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1 Introduction
Steel materials are inevitably corroded by the 
atmosphere, impurities or liquids, when they are widely 
applied to machinery, oil pipelines and so on [1-4]. One 
study found that the fatigue life of steel wire was 
decreased by about 99% if there was a tiny corrosion pit 
with a size of 0.2-0.6 mm, accompanied by an extremely 
serious damage consequence [5]. Therefore, ways to 
improve the corrosion resistance of steel materials at the 
minimum cost has been of concern. An important way 
to improve corrosion resistance is to avoid chemical 
reactions between the steel materials and the medium, 
especially to prevent Fe from forming galvanic cells with 
other elements in the steel [6-10].

Some corrosion-resistant elements were added during 
melting to change the structure of the steel materials 
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Microstructure and corrosion resistance of 
Ti-Ni/steel composite materials

and improve corrosion resistance, such as martensitic 
stainless steel, ferritic stainless steel and austenitic 
stainless steel [11-14]. For example, adding a small 
amount of 0.05wt.% Sn greatly improved the corrosion 
resistance of steel, including the ability to resist point 
corrosion [15-18]. Local alloying or coating technology 
can prevent corrosion and oxidation under various harsh 
environments via a protective layer synthesized on the 
surface, without changing the composition, structure 
and properties of the matrix [19-21]. Zhang et al. [22] used 
the grid-enhanced plasma surface modification method 
to prepare the TiN coating on the surface of ZG45 steel. 
The experimental results showed that the TiN coating 
displayed excellent corrosion resistance. Uusitalo et al. [23]

synthesized a Ni-57CrMoSiB coating on the surface 
of boiler steels using high velocity oxy-fuel spraying 
(HVOF), and suggested that the coating was covered 
by a protective oxide scale to protect the boiler steels 
from corrosion attack in high-temperature oxidizing 
conditions.

However, t he non -ma t r ix -me l t i ng su r f ace 
technologies face great challenges in the bonding 
quality between the coating and the matrix. Casting 
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Fig. 1: Fe-Ni-Ti phase diagram [34]

infiltration technology has thus been recommended among the 
most widely used technologies for preparing protective coatings 
on a metal matrix [24-26]. Corrosion-resistant materials or raw 
materials were coated or pressed onto the cavity wall of casting 
molds.  As the molten metals were poured, under the heat 
released by solidification, a casting-infiltration layer showing 
a good bonding interface with the matrix was obtained [27].
Szymański et al. [28] successfully prepared a TiC-containing 
composite layer on Fe matrix after the liquid steel was poured 
at 1,823 K. Experimental tests proved that its comprehensive 
mechanical properties significantly increased compared with the 
matrix. Zhao et al. [29] used a combination method of casting and 
heat treatment to obtain a TaC coating, adjacent to a transition 
region containing Ta, TaC, and Fe3C on the surface of the cast 
iron matrix.

Using the vacuum infiltration casting technology, Yang et al. [30]

fabricated a Ni-based composite layer on ZQAl9-4 bronze. 
The composite layer was formed via metallurgical fusing 
caused by the solidification heat of the matrix. However, the 
transition layer between the Ni-based composite layer and the 
matrix (ZQAl9-4) was formed via diffusion and solution with 
the matrix, which was regarded as a key process of achieving the 
excellent metallurgical bonding of the interface. 

In this study, the casting infiltration method was applied to 
synthesize a protective layer on ZG45 steel. Ti was chosen 
as the main element of the casting-infiltration powder due 
to the advantages of low density, high specific strength and 
outstanding resistance to pitting and acid corrosion [31-33]. 
However, high activity renders the metallic Ti unsuitable as 
the casting-infiltration raw material, hence Ti-Ni alloy powders 
were used to prepare the protective layer. Ni element is vital in 
forming a good metallurgical bonding interface with the steel 
matrix, since it can form continuous solid solution with Fe. 
The heat released by temperature decrease and solidification 
of molten ZG45 steel was utilized to melt the Ti-Ni composite 
powders, which reacted with the steel matrix and formed a 
corrosion-resistant casting-infiltration layer. The effects of 
Ti-Ni powders’ composition and casting parameters on the 
structure and corrosion resistance of the casting-infiltration 
layer were studied.

