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ABSTRACT. SS 316Ti is widely used in bellows industry and is a good 
candidate material for high temperature bellows in sodium cooled fast reactor 
(SFR) systems. Typical operating temperature experienced by SFR systems is 
around 823K. Design of bellows for nuclear applications need to be in 
compliance with the standard design codes such as ASME section-III and 
RCC-MR. The fatigue data and cyclic stress strain curve of SS316Ti are not 
available in design codes such as RCC-MR or ASME section-III/NH. Hence, 
the material data required for high temperature design of bellows are 
generated experimentally. Initially, the basic tensile data such as yield strength, 
ultimate tensile strength and % elongation of the material were obtained from 
tensile testing at 823K. Low cycle fatigue tests were carried out in strain 
controlled mode on SS316Ti at 823K different strain ranges in air and 
variation of number of cycles with strain range was obtained. Creep-fatigue 
interaction (CFI) experiment was also conducted at 823K and strain amplitude 
of ± 0.4% with 1 minute hold time in peak tensile strain. The stress response 
(peak stress variation with number of cycles) of the material showed 
continuous hardening up to saturation followed by crack nucleation and final 
failure. The fatigue life was found to decrease with increase in strain range. 
The fatigue life decreased in presence of hold period in tension. The design 
fatigue curve for SS316Ti at 823K has been generated using the LCF data by 
incorporating factors of safety on strain and number of cycles. Cyclic stress 
strain curve was generated for the material at 823K. The tensile, LCF and CFI 
data generated will be useful in design of SS316Ti bellows for SFR systems. 
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INTRODUCTION 
 

16Ti stainless steel is a titanium-stabilized grade of Type 316 austenitic stainless steel. Type 316 stainless steels are 
generally susceptible to sensitization in the temperature range of 500ºC to 850ºC due to the formation of grain 
boundary chromium carbides resulting in reduction in corrosion resistance [1]. Resistance to sensitization is achieved 3 
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in Type 316Ti with titanium additions by the formation of titanium carbide against chromium carbide precipitation [1]. SS 
316Ti is widely used in bellows industry and is a candidate material for the bellows operating at high temperature in sodium 
cooled fast reactor (SFR) systems [2]. Bellows are generally used in piping system to absorb the differential thermal 
expansions and in bellow-sealed valves to prevent the entry of the process fluid to external environment. Typical applications 
of the bellows are given in Fig. 1. 
Bellows are subjected to pressure and movements (axial, lateral and angular). Bellows are specified mainly with their design 
pressure and fatigue life for the rated movements. Thickness of the bellows ply is decided based on the design pressure. 
However, the remaining design parameters such as pitch, depth of convolution, and number of convolutions are decided 
based on the fatigue life expectancy of the bellows. 
Design of the bellows in conventional system is carried out by using standards of expansion joints manufacturer’s association 
(EJMA) [3]. However, design methodology of the bellows SFR systems shall comply with standard design codes for nuclear 
systems such as RCC-MR or ASME boiler and pressure vessel code, section-III [4,5].  A typical operating temperature in 
SFR systems is around 550oC. Design of the bellows against fatigue as per RCC-MR requires material properties such as 
cyclic stress-strain curve, design fatigue curve (strain range versus number of cycles). The material properties of SS316Ti are 
not available in RCC-MR. 
Creep-fatigue interaction (CFI) testing is generally carried out by imposing strain hold in continuous cycle fatigue either in 
tension or compression or both. The presence of hold time results in stress relaxation which in turn leads to creep damage 
in the material. The response of materials to application of hold depends upon the microstructure, duration of hold, location 
of hold, environment and temperature. More deleterious effects of tensile hold compared to equal compressive hold have 
been observed in many materials such as austenitic stainless steels (SS 304, SS 316 and their modified grades) and some 
superalloys [6-11]. 
Very limited data exist on the mechanical properties of 316Ti SS in open literature. The present investigation has been 
carried out to evaluate the mechanical properties such as tensile, low cycle fatigue, and creep-fatigue interaction of the 
material. 
 

 
Figure 1: Typical applications of bellows in SFR systems (a) Bellows sealed sodium valve and (b) bellows in piping system to absorb 
thermal expansions. 
 
