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The present work aims to study the effect of thermo–mechanical processing on
the microstructure, impact abrasion wear, and corrosion resistance properties
of a Fe-17Mn-3Al (wt.%) steel matrix composite reinforced with 10 wt.% TiC,
synthesized by the conventional melting and casting route. The high-man-
ganese steel matrix composite (HMSMC) was homogenized at 1100�C for 1 h
followed by forging with a 50% reduction in thickness. Then, the steel was
subjected to warm rolling at 1100�C to achieve a 30% reduction in thickness
followed by annealing at 800�C. In this work, the applied thermo–mechanical
processing of the investigated HMSMC consists of forging, warm rolling, and
annealing at 800�C. The XRD patterns of the homogenized and thermo–me-
chanically processed HMSMC show the presence of a-ferrite, c-austenite, and
TiC phases. In addition, the SEM micrographs corroborate the presence of
ferrite in the inter-dendritic region, austenite in the dendritic region, large
TiC particles in the inter-dendritic region, and small TiC particles in the
dendritic region. Thermo–mechanical processing improves the density, hard-
ness, impact abrasion wear (IAW) resistance, and corrosion resistance of the
HMSMC. The improvement in properties is due to the thermo–mechanical
processing which closes the pores and microvoids.

INTRODUCTION

High-manganese steel (HMS) is suitable for min-
ing equipment, like crusher plates, and mineral
processing equipment, like grinding mills, due to its
high work-hardening rate and wear-resistant prop-
erty. The HMS exhibits this high wear resistance
and rate of work hardening only under high-impact
loading and stress conditions.1–3 As a result, there
are demands from industries to modify the
microstructure and the mechanical and tribological
(wear and corrosion) properties of HMS to improve
the working life of the mining and mineral equip-
ment that can work more efficiently under both low-
and high-impact loading conditions. Many research-
ers have studied the wear properties of HMS by

adding alloying elements like Cr, Nb, and Ti,
altering the Mn and C percentages, and reinforcing
it with hard ceramic particles like TiC, (Ti,W)C, VC,
WC, TiN, etc. Among these alternatives, ceramic
particle reinforcement in HMS to develop high-
manganese steel matrix composites has been a
research interest for the last two decades. Because
it provides excellent mechanical and tribological
properties.4–11 Zhang et al. coated the surface of the
HMS with a WC-HMS composite using the centrifu-
gal casting method. They observed (Ti,W)C precip-
itation of carbides like Fe3W3C or M23C6 during
annealing at 1000�C. This precipitate formed a
stronger interfacial bond between the HMS and WC
particles and enhanced the impact abrasion wear
(IAW) resistance of the HMS by developing an HMS
matrix composite (HMSMC).12 Song and Zhang
developed a WC-reinforced HMSMC with a cen-
trifugal casting technique. Reinforcement of WC
particles improved the IAW resistance of the
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HMS.13 Moghaddam et al. developed an in situ VC-
reinforced HMSMC using the conventional melt-
ing–casting method. According to their observation,
HMSMC provides higher IAW resistance than
HMS. The increased hardness, strength, and
reduced contact area between the steel matrix
abrasive particles made the surface more difficult
for plastic flow.14 You-ping et al. reinforced TiN
particles in HMS using the vacuum evaporation
casting method. They revealed that the reinforced
TiN particles were uniformly present in the matrix.
The developed HMSMC showed better IAW resis-
tance than the HMS.15 Dalai et al. studied the effect
of TiC on the IAW resistance of HMSMC
(Fe17Mn10TiC). They reported that the reinforce-
ment of TiC increased the impact abrasion wear
resistance of the composite.16 Luo et al. developed
TiC-reinforced HMSMC and found that its wear
rate was lower than that of HMS.17 Qiu et al. and
Almanor et al. incorporated nanosized TiC particles
into a steel matrix to significantly improve the
properties of the composite.18,19 However, no
research work is available on the IAW resistance
of Al-added TiC reinforced HMS.

