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Abstract

Titanium carbonitride (TiCN) surface layers were grown by direct exposure of Ti to a gas mixture of ammonia and methane at 1050 8C.

TiCxN1�x coatings with varying C/N ratio were synthesized by appropriately changing the content of methane and ammonia in the reactive gas

mixture. The resultant layers were subjected to various characterization and evaluation techniques to study the variation of properties with respect

to change in C/N ratio. A systematic change in lattice parameter and microstructure was observed as a function of the composition of active gas

mixture. Friction coefficient of TiC was found to be extremely low (0.078). Reaction mechanisms for the growth of TiN and TiC were found to be

entirely different. The effect of composition of the gas mixture on growth kinetics of TiCN is elucidated.
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1. Introduction

Transition metal carbides and nitrides, particularly of

titanium, have attracted much attention due to their extra-

ordinary mechanical and physical properties like high hardness,

high melting point, and wear and corrosion resistance [1–3].

For tribological applications, the properties of interest are

hardness, wear resistance, low coefficient of friction and

chemical inertness. TiN and TiC, being isostructural (fcc) and

totally miscible, the combination of the two in appropriate

ratios could result in TiCxN1�x with properties incorporating

the advantages of both TiC and TiN [4–6]. It has been shown

that TiCN films have a lower wear rate (3–4 times) and lower

coefficient of friction (5–7 times) than TiN films [5]. Better

wear properties of TiCN compared to TiN is attributed to its

higher hardness and the presence of carbon, which acts as a

lubricant, resulting in reduced friction and wear [7,8]. Pure TiC

coating suffers from spallation due to high internal compressive
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stress, whereas TiCN films offer good adhesion with the

substrate as the internal stress in them is negligible [7].

Transition metal carbonitrides can be thought as an alloy of

carbide and nitride. Thus, TiCxN1�x exists over a broad

composition range, where ‘‘x’’ varies from 0 to 1 with a high

fraction of vacancies occurring at non-metal atom sites. This

compositional variation and vacancy concentration affect its

thermodynamic, mechanical, electrical, magnetic and super-

conducting properties [1,9]. Though pure TiC is harder than

pure TiN, it is reported that the maximum hardness is achieved

at an optimum C/N ratio in the carbonitride phase [10,11].

However, a study by Veprek et al. [12] showed an

approximately linear increase in the hardness of TiCxN1�x

with increasing ‘‘x’’ value. The experimental and modeling

studies of Bull et al. [13] could not unambiguously establish

any linear or parabolic relationship between hardness and

carbon content in TiCxN1�x. A theoretical study conducted by

Jhi et al. [10] suggests that the hardness depends fundamentally

on the electronic properties of nitrogen and carbon and the

valence electron concentration of their combination.

Different methods like physical vapour deposition, chemical

vapour deposition, diffusional carbonitriding, organo-metalic
d.
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Fig. 1. Typical TGA–MS spectra showing dissociation of NH3 and CH4 with

the release of hydrogen and nitrogen gases and the resultant weight gain due to

formation of titanium carbonitride.
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plasma immersion ion processing, arc evaporation, combustion

synthesis etc. are being used for the synthesis of titanium

carbonitride [14–19]. In this study, we investigate the gas phase

synthesis of titanium carbonitride with varying concentrations

of carbon and nitrogen on pure titanium surface using NH3 and

CH4 as reactive gases. Several advantages of this method

includes, feasibility to grow thicker layers (several microns),

absence of a sharp interface between the modified layer and the

substrate and the chemical purity of the transformed layer

compared to other methods. TiCN layers can be grown on pure

Ti by exposing the Ti substrate held at high temperature to a

reactive gaseous atmosphere containing NH3 and CH4. The

stoichiometry of the product layer can be varied by altering the

ratio of NH3 and CH4.

2. Experimental details

The experimental facility and synthesis procedure employed

in the study have already been reported in our earlier

publications [20–22]. However, for completeness a brief

description is given here. Pure Ti specimens

(�12 mm � 12 mm � 1.6 mm) were metallographically

polished and ultrasonically cleaned in acetone prior to

carbo-nitridation. The experiments were carried out in a

thermogravimetric analyzer–mass spectrometry (TGA–MS)

system provided with mass flow controller based gas delivery to

facilitate specimen exposure to a desired gas mixture. Prior to

sample heating, the system was evacuated and purged with high

pure Ar gas several times to minimize oxygen partial pressure.

