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The grain size of Ti (C, N) decreases with an increase in ball milling time. Ti (C, N) nanopowder was fabricated by high energy
ball milling for 10 h. The rapid sintering of nanostuctured Ti (C, N) hard materials was investigated with pulsed current
activated sintering via a heating sintering process. The advantage of this process is that it allows very quick densification to
near theoretical density and prohibition of grain growth in nanostuctured materials. A dense nanostructured Ti (C, N) hard
material with a relative density of up to 98% was produced with simultaneous application of 80 MPa pressure and a pulsed
current of 2700 A within 3 minutes. The effect of ball milling time on the sintering behavior, grain size and mechanical
properties of binderless Ti (C, N) was investigated.
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Introduction precipitation and high energy milling [9~11]. However,
the grain size in sintered materials becomes much
Ti (C, N) is a promising ceramic materials, because larger than that in pre-sintered powders due to the rapid
the compound exhibit unusual combinations of physical grain growth during a conventional sintering process.
and chemical properties such as high hardness, high So, controlling grain growth during sintering is one of
melting point and excellent resistance to oxidation [1]. the keys to the commercial success of nanostructured
Industrial applications of the compound are in cutting materials. Unconventional sintering techniques, including
tools and hard coatings. Furthermore, due to their high-pressure densification, magnetic pulse compaction
optical, electronic and magnetic properties, the carbides and shock densification, have been proposed to overcome
have been used for optical coatings, electrical contacts the problem of grain growth [12-14]. However, these
and diffusion barriers [2]. It is used extensively in methods have failed to provide fast, reproducible
cutting tools and abrasive materials in composite with a techniques that yield large quantities of high density
binder metal, such as Ni. The binder phase has inferior samples with nanostructured grains.
chemical characteristics compared to the carbide or The pulsed current activated sintering (PCAS) method
nitride phase. Most notably, corrosion and oxidation has recently emerged as an effective technique for
occur preferentially in the binder phase [3]. Hence, the sintering and consolidating high temperature materials
development of binderless Ti (C, N) is needed for water [15,16]. PCAS is similar to traditional hot-pressing, but
jet nozzles, mechanical seals and sliding parts due to the sample is heated by a pulsed electric current that flows
their enhanced corrosion resistance and hardness. through the sample and a die. This process increases the
Nanocrystalline materials have received much attention heating rate (up to 2000 °K minute ') to a degree much
as advanced engineering materials with improved physical higher than that of traditional hot-press sintering.
and mechanical properties [4, 5]. Since nanomaterials In this study, we investigated the sintering of Ti (C,
possess high strength, high hardness, excellent ductility N) without the use of a binder by the PCAS method.
and toughness, undoubtedly, considerable attention has The goal of this research is to produce nanopowder and
been paid to the application of nanomaterials [6~8]. In dense binderless nanostructured Ti (C, N) hard material.
recent days, nanocrystalline powders have been developed In addition, we also studied the effect of high energy
by the thermochemical and thermomechanical process ball milling on the sintering behavior and mechanical
named the spray conversion process (SCP), co- properties of binderless Ti (C, N).

. Experimental procedures
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H.C. Starck. The powder was first milled in a high-
energy ball mill (Pulverisette-5 planetary mill) at 250 rpm
for various times (0, 1, 4, 10 h). Tungsten carbide balls
(9 mm in diameter) were used in a sealed cylindrical
stainless steel vial under an argon atmosphere. The
weight ratio of balls-to-powder was 30:1. Milling
resulted in a significant reduction in grain size. The grain
size of the Ti (C, N) was calculated from the full width
at half-maximum (FWHM) of the diffraction peak by
Suryanarayana and Grant Norton’s formula [17] :

B: (Beystattine + Bstrain) €050 = kA / L + nsin@ @)

where B, is the full width at half-maximum (FWHM)
of the diffraction peak after instrumental correction;
Berystattine @nd Bgirain are the FWHM caused by small the
grain size and internal strain, respectively; k is a
constant (with a value of 0.9); A is the wavelength of
the X-ray radiation; L and n are grain size and internal
strain, respectively; and & is the Bragg angle. The
parameters B and B, follow Cauchy’s form with the
relationship: B=B,+ B, where B and B; are the
FWHM of the broadened Bragg peaks and the standard
sample’s Bragg peaks, respectively.

