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Study of growth rate and failure mode of
chemically vapour deposited TiN, TiC N and
TiC on cemented tungsten carbide
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The effects of deposition temperature and mole ratio of CH, to TiCl, on the growth rate
of titanium compound coatings were investigated. Activation energies of TiN, TiC,N,
and TiC deposition reactions of 4.8 X 10%, 1.9 X 10° and 2.8 X 10%J mol ™}, respectively,
were obtained experimentally. The carbon content of TiC,N, deposit was increased as
the CH, flow rate and deposition temperature increased. It was found that TiC,N, grain

size was finer than TiC and TiN.

The cutting temperatures of TiN-coated and TiC-coated tools were 10% (TiN) and 20%
(TiC) lower than that of uncoated tools. Feed force and reaction force of coated tools
were 30% and 18% less than those of uncoated tools, respectively. The dominant failure
mode of coated tools was due to the microchipping of the cutting edge.

1. Introduction

Recently, there has been wide use of chemical
vapour deposition (CVD) techniques to improve
the wear resistance of cemented tungsten carbide
cutting tools. Titanium carbide, nitride, carbo-
nitride, aluminium oxide and layered combination
of these have been used as wear resistant coating
materials [1, 2].

There are many publications on the kinetics of
coating reactions for CVD TiN [3], TiC,N, [4],
and TiC [5] on cemented tungsten carbide. How-
ever, the relationship of the deposition rate,
decarburization zone, and microhardness of TiC
to the mole ratio of CH, to TiCly (m¢;) has not
been clearly established. Therefore, the effects of
me on the deposition rate, decarburization
zone, and microhardness of TiC were investigated.
Deposition rate and surface morphology of TiN
and TiC,N, were examined and compared with
TiC.

M. Lee and M. H. Richman [6] suggested that
the dominant mode of TiC-coated tool failure
might be associated with thermal cracking and

microchipping of the cutting edge. We therefore’

investigated the cutting temperature of coated
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TiN and TiC on cemented tungsten carbide, and
cutting forces of coated tools were measured.
These experimental results were compared with
an uncoated tool.

2. Experimental procedure

Figure 1 shows the apparatus for CVD of TiN,
TiC,N, and TiC. A mixture of TiCl,, H, and
N, gases was used for TiN coating, and N, was
replaced with CH, for TiC coating. A mixture of
TiCly, H,, CH, and N, was used for TiC.N,
coating. Deposition was done at ambient pressure,
and the reaction temperature was controlled with
resistance heating at four temperatures, 1223 K,
1273 K, 1323 K and 1373 K.

Commercial tool inserts of P20 grade, produced
by Korea Tungsten Mining Co., were used as the
substrates. Standard blank tips, 10mm x 6 mm x
3mm, were used in the coating experiments.
Throw-away inserts of ISO SNG 432 were used in
wear tests.

The coating thickness was determined by two
methods; first, the weight increase after coating
and second, the observation of the cross-section
by optical microscope. The surface morphology
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Figure 1 Schematic diagram of CVD apparatus.

of coated layers was observed by scanning electron
microscope. The carbon content of TiC,N,
deposit was determined by an X-ray technique [7].
Microhardness of coated layers was determined by
Vickers hardness test under 5.0 x 1072 kg load.

Outfeed facing operation, as shown in Fig. 2,
was used in the evaluation of wear under the
following cutting conditions:

workpiece AISI 1045, 25 mm i.d.,
225 mm o.d.
speed 4.2,10.0rsec™
(250, 600 r min?)
feed 0.2,03mmr!
depth 0.5, 0.9 mm

Wear was measured using a profilometer, and was
observed by stereomicroscope. Cutting tempera-
ture was measured by tool-workpiece thermo-
couple, and cutting forces were measured by a
three-dimensional dynamometer [8].

3. Results and discussion

3.1. Effect of temperature on the growth
rate of TiN, TiC, N, and TiC

Figure 3 shows the Arrhenius plots of TiN, TiC,N,,

and TiC deposition rates in the deposition tem-

perature from 1223K to 1373 K. The activation
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Figure 2 Schematic diagram of outfeed facing operation.
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Figure 3 Temperature dependence of TiN, TiC,N, and
TiC deposition rates.

