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Summary:

In order to improve the wear resistance of hardmetal cutting tools, coatings of
hard materials were established. Especially the production of multilayer
coatings, which combine useful properties of different materials was a topic
of industrial and academic research. The present work examined the
possibilities of combining diamond as basic layer with protective CVD layers
of TiC, TiN, Ti(C,N) and AI2O3. All these combinations could be realized and
some showed quite good adherence under strain, which offers possibilities
for technical applications.
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1. Introduction

The concept of applying multilayer coatings to WC-Co hardmetal cutting tools
to prolong tool life is already well known (1,2). Especially coatings with layer
sequences of TiC / Ti(C,N) / TiN / AI2O3 are commonly used in the machining
industry (3-5). With the exception of corundum all these materials show a
sharp decrease of hardness with increasing temperature (6). Additionally
they possess a rather bad thermal conductivity, which causes an extreme
heating (up to 1000°C and more) on the cutting edges (7) and therefore a
loss of wear resistance as result.
Due to their high hardness and excellent thermal conductivity diamond
coatings are used as wear resistant coatings (8,9) and as heat sinks in
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electronic devices (10). They show a good mechanical stability up to 1000°C,
but at these temperatures they show a rather low resistance against oxygen,
which catalyses the transformation into graphite. Another disadvantage of
diamond is, that it is not suitable for the machining of iron and steel, because
these materials possess a high carbon solubility. The high working
temperatures - occurring locally - lead to the diffusion of carbon into the
ferrous metal and that rapidly destroys the cutting edges.
A solution to the above mentioned problems is offered by a multilayer
concept, which combines diamond (for hardness and heat distribution) with a
protective layer of another hard material (TiC, TiN, AI2O3), which is stable
against oxidation and prevent carbon diffusion (11). This paper describes the
production of such multilayer-systems by using a CVD process and examines
the changes in deposition rates, crystal morphology and preferred crystal
orientations. Also layer adhesion is qualitatively estimated after performing
Rockwell tests.

2. Experimental details

2.1 Substrates and its surface pre-treatments
Indexable hard metal inserts from Teledyne Firth Sterling, La Vergne, TN,
USA [grade SPGN 120308, quality H21; 94 wt.% WC, 5.5 wt.% Co and
0.5 wt.% (Ta,Nb)C, total surface 4,29 cm2] were used as substrates. Prior to
pre-treatment they were ultrasonically cleaned in methanol. In order to
optimise growth and adhesion of the diamond layer Co, which detrimentally
influences the diamond CVD process (12-17), was removed from the
substrate surface by etching with Murakami solution (10 g K3[Fe(CN)6] and
10 g KOH in 200 ml H2O) for 60 minutes and Caro's acid (5% cone. H2SO4 in
35% H2O2) for 30 seconds. No further nucleation enhancement was applied.

2.2 Diamond deposition
A hot-filament reactor was used for the deposition of diamond layers (18).
Tantalum-wire (0.8 mm diameter) in form of a six times u-shaped loop was
used as a filament. The following deposition conditions were adjusted:
filament temperature, 2300±20°C; substrate temperature, 800±15°C;
pressure, 30 mbar; total gas flow, 250 cnfVmin; methane concentration,
2 vol% and a deposition time of 16 hrs.
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2.3 Deposition of TiC, TiN, Ti(C,N) and AI2O3

These deposition experiments were carried out in a hot-wall thermal CVD
reactor (19). The reactor was heated by means of an electric resistance
furnace. Experimental conditions were: Furnace temperature, 1050±20°C;
reactor temperature 900±15°C; pressure, 160±20 mbar for TiC, TiN and
80±5 mbar for AI2O3; flow rates for TiC, TiN: 333 cm3/min H2, 33 cm3/min
TiCI4; gas flow ratio CH4(N2 respectively):TiCI4, 1:1, 2:1, 3:1; flow rates for
AI2O3: 400 cm7min H2, 25 cm3/min HCI (8 cm3/min AICI3) gas flow ratio
CO2:AICI3, 2:1, 1:1, 1:2 deposition time 1 h (TiC, TiN); 3 h (AI2O3).

