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Stacking fault energy (SFE) is related to activating complex high strength and ductility
mechanisms such as transformation-induced plasticity and twinning-induced plasticity effects.
This type of energy can be estimated by many different methods and its importance is in its
ability to predict microstructure and phase transformation behavior when the material is
submitted to stress/strain. In order to study the SFE, chemical composition, and microstructure
relationships, eleven different welding parameters were chosen to obtain a large range of
dilution levels. A new tubular wire electrode of high-manganese steel (21 wt pct Mn) was used as
the consumable and an SAE 1012 steel plate (0.6 wt pct Mn) as the base metal in a flux-cored arc
welding process. These welding parameters were related to the phases formed and phase
transformation behavior in the fusion zone. The SFE of the austenite phase was calculated using
a thermodynamic model. The welding parameters produced SFE values in the range of � 5 to 7
mJ/m2. �-martensite and austenite were observed in all samples, but a¢-martensite was only
found in those that presented negative SFE values, i.e., those with lower Mn content. Chemical
Gibbs Free energy was the component with the most influence on the SFE. Nanoindentation
detected the phase transformations during hardness testing for the medium and low dilution
levels used, while the high dilution levels presented the highest hardness and modulus of
elasticity values, and the lowest elastic and plastic deformation values. The results provide an
improved method to develop high-manganese steels with microstructure control through
welding parameters.
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I. INTRODUCTION

HADFIELD steels have elevated Mn levels. These
steels have high wear resistance due to their austenite to
martensite (c ! a¢) transformation when submitted to
stress/strain.[1,2] Currently, steels with manganese con-
tent higher than 20 wt pct have been produced with an
excellent combination of high strength and ductility.[3–5]

They have been classified in terms of their

plasticity-enhancing mechanisms,[6] where twinning-in-
duced plasticity (TWIP)[7–9] and transformation-induced
plasticity (TRIP)[10–12] have been designated to those
steels that present twin and martensite formation,
respectively, when submitted to a stress/strain. In
addition, the relationship between mechanical behavior
and stacking fault energy (SFE) that austenite presents
at some temperatures and compositions has been
published.[7,13,14]

A stacking fault (SF) in the face-centered cubic (FCC)
structure is a bi-dimensional fault formed between
partial dislocations when normal stacking sequence of
the (111) plane is disturbed.[7] This change in stacking
sequence produces an interface separating two regions in
the matrix and is related to interface energy. Otte[15] and
Smallman and Westmacott[16] studied the influence of
manganese and chromium content in the presence of
SFs and the influence of elevated temperature deforma-
tion on the probability of faulting. These authors
reached the conclusion that these alloying elements
increase the susceptibility of FCC austenite to faulting,
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Metalúrgica e de Materiais, Campus do Pici, Bloco 729, Ceará, CEP
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as well as decrease the deformation temperature. The
SFE can be determined by transmission electron
microscopy (TEM)[17] and X-ray diffraction.[18] In addi-
tion, SFE has been calculated by Ab-initio[19,20] and
thermodynamic models,[7,14] among others. The latter
was used to determine the SFE for all welding samples
in this study. These methods of determining the SFE
through calculations and thus the ability to predict the
microstructure and mechanical behavior from the SFE
value make the SFE an excellent tool to design materials
with specific properties.

In general, high-manganese steel with SFE close to 0
mJ/m2 has been reported to present �-martensite after a
rapid cooling from a c phase field. However, an increase
in SFE until approximately 15 mJ/m2 presents �-marten-
site and twins when the material is submitted to a
deformation, which is characteristic of a TRIP
steel.[6,7,13] Above approximately 15 mJ/m2, twins are
formed in austenite when the material is submitted to a
stress/strain, which is characteristic of TWIP steel.[21,22]

However, as Remy and Pineau[22] and Allain et al.[21]

have shown, this relationship between the SFE range
and the material behavior depends on the alloying
elements. Lee et al.[23] found that for low SFE,
a¢-martensite is present after the formation of �-marten-
site. It is important to mention that both � and
a¢-martensite are metastable and are not found on an
equilibrium phase diagram. Depending on the alloy
content, these phases can be formed after rapid cooling
from a c phase; however, the a¢ phase can present
different morphologies.[24] Hwang, who studied
high-manganese steels with cooper and aluminum addi-
tions, obtained alloys with SFEs greater than 15 mJ/m2

and no �- or a¢-martensite.[25] However, high-carbon
steels with such SFE values present the formation of �-
and a¢-martensite, as well as twins when submitted to
stress/strain.[26]

In this study, the influence of the chemical composi-
tion on the microstructure and phase transformation
behavior was evaluated using the different welding
dilutions between two steels with different Mn contents:
a new high-manganese welding wire of composition
Fe-21Mn-3.8Ni-0.17C (wt pct) and a low manganese
SAE 1012 steel of composition Fe-0.6Mn-0.12C (wt
pct). The different manganese contents of the welding
deposits were determined and related to the SFE values.
This is a new approach in the microstructure-stacking
fault energy relationship studies. Eleven alloys were
obtained, varying the dilution levels from 7.6 to
41.0 pct, producing a manganese composition from 12
to 20 wt pct. The microstructure was observed using
scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD). The phase transforma-
tion behavior was analyzed through nanoindentation
tests that also gave Young’s modulus. These measure-
ments enabled the dilution levels, the SFEs, the
microstructures, and the physical properties to be
related to the high-manganese tubular wire electrode
used. The SFE analyses, through individual Gibbs free
energy components, were carried out and the results
were extended to other high-manganese steels presented
in the literature. This study is important for the study of

high-manganese steels, as it enables the prediction of
weld microstructures through SFE calculation of weld-
ing deposits produced using different dilution levels.

