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In the present study, pulse electrode surfacing (PES) technique was employed to deposit ultrahard and
wear-resistant titanium carbide (TiC) coating on AISI 1018 steel. Wear resistance of the coated surface
increased significantly. An attempt was made to correlate the thermodynamic predictions and experi-
mental observations. A composite coating that is adherent, crack free, and defect free in nature was ob-
tained, with TiC being the most stable phase. Islands of TiC of various shapes and sizes are present in the
Fe-rich matrix in the coating. Microhardness measurements suggest high hardness values in the coat-
ing region. Tribological properties such as wear resistance and coefficient of friction were also meas-
ured. The coefficient of friction data do not show significant fluctuations. Wear and friction
phenomena in such a coating have been explained on the basis of a model based on composite/multi-
phase material.

1. Introduction

Surface engineering of the metallic substrates plays a vital
role in enhancing their application in hostile environments. The
monocarbides of group 4 such as TiC, ZrC, and HfC are ideal
materials for increasing hardness, wear and erosion resistance,
and corrosion and oxidation resistance of the metallic surfaces
(Ref 1). Surface properties can be altered by depositing mono-
carbide ceramic coatings on the component without making
changes in the bulk properties. Several techniques such as
plasma spray, chemical vapor deposition (CVD), physical
vapor deposition (PVD), detonation gun, laser-assisted
processes, and electrolytic deposition are used to carry out
these surface modifications (Ref 2-4). Pulse electrode sur-
facing (PES) is one of such surface modification techniques
that utilizes high current electrical pulses of short duration
to modify the metal surface (Ref 5-8). A unique combination
of high-current and short-duration pulse by discharge ca-
pacitance-voltage circuit results in melting the ceramic elec-
trode and depositing the material on the substrate. The
primary requirement for the electrode material is that it
should be electrically conductive and thus capable of melt-
ing in an electric arc. 

The main advantage of this process is its ability to apply
metallurgically bonded coatings with low heat input to the sub-
strate at ambient temperature. This reduces the depth of the
heat-affected zone (HAZ) and thermal distortion, hence mini-
mizing the changes in the properties of the substrate material
(Ref 6). The bulk substrate material remains near ambient tem-
perature and acts as heat sink. Thus, there are no thermal stress
effects or metallurgical changes in areas other than in the fusion

zone. Since the bulk material acts as huge heat sink, heat is rap-
idly dissipated leading to rapid solidification of the molten
pool. Such a high energy-density coating process results in a
fine grained coating of high density, hardness, and strength.
Since the coating is metallurgically bonded to the substrate, ex-
cellent adhesion properties of the PES coatings with high spall-
ing resistance are achieved (Ref 9). Another advantage of the
PES process includes the use of relatively inexpensive and
portable equipment. PES coatings can be deposited in air at
room temperature. This prevents the need for expensive envi-
ronmental chambers required in several types of other coating
processes. These ultrahard ceramic coatings are used for sev-
eral applications such as nuclear, fossil, and geothermal energy
environments, high temperature turbine coatings for aerospace
applications, solid lubricants for high-vacuum industrial cut-
ting tools, waste reclamation, water treatment plant, wear-re-
sistant surfaces on large agricultural and textile equipment,
high-temperature sensors, systems used in petrochemical and
pharmaceutical industry, and modern sports equipment (Ref 2,
5-7, 9-11).

In the present study, TiC has been deposited on AISI 1018
steel using PES technique. Thermodynamic predictions were
coupled with experimental analysis to characterize the TiC-Fe
interface and coating morphology. Dry sliding wear tests were
performed to evaluate the tribological properties of TiC coating
deposited by PES technique. 

