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Weldability of conventional high manganese steel and ladle
treatment one
In the present work, the effect of welding procedure on weldability of conventional high
manganese steel compared with the recent developed ladle treated one. This research
aims at disclosing the microstructure, hardness, impact toughness and tensile strength
of the welded joints. The optical micrograph of the conventional high manganese steel
welded joint without cooling between passes shows that the heat affected zone (HAZ)
has a high density of carbides formed at the grain boundaries. However, cooling
between passes using compressed air resulted in a decrease in the density of carbides
formed at the grain boundaries of the HAZ. In the ladle treatment samples, the
microstructure shows an increase the density of the eutectic phase of the HAZ as a
result of welding without cooling. On the other hand, application of cooling using
compressed air between passes results in a low density of the eutectic phase in the
HAZ.
Application of cooling between deposited passes resulted in a significant improvement
of the impact toughness of weldment in both conventional and ladle treated samples of
high manganese steel. The result obtained by SEM observation shows the reduction of
both carbides at the grain boundaries in HAZ of conventional high manganese steel
and the eutectic phase in HAZ of ladle treated one.

1 - Introduction

methods, the first method is conventional
process in it Hadfield steel normally has a
High manganese steel considers as the structure of metastable austenite which is
most applicable steel in the heavy duty obtained by water quenching the steel
equipment’s from its invention date at from an annealing temperature of 1050°C
1882 by Sir Robert Hadfield.
High to dissolve the carbides and desired to
manganese steel has high wear form one ɤ phase, this austenitic alloy
resistance, and high toughness, and high work hardens rapidly under repeated
strain
hardening
rate. The
High impact
and
displays
remarkable
manganese steel is used in the heavy toughness [5-6]. The second method
industrial components manufacturing such called ladle treatment process. This
as mill hammers, oil derrick, crusher jaws, process works to compensate for
and rail road [1-2].
conventional heat treatment process by
addition of Mg, Ca-Si, Ce, Y, Li. [7-8].
The typical chemical composition of These elements have the ability to form
Hadfield steel is 1.0% to 1.2% wt. C, 11% oxide and sulfide. The oxide and sulfide
to 14% wt. Mn, and 0.3% to 0.5% wt. Si. phases act as heterogeneous nuclei for
[3]. The microstructure contains austenite the nucleation of cementite and austenite
and cementite in the as-cast state. In as- into a new eutectic granular phase
cast state the cementite phase as a between the austenite dendrites at the
secondary phase, with precipitation at a beginning of solidification. It was found
grain boundaries like a carbide net-work that the new granular phase is well
improves the hardness and also the dispersed throughout the austenite matrix
decreases toughness to which extent [9,11].
doesn’t allow use of this steel in the ascast state [4].
When welding of high manganese steel
must keep the temperature of the steel
High manganese steel is produced by two below
300°C
to
avoid
carbide
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precipitation. where this carbides reasons
to embrittlement of high manganese steel
during
welding.
Therefore,
the
temperature of the zone 12 mm from the
weld should not exceed 250°C [12-13].

heated at 1100°C for 2hrs and rapidly
quenched in water (S1). Another four
samples were produced by the ladle
treatment process (S2) [7]. The chemical
compositions are shown in Table 1.

The strength of the weld metal of high
manganese steel and plasticity are
increasing due to used welding electrodes
with a different alloying system. In this
state, the fracture of the welded joint
occurs at the heat affected zone due to
the appearance of cracks resulting from
segregation of carbides at the grain
boundaries [14-15]. Thus, improvement of
the HAZ future in welding of these types
of steels became an important topic.

SMAW process was applied in welding of
the samples. A high manganese steel
electrode AWS A5.13 EFeMn-A was used
in this study. Chemical composition of the
weld metal deposited using this electrode
is shown in Table 2. The samples were
welded
by
two
conditions.
First,
continuous welding without cooling and
the other using short beads and allow
cooling by compressed air. The amperage
and voltage applied were 110 A and 24 V,
respectively for 3.2 mm electrode. The
width of the sample for welding is 20 mm.
It takes the time to welding a single pass
in average 40 sec when used cooling. On
the other hand, the continuous welding
without cooling takes 1.10 min. the
calculate of Heat input by using Eq.1:

