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Abstract 

Dynamic strain ageing (DSA) behavior of modified 9Cr-1Mo steel under uniaxial tensile and constant strain cyclic loading is 
presented in this paper. Tensile tests are carried out at different strain rates from 10-3 to 10-5 s-1 in the temperature range from 
room temperature to 600 °C. DSA has been established in the temperature range between 250 and 400°C in terms of peak in 
tensile strength, minima in ductility, serrated plastic flow and negative strain rate sensitivity. In the region of DSA dislocation 
substructure revealed high density of dislocations and features like kinks and bowing of dislocations are observed. Low cycle 
fatigue behavior was studied at 300°C, over a wide range of strain amplitudes at different strain rates. An inverse effect of strain 
rate was observed on cyclic stress response and fatigue life at 300 °C due to DSA.  
 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

In last decades, the ferritic/martensitic 9-12 % Cr steels have been most widespread for power plants applications 
[1-3]. Among all the ferritic/martensitic steels, modified 9Cr–1Mo steel is very important because of its higher 
thermal conductivity, lower thermal expansion coefficient, higher tensile and creep strength, better weldability, 
higher microstructure stability and resistance to stress corrosion cracking in water–steam systems [4-6]. During 
service, steam generator components are exposed to high temperatures. The temperature gradients in conjunction 
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with operating loads can cause plastic strains to develop low cycle fatigue (LCF) in the component. Therefore, LCF 
represents a vital damage phenomenon at many occasions. Fatigue failure of materials at elevated temperatures is 
influenced by various time and temperature dependent damage processes such as creep, phase transformations and 
dynamic strain ageing (DSA) in the temperature range of their services [7-8]. Different manifestations of DSA 
reported by several investigators include increased ultimate tensile strength, negative strain–rate sensitivity, reduced 
ductility, serrations in the stress–strain plots, higher dislocation density, and increased work–hardening index (n) [7]. 
In certain applications, the strengthening effects of DSA can be used to advantage [9]. DSA has also been found to 
be deleterious to tensile ductility, LCF life, and creep resistance of structural components [7-8]. During tensile 
testing of conventional and modified 9Cr-1Mo steel in normalized and tempered condition, occurrence of DSA was 
reported [10-15]. In the modified 9Cr-1Mo steel, serrations appeared from the beginning of the plastic deformation 
and disappeared before the ultimate tensile strength and serrations were established to be associated with interaction 
of dislocations with interstitial atoms. However, in the conventional 9Cr-1Mo steel, serrations were reported in the 
stress-strain curve after a critical deformation and to be associated with substitutional elements [11]. The effect of 
microstructure on the critical strain for the onset of serrated flow in modified 9Cr–1Mo steel has been studied by 
Chandravathi et al. [10] by soaking the specimens at different temperatures from 800–1350°C and tensile testing in 
300°C. The critical plastic strain to onset of serrated flow was found to increase with hardness of the steel which is 
influenced by the microstructures [10].  

Low cycle fatigue behavior of modified 9Cr-1Mo steel has been studied by many researchers at different 
temperatures and strain rates [16-22], however, very little attention has been paid on LCF in temperature regime of 
DSA.  Decrease in fatigue life due to DSA has been reported by several investigators in ferritic–martensitic steels 
such as JLF–1[23], AISI 430F [24] and austenitic stainless steel [8,25,26]. Influence of temperature and strain rate 
has been studied earlier under cyclic loading in modified 9Cr–1Mo steel at strain amplitude of ±0.60% and DSA was 
observed in the temperature range 300 to 400°C [22].  

The present study deals with detailed investigation of tensile properties of the modified 9Cr-1Mo steel in 
normalized and tempered condition over a wide range of temperature from room temperature to 600°C, at different 
strain rates (10-3 s-1 to 10-5 s-1) and its deformation behavior. Influence of strain rate on the low cycle fatigue 
behavior is also studied to assess the effect of DSA in this steel. 

2. Material and Methods 

The material of present study, the modified 9Cr-1Mo steel, was supplied by IGCAR, KALPAKKAM, India, in 
normalized (1060 °C/1h) and tempered (780 °C/1h) condition. The chemical composition of the steel is given in 
Table 1.  

Table 1. The chemical composition of the modified 9Cr-1Mo steel (wt. %). 