II. METHODS

A. Stacking Fault Energy Calculations

The SFE was calculated for the Fe-Mn-C-Ni-Si-Cr
system over a wide range of compositions at room
temperature (27 �C) based on the thermodynamic model
proposed by Olson and Cohen[27] and later modified by
other authors. Besides the existence of many papers with
SFE equations calculated by the thermodynamic model,
the texts can be confusing with the modifications and
assumptions that each author has made. Thus, the
present work shows all equations and parameters used
for the SFE calculations.
All DG variables shown here are in J/mol unit.
When an SF is introduced into a perfect crystal, there

will be a change in the Gibbs energy, DG. According to
Curtze and Kuokkala[7], this change in DG must be the
same for both the interface and volume approach:

DGif ¼ DGvol ½1�

Curtze and Kuokkala[7] showed how to develop Eq. [1]
to achieve the SFE equation, as shown in Eq. [2]:

SFE ¼ 2qDGc!� þ 2rc=� ½2�

where q is the molar surface density for the {111}c
closed packed planes (mol/m2), DGc!� is the molar
Gibbs energy of the c ! � phase transformation and

rc=� is the energy per surface unit of the {111} interface
between the c and � phase boundary (J/m2). According
to Allain et al.,[21] r = 9 mJ/m2 for steels with a simi-
lar chemical composition. The molar surface energy
can be calculated by:

q ¼ 4
ffiffiffi

3
p 1

a2N
½3�

where a is the lattice parameter of austenite (m) and N
is Avogadro’s constant. DGc!� can be calculated by:

DGc!� ¼ DGc!�
che þ DGc!�

mg þ DGc!�
seg ½4�

where DGc!�
che and DGc!�

mg are the molar thermochemical
and magnetic Gibbs energy components, respectively.
DGc!�

seg is the free energy component due to the Suzuki

effect between c and �, neglected here since its value is
very low at room temperature.[28] DGc!�

che can be written
as the sum of two terms:

DGc!�
che ¼

X

i

viDG
c!�
i þ

X

i

vivjX
c!�
ij ½5�

where vi is the molar fraction of the pure alloying ele-
ments and DGc!�

i is the chemical contributions to the
change in Gibbs energy due to vi. X

c!�
ij refers to the

excess free energies of the interaction between the pure
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elements (J/mol). DGc!�
i can be calculated as shown by

Dinsdale,[29] using Equation (6):

DGc!�
i ¼ G�

i � Gc
i ½6�

where G�
i and Gc

i are the molar Gibbs energy of the
pure elements in the � and c phases, respectively. The
Gibbs energy is represented as a power series and the
equations for G�

i and Gc
i can be found in Dinsdale.[29]

Equation [7] represents the function for G/
i :

G/
i ¼ aþ bTþ cT lnTþ

X

i;n

diT
n ½7�

where a, b, c, and di are coefficients, T is the tempera-
ture in Kelvin, and n represents a set of integers, typi-
cally taking the values of 2, 3, and � 1.[29] The excess
free energy of a multicomponent system can be calcu-
lated by the sum of the excess free energy associated
with the interaction of the elements two by two.[30]

Therefore, Xc!�
ij (the excess free energy of i and j inter-

action) can be calculated according to Eq. [8].[31]

Xc!�
ij ¼ 0L� �0 Lc

� �

þ 1L� �1 Lc
� �

vi � vj
� �

½8�

where 0L� is a linear function of the temperature and 1L�

is a constant. Table I shows all functions that describe
the chemical change contribution of the Gibbs free
energy upon the c ! � phase transformation.

The magnetic contribution, DGc!�
mg , in Eq. [4] can be

calculated by:

DGc!�
mg ¼ DG�

mg � DGc
mg ½9�

where DG�
mg and DGc

mg are the magnetic contributions
of the � and c phases, respectively, calculated accord-
ing to Inden[38]:

GU
mg ¼ RT lnðbU þ 1ÞfUðsUÞ ½10�

where R is the gas constant in J/K mol, T is the tem-

perature (K), bU is the magnetic moment divided by
the Bohr magneton lB, and fUðsUÞ is a polynomial

function of the Néel temperature.[7] bU is calculated
by:

bc ¼vFebFe þ vMnbMn þ vNibNi � vCrbCr
� vFevMnbFeMn � vCbC

½11�

b� ¼vMnbMn � vCbC ½12�

sU can be calculated using Eq. [13]:

sU ¼ T

TU
N�eel

½13�

where TU
N�eel (K) for the c and a phases are given by

the following equations:

