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Summary:

Sintering experiments were carried out to establish graded microstructures in
hardmetals and cermets. The formation of these microstructural features was
investigated as a function of nitrogen pressure, sintering temperature,
sintering period and sintering profile. The nitrogen pressure influences the
formation of carbonitride layers at the surface. Decreasing sintering
temperature yields similar results as increasing nitrogen pressure. Upon
prolonged sintering time a small growth of the outer carbonitride layer can
only be obtained if a substantial WC grain growth is accepted. Variation of the
sintering profile after dense sintering does not principally change the type of
the graded microstructure.
The laboratory experiments were scaled up in an industrial sinter/HIP furnace
and showing good correspondence with each other. First turning cutting tests
with different alloys show excellent performance in comparison to ungraded
materials.
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1. Introduction:

Coated hardmetal tools show a topographic distribution of their properties: the
surface withstands the mechanical/chemical interaction with the workpiece,
air and lubricants at high temperatures and the core exhibits high toughness
in order to resist mechanical load. The increasing needs of performance led
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to the application of complicated multilayer coatings with the aim of an
optimum combination of different hard phases compatible with substrate
adherence and resistance to wear. One of the ideas behind the preparation of
multilayer coatings is to approach the properties of the tough core stepwise.
However, even multilayers show a discontinuous change of properties at the
interfaces of the various layers. Such a discontinuous change can only be
avoided if graded microstructures can be established in which the chemical
composition or phase content changes gradually from one side to the other.
Since the different parts of such a structure have a different function these
materials are called functionally graded.
Functionally graded cermets with a hard outer surface (Ti(C,N)-enriched) and
a tough inner core have been described only recently (1,2) and were claimed
to have superior properties. In our own efforts to prepare functionally graded
hardmetals and cermets (3-6) we have found a variety of different near-
surface microstructures which were classified into four main types and three
sub-types. The four principal types show the following features:

Type 1: a graded structure in which a globular (Ti,W)(C,N)-governed micro-
structure changes smoothly into a hardmetal-type bulk structure
(angular WC grains) or a bulk microstructure with a mixture of
angular WC together with globular (Ti,W)(C,N). The bulk structure is
smoothly attained. Such a type can also be obtained if cermets are
annealed below the liquidus temperature (7)

Type 2: a microstructure that contains a more or less well-differentiated WC-
Co surface zone with a following graded microstructure. This type is
related to the well-known cubic-carbide-free (or most confusing
"(3-free" or "y-free") layer hardmetals (7-11) but has a carbonitride
enriched zone below the WC-Co layer fading smoothly into the bulk
structure governed by a hardmetal-type microstructure

Type 3: a microstructure with a Ti(C,N) top layer followed by a WC-Co layer,
and then a graded structure with a carbonitride-enriched zone
smoothly attaining a hardmetal type microstructure - this is a type 2
structure with a carbonitride surface layer

Type 4: a Ti(C,N) top layer that forms onto a gradient structure governed by
carbonitrides - representing a type 1 functional gradient cermet plus
a carbonitride surface layer (1)
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The microstructures of these four types are shown in Fig.1*. In addition to
these four types, three intermediate types were found, which indicates that
some of the types can change smoothly into each other (Fig.2).
The present study was carried out in order to gain further insight into the
formation of these types and to be able to tailor microstructural features, to
transfer laboratory results into the production scale and to test the cutting
performance of these functionally graded hardmetals.

type 1 type 2 type 3 type 4

''. lOurft 10um10um

Fig.1: Microstructures and classification of functionally graded cemented
hardmetals and cermets (4,5).

type 1-4 type 2-3 type 3-4

50um

Fig.2: Intermediate types of functionally graded hardmetals and cermets (6).

colour versions of microstructures and photographs of this work are accessible in the
microstructures section at www.tuwien.ac.at/physmet
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2. Experimental:

The green compacts employed for the sintering processes were prepared by
state-of-the-art industrial procedures. The powders were mixed, pressed and
dewaxed at around 600°C. Afterwards the samples were pre-sintered at
1200°C. Tab.1 gives the composition of the investigated alloys.