2. Experimental Procedures

2.1 Materials

In the present study, TiC has been deposited on AISI 1018
steel using PES technique. TiC is a very hard refractory mate-
rial finding increasing usage for wear-resistant applications
such as bearings, nozzles, cutting tools, and jet engine blades.
It has relatively low electrical resistivity and can be used as
a conductor for electricity, especially at elevated tempera-
tures. Thus, TiC is a suitable choice for deposit on a structural

Keywords 1020 steel, pulse electrode surfacing, surface
engineering, TiC, wear resistance

A. Agarwal and N.B. Dahotre, Center for Laser Applications, De-
partment of Materials Science and Engineering, University of Tennes-
see Space Institute, Tullahoma, TN 37388, USA.

JMEPEG (1999) 8:479-486 ASM International

Journal of Materials Engineering and Performance Volume 8(4) August 1999479



material such as AISI 1018 steel using PES method. The salient
properties of TiC and AISI 1018 steel are listed in Table 1 (Ref
1, 12).

2.2 Coating Process

TiC coatings were deposited on AISI 1018 steel coupon us-
ing PES method at Materials Modifications Inc. (MMI, Fairfax,
VA). Coupons of AISI 1018 steel with dimensions of 25 by 25
mm were mechanically polished on emery paper of grit size
240 and then rinsed with acetone. A sintered electrode of TiC
was used to deposit a coating on these steel coupons. The TiC
electrode had 3 to 5 wt% Ni and 1 to 3 wt% Fe as binder. Depo-
sition was carried out using a handheld gun in air at room tem-
perature. Pulsed electrode deposition was carried out at a voltage
of 50 V and spark time of 10 µs. The discharge capacitance used
for the PES process was 450 µF with a current of 25 A.

2.3 Characterization

Coating morphology, interface, and surface topography
were studied using a ISI Super III-A scanning electron micro-
scope (SEM). Samples for metallography were prepared by
polishing on a Buehler TEXMET 2000 cloth during initial
stages of polishing. This reduced the damage to the dissimilar
ceramic/metal interface during polishing. Nital (nitric acid
+ 10 vol% methanol) was used as the etchant for TiC-coated
steel samples. Energy dispersive spectroscopy (EDS) analy-
sis and x-ray elemental mapping were coupled with SEM to
characterize the distribution of elements in a semiquantitative
analysis.

Structural characterization was performed using a Philips
Norelco x-ray diffractometer with Cu Kα radiation (1.54 Å),
operating at 20 kV and 40 mA. Microhardness measurements
were performed on a Buehler Micromet II microhardness tester
using a Knoop indenter with normal load of 200 gm applied for
15 s. Tribological properties were measured using a block-on-
disk tribometer. Coated coupons of dimension 25 by 25 mm
were tested for dry sliding wear against a hardened steel ring
rotating at a linear speed of 270 m/min. Weight loss measure-
ments were made after successive 2 min. The dry sliding wear
test was conducted for 10 min with an applied normal load of 2
kg. The coefficient of friction (µ) was also recorded simultane-
ously by an interfaced computer, which acquired data in the
form of electrical output power of the motor. Even though data
were recorded at a frequency of 1 Hz for a total test time of 10
min, an average of 10 successive points was taken for comput-
ing the coefficient of friction, µ.

3. Results and Discussion

3.1 Thermodynamic Analysis and Predictions

The chemistry of the coating and interface is affected by the
chemical reaction occurring within the deposited layer. These
reaction products influence the mechanical and chemical prop-
erties of the coating. In the present study, therefore, attempts
were made first to thermodynamically predict the possible re-
actions and secondly to verify the existence of these reaction
products using analytical techniques such as energy dispersive
x-ray spectrometry (EDS) and x-ray diffractometry. 