Ladle treatment high manganese steel is
not welded yet. So, this study investigated
the welding of ladle treated high
manganese steel by using SMAW
process. The samples were welded under
two conditions with and without cooling by
compressed air. After that, welding of
ladle treatment samples were compared
Heat input = (I×V×60) / Travel Speed
with welding conventional heat treatment
high
manganese
steel
samples. The
mechanical
properties of
the
welding
joint
are
measured,
Table 1: The chemical compositions of the two types of high manganese steel
such as the
tensile
strength, the
Table 2: The chemical composition of the deposited weld metal, mass %
impact
toughness and hardness test. And the The welded samples were cut out using
microstructures of the welding joint are cooling disk machine. The cross sections
studied through the optical microscope were ground through grit silicon papers
and scanning electron microscope.
(from 180 to 1000). Final polishing was
performed using 0.5 µm-alumina past,
2 - Methods
then clean and dried. The polished
Four samples (180 mm in length, 20 mm specimens were etched by 2% Nital
in width and 12 mm in thickness) of solution. Microstructures of welded
conventional high manganese steel were specimens were observed using Nickon-
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Epiphot optical microscope. Hardness test
was conducted using micro-hardness
tester with 200 gm load.
The tensile test was carried out to
determine the ultimate tensile strength of
the welded joint, the dimensions of the
tensile tested samples are shown Figure 1

Figure 1: Dimension of the sample for tensile test

according to ASTM E8 standard. The
impact test was conducted for detecting
the toughness of the welded joint and
introduced to the impact test apparatus as
non-notch samples in order to avoid crack
sensitivity of this type of steel. The
samples were prepared according to
ASTM E23 standard. The dimensions of
the impact tested samples are shown in
Figure 2.

Figure 2: Dimensions of impact test sample

SEM observation was conducted to
observe the configuration of carbides in
the Heat affected zone (HAZ) in the
conventional high manganese steel and
the eutectic phase in HAZ of the ladle
treated one.

3 - Results and Discussions

Figure 3: Microstructure of high manganese steel base
metal (a) HAZ without cooling (b) HAZ with cooling (c)

3.1 - Microstructure of the
conventional high manganese steel
weldments

Figure 3b shows the microstructure at the
HAZ of joint welded without cooling
between passes. The microstructure
shows a high density of carbides formed
at the grain boundary.

Figure 3a shows the microstructure of
base metal of conventional high
manganese steel after heat treatment as
shown in Table 1. Solution of carbides
was observed and the microstructure is
free from carbides.

Using short beads and application of
cooling between passes results in a
reduction of the density of carbides as
shown in Figure 3c.
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Figure 4: Microstructure of ladle treated high
manganese steel base metal (a), HAZ without cooling
(b), and HAZ with cooling (c)

in re-configuration of the eutectic phases
and reduces the configuration by cooling
application.

3.3 - Micro-Hardness

3.2 - Microstructure of the ladle
treated high manganese steel
weldments
Figure 4a shows the microstructure of the
base metal of ladle treated high
manganese steel. The base metal has the
configuration of eutectic phase at the
austenite grain.
Figure 4b shows the microstructure of the
HAZ of welded joint of ladle treatment
high manganese steel without cooling
between passes. The microstructure
shows a high density of the eutectic
phase between dendrite of austenite
grain. Figure 4c shows the microstructure
of the HAZ of welded joint of ladle
treatment high manganese steel with
cooling between passes.
The microstructure shows
the low density of the
eutectic phase between
dendrite of the austenite
grain in HAZ. This reflects
the role of high temperature
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Micro-hardness at the HAZ of the
conventional high manganese steel joint
welded without cooling between passes is
shown in Table 3. An increase in the grain
boundary hardness from its value at the
base metal was observed (from 185 HV at
the base metal to 252 HV at the HAZ). On
the other hand, the hardness of the
austenite grain is identical to that of the
base metal (185 HV) as shown in Table 3.
Application of cooling between passes
resulted in an increase in the hardness at
the grain boundary of the HAZ to 252 HV
which is identical to that obtained at the
HAZ of the welded joint without cooling.
Thus, cooling affects the density of
carbide as described in the microstructure
observation in Figure 3 (see section 3.1).
Micro-hardness at the HAZ of the ladle

Table 3: Mechanical property of welded joint
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treated high manganese steel joint welded
without cooling between passes is shown
in Table 3. An increase in the grain
boundary hardness from its value at the
base metal was observed (from 185 HV at
the base metal to 252 HV at the HAZ). On
the other hand, the hardness of the
austenite grain is close to that of the base
metal (260 HV) as shown in Table 3.

configuration leads to increase of yield
strength and decrease of the ductility.
Values of the strength are shown in Table
3. The strength of ladle treatment high
manganese steel similar for the strength
of conventional high manganese, this is
reinforcement
and
improves
the
weldability of ladle treatment high
manganese steel.