Tab.1: Rough compositions for sintering investigations.

alloy

7

28

34

40

we
63.0

86.2

75.0

43.0

composition [wt%]

fee phase*

27.0

7.8

15.0

57.5

Co

10.0

6.0

10.0

14.5
* the fee phase is a carbonitride of the type (Ti,Ta,Nb)(C,N)

For laboratory preparation an induction furnace connected with a gas
controller and coupled to a quadrupole mass spectrometer was employed to
carry out the sintering experiments and the investigation of the outgassing
characteristics (12,13). The samples were placed into a graphite crucible and
sintered with a variety of different time-temperature profiles. After the liquid
phase formed the sintering atmosphere was modified in order to supply a
reactive gas which mainly consisted of nitrogen. This reactive gas
atmosphere was kept until the end of the sintering cycle. A basic sintering
cycle consisted of a 5°C/min heating ramp until 1250°C. At this temperature a
holding time of 30 min. and afterwards a 5°C/min heating ramp until 1495°C
was adjusted. After the latter temperature was reached the time-temperature
profile was modified in different ways.
In order to investigate the conditions of gradient formation more deeply
specific sintering experiments were done by interrupting the sintering cycle,
varying the nitrogen pressure, applying a zigzag time-temperature profile and
heating different periods at the sintering temperature.
For the characterisation of the graded microstructures metallography, SEM,
XRD, EPMA and Glow-Discharge Spectroscopy (GDOES) were employed. In
GDOES analysis sputtering with Ar was applied. The fluorescence lines of the
various elements were detected by a UV spectrometer and the intensities
were calibrated against chemically analysed standards. Element distribution
profile with high accuracy could be obtained for up to ca. 100um from the



K. Dreyer et al. HM40 821
15"1 International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

surface. A typical GDOES depth profile is given in Fig.3. For a detailed
description the reader is referred to a recent study (14).
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Fig.3: GDOES depth profile of a type 3 FGHM (compare Fig.1).
Concentration of elements divided by the numbers given.

3. Results and Discussion

3.1. Phase formation and phase separation in FGHMs

The formation of the functionally graded microstructures is closely related to
the starting formulation of the cemented carbonitrides. (6). The following main
correlations are found:
a) the cemented carbonitrides with a cermet-type composition (starting

composition with WC < 43wt%) showed a type 1 or 1-4 microstructure
(compare Fig.1 and 2).

b) the cemented carbonitrides with a hardmetal-type composition (starting
formulation with WC > 69wt%) showed a type 2, a type 3 or a type 4
microstructure.

c) for the case of cemented carbonitrides with starting formulation between
the cermet-type and the hardmetal-type, the microstructure showed
intermediate types like 3-4, 1-4 or 2-3 (compare Fig.2).
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The formation of the graded microstructures depends on the thermodynamic
equilibrium conditions between the hard constituents and the N2/CO
atmosphere. The reactive gases in the sintering atmosphere influence
substantially the carbon and nitrogen activities and hence the solubility of the
hard phases in the liquid binder phase, especially of WC (15,16). Due to the
change of nitrogen and carbon activities, which depend on the applied
nitrogen pressure, diffusion process are induced which proceed via the liquid
phase (diffusion in the solid has a much lower rate). Ti, Ta and Nb are
elements with a high affinity to nitrogen and will dissolve in liquid binder if the
nitrogen pressure is too low to reach the solubility product for precipitation.
Contrary, if the nitrogen pressure is higher than the equilibrium pressure
outdiffusion of Ti (together with Ta and Nb) occurs to form a carbonitride
layer. This carbonitride is principally of the type Ti(C,N) with additions of Ta,
Nb (and possibly a very small amount of W). The higher the content of
carbonitride phases in the starting formulation, the lower is the necessary
nitrogen equilibrium pressure for phase precipitation. The necessary nitrogen
equilibrium pressure for carbonitride formation in the investigated alloys
depends on the hard phase composition (i.e. TiN/TiC ratio and WC content in
the starting formulation). A Ti(C,N) layer forms at the surface for a nitrogen
pressure higher than this pressure. However, the equilibrium pressure is not
only dependent on the hard phase composition but also on the carbon activity
in the alloys so that the critical pressure for fee carbonitride formation can
change and exceed vacuum sintering conditions. Detailed results on the
influence of nitrogen pressure are presented in Sec.3.2.1.
Nitrogen also influences the solubility of WC in TiC. Substitution of nitrogen
for carbon during sintering reduces the solubility of WC in TiC and hence WC
precipitates from (Ti,W)C if the limit of solubility of WC in TiC is reached.. For
this reason alloys with a high content of WC in the starting formulation
showed precipitated WC in the microstructure (alloys 7, 28 and 34).