For thermodynamic predictions, it is essential to consider all
possible reactions for a ceramic-metal system. Thermodynam-
ics of Fe-Ti-C system has been studied by several researchers
(Ref 13-15). Even though to date, much work continues toward
understanding Fe-Ti-C interaction, far from a thorough under-
standing has been achieved (Ref 15). It has been concluded that
Fe-Ti-C is a very active and complex system due to several fac-
tors (Ref 13-15). This is mainly due to the presence of carbon,
which easily migrates from TiC to Fe and vice versa depending
upon reaction conditions such as temperature and activities of
the elements (Ref 13-14, 16). This is further corroborated by
the Ti-C phase diagram, which shows that TiCx (x is ≤1) exists
as a single homogeneous carbide phase for a wide range of
stoichiometry (Ref 1). Hence, it provides a variable activity of
carbon in the melt, which, in combination with temperature, in-
fluences the possible reactions in the melt zone. However, in an
earlier similar study where TiB2 was deposited on AISI 1018
steel using PES technique, it was found that unlike the Fe-Ti-C
system, the Fe-Ti-B is not an active system (Ref 17). For the Fe-
Ti-C system, possible reactions between Ti-C, Fe-Ti, and Fe-C
are being considered. From the binary phase diagrams (Ref 18),
the following reactions are possible. Thermodynamic data such
as free energy of formation are extracted from various sources
(Ref 19).

Ti-C system:

Ti + C = TiCx

∆G = –182.9 + 0.01 T kJ/mol (298 K < T < 1155 K)

∆G = –186.4 + 0.013 T kJ/mol (1155 K < T < 2000 K)

The existence of Ti2C and TiC2 has not been confirmed (Ref 1).

Fe-C system:

3Fe + C = Fe3C

∆G = 25.92 – 0.023 T kJ/mol (298 K < T < 463 K)

∆G = 26.67 – 0.025 T kJ/mol (463 K < T < 1115 K)

∆G = 10.34 – 0.01 T kJ/mol (1155 K < T < 1808 K)

Table 1 Salient physical properties of TiC and 1018 steel

Properties TiC Fe (1018 steel)

Crystal structure B1 NaCl
(cubic)

bcc

Melting point, °C 3065 1538
Density, g/cm3 4.9 7.8
Lattice parameter, Å 4.33 2.89
Hardness, kg/mm2 2800 250
Electrical resistivity, µΩ ⋅ cm 60 12
Thermal conductivity, W/m ⋅ K 27 55
Coefficient of thermal expansion, 10–6/K 7.2 12.2
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2Fe + C = Fe2C

∆G = 19.86 – 0.01 T kJ/mol (298 K < T < 1115 K)

∆G = 18.42 – 0.01 T kJ/mol (1155 K < T < 1808 K)

Fe-Ti system:

Fe + Ti = FeTi

2 Fe + Ti = Fe2Ti

Gibbs free energy data are not available for FeTi and Fe2Ti.
Lack of such data makes thermodynamic stability predictions
difficult for many systems. Henceforth in this article, discus-
sion is limited to TiCx, Fe2C, and Fe3C. Figure 1 shows the free
energy of formation of carbides as a function of temperature. It
is evident from the graph that TiC is the most stable carbide,
and free energy of formation does not change significantly with
temperature. This implies that the entropy (obtained from the
slope of the curve) of formation of carbides is almost negli-
gible. Hence, it is reasonable to assume that free energy of car-
bides varies in a similar manner even at the temperature
attained during arc formation in PES process. It is also evident
from Fig. 1 that some possibility of formation of Fe3C exists at
temperatures higher than 1100 K. It is noteworthy that apart
from temperature, activity of carbon also plays an important
role in formation of various reaction products (Ref 13-16). In
the earlier work it has been shown that at higher temperatures
TiC dissociates into Ti and C increasing the activity of carbon
in the melt (Ref 14-16). This results in some of the carbon dif-
fusing into the Fe melt to form Fe3C whereas the remaining car-
bon recombines with Ti to reprecipitate stoichiometric TiC.

However, excess Ti remains in the Fe melt as Fe-Ti eutectic or
solid solution (Ref 14-16).

3.2 Microstructural Characterization

The topographical features of the top surface of TiC depos-
ited on AISI 1018 steel are shown in Fig. 2. The surface is ir-
regular with a splash appearance. It is a characteristic feature of
PES process. Electrical energy melts the TiC electrode and
forms a molten globular droplet on the tip of the electrode. Mol-
ten droplet impinges on the steel substrate and produces a
splash like appearance. Such process of mass transfer from
electrode to substrate is supported by the fact that the PES proc-
ess was carried out in air. Dissociable gases like air and nitro-
gen form a plasma of high thermal conductivity, which
promotes globular mass transfer (Ref 5).

