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bstract

lN based machinable ceramics containing hBN were prepared by economical pressureless sintering at 1800 ◦C for 2 h in a nitrogen gas atmosphere.
he effects of hBN content on microstructure, mechanical properties and machinability were investigated. The relative density of sintered compacts
ecreased with increasing hBN content. The four-point flexural strength of 340 MPa for monolithic AlN also decreased to about 120 MPa by the
ddition of 20 vol% hBN, mainly due to increased porosity. With increasing hBN content, AlN–hBN based ceramic composites revealed increased

rack deflection. The Vickers indentation crack paths in specimens were sinusoidal indicating crack bridging and pull-outs of composite grains
uring crack propagation. During end-milling and microdrilling processes for AlN ceramic composites with more than 10 vol% hBN, measured
eed and thrust forces decreased with increasing hBN content, demonstrating a good machinability of the composites.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Aluminum nitride (AlN) is an excellent candidate for use
s substrates in electronic packaging and other electrical and
ptical applications due to its high thermal conductivity, high
ranslucent properties, and a thermal expansion coefficient close
o that of silicon (Si).1 In order to utilize AlN in precision
arts, the focus on machinability becomes paramount. However,
he high cutting force and the brittle fracture behavior of this
eramic make it difficult to manufacture complicated shapes for
he required application. Although it is possible to machine AlN
y diamond abrasives and by laser techniques, these methods
ave limitations with respect to obtaining complicated shapes
nd for economical reasons.2
It has been known that the addition of hexagonal boron
itride (hBN) improves the machinability of AlN. AlN–BN
ased ceramics can be machined easily since cleavage plane of
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-BN can facilitate crack propagation during machining, thereby
ecreasing the cutting resistance.3

In general, AlN–hBN composite is prepared by hot-pressing
ince plate-like hBN degrades sinterability. But, it is impos-
ible to manufacture precision parts with complicated shapes
y hot-pressing, an expensive sintering method compared with
ressureless sintering.

In this paper, we investigated pressureless sintering condi-
ions for AlN ceramics. We also present results of an investiga-
ion on the effect of h-BN content on microstructure, mechanical
roperties and machinability of pressureless-sintered AlN–hBN
omposites.

. Experimental

The starting powders were AlN (>99.15% pure, 2.9 �m,
okuyama Co. Ltd., Japan) and hBN (>99% pure, 6.4 �m,

.D.K. Co. Ltd., Japan). The amounts of hBN added ranged
rom 0 to 20 vol%. In all specimens, 3 wt% of Y2O3 (>99.9%
ure, <0.25 �m, Shinestu Chemical Co. Ltd., Japan) was added
s sintering aid. The powder mixtures were prepared by wet

mailto:wscho@inha.ac.kr
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all-milling in ethanol for 72 h in an alumina pot. The mixed wet
owders were dried on a hot plate using a rotating stirrer to avoid
ravity-induced segregation. The dried and sieved (to 16 mesh)
owders were uni-axially pressed into rectangular green com-
acts (6 mm × 15 mm × 40 mm, forming pressure: 160 MPa) of
hich the relative density was approximately 50%. Green com-
acts were pressureless-sintered at 1800 ◦C for 2 h under the N2
tmosphere. Rectangular specimens (3 mm × 4 mm × 36 mm)
ere prepared by cutting, grinding, and polishing of the sin-

ered compact. The density of specimens was measured using the
rchimedes method and the theoretical density of the specimens
as estimated by the rule of mixture. The relative density, four-
oint flexural strength, Vickers hardness (load: 98 N, dwell time:
0 s), fracture toughness and Young’s modulus were measured.
he fracture toughness was measured by indentation fracture

IF) method on surface perpendicular to the forming pressure
sing a load of 98 N for 30 s.

