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Abstract

Spark-plasma-sintering (SPS) compaction experiments of nanostructured titanium carbonitride powders have been performéd at 1600
and 1800C (sintering time = 1 min). The as-received nanostructured powders have been synthesized through rapid condensation from the
gas-phase (high frequency plasma). The sintering results were compared with data obtained by various conventional sintering techniques such
as pressureless sintering, gas pressure sintering, and hot pressing. The phase composition and the crystallite size were investigated by X-ra
diffraction (XRD). The fracture surfaces of the sintered samples were inspected with scanning electron microscopy (SEM). The experiments
show that the SPS method is capable of obtaining high densit@4% of theoretical density) combined with small grain-size quotiédt
of 5.4-6.5.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction characteristics of these compounds are discussed in earlier
publications*™ A review of new applications (other than
The general problem of obtaining fully dense nanostruc- cutting tools) is given by Clark and RoebulDue to the
tured bulk materials is of essential significance in various high melting point of the titanium carbonitride phase, metal
fields of materials engineering due to their special physical additives are needed as binders in the conventional sintering
parameter. The aim of this study is to investigate the sintering of TICN based cermets. Additive-free titanium carbonitride
behaviour of additive-free nanostructured titanium carboni- based cermets can only be obtained with a sintering temper-
tride samples by means of the spark-plasma-sintering methodature over 2300C 2 In order to consolidate the additive-free
and to compare the results with different conventional sinter- titanium carbonitride cermets at relatively low sintering tem-
ing techniques. perature, two methods can be introduced: use of nanocrys-
Titanium carbonitride has acquired interest due to its talline titanium carbonitride (TiCN) powders instead of con-
unigue properties. Titanium carbonitride based hardmetalsventional powders and applying advanced sintering methods
(“cermets”) have several potential advantages compared withsuch as spark-plasma-sintering (SPS).
conventional tungsten carbide based materials, for exam- The initial grain size plays a critical role in the microstruc-
ple, the increased hardness and refractorihédsigh wear ture development during sintering, particularly when the
resistance, high edge strength and edge sharpnébs. grain sizes are of nanoscdldoardar et al° reported the ef-
fect of nanocrystalline binder on the sintering of submicron
* Corresponding author. Tel.: +65 6790 5526; fax: +65 6791 1859. TiCN cermets, and Zalite et &t. reported the introduction
E-mail addressmkakhor@ntu.edu.sg (K.A. Khor). of TiN nanopowder to prevent the grain growth of WC in
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P in a graphite die (15 mm diameter) and punch unit quickly
Upper i to prevent reaction. A low internal pressure (several Pa, air)
Rurkh sletirore was applied at the beginning of the sintering experiment. Dur-

ing the sintering process the pressure increases to 10-30 Pa
while reaching maximal temperature, due to the heating-up
of the residual air in the chamber, and drops to several Pa
again due to the continuous pumping by the vacuum system.
The pressure applied at the punch unit reached a maximum
of 20-30 MPa. The electric current was typically 1350 A at
1600°C and 1650 A at 1808C. The corresponding voltage
lay between 4 and 6V, respectively. The electric current was
Lower punch pulsed pe_riodically with 14 pulses/s (2 of 14 pulses off as a
alectrode recovery time).
B ; == The temperature was measured by means of a pyrometer
on the surface of the graphite die cylinder. A temperature
? gradient between the measured temperature and the sample
P could therefore occuf® The internal pressure was controlled
by a Pirani element. All parameters were monitored dur-
ing the experiment. The heating rate lay at 130min; the
dwelling time was 1 min.
WC-Co cermet. But there is no report on sintering pure, ad-  For the conventional pressureless sintering experiments
ditive free titanium carbonitride cermet. the powders were pre-compacted in 15 mm steel dies with
The spark-plasma-sintering method can be basically com-an uniaxial pressure of 50 MPa by means of 2wt.% stearic
pared with the conventional hot press. Additionally, a pulsed acid as a lubricant. The obtained tablets with relative green
electric currentis applied directly to the graphite mould. This densities between 53 and 55% were sintered afterwards in
ensures the sintering of hard-to-sinter materials with a rel- an electrical furnace (Thermal Technologies Inc., USA) un-
atively lower temperature and shorter sintering time com- der nitrogen atmosphere after removing the organic matter.
pared to other conventional sintering methé#%> The SPS  This furnace is equipped with molybdenum heating elements.
method comprises three main mechanisms of action: (a) theThereby the heating rate was approximately @0min, the
application of uniaxial pressure; (b) the application of pulsed dwelling time 120 min, respectively.
voltage; and (c) the resistance heating of graphite dies and The hot pressing experiments were performed with
sample. Nevertheless, an exact interpretation of the micro-an inductive heated hot pressing device (manufactured at
scopic effect of the SPS has not been achieved. A descriptionARC Seibersdorf research, Austria) temperature range from
of this method and its related modifications including a sum- 1600°C to 1800°C, dwelling time 60 min and a uniaxial pres-
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Fig. 1. Schematic drawing of the applied SPS apparatus.

