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Abstract: An in situ synthesis method was developed to produce a Ni alloy composite coating reinforced by in situ reacted TiN and

TiB, particles using argon arc cladding (AAC) with different molar ratios of BN/Ti on a 35CrMnSi steel substrate. The

microstructures of the clad coatings were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). Results show that the phases of the coating are TiN, TiB,, TiB, Cr»;Csand y-Ni. As the

BN/Ti ratio increases, the needle-like TiB phase almost disappears and the number of rod-like TiB, particles increases. Their shape

become smaller. The computed results show that the nucleation driving force of the major reinforcing phases from low to high is

TiN-TiB,-TiB at different test temperatures. Moreover, the growth mechanism of the phases was discussed in the Ti-BN-Ni system.

When the BN/Ti molar ratio is 0.67 the clad coating shows the highest average micro-hardness and excellent wear resistance at room

temperature under normal atmosphere conditions.
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In situ synthesized metal matrix composites (MMCs) with
steel matrix and ceramic particle reinforcement are prepared
for performance application in wear-resistant, anti-corrosion
and antioxidant materials!"*. TiB, is an excellent structural
ceramic material with a high hardness and modulus, relatively
low specific gravity, low electrical conductivity, etc!®.
However, it has shortcomings that restrict its widespread use
for advanced applications including poor

deformability, poor oxidation resistance and poor corrosion

structural

resistance'”'”. The addition of TiN offers good resistance to

M Several

oxidation and excellent corrosion resistance
coating deposition techniques including reaction sintering,
reactive hot pressing, plasma spraying, laser cladding, high
energy ball milling and self-propagating high-temperature
synthesis (SHS) have been used to fabricate TiN-TiB,
composites!'*"®. Oliker et al.'"”! employed TiB,, TiB and TiN
phase formation of detonation coatings sprayed from
mechanically alloyed Ti-50AI-25B powder. The effects of the

BN/Ti molar ratio on the self-propagating high-temperature
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synthesis reaction behaviors and final products in the Ti-BN
system were studied experimentally by Zhan et al.'''l. The
grains of the TiB, and TiN phases were finer with increasing
BN/Ti ratio. Kodama et al.”*! applied a thermal spray by
chemical reaction between Ti and BN particles to make
composite coatings of TiN and TiB,. The character of the
mixing layer indicated that the depth profiles depended on the
substrate material. Laser claddings were also employed on the
TiB,-TiN coating to obtain enhanced mechanical properties on
titanium alloy surface®'*?. However, the plasma transferred
arc (PTA) technique with argon nitrogen mixtures in the
plasma and shielding gas are another effective choice to
produce TiB,-TiN composite coatings>".

Argon arc claddings (AAC) are an specially promising
technique for fabricating the coating of the particulate
reinforced metal matrix composites in recent years”**!
Versus these techniques, the AAC equipment is cheaper, more
productive and low cost. It is easy to operate and popula-
rize®. Thus, AAC can be used for surface reinforcement
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technique. Lin et al.”*” investigated a gas tungsten arc welding
(GTAW) method and tungsten boride powder on a Ti-6Al-4V.
The WB clad layer exhibited excellent wear resistance. Until
recently, there has been no report into in situ synthesized
TiN-TiB,/Ni composite coating using AAC. Thus, the aim of
this paper was to experimentally investigate the effect of
BN/Ti ratio on the reaction behaviors via the AAC method and
to study the microstructure and formation mechanism.

1 Experiment

1.1 Argon arc cladding process

The nominal chemical composition of 35CrMnSi steel
substrate material used in this study is shown in Table 1, and
the tensile strength reaches 1600 MPa through isothermal
quenching treatment. The dimensions were 60 mmx20 mmx
10 mm. The surface of the 35CrMnSi steel was polished with
an abrasive paper for metallography. This was thoroughly
washed in acetone and alcohol. Titanium powders (99.0%
purity, ~30 um), BN (99.0% purity, 1.2 um) and Ni60A (150~
320 pm) were used as raw materials for the coatings. The
component ratios of the Ni60A powder are listed in Table 2.
The powders were proportioned in molar ratios of BN/Ti=
0.33, 0.5, 0.67, 1.0. The mass ratio of Ni60 and (Ti+BN) was
80:20. These powders were dry-mixed for 6 h in a planetary
ball mill (type, DECO-PBM-V-2L-A) and then made into
round bar samples. Then coatings were carried out by
MW3000 Digital Tungsten Inert Gas welding machine with
the operating welding current 120 A, argon flow rate 12 L/min,
and welding speed 120 mm/min.
1.2 Characterization

