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Unravelling the structural and chemical features influencing
deformation-induced martensitic transformations in steels
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A combination of electron backscattered diffraction and high-sensitivity electron probe microanalysis was used to correlate the
changes in microstructural features upon deformation with local chemical composition in transformation-induced plasticity steels. A
novel cleaning procedure was developed that allows complete monitoring of transformation and deformation processes in relation
to the local crystal structure, microstructure and chemical composition. Here we show direct evidence that local variations in man-
ganese content enable a gradual transformation of the retained austenite grains.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The intriguing phenomenon of martensitic (dif-
fusionless) phase transformations occurring during
deformation was recognized by Sauveur [1] in 1924 by
means of his torsion tests on iron bars. Surprisingly, it
led to a substantial increase in ductility, and the effect
was later termed transformation-induced plasticity
(TRIP) [2]. The first practical exploitation of the TRIP
effect came in 1967 from Zackay and co-workers, who
developed steels with dramatically improved elongation
as a consequence of the deformation-induced martens-
itic transformation [3]. Considerable scientific and tech-
nological interest grew in the early 1970s in the field of
zirconia-containing ceramics exhibiting such phase
transformations [4]. The concept of deformation-in-
duced phase transformation has also been applied to
polymers [5] and brittle bulk metallic glasses [6], and
very recently to titanium-based biomedical alloys [7].
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In view of the technological importance, there is a
strong interest in understanding deformation-induced
phase transformations, in particular to assess the role
of various microstructural parameters such as the local
chemical composition [8], grain size [9], crystal lattice
orientation in relation to strain direction [10] and the
location of the grain in relation to its surrounding grains
[11]. An accurate understanding of all these factors and
their interplay will allow fine tuning of phase transfor-
mations resulting in an enhanced control over the mate-
rial properties [12].

Despite the fact that steels are amongst the most exten-
sively investigated materials, many features of the mar-
tensitic transformation process during deformation
remain unclarified to date. In particular, the role of alloy-
ing elements such as C, Mn, Si and Al during transforma-
tions is poorly understood [13] and there is an increasing
need to gain fundamental insights into this topic. In this
study, two steels, with chemical compositions of (wt.%)
Fe�1.65Mn�1.53Si �0.037Al�0.199C (Si-alloyed TRIP
steel) [11] and Fe�1.62Mn�0.35Si�0.91Al�0.187C
(Al-alloyed TRIP steel) [14], are investigated. Both of
these steels are commercially produced on an industrial
sevier Ltd. All rights reserved.
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hot dip galvanizing line using a conventional intercritical
annealing cycle followed by cooling to around 400–
460 �C, isothermal holding at this temperature and finally
cooling to room temperature.

In order to obtain combined information of the crys-
tallographic structure, orientation and chemical compo-
sition of each grain in relation to its neighbouring
grains, and their changes upon an overall deformation
and the strain direction, we have used a combination
of two techniques: electron backscattered diffraction
(EBSD) and electron probe microanalysis (EPMA).
EBSD enables to monitor the microstructural changes
of individual grains during deformation. For instance,
we recently reported an EBSD study showing that meta-
stable austenite grains rotate within the matrix (of fer-
rite) during the tensile tests in TRIP steels [11],
thereby contributing to the high ductility of these steels.
EPMA is a very reliable analytical technique to measure
the chemical composition. Although EBSD and EPMA
can provide the required information, their actual
application for monitoring phase transformations is
hampered by an inevitable formation of carbon contam-
ination on the surface. This carbon layer is deposited
during the measurements due to the decomposition of
residual hydrocarbon gases [15] by the electron beam,
which deteriorates the quality of the EBSD data and
makes the EPMA carbon content analysis totally
unreliable.

It is thus essential to remove the contamination
formed during each EBSD and EPMA measurement
prior to additional EBSD or EPMA experiments per-
formed after straining. For this purpose, we have suc-
cessfully developed a two-step plasma cleaning
procedure, using a very low-energy oxygen plasma fol-
lowed by a hydrogen radicals plasma (details in the sup-
porting information (SI)). The key component is the use
of low-energy hydrogen radicals, which can only result
in chemical processes at the surface [16], instead of the
generally used physical sputtering. We obtained excel-
lent results using first oxygen plasma cleaning for
3 min followed by hydrogen plasma cleaning for
40 min. The EBSD data after cleaning showed the same
quality as the EBSD data on the virgin surface: in both
cases 85% of the EBSD patterns could be indexed,
whereas with the carbon contamination layer only 10%
Figure 1. Schematic of a dog-bone-shaped TRIP steel sample sub-
jected to tensile deformation. The inset shows the central electropo-
lished area where adjacent EBSD maps and an EPMA line scan are
recorded between markers. The indentation markers are also visible in
the experimental SEM images (Fig. 2). Experimental details are given
in the SI.
could be indexed and with oxygen plasma cleaning alone
only 30% could be indexed.