The powders were placed in a graphite die (outside
diameter, 45 mm; inside diameter, 20 mm; height, 40 mm)
and then introduced into the pulsed current activated
sintering (PCAS) apparatus shown schematically in Fig. 1.
The PCAS apparatus includes a 30 kW power supply
which provides a pulsed current (on time; 20 ps, off time;
10 ps) through the sample, and a 50 kN uniaxial load.
The system was first evacuated and a uniaxial pressure
of 80 MPa was applied. A pulsed current was then
activated and maintained until the densification rate
was negligible, as indicated by the real-time output of
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Fig. 1. Schematic diagram of the apparatus for pulsed current
activated sintering,

the shrinkage of the sample. The shrinkage was measured
by a linear gauge measuring the vertical displacement.
Temperatures were measured by a pyrometer focused on
the surface of the graphite die. At the end of the
process, the induced current was turned off and the
sample cooled to room temperature. The process was
carried out under a vacuum of 4x10 Torr (5.33 Pa).

The relative density of the sintered sample was
measured by the Archimedes method. Microstructural
information was obtained from product samples, which
had been polished and etched using Murakami’s
reagent (10 g potassium ferricyanide, 10 g NaOH, and
100 ml water) for 1-2 minutes at room temperature.
Compositional and microstructural analyses of the
products were made through X-ray diffraction (XRD),
scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS) and a field emission
scanning electron microscope (FE-SEM). Vickers
hardness was measured by performing indentations at
a load of 10 kgr and a dwell time of 15 s.

Results and discussion

Fig. 2 shows X-ray diffraction patterns of the Ti (C,
N) powder after various milling times. The full width
at half-maximum (FWHM) of a diffraction peak is
wider with milling time due to the strain and the
refinement of the powder. SEM images of the (W, Ti)C
powder with milling times are shown in Fig. 3. Ti (C,
N) powder decreases in size with an increase in the
milling time The grain sizes of Ti (C, N) powder milled
for 1, 4, 10 h determined by Suryanarayana and Grant
Norton’s formula were 180, 40, and 20 nm, respectively.
The variations of the shrinkage displacement and
temperature with the heating time for a pulsed current
2700A during the sintering of the high energy ball
milled Ti (C, N) under a pressure of 80 MPa are shown
in Fig. 4. In all cases, the thermal expansion shows as
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Fig. 2. X-ray diffraction patterns of the Ti (C, N) powder after
various milling times : (a) 0, (b) 1, (¢) 4, and (d) 10 h.



Properties and rapid consolidation of binderless nanostuctured Ti (C, N) by pulsed current activated sintering 443

—m— Temperature(°C)
Ti(C,N)-0h
—| —v—Ti(C.N)-1h -1.5
1400 - —o—Ti(C.,N)-4h |
—#x— Ti(C.N) - 10h
1300 | )
1200
{-05F
E
., 1Moo | =
-t 400 5
& 1000 |
~
2 s
S 900 los 8
E @
F soo | g
410 £
700 | &
415
600 |-
500 : L : L 20
0 40 50 120 160
Time{s)

Fig. 4. Variations of temperature and shrinkage with heating time
during the pulsed current activated sintering of binderless Ti (C, N)
with milling times of 0, 1, 4, and 10 h.

soon as a pulsed current is applied. However, in case of
powder milled for 10 h the shrinkage abruptly increases
at about 1000 °C. The temperature at which shrinkage
started decreased with an increase in the milling time,
and the high energy ball milling affected the rate of
densification and the final density, as will be discussed
below. A high-energy ball milling treatment allows the
control of the formation of the compound by fixing the
reactant powder microstructure. Indeed, high-energy
ball milling produces finer crystallites, more strain and
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Fig. 5. FE-SEM micrograph of pure Ti (C, N) sintered from the
10 h milled powder.

defects. Therefore, the consolidation temperature decreases
with milling time because the driving force for sintering
and contact points of powders for atomic diffusion
increases. Fig. 5 shows a FE-SEM image of Ti (C, N)
sintered from the 10 h milled powder. From the figure,
it is known that the Ti (C, N) consists of nanoparticles.
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Fig. 6. XRD patterns of binderless Ti (C, N) sintered from various
milled powders : (a) 0, (b) 1, (¢) 4, and (d) 10 h.