The phase structures of the cladding were analyzed by
X-ray diffraction (type, XD-2) using Cu Ko radiation (1=
0.154 nm). A scanning electron microscope (SEM, MX-2600)
equipped with an energy dispersive spectrometer (EDS) was
used to evaluate the cross-sectional morphologies and
chemical composition analysis of the clad coatings. Samples
for transmission electron microscopy (TEM) were cut from the
cladding coating. Subsequently, they were polished to a 100 um
thickness with SiC paper. Finally, the samples were punched to
3 mm disc samples and dimple ground to 20 um thickness.
TEM observations were performed using a Tecnai G2 F20
TEM operating at 200 k'V.
1.3 Performance testing

The micro-hardness of composite coating along the depth of
the cross-section was measured by a MHV-2000 type micro

Table 1 Chemical composition of 35CrMnSi alloy steel (wt%)
C Cr Mn Si S P Fe
0.312 1.15 1.05 1.08 0.03 0.12 Bal.

Table 2 Chemical composition of Ni60A powder (wt%)
Cr Si Fe C B Ni
15.25 4.18 3.8 0.68 3.2 Bal.

Vickers. The load was 4.90 N and loading time was 10 s. The
friction and wear experiments were done without lubrication
at the room temperature and normal atmosphere conditions
using a MMS-2A tester. The test coating specimens were
machined with size of 10 mmx5 mm x5 mm. A GCrl5 steel
with the hardness of HRC60 was used as the friction
counterpart and a tangential cyclic motion was applied to the
coatings. The wear conditions were a normal load of 200 N, a
sliding speed of 200 r/min, and the time of abrasion of 60 min.

2 Results and Discussion

2.1 XRD analysis

XRD patterns of BN and Ti clad coatings of different molar
radios are illustrated in Fig.1. As seen in Fig.1a, for BN/Ti =
0.33, the TiN, TiB, »-Ni and (Fe,Cr),;Cy are detected in the
coating without TiB, phases. For BN/Ti = 0.5, 0.67, the coating
consists of TiN, TiB,, TiB, y-Ni and Cr,;C4 (Fig.2b, 2¢). With
further increase in BN/Ti ratio, only the TiN and TiB,
reinforcing phases are detected in the final coating (Fig.2d). It is
worth noting that the phases of the coating at BN/Ti = 1.0
contains TiN and TiB,. This reinforces the phases and residual
BN. This phase constituent indicates that the TiB,and TiN can
be synthesized in situ by the reaction between Ti and BN during
AAC. According to Eq.(1), TiB, and TiN phases could be
obtained when the Ti/BN=0.67. We suspect that TiB forms via
Eq.(2). According to Zhan et al.", Eq.(3) could occur when the
molar radio of BN/Ti is 0.33. This shows that the TiB is more
stable than TiB, with an excess of Ti content.

3_xTi+(l—x)BN—>l_TxTiB2 +TiN, (1)
TiB,+Ti—2TiB (2
2Ti+BN—TiB+TiN 3)

2.2 Surface morphology
The microstructures of the cladding coating surface with
different molar ratios of BN/Ti are presented in Fig.2. When the
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Fig.1 XRD patterns of the clad coatings with different molar ratios
of BN and Ti (a-BN/Ti=0.33, b-BN/Ti=0.5, c-BN/Ti=0.67,
and d-BN/Ti=1.0)
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Fig.2 Typical microstructures of the cladding coating surface with
different ratio of BN/Ti: (a) BN/Ti = 0.33, (b) BN/Ti = 0.5,
(c) BN/Ti=0.67, and (d) BN/Ti = 1.0

BN/Ti molar radio is 0.33, the typical morphology of
needle-like TiB is observed in the cladding (Fig.2a). Fig.2b and
Fig.2c show a relatively uniform distribution of the TiB, and
TiN microstructures on the surface of the 35CrMnSi steel. The
size of the club-shaped TiB, particles is roughly 20 pmx5 pm,
and TiN particles are ~1 pm. With increasing BN/Ti molar
ratios, the sizes of the reinforcing phase particles decrease
greatly (Fig.2d). Moreover, the primary borides in the coating
exhibit a rod-like morphology rather than the needle shape of
TiB. The significant grain refinement of the added BN/Ti molar
ratio — as observed in TiN-TiB, ceramics by laser cladding®"*"
— is conspicuously absent. The AAC method produces fully
dense and fine-grain material cladding versus conventional laser
cladding.

