thus, DSA may be anticipated to lead to anomalies in the fracture toughness and fatigue crack growth behaviour of 

the steels and their weld being evaluated in our studies.  Thus, there is a need to assess the influences of DSA in the 

particular material in the desired temperature ranges.  

 
EXAMPLES FROM FRACTURE STUDIES 

 

In a study to assess the effect of ageing on the ductile fracture toughness of modified 9Cr-1Mo steel [21], 

discontinuities in the load (P) – displacement (v) plots were observed for the normalized and tempered (NT) material 

tested at 653 K (Fig. 2). This was accompanied by pop-in crack extensions as evidenced by intermittent local brittle 

zones on the fracture surface on an otherwise ductile dimpled morphology of the fracture surface (Fig. 3).  In all NT 
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specimens tested at 653 K, pop-in was accompanied by an audible cracking sound.  The fact that such signatures 

were not observed in thermally aged materials at any temperature in tests in the range 298 - 803 K or in the NT 

material at other temperatures indicated the possible role of DSA. There have been only a few such pop-ins in any 

single test. This can be attributed to the fact that, for the DSA effect to manifest as a discontinuity in the load-

displacement plot, a critical concentration of dislocations vis-à-vis that of solutes is required. However, in this 

campaign where online crack length measurement was not available (this campaign used multiple specimen method 

for establishing the Jnom-∆a curves), any possible effect of DSA on J0.2 values or the tearing modulus could not be 

ascertained. Thus, the choice of the method of establishing J-∆a curves should consider the possible influence of 

DSA on the curves, especially since there is a possibility of overestimating the J0.2 values. Also, it may be noted that 

the normalization method [22-24] cannot be used if the load-displacement data exhibits discontinuities as in this 

case. 

 

 

Fig. 3: Local brittle zones (featureless regions) on the fracture surface of the P91 sample tested at 653 K. 

 

 

In another study on the same material at other strain rates [25], a plateau or minimum in the fracture 

toughness was observed at 653 K, though no discontinuity in P-v plot or major pop-in crack extension were 

observed. Table 1 presents the results. However, tensile tests confirmed a dip in ductility and a marginal increase in 

strength at this temperature.  The lower resistance to fracture is also indicated by the smaller stretch zone width at 

653 K, compared to the other temperatures (Fig. 4). Also, the tearing modulus at 653 K is low compared to that at 

the other two temperatures (Fig. 5), indicating that DSA reduces the resistance to not only crack initiation but to 

growth as well in this material.   
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Fig. 2:  Load (P) – displacement (v) plots for modified 9Cr-1Mo steel (P91) in the normalized and tempered 

material tested at 653 K showing discontinuities. 
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Table 1: Fracture toughness results of P91 samples  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: The stretch zone width at  653 K (b) is lower compared to that at 298 K (a) and 823 K(c). 

 

Fig. 5: The tearing modulus of P91 steel  at different temperatures, indicating the lowest value at 653 K. 

 

 

EXAMPLES FROM FATIGUE CRACK GROWTH STUDIES 

 

The threshold stress intensity factor  results from a study on the FCG behaviour of P91 steel at different 

temperatures are presented in Table 2 [26]. It may be noted that the value of not only the ∆Kth  but the closure 

corrected  ∆Keff,th  too shows a minimum at 653 K.  

 

The optical micrographs showing the crack path on the samples tested at different temperatures are 

presented in Fig. 6. It may be noted that the tortuousness of crack path is similar at 300 and 653 K. This is an 

indicator of similar levels of slip planarity. In ferritic steels with bcc structure, the slip character I expected change

from planar to wavy with increasing temperature as more slip systems become active. However, prevalence of DSA
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Table 2. FCG thresholds for P91 steel at different temperatures 

 

Threshold SIFs, MPa.m
1/2

 
Temperature, K 

∆Kth ∆Keff,th 

300 8.28 5.63 

653 7.35 4.56 

823 7.46 6.35 

 

enhances the slip planarity. The stress concentration associated with the intersection of planar slip bands with the 

grain/lathe boundaries contributes to cracks and  leads to increased crack growth rates and or lower threshold stress 

intensity factors. The fractograph presented in Fig. 7 indicates that pronounced grain boundary cracking takes place 

at 653 K.  Similar results were observed in the FCG studies of a reduced activation ferritic martensitic steel 

developed indigenously, which is being presented in this conference [27].  

 

 

 

 

CONCLUSIONS 

 

Some instances of influence of DSA on fracture toughness and fatigue crack growth behaviour of  materials 

for PFBR applications have been presented. In general there is deterioration in these properties in the DSA 

temperature regime.  These results indicate the necessity to identify the DSA regime, and evaluation of the required 

Fig. 6: Optical micrographs showing crack path tortuousness at (a) 300 K (b) 653 K (c) 823 K.

Fig. 7: Scanning electron micrograph of P91 specimen FCG tested at 653 K. 
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properties in the entire regime such that the results can be used with confidence for the structural integrity 

assessment.  Further, it is to be emphasized that DSA effects become dominant under certain windows of strain rates 

which is again decided by the temperature, since the mechanism is controlled by diffusion of solute elements to 

dislocations. Therefore, it is necessary to generate data at strain rates similar to the actual applications. The DSA 

effect that may prevail in the operating conditions may not be revealed in the results obtained from tests at very high 

loading rates as in the case of, e.g. charpy impact  tests. Empirical correlations between charpy impact energy and 

fracture toughness should be used with caution in such cases.  

 

Also, it is to be acknowledged that while different methods of establishing J-R curves have been suggested 

by the testing standards, not all of them are sensitive to the effects of DSA. For example, the initiation fracture 

toughness or even JIc determined from unloading compliance method or multiple specimen method may not 

necessarily indicate the lower toughness in the DSA regime. These factors need to be considered while testing in the 

possible regimes of DSA.  
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