The Al addition enhances the work-hardening
rate and high-stress abrasion resistance in HMS by
suppressing the carbon activity and diffusivity.20

According to Abbasi et al., the presence of Al in
HMS improved the yield strength.21 Us Shon et al.
studied four HMS and reported that the presence of
Al, a ferrite stabilizer in HMS, enhanced the Charpy
impact energy.22 The alloying element Al improved
the low-stress abrasive wear resistance of HMS.23

In Fe-C steels, 1 wt.% of Al decreased the density
and Young’s modulus values by 1.3% and 2%,
respectively.24 The addition of Al to HMS (Fe-
17Mn) reduced the hardness and elastic modulus
but increased the impact energy.25 The presence of
hard TiC particles and lighter Al makes the
HMSMC a highly IAW-resistant material due to
its high strength, hardness, and toughness. How-
ever, HMSMCs are more prone to corrosion when
exposed to a corrosive environment for a longer
duration, and pits are formed mainly at the inter-
face between the reinforcement and matrix. The
rate of galvanic corrosion is faster due to the
formation of more galvanic cells between the
austenite matrix and the TiC reinforcement.26,27

However, during corrosion, the presence of Al is
beneficial because it forms a protective oxide layer
of Al2O3, which enhances the corrosion resistance
properties of the Al-added steel and composites.28

These tribological properties of HMSMC were fur-
ther improved using the forming or thermo-me-
chanical processing methods.29–32 Hence, the
objective of the present work is to study the effect
of thermo–mechanical processing on the microstruc-
ture, impact abrasion wear resistance, and corro-
sion resistance properties of an Al-added TiC
reinforced HMSMC.

MATERIALS AND METHODS

Processing of the HMSMC

The conventional melting–casting route was used
to synthesize a HMSMC containing 10 wt.% TiC, 3
wt.% Al, and 17 wt.% Mn, with the balance of Fe.
According to the stoichiometric calculation, initially,
the calculated amount of raw materials, such as
steel scrap and cast iron, were heated to 1600�C and
held for 15 min at this temperature, and then the
required amounts of electrolytic manganese and
aluminum were added to the melt. Then, using the
plunging method, ferrotitanium was introduced into
the melt at 1625�C. In this process, a continuous
stirring of the melt with an iron rod helped to obtain
a homogenous melt and uniformly distributed the
TiC particles. In the present work, to get a faster
cooling rate, the melt was poured into a metallic
mold to solidify the developed HMSMC.

The HMSMC was homogenized at 1100�C for 1 h
followed by forging to reduce the thickness by 50%.
The forged samples were then subjected to rolling at
1000�C followed by annealing at 800�C which
achieved a 30% reduction in thickness to complete
the thermo–mechanical process.

Characterization and Testing of HMSMC

Phase identification of the HMSMC was carried
out by X-ray diffraction (XRD; D8 Advance diffrac-
tometer; Bruker) with Co-Ka radiation, wavelength
1.79 Å, scan range 20�–120�, and step size 0.02�. A
scanning electron microscope (SEM; Quanta 250
FEG; FEI) equipped with energy-dispersive X-ray
spectroscopy (EDS; Bruker) analyzed the
microstructures of the HMSMC samples after
paper- and cloth-polishing followed by etching with
2% Nital solution. Archimedes’ principle was used to
determine the density of the composite samples.

Impact Abrasion Wear Test

An IAW testing machine (DUCOM TR56-M3) was
used to determine the IAW resistance of the com-
posite samples. Figure 1 shows a schematic of the
IAW testing machine. In the IAW test, the treated
composite samples were the testing samples that
acted as the upper sample, which continuously
impacted the surface of a lower-rotating steel disk.
A continuous flow of the abrasive particles, i.e.,
sand, was allowed onto the contact surface between
the upper and lower samples, and due to this, IAW
occurs on the composite sample surface. Here, the
weight loss or material loss method determines the
amount of wear loss for the treated composite
samples. Table I shows the IAW testing parameters
used in the present work.

Electrochemical Corrosion Test

An Autolab PG Stat-30 (Potentiostat/Galvanos-
tat) machine was used for electrochemical
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measurements with a galvanostatic DC power sup-
ply to measure the corrosion rate of the HMSMC
samples at room temperature in a 3.5% NaCl
solution. The samples were mirror-polished before
the corrosion test. A standard three-electrode con-
figuration with a counter electrode (99% pure
platinum), a reference electrode (Ag/AgCl/3.0 M
KCl), and a working electrode (homogenized and
thermo–mechanically processed HMSMC sample)
was used in the present investigation. A surface
area of 1 cm2 of the sample surface was exposed to
an electrolyte of 3.5% NaCl aqueous solution.33

RESULTS AND DISCUSSION

Formation of TiC Particles

TiC particles form in an iron-based alloy solution
by a reaction between Ti and C:34

Ti½ � þ C½ � ¼ TiCðSÞ ð1Þ

where [Ti] and [C] are Ti and C in solution,
respectively.

