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Abstract

Layer structured LaPO4 was added to Al,O3z ceramic matrix to improve the machinability of the composites. Densification,
hardness and microstructures of the Al,Os/LaPO,4 ceramic composites have been studied at various sintering temperatures (1300,
1400, 1500, 1600 °C) and different LaPO, contents (pure Al,Os, 10 wt.% LaPOy, 20 wt.% LaPOy, 30 wt.% LaPOy,, 40 wt.%
LaPOy, pure LaPOy). X-ray diffraction analysis showed that only Al,O5; and LaPO,4 phases exist in the Al,O3/LaPO4 composites
with different LaPO, content even sintered up to 1600 °C. Bulk density, hardness and microstructures of the Al,O3;/LaPO, com-
posites are largely dependent on the LaPO, content and sintering temperature. Due to the layered structure of LaPO,4 and the weak
interface between the Al,O3 and LaPOy4 phase, the 40 wt.% Al,O3/LaPO,4 composite can be easily machined using cemented carbide

drills instead of conventionally diamond tools.
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1. Introduction

Machining is emerging as an inevitable requirement
for flexible use of advanced ceramics, especially for
structural ceramics. However, the extremely high hard-
ness of ceramics makes conventional machining very
difficult or even impossible. In the past years, much
research has been focused on the improvement of cera-
mic machinability [1-4]. Generally, two methods were
used for improving the machinability of ceramic mate-
rials. One method is to introduce a weak interface phase
or layer structured material in the matrix to facilitate
crack deflection during machining. The materials are
called compound machinable ceramics, such as mica-
containing glass-ceramic [5]. The other method is the
structure-design method, where the machinability of
ceramics is optimized by adjusting the distribution of
phase, porosity and three-dimensional macrostructure
and microstructure, such as porous ceramics, graded
machinable ceramics [6] et al.
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LaPO, (lanthanum phosphate, monazite-type) is a
suitable and effective oxide interface material, which
exhibits high stability at high temperature in both redu-
cing and oxidizing environment and shows good che-
mical compatibility with Al,Os;. The Al,Oz/LaPO,
interface is weak enough to prevent crack growth by
interfacial debonding and crack deflection. Therefore,
LaPO, is commonly used as coating on alumina fibers
in ceramic matrix composites (CMCs) [7].

Recently, according to the research of Davis and
Marshall [8], two-phase composites consisting of LaPOy
or CePO,4 with alumina, mullite, or zirconia could be cut
and drilled using conventional tungsten carbide metal-
working tools. LaPQOy, in the Al,O3 composites is quite
stable and no reaction occurs between the two phases
up to 1650 °C, provided the La:P ratio in the monazite
is close to 1. The enhancement of machinability is attrib-
uted to a weak interface (Al,03/LaPQOy4 grain boundaries)
and layered LaPOy phase in this composite. However, a
systematic study on sintering behavior and microstructures
of the Al,O3/LaPO, composites has not been reported.

In this paper, we discuss the microstructural evolution
of Al,O3/LaPO,4 composites with different LaPO, addi-
tions, which were sintered at different temperatures. At
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the same time, we also investigated systematically the
relationship between microstructure and hardness of the
Al,O3/LaPO,4 composites with different LaPO,4 contents
and sintering temperatures.

2. Experimental procedure
2.1. Powder preparation and sintering

As a major raw material, Al,O3 having a minimum o-
phase content of 95 mass% were used. The median
particle and crystal size of the aluminas ranged from 0.5
to 2 pum, their specific surface ranged from 811 to 1.5
m?/g. The LaPO, powders were synthesized by mixing
phosphoric acid with lanthanum oxide in a water bath.
Lanthanum oxide was dissolved in diluted phosphoric
acid with La to P of 1:1 in order to achieve LaPO, as a
final product. The direct reaction between lanthanum
oxide and phosphoric acid is a clean reaction with no
by-products other than water according to the reaction

La,0; + 2H;PO4 — 2LaPOy + 3H,0 )

In this process, La,0O3 powders were slowly added to
85% H;PO, (diluted by distilled water), large pre-
cipitates were formed immediately at the reaction site.
Subsequently, these synthesized powders were washed
several times with de-ionized water until the pH value of
the filtered water became close to 7. All the chemicals
used were of analytical reagent grade.