2.4 Examinations
Deposition rates were calculated from the weight difference of the substrate
before and after the deposition experiment. Scanning electron microscopy
(SEM) was used to describe the morphology of the deposited layers. The
quality of the diamond layer was examined by micro-Raman spectroscopy
(ISA RamanorU 1000; 100 mW 488 nm Ar-ion Laser; back-scattering
geometry). X-ray-diffraction (Ni filtered Cu Ka radiation A,=1.540562 A) was
used to characterize preferred orientations in TiC and TiN depositions.
Adhesion of the coatings was proofed by Rockwell indentation tests and
examination of cracks the surrounding area by SEM. For interface
investigations the ball grinding method (20) was used.

3. Results and Discussion

3.1 Diamond deposition
Diamond deposition on hardmetals has already become industrial standard.
In order to use diamond as prime layer for a multilayer coating its adhesion
has to be optimised. The negative effects, which the cobalt content of a
hardmetal has on diamond deposition, also include the catalysing of sp2-
carbon, which leads to the formation of graphite or amorphous carbon,
especially during the first period of deposition (15,21). Diamond nucleates on
this thin interlayer, which is of course detrimental to the adhesion of the finite
layer. In order to reduce these negative effects Co has to be removed from
the surface or stabilized by the formation of stable chemical compounds. A
standard treatment used in industrial production is the two step etching with
Murakami solution and Caro's acid. During the first step the substrate surface
roughness is increased, while the second etching dissolves Co and produces
CoSO4 and Co-oxides. Under diamond deposition conditions these
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compounds should stabilize the surfaces by formation of CoS (22). Although
the mechanism is not fully cleared, but the effects of this pre-treatment
method is convincing. Diamond quality and adhesion are both remarkably
increasing.
Our deposition experiments after using Murakami / Caro pre-treatment
resulted in 9 to 11 urn thick (111) faceted octahedral diamond coatings
(deposition rate approx. 0.38 mg/h) of high quality according to Raman
spectra (single peak at 1333 cm"1) (Fig. 1). Rockwell indentation tests with a
load of 100N/mm2 indicated a high layer adhesion. In summary these
coatings proofed their suitability for multilayer production.
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Fig. 1; Morphology and Raman spectra of diamond deposited on WC-Co
substrates, pre-treated with Murakami-solution (60 min) and Caro's
acid (30 s) [16 h, Tf,= 2300°C, Tsub= 800°C, 100 crrfYmin, 3% CH4, 30 mbar]

3.2 Double layers consisting of diamond / TiC, diamond / TiN and
diamond /Ti(C,N)

After 1 h of deposition the diamond crystals were usually fully covered by a
fine crystalline layer of TiC or TiN (Fig. 2). The average layer thickness
reached in case of TiC 9.5 urn; and in case of TiN 3.5 urn. The carbonitrides
usually took values in between depending on their composition.
The comparison of the deposition rates of TiC and TiN coatings on diamond
or uncoated hardmetal substrates showed opposite behaviours. While the
deposition rate of TiC was about 2.3-times higher on diamond (22.5 mg/h)
than on WC-Co (10 mg/h), the deposition of TiN on diamond seemed to be
restrained (diamond: 13.5 mg/h, WC-Co: 22 mg/h). A similar effect is
observed during the deposition of Ti(C,N), where the deposition rate
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decreases with decreasing CH4:N2 ratio in the reaction gas (Fig. 3). Generally
the deposition rates of TiC and TiN strongly depend on the content of CH4

respectively N2. A reduction in the gas flow of these species is always
connected with a decrease in the deposition rate (Fig. 3).

[Diamond / TiC; CH4:TiCI4 = 2:1 Diamond (11,5 (jm) / TiC (8

• Diamond / TiN; N2:TiCI4 = 2:1 Diamond (13 pm) / TiN (6 \m\)

Diamond / TiCN; CH4:N2=3:7; (CH4+N2):TiCI4=3:1 Diamond (11 Mm) / Ti(C,N) (11

Fig. 2: Morphology and Rockwell indentation tests of TiC, TiN and TiCN
depositions on diamond covered hardmetal substrates [T=820°C,
p=160 mbar, H2 gas-flow 333 cm3/min, 1 h]
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Fig. 3: Deposition rates of TiC, TiN and TiCN layers deposited on
diamond coated WC-Co and uncoated WC-Co [T=800°C;
p=160 mbar, H2 gas flow 333 cm3/min]