mary of the historical developments has been gifen. sure of 30 MPa under vacuum of 1 Pa. No sintering aid was
Spark-plasma-sintering of conventional TICN powderwas added.
reported by Wang et &P Spark-plasma-sintering of nanos- The gas pressure sintering (GPS) experiments were per-

tructured titanium nitride (TiN) powder were performed by formed using a gas pressure sintering furnace FPW 180-250-
Groza et al® Studies of conventional sintering of nanocrys- 2200-2-100PS (FCT GmbH, Germany). The sintering con-
talline titanium nitride powders were undertaken by Rabe and ditions were 2100C under 8 MPa with nitrogen protection
Wasché’ and Castro and Yindf for a dwelling time of 45 min. The preparation of the tablets
was equivalent to the pressureless sintering experiments.

2. Experimental procedure
3. Characterization

The product Titanium Carbonitride Nanopowder (Lot
2002/1, from Plasma Ceramics Technologies Inc., Latvia)  The determination of the density of the compacted samples
was used for the compaction experiments. This powder waswas performed using Archimedes method in absolute ethanol
synthesized by ultra-rapid condensation fromthe gas pHase. and in distilled water.
The evaporation of the raw materials was performed by means  The microstructural characterisation of the fracture sur-
of high frequency plasma of 5.28 MHz (generator power face of the compacted samples was conducted by using a
65-80 kW). scanning electron microscope (SEM) DSM-950 (C.Zeiss,

The spark-plasma-sintering-experiments were performed Germany). The micrograph of the uncompacted nanopow-
using an SPS-1050 apparatus (Sumitomo Coal Mining, der was obtained with a transmission electron microscope
Japan). IrFig. 1, a schematic drawing of this device is dis- (TEM) CM 20 (Philips, The Netherlands) using an accelera-
played. About 2 g of the as-received powders were loadedtion voltage of 200 kV.
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The phase characterisation of the samples and the sub-<C/(C + N) ratio, the diffraction peaks at 73.20 (311) and
sequent crystallite size determination with X-ray powder 76.9 20 (22 2) were used.
diffractometry (XRD) were performed using an Philips
X'Pert Powder diffractometer (= 171.9 mm6-29, Bragg-
Brentano geometry) using Cud» radiation at 40kV 4. Results and discussion
and 40mA. This instrument is equipped with an auto-
matic divergence slit, a sample spinner and a scintillation  Fig. 2 shows a transmission electron microscopy (TEM)
counter. A receiving slit of 0.1 mm (=0.0320) and an micrograph of the pristine nanopowder. The cubic crystal
antiscatter slit of 4 was selected. On both sides of the shape of the monocrystalline particles can be clearly seen.
sample soller slits (0.04rad) were inserted. The measure-The diameter of these particles varies between 25 and 100 nm.
ments were performed in step-scan mode over the rangeThis value corresponds well to data obtained from powder
5-85 20 with a step size of 0.02and a counting time  XRD (38 nm). Yet, with the increase of crystal grain size af-

of 3 s/step. ter sintering, the inconsistency of the grain sizes obtained by
The crystallite size determination was carried out using XRD compared to those obtained by SEM micrographs are
Scherrer’s formula in the form: observed. An increasing crystallite size obtained by XRD

K % A corresponds with an even larger increase of the grain size

d= (B—b)cosé (1) obtained by SEM. This difference can be generated by a pos-

sible polycrystalline structure of the TiCN grains. For a more

whered denotes the average crystallite sikeis ttle shape  precise determination of the grain size the influence of the dis-
factor (normally between 0.9 and 1),= 1.540564, is the tribution of the crystallite size, the crystallite shape, and inter-
wavelength of the used radiatiddis the peak width (FWHM nal stress effects should also be considered. The influence of
or integral breadth)) = 0.08 29 is the instrumental standard  dislocations and stacking faults, which are rarely distributed
profile width, andd denotes the diffracting angle. homogenously and can consequently reduce the coherence

For the determination of d the main titanium carbonitride length, can effectively lower the XRD-obtained crystallite
diffraction peaks at 36526 (111), 42.2 26 (200), and size values. The work of Fultz and Hoteprovides further
61.2 20 (220) were applied. elaboration on this issue.