Application of cooling between passes
resulted in an increase in the hardness at
the grain boundary of the HAZ to 245 HV
which is close to that obtained at the HAZ
of the welded joint without cooling. Thus,
cooling affects the density of eutectic
phase as described in the microstructure
observation in Figure 4 (see section 3.2).

The toughness is considered as the
characteristic feature of Hadfield steel in
severe load conditions, it's proved that the
most significant deterioration of toughness
has occurred as result of cementite phase
that is precipitated at the grain boundary
of the austenite. In the samples of (S1
cooling) appeared high-impact toughness
due to used cooling while a procedure
welding process, also, it leads to
decrease precipitation of carbides at grain
boundaries. On the other hand, the impact
toughness decreased in the samples (S1
without cooling) due to widely precipitation
carbides at grain boundaries.

3.4 - Tensile strength of welded joint
From the microstructures of the welded
joint, it is expected that good mechanical
properties will be obtained of high
manganese steel by ladle treated.
For the sample (S1 cooling) of
conventional high manganese steel, the
strength slightly increased because of the
decrease in the precipitation of carbides
at the grain boundary.

On the other hand, it was found that the
ladle treated high manganese steel (S2
cooling) has a toughness close to that of
the heat treated steel (S1 cooling) as
shown in Figure 5. However, the
toughness of samples (S2 without
cooling) decreased due to a configuration
of the eutectic phase extensively in HAZ.

For the sample (S2 cooling) of ladle
treatment high manganese steel joint, the
strength differs from the strength of the
samples (S2 without
cooling)
of
ladle
treatment joint. The
cooling helps on rapid
configuration of the
eutectic phase, but the
configuration is not
extensively
in
the
austenite matrix. The
samples (S2 without
cooling), the strength
slightly
increased
because
of
the
configuration of the
eutectic phase. This
Figure 5: impact toughness of welded joint
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3.5 - SEM

HAZ of the conventional high manganese
steel welded without cooling between
Figure 6a shows SEM observation at the passes. The carbides intensity increased
HAZ of conventional high manganese more than that welded with cooling. This
steel welded with cooling between observation was strongly explained by
passes. There are small carbides at the EDX analysis where the amount of
grain boundaries of the samples (S1 carbides increased as shown in Figure 7b.
cooling). Figure 6b shows the EDX There are micro-voids that coalescence to
analysis at the area of the sample. form voids. Formation of a micro cracks
Analysis of carbides was observed with a was clearly observed that damages the
small percentage.
joint. The same results were obtained with
Figure 7a shows SEM observation at the

Figure 6a: SEM observed at the HAZ of the conventional
high manganese steel with cooling (S1 cooling)

Figure 7a: SEM observed at the HAZ of the
conventional high manganese steel without cooling (S1
without cooling)

Figure 6b: EDX analysis at the area of the conventional high manganese steel with cooling (S1 cooling)

Figure 7b: EDX analysis at the area of the conventional high manganese steel without cooling (S1 without cooling)
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Yoshida et al [16] and Herrera et al. [17].
This reflects the higher toughness value
of the high manganese steel welded with
cooling compared with the welded without
cooling as shown in Figure 5.
Figure 8 shows the HAZ of the ladle
treatment specimen after welding with
cooling between passes. The eutectic
phase was observed with a low density
similar to that of the base metal as shown
in Figure 9.

Figure 8: SEM observed at the HAZ of the ladle treated
with cooling (S2 cooling)

Figure 10 shows the HAZ of the ladle
treatment specimen after welding without

Figure 9: SEM observed at the base metal of the ladle
treated with cooling (S2 cooling)

cooling between passes. The density of
the eutectic phase was highly increased
to give a chance to a heterogeneous
nucleation, which occurred in its natural
state. These results reflected the higher
toughness level of the joint welded with
cooling as shown in Figure 5 compared
with the joint welded without cooling.

