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Mechanical ball milling is the most common method for mixing ceramic powders with a
ductile phase such as metal particles. In this paper, a new powder processing way is
presented. Al,03 and TiC powders are coated with a layer of metal cobalt using the
chemical deposition process. The thickness of the metal cobalt film can be controlled by
adjusting the deposition conditions. The Co-coated Al,03 (Al,03—Co) and TiC (Tic-Co)
powders are mixed at the rate of 7:3 and hot-press sintered into a fine Al,03-TiC-Co (ATC)
ceramic. The main properties, erosion behaviour, abrasion behaviour, wear mechanism
and wear resistance of Al,O3-TiC-Co and Al,03-30 wt % TiC (AT3g) ceramics are determined
by transmission electron microscopy, scanning electron microscopy, energy dispersive
X-ray spectroscopy, etc. It is shown that the ATC ceramic possesses improved mechanical
properties. Because of the existence of metal cobalt in the grain boundaries, the bonding
strength between grains is increased, and this prevents spalling of grains during wear.
Experimentation indicates that ATC is more resistant to wear than Al,O3-TiC ceramic. The
relationship between their mechanical properties and wear resistance is also discussed in
this paper. © 1998 Kluwer Academic Publishers

1. Introduction of strengthening mechanisms have been proposed, in-
Al,O3-TiC ceramics have been widely used as cuttingcluding a phase transformation toughening mechanism,
tools this decade because of their chemical stabilitysuch as zirconia-toughened ceramics, a second par-
high strength and hardness, etc., especially excellericle enforcement mechanism, a fine grain strength-
wear resistance [1-3]. In this kind of ceramic, TiC ening mechanism, and fibre or whisker reinforcing
shows relatively higher hardness and melting point, andechnology, etc. [10]. In this paper, a newly devel-
the refining effect of TiC dispersed in the matrix after oped powder metallurgy technology is presented. A
sintering is remarkable. TiC can prevent crack propathin layer of metal cobalt is coated onto,8; and
gation [4], and therefore improve the mechanical prop-TiC powders. Compared with A§ ceramic, the hot-
erties of ALOs-based ceramics, especially the fracturepressed AIO;—TiC—Co (ATC) ceramic possesses im-
toughness and hardness. It is generally accepted thptoved mechanical properties. Its fracture toughness
when the content of TiC is about 30 wt% inthex®;  and bending strength increase about 40%. It is more
matrix, the ceramic (namely Af) possesses most ex- resistant to wear than A§ ceramic.
cellent properties [5]. But there are still some defects
in this kind of ceramic, such as pores in the matrix,
reactions between AD3; and TiC at high temperatures 2. Experimental procedure
during sintering [1], etc., which cannot be overlooked.Al,03 and TiC powders are coated with metal cobalt
These defects obviously decrease the mechanical profitms by chemical deposition to obtain AD;—Co and
erties and wear resistance of the ceramic. If these probFiC—Co composite powders. The two kind of powders
lems can be limited/prevented, then perfegt@d-TiC  are mixed in the ratio 7: 3, then hot-pressed into ATC
ceramics can be obtained. ceramic. A mixture of AlJO3 and 30 wt % TiC powders

It has been pointed out that fracture toughness ani hot-pressed into A ceramic.
hardness are the most important mechanical proper- The bending strength of the samples is measured
ties in the wear of brittle materials such as,@}- by a three-point bending test, with a span of 30 mm
based ceramics [6-8]. For common ceramics, it isand a loading speed of 0.5 mm min(the size of the
noted that improving fracture toughness to a fit valuesamples is X 4 x 34 mm). Vickers hardness and frac-
can improve wear resistance [9]. Up to now, a seriegure toughness are evaluated by the microindentation
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TABLE | Composition and properties of the test ceramics

Composition (wt %)

Materials  AbO3 TiC Co Density (gcm3)  Vickers hardnessly  Fracture toughness (MPat2)  Bending strength (GPa)

N 71.4 286 0  4.16 2073 5.2 536
ATC 67.0 279 51 435 1954 7.9 714

technique, with a Vickers diamond indenter at loads be

tween 50 and 300 N. The density of the samplesisteste

by liquid weighing. The microstructure of the sam- —e— AT

ples is analysed by transmission electron microscop o AT:&O

(TEM). The chemical composition of the test samples ~

is detected by energy dispersive X-ray spectroscop'

(EDXS) (Table I). -
The air-borne particle test is used to analyse erosio 2

wear resistance of the ceramics. Impingement veloci @ | o

ties are 30, 65 and 90 m& Impact angles are arranged

to 15, 30, 45, 60, 75 and 90T he dry sand rubber wheel

testis employed to analyse the abrasion wear resistani © 2+ o

of the ceramics: the test is performed at loads of 40, 10 L

and 228 N. Angular SiC particles (120-1n0n) are

used in both tests, in addition Si@articles (120-150 1 °

um) are also used in the abrasion wear test. Before th

tests, ATC and Ay ceramics are polished with dia- 0 . .

