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Effect of low-cycle fatigue on acoustic birefringence in austenitic steel
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This paper presents the results of a study of the effect of low-cycle fatigue on acoustic birefringence in austenitic

stainless steel AISI 321 at test temperature 20 and 60◦C. A model was proposed, which represents acoustic

birefringence of entire material as the sum of two separate components for soft matrix of austenite and hard

inclusions of α′-martensite. Changes in acoustic birefringence caused by deformation of austenite and martensitic

transformation under fatigue were compared using calculations based on the data obtained earlier for uniaxial

tension of the same steel. The kinetics of changes in acoustic birefringence of austenite was analyzed with and

without taking into account the effect of martensitic transformation. The results have practical importance for the

development of ultrasonic techniques for nondestructive evaluation of the state of metastable austenitic steel.
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Introduction

Austenitic stainless steel is widely used in the creation

of structures for nuclear, chemical and other industries. It

is known that plastic deformation of most steels of this

class with low energy of stacking faults, even at room

temperature, simultaneously with the accumulation of dam-

age is accompanied by a phase transformation of austenite

into strain-induced α′-martensite [1,2]. The intensity of

the strain-induced martensitic transformation depends on

external factors such as the loading frequency [3–5] and

the temperature [6–8].
The difference between the elasticity modules α′-

martensite and austenite results in a change of the modulus

of elasticity and acoustic parameters of the entire volume of

the material. The formation of α′-martensite also affects the

viscosity and hardness of steel [9–11] and results in a change

of the intensity of damage accumulation [12]. Previous work
showed that the intensity of strain-induced transformation

of martensite decreases down to zero with the increase of

temperature under loading [6,13,14]. At the same time,

damage accumulates in the material, which is practically

not studied.

There are many studies devoted to the study of changes

in properties during loading of austenitic steels by magnetic

or eddy current control methods [15–19]. However,

studies of changes of the acoustic [19–21] or electrical

properties [22,23] are interest with respect to determination

of the damage.

The impact of static loading and fatigue on the anisotropy

of the elastic properties of steel AISI 321 at different test

temperatures was studied in this paper. The anisotropy

of elastic properties was described using the acoustic

birefringence parameter B which is defined as:

B = 2
tx − ty

tx + ty
, (1)

where the propagation time of two shear waves propagating

between two plane-parallel areas of specimen and polarized

in a mutually perpendicular direction, along loading axis tx

and across loading axis ty .

The birefringence parameter in the entire material was

presented based on experimental data as the sum of

two components for a soft matrix of austenite and solid

inclusions of strain-induced α′-martensite.

1. Experimental procedure

Austenitic stainless steel AISI 321 was studied in this

paper, the chemical composition is provided in the table.

The shapes and sizes of the specimen are shown in Fig. 1.

Plane-parallel pads were cut on both sides of the working

area on each specimen for ultrasonic and eddy current

measurements.

The mechanical step-by-step tests were conducted using

servo-hydraulic testing system BISS Nano UT-01-0025.

Ultrasonic and eddy current measurements were performed

before the test and after each loading stage. Thermocouples

were attached to the center of the sample and the lower

and upper jaws of the testing system to measure the

temperature.

The static loading was performed at a strain rate of

5 · 10−3 s−1 at temperatures of 20, 40 and 60◦C.
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Chemical composition of the studied steel AISI 321 (%)

C Cr Ni Mn Mo Ti P S Si Fe

0.03 17.27 9.02 0.56 0.22 0.31 0.029 0.003 0.43 Base

Æ
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Figure 1. Acoustic measurement scheme; X(1), Y (2) and Z(3) —
the axes of symmetry of the specimen.
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Figure 2. Amplitude-time diagram of shear waves.

Low-cycle fatigue tests were carried out by monitoring

the complete strain of the cycle with an asymmetry

coefficient Rε = 0 and a constant strain rate 5 · 10−3 s−1.

Uniaxial cyclic loading P is directed along the axis X(1)
(Fig. 1). The total strain amplitude 1ε/2 was 0.3 and 0.5%,

temperature was 20 and 60◦s. The tests were stopped when

the stresses in the cycle dropped by 50% compared to the

steady-state stress value in accordance with GOST 25.505-

85.