Tc
N�eel ¼10v3Mn � 898:4v2Mn þ 1176vMn � 1992vC

� 1272vSi � 661vAl � 170vCr þ 152:4
½14�

T�
N�eel ¼580vMn ½15�

fUðsUÞ is related to a condition where for sU � 1:

fUðsUÞ ¼ 1�
79s�1

140p þ 474
497

1
p � 1

� �

s3
6 þ s9

135 þ s15
600

� �h i

D
½16�

and for sU>1:

fUðsUÞ ¼ �
s�5

10 þ s�15

315 þ s�25

1500

h i

D
½17�

According to Curtze and Kuokkala,[7] D can be calcu-
lated by:

D ¼ 518

1125
þ 11692

15975

1

p� 1

� �

½18�

Table I. Functions Describing the Gibbs Free Energy

Chemical Change Contribution Upon c ! � Phase
Transformation Showed in Eqs. [5] Through [8]

Parameter Function (J/mol) References

DGc!�
Fe �2243:38þ 4:309T 29

DGc!�
Mn �1000þ 1:123T 29

DGc!�
Ni

1046þ 1255T 28

DGc!�
Cr

1370� 0:163T 28

DGc!�
Si

�560� 8T 32

DGc!�
Cu

600þ 0:2T 29

DGc!�
Al

2800þ 5T 32

DGc!�
C

�22166 33,34

Xc!�
FeMn 2873þ 717ðvFe � vMnÞ 35

Xc!�
FeC

42500 36

Xc!�
MnC

26910 21

Xc!�
FeAl

3328 34

Xc!�
FeSi

2850þ 3520ðvFe � vMnÞ 32

Xc!�
FeCr

2095 37

Xc!�
FeNi

2095 37

Xc!�
CrNi

4190 37

Table II. Functions and Constants Describing the Gibbs Free

Energy Magnetic Change Contribution Upon c ! � Phase
Transformation Showed in Eqs. [10] Through [13] and [16]

Through [18]

Parameters Function/Constant References

bFe 0.70 39
bMn 0.62 39
bNi 0.62 40
bCr 0.80 29
bFeMn 0.64 32
bC 4.00 32
p 0.28 7
a 3.6 9 10�10 m
T 300 K
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All the constants for the magnetic contribution to the
Gibbs energy are given in Table II.

B. Welding Parameters

The weld beads were made using the FCAW process
with a high-manganese electrode on SAE 1012 steel
plate using different welding parameters. The chemical
composition of the consumable is given in Table III.
Plates 20 cm in length and 10 cm in width were used as
the base metal, providing approximately 16 cm long
beads. The dilution levels were determined using a
geometric method, which uses the areas of the base
metal (ABM) and filler metal (AFM) composing the fusion
zone, according to Eq. [19].[41] A sample with six layers
of weld beads was made in order to achieve a sample
with minimal influence of the base metal to determine
the filler metal chemical composition. The filler and base
metal chemical compositions were measured using a
Shimadzu PDA 7000 Optical Emission Spectrometer.
All the weld bead chemical compositions were deter-
mined by energy-dispersive spectroscopy via scanning
electron microscopy (SEM-EDS) and the carbon con-
tent was calculated using Eq. [20].[42]

D ¼ ABM

ABM þ AFM
½19�

CC
FZ ¼DCC

textBM þ ð1�DÞCC
textFM ½20�

where CC
FZ, C

C
BM , and CC

FM are the carbon content in the
fusion zone, base metal, and filler metal, respectively.

Different welding parameters were used to achieve a
range of dilution levels. All welding parameters were
made at constant tension while varying: current, filler
metal feed rate, and welding speed, as shown in
Table IV, and they are presented in order of the power
used. Later in this study, the order will be reorganized
by dilution level to make the correlation with the results
clearer.

C. Microstructural Characterization

Sample preparation was carried out using standard
metallography procedures, which involved grinding with
silicon carbide papers down to grade 1200, followed by
polishing with 3 and 1 lm diamond suspensions. Final
polishing was carried out with colloidal silica. The
samples were etched with a 10 pct Nital (10 pct Nitric
Acid + 90 pct Alcohol) solution. For microstructural
analyses, scanning electron microscopy (SEM), X-ray
energy-dispersive spectroscopy (EDS), and electron

backscatter diffraction (EBSD) observations were car-
ried out using an FEI-XL50 with a field emission gun at
20 kV. In the EBSD analysis, the specimen tilt angle was
70 �C with a 17 mm working distance and different step
sizes.
Nanoindentation tests were carried out using a

Triboindenter TI 950 (Hysitron Inc.) in the load control
testing mode with a maximum load of 5 lN and a
Berkovich type indenter. A matrix of 16 9 16 indenta-
tions was performed with a 10 lm spacing between
indents in both the vertical and horizontal directions.
All tests were made at room temperature, after surface
polishing to 1 lm. The analyses for contact area
estimation and hardness value calculations were con-
ducted using the method proposed by Oviler and
Pharr.[43]