The Al,O3/LaPOy4 composite powders with different
LaPO, contents were ball milled under ethyl alcohol
with agate balls for 24 h and then dried using a rotary
vaporizer. The resulting powders were uniaxially dry-
pressed with 150 MPa in a cylindrical mold (¢20x6
mm?) to obtain the green compacts. The samples
(Ma1,0,MLapo,=6:1, which ratio was chosen from lit-
erature [8] and considering the machinability of the
composites) were sintered in a furnace (Nabertherm,
Germany) at 1300, 1400, 1500 and 1600 °C respectively
for 2 h in order to determine a suitable sintering
temperature for the Al,O5;/LaPO,4 composites, and then
cooled down slowly to room temperature. The Al,O3/
LaPO, composite powders with different LaPO,
contents (pure Al,O3, 10 wt.% LaPOy,, 20 wt.% LaPOy,
30 wt.% LaPQOy, 40 wt.% LaPQOy, pure LaPO,) were
sintered at 1600 °C for 2 h to investigate the relationship
between LaPO,4 content and hardness, machinability
and microstructures of the composites.

2.2. Characterization of microstructure and mechanical
properties

The densities of the composites were measured by the
Archimedes method. Theoretical density was calculated

using the rule of mixture (p=pLapo,VLaro, T
PALO; VALOsS PLapo, =5.07 g/em?; paj0, =3.99 g/em?).
Scanning electron microscopy (Model Hitachi SEM-
450, Japan and Model SEM LEO 1530, Germany) was
used for the investigation of the microstructure. Cera-
mic crystalline phases were determined by X-ray diffrac-
tion (Model Automated D/Max-rb, Japan). Vickers’s
hardness (Hy) was determined on polished surfaces by
using a load of 5 kg for 10 s. Eight indents were made at
each specimen.

The machinability of the specimen was tested by using
cemented carbide drills at 2500 rpm. A drop of water
was placed at the drill tip at the beginning of each run.

3. Results and discussion
3.1. Chemical compatibility and densification

The chemical stability of LaPO4 and Al,O3 in the
Al,O3/LaPO; composites sintered at different
temperatures for 2 h was investigated by analyzing the
possible existing phases using X-ray diffraction
(XRD). Figs. 1 and 2 show the corresponding XRD
results. It can be seen that there are only Al,O; and
LaPO,4 phases in the composites with different LaPOy,
contents sintered up to 1600 °C. Apparently, no
reaction occurred under this experiment condition.
Therefore, it can be presumed that a weak interface was
formed at the boundaries of Al,O; and LaPO, grains
(Figs. 4 and 8). This agrees with the results of D.B.
Marshall [9].

The curve of bulk density vs sintering temperature for
the composites containing the same content of LaPOy
(MA1,0,:Mpapo,=6:1, which ratio is chosen from
literature [8] and considering the machinability of the
composites) is shown in Fig. 3. The densities of the
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Fig. 1. XRD patterns of the Al,O3/LaPO, composites showing
chemical compatibility at different sintering temperatures.
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Fig. 2. XRD patterns of the Al,O;/LaPO, composites with different
LaPO, contents.

composites increase with increasing sintering temperature.
When the sintering temperature reached 1600 °C, the
relative density of the composite is close to theoretical
density. Therefore, the investigation on the influence of
the LaPO, content on the hardness, microstructure and
densification of the composites chose 1600 °C as sinter-
ing temperature. Fig. 4 shows the microstructural
evolution of the Al,O3/LaPO,4 composites sintered at
different temperatures (1300, 1400, 1500 and 1600 °C)
for 2 h. It can be seen that the densification improves
with increased sintering temperature.

At a constant sintering temperature (1600 °C), the
densities of the composites increased with the increasing
LaPO, addition due to the high density of LaPO,
(PLapO, = 5.07 g/cm?®, where the theoretical density is
determined using the lattice constants a=0.6837,
b=0.7077 and ¢=0.6510 nm). However, pure LaPOy,
ceramic obtains the maximal densification of the com-
posites, and pure Al,O5 also has higher relative density
than that of the Al,O3/LaPO,4 composites as shown in
Table 1. That indicated the addition of LaPO,4 reduced
the densification of the Al,O3/LaPO4 composites.
According to the microstructural observation, the
reduction of relative density could be attributed to the
creation of defects.