2 Experimental procedure
ZG45 steel was selected as the matrix material. The Ti-Ni alloy 
powders were used as casting-infiltration materials, and their 
composition range was designed in the low melting point zone 
according to Fe-Ni-Ti ternary phase diagram in Fig. 1. The 
Ti-Ni alloy powders were obtained via atomization method, 
and consist of 35wt.%, 55wt.% and 75wt.% Ti, respectively. 
The CO2-cured water glass sand moulds with the dimensions 
of 100 mm×80 mm×50 mm were used. The phenolic resin 
(60wt.%) and alcohol (40wt.%) were mixed to prepare a 
solution. Subsequently, the Ti-Ni alloy powders were mixed 
with the obtained solution in a ratio of 3:1 by weight, and 
then coated on the mold cavity wall using a manual method, 

followed by curing and drying. The thickness of the coating was 
8-10 mm. The ZG45 steel was melted in a medium-frequency 
induction furnace and then poured into the mold cavity at 
1,550-1,650 °C. The powder in the coating was melted by the 
heat of molten metal at high temperature, and after reactions 
and solidification, the cast-infiltration layer covering the steel 
materials was obtained.

The samples for corrosion tests were cuboid with a length 
of 10 mm, a width of 10 mm and a thickness of 20 mm. An 
electrochemical workstation (CHI660D) was employed to test 
the corrosion resistance of the cast-infiltration layer. These 
corrosion experiments were performed in 3.5wt.% NaCl 
solution and 1 mol·L-1 H2SO4 solution, respectively, by using 
a three-electrode system, with the cast-infiltration layer of 
the sample as the working electrode, graphite electrode as 
the auxiliary electrode and saturated calomel electrode as the 
reference electrode. The working electrode area of the cast-
infiltration layer was 1 cm2. Three sets of tests were performed 
on each of these samples under the same condition. In addition, 
the static corrosion tests were carried out to investigate the 
corrosion resistance of the cast-infiltration layer by simulating 
seawater environment in the 10wt.% NaCl solution. The 
corrosion period was set as 120, 240, 360 and 480 h, and 
the corrosion performance of the cast-infiltration layer was 
evaluated by referring to the weight loss after corrosion. The 
morphology, microstructure and constitution of the casting-
infiltration layer and the matrix were observed and analyzed 
by means of SEM-EDAX, TEM and XRD. 

3 Results and discussion 
3.1 Thermodynamic analysis of casting-

infiltration layer 
According to the phase diagram of Fe-Ni-Ti system in Fig. 1, 
the following reactions may occur: 

(1)

(2)

(3)

Fe + Ti = TiFe

2Fe + Ti = TiFe2

Ti + Ni = TiNi
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Fig. 2: Changes of Gibbs free energy of Fe-Ni-Ti alloys 
at different temperatures

The relationship between reaction enthalpy ΔGT and 
temperature can be expressed by the Gibbs-Helmholtz 
equation:

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

2Ti + Ni = Ti2Ni

Ti + 3Ni = TiNi3

where ΔHT  is the standard molar enthalpy of reaction, and T 
is the thermodynamic temperature, which can be obtained by 
Kirchhoff's formula:

where, ΔCp is the difference between standard molar specific 
heat of product and reactant at a constant pressure, Δa, Δb, Δc 
are the differences in coefficients at different temperatures.

Equation (8) is substituted into Eq. (7), getting the following 
equation after integrals:

where ΔH0 is the standard molar enthalpy of formation.
Equation (9) is substituted into Eq. (6), getting the following 

equation after integrals:

where Y can be obtained based on the values of ΔH and ΔG298 
at T = 298 K.