8

Figure 10: SEM observed at the HAZ of the ladle
treated with cooling (S2 cooling)

4 - Conclusions
1. Welding of conventional high
manganese steel without cooling results
in formation of micro-voids, which it is
the beginning of configuration, the
cracks.
2. When using the cooling in welding of
conventional high manganese steel,
reduces precipitation of carbides in HAZ
and increases the toughness of the
welded joint.
3. The eutectic phase formed in HAZ of
ladle treatment high manganese steel
regardless of the cooling process, on
the other hand, when used cooling
increase the toughness and without
cooling decrease the toughness.
4. The strength of ladle treatment high
manganese steel similar for the strength
of conventional high manganese steel,
this works on improve the weldability of
ladle treatment high manganese steel.
5. SEM analysis shows existence of
precipitation carbides at the grain
boundary in HAZ of conventional high
manganese steel, and existence
eutectic phase in HAZ of high
manganese steel by ladle treatment.

5 - References
[1] Ham, Y-S., Kim, J-T., Kwak, S-Y., Choi, J-K., Yoon,
W-Y., “Critical cooling rate on carbide precipitation
during quenching of austenitic manganese steel,”
China Foundry, vol. 7, no. 2, pp. (May 2010).178‒182.
[2] H. S. Avery, ‘Austenitic Manganese Steel for Railway
Track work’, Case report No 429-12, Abex Corporation
Research Center, Mahwah, NJ 1981, p. 39.
[3] Bertold V. Effect of structure of manganese steel on
its mode of failure, The Minerals, Metals and Materials
Society. 1993. 461-65.
[4] A. Sundstrom, J. Rendon, M. Olsson, Wear 2001,
250, 744.

steel-grips.com 2018

research paper
[5] K. Subramanya, A. E. Swansiger, H. S. Avery,
"Austenitic Mangnaese Steels",10thEdition, ASM
Metals Handbook, Vol.1, 1991.
[6] Q.C Jiang, Qing Feng Guan, Yuguang Zhao,
Zhenming. Xu, Shuqi Wang, Yuqian Zhao, FujieRong,
Zhenming He., “Bionics growth mechanism of nodular
eutectic in as-cast manganese steel” scince and
Technology of Advance materials2 (2001) 253-255.
[7] M. K. ElFawkhry, Ayman M. Fathy, Mamdouh. M.
Eissa, Hoda. Elfaramwy “Eliminating Heat Treatment
of Hadfield Steel in Low Stress Abrasion Wear
Applications”, International Journal of Metalcasting.,8
(2014) No. 1
[8] M. K. ElFawkhry, A. M. Fathy, M. M. Eissa, “New
Energy Saving Technology for Producing Hadfield
Steel to High Gouging Applications”, Steel Research
Int., 2015, 86 (3), 223-230.
[9] X. Zhenming, Mater. Sci. Eng. 2002, A335, 109.
[10] Zhu, Y., Stubbs, L. P., Ho, F., Liu, R., Ship, C. P.,
Maguire, J. A., &Hosmane, N. S. (2010). 2(4), 365374.
[11] G. F. Liang, Z. M. Xu, J. G. Li, Acta Metall. Sin. Q8
2003,37, (2).
[12] Roll Crusher Maintenance, Rebuilding, and Repair,
Pit and Quarry, October 1970, pp. 104–106.
[13] H.S. Avery, et al., Weld. J. 33 (5) (1954) 459–479.
[14] N.G. Davydov, High-Manganese Steel [in Russian],
Metallurgiya, Moscow (1976).
[15] V~ I. Vlasov and E. F. Komolova, Cast HighManganese Steel GI3 [in Russian], Mashgiz, Moscow
(1963).
[16] Yoshida, H.; Nagumo, M. FEM analysis of ductile
crack growth in fracture transition region for steels with

steel-grips.com 2018

different void nucleation frequency. ISIJ International
1998, 38 (2), 196–202.
[17] Curiel-Reyna, E., et al. "Influence of cooling rate on
the structure of heat affected zone after welding a high
manganese steel." Materials and manufacturing
processes 20.5 (2005): 813-822.

Authors
M.M. Maghawry

Production Technology Department, Faculty of Industrial
Education, Helwan University, Egypt

M.A. Morsy, M. K. El Fawkhry

Central Metallurgical Research and Development
Institute (CMRDI), Egypt.

Acknowledgement
The authors of this study thank the
members
of
Central
Metallurgical
Research and Development Institute
(CMRDI) and members of the Faculty of
Industrial Education for their assistance
during the period of the Experiments and
we thank Prof. A. Elbasaty for support in
this paper. We also thank the editors of
this Journal for accepting this research.

9