For the characterization of crack interactions with hBN, Vick-
rs indentations with a load of 98 N were made on the polished
urfaces parallel and perpendicular to the direction of the uni-
xial forming pressure. In order to evaluate quantitatively the
ependence of the degree of crack deflection on BN content, the
umulative length of deflection angles of crack segments to the
ain crack direction was investigated.
The microstructure of specimens was investigated by SEM

nd TEM equipped with EDX and XRD. Machinability was
valuated by cutting tests with a WC–Co cutting tool (feed
ate: 50, 80, and 100 mm/min, cutting speed: 498 rpm, depth
f cut: 0.1 mm), and feed force and thrust force were detected
y piezoelectric sensor. Finally, machinability of the composites
as evaluated in a microdrilling process (feed rate: 10 mm/min,

utting speed: 4000, 5000, and 6000 rpm, depth of cut: 5 �m).
rills of 100 �m diameter were used for the experiment, and

hrust forces were measured using a tool dynamometer under
everal conditions.
. Results and discussion

Fig. 1 shows the relative density of specimens with varying
ontent of h-BN. The relative density decreased with increasing

ig. 1. Effect of hBN content on relative density of AlN–hBN based composites.
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ig. 2. Shrinkage of AlN–hBN based composites; Lx, Ly and Lz denote lin-
ar shrinkage to longitudinal, transverse, and thickness direction of rectangular
pecimen, respectively.

-BN content up to 20 vol%. With 20 vol% addition, the density
howed significant decrease to 86.2%. This is the consequence
f the role of the plate-like h-BN particles in restricting the
earrangement of AlN particles during sintering.

Fig. 2 presents the effect of h-BN content on the linear shrink-
ge of AlN. Lx, Ly and Lz in the figure denote linear shrinkages
o the longitudinal, transverse, and thickness direction of rectan-
ular specimen, respectively. Lz was parallel to the direction of
ni-axial forming pressure. Shrinkages to Lx and Ly directions,
erpendicular to the forming pressure, were almost same each
ther, and showed∼5% lower values than that to the Lz direction.
ince hBN platelets in powder mixtures were generally oriented
y the uni-axial forming pressure, AlN–hBN green compacts
xhibited strong texture of BN grains oriented with the c-axis
arallel to the forming direction. Thus, the restricting effect of
BN on the rearrangement of AlN particles is expected to be

arge in perpendicular direction to the forming pressure.

The effect of hBN content on the flexural strength and
racture toughness of AlN is shown in Fig. 3 shows. Both
roperties decreased with increasing BN content. The flexural

ig. 3. Effects of hBN content on flexural strength and fracture toughness of
lN–hBN based composites.
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ig. 4. Effects of hBN content on Young’s modulus and hardness of AlN–hBN
ased composites.

trength decreased by 65%, from 340 MPa for monolithic AlN to
20 MPa for AlN containing 20 vol% hBN. The corresponding
ecrease in the fracture toughness was about 50%, from 3.1 to
.9 MPa m1/2. In order to investigate the cause for the decrease
n strength and fracture toughness resulting from the addition
f h-BN, the Young’s modulus was measured as a function of
-BN content. The results are shown in Fig. 4 along with the cor-
esponding change in Vickers hardness. The modulus decreased
y 53% with the addition of 20 vol% h-BN, from 316 GPa for
onolithic AlN to 148 GPa for specimens with 20 vol% hBN.
hus, the addition of BN resulted in a decrease in the modulus

s well as an increase in the residual porosity, both of which con-
ributed to the observed decrease in flexural strength and fracture
oughness. Fig. 4 also shows a corresponding dramatic decrease
n hardness, a decrease of about 85%.

u
i
o
a

ig. 5. Vickers crack propagation of AlN–hBN based composites on plane perpendicu
BN, and (d) 15 vol% hBN.
eramic Society 27 (2007) 1425–1430 1427

The strength reduction may also be caused by the residual
ensile stress developed by the difference in thermal expan-
ion coefficient (TEC) between AlN and hBN. h-BN has
n anisotropic TEC (7.15 × 10−6 C−1 along the c-axis and
.77 × 10−6 C−1 along the a-axis), but the TEC of AlN is
sotropic (5.6 × 10−6 C−1).4 The TEC mismatch between AlN
nd h-BN can lead to a residual tensile stress along the plane
ertical to the c-axis of h-BN. Results of FEM analyses, to eval-
ate the residual stress, showed that a maximum tensile stress of
bout 130 MPa can be developed at the edge on a plane vertical
o c-axis of h-BN.