After the Y values are calculated, the change in the Gibbs 
free energy in Eqs. (1) to (5) can be calculated according to 
Eq. (10), as shown in Fig. 2. Within the temperature range of 
400-1,800 K, the change of the standard Gibbs free energy of 
each reaction is less than zero, indicating that these reactions 
can occur spontaneously under these conditions. Generally, 
the stability of the products increases with the increase of the 
absolute value of Gibbs free energy change, so intermetallics 
TiNi3 and TiFe2 are the most stable phases in the Fe-Ni-Ti 
system. However, according to the Fe-Ni binary phase diagram [35], 
Fe and Ni continue to solubilize each other in a large range of 
temperatures. This suggests that Fe and Ni may first form the 
solid solution rather than TiNi3, TiNi and Ti2Ni.

3.2 Microstructure and characterization of 
casting-infiltration layer 

Figure 3 shows the SEM images, corresponding EDS, and 
XRD patterns of Ti-Ni composite powders with different Ti 
contents prepared by the atomization method.  Observation and 

analysis using SEM-EDAX show the prepared powders exist 
as even spherical particles in the size range of 50-150 μm, as 
shown in Fig. 3(a-c). This powder size was confirmed to be 
more suitable for forming casting-infiltration layer [36], which 
can avoid the phenomena of the excessive fine particles being 
washed away from the mold cavity and the coarse particles 
being retained as unmelted inclusions. As can be seen from 
Fig. 3(d), the Ni-35wt.% Ti alloy powder is mainly composed 
of NiTi and Ni4Ti3, with a small amount of metallic Ni. The 
Ni-55wt.% Ti alloy powder mainly consists of Ni2Ti. With the 
Ti addition increasing to 75wt.%, there is a small amount of 
metallic Ti in the Ti-Ni alloy powder in addition to Ni2Ti.

The pouring temperature of the molten steel has a direct 
influence on the formation of the casting-infiltration layer. 
Based on the phase diagram of the Fe-Ni-Ti system (Fig. 1) 
and previous experiences, the pouring temperature was set in 
the range of 1,500-1,700 °C. Figures 4(a) and (b) show the 
surface morphology and cross-section images of the casting-
infiltration layer prepared at 1,550 °C and 1,650 °C using the 
Ni-35wt.% Ti powders. It can be seen that a large number 
of holes exist on the surface of the casting-infiltration layer 
when the pouring temperature was 1,550 °C, and the thickness 
of the layer is about 7 mm. Actually, most of the released 
solidification heat is consumed rapidly through the cavity wall 
during the casting process. So, the residual solidification heat 
for completely melting the Ti-Ni alloy powder is insufficient 
when the pouring temperature is relatively low, then, a lot 
of holes and slags appear in the casting-infiltration layer. As 
the pouring temperature increases to 1,650 °C, a high-quality 
casting-infiltration layer with thickness of ~7 mm is obtained 
on the surface of ZG45 steel matrix, with no holes and slags, 
as shown in Fig. 4(b), and a smooth interface between the 
casting-infiltration layer and the matrix was obtained.

The composition of raw materials is also one of the 
important factors for obtaining an ideal casting-infiltration 
layer. Figures 4[(b)-(d)] show the macroscopic morphological 
images of casting-infiltration layers with different Ti addition 
at the pouring temperature of 1,650 °C. With the Ti content 
increasing to 55wt.% and 75wt.%, more and more pores and 
pits are observed in the casting-infiltration layer. This is mainly 
because the chemical reactions are completed in a very short 
time to avoid Ti oxidation when Ti content is as low as 35wt.%. 

ln

ln

-

-
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Fig. 3: SEM image and corresponding EDS of Ni-75wt.%Ti (a), Ni-55wt.%Ti (b), and Ni-35wt.%Ti alloy powders (c), 
and their XRD patterns (d) 

Fig. 4: Surface morphology and cross-section images (at the lower left of the figure) of casting-infiltration layer 
with Ni-35wt.% Ti powder prepared at 1,550 °C (a) and 1,650 °C (b); surface morphology of the layer with 
Ni-55wt.% Ti (c) and Ni-75wt.% Ti (d) prepared at 1,650 °C; and XRD pattern of casting-infiltration layer 
prepared using Ni-35wt.%Ti powder at 1,650 °C (e)

(a) (b)

(d)(c)

(e)

(c) (d)