And in the EDS spectrum Ti, N and C peaks are
detected. Fig. 6 shows the XRD patterns of Ti (C, N)
sintered for all four powders used in this study. All
peaks are from Ti (C, N).

A plot of B; (Buystaliine + Bsirain) €00 versus sin@ in
Suryanarayana and Grant Norton’s formula [17] is
shown in Fig. 7. The average grain sizes of the Ti (C,
N) calculated from the XRD data were about 260, 134,
91 and 77 nm for the samples with milling times of 0,
1, 4, and 10 h and their corresponding densities were
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approximately 77, 89, 96 and 98%, respectively. Thus,
the average grain size of the sintered Ti (C, N) is not
greatly larger than that of the initial powder, indicating
the absence of much great grain growth during sintering,
This retention of the grain size is attributed to the high
heating rate and the relatively short term exposure of the
powders to the high temperature.

The role of the current (resistive or inductive) in
sintering has been the focus of several attempts aimed at
providing an explanation of the observed enhancement
of sintering and the improved characteristics of the
products. The role played by the current has been
variously interpreted, the effect being explained in
terms of a rapid heating rate due to Joule heating, the
presence of a plasma in pores separating powder
particles, and the intrinsic contribution of the current to
mass transport [18-21].

Vickers hardness measurements were performed on
polished sections of the Ti (C, N) samples using a
10 kgr load and a 15s dwell time. Indentations with
large enough loads produced radial cracks emanating
from the corners of the indent. The lengths of these
cracks permit estimation of the fracture toughness of
the materials by means of the expression [22]:

K = 0.203(c/a)>?+ H,*a"? )
where ¢ is the trace length of the crack measured from
the center of the indentation, a is one half of the
average length of the two indent diagonals, and H, is
the hardness.
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Fig. 7. Plots of B; (Beystatiite + Bsirain) €050 versus sin® for Ti (C, N) sintered from various milled powders : (a) 0, (b) 1, (¢) 4, and (d) 10 h.
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Fig. 8. (a) Vickers hardness indentation and (b) median crack
propagation in the Ti (C, N) sintered from powder milled for 10 h.

The Vickers hardnesses of the Ti (C, N) with ball
milling for 4 and 10 h were 1550 kg-mm™ and 1960
kg-mm? and their fracture toughnesses were 6.2
MPa-m'? and 6 MPa-m'?, respectively. These values
represent the average of five measurements. A higher
magnification view of an indentation median crack in
the Ti (C, N) is shown in Fig. 8(b),which shows that
the crack propagated deflectively ( 1 ). The hardness of
Ti (C, N) with ball milling for 10h is very high without
a great decrease of the fracture toughness due to
refinement of the grains.

Summary

Nanopowder of Ti (C, N) was fabricated by high
energy ball milling. Using the rapid sintering method,
PCAS, the densification of binderless Ti (C, N) was
accomplished using high energy ball milling. The
consolidation temperature decreased with milling time
because the driving force for sintering and contact
points of powders for atomic diffusion increased. The
average grain sizes of the Ti (C, N) were about 260,
134, 91 and 77 nm for the samples with milling times
of 0, 1, 4, and 10 h and their corresponding densities
were approximately 77, 89, 96 and 98%, respectively.
The Vickers hardnesses of the Ti (C, N) with ball
milling for 4 and 10h were 1550 kg-mm™? and
1960 kg-mm™, and their fracture toughnesses were

6.2 MPa-m'? and 6 MPa-m'?, respectively.
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