Equation 1 can be obtained from Eqs. 2, 3, and
4:35,36

TiðSÞ þ CðSÞ ¼ TiCðSÞ DG0
2 ¼ �44600 þ 3:16T cal=mol

ð2Þ

Table I. IAW test parameters

HMSMC dimension
(L 3 W 3 T) (30 mm 3 10 mm 3 10 mm)

Lower disc rotation speed 200 rev min�1

Test duration 0–8 hr
Impact energy 0.7 J
Abrasive medium Quartz
The flow rate of the
abrasive medium

304 g min–1

Fig. 1. Schematic illustration of the IAW testing machine.

TiðSÞ ¼ Ti½ � 1 wt:%ð Þ DG0
3 ¼ �7440 � 10:75T cal=mol

ð3Þ

CðSÞ ¼ C½ � 1 wt:%ð Þ DG0
4 ¼ 5400 � 10:10T cal=mol

ð4Þ

Equation 1 ¼ Equation 2½ � � Equation 3½ �
� Equation 4½ �

Therefore, the standard free energy for TiC
formation in liquid iron is DG1

0 = � 42,560 + 24.01
T cal/mol considering the standard state of Ti and C
as 1 wt.% solution.

From the above equation, it is revealed that TiC
particles can form at a temperature which is lower
than 1500�C. Hence, a supersaturated solution of Ti
and C in liquid iron forms at 1610�C, which is the
liquid melt holding temperature. During cooling,
the solubility of both Ti and C in the Fe decreases
which results in the formation of TiC by Eq. 1.

Microstructural Characterization

Figure 2 shows the low- and high-magnification
SEM micrographs of the homogenized and thermo–
mechanically processed HMSMC sample. Figure 2a
reveals the inter-dendritic region A (a-ferrite) and
the dendritic region B (c-austenite) of the homoge-
nized HMSMC. The small TiC particles are nucle-
ated from the solid state, but the large TiC particles
are from the liquid melt.16 The SEM micrographs
confirm that the TiC particles are mainly present in
the inter-dendritic region. Figure 2b shows that
thermo–mechanical processing removes the den-
drites from the homogenized samples, while Fig. 2c
shows the higher-magnification SEM image of
Fig. 2a in which dendrites are visible. The small
and large TiC particles are distinguished with the
help of a higher-magnification SEM image (Fig. 2d).
The EDS maps of the homogenized and thermo–
mechanically processed HMSMC are depicted in
Fig. 2e and f, respectively.

Figure 3 shows the EDS analysis of the inter-
dendritic and dendritic regions marked by the
thermo–mechanically processed HMSMC. The point
EDS measurements of the inter-dendritic and den-
dritic regions were determined to know the mass
fraction (%) of Al, Mn, Ti, and Fe. The amount of Mn
is slightly higher and Al is slightly lower in the
dendritic region because austenite is present. Sim-
ilarly, in the inter-dendritic region, the amount of
Mn is slightly lower and Al is slightly higher
because ferrite is present. However, no significant
difference was observed in the values of Mn and Al
in the inter-dendritic and dendritic regions of the
HMSMC samples.
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Figure 4 shows the XRD plots for the homoge-
nized and thermo–mechanically processed HMSMC
samples, confirming the presence of a-ferrite, c-
austenite, and TiC for both composite samples.

Density and Hardness Measurement

Table II lists the density and hardness values of
the HMSMC samples. Thermo–mechanical process-
ing helps to improve the density values from 6.9 g/
cm3 to 7.12 g/cm3 by removing the pores, and also
improves the hardness of the solutionized HMSMC.
According to Table II, there was an improvement of
22 HV after thermo–mechanical processing. An
increase in density value along with the microstruc-
tural refinement and some residual rolling strain
may have contributed to the hardness increment in
thermo–mechanically processed samples.

Impact Abrasion Wear (IAW)

Figure 5 shows the IAW test results of the
HMSMC-treated samples. As the IAW testing time
increases from 2 h to 8 h, the material loss from the
sample surfaces increased for both the HMSMC
samples. During the impact abrasion wear process,
a microcrack nucleates when the stress concentra-
tion reaches a critical value. Then, there is a growth
of the microcrack that generates spalling pits on the
HMSMC surface, which is the reason for the loss of
material from the composite sample surfaces. The
higher hardness of the thermo–mechanically trea-
ted HMSMC sample results in less material loss.