Fig.3a shows a typical bright field TEM image as well as the
respective selected area electron diffraction (SAED) pattern of
the TiN and TiB,. The corresponding SAED pattern of the TiB,
particle is consistent with the [0110] zone axis diffraction spots
of TiB, (Fig.3b). Analysis of TiN diffraction patterns indicates
that the crystallographic facets in these TiN are always (111),
(111), and (220) when the incident beam is along the [110]
direction of TiN (Fig.3c). The shape of the ceramic particles is
related to their crystal structures””. TiB, has a C32 structure
with a lattice parameter ¢=0.3028 nm and ¢=0.3228 nm. TiN
has a B1-NaCl structure with a lattice parameter a= 0.4285 nm.
The crystal structure of Ti and B atoms shows high geometrical
symmetry for the chemical bond™. This indicates that TiB, will
grow into an equiaxed or near equiaxed shape. The TiN of
micron equiaxed grains are smaller than 1 pm (Fig.3a). This is
because the high cooling rate and rapid crystallization on the
substrate surface under the ACC condition forms a
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Fig.3 TEM micrographs (a), bright field TEM image and HR-TEM
images and respective SAED patterns of TiB, (b) and TiN (c)
for the cladding coating

micro-nanostructure***!

Fig. 4 shows TEM micrograph, bright field TEM images and
HR-TEM image of the TiN/Ni interface in (TiB,+TiN)/Ni
composites along the [110] zone axis. The HR-TEM observa-
tions (Fig.4b) as well as the crystallographic relationships
between TiN and y-Ni can be directly identified. The zone axis
of TiN and the y-Ni are [110] and [332], respectively. The lattice
spacing of the (111) planes in TiN measured in the HRTEM
images is 0.413 nm. The images also reveal that TiN exhibits,
obvious facets that correspond to the close-packed plane TiN
(117); the crystallographic relationships between TiN and the
Ni matrix are [110]rn//[332], and (11T )in /(113 )i (1111

Fig4 Bright field TEM image (a) and HR-TEM image of the
TiN/Ni interface in (TiB,+TiN)/Ni composites along the [110]

zone axis (b) for the cladding coating
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//(250)},_Ni, and (EZO)TiN//(3 T?),,Ni. Interfacial reactions are
found in the interfaces between TiN particles and matrix. Thus,
further research is needed to explain the association of the
interfaces between the TiN particles and the matrix.

Fig.5 indicates that the nucleation driving force of the new
phase precipitated from the supersaturated solid solution under a
constant temperature (7) and pressure (P).

First, we assume point A to be the initial position of the
supersaturated solid solution y, and y, to be the tangent of the
free energy curve passing through point A. Thus, when the
concentration of the solid solution changes from point A, the
free energy curve of the new precipitated crystals fits with the
tangent (Fig.5a). In this figure, y, is the tangent of the solid
solution y and the free energy curve of the new phase 6; point B
is the molar free energy of the mixing phase solution A. The
nucleation driving force is difference between point F and C on
the free energy curve of the new phase 6.

The molar free energy of a binary system composed of M and
N can be determined as:

G =x,'Gl, +x,"Gl, + RT(x, Inx,, +x, Inx,) + “G, 4
where x,, and x, stand for the molar fraction of M and N
respectively; °G7 and G}, for the molar Gibbs free energy
of M and N in the solid solution y. The excess Gibbs free
energy “GJ, can be described with the binary system with
the interactive factor (1}, ) in Eq. (5).

KCOEENEN N (5)
The relation of the excess Gibbs free energy can be indicated in
Eq. (6).

