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Summary:

For developing of functional-gradient hardmetals the interaction of nitrogen
with (Ti,W)(C,N)-based compacts was investigated. Hot-pressed (Ti,W)(C,N)
compacts as well as sintered compacts of (Ti,W)(C,N)+Co were subjected to
sintering and heat treatment at 1200-1500°C and up to 30 bar N2.
In (Ti,W)(C,N) compacts four microstructure types were obtained upon
reaction with nitrogen. A uniform single-phase (Ti,W)(C,N) forms in samples
with a low WC and high TiN content. If medium WC and high TiN/TiC ratio is
present a core-rim type structure forms during Ar annealing which remains
the same when nitrogen in-diffusion occurs. The third type of microstructure
shows sub-micron lamellae of nitrogen-rich fee phase and WC. This structure
forms at increased WC and/or TiC content. If the WC content is increased
again a WC layer forms at the outermost surface. Compressive stresses
introduced by phase formation/decomposition were obtained for the nitrogen
in-diffusion.
Sintered (Ti,W)(C,N)+Co compacts were heat treated above and below the
eutectic temperature. Above the eutectic temperature compact Ti(C,N) top-
layers independent on sample composition were observed. Below the
eutectic temperature the microstructure formation is mainly influenced by the
sample composition. A Ti(C,N) top-layer forms in materials with a high
Ti(C,N) content. Contrary, interaction zones without a layer were obtained in
compacts with high WC/Ti(C,N) ratio. Some of these surface modified
compacts show surfaces and particle sizes favourable for a cutting tool.
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1.Introduction:

The concept of functionally graded materials (FGM) has been put forward in
the past years [1,2]. One of the fields of application of this concept is related
to hardmetals and cermets used as cutting tools in which special properties
such as the ratio of hard phase vs. binder metal, hardness, stress, grain
size,... change gradually along certain pre-determined directions. It is well
established that any approach towards fabricating a graded hardmetal
(cermet) has to rely on knowledge about relevant properties and phase
reactions of the components and their relation with the process parameters
[3-6]. The formation of the graded zone is controlled by diffusion of the
various elements in the liquid binder and by the thermodynamic properties of
the system [7-9].
Several papers concerning the formation of layers and gradients in
(Ti,W)(C,N)-based cermets using a diffusion-controlled process have been
published [1,10-12]. Lengauer et al. [12,13] describe a principle classification
scheme consisting of four types of the near-surface microstructures formed
by sintering in reactive atmosphere, mainly containing N2.
Substantial work has been done in the development of functional gradient
hardmetals but they are mainly dealing with gas pressures < 1bar. The aim of
this work is to investigate the influence of higher-than-ambient gas pressures
for temperatures near the eutectic temperature on the formation of layers and
gradients at the surface and in near-surface areas of (Ti,W)(C,N)-based
compacts. Prior to these studies the reaction of (Ti,W)(C,N) with nitrogen was
investigated in order to study the phase reactions and diffusion in the hard
phase system.

2.Experimental:

Hot-pressed (Ti,W)(C,N) compacts as well as dense-sintered (Ti,W)(C,N)+Co
compacts, with small amounts of (Ta,Nb)C, were used. Hot-pressed samples
were made of TiC, TiN, and WC powders which were planetary ball-milled for
30min. in cyclohexane, dried and hot-pressed at >2300°C under 55MPa in Ar
atmosphere. Afterwards the samples were annealed in Ar atmosphere for
168 hours at 1500°C. Dumas-GC analysis was done to chemically analyse
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the gross composition and nitrogen loss. To investigate the reaction with
nitrogen, the annealed (Ti,W)(C,N) samples were reacted at 1500°C with
10bar N2 for 96h and 30bar N2 for 66h, respectively. These samples were
characterised by XRD and SEM to obtain information about the phases
formed.
The (Ti,W)(C,N)+Co compacts were annealed at 5 and 25bar N2 at 1200,
1300 and 1500°C. The reaction time was 1 to 100h. In these experiments
heating cycles were applied which are similar to standard heating cycles and
nitrogen was added at special points in the time-temperature profile [12,13].
For characterisation the samples were subjected to optical microscopy, SEM,
EPMA, XRD and surface roughness measurements.