III. RESULTS

This study used eleven dilution levels (Figure 1) that
varied within the 7.6 to 41.0 pct range. Aside from some
welding samples that presented similar dilution values,
such as A2 and A3 or B9 and B10, different levels were
achieved with different welding parameters. No welding
sample presented a lack of fusion or undercutting, and
the weld beads were homogeneous with a good surface
finish. The beads were named in descending order of
dilution level, from 1 to 11. Those which presented
a¢-martensite in the microstructure were identified with
the letter ‘‘A’’ before the number and those which did
not present it were identified with the letter ‘‘B’’ before
the number, as shown in the x-label of Figure 1.
The chemical composition of the samples was mea-

sured using SEM-EDS and is shown in Table V. On
analyzing the decrease in the dilution levels, there are
two important elements that increase: Mn has the
highest increase varying from 13.40 to 18.91 pct and
the nickel varies from 2.26 to 3.42 pct. Since the
SEM-EDS technique does not determine the carbon
content accurately, it was obtained using Eq. [20],
Table III, and Figure 1 data. DuPont and Marder[41]

studied the linear correlation between calculated and
measured dilution levels. Their results showed the
possibility to obtain the carbon content in this work
using the dilution level measured by a geometric
method. Carbon did not present any significant influ-
ence due to the similar base metal and electrode carbon
content, 0.12 and 0.17 wt pct, respectively. The other
elements presented a small increase with the decrease of
the dilution level.
Besides the composition that was measured in a large

area of the fusion zone, the microsegregation that was
possibly formed during the solidification of the fusion
zone was also measured. Figure 2 shows map compo-
sitions for high (Figures 2(a) through (c)) and low
(Figures 2(d) through (f)) dilution levels. These maps
present one SEM image and one composition map for
Fe and one for Mn per sample. The intensity in the map
compositions shows the concentration of the element. In
A3 weld, there are austenite and a¢-martensite regions in
which there are manganese poor areas localized where

Table III. Base Metal and High-Manganese Electrode

Chemical Compositions

Mn Ni Cr Si C Fe

PT-400HM 20.935 3.763 0.865 0.5805 0.17 bal.
SAE 1012 0.6 — — — 0.12 bal.

All values are in Wt Pct.
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a¢-martensite formed, and for B7 weld, there are also
manganese-rich and -poor regions; however, a¢-marten-
site was not found. This absence of manganese, and
consequently, iron rich regions where a¢-martensite had
formed, was observed for all welding samples from A1

to A6. However, microsegregation was observed in all
the welding samples, and the amount was dependent on
the dendrite size.
Phase diagrams were constructed from the chemical

compositions given in Table V using Thermocalc�

thermodynamic software with the TCFE8 database.
Figures 3(a) through (c) show phase diagrams for
welding samples A1, A6, and B11, respectively. The
equilibrium phases calculated were austenite, ferrite,
M7C3 , and M23C6. M7C3 and M23C6 are formed at low
temperatures and were found in small amounts com-
pared to the other phases. However, these carbides are
not found in high-manganese steels due to the rapid
cooling that they are submitted to from the austenite
temperature range.[6,44,45] Ferrite presents a mass frac-
tion of approximately 0.6 for the highest dilution level at
temperatures close to 400 �C and decreases to approx-
imately 0.4 at the lowest dilution level. Austenite is the
only phase in equilibrium at temperatures higher than
600 �C, but this temperature decreases with decreasing
dilution levels.
Figure 3(d) shows the austenite mass fraction for all

welding samples. The austenite phase field increased
with decreasing dilution levels due to the increase in c
stabilizers. The ferrite phase also is influenced by the
addition of manganese and its phase field decreases with
decreasing dilution levels. It is important to mention
that �- and a¢-martensite phases are not in equilibrium
phase diagrams because they are diffusionless phases
and thus cannot be calculated using the Thermocalc�.
The diagrams are mainly used to show austenite stability
and any other phases that can be present, assuming a
state of diffusion.
The thermodynamic SFE was calculated using Equa-

tion (2) and Table V at 27�C. Figure 4 shows the SFE
values for all welding samples. Negative SFE values
were obtained for six welding samples which were when
SFE increased with decreasing dilution levels, with the
exception of A3. Although the thermodynamic SFE
might be calculated for a c ! � phase transformation
where the chemical composition is taken from the
austenite, in the present work, the compositions were
taken from either c, � or a¢. From welding samples A6 to

Table IV. Processing Parameters Used to Fabricate Single Pass in all Conditions

Condition

Welding Parameters

Power (W) Current (A) Tension (V) Welding Speed (cm/min) Feed Rate (m/min) Energy (kJ/mm)

A2 5100 150 34 30 7 1.0
A5 5890 190 31 30 8 1.2
B10 7480 220 34 15 10 3.0
B11 7480 220 34 22 10 2.0
A4 7480 220 34 30 10 1.5
A3 7480 220 34 45 10 1.0
B8 8840 260 34 30 16 1.8
A1 9200 230 40 45 12 1.2
A6 9724 286 34 45 20 1.3
B7 9758 287 34 30 20 2.0
B9 10,000 250 40 30 12 2.0

Fig. 1—Dilution level for each condition obtained by geometric
method.

