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A compact TiC-Fe gradient coating with high hardness and toughness has
been fabricated on cast iron by two-step in situ reaction. The phase constitu-
tion of the coating was TiC and a-Fe. As the thickness of the coating was
increased, the size (about 6.34 lm to 0.54 lm) and volume fraction of TiC
particles gradually decreased. The formation mechanism of TiC was nucle-
ation-growth of TiC grains (the first step of the in situ reaction) and the
diffusion-type solid-phase transition via diffusion of carbon atoms into the
titanium lattice (the second step of the in situ reaction). From the surface of
the coating to the coating–substrate interface, the hardness and elastic mod-
ulus gradually decreased from 30.74 ± 0.61 GPa and 438.47 ± 4.82 GPa to
21.67 ± 1.03 GPa and 380.71 ± 5.86 GPa, respectively. Meanwhile, the frac-
ture toughness gradually increased from 3.21 MPa m1/2 to 6.75 MPa m1/2.

INTRODUCTION

In practical engineering applications, many com-
ponents are usually subjected to severe working
conditions such as high speed, high pressure, and
heavy load. The surface of the part is subjected to
strong wear and impact loads for a long time,
resulting in failure. Transition-metal carbides are
widely used as a protective coating on mechanical
parts due to their high hardness, excellent wear
resistance, and good corrosion resistance, greatly
extending the service life of tools and machines.1–3

Although the abrasion resistance of the surface of
the component can be improved by increasing the
hardness, this leads to a decrease in toughness. For
engineering structural components, it is critical to
have both high strength and high toughness, but
unfortunately, strength and toughness are often
conflicting properties characteristics.4,5 To break
this inverse relationship between strength and
toughness, many strategies have thus been applied
to improve the strength and toughness of the

coating simultaneously. These mainly include con-
structing a gradient structure,6 triggering phase-
transformation toughening,7 incorporating a high-
toughness phase,8 or forming a nanostructure com-
posite coating.9–11 Among these methods, the prepa-
ration of a gradient structure coating on the metal
surface is considered to be one of the most effective
ways to achieve enhanced hardness yet high tough-
ness coatings.6,12,13 Compared with traditional uni-
form ceramic coatings, gradient structured coatings
offer unique advantages:14–18 (1) a gradient varia-
tion of the microstructure from the surface of the
coating to the substrate, reducing the stress in the
internal structure of the coating, (2) improved
fracture toughness of the coating, and (3) a gradient
connection at the interface, which can significantly
reduce the interface mismatch stress, thereby
improving the interfacial bonding strength between
the coating and substrate. To date, many surface
modification techniques have been used to prepare
such gradient coatings, including laser cladding
(LC),19,20 plasma spraying (PS)21–23 and
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thermoreactive deposition and diffusion (TRD).24,25

The LC technique uses a laser beam to simultane-
ously melt the coating material and the surface of
the substrate with rapid solidification to form a
surface coating. A gradient coating is then prepared
by changing the proportion of the precoated powder
and placing it on the surface of the coating prepared
in the previous step and cladding. Shi et al.19 used a
LC method to prepare a gradient composite coating
on 20CrMnTi low-carbon alloy steel substrate. The
coating and substrate exhibited a good interfacial
transition, and the wear resistance of the gradient
composite coating was enhanced by 36.4-fold com-
pared with the steel substrate. In the PS technique,
a plasma arc is used to heat a precoated powder to a
molten or semimolten state and spray it onto the
surface of the workpiece at high speed to form a
surface coating, during which a gradient coating can
be prepared by changing the ratio of the powder.
Rezapoor et al.21 successfully prepared a TiC-Fe
gradient coating on 45 steel substrate using PS
technology. From the surface of the coating to the
substrate, the volume fraction of TiC particles
decreased from 100% to 25%, which significantly
reduced the residual stress at the interface between
the coating and substrate and improved the inter-
facial bonding strength. In TRD, the substrate
material is immersed in a bath of molten borax
containing associated strong carbide-forming ele-
ments such as vanadium, titanium, and niobium,
which react with carbon atoms in the substrate;
then, as the reaction proceeds, the nucleation
density decreases and the grain size increases,
thereby forming a gradient coating. Fan et al.25

used the TRD technique to prepare a vanadium
carbide gradient coating with a thickness of only
8 lm on AISI H13 steel substrate. Although these
preparation techniques can be used to prepare
gradient coatings, they still suffer from many
disadvantages. For LC, the grains are prone to
coarsening during solidification and the volume
fraction of the carbide reinforcement is limited.
With PS, the coating typically has a porous struc-
ture which reduces the hardness and wear resis-
tance of the coating.22 Meanwhile, TRD is only used
for the preparation of thin coatings.24,25 Therefore,
it is necessary to develop new techniques for the
preparation of gradient structure coatings owing to
their interest for toughness, wear resistance, and
extended applications.