Figure 6 depicts the surface morphologies of the
treated HMSMC sample after the IAW test. After
2 h of testing, the homogenized HMSMC sample
surface consists of only large micro-cutting grooves

Fig. 2. SEM micrographs of (a) homogenized HMSMC (inter-dendritic region marked as A, dendritic region marked as B) (b) thermo–
mechanically processed HMSMC, (c and d) higher magnification images of (a) and (b), respectively, (e and f) EDS color mapping of
homogenized and thermo–mechanically processed HMSMC, respectively.
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(Fig. 6a), but the thermo–mechanically processed
HMSMC sample surface shows the presence of
small micro-cuttings (Fig. 6b) after 2 h of testing.
However, after 8 h, the homogenized HMSMC
shows deep micro-cutting grooves and spalling
craters on the sample surface (Fig. 6c). Figure 6d

reveals that after 8 h of the IAW test, the thermo–
mechanically processed HMSMC sample surface
consists of a mechanically mixed layer. During the
impact wear process, the spalling pits and craters
remove some material from the HMSMC sample
surfaces, and these worn-out materials form a
mechanically mixed layer at the surface of the
HMSMC sample due to the longer duration test.

In the present investigation, using the Stata 13
software, t test results (mean difference test) were
analyzed for the impact-abrasion wear test. Tables
III and IV present the t test results for the
homogenized and thermo–mechanically processed
HMSMC samples. which show that, when the time
was less than 4 h, the mean weight loss was
0.449 mg, and when the time was more than 4 h,
the mean weight loss was 0.642 mg, which is
statistically different. In the case of a thermo–
mechanically processed HMSMC sample, when the
time was less than 4 h, the mean weight loss was
0.4115 mg, and when the testing time was more
than 4 h, the mean weight loss was 0.612 mg, which
is statistically significant and different. The t test
results suggest that the weight loss is less for the
thermo–mechanically processed HMSMC than for
the homogenized HMSMC. For both the treated
HMSMC, the weight loss was less for 0–4 h than for
4–8 h.

Corrosion Resistance Measurement

Figure 7 shows the potentiodynamic polarization
curves of the HMSMC samples. Current density is
an important parameter for measuring the rate of
corrosion, and Fig. 7 shows that the greater the
current density, the more will be the charge trans-
fer, resulting in accelerated corrosion. Equation 5

Table II. Density and hardness values of the
treated HMSMC samples

Sample
Density(g/

cm3) Hardness(HV)

Homogenized HMSMC 6.9 257 ± 4
Thermo–mechanically
processed HMSMC

7.12 279 ± 7

Fig. 3. EDS analysis of (a) inter-dendritic region marked as A (Fig. 2) and (b) dendritic region marked as B (Fig. 2) of the homogenized and
thermo–mechanically processed HMSMC.

Fig. 4. XRD pattern of the HMSMC samples.
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represents the Stern–Geary equation to determine
the corrosion current density:26 Icorr ¼

1

2:303Rp

ba � bc
ba þ bc

� �
ð5Þ

where the corrosion current density (Icorr) is in
amps/cm2, the polarization resistance (Rp) is in
ohms/cm2, and ba and bc are the anodic and cathodic
Tafel slopes in volts/decade of current density,
respectively. The rate of corrosion in mm/year is
determined from Eq. 6:

Corrosion rate ¼ CWIcorr
q

ð6Þ

where C is the conversion factor, W is the equivalent
weight in g, and q is the density of the material in g/
cm3.

Table V sets out the values of the corrosion
potential (Ecorr), the corrosion current density (Icorr),
and the corrosion rate of the composite samples
obtained from the polarization curves. A higher
negative corrosion potential indicates a higher
corrosion rate.37 Hence, the thermo–mechanically
processed HMSMC sample provides higher corro-
sion resistance than the homogenized sample.

Figure 8 shows the SEM micrographs of the
HMSMC sample surfaces after the potentiodynamic
polarization tests in an aqueous solution containing
3.5% NaCl. Figure 8a and b confirms the presence of
corrosion products in the HMSMC samples. Homog-
enization of the HMSMC only dissolves the (FeM-
n)3AlC carbides present in the as-cast composite.
When the Al-containing steel or composite is
exposed to the corrosion atmosphere, Al generally
forms a protective oxide layer of Al2O3, which
enhances the corrosion resistance properties of the
Al-added steel and composites. However, thermo–
mechanical processing improves corrosion resis-
tance by closing up the defects like microvoids in
the matrix and at the particle–matrix interface.
Hence, the thermo–mechanically processed
HMSMC sample has higher corrosion resistance
than the homogenized HMSMC sample. Nie et al.
deformed an Al-TiB2/TiC composite for 20%, 40%,
80%, and 90%, and suggested that a moderate
amount of reduction during rolling (20%) only

