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Abstract: In situ neutron diffraction was employed to examine the phase transformation behavior
of high-Mn steels with different carbon contents (0.1, 0.3, and 0.5 wt.%C). With increasing carbon
contents from 0.1 C to 0.5 C, the austenite phase fraction among the constituent phases increased
from ~66% to ~98%, and stacking fault energy (SFE) increased from ~0.65 to ~16.5 mJ/m2. The 0.1 C
and 0.3 C steels underwent phase transformation from γ-austenite to ε-martensite or α’-martensite
during tensile deformation. On the other hand, the 0.5 C steel underwent phase transformation
only from γ-austenite to ε-martensite. The 0.3 C steel exhibited a low yield strength, a high strain
hardening rate, and the smallest elongation. The high strain hardening of the 0.3 C alloy was due to a
rapid phase transformation rate from γ-austenite to ε-martensite. The austenite of 0.5 C steel was
strengthened by mechanical twinning during loading process, and the twinning-induced plasticity
(TWIP) effect resulted in a large ductility. The 0.5 wt.% carbon addition stabilized the austenite phase
by delaying the onset of the ε-martensite phase transformation.
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1. Introduction

High-Mn steel often shows characteristics of transformation-induced plasticity (TRIP) and
twinning-induced plasticity (TWIP) at room temperature because it contains various phases, including
a metastable austenitic phase. When a dislocation glide and secondary deformation mechanisms such as
TRIP/TWIP are activated together, high-Mn steel exhibits a superior ultimate tensile strength (UTS) and
strain hardening rate due to the martensitic transformation acting on a hard phase and/or mechanical
twinning, which is a planar obstacle that reduces a mean free path of dislocation glide [1]. The alloying
elements significantly influence the phase transformation behavior of the high-Mn steel because they
change the stacking fault energy (SFE), which can control the activation of the secondary deformation
mechanism [2]. The SFE is changed by the chemical composition and deformation temperature. The
TRIP deformation mode is known to be activated when the SFE value is less than 20 mJ/m2 [3–5].
Lee et al. [6] reported that the SFE decreases up to the addition of about 13 at.% Mn and then increases
with a further increase of Mn content. In the case of carbon addition, the SFE increases and the austenite
phase becomes more stabilized [7,8]. Thus, it is of great importance to understand how the addition of
carbon and manganese elements influence the stability of the retained austenite associated with phase
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transformation, the SFEs, and the deformation mechanisms in high-Mn steel. In this work, high-Mn
(17 wt.%) steels with different carbon contents (0.1, 0.3, and 0.5 wt.%C) were studied. The 17 wt.%
Mn steel was specifically selected to observe characteristics of TRIP and/or TWIP as functions of the
carbon composition. The alloys were plastically deformed under tensile loading, during which the
evolution of various phases were examined using in situ neutron diffraction. In situ neutron diffraction
is suitable for tracking phase transformation phenomena and monitoring the evolution of internal
stresses among the various constituent phases in a bulk material due to its nature of deep penetration
of neutrons inside metallic alloys [9]. The diffraction pattern of high-Mn TRIP steel contains many
diffraction peaks, and it is very difficult to separate these peaks to analyze respective deformation
behaviors among the various phases. Kwon et al. [10,11] studied a similar composition of TRIP steel
using in situ neutron diffraction, and they analyzed constituent phases through the whole pattern
via the application of the Rietveld method. Although electron backscatter diffraction (EBSD) and
conventional X-ray diffraction (XRD) have been extensively used to examine the phase transformations
among various phases, these analytical techniques have limitations in obtaining average information
from the bulk sample. The current research requires either synchrotron high-energy XRD or neutron
diffraction to study the phase transformation behavior in the bulk sample. The current study evaluates
the effect of carbon addition on the phase transformation behavior and deformation characteristics of
each phase of high-Mn steel using a bulk-averaged neutron diffraction technique.