‘Gl =1}, ~T"S ©)

We can derive Eq. (7) based on the Miedema model:
: 1+ s (@ = @] X[+ 10X (O = 1))
EGr — 7 = xyll+ Xy (0 N M M
" n = { 7/3 +xNVﬁ/3[l + (P — )] )
According to Eq.(5) and Eq. (7), the interactive factor J ~ can
be determined by Eq. (8).

7 [1+:UMXN((/7M )]'[1+ﬂNxM((pN_(pM)]
N _fMN{ xMV2/3+xNV2/3[1+ﬂNxm(§0N o] }(8)

When a new phase @ with the content ¢ precipitated from a
solid solution of content x’ , the phase changing driving force
can be determined by Eq.(9):

1/ &G, RT
AG, =G ~Gy=— | —5" ( Axy)' = [,
2 a |, 2 (1-x)

=2, 005 =) (9)

[ . .
where Axy =x! - OxZ , x: as the molar fraction of N in the
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Fig. 5 Driving force of the new phase precipitation from the
supersaturated solid solution: (a) nucleation driving force of
the new phase precipitation and (b) the magnification of
OCE triangle

binary system at a temperature of 7. The tangent of the free
energy curve in Fig.5a is plotted using Eq. (10).

y=hkx+b (10)
Here, the slope k& of the free energy curve can be deduced by Eq.
(11) based on Egs.(9) and (10).

dGl’;Y/I 0y _ Oy 1 N 2 4
k= [dx“] G = "G+ RT(In=") + (1= 2x) (11)
N

The intercept b can be obtained by Eq.(12), if the contact point
(x”,G") isusedin Eq. (10).

b="Gl, + RTIn(1-x)+(x,)’ I (12)
Based on Eq.(11) to Eq.(12), the tangent of the free energy
curve can be obtained as Eq.(13).

y=["G, - “GMRT(ln] Y+ (1=2x) I Jx + "Gl + RT In(1 - x) + () 1 (13)

N

Eq.(11) and (12) can be used to deduce the abscissa of the
crossing point of the two tangent curves as shown in Eq.(14).

xN

RTln( )+[(0x1§) — () Wy
x= — (14)
RTInf( > &t ) In_ - Iy )]+2( Xl = X)L

The ratio of the corresponding sides between the two similar
triangles in Fig.5b can be used to obtain Eq. (15).

xi—-x AB AG,
=—=—% 15
xo-x CF AG, (15

Taking Eq.(9) and Eq.(15), the new phase nucleation driving
force can be obtained as Eq. (16):

-1’ —(xmfzm}

N N

1 RT
— [ 2] x/ _0x7 2
{ 2y~ 2ok N)}

. , x7 Ox7 -
AG,, = {xrﬁ {RT In[(; _iy )~ In(— O'jcy )]+ 2("x(, — )IKAN} RTln(

) [("x )2—(XL)2]I§4N} (16)
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Based on Eq.(16) and the relevant thermodynamic data®®, the
nucleation driving force of the formation of TiB,, TiN and TiB
from low to high is TiN-TiB,-TiB at 1193, 2093, and 3093 K.

Fig.6 shows a schematic drawing of the reaction. At the
beginning, Ti and BN are surrounded by Ni60A powders. The
effect of the arc makes the round bar and substrate absorb much
more energy, and it melts quickly. Because Ni60A has good
self-fluxing and lower melting point (1027 °C), the Ni60A melts
first and the (Ti+BN) powers are immersed directly into Ni
fusant. The Ti-containing compounds are formed due to
diffusion of initial atomic species at the interface between Ti
and BN particles. With the further increases in temperature, B
atoms and N atoms escape from the residual BN and diffuse
into the Ni matrix liquid. The Ti power then decomposes with
the formation of titanium atoms. The diffusivity rate of nitrogen
is much faster than that of boron, and the concentration of TiN
nucleation in the liquid could be satisfied more easily than that
of TiB, nucleation®>". Thus, B atoms are readily combined
with N atoms to yield TiN at first. During the formation of TiN
phases, the high concentration of B on the surface of Ti atoms
causes the TiB, to nucleate and grow rapidly because the
primary phase and their distribution is uniform. But a
concentration gradient of boron exists along the diffusion path
between Ti and BN particles. This results in TiB depending on
the molar ratio of Ti to BN % At lower BN and Ti molar ratios,
reaction (2) is most likely to become dominant and lead to many
TiB phases. The growth mechanism of the particle phases is
controlled by the dissolution-precipitation mechanism — that
is, TiB, and TiN phases are dissolution-deposition and
appendiculate deposition of TiN. The TiN and TiB, phases
formed by ACC reactions could undergo melting, dissolution,
nucleation and growth. The morphologies of the particle
phases are related to the nucleation, growth and the crystal
structures™!.
2.3 Hardness and wear resistance