In the work described herein, a compact TiC-Fe
gradient coating with high hardness and toughness
was successfully fabricated on cast iron by two-step
in situ reaction. The microstructure exhibited a
significant gradient in the grain size and volume
fraction of TiC particles in the thickness direction of
the coating. The coating–substrate interface pre-
sented a perfect metallurgical bond because of the
in situ formation of TiC particles. Moreover, the
TiC-Fe gradient coating achieved superhardness
(30.74 GPa to 21.67 GPa) and excellent toughness

(3.21 MPa m1/2 to 6.75 MPa m1/2) due to the gradi-
ent transformation of the microstructure and excel-
lent interfacial bonding.

EXPERIMENTAL PROCEDURES

Preparation of TiC-Fe Gradient Coating

A rolled titanium (99.9%) plate was selected as
the titanium source. Gray cast iron with chemical
composition of Fe-3.21C-1.050Mn-1.320Si-0.077P-
0.240Cr (in wt.%) was used as the substrate mate-
rial. The procedure for the production of the spec-
imen was as follows: First, the titanium plate
(10 mm 9 10 mm 9 1 mm) and iron substrate
(10 mm 9 10 mm 9 5 mm) were ground using SiC
sandpaper and ultrasonically cleaned in absolute
ethyl alcohol for 10 min. Second, the cast iron with
the titanium plate on top was first heated up to
1160�C in a horizontal tube furnace at a heating
rate of 5�C/min. Subsequently, it was immediately
cooled to 1085�C with the furnace (the first step of
the in situ reaction). The temperature was held for
2 h. Finally, the sample was immediately quenched
in water (the second step of the in situ reaction).

Microstructural Characterization

To characterize the microstructure, the produced
specimen was ground and polished. The phase
constituents on the cross section and surface of the
specimen were determined by x-ray diffraction
(XRD) analysis (SmartLab 9 kW; Rigaku, Japan).
The cross-sectional microstructure of the TiC-Fe
gradient coating was examined by scanning electron
microscopy (SEM; Zeiss, Germany) equipped with
energy-dispersive spectroscopy (EDS) and electron
backscattered diffraction analysis (EBSD; Nordlys-
Nano, Oxfordshire, UK). EBSD data including a
band contrast map, phase map, pole figure, and
inverse pole figure were obtained using HKL Chan-
nel 5 software. In addition, the crystal structure and
interface lattice correlation between different
phases were investigated by field-emission trans-
mission electron microscopy (TEM, JEM-3010).

Property Testing

The hardness (H) and elastic modulus (E) in the
cross section of the coating were measured using a
Nanoindenter G200 (Agilent, Oak Ridge, USA) with
a test force of 450 mN. Based on the maximum
indentation depth (hmax) and residual indentation
depth (hr) obtained from the load–displacement
curve, the plastic deformation rate (Dp) of the
coating was calculated using the following
formula:26

Dp ¼ hr=hmaxð Þ � 100%: ð1Þ

In addition, the indentation morphology, crack
length, and half-diagonals of the indentation
imprint were characterized by SEM. Based on the
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values of the hardness, elastic modulus, crack
length (l), and half-diagonals of the indentation
imprint (a) obtained by the nanoindentation
method, with respect to the Palmqvist crack config-
uration, the fracture toughness (KIC) of the TiC-Fe
gradient coating was evaluated using the following
equation:6,27,28

KIC ¼ k
a

l

� �1=2 E

H

� �2=3 P

C3=2
; ð2Þ

where k is a constant (k = 0.016), P is the applied
load (N), and C is the total length of a and l.