For the determination of the position of the sample inthe  Another complication is the chemical composition of the
solid solution series titanium carbide—titanium nitride, i.e. the powder. IrFig. 3the diffractograms of the source materialand

N

N

1

Fig. 2. TEM micrograph of the investigated nanostructured titanium carbonitride powder before compaction. The cubic shape of the crystalaryan be cle
seen.
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the SPS compacted samples are shown. No significant minor 7]
phases besides titanium carbonitride are present. The shap | |
of the diffraction maxima of the non-treated powder indicates £ 1 ‘|

a non-homogenous chemical composition. All peaks show a 3 Tc | TN Tic TiN

“shoulder” towards the higherg2angle, which suggests a 5 4 | | | | | |
minor amount of a more nitrogen rich phase. s (! '

For the quantification of the C/(C + N) ratio the positions & ] ‘ W
of the diffraction peaks at (311) and (222) for the com- ;%‘ s - — -
pounds TiN, Ti(@.3Ng.7), Ti(Co.7No.3), and TiC as given in g 1e0e

JCPDS-PDF 38-1420, PDF 42-1488, PDF 42-1489, and PDF.
32-1383 were plotted in a diagram against the C/(C + N) ra- .
tio (not shown). A relation between each peak position and § 1'%
chemical composition was constructed by means of Iinear-“g /
regression assuming the validity of Vegard’s law. The mean
value for C/(C + N) obtained from the two reflections was de-

on
1

i

| source

termined in that way. In this calculation the influence of the L " "L L T
oxygen (incorporated in the carbon—nitrogen position of the Diffraction angle / °20

crystal structure of the carbonitride) on the lattice constants

is omitted. Fig. 4. XRD diffractograms between 7@nd 80 26 for titanium carboni-

In Fig. 4 the correspondent diffractograms betweefi 70  tride samples compacted by SPS at 180@nd 1800C and for the corre-
and 80 20 are shown in more detail. The theoretical peak sponding source material. The FWHM of the diffraction maxima decreases
.. f . . itrid d . . bid during the sintering process and is shifted towards highef fis is caused
p05|_t|_ons or pure tltamum_ n_lm e and titanium carbi _e are by chemical homogenisation and crystallite growth. The location of the
additionally plotted. The original sample can be described as giffraction maxima 311 and 222 of the pure titanium nitride and the pure
a main amount of carbonitride with C/(C + N) = 0.68 with titanium carbide phase is indicated according to JCPDS PDF 38-1420 and

secondary nitrogen-rich phase (approximately 10-20%) with PDF 32-1383.

C/(C + N) =0.21. The chemical homogenisation due to inter-

nal diffusion during the sintering process and the gradual shift no significant deviation from the stoichiometric composition,
of the main composition towards higher nitrogen contents cani.e. Ti/(C + N) = 1.

also be seen ikig. 4. The samples sintered at 160D and A composition of N=7.86 wt.%, C (total) =11.84 wt.%, C
1800°C display a ratio C/(C + N) of 0.62 and 0.60, respec- (free) =0.78wt.% O = 2.08 wt.% was obtained by chemical
tively. analysis, which corresponds with a stoichiometric formula

Such a direct relation between C/(C + N) and the crys- Ti(Co.57Np.3500.08)1—x- Herebyx=0.01, whichisin or below
tallographic parameters is only justified if there is no oxy- the range of the accuracy of the measurement. The formula
gen content incorporated in the crystal lattice and if there is suggests that all oxygen is in the crystal structure; the real
contentshould be less due to the significant amount of oxygen
adsorbed on the surface.

The correspondent value for C/(C + N) = 0.62, which is
4 close to the result of the crystallographic calculation.

] The analytical data therefore suggest that the stoichiomet-
ric composition is closely fulfilled and that only a part of the
oxygen is incorporated in the crystal lattice.

. Additionally the XRD traces of the gas pressure sin-
] L ‘ tered sample (GPS 210Q) and the hot pressed sample (HP

i

1800°C) between 2 = 70 and 80 are given inFig. 5. The
1 ‘ . deviation from the Voigt-function is even more prominent
B ot . S — - compared to the SPS experiments.
, | ‘ The Kai—Kay splitting can be easily observed in
— i‘ e ok gk Figs. 4 and Sue to the smaller FWHM of the diffraction
ks i | A maxima of the sintered samples in general. This effect should
N _J' \___J\ / '\ J "-_\% \ be clearly separated from the influence of chemical inhomo-
] source N geneity and crystallite size.
‘ ' ' ' ‘ ' ' ' ’ The crystallographic questions related to the titanium
30 40 50 60 70 80 . . . . . .
Diffraction an . carbide—nitride solid solution were investigated by several
gle / °20 123
authors?
Fig. 3. XRD diffractograms for titanium carbonitride samples compacted Fig. 6 shows the obtained relative density as a function
by SPS at 1600C and 1800 C and for the corresponding source material.  Of the sintering temperature. Regardless of the difficulty to

