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Abstract

A graded TiCxN1�x coating with x varying parabolically in the range 0–1 was grown by chemical vapor deposition in the TiCL4–CH4–N2–H2

system by quasi-continuously changing process parameters (growth time, CH4 mole fraction) at 1400 K and at 10.7 kPa. Taper polishing of the

graded coating was carried out by a simple apparatus converting a depth dimension into a lateral dimension. Auger electron spectroscopy line scan

was then performed on the taper polished surface. Composition profile of the graded coating was determined to be in agreement with the designed

one using surface profilometer traces and AES signals from CKLL transition at 272 eV. AES/taper polishing approach facilitates composition–depth

analysis with a minimal degree of sputtering and a substantial reduction of data acquisition time. Taper polishing could also be combined with other

chemical analysis techniques such as X-ray microdiffraction.
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1. Introduction

In many monolithic coating/substrate systems, the transition

from the substrate to the coating usually involves an abrupt

change in composition and in properties such as thermal

expansion coefficient, hardness or thermal conductivity.

Stresses are inevitably produced in the interfacial region

during cooling from the deposition temperature or during

service. These stresses can affect the integrity of the coating/

substrate system. By continuously changing the composition of

the coating, a close match between properties may be obtained

at the substrate/coating interface. Since the properties change

gradually from the substrate to the surface layer, stresses

induced during cooling from the deposition temperature or

during service are reduced and not localized at the interface.

Thus, adhesion and cohesion of the coating can be improved
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leading to increased life time of the coating/substrate

composite. Within this concept, functionally graded materials

(FGMs) or coatings seem to be a promising alternative to

conventional materials. FGMs were born in Japan in mid-1980s

in association with the development heat-shielding structural

materials [1]. Excellent reviews of FGMs are given in Refs.

[2,3]. The techniques for fabrication of functionally graded

materials include chemical vapor deposition (CVD), physical

vapor deposition, plasma spray, powder metallurgy and sol–gel

techniques [4–9].

TiCxN1�x coatings deposited on WC/Co, graphite and steel

by CVD have been used in many areas ranging from cutting

tools to nuclear materials owing to high hardness, superior

inertness and low Z-number. In our previous works [10,11],

chemical vapor deposition of monolithic and graded TixCN1�x

coatings with linear and exponential concentration profiles

were reported. In these studies, important details of composi-

tional analysis have, however, remained obscure. Hence, the

current work was undertaken to give detailed description of

taper polishing, surface profile tracing and Auger electron

spectroscopy (AES) techniques used for composition–depth

studies. In order to accomplish this, TiCxN1�x coating with x
d.
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varying parabolically in the range 0–1 with thickness was

grown by chemical vapor deposition. The structural develop-

ment of the coating and possible artifacts of the composition

profiling by the combined techniques were also discussed.

2. Experimental procedures

2.1. Chemical vapor deposition

Fig. 1 shows schematic presentation of the hot-wall CVD

reactor employed for the growth of the graded coating. The

reactor consisted of the reactant supply system, the reaction

chamber, the vacuum station and the computer interface. The

entire CVD system was controlled using a computer to which

various process controllers and valves were interfaced. The

reaction chamber was heated by a tubular furnace. A wedge

shaped sample holder was mounted on a quartz tube which

would be rapidly retracted into the cold region using magnetic

clutch to reduce further reaction. The substrate material was

electronic grade graphite. Graphite substrate was used because

it is an important material widely employed in many areas

ranging from nuclear to aerospace industries. TiCxN1�x

coatings improve surface characteristics of graphite such as

resistance to oxidation at high temperatures and erosion by

particles and gas streams. The reactant gases, namely,

hydrogen, methane, nitrogen and argon of ultrahigh purity

(99.9995) were used. The reactant supply system was equipped

with mass flow controllers paired with compressed air fast

acting valves. The TiCl4 vapor, a titanium source, was carried

from the bubbler heated in an oil bath, with the flow of H2
Fig. 1. Schematic illustration of the c
carrier gas. The chemical vapor deposition was carried out

using total gas (CH4 + N2 + H2 + TiCl4) flow rate of 670 cm3/

min, CH4 + N2 flow rate of 175 cm3/min and TiCl4 flow rate of

20 cm3/min at 1400 K and at a reduced pressure of 10.7 kPa.

For the growth of graded coating, all parameters were kept

constant, but the ratio of CH4 flow rate to CH4 + N2 flow rate

(CH4 mole fraction) was varied from zero to unity as the growth

proceeded.