RESULTS AND DISCUSSION

Microstructure and Phase Composition

Figure 1a presents the XRD results obtained from
the cross-section of the as-fabricated sample, reveal-
ing a phase composition of graphite (G), a-Fe, Ti,
and TiC. Since the remaining titanium plate was
not ground off before XRD analysis, the diffraction
peak for metal Ti is observed in Fig. 1a. The
appearance of G and a-Fe phases is attributed to

the iron substrate, because it contains graphite
flake and ferrite. To further understand the phase
composition of the coating, the remaining titanium
plate was ground off before the surface of the
coating was analyzed by XRD. As illustrated in
Fig. 1b, the XRD pattern of the surface of the
carbide coating contained only TiC phase, indicating
that the topmost surface of the coating was a layer
of almost pure TiC. The XRD results for TiC are in
good agreement with previously published
reports.27,29–32

Figure 2a displays the representative cross-sec-
tional microstructure of the as-fabricated sample. A
newly generated TiC-Fe layer with thickness of
approximately 31.8 ± 0.46 lm is clearly observed
between the titanium plate and iron substrate. The
interface between the TiC coating and the substrate
exhibits good metallurgical bonding, with no cracks
or voids observed. Additionally, it is apparent that a
significant microcrack is present between the layer
cross section and the remaining titanium plate. This
is caused by the concentration of residual stress at
the interface. Since the thermal expansion coeffi-
cients of the pure Ti (10.2 9 10�6/K) and TiC phase

Fig. 1. (a) Cross-section XRD pattern of specimen and (b) surface XRD pattern of carbide coating.

Fig. 2. (a) SEM morphology and (b) EDS element distribution maps for the cross section of the as-fabricated sample.
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(7.74 9 10�6/K) are very different, when the sample
is quenched in water after heat treatment, a large
tensile stress is generated at the interface between
the titanium plate and the TiC layer, which causes
interface cracking between the titanium and the
coating. For this reason, the remaining titanium
plate on the surface of the coating is easily peeled
off, which indicates that the process is ideal for the
preparation of iron-based surface coatings. Further-
more, to achieve a good understanding of the
chemical composition of the coating, EDS analysis
was carried out on the cross section of the as-
fabricated sample. Figure 2b presents the EDS
element mapping images of the coating, revealing
that the white phase in the coating (Fig. 2) is a-Fe
phase. The EDS results are in good agreement with
the XRD results in Fig. 1a. Moreover, the a-Fe
phase exhibits a gradient distribution from the
interface of the Ti/TiC-Fe coating to the TiC-Fe
coating/substrate interface. Thus, the TiC-Fe gradi-
ent coating can be successfully prepared on the
surface of the iron substrate.

To further investigate the phase distribution, the
morphology of the TiC particles, and the orientation
of the TiC and a-Fe phases, EBSD characterization
was carried out on the cross section of the TiC-Fe
gradient coating (Fig. 3). In Fig. 3a, the TiC grains
are equiaxed, and the grain size decreases gradually
from about 6.34 lm to 0.54 lm with depth, forming
a gradient microstructure. Figure 3b reveals that
the TiC-Fe gradient coating consisted of a harder
TiC phase with a small amount of a-Fe phase,
consistent with the XRD (Fig. 1) and EDS results
(Fig. 2b). The volume fraction of TiC phase in the
coating was estimated to be approximately 86% by
EBSD. Figure 3c displays the growth orientation of
the TiC particles in the coating, while the specific
growth direction of the TiC particles can be deter-
mined based on the inverse pole figure. In addition,
the growth orientation of the crystal can also be
represented by pole figures, which show the orien-
tation of a family of crystal faces in space on a
spatial stereo projection, as shown in Fig. 3d and e.
This result reveals that the crystal orientations of

Fig. 3. EBSD patterns on cross section of TiC-Fe gradient coating: (a) band contrast map, (b) spatial distribution of TiC and a-Fe phase, (c)
crystallographic orientation map and inverse pole figure; and pole figures of (d) TiC and (e) a-Fe phase. The curve of grain size as a function of
depth is inserted in (a).
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the TiC and a-Fe phases in the TiC-Fe gradient
coating were randomly distributed. The grain
boundaries can be described by the misorientation
angle. Figure 4 displays the misorientation angle
distributions of the grain boundaries of TiC parti-
cles obtained from the cross section of the coating
shown in Fig. 3a. The misorientation between the
TiC grains is mainly distributed in the range from
0� to 65�, with a clear high preference for orienta-
tion angles between 0� and 2.5�, indicating that the
grain boundaries between TiC particles are mainly
small-angle grain boundaries (< 10�).