According to the results of XRD analysis for AlN–hBN
ased composites. YAG (Y3Al5O12) and �-Al2O3 phases were
etected in addition to major phases of AlN and h-BN. The
AG phase, located on triple points, was also conformed
y TEM equipped with EDX. The occurrence of the YAG
hase at the triple point was the consequence of the reaction
3Y2O3 + 5Al2O3 → 2Y3Al5O12) of the sintering aid, Y2O3,
ith Al2O3, which existed on the surface of AlN powders.5

-Al2O3 phase could have been formed by the preferential loss
f Y2O3 from YAG phase.6

Fig. 5 shows Vickers crack paths on AlN–hBN surfaces per-
endicular to the direction of the uni-axial pressing. It can be
een that crack bridging and crack deflection seem to increase
ith the addition of hBN.
Because pressureless-sintered AlN–hBN composite has a

exture structure, Vickers indentations with different directions
ere also made on the surface parallel to the direction of the

ni-axial forming. Fig. 6 shows the changes of crack path with
ndentation angle. For the case of 0◦ angle (most of basal axes
f BN particles are parallel to the indentation angle), the crack
dvanced in a relatively straight fashion along the interface of

lar to uni-axial pressing direction: (a) 0 vol% hBN, (b) 5 vol% hBN, (c) 10 vol%
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F uni-axial pressing direction. Vickers crack was introduced to (a) 0◦, (b) 45◦, and (c)
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ig. 6. Crack propagation of AlN–10 vol% hBN composites in plane parallel to
0◦.

lN–hBN. However, for the cases of the 45◦, and 90◦ angles,
he advancing crack is seen to be deflected by the h-BN grains.

Fig. 7 presents the cumulative length (the ratio of �L (refer to
ig. 6) to total crack length) as a function of the deflection angle.7

he cumulated length of the deflected crack provides indirect
nformation on the interfacial bond between the AlN matrix and
-BN. The lower location of curve, the weaker is the interfacial
ond between the matrix and BN particles. Based on the results
f Figs. 6 and 7, it was considered that AlN–BN composite
ad relatively weak interfacial bond between the matrix and BN

articles.

Fig. 8 shows interaction between Vickers crack and hBN
latelet on the surface parallel to the direction of the uni-axial
orming pressure. It is clear that the crack advanced along the

ig. 7. Cumulative length of crack segment with deflected angle to main crack
irection in plane parallel to uni-axial pressing direction for AlN–10 vol% hBN
omposite.

Fig. 8. Vickers crack interactions with hBN in AlN–10 vol% hBN composite.
Vickers crack was made on plane parallel to uni-axial forming direction: (a)
cleavage fracture, and (b) interfacial fracture.
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ig. 9. The fracture surfaces of AlN–hBN based composites after four-point ben

leavage plane of hBN and interface of AlN–hBN. The interfa-
ial fracture provides direct evidence for weak interfacial bond
f AlN–hBN composites.

Fig. 9 shows examples of SEM micrographs of fracture sur-
aces after bending tests. AlN monolith (Fig. 9(a)) showed both
ntergranular and transgranular fractures, but AlN–hBN com-
osites showed a higher tendency of transgranular fracture, a
endency which increased with increasing BN content. Residual
ores were frequently observed in the vicinity of hBN platelets.
hus, the transition of the fracture mode, from intergranular to

ransgranular fracture, could be caused by increased residual
ores, acting as fracture source. Based on the fracture surface
bservation, the reason of the decrease of flexural is mainly due
o residual porosity: actually BN particles usually form pock-
ts with density that ranges between 60 and 70%. Although
ncreased residual pores deteriorated the strength of the com-
osite, it is regarded to improve the resistance to thermal shock.
lso, crack blunting effect by micropores existing in the advanc-

ng crack front can be expected. It would relieve the stress
oncentration and triaxial stress field developed around the crack
ip,8 thereby preventing the crack from propagating into the inner
ide of the composite.
In the case of AlN–BN composites, evidence for pull-outs
f h-BN platelets was observed. Based on these microstruc-
ural observations, crack bridging and pull-out could be possible
oughening mechanisms for AlN–BN composite.

o
i
i
n

test: (a) 0 vol% hBN, (b) 5 vol% hBN, (c) 10 vol% hBN, and (d) 20 vol% hBN.