3.Results:

3.1. Interaction of (Ti,W)(C,N) compacts with N2

In Tab.1 the composition of the starting material and the stoichiometry after
the Ar annealing process is given. The stoichiometry is calculated from the
results of the GC measurements. Because of nitrogen loss during the Ar
annealing process faint amounts W and W2C are present in the starting
material having a high N content. Nevertheless, the reaction of nitrogen with
the fee phases of almost 50at% non-metal concentration can be studied from
these samples.

Tab.1: composition of the (Ti,W)(C,N) compacts

sample
number

#43

#48

#49

#54

composition of the
starting material; (wt%)

we

10

50

50

90

TiC

20

20

10

10

TiN

70

30

40

zero

stoichiometry after the
Ar annealing process

([N]+[C])/([Ti]+[W])

0.91

0.97

0.97

~1
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The Ar annealed sample #43 shows grains with a triple core-rim structure,
the cores consisting of a (Ti,W)(C,N) phase rich in Ti and N, surrounded by a
inner rim (white) consisting of WC grains. The outer rim (greyish) was
identified as an fee (Ti,W)(C,N) phase, rich in W and C (compare Fig.1a).
Lindahl et al. [14] describe the formation of a similar core-rim structure in a
(Ti,W)(C,N)+Ni sample were the Ti(C,N) cores are partly surrounded by a
inner rim formed during solid state sintering from dissolved WC and therefore
with high W content. Because no binder phase is present in the sample this
is a proof that the presence of a liquid phase is not a necessary prerequisite
for the formation of core-rim type (triple) structures. According to the
calculations of Jonsson [15] for 1427X WC can only be in equilibrium with a
single fee phase. As the sub-stoichiometry is probably not responsible for the
presence of three phases (81, 52, WC) - because the fee phases can attain
quite a sub-stoichiometric composition before they undergo a phase reaction
- the samples may not be entirely in equilibrium. As the nitrogen diffusion is
fast enough to promote attainment of an equilibrium state (see below) the
non-equilibrium state is due to the low diffusion rate of the metals, i.e. Ti and
W.

The origin of the precipitated WC between the two fee phases may be due to
precipitation upon cooling down from hot pressing temperatures (where also
metal diffusion is orders of magnitudes higher than at the re-annealing
temperature). This is because the 81+82 phase region in the Ti-W-C-N is
destabilised upon decreasing temperature relative to a mixture S+WC.
Because of the above-mentioned low metal diffusion rate the two 8 phases
remain in the sample.

Four different types of surface interaction zones were found depending on
the composition of the starting material. If the starting material has a low WC
and high TiN content (sample #43) a uniform single-phase (Ti,W)(C,N)
formed at the surface (Fig. 1b).
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a) b)

Fig.1: SEM image of sample #43 a) Ar annealed (1500°C, 168h) b) N2

annealing (30bar N2, 66h)

The second type of microstructure resulting from the interaction with nitrogen
was found in samples containing a medium WC and a high TiN/TiC ratio
(sample #49). The grains of the Ar annealed sample #49 shows a core-rim
type structure where the core (black) consists of Ti-rich and the rim of a W-
rich (Ti,W)(C,N) phase (grey). Also W and W2C (white) is present between
the core-rim grains because of nitrogen loss (compare Tab. 1).
If this sample is reacted with N2 the core-rim structure remains stable (see
Fig.2a). An EPMA line scan (Fig.2b) shows that the nitrogen in-diffusion
occurred to about 60um from the surface leaving the general structure almost
unchanged but creating some TiN-rich uniform dark grey grains in between
the core-rim grains. Obviously these TiN-rich regions formed by in-diffusion of
N2 are nearly in equilibrium with the grey rims and thus have a very similar
composition than the cores. This is also supported by the fact that no WC
formed in between the two 8 phases, indicating that the 5i+82 region is stable.
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Fig.2: a) SEM image and b) EPMA line scan of the surface interaction zone
of sample #49 after N2 annealing (30bar N2, 66h)