Table V. Chemical Composition of all Samples in Wt Pct

Condition Mn C Ni Si Cr Fe

A1 13.40 0.15 2.26 0.32 0.59 bal.
A2 13.57 0.15 2.32 0.29 0.54 bal.
A3 12.69 0.15 2.05 0.32 0.51 bal.
A4 14.69 0.15 2.66 0.51 0.59 bal.
A5 14.65 0.16 2.61 0.49 0.57 bal.
A6 15.95 0.16 2.76 0.36 0.61 bal.
B7 18.07 0.16 3.41 0.40 0.75 bal.
B8 17.63 0.16 3.30 0.59 0.76 bal.
B9 16.99 0.16 3.08 0.53 0.68 bal.
B10 18.71 0.16 3.49 0.50 0.82 bal.
B11 18.91 0.17 3.42 0.54 0.76 bal.
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B7, there was a significant increase in the SFE value, and
then, it reduced until B9 weld, after which SFE
increased again to samples B10 and B11. Although the
SFE values were calculated from an average composi-
tion measured by SEM-EDS, the microsegregation was
examined and showed similar results to the phase-form-
ing regions, i.e., regions with a lower Mn content
showed the a¢-martensite phase, while those which
displayed a high-Mn content did not show this phase.

SEM micrographs are presented in Figure 5. The
three upper micrographs (Figures 5(a) through (c))
present two regions. One region are the a¢-martensite
laths. The other is related to a mixture of austenite and
�-martensite. Etching was not able to separate these two
microstructures, but EBSD measurements were able to
differentiate them. Increasing the dilution level
decreased the presence of a¢-martensite. a¢-martensite
was observed in the core of the dendrite; however, less
a¢-martensite was formed when there was a higher
manganese content. Figures 5(d) through (f) did not
show a¢-martensite. Instead, the presence of twins in the
structure was noted. They were identified as twins and
not scratches because the twin orientation changes in the
grain boundary, as shown in Figure 5(e). Dendrites,
which are a feature of cast structures, were present in all
micrographs.

Nanoindentation measurements were carried out for
high (A1), medium (A6), and low (B11) dilution levels.
Figure 6(a) shows one measurement for each level.
There are pop-in indications for weld samples A6 and
B11. Several works reported the presence of a pop-in
during nanoindentation in austenite as a martensite
transformation, either into �¢- or a-martensite.[46–50] Ahn
et al. explained this behavior as resulting from geomet-
rical softening due to the selection of a favorable
martensite variant based on the mechanical interaction
energy between the externally applied stress and lattice
deformation during nanoindentation.[50] Therefore, the
authors strongly believe that the pop-ins presented in
Figure 6(a) correspond to a martensite transformation.
In this work, they correspond to the c ! � ! a¢ trans-
formation, where the first, second, or even the two
transformations can occur. A1 weld shows little defor-
mation and low recovery in the unload step compared to
the other welding beads. While A1 weld did not show a
pop-in, B11 showed the highest occurrence of phase
transformations during the test. This lack of a pop-in in
A1 may be because no measures were made in the c=�
phase region, which is much smaller than the a¢-marten-
site phase regions.
In order to quantify and analyze the nanoindentation

tests in terms of the mechanical properties, as shown by
Oliver and Pharr,[43] Figure 6(b) was plotted. The A1

Fig. 2—SEM images and map compositions for a high (A3 weld) and a low (B7 weld) dilution level condition. (a to c) High dilution level. (d to
f) Low dilution level. (a, d) SEM images of regions analyzed, while (b, e) and (c, f) iron and manganese composition map, respectively.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, SEPTEMBER 2020—4817



weld showed an elastic modulus of 177 GPa and a
hardness value of 6.67 GPa. A decrease in the dilution
levels decreased both the hardness and elastic modulus.
B11 weld presents an elastic modulus 33 pct of the A1
value, while the hardness value is almost 72 pct of the
A1 value. Referring to other works which studied the
mechanical properties of high-manganese steels,[6,51,52]

the increase in Mn content changes the mechanical
behavior through austenite stability.
EBSD measurements can give crystallographic orien-

tation information and phase identification, enabling the
correct characterization allied to other techniques and
making it possible to determine the crystallographic
orientation of the phases present. Figure 7 shows the
EBSD results measured in the same three welding beads
used in the nanoindentation tests. Figures 7(a) through
(c) show the inverse pole figure maps for samples A1,
A6, and B11, respectively. a¢-martensite is presented as
laths, refining the structure, while �-martensite has
formed into c grains with a specific orientation, as
shown in Figure 7(c). a¢- and �-martensite, as well as
austenite, were observed in A6 weld.
Figure 7(e) shows a¢-martensite formed in straight

lines until the grain boundary. This a¢ can be seen in
many crystallographic orientations. No a¢-martensite
was observed in B11 weld aside from a point in the
upper right of Figure 7(g). However, �-martensite and
austenite were observed in all samples, while a¢ was only
noted in samples A1 and A6. At the high dilution level,
the fraction of �-martensite obtained by EBSD was
approximately 56 pct, with 21 and 23 pct for a¢ and c,
respectively. In A6, there were greater volume decreases
austenite (42 pct) and �-martensite (34 pct). At the
lowest dilution level, 90 pct austenite was present with
almost 10 pct �-martensite. These results suggest that the

Fig. 3—(a to c) Phase mass fraction diagram for A1, A6, and B11 samples, respectively. (d) Austenite mass fraction diagram for all conditions.