The enhancement of the TiC deposition rate on diamond is mainly caused by
the reaction kinetics, which favours carbide formation by using carbon from
the substrate surface as source rather than the gaseous methane (23). In
case of diamond coating the whole surface acts as a carbon source, while
uncoated hardmetals only provide the dissolving of carbon from the binder
phase, which represents a relatively small carbon amount. Furthermore at
temperatures above 800°C diamond starts to transform slowly into graphite,
which again facilitates the formation of TiC.
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To proof, that TiC might be formed solely with carbon from the substrate, an
experiment was carried out. During that experiment no carbon containing gas
was added and after 15min at 900°C a thin layer of TiC was observed
(Fig. 4)
According to Lindstrom et al. (24) the deposition of TiN shows a different
mechanism than that one of TiC. He proposes a kind of "auto catalysis"
involving reactive nitrogen species. Zhirong et al. (25) additionally came to
the conclusion, that the TiN deposition is controlled by surface reactions. The
nitrogen adsorption is assumed to limit the growth rate. It is possible that the
different chemical bonds in WC-Co (metallic) and diamond (covalent) also
cause a different affinity toward nitrogen, which would be responsible for
variations in the deposition rates. XRD measurements (Fig. 3) reveale, that
besides average TiN also a non-stoichiometric TiN species (r|-Ti3N2_x first
reported by Lengauer (26)) was deposited on diamond. This indicate, that a
deficiency of nitrogen occurred in the reaction zone, which might be
considered as proof, that diamond lacks affinity towards nitrogen.

Fig. 4: Formation of TiC layers by treating diamond layers with TiCI4/H2

gas mixtures (no CH4 addition) [temperature: (A) 800°C, (B) 900°C,
70 mbar, duration of treatment 15 min, H2: 333 crrvVmin, TiCI4: 33 crrvVmin]
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The morphology of TiC on diamond did not change significantly with a
variation of gas composition. Usually fine crystalline layers were obtained,
which turned to coatings of faceted pyramidal crystals after increasing the
deposition time (3 hrs). XRD diagrams revealed, that especially with a
methane excess, TiC easily forms textured layers on diamond surfaces.
These layers are usually oriented in (200) direction (Fig. 3). TiN crystals
grown on diamond change their morphology according to the nitrogen
content in relation to the TiCI4. Equal contents or excess of TiCI4 cause
whisker growth, while a nitrogen excess results in pyramidal or lens shaped
crystals (Fig. 2). Here no preferred orientations were found according to XRD
measurements.
The Ti(C,N) deposition strongly depend on the reaction gas composition. A
higher methane content results in fine grained layers, while increased
nitrogen contents result in lens shaped crystals. Calculations based on XRD
measurements revealed, that the composition of the Ti(C,N) layer usually
contained 10-20% more carbon corresponding to the gas composition. This
fact shows again that the deposition of TiC on diamond is kinetically
favoured.
Rockwell indentation tests with loads of 68 kg/mm2 proofed, that the
adhesion of TiC or TiN onto diamond as well as the adhesion of the
multilayer to the substrate were quite good (Fig. 2). Only some minor cracks
appeared, which had no further effect on the adherence of the coating. The
Ti(C,N) layers showed less adhesion onto diamond than pure TiC or TiN
phases. For each of the indentation tests cracks were observed and small
parts of the coating jump off. The Rockwell tests also indicated, that an
optimum for the total layer thickness exists within a range of 15-20 urn. Tests
on thicker and thinner layers resulted in severe disturbances and the
breaking of layer segments.

3.3 Triple layers with the stacking sequence diamond / TiC / TiN
According to the success in producing adherent double layers with
diamond / TiC or TiN, experiments were performed to prepare triple layers
with the stacking sequence diamond / TiC / TiN. During this series it was also
investigated how different diamond modifications (namely octahedral and
spheroid ballas diamond) as basic layer affect the adhesion of the upper
layers.
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The deposition results did not differ from the previous experiments. Again
fine crystalline TiC layers and lens shaped TiN crystals were obtained at
more or less the same deposition rates (Fig. 5). The deposition rate of TiN
(21.5 mg/h) on the TiC covered surface took a maximum value similar to that
reached on WC-Co (22 mg/h).