mond paste. A balance with a sensitivity of £y is 3 40 s 60 70 8 90

used to analyse the mass loss in wear. The experime Blasting velosity (m/s)

was repeated three times for each condition and the av-

erage values plotted. The worn surfaces are observetbure 2 Erosion rate of the samples at different blasting velocities at a

by scanning electron microscopy (SEM), with special99 impactangle.

attention to grain detachment, crack development and

plastic deformation.
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at 90 m s? blasting velocity. The erosion rate of the
ceramics increases with increasing impact angle, and
3. Results the maximum erosion rate value appears at an angle
3.1. Erosion of nearly 90. Approximately, the erosion rate of the
Fig. 1 shows the erosion rate of the samples versus imATC ceramic drops by 30% compared with thesAT
pingement angles caused by an SiC particle impactingeramic.
Fig. 2illustrates the wear behaviour of samples at dif-
ferent blasting velocities, which demonstrates that the
7 wear rate of the two types of samples increases with
increasing blasting velocity, implying that increasing

6 — particle velocity at constant particle size, i.e. increas-
AT, e ing the instantaneous surface impact stress, can cause
—o—ATC * increased deformation and fracture. A critical amount

of deformation will give rise to the initiation of micro-
cracks and result in material removal following further

o]

=]

E 4 ¢ propagation of these cracks.

E,’ ] ./ Fig. Sais an SEM ima_ge ofthe _eroded §urface of AT
. / R ceramic at 9Q ms' blasting veI_OC|ty atanimpact ang_le
5 P of 90°, showing lateral cracking and deep detaching.
8 ¢ Pt Fig. 3b is an SEM image of eroded ATC ceramic at
L

90 m s ! blasting velocity at an impact angle of 9@t is

1 shown that there are microcracks, shallow detachments
1 and plastic deformation, indicating that the existence
of metal cobalt can improve wear resistance.

0 +—— 7
0o 15 30 45 60 75 90

3.2. Abrasion

The abrasion wear rate as a function of the number of
Figure 1 Erosion rate of the samples versus different impingement an-"€VOlUtiONS is pIOt_ted in Fig. 4-. The wear rate of the two
gles of SiC particles at 90 n1$ blasting velocity. types of samples increases with the increasing load. The

Impact angle (degree)
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o
Figure 3 SEM images of the eroded surfaces of (af@nd (b) ATC <>/

ceramics blasting velocity 90 nT$; impact angle, 98 magnification 10 -

x5000.

result is quite similar with that obtained for many other 0 o0 ' 00
ceramics [11], but there is no linear relation with load. Load (N)

It is shown that the abrasive wear loss increases witi

increasing hardness of the abradants. The hardness of (b)

sampleis 1954_'|V- Itis higher than that.Of SigXabout Figure 4 Abrasion wear rate of the test ceramics versus different load

1350 Hy) and is lower than that of SiC (about 2500 with (a) Si0» and (b) SiC particles.

Hv). The influence of particle hardness is obvious in

the test. The wear loss caused by SiC abradants is far

more than that caused by Si@bradants. The effect of also confirmed that when fracture toughness is lower

abradant hardness on wear resistance of the sampletfg@@n 10 MPam®2, wear resistance of the brittle ma-

consistent with work reported in the literature [12, 13]. terials mainly depends on fracture toughness. But from
Fig. 5 shows abrasion surface images of the test sanfach figure the wear rate is somewhat different from

ples under 100 N with SiC particles after 4000 revolu-that of H&/Z X Klgz [15].

tions. Plastic deformation can be clearly seen in the

abrasion surface of the ATC ceramic. Whereas inter-

granular cracks, pits and cluster spalling are shown i. Discussion

the surface of the Ady ceramic. The results show that the ATC ceramic possesses im-
The hardness and fracture toughness are very impoproved abrasion and erosion wear resistance. Its reason-

tant mechanical properties that influence the abrasivable microstructure and mechanical properties caused

wear resistance of brittle materials such as most ceby cobalt films existing at grain boundaries contribute

ramics [11]. Ceramics such as alumina can offer a higtio these. In abrasion wear, when the particles act on

wear resistance due to their high hardness [14]. Comthe ATC ceramic, the cobalt films can relax the stress

pared with ATzp ceramic, the hardness of ATC ceramic concentration through plastic deformation. So cobalt

is relatively low. Itis indicated that the better resistanceincreases the energy for crack nucleation and propa-

of ATC is probably due to its fracture toughness. Gahrgation along boundaries, which further enhances the
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Figure 5 SEM images of abrasion wear surfaces of (a)sf\Rnd
(b) ATC ceramics (magnificatior 2000).

Figure 6 TEM polished surface image of ATC ceramic, showing thin
cobalt films existing at the grain boundaries (magnificatid® 000).

Figure 7 TEM polished surface image of ATC ceramic, showing metal
cobalt can cover pores during sintering (magnificatidt00 000).

