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Abstract The corrosion behavior of Fe-17Mn and Fe-

17Mn-3Al austenitic steel matrix composites reinforced

with TiC and (Ti,W)C particles, during exposure to a 3.5%

NaCl aqueous solution has been reported. The corrosion

behavior of these composites has been evaluated by

potentiodynamic polarization curves and linear polariza-

tion resistance measurements at a scan rate of 1 mV/s at

room temperature (25 ± 2 �C). Tafel extrapolation tech-

nique has been used in calculating the corrosion current

density (Icorr) and corrosion potential (Ecorr). It has been

observed that the corrosion resistance of the composites is

less than that of their corresponding unreinforced matrix

materials. The corrosion resistance increases with the

addition of aluminum. The corrosion resistance of

(Ti,W)C-reinforced composite is more than that of TiC-

reinforced composite in the case of Fe-17Mn matrix while

the same is not very different in the case of TiC and

(Ti,W)C-reinforced Fe-17Mn-3Al austenitic steel matrix

composites.
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Introduction

Metal-matrix composites (MMCs) have a number of advan-

tages over conventional metals and alloys. Among the different

types of MMCs, particulate composites have been the most

popular over the last two decades due to the easy fabrication and

low cost. In-corporation of ceramic particles into a metal matrix

can enhance the physical and mechanical properties of the

matrix. These improved properties are often achieved at the

expense of a lower corrosion resistance, as the reinforcing

particles introduce inhomogeneities on the surfaces exposed to

aggressive environments. Several corrosion studies on alu-

minum alloy MMCs have been reported in the literature [1–3]

and it is generally regarded that the reinforcement additions are

detrimental to corrosion resistance of MMCs. Although there

are some reports on the physical–mechanical properties of the

carbide-reinforced iron or steel matrix composites [4–7], only

limited information is available concerning the corrosion

characteristics of the carbide-reinforced iron or steel matrix

composites [8–10]. The attention given to its corrosion behavior

has gradually increased in recent years. In the past decades, a

number of non-destructive methods have been developed for

the measurement of corrosion rate. Of these non-destructive

methods, it has been found that electrochemical polarization

method has relatively more applications worldwide [11].

The aim of the present work is to investigate the cor-

rosion behavior of Fe-17Mn and Fe-17Mn-3Al austenitic

steel matrix composites reinforced with TiC and (Ti,W)C

particles in 3.5 wt% NaCl aqueous solution.

Experimental Procedure

The synthesis of the composites was carried out using a

25-kg high-frequency induction furnace (Inductotherm,

India) in air by covering it with a ceramic block to prevent
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the oxidation of the melt to a certain extent. The steel scrap

(0.049%C, 0.43%Mn, 0.028%Si, 0.023%P, 0.013%S,

0.003%Al, 0.035%Cr, all in wt%) and cast iron (4.5%C,

0.043%Mn, 1.05%Si, 0.175%P, 0.043%S, all in wt%) were

initially heated to 1600 �C and maintained at this temper-

ature for 15 min and then the temperature was raised to

1625 �C. The calculated amount of ferro-titanium (70%

purity) and electrolytic manganese (95% purity), and ferro-

tungsten and electrolytic manganese was added to the melt

by the plunging method at 1625 �C for 10 vol.% TiC and

(Ti,W)C-reinforced composite materials, respectively. The

melt was stirred continuously with an iron rod, which was

inserted into the melt through a small hole located at the

center of the ceramic covering block at this temperature for

10 min followed by pouring in a metallic mold. The

nominal compositions of the unreinforced matrix alloy as

well as the composite materials are presented in Table 1.

A galvanostatic DC power supply (Metrohm Autolab

B.V. PGSTAT 302 N) which can generate current pulses

up to 10 A was used for electrochemical polarization

studies. Experiments were conducted using the standard

three-electrode configuration, with a platinum foil as a

counter electrode, saturated calomel electrode as reference

electrode, and the sample as a working electrode. The

surface of the examined specimens was about 1 cm2.

Specimens were immersed in 3.5% NaCl aqueous solution

with a pH of *6. Experiments were carried out at room

temperature (25 ± 2 �C). In order to establish the open

circuit potential (OCP) before measurements, the samples

were immersed in the solution for 100 s. After obtaining a

stable OCP, the measurements were carried out by polar-

izing the specimen from ?0.5 to -0.5 V with respect to

Ecorr, at a scan rate of 1 mV per sec and at a step potential

of 0.45 mV.