This was done to reduce surface oxidation. Other experimental

conditions like gas flow and heating rates were optimized by

previous experiments [20,21]. In addition to NH3, CH4 mixture,

high pure Ar flow (flow rate = 45 standard cubic cm per minute,

sccm) was also maintained through the TGA system to protect

the microbalance. The in situ weight gain of the Ti specimen

and change in concentrations of NH3, CH4 and other product

gases were monitored by TGA and dynamic mass spectrometry,

respectively as a function of exposure time and temperature.

Temperature for carbo-nitridation of Ti was optimized by

previous experiments at 1050 8C. Subsequently, a number of

identically prepared specimens were exposed isothermally to

NH3 + CH4 gas mixtures for 4 h each. The NH3, CH4 gas

mixtures used were of composition 100:0, 80:20, 75:25, 65:35,

50:50, 35:65, 25:75, 20:80 and 0:100. The samples processed in

these atmospheres are identified as C-0, C-20, C-25, C-35, C-

50, C-65, C-75, C-80 and C-100, respectively, where C

represent CH4 and the number gives its percentage. The total

flow of the two reactive gases was maintained at 4 sccm. The

phase identification of the carbonitrided layers was carried out

by X-ray diffraction (XRD, STOE X-ray Powder Diffract-

ometer). The surface and cross sectional microstructures of the

specimens were investigated using Scanning Electron Micro-

scopy (SEM, Philips GX 30 ESEM). Elemental analysis of the

surface layer was carried out by Secondary Ion Mass

Spectrometry (SIMS, Cameca, France) in the depth profile

mode. Evaluation of these layers for microhardness and friction

coefficient was carried out by vickers hardness indenter (Leitz
Wetzler, Germany) and tribometer (CSM Instruments, Switzer-

land), respectively.

3. Results and discussion

A typical TGA–MS spectra depicting the variations in

specimen weight and the concentration of the reactive gas

mixture as a function of time and sample temperature is shown

in Fig. 1. The figure shows the reduction of partial pressure of

NH3 and CH4 and the corresponding increase in partial

pressures of product gases nitrogen and hydrogen with increase

in temperature. Dissociation temperature of ammonia is less

than that of methane and hence the release of hydrogen initiates

from ammonia. The resultant weight gain due to the formation

of titanium carbonitride is also seen from the graph. Fig. 2

presents the comparison of trends in weight gain during the

formation of titanium nitride and titanium carbide upon

treatment in pure ammonia and pure methane, respectively. The

weight gain is normalized for better distinguishing the trends.

The square of the normalized weight gains is also plotted in the

same graph to comprehend the nature of the process. The

difference in the weight gain trend on exposure to NH3 and CH4

can be clearly inferred from this figure. In the case of nitride,

the rise in weight gain proceeds parabolically. This parabolic

nature is also clear from the near linear relationship between the

square of the weight gain and time. The isothermal region of the

square of the weight gain profile is fitted to a straight line and is

shown in Fig. 2. The parabolic nature was observed for all the

specimens except the one which was treated in methane alone

(sample C-100). The parabolic weight gain, which indicates the

diffusion controlled nature of titanium nitride growth has

already been reported by many researchers [23–25]. In the case

of carbide, the weight gain follows a sigmoidal profile. Fig. 3

indicates the percentage weight gain per unit surface area of the

nine specimens treated at 1050 8C for 4 h each to varying gas

compositions. A systematic decrease in weight gain upon



Fig. 2. The weight gain (normalized) trend upon nitridation and carburization

of Ti at 1050 8C for 4 h. The square of the weight gain is also plotted.
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exposure from 100% NH3 to 20% NH3 gas mixture (C-0 to C-

80) and a sharp increase in the case of 100% CH4 (C-100) can

be observed.

The XRD spectra of the exposed specimens with an

expanded theta range at the inset are presented in Fig. 4a. It

clearly shows the formation of TiN, TiC and TiCxN1�x with

varying gas mixtures (JCPDS Nos. 38-1420, 32-1383). Both

TiN and TiC being iso-structural, only shift in peak positions is

expected from XRD among TiCxN1�x compounds. The lattice

parameters are also calculated from XRD peaks using the

software supplied along with the STOE system and are plotted

in Fig. 4b. Using Vegard’s law [26], the carbon/nitrogen content

was also estimated and plotted in Fig. 4b.

