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Abstract  
The influence of ferritic and pearlitic microstructures on dynamic strain aging (DSA) behavior of ductile iron was investigated 
by means of strain controlled cyclic tests performed at temperatures ranging from room temperature to 450 °C, strain rates 
of 10-5 to 10-2 s-1 and at three different strain amplitudes along with varied tensile tests. Results indicated that all tested 
microstructures exhibit strain aging effects at elevated temperatures in some form similar to ferritic-pearlitic steels. Tensile 
tests show hardening at intermediate temperatures, minima in elongation and serrations in stress-strain curves. Cyclic data 
indicates clear DSA related changes in stresses at 250 °C and 350 °C at smaller strain rates, while the effects become more 
suppressed at higher strain rates.  
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Introduction 15 
Ductile irons are a group of cast irons exhibiting a wide range of properties obtained through careful microstructure 16 
control. One of the relatively less investigated areas of research regarding cast irons is the behavior grouped under 17 
the term strain aging. Strain aging is an effect, where hardening happens under plastic deformation. Specifically at 18 
elevated temperatures, these effects can manifest themselves in the form of dynamic strain aging (DSA). DSA is a 19 
hardening phenomenon that appears at certain combination of strain rate and temperature. Generally, DSA is 20 
observed in multiple different forms, such as loss of ductility at elevated temperatures and Portevin-Le Chatelier 21 
effect (PLC) (Portevin & Le Chatelier, 1923). PLC is a form of inhomogeneous deformation, seen as serrations in 22 
stress-strain curves, deformation bands and is strongly associated with DSA(Jiang et al., 2007; McCormick & Ling, 23 
1995). However, it is not the sole form of occurrence as mechanical properties can change in DSA regime even 24 
without the occurrence of serrated yielding. The main contributing factor in dynamic strain aging is in most research 25 
attributed to and modeled as interaction of solute elements(Jiang et al., 2007; McCormick & Ling, 1995) like nitrogen 26 
and carbon with movement of dislocations. Recent studies still clarify the actual mechanisms behind DSA in iron 27 
based materials(Caillard & Bonneville, 2015; Caillard, 2016), although the effects and challenges created by the 28 
phenomenon have been known for decades. 29 

In the case of cast irons, these different behaviors might not show as evidently as with other engineering materials. 30 
For example, cast irons do not generally have any clear yielding behavior, which also affects the occurrence of 31 
serrated flow and the effect of possible treatments, like recovery annealing, on subsequent material behavior. For 32 
ductile irons, an offset method is generally used in which yield strength is measured at a specified deviation from 33 
linear relationship between stress and strain, e.g. ‘0,2% yield strength’. In the case of strain aging, effects can be 34 
observed when solute element diffusivity is high enough compared to the movement of dislocations. Thus, 35 



 

 

temperature is a clear driving factor in the occurrence of strain aging effects, as solute atom diffusivity rises with 1 
temperature. As the effect is so dependent on a combination of strain, diffusion and temperature, the effects 2 
manifest themselves in certain elevated temperature regimes. Relatively little data on the influence of 3 
microstructure on dynamic strain behavior of ductile cast iron exists. Many work on the topic focus on fully ferritic 4 
microstructures (Chen, Lui, & Chen, 1993; Lui & Chao, 1989; Mouri, Wunderlich, & Hayashi, 2009; Mouri, Hayashi, & 5 
Wunderlich, 2009). Ferrite and pearlite are very different in structure and element composition, which should affect 6 
the parameters behind dynamic strain aging. However, research on pearlitic steels exist (Gonzalez, Marchi, Fonseca, 7 
Modenesi, & Buono, 2003; Languillaume, Kapelski, & Baudelet, 1997; Watté, Van Humbeeck, Aernoudt, & Lefever, 8 
1996). Strain aging effects, both static and dynamic, are seen with both ferritic and pearlitic microstructures, 9 
although the mechanisms have been analyzed to differ in causes. The more commonly discussed form takes place 10 
with carbon and nitrogen dissolved in ferrite, and the other is attributed to carbon atoms released during the 11 
decomposition of cementite in pearlite during plastic deformation. One clear difference between the matrix 12 
structure between steels and cast irons is the amount of silicon. Increasing silicon content is associated with 13 
increasing activation energies for the appearance of serrated flow, as silicon in solution lowers the diffusivity of 14 
carbon in ferrite. Naturally, the available carbon in graphite nodules is a clear difference between steels and ductile 15 
irons. Hot strength of various different cast irons at elevated temperatures have been noted to plateau near 200- 16 
400 °C (Nechtelberger, 1980), although much more for lamellar than spheroidal graphite irons. 17 