To further identify the phase composition and
lattice structure in the TiC-Fe gradient coating,
TEM measurements were performed at different
positions on the cross section of the coating
(Fig. 2a). Figure 5a represents bright-field TEM
images taken at position ‘‘A’’ in Fig. 2a. The corre-
sponding selected-area electron diffraction (SAED)
pattern is indexed as the diffraction pattern of face-
centered cubic (fcc) TiC along the ½011� zone axis
(Fig. 5b). Figure 5c presents a HRTEM image taken
between two adjacent TiC particles (Fig. 5a) with
interplanar spacing of 0.2473 nm and 0.2516 nm,
respectively, which can be indexed as the (111)
lattice plane of TiC. Moreover, note that the TiC
grain boundary is metallurgically bonded and semi-
coherent. Figure 5d presents a bright-field TEM
image taken at position ‘‘B’’ in Fig. 2a. Based on the
SAED and HRTEM images (Fig. 5e and f), it can be
identified that the a-Fe phase is distributed along
the grain boundaries of the TiC particles. This
indicates that no other phase (Fe2Ti and FeTi) is
formed during the in situ reaction, consistent with
the XRD and EBSD results. The corresponding
lattice interface relationship between the TiC and a-
Fe phases is a semicoherent interface. Figure 5g
shows a bright-field TEM image taken at the TiC-Fe
coating/substrate interface. The corresponding
SAED pattern identifies the two constituent phases
as body-centered cubic (bcc) a-Fe and fcc TiC. Thus,
the phase composition of the TiC-Fe gradient

coating is mainly TiC phase with a-Fe phase
distributed along the grain boundaries of the TiC
particles. Moreover, the microstructure exhibits a
significant gradient in the grain size and volume
fraction of TiC particles in the thickness direction of
the coating, consistent with the SEM (Fig. 2a) and
EBSD (Fig. 3a) results.

Based on the above analysis of the microstruc-
ture, it is evident that the TiC-Fe coating presented
the structural characteristic of a gradient distribu-
tion of particle size and volume fraction of TiC. A
similar structure has been reported in previous
studies6,19,21 and can reduce the thermal mismatch
stress concentration at the interface between the
coating and substrate. Moreover, the gradient vari-
ation of the coating can significantly improve the
bonding strength of the interface between the
coating and substrate as well as the fracture
toughness of the coating.

Formation Mechanism of TiC-Fe Gradient
Coating

In this study, the TiC-Fe gradient coating was
fabricated on cast iron by two-step in situ reaction
(1160�C + 1085�C 9 2 h). The microstructure was
completely dense, consisting of TiC particles
(� 86%) and a-Fe phase. The morphology, size,
and volume fraction of the TiC particles presented
a gradient change with increasing coating thick-
ness. The formation of the TiC-Fe gradient coating
can be illustrated as follows: During the first step of
the in situ reaction, when the temperature is less
than 1148�C, carbon atoms hardly diffuse due to the
simple mechanical contact between the cast iron
and titanium plate. When the temperature lies
between 1148�C and 1160�C, the cast iron melts to
form a Fe-C molten pool, and the titanium atoms
desolventize from the titanium plate into the molten
pool, thereby forming a Ti-Fe-C ternary system
molten pool between cast iron and titanium. Based
on thermodynamic calculations,27,33 Ti has a large
negative energy of formation (� 166.17 kJ/mol,
1160�C) with C than that of Fe element in the melt
pool. Therefore, [Ti] and [C] have a great driving
force to form [TiC], namely [Ti] + [C] = [TiC]. Dur-
ing the cooling process (1160�C to 1080�C), [TiC]
rapidly precipitates, nucleates, and grows from the
melt, while at the same time, a-Fe is distributed
along the grain boundaries of the TiC particles to
form a thin TiC-Fe layer. During this process, the
formation mechanism of TiC is nucleation–growth
of TiC grains. The purpose of the first step of the
in situ reaction is to form a good metallurgical bond
at the interface of the titanium and iron, to promote
the interfacial transport of carbon atoms. In the
second step of the in situ reaction, since both the
cast iron and titanium are solid, the formation of the
TiC-Fe layer is controlled by the diffusion of carbon
atoms. This is because the radius of the carbon atom
(RC = 0.91 Å) is smaller than that of the titanium