3.2.1. Influence of N2 pressure in the furnace

The nitrogen pressure influences a) the final composition of the fee
carbonitrides, b) the direction of the Ti, Ta, Nb and nitrogen diffusion in the
liquid phase, and c) the carbon activity and consequently the solubility of the
components in the liquid phase (11,15,17,18).
The influence of the nitrogen pressure in the formation of a type 4
microstructure is shown in Fig.4. If alloy 28 is sintered with 100 mbar nitrogen
pressure isolated carbonitride grains formed on the compact surface. Upon
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increasing nitrogen pressure, the diffusion rate of elements with high affinity
to nitrogen increases. For this reason, a thin carbonitride layer formed on the
surface of this alloy if the nitrogen pressure was 500 mbar. By further
increase of from 500 mbar to 900 mbar N2, the interaction between nitrogen
and Ti (Ta, Nb) increases, forming a thicker carbonitride layer on the surface.

10um 10um

Fig.4: Influence of nitrogen pressure on the formation of graded
microstructure in alloy 28 sintered at 1490°C, left: 100mbar, right: 900mbar.

If alloy 7 is sintered with lOOmbar nitrogen pressure no carbonitride layer
forms on the surface. At 500 mbar N2 a type 3-4 microstructure which covers
a carbonitride layer or at least individual grains (compare Fig.2). If the
nitrogen pressure increases up to 900 mbar, the formation of a carbonitride
layer on the surface occurs (Fig.5). Further increase of the nitrogen pressure,
increased the thickness of the Ti(C,N) layer on the surface. This shows that
not only the type of microstructure but also the thickness of the carbonitride
layer can be influenced by choice of the appropriate sintering atmosphere.
For alloy 34 a variation of the nitrogen pressure in laboratory vacuum
sintering conditions showed no effect on the formation of the graded
microstructure at 1490°C. However, upon decreasing temperature the
necessary nitrogen equilibrium pressure is lowered so that upon sintering at
lower temperatures a carbonitride containing outer surface indeed occurred
(see Sec. 3.2.3). In addition, the type of formation of the graded zone was
found to be substantially dependent of the carbon activity in the starting
formulation.
Alloy 40 formed a type 1 microstructure consisting of a carbonitride-rich outer
zone onto a carbonitride gradient with a core-rim type microstructure for all
the three nitrogen sintering pressures. For this composition the nitrogen
activity necessary for the formation of the carbonitride phase can be easily
achieved by any of the applied pressures.
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Fig.5: Change of the microstructure type of alloy 7 as a function of the applied
nitrogen pressure, left: 100mbar (type 2), right: 500 mbar (type 3-4).

3.2.2. Influence of sintering time

Further investigations were carried out in order to determine the time
dependence on the layer and gradient formation. The samples were sintered
under a nitrogen pressure of 500 mbar and the holding time at the maximum
sintering temperature varied between 15 and 240 minutes.
In previous investigations (8-11) on the WC-Co layer formation it was
reported that the WC-Co layer growth is parabolic and different models to
calculate the layer growth of WC-Co zones depleted of fee carbides were
reported (8,10). These authors sintered (Ti.W)C-based cermets at liquid
phase temperatures under non-reactive atmospheres.
In our sintering experiments the WC-Co layer growth in alloy 34 showed a
very small increase with the sintering time but the WC grain size in the fee-
free layer and in the bulk shows a large dependence on the sintering time. In
Fig.6 three micrographs of alloy 34 sintered with a holding time of 1, 2 and 4
hours, respectively, are shown. The longer the sintering time, the larger is the
grain size of the WC crystallites. The reason because the WC-Co layer does
not grow extensively can be attributed to the introduction of nitrogen in the
liquid phase sintering step, interrupting the denitridation of the compact. Due
to the nitrogen in the sintering atmosphere the microstructure below the WC-
Co layers shows a carbonitride phase gradient whereas this was not reported
(8,10) if sintering is performed without reactive atmosphere.
It was found in alloy 28 (type 4) that the carbonitride layer slightly grows with
increasing sintering times. For a sintering time of 1 hour at 1490°C, the
thickness of this layer was about 2um. After 4 hours at the same temperature,
the layer thickness was 5um. Also the size of the WC crystallites in the
microstructure grew considerably. The small growth of the carbonitride layer
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can be attributed to the low amount of Ti-containing hard phases in the
starting formulation and the low diffusion rate of Ti, Ta and Nb.