Fig. 5a–c shows the surface SEM micrographs of three

specimens treated in pure NH3, NH3:CH4 (50:50) and pure CH4

atmospheres (samples C-0, C-50 and C-100). Fig. 5d–f shows

the corresponding cross sectional SEM images of these

specimens, respectively. The surface SEM shows a clear
Fig. 3. Weight gain per unit area of specimens treated for 4 h at 1050 8C in

different NH3/CH4 gas mixtures.
difference in morphology and reduction in grain size as a

function of increase in carbon content. It can be observed that

the grain size of pure TiN is about 5–10 mm and that of TiC is

approximately 0.5 mm. The specimen exposed to 50:50 gas

mixture (Fig. 5b) showed smaller grains compared to that of

TiN. Surface cracks are visible on this sample. The

corresponding cross sectional SEM of these specimens show

that the thickness of the layer formed is about 15–25 mm. The

cross section of sample C-0 is smooth while that of sample C-

100 is highly porous. However, porosity of the sample C-50

(Fig. 5e) is confined to less than 5 mm thick outer layer.

The qualitative SIMS depth profiles of constituent elements

carbon, nitrogen and oxygen of samples exposed to different

gas mixtures are shown in Fig. 6. 20 keV cesium ions were used

as the primary beam for the measurements. Elemental ions as

well as cesium–metal ion clusters were detected in the mass

spectrometer. It clearly indicates a systematic change in the

concentration of carbon in accordance with the change in the

CH4 content in the exposure gas mixtures, but the changes are

not that pronounced in the case of nitrogen. Oxygen profile was

taken to estimate the level of oxygen impurities in the

carbonitride layer.

Mechanical evaluation of the carbonitride layer was carried

out by measuring the microhardness and friction coefficient of

the samples. A vickers microindentor was used for the

measurement of hardness with an applied load of 50 g. In

order to overcome the hindrance of surface roughness in

making accurate hardness measurements, all the specimens

were subjected to mild surface polishing prior to hardness

measurement. So the measured values would be lower than the

actual values because of the graded nature of the surface layers.

Starting from TiN, almost a linear increase in hardness was

observed in samples with increasing carbon content (Table 1).

All the measured values are less than the reported data and are

attributed to the removal of the hardest outermost layer during

polishing. Hardness values were also measured along the cross

section using the same indentor with an applied load of 15 g.

Measurements were made from a distance of 10–100 mm from

the surface. Some of the hardness profiles along the cross

section are shown in Fig. 7. Tribological behaviour of coatings

was investigated using a tribometer in linear reciprocating

mode. Si3N4 ball of 6 mm diameter was used as static counter

body. A normal load of 5 N and a constant sliding velocity of

3 cm/s were maintained for all the measurements. The

experiments were conducted without lubrication and the

humidity was controlled within 60 � 5%. The average friction

coefficient is tabulated in Table 1 and the variation of friction as

a function of number of laps is shown in Fig. 8.

Since the onset temperature of ammonia dissociation is

lower compared to that of methane, there is a possibility for the

formation of a thin layer of nitride prior to carbide formation.

Such a layer could limit further growth diffusion controlled.

Comparing the weight gain per unit surface area of the

specimens treated in different atmospheres (Fig. 3), it is

observed that a reduction in weight gain from pure NH3 (sample

C-0) to 20% NH3 (sample C-80) and a sharp increase in case of

pure CH4 (sample C-100). The intake of the active species



Fig. 4. (a) XRD patterns of carbonitrided Ti specimens showing peak shift due to lattice expansion with an expanded pattern at the inset. (b) Calculated lattice

parameters and concentration of carbon estimated using Vegard’s law as a function of NH3/CH4 ratio.

Fig. 5. Surface morphology (a–c) and cross sectional microstructure (d–f) of samples C-0, C-50 and C-100, respectively by SEM.
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Fig. 6. SIMS elemental profile for carbon, nitrogen and oxygen as a function of sputter time for Ti samples treated in different gas mixtures.

Table 1

Variation of hardness and average value of friction coefficient (m) with gas mixture.

