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a b s t r a c t

Serrated flow behavior of the AL6XN austenitic stainless steel has been investigated at different temper-
atures and strain rates. The results show the serrated flow, peak/plateau in flow stress and negative strain
rate sensitivity appearing in tensile deformation of the AL6XN steel at 773–973 K and 3.3 � 10�5–
3.3 � 10�3 s�1 (excluding 873 K, 3.3 � 10�5 s�1), suggesting the occurrence of dynamic strain aging
(DSA). The activation energy for type-A and -(A + B) serrations was calculated to be 304 kJ/mol and dif-
fusion of substitutional solutes, such as chromium and molybdenum is considered as the mechanism
of serrated flow. TEM observations further revealed a typical planar slip mode in the regime of DSA of
the deformed AL6XN steel.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

As one of the Generation IV nuclear reactors, a supercritical-
water cooled reactor (SCWR) is being considered a candidate reac-
tor because of its high thermal efficiency and simple design [1,2].
To meet the working circumstance of reactor core components of
the supercritical-water cooled reactor, various properties, such as
high tensile strength and creep strength at elevated-temperatures,
low corrosion and stress-corrosion cracking susceptibility, good
radiation resistance and weldability are required for materials of
reactor core components. Three kinds of materials including fer-
rite/martensitic steel, austenitic stainless steel and nickel-base
high-temperature alloy have been considered as potential materi-
als used for reactor core components [3–5]. Austenitic stainless
steels are usually known for their excellent corrosion resistance,
high strength and exceptional toughness, ductility and formability.
Among a variety of austenitic stainless steels, the AL6XN steel is a
relatively new nitrogen-strengthened austenitic stainless steel
developed by Allegheny Ludlum Corporation, and is distinguished
by its more excellent corrosion and stress-corrosion resistance
and elevated-temperature strength than those of types 304L and
316L stainless steels. Serrated flow, combined with negative strain
rate sensitivity and peak/plateau in yield strength is often observed
in the austenitic stainless steels, such as types 304L and 316L stain-
less steels. This phenomenon is also known as dynamic strain
aging (DSA). Various physical models and micro-mechanism had
been proposed to explain this phenomenon early [6–8], and it is
widely accepted that dynamic strain aging arises from the interac-
tion between diffusing solute atoms and mobile dislocations dur-
ing plastic deformation and depends on the deformation rate and
ll rights reserved.
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temperature, which govern the velocity of mobile dislocations
and diffusing solute atoms. Dynamic strain aging has a significant
influence on the mechanical properties, such as strength, ductility
and low-cycle fatigue of materials [9–11]. Nasser et al. and Abed et
al. have carried out studies on the plastic deformation theory and
behavior of the AL6XN steel, respectively and serrated flow phe-
nomenon has been found in the AL6XN steel at temperatures be-
tween 500 and 1000 K and at a strain rate of 0.001/s [12,13].
However, the serrated flow behavior of the AL6XN steel at ele-
vated-temperatures received less attention. The purpose of this pa-
per is to study the serrated flow behavior of the AL6XN austenitic
stainless steel tensiled at temperatures of 773–973 K and at strain
rates of 3.3 � 10�5–3.3 � 10�3 s�1. The substructures of AL6XN
after plastic deformation are observed by transmission electron
microscopy (TEM). Additionally, the mechanism of plastic defor-
mation of the AL6XN austenitic stainless steel at elevated-temper-
atures is discussed with the experimental results.
2. Experimental procedure

The cold-rolled AL6XN austenitic stainless steel supplied by
Allegheny Ludlum Company was used for this study. The chemical
composition of the AL6XN austenitic stainless steel is given in
Table 1. All of specimens were solution-treated at 1393 K for
10 min followed by water quenching. The dog-bone specimens
with a gauge length of 25 mm and a gauge diameter of 5 mm were
fabricated for tensile tests. The tensile tests were carried out at
room temperature and elevated-temperatures of 773–973 K and
at strain rates of 3.3 � 10�5–3.3 � 10�3 s�1 in air on Shimadzu
AG-100KNA machine. The initial microstructure of solution-trea-
ted specimens was observed by scanning electron microscope
(SEM) with electron backscattering diffraction (EBSD) attachment.
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Table 1
Chemical composition of the AL6XN austenitic stainless steel (wt.%).