(a) (b)

500 μm 500 μm

500 μm
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Fig. 5: SEM image of composite material with Ni-35wt.% Ti prepared at 1,650 °C (a), Areas A, B, C represent  
matrix, casting-infiltration layer and the interface, respectively; SEM image of Area B (b), with EDAX 
patterns of Spots 1, 2, 3 shown in (c-e), respectively; (f-g) HRTEM image of Areas A and C with 
diffraction pattern of the red box area, respectively

However, with Ti content increasing up to 55wt.% and 75wt.%, 
the oxidation of Ti atoms inevitably occurs, and the surface 
oxides easily peel off, as shown in Figs. 4(c) and (d). 

The alloy powder and steel matrix diffuse to each other 
which is confirmed by the emergence of Fe2Ti in the casting-
infiltration layer [Fig. 4(f)]. The casting-infiltration layer 
and the matrix were further characterized by means of SEM-
EDAX and HRTEM, as shown in Fig. 5. Combined with XRD 
and EDAX analysis, the casting-infiltration layer is composed 
of Fe2Ti, Ti and γ-(Fe, Ni). HRTEM images and diffraction 
patterns in Figs. 5(f) and (g) show that the solid solution 
γ-(Fe, Ni) is formed in the matrix, and the mixture of Fe2Ti 
and γ-(Fe, Ni) is formed at the interface between the matrix 
and the infiltration layer. The casting-infiltration layer forms a 
good metallurgic bonding with the matrix, and no defects and 
inclusions are found along this interface, as shown in Fig. 5(a).

The Ni-35wt.% Ti alloy powder mainly consists of NiTi 
and Ni4Ti3 and a small amount of metallic Ni. Combined with 
thermodynamic analysis, it is believed that these intermetallic 
compounds are decomposed into Ni and Ti during the casting 

process. Ni dissolves into Fe to form a solid solution γ-(Fe, 
Ni) in the matrix, as indicated by the diffraction pattern in 
Fig. 5(f), while the residual Fe reacts with Ti to form the most 
stable Fe2Ti, as indicated by the diffraction pattern in Fig. 5(g). 
Therefore, the casting-infiltration layer is mainly composed of 
Fe2Ti, γ-(Fe, Ni) and a small amount of metallic Ti gathering 
around Fe2Ti. 

3.3 Enhanced corrosion behavior of casting-
infiltration layer 

Figure 6(a) shows the polarization curves of the casting-
infiltration layer and ZG45 matrix in 1 mol·L-1 H2SO4 solution. 
With the increase of potential at the beginning, the current 
density of the casting-infiltration layer and matrix decreases 
gradually. The current density of casting-infiltration layer is 
lower than the matrix, indicating that the dissolution rate of 
the casting-infiltration layer is faster than that of the matrix. 
However, when the potential increases to the self-etching 
potential -0.40 V of the casting-infiltration layer, the anodic 
polarization occurs, and both current density and dissolution 

(a) (b)

(c) (d)

(f)

(e)

(g)
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rate of the casting-infiltration layer are lower than that of the 
matrix. With the potential further raises to -0.49 V, the matrix 
suffers from anodic polarization, and then the dissolution 
rate increases. Generally, the higher self-corrosion potential 
represents the outstanding corrosion resistance [37]. With a 
higher self-corrosion potential, the casting-infiltration layer 
possesses an enhanced resistance to corrosion compared 
with the matrix. Figure 6(b) shows the comparison of AC 
impedance curves between the casting-infiltration layer and 
matrix in 1 mol·L-1 H2SO4 solution. The curves of the casting-
infiltration layer and matrix are similar, and both of them 
consist of high frequency induced reactance arc, capacitive 
reactance arc and low frequency small capacitive reactance 
arc. The radius of the high frequency capacitive reactance 
arc is positive correlation with the corrosion resistance of 
compounds during electrochemical reactions, so the casting-
infiltration layer with a larger radius of capacitance reactance 
arc has a higher corrosion resistance.