Sample id

C-0 C-20 C-25 C-35 C-50 C-65 C-75 C-80 C-100

Hardness (VHN) 1303 1427 1439 1443 1563 1607 1613 1726 1889

m (mean) 0.377 0.403 0.434 0.403 0.42 0.38 0.32 0.363 0.078

Fig. 7. Variation of hardness along the cross section of the Ti samples treated in

different gas mixtures.
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reduces with the ammonia content in the gas mixture. This

exceptional behaviour could be attributed to the initial nitride

layer formation as mentioned earlier. Generally TiN is an

excellent diffusion barrier compared to TiC [27]. It is an

established fact that TiN act as a diffusion barrier for carbon and

this property of TiN had been used by Weiser et al. [28] for

chemical vapour deposition of diamond. TiN is also used

extensively as a diffusion barrier coating in semiconductor

industry [27]. Hence the initial nitride layer restricts the carbon

diffusion into the sample and the growth process is mainly

controlled by the availability of nitrogen at the reaction

interface. The availability of nitrogen reduces with the

reduction in ammonia content in the gas mixture. When the

active gas is only CH4 (sample C-100), carbide formed is very

porous in nature (Fig. 5f) and the growth process no longer

depend only on diffusion as the porosity provides a lot of short

cuts for the transport of carbon and hence resulted in higher rate

of growth. In addition to this, the grain size is also too small for

TiC (Fig. 5c) compared to that of TiN (Fig. 5a) which would

result in higher mobility for carbon atoms through grain

boundaries since the grain boundary diffusion is much faster

compared to bulk diffusion [29].

XRD investigations (Fig. 4a) confirm the formation of TiCN

with varying concentration of carbon and nitrogen. Absence of

peaks other than that corresponds to fcc TiCxN1�x in the

observed XRD patterns (except corresponds to C-100) confirms

the purity of the phase formed. The pattern corresponds to TiC

showed an additional broad peak around 258, which indicates

the presence of graphitic carbon at the surface. Formation of

titanium oxide, which is observed in many other synthesis

processes, is below the X-ray detection limit in our case due to

the presence of reducing atmosphere of hydrogen, a decom-

position product of both NH3 and CH4. Also, the ratio of
intensities of all the five peaks in the observed range is almost

matching with JCPDS data which indicates that there is no

texturing in the formed carbonitride layers. When the

composition changes from pure nitride to carbonitride, the

lattice expands due to bigger size of carbon atoms and it results

in the shifting of peaks towards lower angles. The lattice

expansion is almost linear for all the specimens excluding TiN

and TiC, when plotted against percentage methane gas, as seen

from the graph (Fig. 4b). Since lattice parameters of TiN and

TiC differ only by about 2%, we can apply Vegard’s law [26] for

estimation of the concentration of nitrogen and carbon in the

surface layer of TiCxN1�x. This was done after fitting the lattice

parameters of samples C-20 to C-80 linearly, leaving the two

extreme points. For TiN and TiC, carbon content is assumed to



Fig. 8. The variation of friction coefficient against number of laps for some of

the Ti specimens treated in different NH3/CH4 mixtures.
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be 0% and 100%, respectively. The calculated values of x are

plotted against methane gas composition in Fig. 4b. The

minimum value of x is found to be 0.48 and maximum 0.75

corresponding to methane gas ratios 20% and 80%, respec-

tively. X-ray scattering intensity exponentially reduces as a

function of depth [30] and the major contribution to intensity

would be from the top surface of the sample. Hence, the above

result shows that the outermost region of the formed layer is

carbon rich carbo-nitride. This is also evident from the cross

sectional microstructure (Fig. 5e), where the outer region of the

formed layer is porous with similar microstructure as that of

TiC (Fig. 5f). Also, diffusion and solubility of nitrogen is higher

compared to that of carbon in titanium [31,32]. Thus nitrogen

may diffuse deep into the sample and form a carbon deficient

carbonitride, leaving a carbon rich layer at the outermost

surface. Hence, the C/N ratio changes with respect to depth too.

This could be the reason for the higher values of carbon

concentration calculated using Vegard’s law. The morphology

and grain size of TiC (sample C-100) is markedly different from

that of other samples with a grain size of about 0.5 mm. This is

due to the higher nucleation density of carbide compared to

nitride, which result in smaller grain size. The surface of sample

C-0 (TiN) is free from any cracks due to slow and stress free

growth of nitride, but for other carbonitrided samples (samples

C-20 to C-80), cracks are visible and this could be due to

concomitant growth of TiC and TiN which results in the

development of stress on the layer. This is evident from cross

section SEM images also. For pure TiN (Fig. 5d), the interface

is pore free and smooth, but for TiC (Fig. 5f), the cross section is

porous. Also, for TiC the thickness of the converted layer is

more compared to other samples in agreement with the weight

gain results (Fig. 3). The cross section SEM of the sample

carbonitrided at NH3:CH4 of 50:50 ratio shows the micro-

structure close to that of the carburized sample (sample C-100)

at the topmost layer, whereas the microstructure below is close

to that of the nitrided sample (sample C-0) indicating a carbon

rich surface and nitrogen rich inner regions.
The qualitative SIMS analysis of the specimens revealed a