In low alloy steels with varying microstructures, changes in yield and tensile properties due to dynamic strain aging 18 
and effects on fatigue life has been observed at elevated temperatures (Bayramin, Simsir, & Efe, 2017; Calado, dos 19 
Santos, Castro, Barbosa, & Gonzalez, 2008; Huang, Wagner, & Bathias, 2015; Queiroz, Cunha, & Gonzalez, 2012; 20 
Taheri, Maccagno, & Jonas, 1995). In ferritic spheroidal graphite cast irons, studies have shown the same tendencies, 21 
but with the difference that their embrittlement temperatures are at higher temperatures(Lui & Chao, 1989). The 22 
reason for this is that silicon contents are higher, suppressing diffusion and graphite is present in the microstructure 23 
(Chen et al., 1993; Lui & Chao, 1989). Microstructural changes are built up by dynamic strain aging under recurring 24 
tension and compression strains, which affect materials’ mechanical behavior and thus fatigue life. Studies on ferritic 25 
spheroidal graphite irons have shown that DSA related phenomena have effects on low cycle fatigue (LCF) properties 26 
(Mouri et al., 2009; Mouri et al., 2009). E.g. higher peak stresses have been attributed to being the cause of reduction 27 
in LCF life. However, in some other studies, fatigue lifetimes have been observed to increase when a material is 28 
loaded at elevated temperatures under DSA inducing conditions (Kerscher, Lang, Vöhringer, & Löhe, 2008). Similar 29 
findings and temperature related changes have been noted for cast iron types with different graphite morphologies 30 
(Qiu, Pang, Yang, Li, & Zhang, 2016; Qiu et al., 2018; Zou et al., 2018) like compacted graphite. These observations 31 
indicate that resultant behavior is rather situation dependent with multiple contributing factors. Thus, DSA is a 32 
complex set of material behaviors that need to be understood better if they are to be taken into account in 33 
thermomechanically-loaded component design.  34 

The aim of this work is to study the occurrence of DSA in spheroidal graphite cast irons with varied ferritic-pearlitic 35 
microstructures, as previous research on the subject has almost exclusively studied ferritic microstructures. 36 

Experimental Procedure 37 
  38 

A general-purpose spheroidal graphite cast iron alloy, composition presented in Table 1, was chosen as a base 39 
material for further processing and testing. The alloy composition is such that in the as-cast state the material is 40 
generally ferritic-pearlitic, but can be easily ferritized or pearlitized by different heat treatments. Test bars blanks in 41 
roughly 30 mm standard diameter were heat treated in order to vary microstructure, in this case ferrite-pearlite 42 
ratios from fully ferritic to fully pearlitic. Heat treatments consisted of austenization for 2 h at 900 °C, followed with 43 

Table 1 Chemical composition of the studied alloy (w-%) corresponding grade according to standard EN 1563 

C  Si  Mn  P  S CE % Note 

3.6 2.3 0.5 0.03 0.015 4.37 EN-GJS 500-7 
 



 

 

either slow furnace cooling to facilitate ferritic microstructures, faster air-cooling for the most pearlitic variants or 1 
intermediate steps at 680-700 °C followed by air cooling to get intermediate amounts of pearlite in the 2 
microstructure. In total, five different microstructures were tested. Two example micrographs are shown in Fig. 1. 3 

Microstructural image analysis was used after heat treatment to calculate ferrite–pearlite fractions and to check for 4 
possible unwanted changes, like in graphite morphology. Samples were ground and polished, graphite fraction 5 
analyzed from images of unetched samples and ferrite–pearlite area fractions from Nital-etched samples like the 6 
ones shown in Fig. 1. Thus, for clarity it should be noted that a fully pearlitic microstructure is 100-% pearlite in the 7 
results although some area is always occupied by nodular graphite particles. 8 

Static tensile tests were performed at five different temperatures ranging from room temperature (RT) up to 450 °C. 9 
Cyclic strain controlled tests were performed according to test programs presented in Table 2 and were similarly 10 
made at five different temperatures. Additionally, the tests were performed with three different strain rates ranging 11 
from slow to fast (0,00001 s-1 to 0,01 s-1) and strain amplitudes (0,003 to 0,007) to test their possible effects on aging 12 
behavior. In cyclic load tests, three to five samples were tested for each step. Additional tensile tests, one that 13 
contained an interrupted test, were done with fully ferritic samples to investigate the change in general yield 14 
behavior. The interrupted test contained the following cycle; strain at 250 °C until 1% elongation, restart test at room 15 
temperature and strain until fracture.  16 