Figure 3 shows the SEM micrograph of the cross-section
of TiC coated 1018 steel. Although coating thickness is not

Fig. 1 Gibbs free energy of formation of carbides of Fe and Ti
as a function of temperature

Fig. 2 SEM micrograph showing the topographical features of
pulse electrode surfacing (PES) deposited TiC coating on steel

Fig. 3 SEM micrograph of the cross section of TiC deposited
steel coupon
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uniform, it is dense, adherent, and free from defects such as
cracks and porosities. The irregular coating thickness is in ac-
cordance with the nature of the PES process as observed in the
topographical features shown in Fig. 2. A strong, continuous,

and adherent interface along with the HAZ is illustrated in Fig.
4(a). Lath-shape martensite is also formed in the HAZ. Islands
(particles) of TiC of various size and shape within the coating
are observed in Fig. 4(a) and 5. The coating is composite in na-
ture with TiC islands acting as hard reinforcement in a matrix of
Fe and Ti. Most of these TiC islands have irregular morphol-
ogy. It has been postulated that some of TiC particles dissociate
and reprecipitate from the melt, leading to in situ formation of
islands of TiC of various shape and size (Ref 13-14, 16).

The presence of Ti and Fe in the coating is evident from ele-
mental x-ray maps of the cross section corresponding to Ti and
Fe distribution in Fig. 4(b, c), respectively. TiC islands (parti-
cles) are shown by a Ti-rich zone in the x-ray maps, whereas the
matrix contains mostly Fe and a small amount of Ti. EDS quan-
titative analysis shows the presence of up to 5 to 25 wt% Ti in
the matrix at various locations. Figure 6 is the EDS spectrum
corresponding to matrix location within the composite coating
region. The reason for high Fe content is due to the large differ-
ence between the melting points of TiC coating and the Fe sub-
strate. The lower melting point constituent (i.e., Fe) forms a
larger volume of molten material as compared to the TiC elec-
trode. This results in high concentration of Fe in the deposited
layer (Ref 17).

Fe has excellent wetting and binding properties for refrac-
tory ceramic like TiC and TiB2 (Ref 20, 21). Based upon elec-
tronic configuration of d electron subshells in transition metals
and their hard refractory alloys, an empirical rule has been sug-
gested that allows selection of a suitable binder for given re-
fractory material (Ref 20). This has been corroborated by
several researchers for several material systems such as
(Ti,Ta)C-Mo and TaC-Ni (Ref 22). Also, in an earlier study
conducted by the present authors where TiB2 was deposited on
AISI 1018 steel using PES method, it was observed that Fe acts
as an excellent binder for TiB2 (Ref 17). This further validates
the hypothesis of empirical rule suggested for the choice of
binder for transition metal based refractory ceramic. Moreover,
TiC particles wet Fe easily at high temperatures and wetting in-
creases at high temperatures (Ref 14, 23). All these factors il-
lustrate the role of Fe as an excellent binder for TiC.

Fig. 4 (a) SEM micrograph of the interfacial region of TiC-de-
posited steel coupon and corresponding x-ray elemental map for
(b) Ti and (c) Fe

