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In this work, the martensitic transformation occurring in AISI 304 steel sheets subjected to tension at room
temperature has been experimentally studied. Tensile tests performed on AISI 304 specimens are split into
two different types; in situ tensile tests and macroscopic tensile tests. The former are conducted mounting
the sample in a tensile micromachine originally developed in ENSAM/Metz within the range of strain rates
10−5 s−1 ≤ ε̇ ≤ 10−3 s−1. The latter are performed under static and dynamic conditions of deformation
within the range of strain rates 10−3 s−1 ≤ ε̇ ≤ 102 s−1. Using X-rays diffraction technique, in situ tensile
tests have allowed measuring the stress of the phases during loading by placing the tensile micromachine
under the range of a PROTO goniometer. Additionally, the martensitic transformation has been recorded
via mounting the tensile micromachine into a scanning electron microscope. The volume fraction of
martensite has been measured in the post mortem specimens, V˛′ ≈ 70%. Moreover, the static macroscopic
tensile tests, 10−3 s−1 ≤ ε̇ ≤ 10−1 s−1, have been recorded using a high speed infrared camera. It has been

proven that martensitic transformation takes place in AISI 304 steel for a temperature increase over
�T > 140 K. The macroscopic dynamic tensile tests are performed within the range of strain rates, 1 s−1 ≤
ε̇ ≤ 100 s−1. A considerable amount of martensite has been detected in the post mortem samples, V˛′ ≈ 35%.
This proves that plastic deformation is the dominant mechanism responsible for the transformation
phenomenon in this steel. The free energy supplied by straining the sample relegates to a secondary role
the rise in temperature taking place during the course of plastic deformation.
. Introduction

Good formability and toughness in addition to high strength are
echanical properties demanded by industry for steels applied to

he construction of mechanical elements with elevated structural
esponsibility. Metastable austenitic stainless steels are one type
f steels that offer such convenient characteristics. Such improved
echanical properties are induced by the microstructural trans-

ormation from austenite to martensite taking place in this sort of
teels under determined loading conditions.

As described by Angel [1], the controlling factor for the kinetics
f the transformation is the supply of free energy. In other words,
he transformation requires a free-energy variation of the system
arge enough to enable the reaction to mount the activation barrier

etween austenite and martensite [1–3]. This can be triggered either
y quenching or by loading the sample [4].

∗ Corresponding author. Tel.: +34 91 624 8809; fax: +34 91 624 9430.
E-mail address: jarmarti@ing.uc3m.es (J.A. Rodríguez-Martínez).
In the case of the metastable austenitic stainless steel grades,
martensitic transformation may occur at room temperature by
material straining. This process, commonly called Strain-Induced
Martensitic Transformation (SIMT), enhances the work harden-
ability of the steel and delays plastic localization improving the
formability of the material [4,5]. Additionally, the martensitic trans-
formation causes the Transformation Induced Plasticity (TRIP)
process. There are two mechanisms behind the TRIP effect [5]:

• The “Magee effect” [6] related to crystallographic orientation
with transformation of preferred variants. This process relaxes
the tensile hydrostatic stress which is responsible for damage or
micro cracking.

• The “Greenwood–Johnson effect” [7] related to the displacive
character of the austenite–martensite transformation [8]. It corre-
sponds to the plastic strain induced in the parent phase because of
the volume difference between two coexisting phases. This effect

contributes to enhance material strain hardening.

Taking into account the number of related publications [1,9–15],
the AISI 304 may be considered as the reference metastable
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Table 1
Chemical composition of AISI 304 (weight %, Fe balance).

C Mn Cr Ni Mo Cu Si Nb
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0.06 1.54 18 8 0.30 0.37 0.48 0.027

ustenitic stainless steel for studying the SIMT process. This
ork agrees with those previously cited and presents a detailed

xperimental survey on the martensitic transformation occurring
n AISI 304 steel sheets subjected to tension at room temper-
ture. New findings concerning the loading conditions under
hich the SIMT process occurs in the AISI 304 are presented.
dvanced measuring techniques like X-Rays Diffraction (XRD)

echnique and Thermal Imaging (TI) have been applied for that
ask.

. Microstructure and chemical composition of the AISI 304
teel

The material studied in this work is a rolled AISI 304 steel which
s the most versatile and most widely used stainless steel. This

aterial enjoys a wide range of applications because of good corro-
ion resistance, elevated strength and ductility, as well as excellent
eldability and formability.

