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a b s t r a c t

Complex two-component peak of anelastic mechanical losses was observed in multicomponent substi-
tutional austenitic alloys after prior plastic deformation. In AISI 316L, AISI 316LN, AISI 310 and AISI 304
austenitic stainless steels, this peak is situated in the wide range of temperature from 200 to 400 K. Char-
acteristics of the observed peak for different thermo-mechanical treatments were studied employing
low-carbon AISI 316L austenitic stainless steel. It is shown that the low-temperature component (peak P1
with maximum at 250 K) has a relaxation origin, while the high-temperature component (peak P2 located
at 340–360 K) represents a transitional process developing in a deformed austenitic stainless steel during
linear heating. The activation enthalpy and the pre-exponential factor of the relaxation time of peak P1
Dislocation–point defect interaction

Modulus recovery are 0.48 ± 0.06 eV and 10−11±1 s, respectively. Effects of prior cold deformation and heating rate on the
observed anelastic mechanical losses are also described. The origins of the peaks are discussed in terms
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. Introduction

Austenitic stainless steels (SS) are attractive materials for
he applications where good corrosion properties are requested
ogether with high toughness and good formability. Thus, it is
mportant to know the change in the mechanical properties of
he austenitic stainless steels after prior plastic deformation. The
nowledge of mobility of dislocations and their interactions with
attice point defects is required for understanding the mechanisms
f creep as well as of static and dynamic strain aging. Necessary
nformation about the state of dislocations, interstitials and lattice
efects and their possible interactions can be obtained by means of
echanical loss spectrometry better known as internal friction (IF).

he changes in the relaxation spectra of austenitic stainless steels
ith the amount of plastic deformation and the presence of inter-

titials in the solid solution have been studied by many authors; for
brief review see Ref. [1]. Most of the studies have been focused

n the IF peak located in the vicinity of 630 K (at frequency ≈1 Hz)
stablished by Rozin and Finkelshtain in 1953 [2]. Only few works
re available on the IF peaks located in the temperature range from

00 to 500 K, which are observed in the deformed austenitic stain-
ess steels [3–8]. In metastable austenitic SS the IF peaks located in
his temperature range may be attributed to strain-induced �′ and �

artensites [5–7]. However, IF peaks in the low-temperature range
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with point defects generated by plastic deformation.
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have also been ascribed to deformed stable austenite, where their
origin may not be explained by the presence of other phases [4,7,8].
In spite of the systematic observation of the internal friction peaks
in different austenitic multicomponent alloys in the temperature
range from 100 to 500 K at frequencies around 1 Hz, there is still no
clear explanation of their nature. The aim of the present study is to
verify the presence of the IF peaks in different grades of austenitic
stainless steels and to characterize these peaks in cold-deformed
stable low-carbon AISI 316L austenitic stainless steel.

2. Experimental

Four types of austenitic stainless steels AISI 316L, AISI 316LN, AISI
310 and AISI 304 were used in this study. Chemical compositions
of the studied steels are shown in Table 1. All the studied materi-
als were supplied as plates in annealed condition. The specimens
for prior straining were cut from the plates by electric discharge
machining as samples of width 6–8 mm and thickness 0.5–2 mm.
The 5 or 20% tensile strain of the samples was performed at room
temperature using a servohydraulic 100 kN MTS 810 test machine
at strain rate of 10−3 s−1. The level of strain was controlled by an
MTS 632.12C – 20 extensometer. The temperature dependencies of
the internal friction, Q−1, were measured using the method of free

decay of resonance oscillations by an inverted torsion pendulum
over the temperature range from 100 to 550 K with the amplitude
of the torsion deformation of about 10−5. The natural frequency of
the pendulum was varied in the range from 1 to 3 Hz. In most of the
measurements the applied heating rate (HR) was 2 K/min. In order
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Table 1
Chemical composition (in wt.%) of the studied steels.