Fig. 4. Misorientation distribution for TiC particles.
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Fig. 5. TEM images of TiC-Fe gradient coating: (a) bright-field TEM image taken at position ‘‘A’’ in Fig. 2(a); (b, c) corresponding SAED pattern
of TiC particle and HRTEM pattern of TiC/TiC interface as indicated in (a); (d) bright-field TEM images taken at position ‘‘B’’ in Fig. 2(a); (e, f)
corresponding SAED pattern of a-Fe phase and HRTEM pattern of a-Fe/TiC interface as indicated in (d); (g) bright-field TEM images taken at
position ‘‘C’’ in Fig. 2(a); (h, i) corresponding SAED patterns of TiC and a-Fe phase as indicated in (g).

Fig. 6. (a) Tetrahedral and (b) octahedral clearances in the unit cell of bcc b-Ti. (c) Unit cell of fcc TiC.
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atom (RTi = 2.0 Å), so the diffusion rate of carbon
atoms in the TiC-Fe layer is greater than that of
titanium atoms.34 The ratio of the radius of the C
atom to the Ti atom is

RC

RTi
¼ 0:91

2:0
¼ 0:455: ð3Þ

As shown in Fig. 6a and b, the radius of the
tetrahedral and octahedral clearances along the
<100> direction in the crystal lattice of bcc b-Ti is
0.291Rb-Ti and 0.154Rb-Ti, respectively, being insuf-
ficient to hold a carbon atom. However, the radius of
the octahedral clearances along the <110> direc-
tion in the crystal lattice of bcc b-Ti is 0.633Rb-Ti,
which is sufficient to hold a carbon atom. Due to
effective strain relief, carbon atoms preferentially
occupy octahedral vacancies.27 Therefore, carbon
atoms diffuse into the titanium lattice to form face-
centered cubic (fcc)-structured TiC via a diffusion-
type solid-phase transition (Fig. 6c), whose reaction
can be expressed as Ti + C = TiC. At the same time,
Fe atoms are distributed at the TiC grain bound-
aries by diffusion. As the reaction progresses, the
thickness of the TiC-Fe layer increases continu-
ously, resulting in a decrease in the diffusion rate of
carbon atoms and Fe atoms. Therefore, the nucle-
ation density of TiC gradually decreases, while the
grain size of TiC particles gradually increases.
Furthermore, Zhang et al.31 found that the size of
the TiC particles increased with decreasing iron
content, which may be because the a-Fe phase
inhibits grain growth by preventing grain boundary
migration during heat conduction, resulting in
grain refinement.35 Thus, the sizes of the TiC
particles are mainly determined by the nucleation
density (carbon concentration) and the a-Fe content.
The formation mechanism of the TiC particles is the
diffusion-type solid-phase transition via the diffu-
sion of carbon atoms into the titanium lattice (the
second step of the in situ reaction). The formation
mechanism of the TiC-Fe gradient coating is the
change of the TiC nucleation density caused by the
carbon concentration gradient.

Compared with previous work,29,30 relatively fine
TiC particles could be obtained here because the
microstructure was ‘‘frozen’’ and the movement of
the grain boundaries was suppressed.36 In addition,
due to the difference in thermal expansion coeffi-
cient between titanium and TiC, interface cracking
between the titanium and TiC-Fe layer was
obtained by controlling the cooling method, while
the coating and substrate still represent a good
combination. Subsequently, the remaining titanium
plate was easily peeled off using pliers. Local
adhesion of titanium to the surface of the coating
usually occurred but could be removed by simple
mechanical polishing. Therefore, this process is an
ideal method for preparing iron-based surface gra-
dient coatings.