2. Materials and Methods

2.1. Materials

The TRIP steels used in this study had a nominal composition of Fe-17Mn-xC (x = 0.1, 0.3, and 0.5
in wt.%). The analyzed chemical composition is shown in Table 1. The steels were manufactured
through induction melting in an Ar atmosphere and soaking at 1150 ◦C for 2 h, followed by a hot rolling
process with a total reduction of about 55% at the final rolling temperature of 850 ◦C (Figure 1). The
specimens for the in situ neutron diffraction measurements were prepared as a cylindrical dog-bone
sample according to ASTM standard E8.

Table 1. The analyzed chemical composition of the specimens.

(wt.%) Fe Mn C Cu Cr Ni Zn P S

0.1 C Bal. 16.40 0.109 0.47 0.19 0.26 0.15 0.02 0.01

0.3 C Bal. 16.35 0.372 0.59 0.20 0.30 0.32 0.01 0.05

0.5 C Bal. 16.78 0.535 0.52 0.14 0.14 0.33 0.02 0.04
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2.2. In situ Neutron Diffraction

In situ neutron diffraction measurements were conducted during tensile deformation using the
VULCAN engineering diffractometer at the Spallation Neutron Source (SNS) of the Oak Ridge National
Laboratory. The neutron diffraction data were obtained continuously during tensile deformation. The
applied loading axis was oriented at 45º from the neutron incident beam, as shown in Figure 2. The two
stationary detector banks centered on diffraction angles of 2 θ = ± 90◦ recorded the entire time-of-flight
(TOF) diffraction patterns with scattering vectors parallel and perpendicular to the applied load. Hence,
interplanar spacings (d-spacings) parallel and perpendicular to the applied load were acquired as a
function of applied stress from the sets of crystal planes. The VDRIVE [12] was employed to slice
the load frame and neutron data into 4 min intervals, which was the minimum acquisition time to
guarantee the suitable quality for diffraction peak analysis.
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Figure 2. Schematic of the in situ neutron diffraction experiment.

3. Results

3.1. Microstructure and Stacking Fault Energies

The microstructures of the as-prepared and tensile-deformed specimens were examined using an
optical microscope and electron backscatter diffraction (EBSD) (Figure 3). The two alloys except 0.5 C
steel had two initial phases (austenite and ε-martensite), and the prior austenite grain size was ~70 µm.
Some annealing twins and mechanical twins were observed for all three alloys (Figure 3) The SFEs
were calculated using a thermodynamic model based on the Olson-Cohen model [13] as follows:

Γ = 2ρ∆Gγ→ε + 2σγ/ε + 2ρ∆Gex (1)

where Γ is the SFE, ∆Gγ→ε is the difference in Gibbs free energy between the γ and ε phases, σγ/ε is
the interfacial energy between the γ and ε phases, ρ is the molar surface density of {111}γ, and ∆Gex

is the excess free energy arising from the austenite grain size. The effective austenite grain sizes on
the EBSD images of the 0.1 C and 0.5 C steels were about 20 and 40 µm, respectively. The free energy
change and the interaction parameters were extracted from other studies [5,14–18]. The interfacial
energy between austenite and ε-martensite is assumed to be 10 mJ/m2 [13]. Table 2 shows the stacking
fault energies (SFEs) from the thermodynamic calculation and the deformation mode observed from
the EBSD results.
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Figure 3. Optical microscopy and EBSD measurements of 17wt.% Mn steel: (a) OM image of the 0.1 C
steel; (b) OM image of the 0.3 C steel; (c) OM image of the 0.5 C steel; (d) EBSD phase map of 0.1 C
steel; (e) EBSD image quality (IQ) map of 0.5 C steel. Note that the blue line inside the grains shows
formed mechanical twins.

Table 2. The calculated SFEs and the measured deformation mode of 17wt.% Mn steels.