 
EXPERIMENTAL 

 
he 316Ti austenitic stainless steel (SS) has been used for the present investigation. The chemical composition of the 
material is shown in Tab. 1. The plate was received in solution annealed condition, with the chemical and the 
mechanical properties confirming to ASTM A240. The plate was heated to a temperature of 1311 K followed by 

water quenching. Tensile test was carried out at 823 K and at a strain rate of 3×10-3 s-1 in air environment. The low cycle 
fatigue experiments were carried out on 316Ti SS at different strain amplitudes ranging from ± 0.25% to ± 0.8% in air 
environment at a strain rate of 3×10-3 s-1 and 823 K. The gauge length and diameter of the specimen were 15 mm and 6 
mm, respectively. The schematic of specimen is shown in Fig. 2. All the tests were carried out in air under fully reversed, 
total axial strain control mode employing a symmetrical triangular strain-time waveform using DARTEC servo hydraulic 
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fatigue testing system. The creep-fatigue interaction test was also conducted at total strain amplitude of ± 0.4 % with 1 
minute hold at peak tensile strain. 

 

Element C Mn Si Ni Ti Cr Mo S P Fe 

wt.% 0.018 1.89 0.27 10.81 0.19 16.9 2.14 0.001 0.04 Bal. 
 

Table 1: Chemical composition of 316Ti stainless steel (wt. %) 
 

 
Figure 2: The schematic of specimen used for LCF and CFI testing. 

 
 

RESULTS AND DISCUSSION 
 

ensile test was carried out at 823 K and at a strain rate of 3×10-3 s-1. The engineering stress-strain curve obtained 
from the tensile test is shown in Fig. 3. The tensile properties evaluated for the steel are given in Tab. 2. 
Dynamic strain ageing (DSA) during tensile deformation is generally manifested as serrated yielding in the stress–

strain curve, Fig. 1. The DSA occurs at certain strain rate and temperature ranges and is a characteristic of the material and 
its microstructure [12]. Generally, the DSA occurs due to the interaction between solute atoms and dislocations at 
temperature where the mobility of solute is sufficient to lock mobile dislocations [13]. The serrations in the tensile curve or 
hysteresis loops in fatigue associated with the repeated locking and unlocking of dislocations in solute atmospheres. Ganesan 
et al. studied the effect of nitrogen on DSA behaviour of 316 LN SS during tensile test [13]. Serrated flow was observed in 
the stress-strain curve for tensile tests in the intermediate temperature range of 773–973 K. 
 

 
 

Figure 3: The engineering stress-strain curve of the steel obtained from tensile test at 823 K. 
 

Elastic modulus, 
MPa 

Yield stress, 
MPa 

Ultimate tensile 
strength, MPa 

Uniform 
elongation, % 

Total 
elongation, % 

154000 151 394 25.8 32.1 
 

Table 2: Tensile properties of the material at 823 K 
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Pure fatigue tests were carried out on SS316Ti specimens at 823 K at different total strain amplitudes. The cyclic stress 
response of the alloy is shown in Fig. 4. The material showed continuous hardening followed by saturation for a brief time 
period and the decrease in peak stress due to the formation of macro-cracks. SS 316 and other grades of stainless steels are 
used in solution annealed condition; an initial hardening is quite expected during fatigue cycling in this material [6,7,14]. The 
initial hardening in this material generally occurs due to the dislocation generation and their mutual interactions as well as 
interactions between mobile dislocations and the solute atoms present in the matrix.  
DSA during cyclic deformation is observed in the form of serrations in the hysteresis loops, Fig. 5. Various other 
manifestations include pronounced cyclic hardening, increase in stress response with increase in temperature, decrease in 
plastic strain with increasing temperature or decreasing strain rate (negative strain rate sensitivity) [15]. The influence of 
DSA on dislocation substructure in austenitic stainless steels has been studied by Rao et al. [16]. At room temperature, 
well developed dislocation cell structure was observed. However, in the DSA range, the tendency from cell to planar slip 
bands was observed [16,17]. It is interesting to note that the serrations in the hysteresis loop disappear slowly with cycling, 
Fig. 5. Similar observation has been reported by Goyal et al. on 316 LN SS at 873 K [18]. Sarkar et al. observed the DSA 
during LCF of 316 LN SS in the temperature range of 823-923 K [19].    

 
 

Figure 4: The cyclic stress response of 316Ti SS at 823 K under total strain controlled cycling. 
 

 
 

Figure 5: Occurrence of dynamic strain ageing during low cycle fatigue testing at 823 K and at strain amplitude of ± 0.5%. 
 