Elements C Si Mn P S Cr Mo Ni Al Nb N V Fe 

wt. % 0.1 0.26 0.41 0.018 0.002 9.27 0.95 0.33 0.013 0.074 0.044 0.21 Balance 

 
Cylindrical tensile specimens were machined from the as received material with gage diameter of 4.5 mm and 

gage length of 15 mm. Tensile tests were conducted from room temperature (RT) to 600 °C for different strain rates 
from 10-3 s-1 to 10-5 s-1 using 100 kN screw–driven Instron™ Universal Testing Machine (Model: 4206). Low cycle 
fatigue specimens of gage diameter 5.5 mm and gage length 12 mm were prepared from the blanks. Isothermal low 
cycle fatigue tests were carried out under fully reversed strain control loading using triangular waveform at different 
strain amplitudes from ±0.25% to ±0.50% at strain rates of 10-2 s-1 & 10-3 s-1 at elevated temperature of 300 °C. All 
the tests were performed in air. The test temperatures for the both types of tests, tensile as well as LCF, were 
controlled by a resistance heating furnace and spot-welded thermocouple on the sample. The experimental 
procedure at elevated temperature consists of heating the specimen from RT to the test temperature and exposing the 
sample at that temperature for 30 minutes to homogenize the temperature in the specimen before starting the test. 
Deformation behavior of the tested samples was studied by transmission electron microscope (Model: Technai-G2-
20). TEM foils were prepared from thin slices sectioned at a distance of 1 mm from the fracture end, mechanically 
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polishing up to 50 μm and electro-polishing in the electrolyte containing 6% perchloric acid, 34% n-butanol and 
60% methanol cooled to -40 °C, at 20 V. 

3. Results and Discussion 

3.1. Tensile Behavior 

Engineering stress-strain curves corresponding to different strain rates at different temperatures; RT, 300, and      
600 °C are shown in Fig.1. It is quite obvious from the Fig. 1(a) and 1(c) that both yield and ultimate tensile strength 
decrease with decrease in strain rate from 10-3 s-1 to 10-5 s-1 at RT and 600 °C. On the other hand, at the intermediate 
temperature of 300 °C (Fig. 1(b)), there is inverse effect of the strain rate. It may also be seen that ultimate tensile 
strength increased with decrease in strain rate. Serrated flow in the stress-strain curve corresponding to strain rate of 
10-4 s-1 at 300 °C may be seen from the magnified view of the encircled portion. However, at the other strain rates 
smooth plastic flow was observed. The occurrence of serrations in the stress-strain curve was found to be in line 
with the earlier findings [11]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. Engineering stress-strain curves for different strain rates at different temperature (a) RT, (b) 300 °C, and (c) 600 °C. 

Variation of true ultimate tensile strength with strain rate at different temperatures is shown in Fig. 2(a). It may 
be noted from the figure that at RT and 600 °C, yield and tensile strengths were decreased with decrease in strain 
rate and displayed positive slope. However, UTS increased with decrease in strain rate between 250-400 °C and 
negative values of strain rate sensitivity are obtained as given in the Table 2.   

a b 

c 
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Figure 2(b) shows variation of true ultimate tensile strength and percent total engineering elongation with 
temperature at different strain rates. It is quite obvious from the plot that there is rapid drop in strength from RT to 
200 °C and from 400 to 600 °C at all the strain rates. A pronounced peak was observed in the strength at strain rate 
of 10-4 s-1 at the intermediate temperature. Relatively slight increase in strength was also observed in the temperature 
range from 250 to 400 °C, at the strain rates of 10-3 s-1 and 10-5 s-1. Total elongation was found to be decreased with 
increase in temperature from RT to 350 °C and subsequently increased up to 600 °C. It may be seen that valley in 
the total elongation was observed in the intermediate temperature range from 200 to 400 °C. It is important to 
mention that the minimum elongation temperature was found to shift towards the lower temperature with decrease in 
strain rate. Anomalous variation in the tensile properties with respect to the temperature and strain rate confirms the 
occurrence of DSA in this modified 9Cr-1Mo steel in the intermediate temperature range from 250-400 °C [7] and is 
also in good agreement with the  earlier studies on 9Cr-1Mo steel [11-12]. 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. (a) Showing the variation of ultimate tensile strength with strain rate, (b) Variation of true ultimate tensile strength and total elongation in 
% with temperature at different strain rates. 

Table 2. Strain rate sensitivity at different temperatures at strain rate of 10-4 s-1. 