The AISI 304 belongs to the type called high-alloy TRIP
teels. This sort of steels contain large amount of alloying ele-
ents such as Cr and Ni, improving pitting and corrosion

esistance. The chemical composition of the material is given
n Table 1.

In the undeformed state, the AISI 304 is constituted of
00% of austenite. The average grain size has been deter-
ined from Scanning Electron Microscope (SEM) and Electron

ack-Scattered Diffraction (EBSD) observations, D ≈ 12 �m. The
artensite start temperature of this material MS ≈ 65 K has been
easured using a dilatometer (cooling speed of 20 ◦C/s). More-

ver, the X-ray Diffraction (XRD) technique (see Section 3) enabled
o point out that no texture was present in austenite in the
ndeformed state. The intensity factor recorded was less than
, Fig. 1.

In the next section of this paper, XRD and TI measurement
echniques are introduced. Both have been used to determine the
oading conditions under which martensite is formed in the AISI 304

teel at room temperature.

Fig. 1. {2 2 0} pole figure of austenite in the initial state at room temperature.
3. Advanced measuring techniques applied to study the
martensitic transformation

3.1. X-rays diffraction technique

XRD has been used since it is a very efficient non-destructive
technique that enables to determine accurately the volume fraction
of each phase as well as the average stress state in the coexisting
phases [16].

Thus, XRD has been used in order to:

• Measure the stress of the phases both during loading (in situ
tensile tests) and in the post-mortem specimens.

• Measure the volume fraction of the phases in the post-mortem
specimens.

3.1.1. Measurement of the stress in the phases
The level of stress in each phase of the steel is determined on

the surface of the specimens using a portable PROTO goniometer
[16]. It enables to analyze elaborately shaped parts since the sample
stays fixed during the whole analysis (the beam is moving around
the specimen). The longitudinal direction of the active part of the
sample is aligned with the direction of the movement of the PROTO
goniometer beam.

For stress determination, the classical sin2 method has been
used considering the lattice plane spacing dh k l of a {h k l} plane
family as an internal strain gauge [17,18]. The FCC phase (austen-
ite) is analyzed by using manganese radiation (�= 2.102 Å); in
order to obtain optimum results, the analysis of the {3 1 1} planes
corresponding to an angle 2� = 151.0◦ is conducted (best accu-
racy). For the BCC phase (martensite) chromium radiation is used
(�= 2.2897 Å) and the {2 1 1} planes are analyzed (2� = 156.1◦).

3.1.2. Measurement of the volume fraction of the phases
The volume fraction of each phase has been calculated using a

SEIFERT XRD 3003 PTS goniometer taking into account the intensity
of the diffraction peaks of martensite and austenite.

In the case of AISI 304, a material containing two phases, the
volume fraction of martensite is obtained by Eq. (1).

V˛′ = 1
[1 + (I�/I˛′ ).((R˛′/R� ))]

(1)

where I˛′ and I� are the intensity of the diffraction peaks for
martensite and austenite, respectively, R˛′ and R� are coefficients
depending on the absorption factor, the Lorentz polarization factor,
the multiplicity factor of the analyzed plane families, the volume of
the crystal lattices and others [17]. Furthermore, V˛′ + V� = 1. Both
phases (austenite and martensite) have been analyzed by using an
iron anticathode (�= 1.936 Å).

3.2. Infrared thermography

The infrared camera used for measuring temperature contours
features variable “snap shot” integration from 10 �s to 10 ms and
frame rates up to 200 FPS (frames per second) in full frame mode
and 6000 FPS in sub-windowing mode. The minimum temperature
variation registered by the camera is �Tmin = 18 mK. The integra-
tion time is within the range 1 ms ≤ tint ≤ 20 ms. Such features allow
having high definition and elevated frame-rates [19].

In order to get the maximum emissivity from the sample, the

steel specimens were covered with soot the emissivity of which
was estimated �= 0.95 (before loading, the temperature registered
by the camera on the soot-coated target-surface must fit the room
temperature) [19–21].

2
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ig. 2. Overall flow stress, austenite flow stress and martensite flow stress as a fun
oth graphs show the repeatability of the tests.

. Experimental methodology

Tensile tests under a wide range of strain rates have been
erformed, 10−5 s−1 ≤ ε̇ ≤ 102 s−1. These tests are split into two
ifferent types, in situ tensile tests and macroscopic tensile tests.
he volume fraction of martensite has been determined in all the
amples after testing.