The influence of total strain amplitude on fatigue life of the material is shown in Fig. 6.  The fatigue life decreased with 
increase in total strain amplitude. The variation of low cycle fatigue life with total, plastic and elastic strain amplitudes has 
been analyzed on the basis of strain-life relationship, which is defined by the following equation: 

   2 2
2

f b ct
f f fN N

E
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where, t, Nf, E, f, f, b, c are total strain range, fatigue life, Young’s modulus, fatigue strength coefficient, fatigue ductility 
coefficient, fatigue strength exponent and fatigue ductility exponent respectively. The elastic and plastic strain amplitudes 
were obtained from the stabilized hysteresis loops at respective total strain amplitudes. The values for the coefficients for 
316Ti SS determined from least square fit are given in Tab. 3. 
Hardening characteristics exhibited by the material are reflected in the cyclic stress-strain behavior as shown in Fig. 7. From 
the locus of the stress-strain maxima of the stable hysteresis loops of different strain amplitudes, cyclic stress-strain curve 
can be represented by a power law equation as follows: 
 

  / 2 2 n
pK                (2) 

 
where, , p, K, n are stress range, plastic strain range, cyclic strain hardening coefficient, cyclic strain hardening 
exponent, respectively. The value of K and n obtained by least square method is given in Tab. 3. 

 
Cyclic stress strain curve 

coefficients Basquin relation coefficients Coffin-Manson relation 
coefficients 

K n f b f c 
1326 MPa 0.259 1052 MPa -0.147 0.13 -0.51 

 

Table 3: Values of coefficients of strain-life relation for 316Ti SS 
 

 

Figure 6: Strain- life plots for SS 316Ti at 823 K. 
 

 

Figure 7: The cyclic stress-strain curve of SS 316Ti at 823 K. 
 

Fractographic studies conducted on failed fatigue tested samples revealed the crack initiation and propagation as 
transgranular, Figs. 8(a) and (b). Crack initiation occurred at surface connected slip bands and crack propagation is reflected 
by fatigue striations on fracture surface, Figs. 8(a) and (b), respectively. Transgranular crack propagation was observed for 
1 minute tensile hold test also. 
Since the LCF damage is mainly due to the accumulation of plastic strain, the hysteresis loop energy approach can provide 
accurate estimation of fatigue life of the material [20,21]. The relationship between fatigue life and hysteresis loop energy 
follows linear relationship on log-log plot and can be represented as power law relation 
 

 2
b

t fW A N            (3) 

where, tW  is the strain energy density at half life, 2Nf  is the number of reversals to failure and A and b are material 
constants. The energy was calculated from the integration of hysteresis loop area at stabilization. The plot is shown in Fig. 
9. The value of constants A and b were found to be 454.78 and -0.689 respectively. 
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Figure 8: The fracture appearance of the fatigue tested specimen at ± 0.8 % strain amplitude (a) crack initiation sites and (b) transgranular 
crack propagation in the material. 

 

 
 

Figure 9: Variation of hysteresis loop energy as a function of number of reversals for 316Ti SS. 
 

Creep-fatigue interaction test was conducted at strain amplitude of ± 0.4% with hold time of 1 minute in peak tensile strain. 
The stabilized hysteresis loops for continuous cycling with and without hold time are shown in Fig. 10. The fatigue life of 
the material decreased in presence of tensile hold compared to the continuous cycling at same strain amplitude (± 0.4%) 
and temperature (823 K), Tab. 4. 
The introduction of the hold time at maximum tensile strain allows for the conversion of elastic strain to plastic strain and 
results in the stress relaxation. The stress relaxation results from the creep deformation in the specimen resulting in creep 
cavitation on the grain boundaries. The amount of stress relaxation was found to be significantly lower than that of ferritic 
steels and superalloys, Tab. 4 [11,22]. The stress relaxation is generally found to occur from the creep deformation in the 
specimen interior that can result in cavities on grain boundaries. These internal grain boundary cavities interact with a 
propagating fatigue crack to result in an enhanced crack growth rate.  
The material properties generated in these experiments are useful for design of bellows made of SS316Ti as per RCC-MR 
design code for SFR applications. 
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Figure 10: The stabilized hysteresis loop for ± 0.4% strain amplitude with and without hold. 

 
 

Nf (continuous 
cycling: ± 0.4%) 

Nf (1 minute tensile 
hold: ± 0.4%) 

Amount of stress relaxed at 
half life 

2060 1735 9 MPa 
 

Table 4: Comparison of creep-fatigue life with continuous cycling 
 
 

CONCLUSIONS 
 
ased on the investigation of low cycle fatigue and creep-fatigue interaction tests on SS316Ti at 823 K, following 
conclusions can be drawn: 
1. The material showed significant cyclic hardening followed by saturation and final fracture during cyclic 

loading. 
2. The fatigue life decreased with increase in strain amplitude. 
3. Dynamic strain ageing was observed in the material during initial cycles which disappeared with further cycling. 
4. The creep-fatigue interaction life was found to be lower than that in pure fatigue experiment. 
5. The tensile and fatigue data generated will be useful for the design of SS316Ti bellows.  
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