It was observed that the core-rim type structure only formed if the starting
material has a high N content. If the WC and/or the TiC content increases the
core-rim type structure do not form in accordance with thermodynamic
calculations [15]. If the starting microstructure is uniform and a single fee
phase is present (except some grain boundary precipitates of W2C and W)
the interaction with N2 shows a substantial microstructural response. This
third microstructure type occurs if the TiN/TiC ratio becomes smaller (sample
#48). An about 45um thick interaction zone forms (Fig.3) which consists of a
lamellar structure of fee Ti(C,N) phase (dark) and hexagonal WC (white).
Interestingly the lamellae spacings are very small and are on the order of 0.1-
0.2um. The thickness of this type of interaction zone is largest and can reach
340um after 96h at 1500°C, depending strongly on the composition of the
starting material. The EPMA line scan of this type of sample again shows a
nitrogen gradient (see Fig.3b). Because of the very fine structure the WC and
Ti(C,N) lamella could not be separated by EPMA and a smooth profile was
measured.
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Fig.3: a) SEM image and b) EPMA line scan of the.surface interaction zone
of sample #48 after N2 annealing (10bar N2, 96h)
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Fig.4: SEM image of the surface interaction zone of sample #54 after N2

annealing (30bar N2, 66h)

If the starting material consists of a high WC and a low TiC content without
TiN (sample #54) a WC layer forms at the outermost surface during
interaction with nitrogen (Fig.4).



840 HM43 V. Ucakar et al.
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

Low-angle XRD measurements of the surface of the (Ti,W)(C,N) compacts
showed that during the annealing process in Ar, outgasing of nitrogen occurs
which also causes tensile residual stress (0.2-0.3GPa). For the nitrogen in-
diffusion compressive stresses (up to -1.1 GPa) introduced by phase
formation/ decomposition was obtained. This is interesting because this
means that nitrogen in-diffusion for modifying the microstructure yields
favourable mechanical properties of the influenced zones.

3.2. Interaction of (Ti,W)(C,N)+Co compacts with N2

The composition of the different samples subjected to annealing and
sintering experiments in nitrogen atmosphere are listed in Tab.2.

Tab.2: composition of the (Ti,W)(C,N)+Co samples

sample
number

#7

#34

#28

we
content

medium

high

high

TiC
content

high

medium

low

TiN
content

high

high

zero

Various types of different microstructures form in the (Ti,W)(C,N)+Co
compacts reacted with N2. Some of these can be included in the established
scheme of microstructures of vacuum-sintered in-situ surface-modified
hardmetals and cermets (type 1-4), described by Lengauer et al. [12].
However, due to the application of high pressures in the present study,
others show features which do not fit into this scheme.
A compact Ti(C,N) top-layer followed by a more or less graded structure was
observed in (Ti,W)(C,N)+Co samples annealed above the eutectic
temperature at 1500°C at 5 and 25 bar N2 for 1h, independent on the sample
composition (Fig.5 and 6). This corresponds to a type 4 microstructure as
described previously [12]. Although the microstructure type remains the
same, several important features such as the thickness of the Ti(C,N) top-
layer, the surface roughness and the porosity increase with increasing
Ti(C,N) content (Fig.5 and Tab.3). At a high WC/Ti(C,N) ratio a quite smooth
and compact Ti(C,N) top-layer of about 10um thickness and with a surface
roughness of 1.2-2.1 urn formed at 5bar N2 (sample #28, Tab.3). An
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increased nitrogen pressure of 25bar N2 causes no substantial difference in
layer-thickness for this sample but the surface roughness (Ra) was increased
as compared to 5bar N2 (Fig.6, Tab.3).

10|jm

a) b)
Fig.5: microstructures of (Ti,W)(C,N)+Co samples sintered at 1500°C with
5bar N2 for 1 h a) sample #34, b) sample #7

a) b)
Fig.6: microstructures of sample #28, sintered at 1500°C for 1h a) at 5bar b)
at 25bar N2
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Tab.3: layer thickness and Ra values of the samples sintered at 1500°C with
5bar N2 and 25bar N2 for 1 h