Table 2 Cyclic plasticity test program for all microstructures 17 

Strain Amplitude, ±ε Strain Rate, 𝟏𝟏
𝒔𝒔
 Number of Cycles 

0,003 
1,00E-02 100 
1,00E-03 6 
1,00E-05 3 

0,005 
1,00E-02 60 
1,00E-03 3 
1,00E-05 3 

0,007 
1,00E-02 30 
1,00E-03 3 
1,00E-05 3 

 18 



 

 

Results 1 
 2 

Static tensile stress–strain curves for the tested microstructures at various temperatures are shown in Fig. 2 a - e, 3 
and the resulting elongations in Fig. 2 f. The Portevin-LeChatelier Effect (PLC) was present at a certain temperature 4 
for certain microstructures, but not consistently. For certain microstructures, namely the 0 %, 41 %, 100 % pearlite 5 
fraction variants, increase in UTS can be observed at 250 °C and 350 °C compared to the results at 100 °C. All tested 6 
microstructures show a clear decrease in elongation at higher temperatures, other than the fully ferritic variant. In 7 
that single isolated test, the elongation had a local maximum at 350 °C. All tested materials exhibit a clear decrease 8 
in UTS at 450 °C. Increase in elevated temperature stresses at certain strains, hardening, combined with loss of 9 
elongation is an effect attributed to strain aging. However, static tensile tests done with only a certain strain rate 10 
are only a small glimpse into the mechanical behavior changes in DSA-regimes, making it hard to gauge the 11 
occurrence in the tested materials. 12 

Figure 1 Example micrographs of 41-% and 100-% pearlitic microstructures 



 

 

 1 

Figure 2 Static tensile test graphs for a) 0-% pearlite, b) 41-% pearlite, c) 52-% pearlite, d) 72-% pearlite, e) 100-% pearlite, and 2 
their elongation at fracture collected separately in f) 3 

Figure 3 Interrupted stress-strain behavior of a fully ferritic sample 
compared to one at room temperature (RT) 



 

 

Figure 3 shows stress-strain curves for tensile test samples with fully ferritic microstructures, using the interrupted 1 
test cycle. A normal test at room temperature is included in the graph for comparison. The test at 250 °C shows 2 
clear serrated yielding, the PLC effect, while the room temperature test is typical for ductile cast irons with no yield 3 
point behavior. In contrast to “normal” behavior of ductile cast iron, the restarted test exhibits clear upper and 4 
lower yield points, typical for mild steels. Discontinuous yielding due to existence of solute interstitials manifests 5 
itself as a sharp yield point and subsequent yield plateau in the stress-strain curve, associated with the appearance 6 
of deformation bands described already in the 19th century (Lüders, 1860; Piobert, Morin, & Didion, 1842). The 7 
0.2% offset yield strength (Rp0,2) for the room temperature variant is 302 MPa, while the restarted version has an 8 
upper yield point (ReH) of 367 MPa and lower yield point (ReL) of 346 MPa having been strained at DSA inducing 9 
conditions.  10 

Figures 3 – 5 show select hysteresis loops from the cyclic materials test program presented in Table 2. Temperature 11 
related effects are seen much clearer and more consistently than in the single tensile tests. For example, Fig. 3 shows 12 
hysteresis loops for a fully pearlitic microstructure at room temperature and at 350 °C in a low strain rate case 13 
(0,00001 s-1). Clear hardening behavior is evident when comparing the loops, indicated by higher peak stresses for 14 
the same amount of strain. Fig. 4 shows single loops at all the tested temperatures for fully ferritic (a) and pearlitic 15 
(b) microstructures. For both microstructures, the resulting peak stresses for 100 °C are lower than at room 16 
temperature. Stresses in 250 and 350 °C are either near or higher than at room temperature. However, at 450 °C a 17 
clear drop in stress levels is evident. Fig. 5a and 5b show the same microstructures, only tested at the higher strain 18 
rate (0,01 s-1). The high strain rate results in almost identical behavior, other than at 250 °C. The stresses do not 19 
reach the levels of those done at room temperature, which is a strong implication towards the influence of solute 20 
atoms and rate of strain/dislocation movement interaction. 21 

 22 

Figure 2 Example hysteresis loops for a 100% pearlitic microstructure at two different temperatures, low strain rate (0,00001 s-1) 23 



 

 

 1 

Figure 3 Magnified tips of single loops for low strain rate (0,00001 s-1) a) 0-% Pearlite b) 100-% Pearlite at 0,005 strain amplitude 2 

Figure 4 Magnified tips of single loops for highest tested strain rate (0,01 s-1) a) 0-% Pearlite b) 100-% Pearlite at 0,005 strain 3 
amplitude 4 