Diffraction intensity / arbitrary units
1
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Fig. 7. Relative XRD obtained grain size of titanium carbonitride samples
compacted by various indicated methods, plotted as a function of the relative

tride samples compacted by GPS at 210Qunder 80 bar M and 1800C . } .
and by conventional hot pressing at 18@ The FWHM of the diffraction ?:tinosny. The SPS method shows a more favourable grain growth to density

maxima decreases during the sintering process. The peak shape indicates

e e o o i s, 1ntio of th relative censityfor several samples. Here the
pure titanium carbide phase is indicated according to JCPDS PDF 38-1420SPS method can be identified by a more favourable grain
and PDF 32-1383. growth to density ratioTable 1gives a compilation of the
compaction data.

compare experiments of various sintering times and differ- A significant difference between the various sintering
enttemperature measurement circumstances, the SPS processethods can also be determined by looking at the fractured
shows high densities at comparatively low temperatures. Thesurface.
conventional sintering process is not capable to obtain high The SPS compacted samples (SEM micrographs in
densities of this carbonitride sample even with comparatively Figs. 8 and 9 show a complete recrystallized texture with
long dwelling times (120 min). The gas pressure sintering grains of various diameters between 0.3 apdrbwith a rel-
(GPS) process should be more intensively investigated. ative homogenous distribution aroung.th. The few larger

For the evaluation of the sinter process the dynamics of grains are possibly generated through initial agglomerates
the grain growth is crucial. Ifrig. 7 the relative grain (or  in the source powder. The titanium carbonitride sample was
crystallite) growthd/dp as obtained by XRD is plotted as a filled in the graphite die before the sinter experiment without

Fig. 5. XRD diffractograms between 7@nd 80 26 for titanium carboni-
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Fig. 6. Relative density of nanostructured titanium carbonitride as a function of the sintering temperature. The various applied sinterirayenettiodted.
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Fig. 8. Scanning electron microscope (SEM) micrograph of nanostructured titanium carbonitride powder after compaction by means of SRSfat 1600
1 min (fracture surface).

W ARCS2003
1 CW/WA

Fig. 9. Scanning electron microscope (SEM) micrograph of nanostructured titanium carbonitride powder after compaction by means of SESfat 1800
1 min (fracture surface).
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Fig. 10. Scanning electron microscope (SEM) micrograph of nanostructured titanium carbonitride powder after compaction by means of GESfat 2100
45 min (fracture surface).

Fig. 11. Scanning electron microscope (SEM) micrograph of nanostructured titanium carbonitride powder after compaction by means of comtentional h
pressing at 1800C for 60 min (fracture surface).
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Table 1

Titanium carbonitride samples compacted by means of SPS and by various conventional sintering techniques

Material Technique T(°C) t (min) p (gem3) prel (%) d (nm) d/dp
PCT 1 Ti(C,N) SPS 1600 1 4.78 94 205 .45
PCT 1 Ti(C,N) SPS 1800 1 4.76 93 246 .56
PCT 1 Ti(C,N) GPS 2100 45 4.76 93 616 .26
PCT 1 Ti(C,N) HP 1600 60 4.26 84

PCT 1 Ti(C,N) HP 1700 60 4.38 86

PCT 1 Ti(C,N) HP 1800 60 4.44 87 205 45
PCT 1 Ti(C,N) Conv. 1500 120 3.16 62

PCT 1 Ti(C,N) Conv. 1600 120 3.22 63

PCT 1 Ti(C,N) Conv. 1650 120 3.35 66 64 .71
PCT 1 Ti(C,N) Source - - - - 38 1

T, sintering temperature; dwell time at maximal temperaturg; density of the compacted samp}gg, corresponding relative densitgl; crystallite size
obtained by X-ray diffractiongd/dy, relative grain growth; technique, corresponding compaction method (SPS, spark-plasma-sintering; GPS, gas pressure
sintering under 8 MPa N HP, hot pressing 30 MPa uniaxial pressure; conv., conventional pressureless sinteringaynder N

any de-agglomeration treatment as ultrasonic conditioning Acknowledgements
or mixing under liquid medium. On the other hand the GPS
compacted sample show a complete different fractured sur- The authors wish to thank C. Lengauer for illuminative
face Fig. 10. The completely restructured surface with a scientific discussion concerning the topic of X-ray diffrac-
coarse structure has a glassy appearance. Only a very smation, and W. Costin (SEM), and M. Brabetz (TEM) for their
amount of agglomerates with a grain less thaunisize are relevant technical support.
observed here.

In Fig. 11 the fractured surface of a sample com-
pacted by conventional hot pressing is shown (SEM). In
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