In corrosion test, quantitative information on corrosion

currents and corrosion potentials can be extracted from the

intersection of the slopes of the potentiodynamic linear

polarization curves [12], using the Stern–Geary Eq. (1), as

follows [13]:

Icorr ¼
1

2:303Rp

ba � bc

ba þ bc

� �
; ð1Þ

where Icorr is the corrosion current density in amps/cm2, Rp

is the corrosion resistance in ohms cm2, ba and bc are the

anodic and cathodic Tafel slopes in volts/decade of current

density, respectively, and [(ba 9 bc)/(ba ? bc)] is known as

the Tafel constant. The corrosion rate can be calculated by

using Eq. (2):

Table 1 Chemical

compositions of TiC and

(Ti,W)C-reinforced Fe-17Mn

and Fe-17Mn-3Al austenitic

steel matrix composites

Materials C Mn Si Al Cr S P Ti W

Fe-17Mn

Fe-17Mn austenitic steel 1.16 17.15 0.43 0.23 0.38 0.022 0.031 … …
TiC-reinforced composite 1.42 17.16 0.45 0.45 0.43 0.025 0.086 10.00 …
(Ti,W)C-reinforced composite 1.38 16.76 0.447 0.288 0.34 0.028 0.050 3.02 3.00

Fe-17Mn-3Al

Fe-17Mn-3Al austenitic steel 1.09 16.94 0.36 3.25 0.46 0.013 0.087 … …
TiC-reinforced composite 1.38 17.20 0.40 3.42 0.44 0.024 0.080 10.00 …
(Ti,W)C-reinforced composite 1.40 17.25 0.38 3.30 0.38 0.021 0.081 3.0 3.05

Table 2 The electrochemical parameters of TiC and (Ti,W)C-reinforced Fe-17Mn and Fe-17Mn-3Al austenitic steel matrix composites

Materials Ecorr

(V)

Icorr 9 10-6 (A/

cm2)

Corrosion rate 9 10-2 (mm/

year)

Rp 9 103

(X cm2)

ba (V/

dec)

bc (V/

dec)

Fe-17Mn

Fe-17Mn austenitic steel -0.670 1.94 2.02 5.13 0.052 0.041

TiC-reinforced composite -0.813 7.91 8.21 1.15 0.044 0.04

(Ti,W)C-reinforced

composite

-0.762 4.16 4.17 2.17 0.046 0.038

Fe-17Mn-3Al

Fe-17Mn-3Al austenitic steel -0.649 1.79 1.79 7.91 0.056 0.074

TiC-reinforced composite -0.742 3.75 3.97 3.87 0.061 0.072

(Ti,W)C-reinforced

composite

-0.754 3.32 3.13 3.66 0.058 0.054

372 Metallogr. Microstruct. Anal. (2015) 4:371–380

123



Corrosion rate (mm/year) ¼ CxIcorr

q
; ð2Þ

where C is the conversion factor, x is the equivalent

weight (g), and q is the density of the material (g/cm3). The

value of C has been reported as 3270, which can be cal-

culated as 3270 = 0.01 9 [1 year (in seconds)/96497.8]

and 96497.8 = 1 Faraday in Coulombs [14]. The corrosion

potential (Ecorr), corrosion current density (Icorr), corrosion

rate, and polarization resistance (Rp), which have been

obtained from the potentiodynamic polarization curves are

summarized in Table 2.

Before the potentiodynamic polarization test, the

specimens were polished according to the standard

Fig. 1 SEM micrographs of a Fe-17Mn austenitic steel, and b TiC

and c (Ti,W)C-reinforced composites

Fig. 2 XRD of a Fe-17Mn austenitic steel, and b TiC and c (Ti,W)C-

reinforced composites
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metallographic technique and etched with 2% nital. The

specimens were subsequently characterized using light

optical microscopy (OM), scanning electron microscopy

(SEM) equipped with an energy dispersive x-ray analyzer

(EDS), and x-ray diffraction (XRD) analysis with CoKa

radiation. After the potentiodynamic polarization test, the

samples were cleaned in acetone to remove the adhered

scales and then examined using optical and scanning electron

microscopy.

Results and Discussion

TiC and (Ti,W)C-Reinforced Fe-17Mn Austenitic

Steel Matrix Composites

Figure 1(a) shows the SEM micrograph of as-cast Fe-

17Mn austenitic steel. The microstructure consists of

austenite along with very small amount of (Fe, Mn)3C.

The SEM micrographs (Fig. 1b and c) of as-cast TiC

and (Ti,W)C-reinforced composites show that the TiC

and (Ti,W)C particles are distributed reasonably uniform

in the matrix. The XRD patterns, shown in Fig. 2(a) to

(c), confirm that the unreinforced matrix alloy is

completely austenitic and in composites, besides the

austenite peaks, there are also prominent peaks of TiC

and (Ti,W)C.