Table III. T-test with equal variances (Homogenized)

Obs1 Obs2 Mean1 Mean2 Dif St_Err t_value p_value

Wt. loss (mg) 0–4 h 4–8 h 0.449 0.642 0.194 0.044 4.35 0.005

Table IV. T-test with equal variances (Thermo–mechanically processed)

obs1 obs2 Mean1 Mean2 Dif St_Err t_value p_value

Wt. loss (mg) 0–4 h 4–8 h 0.4115 0.612 0.2005 0.0435 4.6 0.0035

Fig. 5. Graph showing Wt. loss versus testing time of the treated
HMSMC samples.

Fig. 6. SEM micrographs of the worn surface of as-homogenized
HMSMC sample after (a) 2 h and (b) 8 h, and thermo–mechanically
processed HMSMC sample after (c) 2 h (d) 8 h.
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modified the interfaces between the matrix and
particles, which helped to improve the corrosion
resistance. They also point out that a higher amount
of deformation generated stress concentrations
leading to a higher corrosion rate for the composite

materials.38 Figure 8c and d shows the homoge-
nized and thermo–mechanically processed HMSMC
samples, respectively, after the removal of the
corrosion product. Pits are formed on the sample
surface of both samples due to corrosion. However,
the homogenized sample (Fig. 8c) surface due to a
higher corrosion rate contains a larger number of
pits than the thermo–mechanically processed sam-
ple (Fig. 8d).

Figure 9 shows the corrosion mechanism for the
HMSMC immersed in an aqueous solution contain-
ing 3.5% NaCl. The presence of Al in the HMS
generally develops a protective oxide layer that
protects the steel from the corrosion environ-
ment.39,40 In the present work, the developed
HMSMC contains 3 wt.% of Al, which develops a
protective oxide layer, however, this becomes
weaker due to microvoids, impurities, and disconti-
nuities if present on the composite sample surface
when exposed to the corrosion environment for a
longer duration. The homogenized HMSMC sample
shows the presence of microvoids (Fig. 9a), and
these reduce the corrosion resistance of the
HMSMC. The Cl� ions first accumulate in the
microvoids and lower the pH value,41 then they
hinder the formation of the oxide film at the matrix–

Fig. 8. SEM micrographs (a) homogenized and (b) thermo–mechanically processed HMSMC sample surface after corrosion and (c)
homogenized and (d) thermo–mechanically processed HMSMC sample surface after removal of the corrosion product.

Table V. The electrochemical parameters of the HMSMC samples

Sample Ecorr (V) Icorr (A/cm2) 3 1026 Corrosion rate (mm/year) 3 1022

Homogenized � 0.978 3.427 4.243
Thermo–mechanically processed � 0.868 2.96 3.022

Fig. 7. Potentiodynamic polarization curves of the HMSMC samples.
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particle interface due to the lower concentration of
oxygen, which starts the corrosion process and then
expands to the other areas of the sample surface.
Figure 9b shows the HMSMC sample after the
thermo–mechanical processing with only a few
microvoids. Therefore, the Cl� ion accumulation is
less than in the homogenized sample. Hence, it
takes more time to start and expand the corrosion
process.

CONCLUSIONS

The effect of thermo–mechanical processing on
the microstructure, impact abrasion wear, and
corrosion resistance properties of a high-manganese
steel matrix composite (HMSMC) containing 10
wt.% TiC, 3 wt.% Al, and 17 wt.% Mn has been
thoroughly studied and the following findings
obtained:

I. The homogenized and thermo–mechanically
processed HMSMC samples consist of inter-
dendritic and dendritic regions.

II. The XRD analysis revealed the presence of a-
ferrite, c-austenite, and TiC particles for both
the composite samples.

III. Ferrite is present in the inter-dendritic region,
whereas austenite is present in the dendritic
region. However, the inter-dendritic region
comprises large TiC particles while the den-
dritic region possesses tiny TiC particles.

IV. The removal of pores through thermo–me-
chanical processing increases the density of
the HMSMC. The IAW resistance of the
HMSMC samples is enhanced by thermal–
mechanical processing as a result of a 22 HV
increase in hardness. The increased density is

the primary cause of this hardness improve-
ment.

V. Thermo–mechanical processing provides high-
er corrosion resistance than homogenized
HMSMC by closing up the microvoids or pores.
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