10um 10um

Fig.6: Micrographs of alloy 34, sintering time left: 1h, right: 4 h.

Also the outer carbonitride layer of alloy 7 microstructures (type 3-4) grows
slowly with increasing holding time at the sintering temperature, and again the
WC grains distributed in the WC-Co rich zone and in the bulk of the compact
grow substantially.
Alloy 40 showed an increment of the thickness of the nitrogen-rich zone with
increasing sintering time from 18um (15 min.) to 30um after 4 hours.
For most of the compositions studied as a function of sintering time it can be
stated that the WC grains grow substantially upon increasing time. Because
this increment does not yield a substantial growth of layers but a significant
grain growth of WC grains, the sintering time should be kept as short as
possible to prevent coarsening.

3.2.3. Influence of the sintering temperature

The temperature for sintering of cemented carbonitrides is around 1490°C.
The melting point of the alloys 7, 28, 34 and 40 is around 1350°C (7). For this
reason, it is possible to sinter to full density at temperatures well below
1490°C.
To determine the influence of the sintering temperature in the formation of the
graded microstructures, alloys 7, 28, 34 and 40 were sintered at a
temperature of 1385°C. For the case of alloys 7, 28 and 40, there is no
change of the type of graded microstructure upon lowering the sintering
temperature. The thickness of the nitrogen-containing outer layers increases
showing that the interaction between the nitrogen atmosphere and the Ti, Ta
and Nb components increases. This is due to the increasing nitrogen
potential as a function of decreasing temperature.
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The graded microstructure of alloy 34 changes substantially if the sintering
temperature decreases. For vacuum sintering conditions (i.e. the maximum
total pressure < 1 bar) alloy 34 always shows a type 2 microstructure if the
maximum sintering temperature is 1490°C, independent on the nitrogen
pressure.
If sintering is performed at 1385°C and a nitrogen pressure of 500 mbar the
increased nitrogen potential yields a more nitrogen-rich Ti(C,N). This increase
(by temperature decrease and/or pressure increase) further promotes the
formation of WC and C according to the reaction (Ti,W)C (s) + N2 (g) ->
Ti(C,N) (s) + WC (s) + C(s) and thus an increase of the carbon activity.
The increased nitrogen activity causes the out-diffusion of Ti (and Ta and Nb)
from the bulk of the compact towards the surface. As a consequence of the
interaction between the Ti flux and the nitrogen atmosphere a carbonitride
layer forms on the surface. Because the solubility of WC in liquid cobalt
decreases when the carbon activity increases (16), a small amount of WC
precipitates and only a WC-Co rich zone forms below the carbonitride layer.
For this reasons alloy 34 shows a type 3-4 microstructure at the sintering
temperature of 1385°C as compared to a type 2 microstructure if the sintering
temperature is 1490°C, provided that the same nitrogen pressure of 500 mbar
is established (Fig.7).

v\ /I*',

10um

Fig.7: Micrograph of alloy 34 sintered at 1490°C with 500mbar N2 (left) and at
1385°C with 500 mbar N2 (right).

3.2.4. Influence of zigzag time-temperature profiles

Alloys were sintered with zigzag time-temperature profiles around the eutectic
temperature. Upon sintering with these profiles it was observed that the type
of graded microstructure did not change and that the grain size of the
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hexagonal and core-rim phases is smaller as compared to the same sintering
time of the isothermal treatment. In addition, more compact layers form and
the phase distribution is more uniform than in the isothermal treatment. These
effects can be attributed to dissolution and precipitation processes occurring
in the liquid phase. The reduction of the grain size of the solid phases is a
direct consequence of the shorter time within liquid phase conditions, hence
most of the grain growth occurs in this sintering step. The best microstructural
results were obtained with a combination of zigzag and plateau profiles. In
Fig.8 a comparison between the microstructures of alloy 34 sintered with a
isothermal treatment and a combination of isothermal treatment and zigzag
profile is shown.

10um . • " ' 10jjm-

Fig.8: Comparison between the formed microstructures of alloy 34 sintered
with isothermal treatment (left) and a combination of zigzag plus isothermal
treatment (right).