The parabolic grading function of Cx = aZ2 + bZ + c was

selected for the present study, where Cx is the desired

composition (TiC mole fraction) at distance Z from the start

of the graded coating and a, b and c are boundary depended

coefficients. A parabolic grading function was selected because

our previous work [12] showed that growth of the parabolically

graded coating resulted in compressive stress (�500 MPa) in

the coating which prevents crack formation. For the para-

bolically graded coating with Cx = 0 at Z = 0 and Cx = 1 at

Z = 22 mm, the boundary coefficients are a = 1/484, b = 0 and

c = 0. The coating is divided into 21 layers of constant

composition with an increment of 0.05 which is achievable by

the quasi-continuous variation of reactant (CH4 and N2) flow

rates. Growth time and reactant flow rates for each layer were

calculated up to 21st layer in accordance with the methodology

described in our previous work [11]. The data generated for the

chemical vapor deposition of the parabolically graded coating

is shown in Fig. 2. The growth of the coating was carried out in

short time steps of constant methane mole fraction specified for

each layer. In order to provide clear delineation of the graded

coating, TiN with a thickness of 6 mm was first deposited on the

substrate. The graded material was then deposited on this layer
hemical vapor deposition system.
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Fig. 2. Growth time and CH4 mole fraction specified for each layer that will

produce a parabolically graded coating. CH4 mole fraction is defined as CH4/

(CH4 + N2) where CH4 + N2 flow rate is 175 cm3/min.
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and was followed by a final layer of TiC 10 mm thick. The

graded zone had a thickness of 22 mm.

Morphology of the coating was examined in a JEOL

Scanning electron microscope (Model JSM-840). The coated

sample was broken in the middle into two pieces for the cross-

sectional examination and composition–depth analysis. The

thickness of the unpolished coating was determined from the

micrograph of the cross section.

2.2. Composition–depth profiling

Scanning Auger electron microscopy was used to determine

composition–depth profile of the graded coating. Since

conventional profiling by sputtering is slow for thick coatings,

an alternative approach was to produce a taper section [13],

thus exposing the subsurface regions of the coating (converting

a depth dimension into a lateral dimension). This was

accomplished by a device shown schematically in Fig. 3.

The device consisted of two cemented carbide inserts mounted

on either side of an aluminum block with dissimilar heights to

produce a height gradient sufficient to achieve a lapping angle

of 2.58 with respect to the coating surface. The sample was

mounted on a sample holder located between the two carbide
Fig. 3. Schematic picture of the apparatus used for taper polishing.
inserts. Mechanical lapping was performed using 1-mm

diamond paste fed on a nylon polishing cloth on a rotating

wheel. Further lapping was conducted on the nylon cloth

without diamond paste in order to obtain a mirror-like surface.

Occasionally, the sample was examined under optical micro-

scope to see degree of polishing. The quality and extent of taper

polishing were also checked by a Dektak Profilometer. When

the coating/substrate interface was reached, polishing was

stopped.

The procedure for the determination of composition–depth

profile of the coating can be explained schematically with the

help of Fig. 4. The taper polished sample is displayed in Fig. 4a

where the line marked ABCD extends from the horizontal

surface through tapered surface to the leading edge on the right.

The surface profile along the ABCD line was determined by a

Dektak profilometer. A sharp stylus was placed in contact with

the horizontal surface, and then gently dragged along the

surface until the leading edge was reached. The resultant

profilometer trace is shown schematically in Fig. 4b (upper

sketch). The vertical deflection measures the depth from the

original surface or the distance from the coating/substrate

interface. The linear region in the trace and the leading edge

were taken as references for the depth and horizontal distance,

respectively.

The sample was introduced to a Perkin-Elmer Physical

Electronics scanning Auger electron spectrometer. The

elemental horizontal scans were conducted by scanning the

electron beam across the coating along the line of ABCD.

Care was taken to ensure that the scanned line was close to the

one revealed by the profilometer. The line scan resulted in an

Auger intensity profile as a function of horizontal distance

traveled (lower sketch in Fig. 4b).

To obtain composition profile, the depth or the distance from

interface was measured from the trace (upper sketch) for a

given horizontal distance and the corresponding intensity data

was recorded from the horizontal Auger line scan (lower

sketch). This treatment was carried out at numerous positions

along the ABCD line. AES intensity data obtained was then

plotted against the depth or the distance from the interface (Fig.

4c). This procedure minimizes the errors due to edge rounding,

which occurs during metallographic polishing.

Surface contamination in the sample surface was removed

prior to AES analysis by sputter cleaning with 3 keVargon ions

for 3 min. The electron beam energy was 3 keV with a

0.005 mA beam current. The diameter of the electron beam was

equal to be 20 mm. Because the nitrogen peak (383 eV)

overlaps with the titanium peak (387 eV), only line scans for

the carbon peak (KLL Auger transition at 272 eV) were

performed.