Fig. 7a - 7i show final loop peak stresses from all the cyclic load cases in an averaged aggregate form to highlight how 5 
microstructure, temperature, strain amplitude and strain rate affects the occurrence of strain aging. The data has 6 
been indexed according to formula (1) to ease readability;  7 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 =  
𝜎𝜎 𝑇𝑇(𝑅𝑅𝑇𝑇)

𝜎𝜎𝑇𝑇(𝑥𝑥)
∗ 100,      (1) 8 

where x is the test temperature. Room temperature (RT) final loop peak stress is thus fixed to 100 in each graph, 9 
and all the peak stresses at other temperatures are shown as relative to it. Thus, absolute stress levels in the different 10 
microstructures do not start at the same baseline, as microstructural hardening through pearlite for example 11 
increases stresses at similar strain levels. Possible hardening at elevated temperatures shows as deviation from a 12 
decreasing stress trend in the graphs with increase in temperature, indicating the occurrence of dynamic strain 13 
aging. All the test cases show an increasing stress behavior at either 250 °C, 350 °C or both, depending on strain rate. 14 



 

 

 1 

Figure 5 Indexed hysteresis final loop peak stresses at different temperatures, strain rates (ε) and strain amplitudes (Δε), RT=100 2 

Influence of strain amplitude, strain rate and temperature  3 

Tested strain amplitudes varied from 0,003 to 0,007. The striking effect at 250 °C and 350 °C exists in all of them and 4 
the relative behavior in Fig. 6 is invariable between the different amplitude levels. The tested strain rates varied from 5 
0,00001 s-1 to 0,01 s-1. The rates clearly affect the resulting behavior, but connects strongly to temperature. Higher 6 
strain rates suppress hardening at lower temperatures, while a peak in stress evolution is evident in all tested 7 
samples at 350 °C. Slow strain rate cases in Fig. 6 a) - c) exhibit very similar peak levels at both 250 and 350 °C. The 8 
intermediate strain rate of 0,001 s-1 is enough to suppress hardening at 250 °C, although even the highest used strain 9 
rate does not stop it fully occurring at 350 °C. 10 

Influence of microstructure 11 

All the tested microstructures behave rather similarly when temperature and strain rate varies, as seen from Fig 6. 12 
Absolute stress levels are of course completely different for obvious reasons, e.g. hardening effect of pearlite 13 
compared to ferrite and resulting change in stress levels for given strains. Thus, the occurrence of DSA in spheroidal 14 
graphite cast iron is not specific to some particular microstructural composition or range. In fact, when absolute 15 



 

 

stress values are considered, in many tests the fully pearlitic variants harden the most compared to the room 1 
temperature baseline than others. As hardening results in loss of ductility, at elevated temperatures this is 2 
particularly risky for pearlitic microstructures where such properties are lower to begin with. 3 

Discussion 4 
In many engineering materials, dynamic strain aging most evidently shows as a clear irregular flow in stress-strain 5 
curves. Lots of research has been devoted to characterize these serrations along with general yield behavior. It is 6 
important to note that DSA as a whole is not only limited to this kind of yielding behavior, as also indicated by the 7 
results of this study. Mechanical properties and load bearing behaviors show changes near DSA-inflicting conditions 8 
even in the absence of serrated flow. In the case of cast irons, yield points do not generally even exist in the same 9 
sense as many other iron-based materials, due to carbon precipitates in the form of graphite. These aspects are 10 
observed in the results of this study. Tensile tests show serrations at elevated temperatures and hardening. The 11 
interrupted tensile test paints a clearer picture of what is happening. Serrations can be observed when the test bar 12 
is strained until x% elongation and when the test is continued after relaxation, the hardened state behaves 13 
differently with a clearer yield point behavior. As a dynamic process, the strain aging is most evident in the cyclic 14 
tests where the samples are not strained until fracture. 15 

Strain rates are one of the key factors in the occurrence of DSA. Dislocation pinning by sufficient solute concentration 16 
and diffusion at low strain rates. At higher strain rates, dislocation movement is not impeded as much by this pinning 17 
effect, which shows as lower stresses and less hardening in macroscopic scale. As solute elements are a main factor 18 
in pinning, temperature related changes in diffusion plays as big a role as strain rates. The tested strain rates varied 19 
from 0,00001 s-1 to 0,01 s-1, and clear changes at the stress-strain behavior is observed at elevated temperatures, 20 
mainly between 250 – 350 °C. The slowest strain rate allows solute diffusion to contribute at 250 °C, while the 21 
hardening is more suppressed at the same temperature when strain rate is increased. 22 