Grade Cr Ni Mo Mn C N
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ISI 316L 16.4 10.5 2.0 0.98 0.02 –
ISI 316LN 17.0 11.0 2.1 1.5 0.02 0.176
ISI 310 25.54 19.09 0.24 0.88 0.049 0.036
ISI 304 18.5 10.9 0.22 0.73 0.048 –

o examine whether the studied peaks had relaxation or transi-
ional origin, different HRs in the range of 1–4 K/min were applied.
he specimens for internal friction measurements with typical size
f about 0.5 mm × 1.5 mm × 35 mm were cut by a tabletop disc-saw
nd polished with 1200 grit emery paper.

. Results

The temperature dependence of the anelastic mechanical losses,
−1 (i.e., internal friction), of four different grades of austenitic SS

AISI 316L, AISI 316LN, AISI 304 and AISI 310) are shown in Fig. 1. IF
pectra were obtained after prior tensile strain of the steels to 20% of
longation. Observed spectra have two well-defined maxima for the
trained materials, forming a complex two-component peak with

ow- and high-temperature components at about 250 and 350 K
alled here peak P1 and P2, respectively.

Fig. 2 shows the internal friction of AISI 316L SS for various val-
es of prior tensile strain and for the as-supplied materials. The
mplitude of the observed two-component IF peak increases in

ig. 1. Temperature dependence of internal friction for different grades of austenitic
tainless steels after prior plastic deformation in tension to 20% strain at room tem-
erature and at a strain rate of 10−3 s−1.

ig. 2. Change of the peaks in AISI 316L austenitic stainless steel plastically pre-
trained in tension at room temperature and at a strain rate of 10−3 s−1.
Fig. 3. Temperature dependence of internal friction of AISI 316L steel at different
heating rates. The inset shows the dependence of the area under fitted peaks on
heating rate for the low- (dashed line) and the high-temperature peak (solid line).

magnitude with increasing the amount of prior tensile strain and
only minor humps were evident for the as-supplied material.

In order to study whether the observed peaks had relaxation or
transitional origin, different heating rates in the range of 1–4 K/min
were applied. The obtained internal friction spectra and dependen-
cies of the areas under the peak on the value of HR are shown in
Fig. 3. To calculate the areas under the peak of IF spectra, the back-
ground was assumed to be a straight line from 100 to 500 K and was
subtracted. The spectra were then fitted with Gaussian peaks with
correlation coefficient R ≥ 0.995. The low-temperature component
(P1) was fitted with two Gaussian peaks with centres of gravity in
the vicinity of 190 and 250 K and the sums of the areas of fitted
peaks were taken. The high-temperature part (P2) was fitted with
single Gaussian peak with maximum around 355 K. The obtained
results show that P1 has a relaxation origin, while P2 represents a
transitional process taking place during linear heating.

Samples of 20% pre-strained AISI 316L austenitic SS were mea-
sured several times in the temperature range from 100 to 550 K
without dismounting the sample to evaluate the reproducibility of
the observed two-component IF peak. Fig. 4 shows the changes in
IF spectrum and frequency squared, which is proportional to the

shear modulus, during the first and second measurement runs. A
small defect in the shear modulus was observed during the first
run over the temperature range of P2. In the second run, the high-
temperature component (P2) disappears almost completely, while

Fig. 4. Temperature dependence of internal friction and squared natural frequency
for AISI 316L austenitic stainless steel after tensile pre-strain of 20% at room tem-
perature and at a strain rate of 10−3 s−1. Comparison between data of the first and
second measurement runs.
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ig. 5. Arrhenius plot for the low-temperature peak P1, obtained after removal of
ransitional high-temperature peak P2 by annealing at 550 K for 100 min.

he low-temperature component (P1) decreases and its peak max-
mum shifts towards lower temperature. The values of the shear

odulus in the second run were higher than in the first. In sub-
equent additional runs the IF spectra and the values of frequency
quared remained the same as in the second run.