3. Results and discussion

Fig. 5 shows the cross-sectional view (fractured surface) of

the unpolished coating. The total thickness is determined to be

36 mm, in reasonable agreement with the theoretical thickness

of 38 mm. The morphology of the coating consists of fine grains

near the interface between the coating and substrate. It is



Fig. 4. Schematic illustration of composition–depth profiling by scanning Auger spectrometer used in conjunction with taper polishing. (a) Taper polished sample;

(b) upper and lower sketches show profilometer trace and Auger intensity as a function of horizontal distance, respectively; (c) combined output of those in (b)

represent the Auger intensity as a function of depth or distance from the interface.
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apparent that the change in the reactant gas composition does

not lead to nucleation of new grains at distances>20 mm where

large columnar grains appear. Fine grains with a favorable

crystallographic orientation were survived into large columnar

ones as the growth proceeded. X-ray diffraction peak intensities

from the top TiC layer showed that the growth of the grains with

a h1 0 0i orientation perpendicular to the surface is preferred. It

is suggested that graded layers grow epitactically on each other

owing to the complete miscibility in the TiC–TiN system with

fcc structure of NaCl [14].

Fig. 6 shows the profilometer trace of the taper polished

sample. Surface profiling was started from the unpolished region

which is characterized by horizontal linear trace. This region is

followed by sloping trace which dropped at the leading edge of

the sample. Since the thickness of the coating is known, the

positions of the top TiC layer, graded zone, TiN layer and

graphite substrate can be located in the trace as designated by the

horizontal dashed lines in the figure. It is seen that the coating was

nearly taper polished down to the interface. Trace rounding is

also seen by the leading edge and in the top TiC layer. As deduced

from the linear trace in the graded zone, the actual lapping angle

is equal to be�18, lower than theoretical one. Since graded zone

has a thickness of � 22 mm, the taper polishing provides a
Fig. 5. SEM image of the cross section of the graded coating/substrate.
magnification of�60 or an equivalent length of 60 mm � 22 mm

for the graded zone. This enables facile determination of

compositional profile of the graded coating.

Fig. 7a shows Auger spectrum of the top TiC layer which

reveals the characteristic shape of the peak due to the CKLL

Auger transition at 272 eV. The spectrum for the graphite

substrate is also displayed in Fig. 7b for comparison. As seen

from the figure, CKLL peak at 272 eV from the TiC phase

appears to be symmetrical, whereas the one from graphite is

not. This observation suggests that the shape of the C peak is

influenced by the changes in the local chemical environment.

The intensity of the AES signal in the form of peak-to-peak

height, which is a function of relative concentration of the C

element in the coating, was normalized to the maximum value

(to that of pure TiC top layer). Fig. 8 displays the experimental

carbon profile obtained by the Auger line scan combined with

the profilometer trace. The designed profile is also shown in the

figure. As can be seen from the figure, the coating starts with

carbon intensity around �0.3 at �2 mm and it approaches zero

at �8 mm, becomes nearly constant up to 12 mm and then

increases with distance from the interface. The carbon intensity

does not change above �29 mm, indicating the presence of the

TiC layer. The graded zone is found to be in agreement with the
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designed curve. There is, however, scattered C signals in the

region between 2 and 6 mm near the substrate are observed in

the TiN layer, suggesting that line scans of tapered interfaces

should be interpreted with caution. Preferential removal of softer

TiN, graphite substrate protruding the TiN over layer (island

effect), electron beam overlap at the graphite/TiN layer interface

and embedded diamond particles into softer TiN layer may cause

the random C signals seen at distances<6 mm in Fig. 8. It should

be noted that scattered random C signals in TiN layer is not

attributable to C diffusion from graphite substrate to TiN layer as

studies on thin monolithic TiN coatings showed no TiCxN1�x

phase. This was expected owing to sluggish solid state diffusion

of C from the graphite substrate to the coating at 1400 K.

It should be mentioned that conventional depth profiling

by traditional ion sputtering requires prolonged time. This

introduces potential sputtering artifacts (varying removal of

surface atoms, knock-on implantation, selective sputtering)

that can generate false chemical/elemental concentration

profiles. AES/taper polishing approach facilitates composi-

tion–depth analysis with a minimal degree of sputtering and a

substantial reduction of data acquisition time over conventional

depth profiling. Furthermore, it should be pointed out that taper

polished surfaces of the samples with strong gradients in

composition, stress and texture can be analyzed using other
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techniques such as relatively new X-ray microdiffraction which

allows localized, spatially resolved measurements of the

microstructural properties. For example, lattice constant in

the Ti–C–N system varies linearly with composition (known as

Vergard’s law). With the microdiffraction from the taper

polished surface, composition–depth profile can also be

determined from the lattice constant measurements. The

combined approach could also be extended to multiphase

functionally graded coatings such as Ni/ZrO2.

4. Conclusions

A parabolically graded TiCxN1�x coating was grown by

chemical vapor deposition by quasi-continuously varying

process parameters (growth time, CH4 and N2 reactant flow

rates) at 1400 K and at 0.1 atm. Taper polishing was applied to

the coating using a simple polishing apparatus. This study

shows the advantages of the AES used in conjunction with a

taper sectioned coating. Increased lateral resolution with a

minimum sputtering was achieved through the taper polishing/

AES approach. The technique was successfully applied to the

TiCxN1�x coating with parabolic composition–depth profile. It

is suggested that taper polishing can also be used in

combination with X-ray microdiffraction to reveal spatially

resolved structural changes in functionally graded coatings.
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