Table 1
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Fig. 3. Effect of sintering temperature on the bulk density and relative
density of the Al,O3/LaPO,4 composites.

3.2. Hardness

Hardness is an important parameter as an indication
of ceramic machinability. Generally, lower hardness,
more excellent machinability. Vickers’s hardness was
measured on the polished surface of the composites.
The variation of the average Vickers’s hardness of
samples (Mal,0,:Mrapo,=6:1) sintered at various
temperatures is shown in Fig. 5. It can be noted that the
lowest hardness value of 1.38+0.2 GPa was measured
for the sample sintered at 1300 °C, whereas the
maximum hardness value of 6.24+0.12 GPa was
obtained for the sample sintered at 1600 °C. The general
trend which can be observed in Fig. 5 is that the hardness
increases with increased sintering temperature from 1300
to 1600 °C. The relatively low hardness obtained for
samples sintered at low temperature was mainly attrib-
uted to the low densification of the material.

As is known, for the materials of having a similar
densification, the hardness is governed by grain size. In
general, high hardness values are found for fine-grained
materials. In several fine grained/nanophase ceramics,
an increase of Vickers’s hardness (Hy) with decreasing
grain size (d) according to the Hall-Petch relationship
(Hy= Hy+constant/d=°%) has been observed. In

t 1600 °C

Content of LaPO, Bulk density (g/cm?)

Theoretical density (g/cm?) Relative density (% Th®)

0 3.83
10 3.815
20 3.922
30 3.98
40 4.11
100 4.94

3.99 96.7
4.077 93.6
4.168 94.1
4.262 93.4
4.362 94.2
5.07 97.4

2 Theoretical density: Al,O5 (3.99 g/cm?); LaPO, (5.07 g/cm?).
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Fig. 4. SEM micrographs of Al,O3/LaPO, fracture surfaces at different sintering temperatures. (a) 1300 °C; (b) 1400 °C; (c) 1500 °C; (d) 1600 °C; (e)

1600 °C [magnified from (d)].

contrast, in this result (from Fig. 7, more LaPO,4 addi-
tion, smaller grain size of Al,03), the grain size is not
the controlling parameter for the hardness of the com-
posites but rather the formation of weak interface
between Al,Oz and LaPO, phases. Namely, more addi-
tion of LaPO,4 phase resulted in finer grain size and
lower hardness of the composite.

Fig. 6 shows the relationship between the Vickers’s
hardness of the Al,O3;/LaPO, composites and the
LaPO, content. With the increased LaPO, addition, a
steep decrease in the hardness of the Al,O3;/LaPOy,
composites was observed. Because of the similar relative
density of the sintered materials, the presence of the
weak grain boundary phase resulted in a significant
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Fig. 5. Vickers’s hardness vs sintering temperature of the Al,O3/
LaPO, composite.

reduction in the hardness. Grain boundary sliding
(migration) and easily delaminating of layered LaPO,
phase will attribute to the decreased hardness value of the
Al,O3/LaPO,4 composites with the increased LaPO4 con-
tent. This reduced hardness leads to good machinability.
When the LaPO, content increases up to 40 wt.%, the
Vickers’s hardness is reduced to 5.55 GPa. This value is
close to that of machinable mica glass-ceramic [5] (3 GPa)
and layered ternary compound Ti53SiC, [10] (4-5 GPa).

3.3. Microstructure

The change in the hardness and machinability of the
Al,O3/LaPO, composites is related closely to their
microstructures. Fig. 4 shows the microstructural
development of the Al,O;/LaPO,4 composites at various
sintering temperatures. Cracks prefer to propagate
along interfaces or are deflected into the LaPO, phase.
There are many lateral cracks propagating along
interfaces, but no crack is propagating perpendicularly
through the Al,O; This may be the main reason that
the addition of LaPOy4 can improve the machinability of
the Al,O3;/LaPOy ceramic composites.