.1. In situ tensile tests

The sample is mounted in a tensile micromachine originally
eveloped in ENSAM/Metz [22]. The active part of the specimens

s 30 mm long, 4 mm wide and 1 mm thick [23]. This arrangement
nables to perform low rate tests within the range 10−5 s−1 ≤ ε̇ ≤
0−3 s−1. Application of this experimental setup allows for:

Determination of the stress of the phases during straining on
the surface of the specimen by placing the tensile micromachine
under the range of the PROTO goniometer.
Direct observation of the martensitic transformation during load-
ing by mounting the tensile micromachine into a SEM.
.2. Macroscopic tensile tests

Macroscopic tensile tests are performed within the range of
train rates 10−3 s−1 ≤ ε̇ ≤ 102 s−1. The active part of the specimens

Fig. 3. EBSD mapping of one spec
of strain under quasi-static loading at room temperature. The agreement between

is 20 mm long, 8 mm width and 1 mm thick [23,24]. They are split
into two different types:

• Low strain rate tests 10−3 s−1 ≤ ε̇ ≤ 102 s−1: they are performed
in a universal testing machine. These tests are filmed using a high
speed infrared camera.

• High strain rate tests 1 s−1 ≤ ε̇ ≤ 102 s−1: they are performed in
a fast hydraulic tensile machine.

The experimental results obtained are presented and discussed
in the following part.

5. Characterization of the martensitic transformation in
AISI 304 steel sheets subjected to tension

The first step is to analyze the results obtained from the in situ
tensile tests.

5.1. In situ tensile tests

At room temperature and low loading rate, the AISI 304 shows
an initial yield stress close to �|εp=0 ≈ 300 MPa, Fig. 2. This material
possesses remarkable strain hardening which enhances ductility,

εfailure ≈ 0.35.

As previously mentioned, the tensile micromachine is placed
under a PROTO goniometer, the stress in each phase of the steel
has been determined during straining. The repeatability of the

imen before a tensile test.

3



rent z

m
a
g
i
v
ε
F
s
a
r
y
r
d

s
i
i
m

f
m
d
s
p

m
v
e
d
s

Fig. 4. Evolution of the martensitic transformation in three diffe

easurements must be highlighted. For all the tests conducted,
ustenite acts as the soft phase of the material, Fig. 2. Due to the
ap existing between austenite flow stress and overall flow stress,
t is concluded that martensitic transformation has started at the
ery beginning of the loading process. However, in the case of
p < 0.27 it was not possible to measure the stress in martensite.
or such a range of strains, εp < 0.27, the volume fraction of marten-
ite seems to be quite reduced V˛′ < 5%. This makes very difficult
proper determination of the stress in martensite using XRD. The

esulting diffraction peaks are so little intense that no reliable anal-
sis can be done with a good precision. To overcome this problem,
ing diffraction with synchrotron emission may be applied since it
isplays higher X-ray flux and increased diffracting volume [25].

Thus, strain hardening of the material stays approximately con-
tant until εp ≈ 0.27, then the flow stress sharply increases (change
n slope visible in Fig. 2). It seems that, in order to induce the vis-
ble extra strain hardening reported in Fig. 2, a large volume of

artensite is required, V˛′ > 10%.
In order to conduct a direct observation of the martensitic trans-

ormation, in situ tensile tests are performed placing the tensile
icromachine into a SEM. For that task an EBSD mapping is con-

ucted on one specimen in the undeformed state, Fig. 3. Three
ample zones have been selected to perform visual tracking of the
rocess of martensitic transformation during loading, Fig. 3.

This test demonstrates that, actually, the martensitic transfor-
ation starts at the beginning of loading, Fig. 4. However, for low
alues of macroscopic deformation εp = 0.048 and εp = 0.095, rel-
vant differences in the process of martensitic transformation are
etected for different grains [26], Fig. 4. The amount of marten-
ite formed in each grain can strongly vary with the appearance of
ones of the tested sample during loading at room temperature.

none, one or several variants. Thus, for low and moderate strains
the distribution of martensite detected in the material is quite het-
erogeneous and it is focused in selected grains especially prone to
the transformation, Fig. 4.

As the macroscopic strain applied to the specimen increases
εp ≈ 0.182, different variants of martensite are formed, practically,
in most of grains. For larger macroscopic deformation εp ≈ 0.26, we
can see that the amount of martensite formed in the material during
the loading process is quite important and, now, homogeneously
distributed Fig. 4. As previously mentioned, for this value of strain-
ing, the macroscopic flow stress of the material started to be clearly
affected by the martensite formation.