SFE(mJ/m2) TRIP TWIP

0.1 C steel 0.5–0.8 # -
0.3 C steel 9.9–11.6 # 4

0.5 C steel 15.2–17.8 # #

#: Measured in EBSD image
4: Measured only in OM image
-: Not observed

3.2. Macroscopic Stress-Strain Responses

All three samples were deformed under tension, during which the samples were unloaded at
a strain of ~10% and reloaded under tension until fracture (Figure 4). The engineering stress and
engineering strain were obtained from the load frame data and the extensometer, respectively. The
purpose of the unloading–reloading sequence is to examine whether the phase transformation is
reversible. The 0.2% offset yield stresses were used to determine the yield strengths of each alloy by
drawing the dashed lines parallel to the slope of elastic modulus of each alloy. The yield strength
of the 0.1 C steel was the highest, and 0.3 C steel had the lowest yield strength. On the other hand,
the ductility of the 0.5 C steel was the highest, showing a strain of ~21%. The second highest ductility
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was observed in the 0.1 C steel with a strain of ~15.5%. The 0.3 C steel exhibited the lowest elongation
(13.5%) and yield strength (195 MPa), while the strain hardening rate was the highest among the
three alloys.
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3.3. Phase Transformation During in Situ Loading

The neutron diffraction patterns of the starting samples and those of samples subjected to a strain
of 10% are compared in Figure 5. The 0.1 C steel initially had both γ-austenite and ε-martensite. After
the plastic deformation of 10%, intensities in the γ diffraction peaks decreased, while the intensities
in the ε-martensite and α’-martensite increased or evolved as a new peak. This indicates that phase
transformation occurred from γ-austenite to ε-martensite orα’-martensite during tensile deformation. The
0.3 C steel at the initial state had γ-austenite as the major phase with a small amount of ε-martensite. Phase
transformation was observed with a plastic deformation of 10%, indicating a slight increase in the α’{110} /

ε{00.2} peaks or a significant increase in the ε{10.1} peak. However, the α’-martensitic transformation
was not observed in the 0.5 C steel (Figure 5c). Regardless of the carbon content of the alloy, the peak
intensities of the austenite weakened during the deformation, and those of the ε-martensite increased
relatively or remained constant during deformation. The presence of non-increasing ε-peaks might be
due to the competitive phase transformation between γ
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The evolution of each phase during tensile deformation was analyzed by the Rietveld refinement
using the GSAS (General Structure Analysis System) software [19,20] and the results are shown in
Figure 6. In Figure 6, the accumulated stress shown in the x-axis was employed to clearly present the
evolution of each phase chronologically as a function of the applied stress shown in Figure 4. The
apparent phase transformation occurred in the first tensile loading treatment, as indicated by the
changes in the phase fraction among the three phases. As the carbon content was increased from 0.1 C
to 0.3 C, the γ-austenite phase transformed into the ε-martensite at approximately the same level of
applied stress, but the phase transformation to the α’-martensite was delayed (Figure 6a,b). The onset
of the phase transformation to the α’-martensite was delayed in the 0.5 C steel compared with to the
other two alloys.
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3.4. Lattice Strain Evolution

Figure 7 shows the lattice strain evolution as a function of applied stress for the various grain
orientations in the 0.1 C steel. The lattice strains were calculated from the change in the interplanar
spacings for each {hkl} of the diffraction pattern, as shown in Equation (2).

εhkl =
(
dhkl − d0,hkl

)
/d0,hkl (2)

where dhkl is the interplanar spacing under an applied load, and d0,hkl is the reference interplanar
spacing at the stress-free state [9]. The lattice strain identified by diffraction represents the elastic
component of deformation that is obtained from the change of interplanar spacing in the grain whose



