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Relevance of Dynamic Strain Aging under Quasi-Static Tension on AISI 304 Stainless Steel
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The interval of existence of dynamic strain aging (DSA) in AISI type 304 austenitic stainless 
steel subjected to quasi-static tension tests, under strain rates from 3.5 x 10-2 to 3.5 x 10-4 s-1, in the 
temperature range from 25 to 800ºC was investigated. It was found that DSA occurs in the range 
extending from around 200 to 700ºC. Plastic instabilities associated with serrations, Portevin-Chatelier 
effect, allowed activation energies to be calculated and a possible mechanism of dislocation interaction 
with interstitial carbon atoms to be proposed. Significant increase in the ultimate strength, uniform 
elongation and work hardening demonstrate that DSA is a relevant phenomenon, which improves the 
high temperature mechanical properties of 304 steel.
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1. Introduction

Dynamic strain aging (DSA) is a phenomenon first noticed 
by Stromeyer in 18851 as a brittle cold-worked condition in 
common steel associated with a surface blue color, which 
was consequently named "blue brittleness". Later in 1909, 
André Le Chatelier2 reported, also in steel, an increase in 
tensile strength by varying the tensile test speed within the 
"blue brittleness" interval of temperatures. Not only steel, 
but other metals and alloys also present DSA. Indeed, a 
characteristic effect of plastic instability in the form of 
serrations was first indicated in aluminum by Albert Portevin 
and François Le Chatelier in 19233. This has been referred as 
the "Portevin-Le Chatelier" effect, probably the most typical 
DSA manifestation. In addition to "blue brittleness", increase 
in tensile strength and serrations, DSA in steels was also found 
to cause peaks in the work hardening and inverse strains-rate 
dependence in the stress level4,5. All these DSA effects were 
explained by a mechanism of solute atoms interaction with 
moving dislocations generated during plastic deformation6-8. 
In particular, mainly interstitials solutes such as C and N, 
are associated with a cloud of atoms, which became to be 
known as "Cottrell atmosphere", in honor to Alan Cottrell7, 
first to explain the Portevin-Le Chatelier" phenomenon. 

The DSA effects in common steels occurs in the interval 
from 50 to 300ºC5, which is of limited practical interest 
since most standard carbon steels for automobile, house 
appliances and civil construction are normally used around 
room temperature. However, a special class of steels, the 
stainless, has extensively been applied at higher temperatures 
in engineering systems such as nuclear reactors, petrochemical 
equipments, boilers and gas turbines. Earlier works on 

elevated temperature mechanical properties of stainless 
steels9-14 indicated the existence of maximum strength values 
in the range of 200 to 600ºC. This was attributed to DSA in 
the case of the austenitic stainless steel AISI (American Iron 
and Steel Institute) types 31610-12 and 30413,14. As for AISI 
type 304 austenitic stainless steels, short communications13,14 
suggested the existence of work hardening stages that 
could be affected by DSA. However, it was not possible 
to determine activation energies associated with atomistic 
mechanisms. Recent works on 316 steel15-18 related both 
anomalous variation in the work hardening parameters with 
strain rate and temperature as well as plastic instabilities and 
serrations with DSA.

The objective of the present work was to update 
information on AISI 304 austenitic stainless steel, since 
the high temperature DSA effects have not recently been 
investigated and characterization of mechanisms are still 
open to discussion. Therefore, the objective of this work 
was to evaluate the degree of relevance of DSA in the 
quasi-static (slow) strain rate tensile tested properties of a 
304 steel from 25 to 800ºC.

2. Experimental procedure

The AISI type 304 austenitic stainless steel was supplied 
by Sandvik as rolled bars with 10 mm in diameter. The 
chemical composition of the basic elements in the steel is 
presented in Table 1.

In principle, 304 steel is not supposed to contain 
molybdenum. However, an electric furnace produced stainless 
steel from scrap may eventually present small percentage 
of non-specified elements such as Mo in Table 1. Standard 
ASTM tensile specimens machined with 4 mm of gage 
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Table 1. Chemical composition of the AISI 304 steel.

C Cr Ni Mo Si Mn P S

0.05 18.8 8.5 0.47 0.57 1.67 0.024 0.015

diameter and 24 mm of gage length were first annealed at 
1100ºC for one hour, and then electropolished to eliminate 
surface marks.

The annealed microstructure revealed equiaxed grain 
with 35 µm in size. All specimens were vacuum tested in 
a model 1125 Instron screw driven machine at strain rates 
of 3.5 x 10-2, 3.5 x 10-3 and 3.5 x 10-4 s-1. Tests were carried 
out inside a tubular Instron furnace coupled to the machined 
at temperatures from 25ºC (without furnace) up to 800ºC.

3. Results and Discussion

Figure 1 illustrates composed sequences of actual load-
elongation curves, for tensile tests at strain rates of 3.5 x 10-4/s 
and 3.5 x 10-2/s, directly obtained from Instron plotted graphs, 
for two strain rates. In this figure, only the plastic flow part of 
the curves is shown. It should be noticed that the 200ºC curves 
for both strain rates is smooth, i.e. without plastic instabilities. 
In fact, from 25 up to 200ºC all load-elongation curves are 
smooth and, for this reason, not shown in Fig. 1. Another 
relevant point is that non-uniform wavy plastic instabilities 
are observed above 200°C up to around 400ºC. Beyond this 
temperature, regular uniform serrations cover the curves. A 
close look at these higher temperature serrations reveals two 

Figure 1. Partial load vs elongation flow curves for AISI 304 steel tensile tested at different strain rates: (a) 3.5 x 10-4 s-1 and (b) 3.5 x 10-2 s-1.

distinct types. These are the well recognized19 types A (like 
"shark fins") and B (like "saw teeth"). One may notice that 
after the non-uniform instabilities (waves), finishing around 
400ºC, type A serration starts and transform into type B at 
about 600ºC going to an end at 700ºC.