Mechanical Properties and Toughening
Mechanism of TiC-Fe Gradient Coating

In a coating/substrate system, the strength and
toughness of the coating are important parameters
that determine its service environment and ability
to withstand the impact load. Therefore, the nanoin-
dentation method was used to evaluate the H, E,
KIC, and deformation behavior of the TiC-Fe gradi-
ent coating. Figure 7a presents the distribution of H
and E as a function of coating thickness. From the
surface of the coating to the coating/substrate
interface, the values of E and H gradually decreased
from 30.74 ± 0.61 GPa and 438.47 ± 4.82 GPa to
21.67 ± 1.03 GPa and 380.71 ± 5.86 GPa, respec-
tively. Generally, the hardness of TiCx varies with
the Ti/C stoichiometry.37,38 However, in this work,
due to the high carbon content in the cast iron
(3.21 wt.%), there was sufficient carbon to react
with titanium to form TiC by in situ reaction.
Hence, the gradual decrease in H and E is primarily
dependent on the gradient variation of the size and
volume fraction of the TiC particles in the TiC-Fe
coating. The H and E values obtained for the surface
of the coating were approximately eight times those
of the iron substrate (3.54 GPa and 163.56 GPa,
respectively). Thus, the TiC-Fe gradient coating
significantly improved the hardness of the surface of
the iron substrate. Figure 7b displays the corre-
sponding load–displacement curve. Pop-in is seen
during the loading process, indicating that the
coating cracked under the action of the load.39 In
addition, based on the maximum indentation depth
(hmax) and residual indentation depth (hr) obtained
from the load–displacement curve, the plastic defor-
mation rate of the TiC-Fe gradient coating can be
evaluated (Eq. 1). For indentation 1, indentation 2,
and indentation 3, the degree of plastic deformation
of the TiC-Fe gradient coating was approximately
63.97%, 66.71%, and 70.62%, respectively. Com-
pared with the iron substrate (88.75%), the elastic
deformation of the TiC-Fe gradient coating was
improved, but it still exhibited better plastic defor-
mation. This is because the coating contained a
small amount of high-toughness a-Fe phase.

Figure 8 presents the corresponding nanoinden-
tation imprint at different positions on the cross
section of the TiC-Fe gradient coating. It can be
observed that the cracks only originate at the
corners of the indentation parallel to the coating,
with no cracks appearing at the corners of the
indentation at 90� to the coating. Moreover, the
crack at the corners of the indentation parallel to
the coating does not propagate in the direction of
the corners of the indentation but rather parallel to
the direction of the coating. A similar phenomenon
is observed in TaC-reinforced iron-based surface
composites.40 This may be because the coating
exhibits a gradient variation in the thickness direc-
tion, while the layers are uniform in the direction
parallel to the coating surface. Moreover, the TiC-Fe
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gradient coating has a certain layered orientation,
and there is a certain anisotropy macroscopically,
which will cause the coating to resist anisotropic
crack propagation. Therefore, the crack propagation
resistance in the direction parallel to the surface of
the coating is weaker than that in the direction
vertical to the coating, so it is easier to initiate
cracks parallel to the coating surface under load.
The crack length (L) and the half-diagonals of the
indentation imprint (a) were measured using SMile-
View software. Using the values of H, E, L, and a in
Eq. 2, for indentation 1, indentation 2, and inden-
tation 3, the KIC values of the TiC-Fe gradient
coating were determined to be 3.21 ± 0.38 MPa m1/

2, 4.02 ± 0.46 MPa m1/2, and 6.75 ± 0.53 MPa m1/2,
respectively. These results suggest that the tough-
ness was significantly dependent on the microstruc-
ture and phase composition of the TiC-Fe gradient
coating. The gradual decrease in the toughness
value is related to the gradient distribution of TiC
particles (grain size and volume fraction) and a-Fe
phase in the coating.

To further understand the toughening mecha-
nism of the TiC-Fe gradient coating, the crack
propagation path in the indentation morphology
was analyzed. As shown in Fig. 8a, radial and
circumferential cracks were observed at the corners
of the indentation and the indentation edges,
respectively. Moreover, crack deflection was also
seen during radial crack propagation. When the
coating is subjected to the load, the material around
the indenter undergoes a sharp deformation, form-
ing a large strain stress field.41 To release energy,
some areas of stress concentration initiate radial
cracks. To maintain the driving force for crack
propagation, the crack tends to be weak interface
cracking (grain boundary/phase boundary).42 Based
on the EBSD and TEM characterization (Figs. 3 and
5c), the TiC particles showed no significant growth
orientation in the coating. Therefore, when the
crack tip encounters a TiC/TiC grain boundary, it

will propagate along the grain boundary due to the
interface mismatch; namely, the crack will be
deflected. Such crack deflection causes an increase
in the total crack propagation path, thereby reduc-
ing the driving force for crack propagation. The
circumferential cracks form around the indentation
because the size of the TiC particles is approxi-
mately 5 lm to 6 lm while the size of the indenta-
tion is only about 5 lm, so the indenter is almost
inside the TiC particles rather than at the grain
boundaries, thus creating a larger circumferential
compressive stress around the indenter. In addition,
when the crack tip encounters the tough a-Fe phase,
the tough phase is deformed so that the stress field
at the crack tip is relaxed, the crack is passivated,
and the crack propagation is suppressed (Fig. 8b
and c). When the plastic dissipation of the ductile
phase is insufficient to offset the crack tip extension
driving force, crack bridging with the a-Fe phase as
the bridging phase is easily formed.27,41 Therefore,
in addition to its own toughness contribution, the a-
Fe phase can also achieve the purpose of toughening
by changing the crack propagation path.