TiN — H, flow rate 5.0 cm®sec™; N, flow rate 5.0 cm®
sec™; TiCl, flow rate 0.2 cm®sec™.

TiC —-H, flow rate 5.0cm3sec”™’; CH, flow rate
0.5 cm®sec™!; TiCl, flow rate 0.2 cm®sec™.

TiC4Ny, — H, flow rate 5.0 cm®sec™; CH, flow rate
0.5 cm®sec™'; N, flow rate 5.0 cm?®sec™!; TiCl, flow rate

0.2 cm3sec™.

energy for TiN coating is 4.8 x 10*Jmol™ at
the flow velocity of 1.9cmsec™. This value of

48 x10*Jmol™ is in good agreement with
T. Sadahiro [3]. He reported that the activation

energy of TiN was 5.1 x 10*Jmol™ at the flow

velocity of 1.3cmsec™. '

TiC deposition reaction -was made with CH,4
flow rate of 0.Scm3sec™, TiCl, flow rate of
0.2cm®sec™. TiC,N, deposition reaction was
made with the same flow rates of CH, and TiCl,,
in addition to a flow rate of 5.0cm’sec™ of N,.
The activation energy of TiC deposition reaction
is 2.8 x 10T mol™ and the activation energy of
TiCl, N, deposition reaction is 1.9 x 10% Jmol™.
It can be seen in Fig. 3 that the temperature
dependence of TiC, N, deposition rate was similar
to that of TiC. It was found that the carbon con-
tent of TiCyN, increased with increasing depo-
sition temperature, as determined from the
measurement of carbon content by an X-ray
technique. These experimental results indicate
that the pyrolysis of CHy is the main controlling
mechanism' for both TiC,N, and TiC reactions,
except in the initial stage in which carbon is
provided by diffusion from the substrate until
a um or so of TiC layer has been deposited [15].
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Figure 4 Optical micrographs of cross-sections of TiN coatings. (a) 1223K; (b) 1273K.

Figures 4a and b show typical micrographs of
TiN deposited at 1223 K and 1273 K, respectively.
It can be seen that there is no intermediate layer
for TiN coatings deposited at 1223 K, but at
1273 K there is an intermediate layer formed
between the TiN coating and the substrate. It is
thought that this intermediate layer is probably
n-phase, which is produced in TiC coatings,
because it appears black when etched with
Murakami solution.

Figure 5 shows typical microstructures of TiC,
TiN and TiC,N,. It reveals that TiC,N, has a
finer grain microstructure than TiC and TiN.

3.2. Effect of CH,; on TiC deposition

Figure 6 shows the varjation of TiC deposition

rate with CH, flow rate. At zero mole ratio of CH,
to TiCly (mgyr;) for the substrate reaction, the
deposition rate is 0.4 umh™'. The deposition rate
increases to 5.7umh™ at mgqy of 3.0, its maxi-
mum. Then, the deposition rate decreases for
higher mcyr; values.

Figure 7 shows the optical micrographs of TiC
with different values of mg . When the value of
meypi is 1.0, shown in Fig. 7a, n-phase exists
between the substrate and TiC layer about 8 to
9 um thickness. However, as m,; increases to the
value of 3.0, the thickness of n-phase gradually
decreases. A thinner layer of n-phase exists when
the value of mgr; is greater than 3.0.

Figure 8 shows the microhardness as a function
of mgq; values. When the value of mgqy is less
than 3.0, the microhardness of the TiC layer
increases to 2800 kg mm™ as thickness increases.
However, when the value of mgq; is more than
3.0, the microhardness decreases. Figure 9 shows
the microhardness as a function of thickness
deposited at different value of mgyp;. It was found
that the microhardness of TiC deposited at mgyq;

Figure 5 Surface appearance of coating at 1323 K. (a) TiC;
(b) TiN; (c) TiCxN,,.
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Figure 6 Effect of CH, flow rate on TiC deposition rate at
1323K (deposition temperature 1323K; time 1h; H,
flow rate 5.0cm?sec”!; TiCl, flow rate 0.2 cm?®sec™;
CH, flow rate 0 to 0.8 cm®sec™).