 

Temperature (°C) Strain Rate Sensitivity 
27 0.01921 
250 -0.0216 
300 -0.02037 
400 -0.04232 
600 0.10651 

 
Effect of occurrence of DSA on the dislocation substructure in modified 9Cr-1Mo steel has been studied using 

TEM. For the comparison, two samples were investigated which were tested at 200 °C (non-DSA region) and       
350 °C (maximum DSA region) at strain rate of 10-4 s-1. Bright field TEM micrograph of the as received modified 
9Cr-1Mo steel in normalized and tempered condition is shown in Fig. 3(a). Tempered martensitic lath structure 
inside the prior austenite grain boundaries can be seen. Distribution of second phase particles along the prior 
austenite grain boundaries, lath boundaries and within the laths may also be seen. These second phase particles were 
identified as M23C6, vanadium and niobium carbides [21]. This steel exhibits high dislocation density in the 
normalized and tempered condition. Bright field TEM micrograph of the sample tested at temperature of 350 °C and 
strain rate of 10-4 s-1 which has the maximum DSA region, showed high dislocation density in comparison to the 
sample tested at 200 °C (Fig. 3(b)). Typical features of DSA may also be seen from the micrograph taken at higher 
magnification such as dislocation-dislocation interaction and bowing of dislocation (Fig. 3(c)). 

a b 
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Fig. 3. (a) Bright field TEM micrographs of the modified 9Cr-1Mo steel in normalized and tempered condition, (b) tensile tested at 200 °C,    (c) 
and (d) tensile tested at 350 °C. 

3.2. Low Cycle Fatigue Behavior 

Variation of low cycle fatigue life of modified 9Cr-1Mo steel with plastic strain amplitude at 300 oC is shown in 
Fig. 4(a). It is obvious from the plot that there is a linear relationship between fatigue life and the plastic strain 
amplitude at both the strain rates and obeyed the Coffin-Manson relationship. It can also be seen from the figure that 
fatigue life is reduced at the lower strain rate of 10-3 s-1 in comparison to that of 10-2 s-1. This may be more 
appreciated from Fig. 4(b). In general, fatigue life increases with decrease in strain rate. However, in the present 
investigation, fatigue life was decreased at lower strain rate of 10-3 s-1 in comparison to that of higher strain rate of 
10-2 s-1. Thus, inverse dependency of strain rate on fatigue life may be associated with dynamic strain ageing at this 
temperature. It further confirms the inverse strain rate sensitivity observed in the temperature range between 250 and 
400 °C. It has been reported in literature that DSA under cyclic deformation causes reduction in fatigue life [25-26].  

a b 

c d 
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Fig. 4. (a) Variation of number of reversals to failure with total strain amplitude at both strain rates of 10-2 s-1 and 10-3 s-1 (b) Bar graph showing 
the fatigue life for different strain amplitudes at both strain rates. 

Cyclic stress response of modified 9Cr-1Mo steel tested at 300 oC at total strain amplitude of ±0.50% at both 
strain rates is shown in Fig. 5. It may be seen from the figure that there is tendency of mild hardening from first 
cycle to 10th cycle followed by continuous softening till failure at the lower strain rate of 10-3 s-1. However, at high 
strain rate of 10-2 s-1, decrease in stress amplitude from first cycle to second followed by stabilization and subsequent 
continuous softening till failure. The high rate of hardening at lower strain rate of 10-3 s-1 in comparison to that at   
10-2 s-1 may be associated with the DSA. Extent of hardening is higher at the lower strain rate of 10-3 s-1 in 
comparison to that of 10-2 s-1.  

 
 

 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5. Cyclic stress response of modified 9Cr-1Mo steel tested at 300 oC at total strain amplitude of ±0.50% at strain rates of 10-2 s-1 & 10-3 s-1. 

Bright field TEM micrographs of the fatigue tested samples at 300 oC, at the strain amplitude of ±0.50% at both 
the strain rates, are shown in Fig. 6. Formation of cell structure may be seen in both the conditions. Thus, the 
observed cyclic softening in the modified 9Cr-1Mo steel may be attributed to formation of dislocation cell structure. 
Bowing of dislocation may also be seen in the sample tested at strain rate of 10-3 s-1. Thus, inverse dependency of 
strain rate on low cycle fatigue behavior at 300 °C may be understood in terms of pinning and unpinning of 
dislocations, which reflects the DSA behavior. 
 
 

a 
b 
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Fig. 6. Bright field TEM micrographs of the fatigue tested samples at 300 oC at stain amplitude of ±0.50% at different strain rates: (a) 10-2 s-1 and 
(b) 10-3 s-1.  

4. Conclusions 

 The modified 9Cr-1Mo steel was found to exhibit dynamic strain ageing in the temperature range from 225 
to 400 °C. 

 DSA was established on the basis of serrations in the stress-strain curves, plateau/peak in strength and 
minima in ductility. 

 The modified 9Cr-1Mo steel was found to exhibit cyclic softening irrespective of strain amplitude and 
strain rate at 300 °C and was associated with the formation of cell structure. 

 Decrease in fatigue life and increase in stress amplitude at the lower strain rate in comparison to the strain 
rate of 10-2 s-1 may be associated with dynamic strain ageing. 
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