Crystals 2020, 10, 101 8 of 13

normal plane is parallel to the applied stress. The lattice strains for different grains increase linearly
with increasing applied stress at the early deformation. When the grain starts to undergo plastic
deformation, the lattice strain starts to deviate from linearity, resulting in strain partitioning among
the different grain orientations shown in Figure 7. When the polycrystalline materials are plastically
deformed, the stresses acting on the grains are redistributed from the soft grains (which are easy to be
deformed plastically (e.g., γ{111}, ε{10.3})) to the hard grains (which remain elastic even in macroscopic
plastic regim and are hard to be deformed plastically (e.g., γ{200}, ε{10.0}, and α’{20.0})). It was found
that hard orientation (a grain unfavorably oriented for easy deformation mode) showed tensile residual
stresses upon unloading, while soft orientation (a grain favorably oriented for easy deformation mode)
revealed compressive residual stresses due to the effect of the stress partitioning upon loading.
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Figure 8 shows the lattice strain evolution of the 0.1 C and 0.3 C steels during the first loading
part. Accumulated stress was introduced to clearly demonstrate the unloading process. σM,ε, σM,α’,
and σy,bulk, shown by the vertical dotted line, indicate the onset of ε-martensite transformation,
α’-martensite transformation, and 0.2% offset yield stress, respectively. The nonlinearlity in the lattice
strain during loading is due to the micro-yielding of the particular grain orientation. Before σy,bulk,
the 0.1 C steel showed a nonlinear elastic-lattice strain evolution. The nonlinear lattice strains were
influenced by the phase transformation behavior, as reported by [11]. Beyond ~226 MPa, which marks
the onset of ε-martensite phase transformation, the lattice strains of the austenite started deviating from
the linear elastic response. When the α’-martensite phase started to evolve at σM,α’, the lattice strain of
the austenite phase increased steadily. However, a slope change in the lattice strain of the ε-martensite
was observed in some orientations (e.g., {10.0} and {10.1}), suggesting that theα’-martensite is generated
from the ε-martensite phase, which is consistent with other literature [21,22].
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The lattice strain behavior of the 0.3 C steel is somewhat similar to that of the 0.1 C steel. The change
in the slope of austenite immediately reacted with the phase transformation to ε-martensite, and the
slope of the austenite did not change with the formation of α’-martensite. In contrast, the different
lattice strain evolution of ε{10.1} was observed in 0.3 C steel. The lattice strain increased initially with
an increase in applied stress, but it became saturated before the occurrence of α’-martensite. The
nucleation sites of α’-martensite are known as the intersection of the ε-martensite laths [21,22].

3.5. Stress Contribution from Each Phase

Figure 9 shows the phase stresses evaluated using Hooke’s law. We assumed that the transverse
direction (TD) and normal direction (ND) strains were the same (εhkl

TD = εhkl
ND) due to the cylindrical

geometry of the specimen. The longitudinal direction (LD, parallel to the applied tensile stress) stress
levels of each phase were estimated as follows:

σhkl
LD =

Ehkl
1 + ν

{
εhkl

LD +
ν

1− 2ν

(
εhkl

LD + εhkl
TD + εhkl

ND

)}
(3)

where Ehkl is the elastic modulus of the phase obatined from diffraction data, εhkl
LD is the axial lattice

strain of the phase, and ν is the Poisson’s ratio. In this work, austenite and martensite used the {311}
peak and averaged value, respectively, for calculation. The value of ε311

LD is well known to represent
average macroscopic strains for face-centered cubic alloy [23]. The fraction-weighted average stresses
were calculated as follows:

σtotal = fγσγ,LD + fεσε,LD + fα′σα′,LD (4)

where fi is the phase fraction of each phase during deformation (Figure 6) and σi,LD is the LD stress
levels of each phase obtained from Equation (3). Figure 9 shows the difference in the stress contribution
from each phase to the total macroscopic stress, calculated by Equation (4), as the carbon content
increases. In the 0.1 C steel, γ-austenite and ε-martensite contributed equally in the elastic regime
and early plastic deformation. With further plastic deformation beyond a 10% strain, the contribution
of the ε-martensite was the highest followed by α’-martensite and γ-austenite. In the 0.3 C steel,
the dominant stress contribution was from γ-austenite, and the contribution of ε-martensite increased
gradually. At ~8% strain the hard-phase α’-martensite started contributing to the plastic deformation.
In the 0.5 C steel, the dominant contribution to tensile deformation was from γ-austenite, with a small
contribution of ε-martensite.