The SEM micrographs (Fig. 3a and b) of corroded

unreinforced matrix alloy show that the localized corrosion

as pitting is covered with the corrosion products and cracks

are also present on the surface. These cracks may form due

to drying out of the corrosion products. In case of Fe-Mn

matrix, the (Fe,Mn)3C carbides are precipitated along the

grain boundary and embedded in a matrix of austenite,

whereas in the case of Fe-Mn-Al matrix, the (Fe,Mn)3C

carbides and ferrite are precipitated along the grain

boundary. In the case of Fe-Mn, the carbides act as cathode

and the large area of austenite matrix acts as an anode

which favors the pitting corrosion. In the case of Fe-Mn-Al

matrix, the carbides and austenite matrix act as cathode and

adjacent ferrite acts as anode which favors the pitting

corrosion. It is believed that in 3.5% NaCl aqueous solution

open to the air environment, pitting corrosion is distributed

uniformly over the matrix and also at the austenite grains of

the Fe-17Mn austenitic steel matrix alloy.

The mechanism of the pitting corrosion can be explained

as that during polarization the fresh surface of the speci-

mens exposed to oxygen containing open environment

Fig. 3 SEM micrographs of corroded a and b Fe-17Mn austenitic steel, and c TiC and d (Ti,W)C-reinforced composites
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form surface oxide films (corrosion products) which are

poor conductor for charge transfer. This restricts the

cathodic areas to localized regions on the film which

contain defects such as phase discontinuities, second-phase

precipitates, reinforcements, impurities, and microporosi-

ties [15, 16]. The initiation of pit in unreinforced matrix

alloy exposed to 3.5% NaCl aqueous solution starts with

the adsorption of Cl- ions at the oxide film defects, fol-

lowed by chemical reactions between the Cl- ions and the

oxide film resulting in a localized damage of the oxide film

[17]. However, in composites, surface variations due to the

presence of the reinforcements in the matrix can also

promote film defects, and hence, the initiation of pitting is

more in composites compared to that of the unreinforced

matrix alloy [18, 19].

Figure 3(c) and (d) show the SEM micrographs of cor-

roded TiC and (Ti,W)C-reinforced composites, respec-

tively. As similar to the unreinforced matrix alloy, it can be

seen that the pitting corrosion is of localized type and the

surfaces are covered with the corrosion products. The EDX

spectrum of Fe-Mn matrix corrosion products (Fig. 4a)

shows the presence of Si and S. Sulfur, which forms MnS

has a strong effect on the pitting corrosion resistance and

due to which the Fe-Mn matrix is more sensitive to pitting

Fig. 4 EDX spectra of the

corrosion product of a Fe-17Mn

and b Fe-17Mn-3Al austenitic

steels

Fig. 5 Corrosion behavior of Fe-17Mn austenitic steel, and TiC and

(Ti,W)C-reinforced composites
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corrosion. The role of manganese sulfide inclusions on the

pitting corrosion resistance has been discussed in the lit-

erature [20–23]. Manganese sulfide is harmful to the

localized corrosion resistance due to its high solubility in

chloride acid environments. The dissolution of this type of

inclusion creates preferential sites for pit nucleation [24].

Continuous pits are observed at the particle–matrix inter-

face suggesting an appreciable amount of corrosion at the

interfacial region. It is important to note that the EDX

spectrum of Fe-Mn-Al matrix corrosion products (Fig. 4b)

shows very low sulfur content and, consequently, the

amount of manganese sulfide inclusions is also low. Hence,

the Fe-Mn-Al matrix has lesser tendency to pitting

corrosion.

The severe corrosion in composites compared to unre-

inforced matrix alloy can be attributed to the formation of

large number of local galvanic cells between austenite and

noble TiC or (Ti,W)C particles which acts as a cathode

during electrochemical corrosion test. It has been reported

in the literature that due to the formation of interfacial film

between the reinforcement and matrix or the accumulation

of large dislocation density in the composites, a stress

developed at the interface causes the rapid dissolution of

atoms compared to their unreinforced matrix alloy and

thereby reduces the corrosion resistance of the composites

compared to their unreinforced matrix alloy [25, 26].

