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a b s t r a c t

A comparative study was carried out on the kinetics of the martensitic transformation in a 304L stainless
steel during cold rolling by conventional and novel approaches. The phase analysis based on X-ray
diffraction patterns and metallography and also magnetic measurements based on ferritescope readings
were utilized to elucidate the kinetics of the martensitic transformation. A straightforward magnetic
measurement approach for evaluating the amount of strain-induced martensite in metastable austenitic
stainless steels has been introduced in this study. This technique collects the data throughout the bulk of
the material to give a realistic estimate of the amount of ferromagnetic martensite. This is an advantage
over the surface collecting methods such as ferritescope readings, which overestimates the amount of
martensite due to its inhomogeneous distribution through the thickness based on the frictional effects
between the rolls and the specimen surface. The proposed approach can be applied in various designs for
static/continuous magnetic measurement of bulk materials that is advantageous compared with the
conventional vibrating sample magnetometer technique which is useful for static measurement of bulk
materials with specific shapes. Moreover, in analogy to ferritescope, the output data of the developed
device is directly related to the amount of martensite.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is well-known that when an austenitic stainless steel is
deformed at a certain range of temperatures, it transforms from
fcc austenite (γ) to ferromagnetic bcc martensite (α0) [1,2]. The
amount of the martensite greatly influences the mechanical and
physical properties of AISI 304L stainless steel. Accordingly, an
accurate determination of the volume fraction of strain-induced
martensite is essential. The most common measurement methods
are based on the phase detection by X-ray diffraction (XRD) and
ferromagnetic property of the α0-martensite phase. Mössbauer
spectroscopy, neutron diffraction, and density measurement are
also reported as alternative techniques [3–7]. Magnetic methods
are based on the measurement of magnetic force acting on the
sample placed in a magnetic field. The vibrating sample magnet-
ometer is conventionally used for static measurement of the
magnetic property of bulk material by plotting the magnetization

or B–H curve of the material [8]. Ferritescope is another magnetic
device that has been used in many investigations for quantitative
measurement of strain-induced martensite. The XRD and ferrite-
scope techniques collect the data from a limited depth of the
specimen surface, while it is well-known that the amount of
strain-induced martensite decreases from the surface to the center
of the rolled sheet specimen [3]. The XRD technique is also
expensive, time consuming, and suffers from the adverse effect
of the presence of texture [9].

The aims of this work are to conduct a comparative study
between different approaches and to present a new approach and
device to study the static/continuous measurement of martensitic
transformation based on the magnetic permeability determined from
the bulk of the material. This approach could be applied in many
designs for a various shape of the material in industrial applications.

2. Experimental materials and procedures

Commercial type 304L stainless steel with chemical composi-
tion of 0.023 wt% C–18.47 wt% Cr–8.05 wt% Ni-0.476 wt% Si–1.43
wt% Mn–0.09 Mo–0.003 wt% Ti–0.129 wt% V–0.128 wt% Nb was
used in this study for formation of strain-induced martensite to
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compare conventional measurement methods with the developed
approach. Strain-induced martensite is a controllable ferromag-
netic phase, which can be used to evaluate the capability of the
proposed approach. Rectangular strips, 100L�30W�1.2t mm3 were
used for rolling. The specimens were subjected to cold rolling at room
temperature to achieve reductions in thickness (equivalent strain) of
25% (0.370), 35% (0.590), 45% (0.707), 55% (0.922) and 65% (1.103). For

each reduction, six specimens were repeated. Three specimens of
each reduction were pickled in a solution containing 15% HNO3 (65
percent strength), 10% HF (50% strength) and 75% water to dissolve
the approximately 10% of the surface layer [10,11]. Since the surface of
the sheet senses a higher strain due to the frictional effects resulted
from the rolls, the sufficient surface removal operation is needed and
resulted in a homogeneous distribution of the strain induced mar-
tensite through the thickness of the samples [4]. This is an extra
requirement to achieve more reliable results from XRD and ferrite-
scope, which is neglected in most of the investigations.

Standard metallographic techniques were employed for the
preparation of samples for optical microscopy (OM) and scanning
electron microscopy (SEM). The mixture of a solution containing
0.15 g Na2S2O5 solved in 100 ml distilled water and a solution
containing 10 ml HCl solved in 100 ml water [4] was used as the
etchant to reveal the strain-induced martensite phase in the
microstructure. The Vickers hardness test was performed using a
load of 5 kg to inspection of how the strain-induced martensitic
transformation affects the mechanical properties.

3. Magnetic approach and the developed device

Fig. 1 shows the developed magnetic device. As can be seen, the
device is composed of three major units: (I) the magnetic coresFig. 1. The developed magnetic device.

Fig. 2. Output voltage of the developed device and the corresponding XRD phase analysis and ferritescope readings versus the equivalent rolling strain.
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