As mentioned before, pressureless-sintered AlN–hBN com-
osite exhibit strong texture of BN grains oriented with the c-axis
arallel to the forming direction. This anisotropic texture might
ead to rising crack resistance curve (R-curve)9 by the bridging
nd pull-out of plate-like BN.

In this study, R-curve behaviors for the pressureless-sintered
ample could not be characterized, since the effect of residual
ores on the R-curve behavior is not simple to evaluate. Thus,
ased on our previous study on the AlN–BN composites,10 we
ntroduce here the R-curve behaviors of hot-pressed AlN–BN
omposites. The specimens were prepared by hot-pressing at
800 ◦C for 2 h in N2. The sintering temperature and holding
ime was identical as those for pressureless-sintered specimen.
-curves were obtained from the indentation strength data for

he AlN–BN composites as compared with that of monolithic
lN. For the monolithic AlN, fracture toughness rose rapidly

nitially (at the relatively short crack lengths) but leveled off at
igher crack lengths. The rapid rise of the fracture toughness is
aused by the relatively small grain size in AlN. For the hot-
ressed AlN–BN composites, the R-curve rises slowly with the
nitial fracture toughness being relatively low. But as the crack
rew, fracture toughness increased and became higher than that

f the monolithic AlN when the crack was longer than approx-
mately 200 �m. A slowly rising R-curve behavior may be very
mportant for the machinability of these composites. The tough-
ess is low with small cracks, which enables easy machining
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ig. 10. Change of the thrust and feed force with hBN content. Cutting resistance
as measured under the fixed feed rate of 50, 80, and 100 mm/min.

ith a relatively low cutting force. However, the high tough-
ess at long cracks prevents the cracks from propagating deeply
o the inside of the composites, thereby minimizing machining
amage.

Fig. 10 shows the cutting resistance as a function of hBN
ontent. The cutting resistance of AlN monolith could not be
easured due to its brittle fracture. The feed and thrust forces

ecreased with increasing h-BN content, showing excellent
achinability. It is seen that the cutting resistance for the thrust

orce and the feed force became identical when the hBN content
as 15 vol% or higher. During the microdrilling test, the resis-

ance force also decreased from 2.0 to 0.5 N as cutting speed
ncreased from 4000 to 6000 rpm.

. Summary

The microstructure and mechanical properties of pressure-
ess-sintered AlN–BN composites (with BN ranging from 0 to
0 vol%) were investigated with regards to their machinability.
he results obtained can be summarized as follows:

. Flexural strength, fracture toughness, hardness, and Young’s
modulus decreased with increasing h-BN content. For exam-
ple, the flexural strength decreased from 340 MPa for mono-

lith to 120 MPa by the addition of 20 vol% h-BN. The reason
of the decrease of flexural strength is mainly due to the
much higher residual porosity since BN particles usually
form pockets with low density. In addition, the residual ten-

1

eramic Society 27 (2007) 1425–1430

sile stress, developed between AlN and the flat surface of
h-BN, is a possible reason for the strength reduction.

. The degree of crack deflection increased with an increase in
the BN content. This was considered as an indication of the
relatively weak interfacial bond between the AlN matrix and
the BN particles. In AlN–BN composites, pull-outs of h-BN
platelet were observed.

. Fracture surface and indentation crack path studies showed
that BN platelets induced grain pull-out and crack bridging
during crack propagation. Crack bridging owing to the BN
platelets in the composites should lead to a slowly rising R-
curve behavior similar to that of the hot-pressed AlN–BN
composites, which has been reported in another paper previ-
ously. The slowly rising R-curve may be very important for
the excellent machinability of these composites.

. During end-milling and microdrilling processes, feed and
thrust forces decreased with increasing h-BN content, show-
ing excellent machinability.
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