The electrochemical parameters (Ecorr, corrosion rate,

Rp and Icorr) obtained from the potentiodynamic polar-

ization curves (Fig. 5) are summarized in Table 2. It has

been observed that the Rp value of the unreinforced matrix

alloy is higher compared to composites and the same is

higher for (Ti,W)C-reinforced composite compared to

TiC-reinforced composite. Therefore, the unreinforced

matrix alloy exhibits better corrosion resistance compared

to composites and the (Ti,W)C-reinforced composite

exhibit better corrosion resistance compared to TiC-re-

inforced composite. The potentiodynamic polarization

curves show that the polarization behavior of all the

alloys, reinforced and unreinforced, is in general quite

similar. The Ecorr value of the composites shift toward

more active direction (i.e., more negative values of

potential) and the values of Icorr and corrosion rate

increases compared to unreinforced matrix alloy, which

might be due to the galvanic coupling effect between the

reinforcing (TiC and (Ti,W)C) particles and matrix. This

behavior can be attributed to the increase in cathodic sites

with the incorporation of the TiC and (Ti,W)C particles in

the matrix. The smaller anodic area due to an increase in

Fig. 6 SEM micrographs of a Fe-17Mn-3Al austenitic steel, and b TiC and c (Ti,W)C-reinforced composites
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cathodic sites sustains high current density resulting in

higher corrosion in composites compared to unreinforced

matrix alloy.

The TiC-reinforced composite has more negative Ecorr

value and having higher values of Icorr and corrosion rate

compared to (Ti,W)C-reinforced composite. It indicates

that the TiC-reinforced composite corrode faster compared

to (Ti,W)C-reinforced composite, which might be due to

the following facts:

(a) The interfaces are the preferred sites for the initiation of

pitting [25, 27–29]. Diffusion of W atom in the TiC

particles by substituting Ti atoms make the interface

between the matrix and (Ti,W)C particles stronger than

that of the same between the matrix and TiC particles.

A strong interface between the (Ti,W)C particles and

matrix generates less pitting and thereby increases the

corrosion resistance of (Ti,W)C-reinforced composite

compared to TiC-reinforced composite.

(b) It has been reported in the literature that due to the

accumulation of large dislocation density in the

composite, a stress develops at the interface causing

the rapid dissolution of atoms and thereby a high

corrosion rate. The coefficient of thermal expansions

(CTEs) of (Ti,W)C, austenitic manganese steel, and

TiC are (7.3 9 10-6/�C [30]), (1.7–2.5 9 10-5/�C
[31]), and (5.5 9 10-6/�C [32]), respectively. There-

fore, the coefficient of thermal expansion (CTE)

mismatch between the matrix and reinforcement is

higher in (Ti,W)C reinforced composite compared to

that in TiC reinforced composite resulting in higher

corrosion rate in (Ti,W)C reinforced composite.

Therefore, it appears that the effect of interfacial area is

more predominant than the effect of CTE mismatch

resulting in higher corrosion resistance of (Ti,W)C-rein-

forced composite than that of TiC-reinforced composite.

TiC and (Ti,W)C-Reinforced Fe-17Mn-3Al

Austenitic Steel Matrix Composites

Figure 6(a) shows the SEM micrograph of Fe-17Mn-3Al

austenitic steel. The microstructure consists of austenite

and ferrite phases. The discrete phase along the austenite

grain boundary is mainly the ferrite phase. The SEM

micrographs of TiC and (Ti,W)C-reinforced composites

are shown in Fig. 6(b) and (c), respectively. These show

the formation of TiC and (Ti,W)C particles in the matrix.

The XRD and EDS analysis results are consistent with the

microstructural analysis. The XRD pattern (Fig. 7a) con-

firms the existence of austenite and ferrite phases in

unreinforced Fe-17Mn-3Al austenitic steel matrix alloy,

while the XRD patterns, shown in Fig. 6(b) and (c), con-

firm the existence of the peaks of TiC and (Ti,W)C along

with the peaks of austenite and ferrite in TiC and (Ti,W)C-

reinforced composites, respectively.

Fig. 7 XRD of a Fe-17Mn-3Al austenitic steel, and b TiC and

c (Ti,W)C-reinforced composites
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The SEM micrographs of corroded unreinforced matrix

alloy at low and high magnification are shown in

Fig. 8(a) and (b), respectively. As similar to the Fe-17Mn

austenitic steel, the area of the localized corrosion as pitting

is covered with the corrosion products and having cracks on

the surface. The EDX analysis (Fig. 4b) of the corrosion

Fig. 8 SEM micrographs of corroded a and b Fe-17Mn-3Al austenitic steel at low and high magnification, respectively, and c TiC and