According to the results concerning the HR and the stability of
he peaks, the low-temperature component of the double peak (P1)
ppears to be a relaxation process. To obtain the activation enthalpy
nd the pre-exponential factor for the process, P2 was removed by
nnealing the material at 550 K for 100 min and the measurements
t different frequencies were carried out by changing the inertia
embers of the pendulum. The Arrhenius plot for peak P1 is shown

n Fig. 5. The activation enthalpy and the pre-exponential factor of
he relaxation time are 0.48 ± 0.06 eV and 10−11±1 s, respectively.

. Discussion

The observation of an IF peak with two well-defined components
n all the studied grades of steels provides the evidence of a com-

on behavior of deformed austenitic stainless steels. The studied
eaks are caused by plastic deformation, as they are not observed

n the as-supplied annealed condition of the materials and increase
n amplitude with the amount of plastic deformation.

From the obtained results it is evident that only P1 has a relax-
tion origin. Most probably, peak P1 is similar to Hasiguti peaks
9]. This peak is stable and is present in all the repeated runs with
he same value of amplitude after P2 is annealed out. The acti-
ation enthalpy and the pre-exponential factor of the relaxation
ime (0.48 ± 0.06 eV and 10−11±1 s, respectively) are in good agree-

ent with previous results obtained by Igata et al. for cold-worked
ISI 304L austenitic stainless steel [3,7]. The position of the peak
bserved by Igata et al. [3] calculated for an 1 Hz frequency would
e 265 K, which is close to the position of P1 reported in this study.
he relaxation processes described by Igata et al. [3,7] and Hasiguti
t al. [9] were associated with the interactions of dislocations with
oint defects. The model suggested by Hasiguti et al. is based

n stress-assisted unpinning of dislocations from point defects.
he relaxation maximum appears, when the frequency of thermal
npinning coincides with the external vibrational frequency. As the
emperature position, activation energy and pre-exponential fac-
or of the relaxation time of P1 are very close to those for the peaks

[
[
[
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described by Igata et al. and Hasiguti et al., we assume that the same
mechanism is involved in the present relaxation processes.

The disappearance of peak P2 accompanied by the recovery of
the shear modulus during the first measurement run of the pre-
strained material is evidence of some transitional process taking
place within the material during heating. This process may be
related to the annihilation of the point defects. As a matter of fact,
measurements of resistivity changes during isochronal annealing in
the temperature range from 373 to 533 K exhibit a recovery stage in
irradiated AISI 304 steel, attributed to annihilation of point defects
[10]. A recovery stage, which does not involve a rearrangement
of dislocations, was found for cold-worked AISI 304 and AISI 316
austenitic SS at around 580 K [11]. The activation energy for this
process was 57 kJ mol−1 (0.59 eV) for AISI 304 and about 80 kJ mol−1

(0.83 eV) for AISI 316 austenitic SS. These obtained values are close
to the enthalpy of vacancy diffusion in FCC metals [12]. Based on
these facts, we suggest that peak P2 is attributable to the migration
of point defects to the dislocation cores. At temperatures around
500 K, when the mobility of interstitial impurities increases, the
pinning of dislocations by carbon or nitrogen atoms may also occur.
The pinning of dislocations by impurities should lower their mobil-
ity and may result in a decrease in the amplitude of P1 as observed
in the second run. This hypothesis is supported by the increase in
the shear modulus taking place in the repeated measurement runs,
when P2 is not present. The kinetics of the P2 decay and the recovery
of the shear modulus during annealing will be discussed elsewhere.

5. Conclusions

IF peak with two well-defined components, which depend on
the amount of plastic deformation, is observed in all the stud-
ied grades of austenitic stainless steels. The low-temperature
component of the observed peak has relaxation origin with char-
acteristics similar to Hasiguti peaks. Thus, it appears to represent a
dislocation–point defect interaction effect. The high-temperature
component of the peak has transitional origin and is probably
related to the annihilation of point defects introduced by the plastic
deformation at the dislocation cores.
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