In the 3.5wt.% NaCl solution, the polarization curve of 
the matrix is similar to that in 1 mol·L-1 H2SO4 solution, but 
the polarization curve of the casting-infiltration layer varies 
greatly, as shown in Fig. 6(c). When the potential increases 
to the self-corrosion potential of -0.58 V of the casting-
infiltration layer, the anodic polarization occurs, and then the 
electrochemical reactions convert into a passivation state with 
the potential further rising to -0.50 V. 

In contrast to the ZG45 steel matrix, an increment of 120 mV 

in the self-corrosion potential also indicates that the casting-
infiltration layer has a higher resistance to corrosion attack. By 
comparing the AC impedance curves in 3.5wt.% NaCl solution 
in Fig. 6(d), the casting-infiltration layer with a larger radius 
of capacitance-reactance arc is also ascertained to have an 
improved corrosion resistance compared to the matrix.

Additionally, static corrosion tests were carried out to 
investigate the corrosion resistance of the casting-infiltration 
layer by simulating a seawater environment in 10wt.% NaCl 
solution. According to the weight changes in samples before and 
after corrosion, the weight loss per unit area was calculated, and 
the variation curve of the corrosion rates is plotted in Fig. 7(a). 
With the extension of dipping time, the corrosion velocity of 
the casting-infiltration layer decreases at first and then increases 
gradually. A passivation film should be formed on the surface 
of the casting-infiltration layer in the starting stage, which 
slows down the corrosion process at lower rates. However, with 
the extending of immersion time, part of surface passivation 
film dissolves and the corrosion rate slightly increases. 
Comparatively, the corrosion rate of the matrix rapidly increases 
with the increasing immersion time, showing that there is no 
passivation film formed on the surface of the matrix. Figures 
7(b) and (c) show the morphology of the eroded samples after 
dipping for 480 h. The surface of ZG45 steel matrix is filled with 
erosion holes, and some of them expand and connect with each 
other to form deep gullies, causing serious damage to the matrix 
[Fig. 7(b)]. Nonetheless, there are no obvious traces of corrosion 

Fig. 6: Polarization (a, c) and AC impedance (b, d) curves of Ni-35wt.%Ti layer and ZG45 steel matrix in 
1 mol·L-1 H2SO4 solution (a, b) 3.5wt.% NaCl solution (c, d)

(a) (b)

(c) (d)
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on the surface of the casting-infiltration layer [Fig. 7(c)]. It can 
be concluded that the casting-infiltration layer forms a good 
metallurgical bonding with ZG45 steel matrix, and provides an 
adequate protection for ZG45 steel against corrosion. 

4 Conclusions 
Ti-Ni alloy powders were prepared by vacuum melting and 
atomization technology, and then were coated on the cavity 
wall of a sand mold, where the molten steel was poured. 
During casting and solidification processes, a lot of heat 
was released to melt the alloy powders, and accelerated the 
diffusion and reactions between the alloy powders and the steel 
matrix, forming a casting-infiltration layer, namely a protective 
coating. 

(1) When the alloy powder containing 35wt.% Ti and the 
pouring temperature of the steel is 1,650 °C, an optimum casting-
infiltration layer with a thickness of ~7 mm is obtained, which 
forms a good metallurgical bonding with the steel matrix. 

(2) The casting-infiltration layer was mainly composed of 
stable Fe2Ti, γ-(Fe, Ni) solid solution and a small amount of 
metallic Ti gathered around Fe2Ti phase. 

(3) In 3.5wt.% NaCl and 1 mol·L-1 H2SO4 solutions, the cast-
infiltration layer has a higher self-corrosion potential, and thus 
possesses an enhanced corrosion resistance compared with 
the matrix, which is also ascertained by a larger capacitance-
reactance arc radius of the casting-infiltration layer. 

(4) In static corrosion tests in 10wt.% NaCl, a passivation 
film is formed on the surface of the casting-infiltration layer, 
which hinders or slows down the corrosion reactions, so there 
are no obvious traces of corrosion on the surface of casting-
infiltration layer after dipping for 480 h. However, many 
corrosion holes and a small number of transverse grooves 
appear on the ZG45 steel matrix.
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