For larger values of plastic deformation εp > 0.26, the
microstructure of the material became quite difficult to observe,
the grain boundaries cannot be determined. In that range of
straining εp > 0.26, grains distortion makes impossible to derive
any relevant conclusion concerning the martensitic transformation
using SEM observations.

Additionally, it has been checked that no texture is present
in martensite after testing. The intensity factor recorded was less
than 2, Fig. 5. It proves that beyond a certain value of deformation,
martensite is homogeneously formed in the material, without any
preferential direction.

Next, the volume fraction of martensite in the specimens tested
is determined, Fig. 6. The amount of martensite varies between
V˛′ ≈ 55% in both ends of the active part of the specimen (lowest

deformation) and V˛′ ≈ 70% in the necking zone (greatest deforma-
tion), Fig. 6. It is clear that the volume fraction of martensite detected
in the active part of the sample depends on the level of strain-
ing. The greatest straining leads to the greatest volume fraction

4



Fig. 5. {1 1 0} pole figure of martensite after failure at room temperature.
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ig. 6. Volume fraction of martensite after testing along the active part of the spec-
men.

f martensite. Moreover, it has to be noted that, under the same
oading conditions, such an amount of martensite is larger than

hat determined in the literature for the AISI 304 through magnetic
echniques, V˛′ ≈ 40% [10–12].

Next, the results obtained from the macroscopic tensile tests are
iscussed.

Fig. 7. (a) Maximum temperature increase versus plastic strain and flow stress evo
5.2. Macroscopic tensile tests

As previously mentioned, the macroscopic low rate tests have
been recorded using a high speed infrared camera. In several
works [27,28] has been reported that infrared thermography allows
for relevant analyses of local phenomena, like martensitic trans-
formation, which may occur in determined metallic materials
under loading. Thus, in the following graphs, Fig. 7., the maximum
increase of temperature (temperature in the necking) during loading
in the case of ε̇ = 0.01 s−1 is reported. The material temperature
is continuously increasing with stress and strain. The non-linear
relation between temperature increase and plastic deformation
(during homogenous deformation of the sample) is due to both
the dependence of the inelastic heat fraction on plastic strain
(interesting considerations concerning the potential dependence of
Taylor–Quinney coefficient on plastic deformation are reported in
[21,29]) and the martensitic transformation (which is an exothermic
process [30]). Then instability takes place, and a sudden increase
of temperature is observed, Figs. 7 and 8. At that moment, high
strain rate level is reached in the necking, the deformation process
seems to become locally adiabatic. The heat generated in the insta-
bility is hardly diffused to the rest of the sample, Fig. 8. Maximum
temperature recorded during the test is close to�Tmax ≈ 110 K.

Tests at higher strain rates have been performed. At ε̇ = 0.1 s−1

the maximum temperature during the test reaches�Tmax ≈ 140 K,
Fig. 9.

An heterogeneous distribution of temperature is reached as
early as the first stages of the deformation process, Fig. 10. Tem-
perature increase is soon concentrated in the central part of the
specimen, Fig. 10. There, in the necking, the material behaves under
adiabatic conditions of deformation. Once instability takes place,
the evolution of temperature (in the necking) with global deforma-
tion sharply raises, almost following a vertical asymptote, Fig. 9.
Therefore, strong gradients of strain and strain rate are expected in
the necking zone.

Then, the martensite stress distribution and the volume frac-
tion of martensite along the active part of the tested samples are
obtained, Fig. 11. It is of great relevance to highlight that in AISI 304
martensitic transformation takes place for a temperature increase
over �T > 140 K. In the works by Tomita and co-workers [10–12]
much lower values of temperature ≈323 K were considered to
define Md (Md represents the temperature at which no martensitic

transformation takes place, no matter the plastic deformation of the
austenite phase).

The amount of martensite varies between V˛′ ≈ 25% in both ends
of the active part of the specimen (lowest deformation) and V˛′ ≈ 50%

lution versus plastic strain. (b) Maximum temperature increase versus time.

5



Fig. 8. Temperature contours during loading for 0.01 s−1 at room temperature. Picture resolution 320 × 256 pixels (pixels length 30 �m).

Fig. 9. (a) Maximum temperature increase versus plastic strain and flow stress evolution versus plastic strain. (b) Maximum temperature increase versus time.

6



Fig. 10. Temperature contours during loading for 0.1 s−1 at room temperature. Picture resolution 320 × 256 pixels (pixels length 30 �m).

Fig. 11. Residual stress in martensite and volume fraction of martensite in tensile
specimens tested for 0.1 s−1 at room temperature.