40

values greater than 3.0 is less by 300 to 400kg
mm™? than that of TiC deposited at mcy; values
less than 3.0, at a similar thickness. This is
illustrated by two points which have about 4 um
thickness and mg;m; values of 3.5 and 4.0. The
other points in the figure have mg;r; values less
than 3.0.

These results indicate that there is an inter-

relationship between the variation of growth rate,
n-phase and microhardness, and there is a maxi-
mum growth rate at proper Mgy values. When
the value of mgyp increases to 3.0, deposition
rate and microhardness increase, and the thickness
of the n-layer decreases. However, when the value
of mgyp; is more than 3.0, deposition rate and
microhardness decrease, and a thinner layer of
n-phase occurs.

The zero mole ratio mgyp; means no CHy flow,
and TiCl, gas reacts with carbon from the sub-
strate to form the TiC deposit, but at a very low
rate. A similar result has been reported by Lee and
Richman [5]. When CH, is added, the deposition
rate increases as shown in Fig. 6. The deposition
rate teaches a maximum at CH, flow rate of
0.6 cm3sec™ or a mole ratio of 3.0, then decreases
with an increase in CH4 flow rate. The reaction
pressure is ambient for all flow rates used.

It is suggested that mole ratio of CH,4 to TiCly
influences the heterogeneous reaction on the sub-
strate, and homogeneous reaction in the gas phase
[9]. The heterogeneous reaction on the substrate
is the controlling mechanism at mgqy less than
3.0. But homogeneous reaction in the gas phase
may be the controlling mechanism at m¢q; greater
than 3.0. Decrease of growth rate at mg; greater
than 3.0 is probably due to the supersaturation of

Figure 7 Optical micrographs of cross-sections of TiC coatings. (a) mgri = 1.0; (b) mgmi = 2.0; (c) mgypy = 3.0;

(d) meri = 4.0.
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Figure 8 Effect of mgp; on the microhardness of TiC
coatings (deposition temperature 1323 K; time 1 h; flow
rate 5.0 cm® sec™!; TiCl, flow rate 0.2 cm®sec™; CH, flow
rate 0 to 0.8 cm®sec™!).

the CH, gas, which results in the production of
free carbon that inhibits growth rate. The reason
for the decrease of microhardness at above
Meyri 3.0 as shown in Fig. 9 is due to the powder
formation of a coating layer in the homogeneous
reaction [9].

3.3. Effect of CH, on the growth rate and
carbon content of TiC, N,

Figure 10 shows the deposition rate and carbon
content of TiC,N,, as a function of CH, flow rate
at a constant flow of 5.0cm3sec™ of N, and at
1323 K. The deposition rate of TiC,N,, increases
with increasing CH, flow up to 0.3 cm®sec™, and
remains almost constant for further increase of
CH, flow rate. It is found that the carbon content
of TiC, N, increases with increasing CH, flow rate,
and the carbon content of TiC,N, can be con-
trolled by CH, flow rate.
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Figure 9 Effect of coating thickness on the microhardness
of TiC deposited at different values of m sti (deposition
temperature 1323 K; time 1 h; H, flow rate 5.0 cm®sec™?;
TiCl, flow rate 0.2 cm®sec™; CH, flow rate 0 to 0.8 cm?
sec™!).

= 5F

! carbon _|

= {at.%) 100
£4 <.
a o~
@3 2
(<] c
pd °
c 2 £
o ]
= O
(7]

o !

a

D

(@] ]

i 1
0 02 04 06
CH,4 flowrate (cnPsec)

Figure 10 Effect of CH, flow rate on the deposition 1ate
and carbon content of TiC,N, (deposition temperature
1323K; time 1h; flow rate 5.0 cm®sec™; TiCl, flow rate
0.2cm?sec™; N, flow rate 5.0 cm®sec™; CH, flow rate
0t0 0.7 cm®sec™).