sample
number

#7

#34

#28

Ti(C,N) layer thickness; (urn)
5bar N2

-50

-15

-10

25bar N2

-55

-25

-7

Ra;
5bar N2

4.5

4.6

1.2

(Mm)
25bar N2

5

3.6

2.1

Because of the presence of a liquid phase at 1500°C causing a high mobility
of the diffusing species (the eutectic temperature is about 150°C below this
temperature [5]), layers and gradients form quite fast (within 1h). If the
annealing temperature is decreased to temperatures were no liquid phase
appears (1300°C, 1200°C) the annealing time has to be increased in order to
modify the near-surface microstructure so as to form zones or diffusion layers
above a few urn.
While the obtained diffusion layers show an interface which is rugged and not
such distinctive as obtained with deposition techniques the nitrogen-
influenced zones show a smooth variation of particle distribution in near-
surface areas. Depending on the formulation of the compacts the influence of
nitrogen changes the composition of the Ti(C,N) phase only, leaving other
features almost unchanged. This is shown for a sample with high amount of
WC (sample #28) in which a nitrided zone (no layer) forms at the outermost
surface after annealing at 1300°C for 10h with 25bar N2. In this zone, the
nitrogen content in Ti(C,N) changes gradually from high concentration at the
surface and in near-surface areas to very low amounts in the core (in sample
#28 it actually attains pure TiC). Because of the intensive colour change of
titanium carbonitrides as a function of C/N ratio (e.g.: TiN: golden yellow;
TiC0.2N0.8: violet; TiC: grey [16]) this change is clearly visible in the
microstructure. Dark yellow particles at the surface transform to violet and
finally grey colour as the interior is approached* (Fig.7a).

Further increase of the annealing time of this compact at 1300°C (to 20h and
100h, respectively) yields a rough and porous surface zone with higher
amount of nitrogen-rich Ti(C,N). These near-surface areas also show a

* for a colour version of the photographs of this work, please connect to
www.tuwien.ac.at/physmet/microstructures
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distinct change in particle size upon interaction with nitrogen. Large WC
crystallites (up to 20um) can be identified followed by a graded zone in which
the WC crystallites become much smaller (Fig.7b and c). For the annealing
temperature of 1300°C and annealing times >10h this microstructural feature
is observed in all investigated compacts independent on composition
(compare Fig.7b and d). The compacts containing a high amount of Ti(C,N)
(sample #7) additionally form a Ti(C,N) layer on top of this graded transition
to the core structure. Hence, an interface is visible (Fig.7d).

b) c) d)

Fig.7: microstructures of samples annealed at 1300°C and 25bar N2 a)
sample #28 for 10h, b) for 20h, c) for 10Oh, d) sample #34 for 40h

While after 10h annealing time at 1300°C a nitrogen-affected zone is present
no such zone forms or is at least visible in the optical microscope after the
same time at 1200°C (compare Fig. 7a and 8a). At 1200°C and annealing
times up to 100h very smooth surfaces and much smaller interaction zones
were obtained (Fig.8 and 9). The rugged and porous Ti(C,N) zones obtained
at 1300°C do not form at this decreased annealing temperature in the
investigated period of time. This can again be explained by the decreased
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mobility of elements at lower temperatures. The annealing-time dependency
on formation of interaction zones for a compact with a high WC content
(sample #28) annealed at 1200°C with 25bar N2 is presented in Fig. 8. After
20h, 40h and 100h an interaction zone of about 30um with an increased
amount of nitrogen-rich Ti(C,N) in comparison with the core amount appears.
While the thickness of the interaction zone remains constant with increasing
interaction time the nitrogen content in Ti(C,N) and the grain size of the WC
crystallites increase (compare Fig.8b-d, see footnote on page 9).

Fig.8: microstructures of sample #28 annealed at 1200°C with 25bar N2 a)
10h, b)20h, c)40h, d) 100h