Fig. 4—Stacking fault energy for each sample obtained by
thermodynamic calculations.
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dilution level could stabilize the austenite phase through
manganese and nickel enrichment.

IV. DISCUSSION

A. Dilution Levels and Chemical Composition

Eleven different alloys were formed at the fusion zone,
using SAE 1012 steel as the base metal and PT-400HM
as the filler metal. By varying the weld parameters,
dilution levels as high as 41 pct and as low as 7.6 pct

(Figure 1) were created. In general, when the feed rate
was high, the dilution level was also high. Also, when a
power of 7480 W was applied there was an increase in
the dilution levels with a decrease in welding speed
(Table IV). The influence of both the feed rate and
welding speed on the dilution level can be explained by
the protection that the weld pool can provide to the base
metal, preventing the arc welding from melting more of
the base metal. With a decreasing welding speed, the arc
remains in the melt pool longer, allowing more filler
metal to be deposited and increasing the barrier between

Fig. 5—Electronic micrographs from fusion zone of conditions (a) A1, (b) A4, (c) A6, (d) B7, (e) B9, and (f) B11. GB: grain boundaries. a¢:
a¢-martensite.

Fig. 6—(a) Indentation test for one condition at: high, medium, and low dilution. The arrows are indications of phase transformation during the
test. (b) Hardness and Elastic modulus of samples at high, medium, and low dilution. The standard deviation bar of elastic modulus data is
smaller than the markers.
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the arc and base metal. This makes the arc less effective
on base metal, preventing melting and decreasing the
dilution level. DuPont[42] showed this behavior for
stainless steel welded by varying the volumetric filler
metal feed rates and arc power. Although the material is
different from the one studied here, the arc physics are
the same.

The chemical compositions in this work (Table V)
were in accordance with DuPont,[41,42] who stated that
the dilution level obtained by geometric and chemical
methods are linearly related because the manganese
content increases with an increasing dilution level.
Carbon does not present a significant change due to
the similar filler and base metal carbon contents.
However, the nickel content increases with decreasing
dilution level. Both manganese and nickel are c stabi-
lizers and increase the c phase field in the phase
equilibrium diagram, as can be seen in Figure 3.
Figures 3(a) through (c) show the decrease in the ferrite
mass fraction for low temperatures. Figure 3(d) shows
that with the addition of manganese and nickel, the
temperature for which the structure is completely
austenite reduces.

B. Microstructure and Stacking Fault Energy

De Cooman[53] already showed a phase diagram (wt
pct C vs wt pct Mn) for the microstructure observed
after quenching a high-manganese steel from 950�C to
room temperature (Figure 10.5 at right, in the refer-
ence). This diagram enables the phase prediction for

high-manganese steels when the steel is quenched from a
high temperature. Based on the manganese and carbon
composition, it is possible to know which phase will be
present after the fast cooling from a high temperature.
This diagram is very useful when the material is
composed of a ternary system and the initial condition,
i.e., initial microstructure, grain size, and chemical
composition, is similar to that used by De Cooman.
According to Reference 53, A1 to A5 welds in this study
present compositions that lie within the cþ �þ a¢ phase
field. The microstructures (Figures 5 and 7) for these
samples showed agreement with De Cooman’s diagram.
However, A6 weld, which lies in the cþ � phase field
according to De Cooman’s prediction, presents three
phases (c, � and a¢). Unlike the results shown by De
Cooman, none of the welds in this work are ternary
alloys. Therefore, the other elements may have changed
the phase field extension, allowing compositions of 15.95
wt pct Mn and 0.12 wt pct C (A6 weld) to also have a¢
martensite.
Looking at Figure 4, welding samples A1 to A5

presented negative SFE values, while positive values
were found in A6-B11. This correlation is not a
coincidence, as will be evidenced later. Hull and
Bacon,[54] in their Dislocation in Face-centered Cubic
Metals chapter, as well as Olson and Cohen,[27] have
already stated that the energy associated with an SF
comes from a sliding between {111} planes, forming a
fault in the FCC stacking (ABCABCA) to a ABCA-
BABC stacking, making an HCP stacking into the FCC
structure. In the present study, the FCC phase is related

Fig. 7—(a to c) Inverse pole figure maps for A1, A6, and B11 samples, respectively. (d) Hexagonal and cubic ipf legend for (a) to (c). (e to g)
Phase map for A1, A6, and B11 samples, respectively. In (e) to (g), green: austenite, yellow: �-martensite, red: a¢-martensite (Color figure online).
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to the c-austenite phase, while HCP corresponds to the
�-martensite phase. Xiong et al.[13] studied high-man-
ganese steels with different Mn contents and they found
SFE values from 2.9 to 28.5 mJ/m2, showing c +
�-martensite and c + twins, respectively. Their results
showed that the SFE values obtained by the thermody-
namic model could be used to predict the phase formed
in a state of non-equilibrium.