34. Wear test

Figure 11 shows the cutting temperature against
cutting speed plots for uncoated, TiN-coated and
TiC-coated tools. It shows that cutting tempera-
ture is 8 to 10% lower for TiN-coated tools, and
18 to 22% lower for TiC-coated tools than for an
uncoated tool. The TiC-coated tool has the lowest
cutting temperature, which is due to a low value
of thermal conductivity [10].

Figure 12a shows typical three axial cutting
forces against cutting speed plots for the uncoated
tool. It shows that the tangential force is the
largest among the three forces and almost constant
with increasing cutting speed. The feed and
reaction forces initially decrease slowly, but
increase with cutting speed faster than 2.5 m sec™.
It is believed that the increase of feed and reaction
force at faster cutting speed is due to wear
increasing rapidly during the cutting operation.

Figure 12b shows typical cutting forces for
a TiC-coated tool. It is noted that the cutting
forces are similar for TiN-coated, TiC-coated and
composite-coated tools. It shows that the feed and
reaction forces initially decrease slowly, but are
constant with cutting speeds above 2.5msec™ .
Tangential force is the same as for an uncoated
tool. The above results show that feed and
reaction forces of coated tools are less by 30% and
18%, respectively, at the cutting speed of 4.7 m
sec ™}, than those of uncoated tools.

Figure 13 shows typical stereomicrographs of
wear shape for TiN-coated, uncoated and TiC-

2499



_1250 250 r min~!

x
~1000

750
500

Temperature

uncoated
TiN
TiC

|

05 1.0

|
.5 20 25

Cutting speed ( msec 1)

Figure 1] Typical cutting temperatures of uncoated, TiN-coated and TiC-coated tools.

coated tools. It is observed that there is micro-
chipping along the border of the chip flow at the
cutting edge for the coated tool.

Figure 14 shows typical optical micrographs
of the cross-section of the specimens shown in
Fig. 13. It shows that 0.46 mm flank wear land
and deep crater wear are produced for an uncoated
tool. For the TiC-coated tool, only 0.16 mm of
flank wear land and microchipping at the cutting
edge are produced. This observation indicates that
the dominant mode of coated tool failure is due
to the microchipping. It is believed that the forma-
tion of microchipping is due to the difference
between the thermal expansions of the coating

material and the substrate, and the lower
value of transverse rupture strength for coated
tools [11].

From our experimental results, it can be seen
that a composite coating layer of TiC—TiC, N, can
provide good wear resistance for cutting tools,
The difference between the thermal expansion
of the substrate and the TiC coating is small, and
the cutting temperature is lower due to the low
value of thermal conductivity of TiC. In addition,
TiC,N, coating has a finer grain size than TiC and
TiN coatings, which is important in controlling of
transverse rupture strength. These factors lead to
better wear resistance [2].

Figure 12 Typical cutting forces

. of three axes plotted against
cutting speed. (a) Uncoated
tool; (b) coated tool.
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Figure 12 Continued.
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4. Conclusions
(1) Activation energies of TiN, TiC,N,, and TiC
deposition reactions were obtained.

(2) When the mole ratio of CH, to TiCly(mery)
was more than 3.0 for TiC coating, deposition rate
and microhardness of the coating layer were
decreased.

(3) Carbon content of TiC,N, coating layer
was increased with CH, flow rate and with the
deposition temperature.

(4) The dominant failure mode of the coated
tool was observed to be associated with the micro-
chipping of the cutting edge.

Acknowledgement

The authors wish to acknowledge KOSEF for
supporting this work. The authors also thank
Dr James D. Cumming for review and criticism
of the manuscript.

Figure 13 Typical crater wear after wear test. (a) TiN-coated tool (left) and uncoated tool (right); (b) TiC-coated tool.
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Figure 14 Typical cross-sections of uncoated and coated tools. (a) Uncoated tool; (b) TiC-coated tool.
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