A schematic of the sample and the EBSD and EMPA
measurements is shown in Figure 1. Dog-bone-shaped
samples were electropolished in order to have a surface
layer that is not mechanically deformed. Markers were
created by indentation with a Vickers indenter, and
EBSD and EPMA mapping was performed between
these markers. Scanning electron microscopy (SEM)
images were recorded before and after EBSD measure-
ments to track the respective locations as shown in Figure
2. The samples were plasma cleaned after each EBSD or
EMPA analysis using the cleaning procedure described
above. After the EBSD and EPMA measurements, the
samples were deformed and EBSD maps were recorded
again on the same area. The samples were only lightly
strained to follow the first transformations during the de-
formation process. SEM–EBSD was performed using a
JEOL JSM 6500F microscope operated at 20 kV, and
EPMA was performed using a JEOL JXA 8900R microp-
robe operated at 10 kV and 50 nA beam current with a
spot size of 500 nm (more experimental details in SI).

Figures 3A and S2A show a typical TRIP steel micro-
structure consisting of ferrite matrix (coloured green) and
metastable grains of retained austenite (coloured red).
Retained austenite, which has a face-centred cubic struc-
ture, and ferrite, which has a body-centred cubic struc-
ture, can be easily distinguished by EBSD software
because of their different crystallographic structures.
Grains of martensite, grain boundaries and areas with a
high dislocation density are not indexed by the EBSD
software due to the poor quality of the Kikuchi patterns
and are imaged in black in the phase identification maps.
An EPMA line scan was performed on the EBSD
mapped regions, as shown in Figures 3A and S2A, and
the corresponding elemental compositions of the retained
austenite grains are plotted in Figures 3C–E and S2C–E.
Among all of the austenite grains intersected by the
Figure 2. (A, B, D, E) SEM and (C) backscattered EPMA image of Al-
alloyed TRIP steel indicating carbon contamination caused by EBSD
mapping (B, E) and by the EPMA line scan (C). (D) Removal of
carbon contamination by plasma cleaning.



Figure 3. EBSD phase identification maps of Al-alloyed TRIP steel
showing retained austenite grains labelled (c1–c9, d1–d9, e1–e9, f1, f2)
(A) before and (B) after deformation and the EPMA composition
profile of (C) aluminium, (D) silicon and (E) manganese corresponding
to retained austenite grains. (F) Inverse pole figure map showing
austenite grain C2 with a twin fault. The accuracies are given in
Table S2 (SI).

Figure 4. (A) TEM micrograph of Si-alloyed TRIP-assisted steel
showing a twinned austenite grain (Aus) within the ferrite matrix (F).
(B, C) STEM–EDX composition profile and corresponding TEM
image of ferrite (B) and austenite (C) grains and the austenite–ferrite
grain boundary (D). The gold marker (S) indicates the start and cyan
the end point of the EDX line scans. Orange arrows indicate the
position of twin boundaries. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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EPMA line scan, it is clear from Figure S2B that grains
a4-UT and a7-UT remain untransformed (UT), whereas
grains a5-CT, a6-CT and a8-CT are completely trans-
formed (CT) after deformation. Strikingly, the EPMA
chemical composition maps in Figure S2C show that
grains a4-UT and a7-UT contain very low manganese
concentrations and grains a5-CT, a6-CT and a8-CT con-
tain relatively very high Mn concentrations. Further-
more, Figure S2D shows that grains a4-UT and a7-UT
contain fairly high silicon concentrations. This contra-
dicts the existing experimental literature on steels
[17,18], which suggests that lower Mn and higher Si con-
tents should destabilize the austenite and lead to the early
onset of martensitic transformation.