The amplitude-time diagrams of echo pulses were

recorded for measuring the ultrasonic wave propagation

time tx and ty (Fig. 2). The ultrasonic wave propagation

time tτ was measured between the first signal t1 and the

third signal t3. The S- wave was excited and received by a

wide-band piezoelectric transducer (PET) V157 Olympus

having element 3.2 mm in size with center frequency

of 5 MHz. The commercially available ultrasonic flaw

detector A1212 MASTER was used as an electrical pulse

generator. Amplitude-time diagrams of signals from the PET

were recorded on a personal computer using LA-n1USB

digital oscilloscope and ADCLab software. The maximum

sampling rate of the oscilloscope is 1GHz, time resolution

is 1 ns.

A multifunctional eddy current device MVP-2M with

a frequency sensor 1 kHz was used for measuring eddy

current. It was originally developed to measure the ferrite

content in austenitic and pearlite grade steels. The device

was calibrated by the manufacturer. The obtained results

of measuring the content of α′-martensite were indicated

in percentages of ferrite like in [10] since the magnetic

properties of ferrite and ferromagnetic α′-martensite differ

slightly [24].

2. Results of investigation

2.1. Cyclic hardening and softening

An increase of the voltage amplitude (cyclic hardening)
is observed regardless of the test temperature at the

strain amplitude of 0.5% (Fig. 3). Cyclic hardening is

caused by several factors: an increase of the number

of stacking faults [25], an increase of the density of

dislocations in austenite [26], as well as the formation

of strain-induced α′-martensite. Softening is observed

after initial hardening at 0.3% strain amplitude. Cyclic

softening occurs when the rate of dislocation annihilation

exceeds the rate of their generation, causing a general

decrease of dislocation density, or when dislocations are

rearranged into a cellular structure, which results in an
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Figure 3. Stress amplitude during cyclic loading at 1ε/2 = 0.5%

and T = 20◦C (1), 1ε/2 = 0.5% T = 60◦C (2), 1ε/2 = 0.3%

and T = 20◦C (3), 1ε/2 = 0.3% and T = 60◦C (4).
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Figure 4. Dependence of the volume fraction of α′-martensite ϕM (a) and 1B (b) on plastic strain ε for steel AISI 321 at test

temperatures: 20 (1), 40 (2) and 60◦C (3) [24].

increase of the free path of dislocations [27,28]. It is

worth noting that the decrease of stress amplitude at

temperature of 60◦C is more significant than at temperature

of 20◦C.

The active formation of α′-martensite starts after a certain

number of cycles which depends on the loading conditions

which counteracts a decrease of the density of dislocations

of austenite [29] and results in the secondary hardening up

to the destruction of the sample.

2.2. Results of acoustic and eddy current

measurements under static tension

A clear dependence of the kinetics of α′-martensite on

the test temperature is observed at static tension (Fig. 4, a).
The experimental data (Fig. 4, b) are consistent with the

theoretical calculations of [30]. The authors showed that the

acoustic birefringence B decreases with static loading of a

material with a FCC lattice and increases with deformation

of a material with a BCC lattice. Fig. 4, b shows that

austenite with a FCC lattice prevails in the material at

stage 1 (parameter B decreases). An intensive martensitic

transformation begins at stage 2 (Fig. 4, b), which affects

the kinetics of change of parameter B . The obtained

dependences reflect the cumulative effect of damage accu-

mulation, texture changes in austenite with a FCC lattice

and the formation of strain-induced α′-martensite with

a BCC lattice at different static loading temperatures of

stainless steel AISI 321.