The formation of interaction zones and/or layers at 1200°C is mainly
influenced by the WC/Ti(C,N) ratio in the samples. In compacts with a high
WC/Ti(C,N) ratio (sample #28 and #34) a nitrogen-rich reaction zone occurs
at the outermost surface but no distinctive Ti(C,N) top layer forms (see Fig.8d
and Fig.9a). This can be explained by the fact that at 1200°C no liquid phase
is present so that Ti cannot diffuse fast enough to the surface which is
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required to form a Ti(C,N) layer in this samples. At the same annealing
conditions, a Ti(C,N) top-layer forms in compacts with a high Ti(C,N) amount
(sample #7, Fig.9c). There seems to be enough Ti present in the surface
regions to form a Ti(C,N) top layer in sample #7 which has a sufficiently high
Ti(C,N) content in the starting formulation to exceed the solubility product and
to promote TiN precipitation. At 25bar N2 an about 7um thick monolithic
Ti(C,N) top layer formed in this sample after 100h. Then a zone rich in fee
phase follows (Fig.9c). If a nitrogen pressure of 5bar is applied, again a
Ti(C,N) top-layer occurs although the annealing time was only 20h (Fig.9b).
For samples with high WC amount which were annealed at 5bar N2, also an
interaction zone as in samples annealed at 25bar N2 was found
(microstructure for sample #34 see Fig.9a). This is a proof that the two
different nitrogen pressures, 25bar N2 and 5bar N2, respectively, do not
cause any changes in the microstructure type of the different compacts
investigated.

b) c)

Fig.9: microstructures of (Ti,W)(C,N)+Co compacts annealed at 1200°C a)
sample #34, 20h, 5bar N2 b) sample #7, 20h, 5bar N2 c) sample #7, 100h,
25bar N2
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Upon a closer look at the Ti(C,N) top-layers which occur in samples with high
Ti(C,N) content a nitrogen-gradient in these layers can be found. The
gradient forms perpendicular to the surface. This becomes clearly visible
from the transition of the dark yellow colour to a violet colour, indication of
C/N ratio.

E9

or
co 7
CO

Je
O5 _

8 4

CD

CO

03

jj> 1
03 0

"X 25bar N2

i 5bar N2 100hX

100h

40h
* 4 0 h

X
5-1 OOh

1160 1200 1240 1280

annealing temperature/°C

Fig.10: annealing temperature versus Revalues of sample #28

1320

4.Conclusion:

In (Ti,W)(C,N) compacts four different types of microstructures form
depending on formation of the starting material during heat treatment with
nitrogen. Uniform single-phase (Ti,W)(C,N) at the surface is obtained in
samples with a low WC and a high TiN content. If medium WC and high
TiN/TiC ratio is present a core-rim type structure forms during Ar annealing
which remains the same when nitrogen in-diffusion occurs. The third type of
microstructure consists of a lamellar structure of fee Ti(C,N) phase and
hexagonal WC. This structure forms at increased WC and/or TiC content. If
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the WC content is increased again a WC layer forms at the outermost
surface.
(Ti,W)(C,N)+Co compacts modified with high-pressure nitrogen either form a
compact Ti(C,N) top-layer and/or an interaction zone. Above the eutectic
temperature compact Ti(C,N) top-layers independent on sample composition
were observed. Below the eutectic temperature the microstructure formation
is mainly influenced by the sample composition. A Ti(C,N) top layer forms in
(Ti,W)(C,N)+Co compacts with a high Ti(C,N) content. Contrary, interaction
zones without a layer were obtained in compacts with high WC/Ti(C,N) ratio.
These interaction zones show a smooth variation of particle distribution in
near surface areas. The two different nitrogen pressure applied, 25bar N2

and 5bar N2, respectively cause no substantial difference in the
microstructure type for all investigated temperatures.
It was observed that the surface roughness increases with increasing
annealing temperature and/or annealing time or nitrogen pressure. The Ra

values of one (Ti,W)(C,N)+Co compact (sample #28) are presented in Fig 10.
The surface roughness plays an important role in the cutting performance of
indexable inserts. Some of the structures formed below the eutectic
temperature show surface roughness lower than 0.5um and therefore as low
as the roughness of deposited layers. Although some nitrogen-reacted
compacts show features, such as rugged and porous influence zones and big
WC crystallites, which make them not suitable for use in metal cutting
operations,
Some microstructural features were observed which are very interesting for
the development of new gradient types formed by diffusional in-situ surface
modification. They show surfaces and particle sizes favourable for a cutting
tool. The low temperatures of solid-state modification of these compacts
allow not only the formation of zones with changing particle composition but
also the formation of graded interlocked layers (e.g. TiN-Ti(C,N)-TiC).
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