In summary, this TiC-Fe gradient coating pre-
pared by an in situ reaction method achieved
comprehensive mechanical properties in terms of
hardness, elastic modulus, and toughness in com-
parison with other hard ceramic coatings.3,6,13,18,43

The improvement of the mechanical properties is
mainly attributed to the high volume fraction of
hard TiC phase particles (about 86%), the small
amount of the high-toughness a-Fe phase, and the
gradient variation of the microstructure, which may
increase the load-carrying capacity of the TiC-Fe
gradient coating.

CONCLUSION

A compact TiC-Fe gradient coating with high
hardness and fracture toughness was successfully
fabricated on cast iron by two-step in situ reaction
(1160�C + 1085�C 9 2 h). The TiC-Fe gradient

Fig. 7. (a) Nanoindentation hardness and elastic modulus distributions and (b) corresponding load–displacement curves of TiC-Fe gradient
coating along the depth direction.
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coating comprised TiC and a-Fe phases. The coating
showed a gradient structure: from the surface of the
coating to the substrate, the size of the TiC particles
gradually reduced from about 6.34 lm to 0. 54 lm
while the volume fraction of TiC gradually
decreased. The formation mechanism of TiC parti-
cles is the nucleation–growth of TiC grains (the first
step of the in situ reaction) and the diffusion-type
solid-phase transition via diffusion of carbon atoms
into the titanium lattice (the second step of the
in situ reaction). The formation mechanism of the
TiC-Fe gradient coating is the change of TiC
nucleation density caused by the carbon concentra-
tion gradient. From the surface of the coating to the
coating/substrate interface, the values of the hard-
ness and elastic modulus gradually decreased from
30.74 ± 0.61 GPa and 438.47 ± 4.82 GPa to
21.67 ± 1.03 GPa and 380.71 ± 5.86 GPa, respec-
tively. However, the value of the fracture toughness
of the TiC-Fe gradient coating gradually increased
from 3.21 MPa m1/2 to 6.75 MPa m1/2. This high
hardness can mainly be attributed to the second-
phase strengthening effect of the high volume
fraction of the hard TiC phase hindering the
dislocation motion under the applied load. The high
toughness is mainly attributed to the gradient
transformation of the microstructure and the crack
passivation, crack deflection, and crack bridging
caused by the high-toughness a-Fe phase, which
reduces the crack propagation driving force.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the National
Natural Science Foundation of China (Grant No.

51704232), Key-point Research and Invention Pro-
gram of Shaanxi Province (Grant No. 2017ZDXM-
GY-032), International Research Center for Com-
posite and Intelligent Manufacturing Technology
(Grant No. 2018GHJD-17), and Innovation Capa-
bility Support Program of Shaanxi Province (Grant
No. 2019-TD019).

REFERENCES

1. J. Xiong, Z. Guo, M. Yang, W. Wan, and G. Dong, Ceram.
Int. 39, 337 (2013).

2. M. Zhang, X. Liu, H. Shang, and J. Lin, Surf. Coat. Technol.
362, 381 (2019).

3. Q. Wang, F. Zhou, Q. Ma, M. Callisti, T. Polcar, and J. Yan,
Appl. Surf. Sci. 443, 635 (2018).

4. R.O. Ritchie, Nat. Mater. 10, 817 (2011).
5. F. Bouville, E. Maire, S. Meille, B. Van de Moortele, A.J.

Stevenson, and S. Deville, Nat. Mater. 13, 508 (2014).
6. X. Cai, Y. Xu, M. Liu, L. Zhong, and F. Bai, J. Alloys Compd.

712, 204 (2017).
7. K. Yalamanchili, I.C. Schramm, E. Jiménez-Piqué, L. Rog-
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