2.3. Results of acoustic and eddy current

measurements at fatigue

An intensive increase of the volume fraction ϕM of strain-

induced α′-martensite is observed in all loading conditions

after the relative number of loading cycles N/N f = 0.2

(N f — the number of cycles before the formation of a

macroscopic crack) (Fig. 5, a). Fig. 3 and 5, a show that the

hardening of the material under cyclic loading corresponds

very well to the kinetics of martensitic transformation. As a

matter of fact, cyclic hardening of austenitic steel occurs due

to the martensitic transformation [32]. It is expected that the

strain-induced α′-martensite volume fraction ϕM for both

strain amplitudes after testing at temperature 60◦C is less

than at 20◦C. It should be noted that the dependence
√
ϕM

on the number of cycles N can be approximated by a linear

function, and the angle of inclination reflects the magnitude

of the strain amplitude and the loading temperature (insert
in Fig. 5, a).

The change of B under fatigue of B was obtained in

all loading conditions from ultrasonic studies (Fig. 5, b).
It should be noted that B increases at the initial stages

of loading with a strain amplitude of 0.3% and decreases

with further loading. The birefringence parameter decreases

at all loading stages at both temperatures at 0.5% strain

amplitude and the nature of the change of B for the studied

temperatures coincides. A difference of the nature of the

change of B is observed with further loading, which is

determined by the different rate of formation of the α′-

martensite phase. Therefore an increase of the deformation

temperature contributes to an increase of B with the same

strain amplitude. The variation of B with a strain amplitude

of 0.5% is similar to the variation under static loading, since

the curves merge at the first stages of loading and then they

diverge.

Accordingly, B increases with the strain amplitude of

0.3% in the early stages and it can be concluded that the

rate of formation of martensite is so small that it does not

significantly affect the elasticity constants of austenite with

a FCC lattice. α′-martensite with a BCC lattice begins to

form more intensively when the relative number of loading

cycles reaches 0.2, which results in a decrease of B . Thus,

the kinetics of the change of B reflects the nature of

hardening and softening at the studied strain amplitude and

temperatures.
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Figure 5. Change of ϕM (a) and B (b) under cyclic loading at 1ε/2 = 0.5% and T = 20◦C (1), 1ε/2 = 0.5% and T = 60◦C (2),
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P
A

c a b

a'-m

c c

c

a'-m
PP

c

P
Abi

Figure 6. Representative volume of the austenite matrix with inclusions of α′-martensite.

3. Discussion

Let’s calculate the change of the birefringence parameter

BAeff taking into account the martensitic transformation

during static loading. Let’s consider for this purpose a

representative element of cubic volume with an edge of

length c , which is affected by a load P (Fig. 6). It contains a
certain volume fraction of strain-induced α′-martensite ϕM .

The following assumptions will be used for the calculation:

— The two-phase material consists of a soft austenitic

matrix and solid martensitic inclusions randomly distributed

in the matrix;

— α′-martensite does not deform;

— The formation of martensite has no effect on the

deformation of austenite.

Let the effective size of each inclusion be bi , and the

entire martensite phase occupies the volume c2b, where

b =
∑

i bi .

Then the volume fraction of the α′-martensite is

ϕM = c2b
c3 = b

c , the volume fraction of the austenite phase

is ϕA = 1− ϕM = a
c .

The strain εS measured by the extensometer during

testing can be recorded via a , b and c :

εS =
1c
c

=
1a

a + b
. (2)

Then the strain of austenite εA can be determined using

the following formula:

εA =
1a
a

. (3)

The strain ratio is written as

εA

εS
=

1

1− ϕM
. (4)

In formulas, the volume fraction of α′-martensite is given

in fractions, it is shown as a percentage in figures, except

for the insert in Fig. 5, a.

The change in 1B is attributable not only to the

accumulation of damage [21] and a change of texture, but

also to the formation of α′-martensite. We write down

the change of 1B of the entire material in the following

Technical Physics, 2024, Vol. 69, No. 1



Effect of low-cycle fatigue on acoustic birefringence in austenitic steel 12Kh18N10T 53

form assuming that under static loading, the kinetics of the

change of the birefringence parameter in austenite remains

constant even with the formation of α′-martensite, and the

birefringence parameter in the resulting martensite depends

only on its volume fraction

1B = 1BA + 1BM, (5)

where 1BA — determines the change of the birefringence

parameter in austenite because of its deformation, 1BM —
determines the change of the birefringence parameter

because of the formation of α′-martensite.