C. Microsegregation and Its Influence
on the Microstructure

Since the structures formed by a solidification process
can present microsegregation, this phenomenon was
analyzed through map and spot chemical composition
analysis using SEM-EDS. Figure 2 shows the iron and
manganese map composition for a high and low dilution
level welding sample. There are regions where Mn is in
greater amounts and these manganese-rich areas are
related to the last austenite to be formed from the liquid
phase because the manganese content of the austenite
increases as the temperature decreases. Therefore,
a¢-martensite regions correspond to the first austenite
to form, which has less manganese. Figure 8 shows an
austenite composition vs. temperature diagram for A1
weld, showing the phenomenon where nickel also
presents this microsegregation behavior but at a level
much lower than Mn. The same behavior was observed
in the other welding samples.

In order to quantify and relate the microsegregation
phenomenon with the SFE and also with De Cooman’s
diagram,[53] chemical analyses were done in both
regions, where a¢-martensite is present and where it is
not. The results are shown in Figure 9. The colored
background represents the manganese content, which
forms a specific group according to Reference 53, while
the triangular and square markers correspond to EDS
measurements made in the cþ � and a¢ regions in the
present study, respectively. Star markers correspond to
Table V (EDS measurements made in a large area of the
fusion zones). The results agreed with the prediction by
Reference 53, where the cþ � region presented a
manganese content higher than 15 wt pct while the

a¢-martensite values were between 15 and 10 wt pct.
Therefore, this result shows that microsegregation was
responsible for the a¢-martensite formation in A6 weld
because regions with a manganese content lower than 15
wt pct present a¢-martensite. The results showed that De
Cooman’s diagram is a good tool to predict the phase
formation in high-manganese steels based on the C and
Mn contents.
The SFE values were calculated from the chemical

compositions shown in Figure 9 and from the chemical
compositions of the rich and poor manganese regions
for the B7-B11 welds. Negative SFE values obtained
were related to a¢-martensite, and the microsegregation
phenomenon observed in this work also correlated to
a¢-martensite. Figure 10 shows that the first six welds

Fig. 8—Austenite composition in the c and c + Liquid phases field
for A1 weld composition.

Fig. 9—Manganese content via EDS. Triangular markers correspond
to EDS measures obtained from a large area of fusion zone, while
the circles and star markers correspond to spot EDS measures in a¢
and cþ � phase region, respectively. The red and yellow areas in the
graph refers to the manganese content in cþ �þ a¢ and cþ � phase
region, respectively, obtained from Ref. [53] (Color figure online).

Fig. 10—Thermodynamic stacking fault energies. The markers
correspond to calculus from the same markers in Fig. 9 and from
the chemical compositions of the rich and poor manganese regions
for the B7 to B11 welds. The color areas in the graph refer to SFE
range and their microstructure prediction showed by Ref.[6]. Yellow:
a¢-martensite. Orange: �-martensite: Red: �-martensite + c (twins).
Purple: c (twins) (Color figure online).
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(A1-A6) presented negative SFE values in the a¢ region,
while in a non-a¢ region, the SFE values were positive.
Although the thermodynamic SFE should be used to
analyze a c ! � phase transformation, SFE calculations
were made in the a¢ phase region to estimate its value.
Due to the c ! a¢ diffusionless transformation, which
maintains a¢ martensite with the same composition as
prior austenite, the presence of a¢ martensite could be
related to the SFE value. Figure 10 showed agreement
with[53]; however, the phase diagram cannot give as
much information about austenite mechanical instabil-
ity as the SFE values can. At SFE values in the 12 to 40
mJ/m2 range, the c phase presents a tendency to form
twins when subjected to a stress/strain.[22] With decreas-
ing dilution levels, A1 ! B11 welds in Figure 10, the
austenite becomes more stable in almost all Bi welding
samples. The Mn-rich area is a region which forms twins
instead of �- or a¢-martensite. However, even under these
conditions, the microsegregation allows unstable c
regions, which could form � by fast cooling from a high
temperature or by a deformation process. These results
show that thermodynamic SFE is a useful tool to predict
the phases formed in high-manganese steels[6,7,13,51,53,55]

and it can also predict the phase formation even with the
microsegregation phenomenon due to a cast process in
the fusion zone. Additionally, a¢ could also be predicted
from a negative SFE value.

The importance of the microstructure and c stability
comes from the mechanical properties that each pro-
vides to the steel. Figure 6(a) shows that A1 weld does
not have any phase transformation, which is demon-
strated by the absence of a pop-in. From Figure 5, A1
weld presents few non-a¢-martensite areas; therefore, the
nanoindentations could have been done just in the a¢
phase, which can explain the low variation in elastic
modulus and hardness values. On the other hand, A6
weld, which has a higher SFE and more non-a¢ regions,
presented phase transformations in some measurements
and not in others. The SFE value for this welding
sample lies in cþ � for manganese-rich areas, and in a¢
for Mn-poor areas. Phase transformations were not
found in all measurements of B11 weld, which can
indicate that in manganese-rich areas, the austenite was
more stable and does not present phase transformations.
These behaviors are strongly related to the mechanical
properties, where increasing SFE values correlate to
increasing toughness and ductility due to the austenite
becoming more stable and preventing martensite for-
mation.[6,7] Welding samples A6 and B11, which do not
show a¢ or only show it in small quantities, presented
low hardness compared with A1, which showed a high
amount of a¢-martensite. Additionally, Young’s modu-
lus decreases with increasing SFE values, or with
increasing austenite stability. This can provide higher
ductility and toughness with high strength, because
fragile phases, such as a¢- and �-martensite, are not
formed during the stress/strain process.