C Mn P S Si Cr Ni Mo N Cu Fe

0.02 0.45 0.027 0.0002 0.32 20.31 23.87 6.20 0.20 0.36 Bal.
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The samples for SEM observations were prepared by electro-pol-
ishing in a 20 vol.% perchloric acid, 10 vol.% glycerine and
70 vol.% ethanol solution. To examine the deformed substructures,
the samples were also prepared by twin-jet electro-polishing in a
5 vol.% perchloric acid and 95 vol.% ethanol solution at 233–
253 K and at 35 V for transmission electron microscope (TEM)
observations. TEM observations were conducted on JEOL 2100F
machine operating at 200 kV.

3. Results and discussion

The initial microstructure of solution-treated specimens was
observed by scanning electron microscope (SEM) with electron
backscattering diffraction (EBSD). The orientation imaging micro-
structure and inverse-pole figure of the solution-treated AL6XN
austenitic steel are shown in Fig. 1. Equiaxed austenitic grains with
an average diameter of 60 lm and with heavily annealing twins
were observed, and no obviously preferred orientations were
found in the solution-treated AL6XN steel.

Fig. 2 shows the engineering stress–strain curves obtained at
room temperature and elevated-temperatures from 773 to 973 K
at strain rates of 3.3 � 10�5–3.3 � 10�3 s�1. The serrated flow can
be apparently observed on the stress–strain curves at 773–973 K
and 3.3 � 10�5–3.3 � 10�3 s�1 (excluding 873 K, 3.3 � 10�5 s�1).
The variation of tensile properties with temperatures at strain rate
of 3.3 � 10�3 s�1 are presented in Table 2. The AL6XN austenitic
stainless steel exhibits the highest 0.2% yield strength and ultimate
tensile strength (UTS) at room temperature. However, the variation
of 0.2% yield strength with temperatures remains nearly insensi-
tive to the increase of deformation temperature from 773 to
923 K at strain rate of 3.3 � 10�3 s�1. The ultimate tensile strength
decreases slightly with increasing temperature. The tensile plastic-
ity, percent elongation, of the AL6XN steel is substantial and does
not change markedly at elevated-temperatures. The variation of
normalized 0.2% yield strength and ultimate tensile strength (nor-
malized with the elastic modulus) with temperatures from 773 to
973 K are further shown in Fig. 3. The elastic modulus used in this
study at various temperatures are provided in Table 3, which were
calculated in terms of the linear relationship between the elastic
modulus and temperature of the AL6XN steel in the literature
[14]. Fig. 3 shows an increasing trend of the normalized 0.2% yield
Fig. 1. Orientation imaging microstructure and inverse-pole figure in solution-
treated steel.
strength with increasing temperatures from 773 to 973 K at strain
rate of 3.3 � 10�3 s�1, which shows anomalous behavior. The peak
of the normalized ultimate tensile strength is achieved at 823–
873 K at 3.3 � 10�3 s�1. The strain rate sensitivity (SRS) parame-
ters, m, were also calculated using the equation defined as

m ¼ logðr1=r2Þ= logðe1
:
= e2

:
Þ

where r1 and r2 represent the flow stress at the different strain rate
of e1

:
and e2

:
, respectively. The SRS parameters of the AL6XN steel

were obtained to be �0.052 and �0.054 at deformation tempera-
tures of 823 and 873 K using the flow stresses at the strain rates
of 3.3 � 10�4 s�1 and 3.3 � 10�3 s�1 and with the same 2% strain,
respectively. The resulted tensile properties of serrated flow,
peak/plateau in the flow stress and negative strain rate sensitivity
indicate that the dynamic strain aging (DSA) occurs in the AL6XN
steel tensile-deformed at 773–973 K and 3.3 � 10�5–3.3 �
10�3 s�1 (excluding 873 K, 3.3 � 10�5 s�1), which results from the
interaction of mobile dislocations with the diffusing solute atoms.
The locking dislocations from the atmospheres of solute atoms
strengthen the resistance of deformation of the AL6XN steel.