TiC. Cobalt films located at the grain boundaries are
clearly seen. The distribution of 4Dz and TiC grains

is homogeneous and the grains maintain their original
angular shape, which is implied by the fact that the
same kind of ceramic grains do not merge and grow
during the sintering process. There are almost no pores
in the matrix of the ATC ceramic. The cobalt films are
very thin and form a three-dimensional net distributed
on the interfaces. This structure can prevent or reduce
reactions between AD3; and TiC. The most common
reaction between ADz and TiC is [1]

Al,03 + TiC = AlL,Of +TiO + COt

If the reactions occur at high temperature in the sin-
tering process, a gas phase, and thus more pores, will
consequently be produced in the sintered matrix. The
strength of the ceramic will decrease with the increas-
ing number of pores. Fig. 7 shows that cobalt is located
at the grain boundaries, where the pores are often pro-
duced. The melting point of cobalt is much lower than
the sintering temperature of 1600. Cobalt is the fluid
phase during sintering: it can fill the pores and cover
the grains. Therefore, in contrast togkceramic, ATC

has higher stiffness.

In the ALOs—TiC ceramic system, the dispersion
of TiC grains can prevent cracks from propagating,
and therefore improve the properties of the,@d—

TiC ceramics, especially the fracture toughness. For
ATC ceramic, cobalt films coat the surface of,@k

and TiC powders to some extent, and thus the inter-
face properties are changed. The bonding strength of
the interface is supposedly increased, thus improving
its mechanical properties. Besides intercrystalline frac-
ture behaviour (see Fig. 8a), typical cleavage steps (in-
cluding secondary cleavage steps) are clearly seen in
Fig. 8b, which is caused by transcrystalline fracture.

mechanical properties and wear resistance of ATC cel is obvious that the development of bonding strength

ramics.

Fig. 6 shows the TEM image of the ATC ceramic.

results in an increasing percentage of transcrystalline
compared with intergranular fractures. This is because

The white grains are alumina, and the black grains aref the presence of cobalt in the grain boundaries, thus
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sesses a greater ability to resist fracture along bound-
aries. Summing up the two factors mentioned above,
it can be concluded that the erosion rate at low impact
angles of ATC fine ceramic is lower than that of AT
ceramic.

Compared with Ay ceramic, the abrasion wear sur-
face of the ATC ceramic appears to be fine and smooth.
Cobalt films form a three-dimensional net inside and a
two-dimensional net on the surface of the sample, em-
bedded with TiC and AlO3 particles. When abradants
scratch on the surface of the sample, cobalt appears to
deform plastically and thus absorbs part of the energy
acting on the particles. The plastic deformation is re-
markable when some hard particles spall. On the other
hand, it is displayed as cluster spalling. On the left of
Fig. 5b there is a pellet spalling from the matrix. From
its size and shape it can be estimated that it contains at
least two particles. These granular pellets are formed
by lateral cracks caused during the loading—unloading
process of abradants on the surface. For “pure” brittle
materials such as Af ceramic, once a lateral crack
is formed, it developes quickly along weakly bonded
grain boundaries. Cracks can cause cluster spalling
more easily than in ATC ceramics.

5. Conclusions

The new process of preparing fine ATC ceramic made
of Al,Os—TiC powders coated with a layer of cobalt
filmis an effective approach for improving the mechan-
(b) ical properties of brittle ceramic materials. The role of
Figure 8 SEM images of the fracture surface of the ATC ceramic at t[hm CObaIt. films coated on 40; and TIC. pqwders IS
%2000 (a) andk 10 000 (b) magnification. important in the wear process. The bridging and an-
choring effect of cobalt dispersion at grain boundaries
is remarkable in toughening the matrix. In conclusion,

he bondi hb L q dthewear resistance of ATC ceramics is better than that
the bonding strength between grainsisincreased, and i At ceramics. Microcracking, single detachment

even hlg_her_ than the fractur_e strength pf SOME graing, g plastic deformation are the dominant mechanisms
Cobalt dlstrl_bute_s along grain boundane;_yleldmg Ny wear damage of ATC ceramics. Crack propagation
ATC ceramic with a relatively gqod ab'“ty. to de- and cluster spalling are the main wear mechanisms of
form plastically, and does not easily result in cIusterATgo ceramics
spalling. '
Atrelatively higher impact angles, the impact kinetic
energy of particles mainly turns into the propogation en-
ergy of cracks. High-angle erosion makes cracks in tha

AT 30 ceramic propogate along grain boundaries. Whe : .
those cracks connect with each other, grains are de-he research work is supported by the National Natu-

. : ral Science Foundation of China (NNSFC) under Con-
tached and thus cause the erosion of material. For the- .
ATC ceramic, the crack propagation energy is raise ract No. 59332 060. The authors thank engineer A. L.

! . ; " ."Zhang for experimental assistance.
through plastic deformation. With the same impact ki- ang for experimental assistance
netic energy of SiC particles, the erosion resistance at
high impact angles of ATC fine ceramic is mainly de-
termined by its fracture toughness. At relatively lower f
erosion angles, besides the erosion mechanism meReferences
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