The change of 1B1 for the entire material can be

approximated by a linear dependence on plastic strain ε

at the first stage of static loading (stage 1, Fig. 4, b) with an

insignificant intensity of martensitic transformation:

1B1 = 1BA = −0.086ε. (6)

The change of the birefringence parameter BAeff

(Fig. 4, b), taking into account equations (2), (3) and (6),
can be expressed as follows:

BAeff = −
0.086ε

1− ϕM
. (7)

The change of the birefringence parameter BMeff will be

defined as:

1BMeff = 1B +
0.086ε

1− ϕM
. (8)

During the plastic loading the proportion of α′-martensite

increases and plastic strain concentrates in softer austenite,

which results in an increase of the intensity of the change

of the birefringence parameter BAeff.

A decrease of the intensity of martensitic transformation

has a greater effect on BMeff than on BAeff (Fig. 7). For

instance, 1BMeff in case of failure at temperature of 20◦C is

approximately 8 times greater, than at temperature of 60◦C,

1BAeff is greater by about 1.5 times.

It was found that the change of the birefringence

parameter BM at the 2nd stage of static loading in the

temperature range from 20 to 60◦C linearly depends on

the percentage of α′-martensite ϕM(Fig. 8):

1BM = 0.17ϕM . (9)

We determine the change BA in austenite under fatigue

using equations (5) and (9) based on the assumption that

the parameter BM changes due to fatigue in the same way

as under static loading:

1BA = 1B − 0.17ϕM . (10)

The value of 1BA shows a change of the birefringence

parameter in austenite without taking into account the

intensity of formation of α′-martensite. Fig. 5, b and 9 a

show that 1BA is significantly larger than 1B and exceeds

the latter by about 7−10 times when destroyed, i.e., the

martensitic transformation due to fatigue also contributes to
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an increase of 1B , which corresponds to Fig. 4, b, which

indicates the expected development of B (dashed line)
without phase transformations.

We obtain a change of the birefringence parameter in

austenite 1BAeff under fatigue, the change of which will not

depend on the loading conditions, as follows:

1BAeff = 36
3
√

k(1B − 0.17ϕM). (11)

where k — the tangent of the angle of inclination of

the dependence
√
ϕM(N) (insert in Fig. 5, a), which is

5.8 · 10−4 at strain amplitude 1ε/2 = 0.5% and T = 20◦C,

at T = 60◦C k = 3.2 · 10−4. At strain amplitude of

1ε/2 = 0.3% and T = 20◦C k = 6.0 · 10−5, at T = 60◦C

k = 4.5 · 10−5. The coefficients in expression (11) were

selected in such a way that the dependence 1BAeff(N/N f )

Technical Physics, 2024, Vol. 69, No. 1
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for all samples was the same at different intensity of phase

transformations, due, among other things, to the magnitude

of the strain cycle amplitude and temperature.

Fig. 9, b shows that the values 1BAeff obtained for all

loading conditions are superimposed on one curve, and

when a crack occurs in the material they reach the value

0.022 ± 0.002. The calculations for stage 2 were made with

the assumption that 1BAeff changes in the same way as in

stage 1.

Therefore, when solving the reverse problem with known

values ϕM and B , it is possible to calculate the component

1BAeff, which characterizes damage and can be used to

assess the current condition of the material.

Conclusion

The kinetics of martensitic transformation affects the

mechanical properties and the parameter of acoustic bire-

fringence at fatigue of steel AISI 321.

An increase of softening is observed with an increase of

the test temperature which is most pronounced in case of

testing with the strain amplitude 0.3%. The relationship

between the change of the birefringence parameter BM

and the volume fraction α′-martensite at the second stage

of static loading adheres to a linear law in the studied

temperature range. The magnitude of the change of the

acoustic birefringence parameter during the formation of

α′-martensite exceeds the similar change during austenite

deformation in accordance with the proposed model. A

universal curve of the change of the acoustic birefringence

parameter in austenite (when the kinetics of martensitic

transformation is slowed down) cause by fatigue was

obtained, which describes the results regardless of the

loading state and can be used for material diagnostics.
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