d (Ti,W)C-reinforced composites

Fig. 9 Corrosion behavior of Fe-17Mn-3Al austenitic steel, and TiC

and (Ti,W)C-reinforced composites

Fig. 10 Corrosion behavior of Fe-17Mn austenitic steel (1), TiC and

(Ti,W)C-reinforced Fe-17Mn austenitic steel matrix composites (2

and 3), Fe-17Mn-3Al austenitic steel (4), and TiC and (Ti,W)C-

reinforced Fe-17Mn-3Al austenitic steel matrix composites (5 and 6)
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products has shown the presence of the oxides of aluminum

along with the oxides of iron and manganese. It can be seen

from the SEM micrographs of corroded TiC and (Ti,W)C-

reinforced composites that the pitting corrosion attack occurs

preferentially at the interfaces of TiC particle–matrix

(Fig. 8c) and (Ti,W)C-matrix (Fig. 8d), respectively. The

interfacial regions may act as an effective cathode for

localized corrosion on immersion in sodium chloride solu-

tion. These increase the cathode to anode ratio resulting in

higher localized corrosion of the composites compared to

that of the unreinforced matrix alloy. It can be seen that the

TiC and (Ti,W)C-reinforced composites underwent more or

less the same amount of galvanic corrosion.

The potentiodynamic polarization curves (Fig. 9) and

Table 2 shows that the Rp value of the unreinforced matrix

alloy is higher than that of the composites. The Ecorr value of

the composites shift toward more negative direction and the

values of Icorr and corrosion rate increases compared to that

of the unreinforced matrix alloy. The TiC and (Ti,W)C-re-

inforced composites have more or less the same values of

Ecorr, Icorr, Rp, and corrosion rate. It reveals that the unrein-

forced matrix alloy exhibits better corrosion resistance than

that of the composites and the same of TiC and (Ti,W)C-

reinforced composites are more or less the same. The com-

posites exhibit a markedly lower corrosion resistance than

their corresponding unreinforced matrix alloy can be

attributed to the formation of large number of local galvanic

cells between austenite and ferrite or TiC or (Ti,W)C parti-

cles which acts as a cathode during corrosion test. A film of

the corrosion products which is a mixture of the oxides of

iron, manganese, and aluminum forms on the surface as well

as particle–matrix interface. A film of aluminum oxide is

generally corrosion resistant in NaCl aqueous solution, and

has poor electronic conductivity and cathode reaction ability

which controls the pitting potential and rate of pitting. The

corrosion resistance is imparted equally by a barrier film of

the oxides of Al and Fe on the surfaces as well as particle–

matrix interfaces of the TiC and (Ti,W)C-reinforced com-

posites resulting more or less the same corrosion resistance

of the TiC and (Ti,W)C-reinforced composites.

Comparison Between TiC and (Ti,W)C-Reinforced

Fe-17Mn and Fe-17Mn-3Al Austenitic Steel Matrix

Composites

A comparative potentiodynamic polarization curve of

unreinforced and reinforced specimens of Fe-17Mn and Fe-

17Mn-3Al austenitic steel is shown in Fig. 10. It can be

seen from Fig. 10 and Table 2 that the values of Rp and

Ecorr of the unreinforced and reinforced specimens of Fe-

17Mn-3Al austenitic steel are higher while the values of

Icorr and corrosion rate are lower compared to the unrein-

forced and reinforced specimens of Fe-17Mn austenitic

steel. It reveals that the corrosion resistance of Fe-17Mn-

3Al austenitic steel alloy system is better than that of the

Fe-17Mn austenitic steel alloy system. This can be attrib-

uted to the fact that the standard electrode potential of

aluminum (-1.66 V) is more negative than that of man-

ganese (-1.18 V; Mn/Mn2?) and the passivity coefficient

of aluminum (0.82) is higher than that of manganese (0.13).

With the addition of Al, the passivation ability increases

which in turn increases the resistance to electrode reaction,

and also a stable and compact passive protective film of

aluminium oxide forms on the surface of the specimens.

As a result, the corrosion resistance of Fe-17Mn-3Al

matrix composite is better than that of the Fe-17Mn matrix

composite.

Conclusions

In the present study, the corrosion resistance of TiC and

(Ti,W)C-reinforced Fe-17Mn and Fe-17Mn-3Al austenitic

steel matrix composites have been investigated. The corro-

sion resistance of the unreinforced matrix alloys is better

than that of the composites. In the case of Fe-17Mn austenitic

steel alloy system, the corrosion resistance of (Ti,W)C-re-

inforced is better compared to TiC-reinforced composite,

while in the case of Fe-17Mn-3Al austenitic steel alloy

system, the corrosion resistance of both the TiC and

(Ti,W)C-reinforced composites are more or less the same.
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