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The present study reports on Ni3Al and Ti3Al-based intermetallics coated on AISI 1010 steel substrate by
one-step pressure assisted electric current activated sintering method. Ni, Ti, and Al elemental powders were
mixed in the stoichiometric ratio corresponding to the Ni3Al and Ti3Al intermetallics at molar proportion of 3:1.
The mixed coating powders were placed onto the steel substrate in a mold, and pressed with compressive stress
of 100 MPa and then, electric current: 1100�1200 A, voltage 2.9�3.4 V was applied for 15 min during coating.
As-synthesized coatings seem to have good adherence with many small porosities. The phases formed in the Ni3Al
coating layer were Ni3Al as a major phase beside NiO and NiAl2O4 trace phases, which were con�rmed by X-ray
di�raction analysis. However, TiAl and Ti trace phases besides major Ti3Al phase were detected in the Ti3Al
coating. The hardness of the Ni3Al, Ti3Al coatings and AISI 1010 substrate was approximately 321± 18, 445± 13
and 157 HV0.5, respectively.
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1. Introduction

Intermetallic materials, especially transition-metal
(Fe, Ni, Ti, and Co) aluminides, continually attract at-
tention of material's scientists because of a potentially
very attractive set of physical, chemical, thermal and me-
chanical properties. Among the monolithic intermetal-
lic materials, aluminides are important for industrial ap-
plications due to their low cost, relatively high melting
point, good wear resistance, ease of fabrication, and high-
-strength to weight ratio. In addition, they exhibit ex-
cellent corrosion resistance in oxidizing and sul�dizing
atmospheres owing to the formation of protective Al2O3

scale. Its use as a coating material is justi�ed in ap-
plications where wear, high-temperature oxidation, and
electrochemical corrosion may be present [1�9].
Currently, aluminides coating can be manufactured by

using several techniques such as PVD, reactive sintering,
etc. Among these, electric current activated/assisted sin-
tering (ECAS) technique, loose powders or a cold formed
compact to be consolidated are inserted into a container
which is heated to and then held at the desired tem-
perature, while pressure is applied and maintained for
a given period of time. Heat is provided by passing an
electric current through the powders and/or their con-
tainer, thus exploiting the consequent Joule e�ect. It
simultaneously applies an electric current along with a
mechanical pressure in order to consolidate powders or
synthesize and simultaneously densify speci�c products
with desired con�guration and density [10�12].
The main aim of the present study is to character-

ize Ni3Al and Ti3Al coating produced on AISI 1010 steel
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substrate from Ni, Ti, and Al precursors by one-step pres-
sure assisted electric current-assisted sintering.

2. Experimental details

Carbonyl�Ni powders (99.8% purity, 4�7 µm), Ti
(99.5% purity, less than 44 µm) and gas-atomized alu-
minum powder (99% purity and 15 µm grain size) were
used as starting powders mixtures to produce Ni3Al- and
Ti3Al-based intermetallic coatings. The started powders
were mixed in stoichiometric ratio corresponding to the
Ni3Al and Ti3Al intermetallic phases, in a molar pro-
portion of 3:1. In order to obtain uniform mixtures,
the powder mixtures were ball-milled in the Ar+2%H2

gas atmosphere with some amounts of ethanol addition
for the period of 10 min. Commercial carbon steel AISI
1010 was used as the substrate, which was machined as a
disk 10 mm diameter and 5 mm in thickness. Before the
coating process, all substrates were ground using 600 grid
emery paper to obtain a good surface �nish. AISI 1010
carbon steel was placed on a punch in the mold with the
diameter of a 15 mm which was lubricated with a thin
layer of boron nitride. The mixed coating powders were
placed onto the substrate specimen in the mold. The
specimen was kept in an open atmosphere, and then in or-
der to provide the contacting of individual powders in the
initial period of the process the sample was pressed by a
die with a compression load of 100 MPa, for 1 min. A di-
rect electric current (1100�1200 A, voltage 2.9�3.4 V) was
applied to the steel substrate with a pressure of 25 MPa
for 15 min in order to manufacture coatings. After sin-
tering, the specimens were unloaded and cooled to room
temperature in an open atmosphere. The morphologies
of the samples and the presence of phases formed were
examined by using scanning electron microscopy (SEM),
optical microscopy (OM) and X-ray di�raction (XRD)
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analysis. Microhardnesses of the test materials were mea-
sured using a Vickers indentation technique with a load
of 0.5 N.

3. Results and discussion

Pressure-assisted electric current-activated sintering
process is combined e�ects of both the electric current
and pressure. The electric current was used for supply-
ing the energy needed to complete the reaction and to
generate the Ni3Al- or Ti3Al-based coating in situ. In
order to decrease the amount of porosity and obtain a
dense coating structure a pressure is directly applied on
the powders placed on steel, which are in the mould [13].
The morphology of the interface between the coating and
the substrate were examined by using SEM and OM in
Fig. 1a,b. The microstructures of Ni3Al- and Ti3Al-based
intermetallics coatings formed on the surface of the sub-
strate are given in Fig. 1. As it can be seen in Fig. 1,
the Ni3Al intermetallics coating layer consist of many
pores. The Ti3Al intermetallics coating layer including
small amount of pores possessed a coarser grain structure
than the Ni3Al intermetallics coating layer (Fig. 1b).

Fig. 1. OM and SEM images of coated samples: (a)
Ni3Al and (b) Ti3Al.

As it can be seen in Fig. 1, there are no pores and
cracks at the interface between the matrix and coating
layer, which shows that the interface bonding is good. In
addition, the Vickers indenter was applied on the inter-
face of steel matrix and coating layer under the loads of
10 N and any cracks was not formed at interface as shown
in Fig. 2. So, the samples seem to have good adherence
at the interface between the matrix and coating layer.
The porosities in coatings originated from pores ini-

tially present in the green compact and from outgassing

Fig. 2. Vickers indentations marks applied on the in-
terface of coating layers of (a) Ni3Al and (b) Ti3Al.

or the vaporization of impurities at the high tempera-
tures reached during the reaction. Figure 3a,b illustrates
the XRD pattern of the coatings.

Fig. 3. X-ray di�raction patterns of coated samples:
(a) Ni3Al and (b) Ti3Al.

It can be seen that the Ni3Al-based coating consists
of Ni3Al as a major phase, along with NiO and NiAl2O4

trace phases (Fig. 3a). TiAl and Ti trace phases were
detected along with the major Ti3Al phase in the Ti3Al-
-based coating (Fig. 3b). The process is very fast and
the densi�cation of coating layer was realized in 15 min.
But, the reaction was not completed in the Ti3Al coating
process. It is possible to claim that the holding time or
applied current is insu�cient for the formation of Ti3Al
phases in the coating process, completely. Coating pro-
cess was carried out in an open atmosphere without pro-
tective gas. Probably, this should be reason for Ni oxides
realized in the process which was identi�ed by XRD anal-
ysis technique.
The hardness of the Ni3Al-, Ti3Al-based coatings and

AISI 1010 substrate was approximately 321±18, 445±13
and 157 HV0.5, respectively.
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4. Conclusions

The following results can be derived from the present
study.
Ni3Al and Ti3Al coatings on the AISI 1010 carbon

steel produced by the one-step pressure-assisted ECAS
method, successfully.
The microstructures of the coatings have a low porosity

and seem to have good adherence at interface.
The phases formed in the Ni3Al coating layer included

Ni3Al as a major phase, along with NiO and NiAl2O4

trace phases. For the Ti3Al coating, TiAl and Ti trace
phases along with a major Ti3Al phase were detected.
These �ndings were con�rmed by XRD analysis.
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