Fig.7 shows the curves of micro-hardness profiles of AAC
samples along the depth of cross-section. It can be found that
with the increase of molar ratios of BN/Ti, the microhardness
also increases, which is attributed to the increase of hard

Ni60 BN
. N N I
i N
=) i [ti] !
TIG melting :_.-> @) :

TiN particles l

TiB; particles
‘: =

Fig.6 Schematic drawing of reaction

TiN-TiB, refinement particulates. Under the BN/Ti molar ratio
0.67, the coating shows the highest average microhardness
HV, s, which can reach 13400 MPa, three times higher than that
of substrate. It can be concluded that presence of TiN and TiB,
particulates has a significant improvement in the hardness of the
cladding coating.

Fig.8 shows the friction coefficient of the 35CrMnSiand clad
coating with different BN/Ti ratios under the load of 200 N. It
can be concluded from the plots that the mean values of
friction coefficient of the 35CrMnSi and coatings are about
0.75 and 0.49~0.29, respectively, and the coatings show a
much lower friction coefficient than the 35CrMnSi steel. With
the increase in the BN/Ti ratio, the coefficient of friction of
clad coatings decreases. However, when the BN/Ti ratio
increases up to 1, the friction coefficient of coating has shown
large fluctuations.

Fig.9 shows the wear loss of the cladding coating surface
with different molar ratios of BN/Ti and 35CrMnSi steel. It is
clear that wear loss of coatings is smaller than that of 35CrMnSi
steel. When the molar ratio of BN/Ti is 0.67, the wear loss of
cladding coating is the smallest. This is mainly because that
there are many in-situ TiN and TiB, particulates, which are
dispersively distributed in the coating and metallurgically bond
to the y-Ni base material, resulting in dispersion strengthening
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E —e— BN/Ti=0.5
= 1200 —a— BN/Ti=0.67
X —=— BN/Ti=1.0
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Fig.7 Microhardness profiles across the depth of the clad layers
with different BN/Ti ratios
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Fig.8 Friction coefficients of 35CrMnSi and the clad coating with
different BN/Ti ratios
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Fig.9 Comparison of wear mass loss for 35CrMnSi steel substrate

and the composite coating with different BN/Ti ratios

and solid-solution strengthening. There are many in-situ
formation of clubbed TiB, particulates, which is very useful for

improving the mechanical properties of TiN/TiB, ceramics'**.

3 Conclusions

1) Ni-based coating reinforced by in situ TiN and TiB,
particles is prepared on the surface of 35CrMnSi steel by AAC
using different molar radios of BN and Ti powders as the
binding materials. The thickness of the coating is about 1.5 mm.

2) The different growth morphologies of reinforcements are
attributed to the different molar ratios of BN/Ti and crystal
structures of the reinforcements. As the BN/Ti molar ratio
increases, the sizes of the reinforcing phase particles decrease
markedly, and the product becomes more rod-like rather than
needle-like.

3) The mechanism governing the in-situ synthesis of particle
phases is dissolution-precipitation. The nucleation driving force
of the major reinforcing phases from low to high is
TiN-TiB,-TiB. The following consistent crystallographic
relationships between TiN and the Ni matrix have been
established by HRTEM: [110]n//[332] 8 and
(111113 )y, (11)5nd/(22 0),.i, and (2 20)5nd/(313 )i

4) When the molar ratios of BN/Ti is 0.67, the cladding
coating has the highest average micro-hardness and best wear
resistance due to more TiN and clubbed TiB, ceramic
particulates, and the highest hardness HV 5 is up to 13400 MPa,
three times higher than that of the35CrMnSi substrate.
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