The TEM micrograph of dislocation structure in the AL6XN steel
tensile-deformed with true strain of 0.038 at 823 K and
3.3 � 10�4 s�1 is shown in Fig. 4. One can see that a typical planar
slip mode exists in the regime of DSA for the AL6XN austenitic
stainless steel, suggesting a strong interaction between the solute
atoms and mobile dislocations. The fracture surface was observed
by SEM for the AL6XN steel tensile-deformed at 873 K and
3.3 � 10�3 s�1, which shows the occurrence of ductile rupture
characterized by dimples, as shown in Fig. 5.

The different types of serrations appearing on the stress–strain
curves follow the generally accepted nomenclature in the litera-
tures [7,15]. Type-A serrations are periodic serrations from re-
peated deformation bands initiating at the same end and
propagating in the same direction. These are locking serrations
characterized by an abrupt rise in stress followed by a drop to or
below the general level of the stress–strain curve. They occur in
the low temperature or high strain rate part of the DSA regime.
The type-B serrations are oscillations about the general level of
the stress–strain curve that occur in quick succession due to dis-
continuous band propagation arising from the DSA of the moving
dislocations within the Lüders band. Type-C serrations are yield
drops below the general level of the stress–strain curve due to
unlocking of the dislocations. Type-C serrations usually occur at
higher temperatures or lower strain rates than types-A and -B
serrations. The magnified views of different serrations of the true
stress–strain curves are shown in Fig. 6. One can see that at strain
rate of 3.3 � 10�3 s�1, type-A serrations appear at 823 K and
below, and type-(A + B) serrations at 873 and 923 K. Type-(A + B)
serrations were also observed at 823 K, 3.3 � 10�5 s�1 and
3.3 � 10�4 s�1 and 873 K, 3.3 � 10�4 s�1. Serrations disappeared
at 873 K and 3.3 � 10�5 s�1. Type-C serrations emerged after a cer-
tain strain at high-temperature of 973 K and at a strain rate of
3 � 10�3 s�1. They became scarce with progressive deformation
and finally disappeared at larger strain.

Serration flow always appears after a certain strain, critical plas-
tic strain (ec), in DSA, which is dependent on both strain rate and
temperature. The critical plastic strains were measured from the
true stress–strain curves and a systematic trend was noticed in
the variation of critical strain at 3.3 � 10�3 s�1 with temperatures,
which is presented in Fig. 7. The onset of type-A and -(A + B) serra-
tions, ec decreases with increasing temperature from 773 to 923 K,
indicating the occurrence of the normal Portevin-Le Chatelier ef-
fect (PLE). However, the ec increases as type-C serrations appear
at 923 K and 3 � 10�3 s�1, which is the inverse PLE. In the inverse
PLE region, the diffusion rates are high enough for dislocations to



Fig. 2. Engineering stress–strain curves at different temperatures and strain rates.
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be aged from the start of deformation, and type-C serrations
appear to be due to breakaway of the aged dislocations [16]. It
has been suggested that measurement of ec and its dependence
on temperature and strain rate is essential to understand the



Fig. 4. TEM micrograph showing dislocation structure in the steel tested at 823 K
and 3.3 � 10�4 s�1.

Fig. 5. Fractograph of the steel fractured at 873 K and 3.3 � 10�3 s�1.

Fig. 3. Temperature dependence of normalized 0.2% yield strength and ultimate
tensile strength at 3.3 � 10�3 s�1.