If the dilution level can provide a good idea of the
SFE value in the fusion zone and if it can be used to
predict the microstructure and/or austenite stability in
high-manganese steels, then knowledge of the base and
filler metal chemical compositions can be used to predict

the microstructure desired from a dilution level chosen.
Figure 11 shows the SFE and the Total, Chemical and
Magnetic Gibbs free energy components from some
dilution levels for various base metal steels. Addition-
ally, the measurements that were made in this work
using SAE 1012 steel are marked as black triangles.
Both total and chemical free energy curves present

similar behavior for all steels, as can be seen in
Figures 11(b) and (c). On the other hand, the magnetic
component decrease for almost all alloys. Just commer-
cial high-Mn steel presents an increase in the magnetic
component (Figure 11(d)), where it is the only steel with
a manganese content higher than the filler metal used.
Furthermore, for all other alloys, the magnetic compo-
nent presents a lower effect on the total Gibbs free
energy, decreasing at a greater rate until 40 pct in
dilution.
The chemical compositions for all steels used as base

metal are presented in Table VI. Depending on the base
metal, it is possible to achieve different microstructures,
as Figure 11(a) shows, and this can result in different
mechanical properties, as was found in the present study
by nanoindentation measurements. In addition to using
this relationship for different base metals, it can also be
used for the mixture between different electrodes, where
one must have a high-manganese steel filler metal. Then,
different alloys can be used for different weld situations
where the properties and austenite behaviors must be
controlled. The results showed that thermodynamic
SFE, in addition to the � and twins prediction, can give
an idea of whether a¢ will form in high-manganese steel.

V. CONCLUSIONS

An SFE, phase transformation, and dilution level
relationship was studied in welds made from a
high-manganese steel filler metal (21 wt pct Mn) and a
base metal steel with 0.6 wt pct Mn with dilution levels
in a 7-41 pct range.
De Cooman’s non-equilibrium diagram for high-man-

ganese steels was shown to be a good tool to predict the
microstructure in these steels. The microstructure could
not be explained by the diagram when the microsegre-
gation due to the welding process created regions with
manganese content that could potentially form
a¢-martensite.
Thermodynamic SFE values could predict the forma-

tion of different phases, including a¢-martensite. Nega-
tive SFE values were related to a¢ regions, while positive
SFE was obtained in cþ � areas. SFE calculations in
each region, with high or low manganese content,
showed that negative SFE values were found in those
regions where a¢ was observed, while positive SFE
values were obtained in those where a¢ was not observed,
which leads to the conclusion that thermodynamic SFE
can be used to give an idea whether a¢-martensite will
form or not.
Nanoindentation measurements showed that c pre-

sented a phase transformation when subjected to stress/
strain in the samples with SFE values in the range
of c + �-martensite prediction. However, none phase
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transformations were found for those samples that lay
in the c + twins SFE range. These transformations
were noted for some measurements with medium and
low dilution levels, while for those with high dilution
levels, a transformation was not found since the
measurements were taken from the a¢ martensite phase.
The hardness and Young’s modulus agreed with this
assumption because they showed high hardness and
elastic modulus for high dilution levels, which is an a¢
martensite feature.

The results showed that the dilution level/SFE rela-
tionship can be used to predict the microstructure of
high-manganese steels obtained by welding. Addition-
ally, a relationship between negative SFE and the a¢
martensite presence was observed in the present study.
Although thermodynamic SFE is not used for
a¢-martensite prediction in high-manganese steels, it
was found that a negative SFE value is correlated with
the presence of a¢-martensite even in microsegregation
regions.

Table VI. Chemical Compositions for all Materials Presented in Fig. 11

Base Metal Mn C Si Al Cr Ni Fe Ref.

Commercial High-Mn steel 26.1 0.44 0.04 — 3.24 0.02 bal.
Xie et al. (2018) 17.74 0.57 2.96 0.44 — — bal. 56
Sun et al. (2019) steel 1 10.4 0.2 — — — — bal. 57
Sun et al. (2019) steel 2 9.7 0.2 3.4 3.2 — — bal. 57
Xiong et al. (2014) 17.30 0.32 5.71 — — — bal. 13
SAE 1012 Steel 0.6 0.12 — — — — bal.

Fig. 11—Dilution level vs (a) SFE, (b) total Gibbs free energy, (c) chemical Gibbs free energy, and (d) magnetic Gibbs free energy for various
base metal steels. The colors in the background refer to the phase present due to an austenite decomposition for some SFE values. Red:
a¢-martensite. Orange: �-martensite. Yellow: �þ cþ twins. Cian: cþ twins according to Ref. [6] (Color figure online).
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