Diamond / TiC / TiN

Fig. 5: SEM images of the deposition steps of a diamond / TiC / TiN-
multilayer and Rockwell indentation test [diamond deposition: 16 h,
Tfi, = 2300°C, Tsub = 800°C, 100 cnrrVmin, 2,5 - 4% CH4, 30 mbar, TiC / TiN
deposition: T=830°C, CH4:TiCI4 resp. N2:TiCI4=2:1, p=160 mbar, gas flow
333 cm3/min]
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The adhesion of the multilayers generally was insufficient. Some layers
jumped off during cooling others after the Rockwell test. Only few coatings
remained adherent, but even these showed major cracks on the surface (Fig.
5). But it has to be reminded, that the thickness of the total layer so far
exceeded in 20 um, which empirically was found as limit for strain enduring
coatings. It still seems possible to optimise adhesion by reducing the
thickness of each individual layer. Additionally it was found that, if well
faceted diamond crystals formed the prime layer, the upper layers which
immediately jump off even without induced strain. If ballas diamond is used
as intermediate layer the weakest point seemed to be the interface between
substrate and diamond layer. These systems remained adherent even after
Rockwell tests. The difference is easily explained, because ballas diamond
with its countless micro facets (27,28), offers a high number of nucleation
sites for the next layer and a high nucleation density also increases the
adherence of the layer.
To investigate the interface between the single layers, the ball grinding
method was used to create a spheroid cavity into the surface. Examinations
revealed, that a series of cracks was formed in the TiC, which formed the
middle layer. This is most probably due to the fact, that the TiC layer is
stacked between a layer with less (diamond) and another with higher thermal
expansion (TiN). The simultaneous performance of compressive and tensile
stress naturally causes cracks.
In the current state the developing of multilayers consisting of
diamond / TiC / TiN is not suitable for industrial applications, but still offers
many ways optimisation.

3.4 Double layers consisting of diamond / AI2O3

Corundum is a frequently used material in the coating industry. So far the
production of a composite layer with diamond has not been successful (29,
30). Our experiments resulted in an adherent corundum layer on top of the
diamond coating with a maximum thickness of 18 um. The deposition rate
(Fig. 6) strongly depended on the composition of the reaction gas and it
increased with increasing CO2 content (maximum 6.5 mg/h). A gas ratio of
CO2:AICI3 = 2:1 combined with a higher pressure (160 mbar and above)
resulted in gas phase nucleation and in porous films with low density. A low
CO2-content and deposition temperatures >1100°C lead to the growth of
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AI2O3 whiskers. In all the other cases the layer morphology was dominated by
five fold pyramids and plate like crystals in various ratios (Fig. 6).
XRD diagrams (Fig. 6) showed the expected peaks of WC, diamond and
AI2O3> but additionally some peaks were found, which could be related either
to AI4C3 or metallic tungsten. An oxidation of WC to tungsten would also
cause the delamination of the diamond layer. It seems that, similar to the
formation of TiC from TiCI4 and diamond, also AICI3 forms the carbide with
diamond as carbon source. This intermediate carbide layer reduces the
adhesion of AI2O3 on diamond, because it also increase the difference in
thermal expansion between the layers.

/ ALCy, CO2:AICI3=2:1 •—«1 urn Rockwell-test « •

LMirnnHi

80 70 60 50 .„. 40 30

Fig. 6: AI2O3 layers on diamond coated and uncoated WC-Co substrates:
morphology, Rockwell indentation test, AI2O3 deposition rates and
XRD diagrams of [T=1100°C; p=160 mbar, H2 gas flow 400 cm3/min, 3 h]
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Rockwell indentation tests (load: 50 kg/mm2) revealed that only very thin
(approx. 1 urn) AI2O3 top-layers resulted in stress resistant mutlilayer
coatings (Fig. 6). Layers with a thickness above 6 urn easily jump off the
diamond underlayer. This fact reveals the question, whether the combination
of diamond and AI2O3 results in technically applicable multilayer coatings or
not. Corundum layers of about 1 urn thickness not seemd to be suitable for
diamond protection.

4. Conclusion

The experiments described in this paper proofed, that it is possible to deposit
multilayer coatings containing diamond as basic layer onto WC-Co hardmetal
substrates and TiC, TiN, TiCN or AI2O3 as protective layer grown by CVD
methods. Under optimal conditions the layers show good adherence amongst
each other and on the substrate. Especially the combinations diamond with
TiC or TiN need further investigations to proof their suitability in wear
resistant applications. The adhesion of TiCN and AI2O3 on diamond is weaker
and offers only little resistance against strain. If the thickness of each layer
as well as the total thickness are optimised, then it is possible to obtain well
adherent multilayers with stacking sequences of diamond / TiC / AI2O3 by
chemical vapour deposition.
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