Two important points deserve to be mentioned regarding 
the curves in Fig.1. First, both from the start and finish of 
instabilities/serrations it is concluded that quasi-static plastically 
deformed 304 steel undergoes DSA in the temperature 
interval from 200 to 700ºC, which is comparable to that of 
316 steel10-12,15,16. The reader should remember that the DSA 
interval, between 50 to 300ºC for common carbon steel5, is 
significantly below the one here found for 304 steel, which 
coincides with applied high temperature conditions for 
stainless steels. Second, from the start and finish temperatures 
(T) for the different strain rates (ε̇), an Arrhenius relationship 
can be considered:

					            (1)

where Q is the activation energy of the DSA mechanism 
and R the gas constant.

exp RT
Q

0f f= -o o T Y
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Figure 2 shows the graphical representation of Eq. (1) 
for the start and finish of instabilities and types of serrations, 
from results illustrated in Fig.1.

Figure 2. Variation of  log ε ̇with 1/T for start and finish instabilities 
as well as serrations A and B in AISI 304 steel.

Table 2. Activation energies for the start and finish instabilities as well as serrations A and B in AISI 304 steel.

Instabilities extending from 200-400⁰C Serrations extending from 450-600-700⁰C

Start Finish Start type A A → B Finish type B

63 kJ/mol 121 kJ/mol 73 kJ/mol 88 kJ/mol 130 kJ/mol

From the straight lines obtained in Fig. 2, activation 
energies for the mentioned start and finish results are listed 
in Table 2.

The upper values in Table 2, activation energies of 121 
and 130 kJ/mol, might be assigned to the diffusion of C in 
γFe (face centered cubic - FCC - matrix), 148 kJ/mol20. This 
can be interpreted as the mechanism of releasing the C atoms 
from the "Cottrell atmosphere" in association with the end 
of their interaction with dislocations, which causes DSA and 
serration in particular. The lower values 63-83 kJ/mol might 
be related to the binding energy of C to the dislocations at 
the beginning of "Cottrell atmosphere" formation5.

Having disclosed the temperature interval of DSA in 
304 steel, its effects on the mechanical properties are now 
presented. Figure 3 shows the variation of the ultimate tensile 
strength with temperature for the three investigated strain 
rates. A dashed line is extended from the lower temperature 
(25-200ºC) values that are not affected by DSA to the higher 
temperature (700°C) where DSA cease to exist. This allows 
the anomalous DSA increase in strength to be revealed 
between 200 and 700ºC.

Figure 4 shows the variation of the uniform strain with 
temperature for the three investigated strain rates. Different 
than common steels in which a minimum in strain, "blue 
brittleness", is associated with DSA4,5, the uniform strain in 
304 steel is kept relatively constant around 25-35%. This 
is a positive result, which indicates that 304 steel, contrary 

Figure 3. Temperature dependence of the ultimate tensile strength 
in AISI 304 steel.

Figure 4. Temperature dependence of the uniform elongation in 
AISI 304 steel.

to common steel, does not suffer an embrittlement effect 
due to DSA.

Figure 5 shows the variation with temperature of the 
average work hardening rate Δσ/Δε, between 0.5 and 5.0% 
of plastic strain, normalized for the elastic modulus E. A 
consistent tendency towards maximum values for each 
strain rate was found at three distinct regions: around 200-
400ºC; from 400 to 550ºC and from 550 to 700ºC. These 
work hardening peaks, within each region, were apparently 
shifted to higher temperatures with increasing strain rate.
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Considere`s criterium22 for the onset of necking. As for 
the DSA mechanism in 304 steel, the activation energies 
shown in Tables 2 and 3 indicate that only interstitial C 
atoms, but no substitutional, like Cr or Ni, is responsible 
for the interaction with dislocations. In addition, at the 
higher temperature interval of 550 to 700°C in Table 3, DSA 
might also overlap with sensitization. This is a corrosion 
phenomenon, not necessarily under stress, which occurs in 
the range from 500 to 800°C by carbon diffusion to form 
Cr23C6 at grain boundaries20. One may then speculate that 
the release of carbon atoms from the "Cottrell atmosphere", 
responsible for DSA at the high temperature limit of DSA, 
promotes free carbon atoms with time long enough (low 
strain rates) to promote sensitization.

5. Conclusions

•	 Dynamic strain aging (DSA) was found to occur 
between 200 and 700ºC in type AISI 304 austenitic 
stainless steel subjected to quasi-static tensile plastic 
deformation.

•	 Instabilities and serrations in the load-elongation 
curves permitted to evaluate activation energies 
that could be related to the formation of "Cottrell 
atmosphere" by the interaction of C atoms with 
dislocations.

•	 Anomalous increase in the tensile strength and 
peaks in the work hardening were characteristic 
DSA effects associated with relevant advantages 
for high temperature engineering applications of 
AISI 304 steel.
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