systematic change in concentration profiles of carbon as a

function methane concentration. In the case of nitrogen, this

systematic is not very evident. The maximum depth probed was

measured to be about 1 mm using a surface profilometer. From

the estimation of carbon content (Fig. 4b), and from the cross

sectional microstructure (Fig. 5d–f) it is clear that the outermost

surface is carbon rich carbonitride. This could be the reason for

the pronounced changes in carbon profile of SIMS (Fig. 6) with

respect to change in reactive gas mixture. Since the outer

surface is nitrogen deficient, the changes in nitrogen profile are

not very apparent with the corresponding change in ammonia

concentration in the active gas mixture. Combining the XRD,

SEM and SIMS observations, one can unambiguously conclude

that the carbon to nitrogen ratio in the carbonitrided layer

change with the active gas mixture ratio. Over and above this,

from the Cross section SEM microstrucures and XRD

investigations, it is clear that a variation of C/N ratio exist

as a function of depth in each specimens leaving a carbon rich

layer at the outermost surface and nitrogen dominant layer

beneath. The oxygen concentration (Fig. 6) was found to be

dropping drastically beyond near surface indicates the superior

quality of the layers formed. The initial high oxygen signal near

the specimen surface could be from absorbed oxygen or

moisture.

The measured microhardness values (Table 1) show a

systematic increase in hardness with methane concentration.

These values are less than the reported data [2] due to the removal

of the outermost layer by surface polishing. Contrary to the

reported observations by Jhi et al. [10] and Karlsson et al. [11],

we did not find a maximum hardness for any intermediate

composition between 100% nitrogen and 100% carbon. This can

be attributed to the graded nature of the surface layers in which

composition of carbon and nitrogen changes as a function of

depth. It was attempted to measure the variation of hardness

along the cross section of the specimens also (Fig. 7). The

thickness of the carbo-nitrided layer is in the range of 20–25 mm.

Microhardness measurements are not practical closer than

10 mm from the surface. Hence only the values measured within

10–25 mm from the surface are the valid data points. Hence a

strong dependency on C/N ratio could not be ascertained from

this measurement. The evaluation of frictional properties shows a

distinct behaviour for TiC sample compared to other specimens

(Table 1). While all other specimens showed average coefficient

of friction (m) around 0.4, TiC (C-100) showed an extremely low

value of 0.078. This value is comparable to that of graphite

(�0.05) and we assume that graphitic carbon is present on the

surface of TiC. The XRD spectrum corresponds to TiC (Fig. 4a)

show a broad peak around 258, which corresponds to

nanocrystalline graphite. The lamellar structure of graphite like

carbon shears easily due to weak van der Walls forces existing

between the basal planes and give a lubricating effect which in

turn results in reduced friction and wear [7,8]. The variation of

friction coefficient as a function of no. of cycles for some of the

specimens is shown in Fig. 8. The friction coefficient of TiC

remains constant through out the experiment indicating its lower

wear rate. For other specimens, friction coefficient is higher and
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also it increases with number of laps. The increase in friction

coefficient with respect to number of cycles should be due to the

removal of the formed layers due to wear and exposure of Ti

metal to the tribo-contact.

4. Conclusions

Titanium carbonitride surface layers with varying concen-

tration of carbon and nitrogen were synthesized by gas phase

thermochemical process with ammonia and methane as active

gases. The online measurement of weight change revealed the

difference in growth mechanisms of nitride and carbide. The

converted layer thickness was found to be 15–25 mm. XRD

investigations revealed the formation of phase pure TiN, TiC

and TiCxN1�x surface layers. There was systematic shift in

XRD peak positions as a function of the ratio of the reactive gas

mixture indicating corresponding change in C/N ratio.

Variation in lattice parameter due to the change in C/N ratio

was estimated from XRD data. Change in microstructure and

grain size was revealed by surface and cross section SEM.

Grain size of the layers varied from �10 mm to �0.5 mm for

TiCxN1�x (x = 0–1). Over and above the decreases in non-metal

atom content as a function of depth, variation of carbon to

nitrogen ratio exists in each carbonitrided specimens as a

function of depth. The outer surface is carbon rich leaving a

nitrogen rich layer beneath. TiC was found to be the hardest and

having lowest friction coefficient. Hardness increase was

almost linear with increase in carbon content in the specimens.

Average friction coefficient was found to be drastically reduced

for pure TiC (0.078), which is comparable to that of graphite.
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