Table 3
Temperature dependence of Young’s modulus of the AL6XN steel.

Temperature (K) 297 773 823 873 923 973

E (GPa) 195 155.2 151.0 146.8 142.7 138.5

Table 2
Temperature dependence of tensile properties of the AL6XN steel.

RT 773 K 823 K 873 K 923 K 973 K

a0.2 (MPa) 430.8 266.7 251.2 269.2 260.7 289.5
UTS (MPa) 840.5 648.8 637.4 618.9 576.4 535.7
d (%) 55.1 55.3 59.9 59.0 59.3 52.5
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underlying mechanism of DSA [7]. This dependence is generally ex-
pressed as
emþb
c ¼ K e

:
expðQ=kTÞ

where m and b are the respective exponents related to the vacancy
concentration and mobile dislocation density respectively, K the
constant, e

:
the strain rate, Q the activation energy, k the Boltz-

mann constant, T the absolute temperature. The average (m + b)
value as estimated to be 2.4 from the critical plastic strains mea-
sured at different temperatures and strain rates. With the (m + b)
value, activation energy was further calculated to be 304 kJ/mol
for type-A and -(A + B) serrations at temperatures ranging from
773 to 923 K, as shown in Fig. 8. Tamhankar et al. derived a value
of activation energy for serrated flow in the 10Cr–35Ni–0.39Mn–
0.03C alloy as 210–340 kJ/mol [17]. By taking (m + b) equals 2.3,
Mannan et al. and Samuel et al. also calculated the activation en-
ergy for serrated flow at elevated-temperatures in AISI type 316
stainless steels as 255 and 277 kJ/mol, respectively [18,19]. Almei-
da et al. reported the activation energy derived from the critical
strain for type-B serrations as 240 kJ/mol in the type 304 stainless
steel [20]. The value of 304 kJ/mol for the activation energy of ser-
rated flow in the AL6XN steel is comparable with those reported in
the austenitic stainless steel in the literature. This tends to support
that diffusion of substitutional solute atoms is responsible for ser-
rated flow in the AL6XN austenitic steel at elevated-temperatures.
Additionally, the (m + b) value for the AL6XN steel falls into the
range between 2 and 3, again indicating a substitutional diffu-
sion-controlled mechanism of DSA [7]. Thus, the diffusion of sub-
stitutional solutes, such as chromium and molybdenum is
considered as the mechanism of serrated flow of the AL6XN
austenitic steel.
4. Conclusions

Tensile tests were conducted on the solution-treated AL6XN
austenitic stainless steel at temperatures of 773–973 K and at
strain rates of 3.3 � 10�5–3.3 � 10�3 s�1. Based on the results, the
conclusions were made as follows:

(1) During tensile deformation at temperature ranging from 773
to 973 K and at strain rates of 3.3 � 10�5–3.3 � 10�3 s�1

(excluding 873 K, 3.3 � 10�5 s�1), the regime of DSA was
manifested by the serrated flow, peak/plateau in flow stress
and negative strain rate sensitivity. Additionally, type-A and
-(A + B) serrations were identified at relatively low temper-
atures, whereas type-C serrations were observed at higher
temperature.



Fig. 8. Plot of critical strain vs. 1/T.

Fig. 6. Magnified view of serrations of true stress–strain curves: (a) 773–973 K, 3.3 � 10�3 s�1; (b) 823 K, 3.3 � 10�4 s�1–3.3 � 10�5 s�1; (c) 873 K, 3.3 � 10�4 s�1.

Fig. 7. Plot of critical strain of serrations with different temperatures at
3.3 � 10�3 s�1.
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(2) The critical strains for type-A and -(A + B) serrations were
determined, which decreases with increasing temperature
from 773 to 923 K. The value of activation energy for ser-
rated flow was calculated to be 304 kJ/mol, and diffusion
of substitutional solutes, such as chromium and molybde-
num is considered as the mechanism of DSA.
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