Fig. 5 High magnification SEM micrograph showing TiC is-
lands of various shapes and sizes in the coating region
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The presence of Ti in the matrix could possibly be due to the
following reasons. Excess Ti from TiCx gets dissolved in the Fe
melt and remains as Fe-Ti solid solution or Fe-Ti-C eutectic
(Ref 16). However, the presence of 5 to 25 wt% Ti in the melt
exceeds the solid solubility limits, which could be attributed to
the nonequilibrium processing experienced during PES proc-
essing. Such higher compositions under nonequilibrium proc-
essing have also been observed earlier (Ref 24). Figure 7
illustrates the x-ray diffraction spectrum of the coated surface.
It shows all the peaks of TiC, Fe (ferrite), and Fe (austenite).
There is also an indication of possible FeTi formation, as FeTi
peak overlaps with Fe (austenite) peak. Formation of such
phase also accounts for high weight percent of Ti present in the
matrix. FeTi formation in Fe-Ti-C system has also been ob-
served in earlier studies (Ref 24). Austenite peaks exist because
Fe melt retains excess carbon due to rapid solidification. On the
contrary, carbon contents might not be high enough to form
Fe3C. This is also corroborated by the absence of Fe3C peaks in
Fig. 7. Furthermore, it has been shown earlier in thermody-
namic predictions of Fig. 1 that free energy of formation of
Fe3C does not support its formation. Thus, TiC is the major
phase in the coating in addition to Fe.

3.3 Mechanical Characterization

Mechanical characterization of the coating and interface
was performed using a microhardness tester. Figure 8 shows a
SEM micrograph of the cross section of the coating and the
HAZ with microhardness indentations. The relative difference
in the size of microhardness indentations explains the variation
in hardness. Microhardness values (Knoop) in the coating are
high with an average value of 1235 ± 86, and they drop down to
352 ± 32 in the HAZ. Microhardness in unaffected base mate-
rial is 172 ± 12. Such variation in hardness is attributed to the
presence of TiC particles in the coating and martensite in the
HAZ as observed in Fig. 8. There is no crack initiation or de-
lamination at the site of indentation, which indicates the tough
nature of the coating. It should also be observed that though
TiC and Fe show considerable differences in their coefficients
of thermal expansion, still there is no delamination at the
TiC/Fe interface. Such toughness combined with high hardness
is attributed to the composite nature of the coating. Thus, TiC

particles embedded in an Fe-rich matrix produces an effect
similar to that of the WC-Co system.

3.4 Tribological Characterization

Wear Test (Weight Loss Analysis).  Wear test results are pre-
sented in Fig. 9, which shows the weight loss over a 10 min period.
It can be easily observed that the coated surface shows excellent
wear resistance in comparison to uncoated AISI 1018 steel sub-
strate. Wear rate (g/min) of the coated surface has reduced by
almost a factor of 4, and it tends to stabilize after an initial pe-
riod of 4 min. This suggests a formation of wear-resistant film
over the entire substrate. The worn surface was subjected to
topographic observations in SEM. Figure 10(a) shows a low
magnification SEM micrograph of the worn surface of TiC
coated AISI 1018 sample. Elemental x-ray maps correspond-
ing to Ti and Fe distribution in Fig. 10(a) are presented in Fig.
10(b, c), respectively. These show Ti presence all over the sur-
face along with Fe, which is in accordance with the composite

Fig. 6 EDS spectrum of the matrix region within the composite
coating

Fig. 7 X-ray diffraction spectra before and after wear of TiC
deposited steel coupon

Fig. 8 SEM micrograph of the cross section showing micro-
hardness indentations at different locations
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nature of the coating, as discussed earlier. There is no indica-
tion of brittle failure or loose debris formation of the TiC ce-
ramic phase. The wear phenomenon in such multiphase
composite materials is fairly complex, depending on several
factors such as volume fraction, distribution, and morphology
of the carbide particles (Ref 25). Under ideal conditions, mono-
lithic ceramics such as TiC are supposed to fail in a brittle man-
ner under wear conditions (Ref 26). However, the presence of
softer phases such as ferrite and austenite (as observed in x-ray
diffraction spectrum in Fig. 7) between hard ceramic particles
alters the wear nature of monolithic TiC. It has been mentioned
earlier that Fe acts as an excellent binder for Ti-base refractory
ceramics (Ref 17, 20). This prevents debonding at the TiC par-
ticle/Fe matrix interface. Also, as mentioned earlier, several of
the TiC islands in Fe matrix are formed in an in situ manner dur-
ing the coating process, providing a coherent interface between
these islands and the matrix (Fig. 4a and 5). Under such wear
conditions, Fe-base matrix phases deform plastically to accom-
modate the high stresses experienced by TiC particles. This
prevents brittle fracture and fragmentation of TiC ceramic par-
ticles. Hence, chipping off is prevented, and no loose debris is
observed in Fig. 10. A composite film containing hard TiC par-
ticles and soft Fe phases covers the entire substrate, which as-
sists in reducing the wear rate. The x-ray diffraction spectrum
of a worn surface is shown in Fig. 7. Within the limits of resolution
of the x-ray diffractometer, the spectrum does not indicate evolu-
tion of any new phases during the wear process. Such new phases,
if formed, could influence the wear behavior of the coatings.