The addition of LaPO, serves two purposes: (i) it
forms a fine, highly stable LaPO,4 phase, which pins the
boundaries of Al,O5 and refines the grain size of Al,Os,
and (ii) it segregates at the Al,O; grain boundaries
(Figs. 4e, 7e and f) and does not react with Al,O; even
at high temperature (1600 °C/2 h). This enhances the
machinability of the composites by crack deflection
along the weak interface between LaPO4 and Al,O5 and
along layer plane of LaPO, phase during cutting,
grinding and drilling.

According to the study of Linan An [11], weak grain/
interface boundaries can promote the formation of
bridging sites and residual thermal stresses, enhance the
bridging intensity. Thus, ceramic materials can be
toughened by grain bridging in the wake of propagating
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Fig. 6. Effect of LaPO, content on the Vickers’s hardness of the
Al,O;/LaPO, composites.

cracks. It has been demonstrated that the bridging effect
can be enhanced by deliberately introducing micro-
structural heterogeneities. In the present study, LaPO,4
phase can play a similar role in the Al,Oz/LaPO,
composites.

The microstructural evolution of the Al,Oz;/LaPO,
composites with different LaPO,4 contents is shown in
Fig. 7. The pure Al,O3 has abnormal grain growth, and
the transgranular fracture is the main fracture mode
of alumina. LaPO, grains possess a layered crystal
structure (Fig. 7d). Since layered LaPO4 can be readily
delaminated due to its low cleavage energy, fractures
propagate parallel to the layer crystals. Crack
deflections, branching and blunting during machining
of layered crystal LaPOy help to prevent macroscopic
fractures from propagation beyond the local cutting
area. For the Al,O;/LaPO,4 composites, the layered
structure LaPO, surrounding the Al,O; grains is
the main feature in the microstructure of this
composite. At the same time, the increase of the LaPOy,
content inhibited the growth of Al,O3 grains. Fig. 7e
and f shows the microstructures of 40 wt.% Al,O3/
LaPO4 composite by second electron image and
backscattered electron image. Most of the fracture mode
belongs to intergranular fracture. This confirmed the for-
mation of weak Al,O3/LaPOQ, interfaces and is the main
reason of the improved machinability of this composite.

3.4. Machinability

The machinability of the 40 wt.% Al,O5/LaPO,
composites using cemented carbide drills was
investigated. Generally, diamond tools are used for the
machining of advanced ceramics. Fig. 8 shows a hole
made by cemented carbide drills on the 40 wt.% Al,O3/
LaPO, specimen. It can be seen that the Al,O3;/LaPOy
composite is successfully machined. However, due to
the high hardness, the pure Al,O; cannot be machined
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Fig. 7. SEM micrographs of Al,O3/LaPO, fracture surfaces with different LaPO, contents: (a) Al,Os; (b) 10 wt.% LaPOy; (c) 30 wt.% LaPOy; (d)
LaPOy; (e) 40 wt.% LaPOy, (second electron image); (f) 40 wt.% LaPO, (backscattered electron image).

using such drills. As stated above, the layered structure
LaPO, and the weak interface at the Al,O;/LaPO, grain
boundaries are the main reason for the improvement of
the machinability. Both of them enhance the crack
deflection and avoid the catastrophic failure of the
material during drilling. Other important factors
including the wear of the tool, the cutting force vs
drilling rate, the surface roughness of the work piece,
the diffusion mechanism between the tool and the work
piece, will be studied systematically in the future.

4. Conclusions

A dense and machinable Al,O5/LaPO,4 composite was
successfully fabricated by adjusting the experimental
conditions (sintering temperature and LaPO, content).
XRD analysis indicated that there is good chemical
compatibility between Al,O; and LaPO, phase, no
reaction occurred even at sintering temperatures up to
1600 °C. The segregation of LaPOy4 at the Al,O3 grain
boundaries enhances the crack deflection and avoid the
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Fig. 8. Machinable Al,0O;/LaPO, ceramic composite using cemented
carbide drill.

catastrophic destruction of the sample during drilling.
Due to the weakness of the LaPO,4 phase and the weak
boundaries between LaPO, and Al,Os;, the machin-
ability of the composite can be improved remarkably.
The 40 wt.% Al,O3/LaPO,4 specimen can be easily
machined using cemented carbide drills instead of
conventional diamond tools.
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