Studies that have analyzed fatigue behavior of spheroidal graphite cast irons have distinguished three clearly 23 
differing temperature ranges. Low temperatures where diffusion speed is low and no DSA is evident, intermediate 24 
temperatures where dislocation speed is compatible with diffusion and  DSA occurs, and at high temperatures where 25 
the two are again not compatible and no strain aging is seen (Mouri et al., 2009). Fatigue lifetime was reported to 26 
increase at high plastic strain rates at specific temperatures. Similar findings have been reported in fatigue behavior 27 
of ferritic bearing steels with the aim of increasing fatigue lifetimes through thermomechanical treatments (Kerscher 28 
et al., 2008). Kerscher et al. used cyclic loadings during thermomechanical treatment to produce a more stable 29 
dislocation structure by increasing the mobile dislocation density and dislocation pinning. The result was a higher 30 
fatigue limit proportional to higher hardness and yield strength as well as a higher high cycle lifetime. The low cycle 31 
lifetime on the other hand remained constant because high stress amplitudes and the corresponding plastic strain 32 
amplitude in the low cycle regime destroyed the beneficial dislocation structure in first few loading cycles. Jost et al 33 
studied temperature dependence on fatigue life of predominately pearlitic cast iron EN-GJS 600-3 (Jost, Klein, Beck, 34 
& Eifler, 2017). In that study, fatigue life minimum was attained at 175 °C, a maximum at 300 °C with DSA related 35 
effects and a significant reduction in fatigue life was seen at temperatures over 300 °C. Three different ranges are 36 
also evident in the cyclic data presented here. Temperatures between 100 – 250 °C were not in the test program, so 37 
a clear starting point for DSA cannot be distinguished from the data. As fatigue life is strongly connected to the 38 
strength properties of materials, changes in fatigue properties should be seen in ferritic-pearlitic spheroidal graphite 39 
irons at elevated temperatures and DSA inducing conditions. 40 

One parameter not investigated in detail in this study is alloying. Commonly used spheroidal graphite cast iron grades 41 
have various levels of silicon in solution. The tested alloy in this study conforms to an intermediate level by current 42 
standards, having around 2.3 w-% silicon, which is already very high compared to most steel alloys. Solution 43 
strengthened ferritic cast irons (SSF) are a relatively new additions to the spheroidal graphite iron standard family, 44 
having as much as 4.3 w-% silicon. Silicon affects solubility and diffusion rates of other solutes in ferrite, which in 45 
turn should have an effect on dynamic strain aging. As DSA occurs at specific combinations of temperature and 46 



 

 

strain, this kind of a difference in alloying should slow solute diffusion and thus suppress hardening. Chen et. al 1 
investigated silicon alloying effects on DSA in the range 2.0 to 4.1 w-% (Chen et al., 1993). Increasing activation 2 
energies of carbon diffusion with increasing silicon contents were reported. Silicon was analyzed to have a major 3 
role on the onset of DSA effects, e.g. jerky flow appeared at higher temperatures compared to mild steel.  4 

Other parameters not tested in the current work include graphite morphology, the shape of carbon precipitates. In 5 
general, the shape of graphite can be lamellar, compacted, spheroidal and in-between as certain processes in melt 6 
production are made. Mechanical properties and deformation behavior naturally differ due to graphite shape. As 7 
DSA is mostly a matrix based phenomenon, graphite shape might not have huge effects on DSA itself, although the 8 
bulk deformation is different. Ultimately, the elevated temperature properties of ferritic-pearlitic spheroidal 9 
graphite cast irons have close relationships with dynamic strain aging effects driven by diffusion. Complex 10 
interactions, effects on load bearing behavior and other included factors make it necessary to consider component 11 
level local properties and model based assessment.  12 

Conclusion 13 
The elevated temperature behavior of ferritic-pearlitic ductile cast irons in strain controlled cyclic loading and 14 
static tensile tests were investigated  15 

• All tested microstructures, from fully ferritic to pearlitic, exhibit a strain aging behavior at elevated 16 
temperatures in the ranges of 250 – 350 °C, magnitude depending on associated strain rates 17 

• A jerky flow type of behavior (PLC) appears at specific elevated temperatures 18 
• Change in strain rate affects the occurrence of strain hardening, which corresponds to the rate of 19 

diffusion vs. dislocation movement speed as a factor in DSA. At the slowest tested strain rate (0,00001 s-1), 20 
a noticeable hardening occurred already at 250 °C, while at other tested strain rates, the effect occurred 21 
most noticeably at 350 °C 22 

• Hardening happens regardless of strain amplitude in the tested ranges used in this work 23 
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