 Coefficient of Friction Measurement. In the present
work, the coefficient of friction is calculated by measuring the
changes in voltage and current in the electrical circuit of the
motor driving the block-on-ring tribometer during loading (Ref
27). Based on the principle of energy conservation, the fric-
tional energy (Wf) equals the change in the electrical work dur-
ing loading, as given by Eq 1.

Wf = voltage (∆V) × current (∆I) (Eq 1)

From friction theory, it is known that:

Wf = ∆Nv (Eq 2)

where N is normal load, v is the linear speed of the disk, and µ
is the coefficient of friction. By equating above the two equa-
tions, the coefficient of friction is computed. The measurement
of coefficient of friction provides direct information about the
work done to deform (elastically and/or plastically) the surface
material. However, it is not necessarily a direct indication of ma-
terial loss or separation as loose debris from the surface. Also, high
friction does not necessarily imply high wear rate (Ref 28).

The computed coefficient of friction for TiC coating has
been plotted for the entire test time of 10 min (Fig. 11). Coeffi-
cient of friction values are constant and do not fluctuate signifi-
cantly. The best fit line shows the coefficient of friction to be
0.58. Such behavior of the composite coating could be ex-
plained by a model that illustrates frictional behavior of multi-
phase and /or composite materials (Ref 25).

This model predicts that friction of a composite/multiphase
material is influenced by the relative amounts and friction coef-
ficients of the constituent phase. Also, friction is affected by the
wear resistance of an individual constituent. In most wear situ-
ations, the more wear resistant phases carry a disproportion-
ately larger part of the load and hence have a larger influence on
the friction of the composite. Hence, the friction coefficient of
the composite generally does not follow a linear rule of mixture
but is dominated by the friction coefficient of the most wear-re-
sistant constituent. It is well understood that a refractory ce-
ramic like TiC has high wear resistance as compared to that of
plain carbon steel. Hence, according to the model discussed
above, TiC particles in the coating tend to carry a larger load
than Fe and contribute largely toward the coefficient of friction
of the composite coating. It has been proposed earlier that TiC
coatings have a low coefficient of friction and are ideal candi-
dates as solid lubricants for high vacuum applications (Ref 2).
Because TiC has a high wear resistance and low coefficient of
friction, it dominates the friction of the composite. Such a hy-
pothesis is supported by Fig. 10, which shows a composite film
of TiC and Fe on the worn surface. Formation of such a film
leads to an earlier stabilization of coefficient of friction, which
is evident from Fig. 11.

4. Conclusions

• An ultrahard TiC coating has been successfully deposited
over AISI 1018 steel using a high energy density process
such as PES. The coating is adherent, crack free, and defect
free. However, coating thickness is not uniform, which is a
characteristic feature of PES process.

• The coating is composite in nature with TiC being the most
stable phase in a Fe-rich matrix. Islands of TiC of various
sizes and shapes are present in the coating. Such coating
morphology is due to the highly active and complex Fe-Ti-
C material system.

• A coating with high hardness value is obtained.
• Wear resistance of the coated surface has increased signifi-

cantly. The wear behavior of the TiC coated surface is ex-
plained by formation of a composite film, which
accommodates stresses by plastic deformation of softer
phases.

• A coefficient of friction has been computed and explained
on a model based on the composite/multiphase material.

Fig. 9 Variation in cumulative weight loss as a function of time
during dry sliding test
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