4. Discussion

Reed and Schramm [24] reported that the difference in the peak shifts between γ{111} and γ{222}
might be due to the elastic strain and structure factor of the stacking faults for the austenitic steel.
The stacking fault energy (SFE) can be calculated from the change in the diffraction peak position of
γ{111} and γ{222}. However, the difference in the peak shift of γ{111} and γ{222} was not significant
(Figures 7 and 8). This means that the SFE of the 17wt.% Mn steels was too small to be estimated from
diffraction, and residual stacking faults are rare since the ε-martensite transformation is very active.
On the other hand, in the case of TWIP steel with a similar composition, not only do various twins
exist after deformation, but the residual stacking faults also remain due to planar slip [25,26]. In the
ternary Fe-Mn-C system, a SFE exceeding 20 mJ/m2 is needed to ensure the twinning mode [7,27,28].
Although the SFE of 0.5 C steel is less than 20 mJ/m2, the EBSD measurement confirmed mechanical
twinning in the alloy. The deviation of the γ{111} and γ{222} lattice strains in the 0.5 C steel closely
reflects the increase of SFEs during deformation.

The macroscopic stress–strain response is influenced by microstructural evolution and phase
transformation characteristics during deformation. The 0.1 C steel showed the highest ultimate tensile
strength (UTS) among the three alloys, because the 0.1 C steel had the largest amount of α’-martensite.
With increasing applied stress, the evolution rate of α’-martensite in the stress contribution was the
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highest among the constituent phases. In the case of the 0.3 C steel, the rapid phase transformation
rate with the early activation resulted in a higher strain hardening rate and shorter elongation than
0.1 C and 0.5 C steels. Less α’-martensite was produced in the 0.3 C steel compared with the 0.1 C
steel, and no mechanical twinning was activated, unlike the 0.5 C steel. The phase transformation from
γ-austenite to ε-martensite was delayed in 0.5 C steel, as compared with the 0.1 C and 0.3 C steels. The
higher carbon content of 0.5 C steel stabilized the austenite phase by delaying phase transformation
during deformation. It also contributed to hardening and elongation by providing the increased
stacking fault energy to activate the mechanical twinning.
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(c) 0.5 C.
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5. Conclusions

We investigated the influence of carbon addition on the phase transformation behavior of high-Mn
steels using in situ neutron diffraction at room temperature. The important findings are summarized
as follows:

As the carbon content was increased from 0.1 C to 0.5 C, the stacking fault energies of 17wt.% Mn
steels increased from ~0.65 to ~16.5 mJ/m2. The 0.1 C and 0.3 C steels initially had both γ-austenite and
ε-martensite, and underwent a phase transformation from γ-austenite to ε-martensite or α’-martensite
during tensile deformation. On the other hand, the 0.5 C steel initially had only γ-austenite, and no
transformation of α’-martensite occurred.

The highest yield strength and tensile strength in the early plastic regime of the 0.1 C steel were
attributed to the relatively large amount of ε-martensite phase and the continuous phase transformation
from γ-austenite to ε-martensite. The large amount of α’-martensite formed in the higher plastic regime
resulted in the highest UTS. The 0.3 C steel exhibited a low yield strength, a high strain hardening rate,
and the shortest elongation. The high strain hardening of the 0.3 C steel was due to the rapid phase
transformation rate from γ-austenite to ε-martensite compared with the other alloys.

In the 0.5 C steel with a SFE of ~18 mJ/m2, the austenite was strengthened by mechanical
twinning during the loading process, and the TWIP effect resulted in a large ductility. The 0.5 C
steel only underwent a phase transformation from γ-austenite to ε-martensite, and the α’-martensite
transformation was not observed in any of the regimes. The 0.5 wt.% carbon addition appears to have
stabilized the austenite phase by delaying the onset of the ε-martensite phase transformation.
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