3.3 Results of sintering scale up

Regarding to the scale up of the sintering process from laboratory to semi
production in a sinter/HIP-furnace with an effective volume of about 20 I, the
program profile relating to temperature and gas pressure were adjusted.
Technical parameters of the furnace as well as the arrangement of the
graphite trays are given in Fig.9.
Microstructure examinations of the samples proofed the uniform gradient
formation throughout the whole effective volume of the furnace. Fig.9, right,
shows the optical uniformity of inserts of alloy 28 on one single graphite tray.
In more detail this uniformity is demonstrated in Fig. 10. It shows top, side and
bottom of alloy 28 samples taken from the core and the rim of a graphite tray.
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Fig.9, left: Front face of opened sinter/HIP furnace. Technical data: effective
volume: 20I, max. pressure: 100bar Ar/N2, max. temperature: 2000°C,
diameter of trays: 27cm, number of trays: 20. Gas control for CO, N2 and Ar
during vacuum-sintering.
Fig.9, right: Arrangement of inserts on the graphite tray.

Alloy 28

•OD
Fig. 10: Appearance of inserts from rim and core positions of the tray.

In the next experimental step the sintering conditions were modified, in order
to generate gradient structures for optimal cutting performance. To realize
this aim the statistical method of DoE (Design of Experiments) was used. The
ranges of variables are given in Table 2.
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Table 2: DoE trials, range of variables

Level

1. Sintering temperature

2. N2 pressure

3. Type of sintering cycle

4. HIP

Low

1420 °C

500 mbar

C12D

with

Middle

1450 °C

700 mbar
-

-

High

1480 °C

900 mbar

C7 mod.

without

For temperature and pressure low, middle and high levels were chosen. The
sintering cycle "C12D" has a steady level at peak temperature, whereas
sintering cycle "C7 mod." shows a zigzag-profile at peak temperature as
already described above (Sec.3.2.4). The HIP parameters were: T=1400°C,
p(Ar)=90 bar, p(N2)=1 bar.
The influence of temperature and N2 pressure on the gradient structure of
alloy 28 is shown in Fig.11.

1420°C/900mbar 1420°C/500mbar 1450°C/700mbar 1480°C/900mbar 1480°C/500mbar

Fig.11: Influence of temperature and nitrogen pressure on the gradient
structure of alloy 28, all samples HIPed. —i0| jm

The micrographs show that at all different conditions a type 4 gradient is
formed. With dropping temperature and rising gas pressure the thickness of
the Ti(C,N)-layer increases. The subsequent HIPing (90 bar Ar / 1 bar N2

partial pressure) has only a minor effect on the gradient structure as shown in
Fig.12. These microstructures also show the minimal effect of the type of the
sintering cycle on the gradient structure of alloy 28.
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C12D, without HIP C12D, with HIP C7mod, with HIP

Fig.12: Influence on type of sintering cycle and HIP of the gradient structure
of sample 28, sintering temperature: 1450°C, nitrogen pressure: 700mbar N2.

As already mentioned before, the strongest effect on the gradient structure is
caused by the alloy composition itself (Fig. 13). At the given sintering
conditions the tungsten-carbide-rich alloys 28 and 34 exhibit a layer thickness
of 5 to 10 urn, whereas the samples of the mixed carbide rich alloys 7 and 40
show quite thick layers of 20 - 30

alloy 7

\0\\tn

alloy 34 alloy 28

10um

alloy 40

Fig. 13: Influence of alloy composition on the gradient structure. Sintering
temperature: 1450°C, nitrogen pressure: 700mbar, with HIP cycle.
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3.4 Cutting tests

First performance tests of graded hardmetals were carried out with inserts of
the geometry SNMG 120408. Samples of alloys 28 and 34 were tested in
sintered and sintered plus HIPed quality. In Fig.14 the test results are
summarised.
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Fig.14: Continuous turning of steel CK45N; Rm = 618 N/mm.

The flank wear land (VB) and the crater depth (KT) at the cutting edge of the
inserts were measured against cutting time when turning steel CK45N. For
comparison purpose a hardmetal of ISO grade P25 was used, whose
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composition is roughly comparable to alloy 34. As it is quite obvious, the
graded structure enables an extremely high wear protection. Especially the
crater wear is still negligible even after a cutting time of 30 minutes, whereas
the service life of the P25 ISO grade insert is over by means of crater wear
already after a cutting time of 20 minutes.
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