Fig. 12. Flow stress evolution as a function of strain for different strain rate levels

at room temperature.
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ig. 13. Residual stress in martensite and volume fraction of martensite in tensile s

n the necking zone (greatest deformation). Then, residual stress in
artensite follows an opposite trend, Eq. (2).

= �˛′ · V˛′ + �� · V� (2)

Since the greatest volume fraction of martensite is located in the
ecking it seems that plastic deformation is the dominant mecha-
ism which resides behind the transformation phenomenon in this
aterial. The free energy supplied by the material straining rele-

ates to a secondary role the increase of temperature (inhibitor of
artensitic transformation) due to conversion of plastic work into
eat and due to martensitic transformation (which as previously
entioned is an exothermic process [30]).

Next, let us examine if martensite is formed in the AISI 304 under
igh loading rates. In Fig. 12 stress–strain curves obtained from the
acroscopic high rate tests are shown.
A relevant amount of martensite has been found in the dynam-

cally tested samples. The volume fraction of martensite varies
etween V˛′ ≈ 20% in both ends of the active part of the speci-
en (lowest deformation, lowest temperature) and V˛′ ≈ 35% in the

ecking zone (greatest deformation, greatest temperature increase),
ig. 13. Such a trend confirms the expectations raised from the
acroscopic low rate tests: straining is the main factor control-

ing the martensitic transformation. This leads to the formation of
artensite even under a sharp increase of temperature.

Thus, it seems that martensitic transformation is responsible for
he elevated work hardening and ductility that the AISI 304 (also)
hows under high loading rates, Figs. 12 and 13.

Martensitic transformation occurring in the AISI 304 under
ynamic conditions of deformation makes this material suitable
or engineering applications where ductility and toughness are
equired. Thanks to the martensitic transformation, this material
isplays improved capability for absorbing energy under impulsive

oads [31]. This finding is of main interest for certain engineering
pplications involving high structural responsibility in which the
ISI 304 is frequently used, such as pipelines or heat exchangers

hat may be potentially subjected to explosions or attacks.

. Conclusions and remarks

In this work the martensitic transformation occurring in AISI
04 steel sheets subjected to tension at room temperature has
een experimentally studied. The research is of main interest for

ifferent engineering fields such as nuclear industry, automotive

ndustry or marine applications where this material is extensively
sed. Remarks and conclusions derived from the analysis can be
ummarized as follows:
ens tested at different strain rates at room temperature. (a) 10 s−1, (b) 100 s−1.

• In situ tensile tests
◦ The stress of the phases during loading has been determined on

the surface of the samples by placing the tensile micromachine
under the range of the PROTO goniometer. The range of strain
rates covered during these tests is 10−5 s−1 ≤ ε̇ ≤ 10−3 s−1. It
has been determined that martensitic transformation already
occurs in the AISI 304 for low values of plastic deforma-
tion. However, the amount of martensite formed remains quite
reduced, V˛′ < 5% until a certain value of plastic strain is
reached εp ≈ 0.27. Then, the martensite volume fraction rapidly
increases, leading to a sudden rise of the material strain hard-
ening.

◦ The martensitic transformation has been recorded by placing
the tensile micromachine into a SEM. This arrangement allowed
for the observation that for low and moderate values of plas-
tic deformation εp < 0.15, the formation of martensite is quite
inhomogeneous and is focused in selected grains particularly
prone to the transformation. With increasing sample strain-
ing, that trend is corrected and different variants of martensite
are formed, practically, in each grain. In the necking, where
maximum material straining occurs, the volume fraction of
martensite measured in the tested samples is V˛′ ≈ 70%.

• Macroscopic tensile tests
◦ The macroscopic low rate tests, 10−3 s−1 ≤ ε̇ ≤ 10−1 s−1, have

been recorded using a high speed infrared camera. It has been
proven that martensitic transformation takes place in AISI 304
for temperature increase over �T > 140 K. In the necking, the
volume fraction of martensite measured is V˛′ ≈ 50%.

◦ The dynamic tensile tests have been performed within the
range of strain rates, 1 s−1 ≤ ε̇ ≤ 100−1 s−1. In the necking, the
volume fraction of martensite measured is V˛′ ≈ 35%. This con-
siderable amount of martensite formed under dynamic loading
proves that plastic deformation is the dominant mechanism
which resides behind the transformation phenomenon in this
material. The free energy supplied by the straining of the sam-
ple relegates to a secondary role the increase of temperature
taking place during the course of plastic deformation.
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