In the literature, several factors affecting the martens-
itic transformation are given: (i) the local carbon con-
centration in austenite [8]; (ii) the grain size of the
austenite grains [9]; (iii) the crystallographic orientation
of austenite grains with respect to the loading direction
[10]; and (iv) the position of the austenite grains within
the ferrite matrix [11]. These factors were also closely as-
sessed for these grains with the help of EBSD and
EPMA analysis. Regarding the effect of carbon concen-
tration, the EPMA maps in Figure S2E clearly show
that grain a4-UT has a very low carbon concentration,
which should facilitate transformation. Regarding the
grain size effect, grain a7-UT has a very large grain size,
which should result in early transformation. Regarding
the crystallographic effect, the Schmid factors (see SI)
can be used to predict the ease of transformation based
on the crystallographic orientation of a given grain to
the strain direction. It is clear from Figure S3A and B
that grains a4-UT and a7-UT exhibit different orienta-
tions, with a7-UT having a higher Schmid factor, which
should promote easy slip and assist the transformation
of this grain. Regarding the effect of the location of
the austenite grain, grain a4-UT, which is located at
the grain boundary, should facilitate an early transfor-
mation. In view of all the above observations, we con-
clude that both Mn and or Si majorly influence the
transformation of the austenite grains in this steel.

Aluminium is another element that can influence the
transformation behaviour [19]. The Si-alloyed TRIP
steel shown in Figure S2 has a very low Al content,
and therefore we investigated an Al-alloyed TRIP steel
as well. The EBSD–EPMA results are displayed in
Figure 3. As observed in panels C and D, the Al and
Si contents do not have a major influence on the trans-
formation. However, we find a consistent trend that
austenite grains having higher Mn contents (Fig. 3E)
transform earlier during the deformation process. The
transformation behaviour of all the austenite grains
and various parameters influencing the transformation
are summarized in Table S1. We conclude that local
Mn contents in austenite grains strongly influence the
transformation in both TRIP steels.

The results clearly show that Mn-rich austenite grains
transform earlier during the deformation process. As
Mn stabilizes austenite [18], it cannot be a thermody-
namic effect and must be kinematic in nature, thus local
configurations must lower the energy barrier for the
transformation. Possible reasons for the faster transfor-
mation of Mn-rich austenite grains are: (i) enhanced
strain at the grain boundaries due to Mn segregation;
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(ii) internal additional stresses due to variations in Mn
concentrations within the grain; or (iii) the twin bound-
aries that were observed in some (about 20%) of the
Mn-rich austenite grains (Figs. S3–S5). In order to ver-
ify these issues, we performed a chemical analysis on a
twinned austenite grain using energy-dispersive X-ray
spectrometry (EDX) within a Tecnai 20F transmission
electron microscope (TEM) operated at 200 kV
(details in SI). The results are shown in Figure 4. Our
analysis shows no Mn enrichment at the austenite–
ferrite grain boundary or at the twin boundaries of
austenite grains. However, a clear inhomogeneous
distribution of Mn (with local variations in concentra-
tion up to 40–50%) was observed within the twinned
austenite grain. The variation in Mn content is also
consistent with the EPMA concentration maps
(Fig. S2) of some of the transformed grains without twin
faults. We propose that Mn variations within the
austenite grain cause the early martensitic nucleation.
At a very local scale, substitution of Fe by Mn leads
to a lattice increase [20], which can result in local strain
acting as a trigger for transformation. Once started, the
transformation proceeds at high speed (�2 times the
speed of sound) [17], resulting in a full transformation
to martensite.

Experimental studies [21] indicate that the retained
austenite grains should transform at different moments
in time (in the limit of one by one) during the tensile
deformation, thereby delaying the onset of necking
and microcrack initiation, leading to extended ductility
in these materials. Here we show that, by variation of
the manganese concentration, in combination with
microstructural parameters such as grain size, orienta-
tions and positioning of grains within the ferritic matrix,
the occurrence of phase transformations can be
“designed” such that they occur sequentially, which
leads to desirable properties. Furthermore, our results
show the need for detailed models, taking into account
not only the thermodynamics but also the kinetics,
whereby the effects of local variations in concentration
on the scales of 100 nm as well as several microns should
be included, as well as modelling for the optimum size
and shape of the grains. From a technological and scien-
tific perspective, these results calls for a revisit of the sys-
tems studied, in particular by examining the local
composition, because there is a strong interrelation be-
tween the local composition, the microstructure and
mechanical properties.
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