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Abstract Al2O3/h–BN machinable composites were cost-

effectively fabricated by pressureless sintering method.

The machinability, deformation, and cracks behavior of the

composites were investigated by drilling, Hertzian inden-

tation, and Vickers indentation test, respectively. Through

the observation of the microstructures in different scales by

SEM, we analyzed the role of the weak boundary phases

(WBP), including h-BN and pores, on the machining

mechanism of the composites. The results showed that

almost all of the WBP dispersed at the Al2O3 grain

boundaries, which strongly elevate the machinability and

deformability of the composites. During the drilling or

Hertzian indentation test, a large number of microcracks

formed firstly along the WBP; then these microcracks

connected with each other causing a removal or macro-

deformation of the composites. The Vickers indentation

test result indicated that the weak interfaces and grain

boundaries of WBP lead to a low microcrack toughness,

whereas in macro-scale the crack toughness was improved

because of the crack bridging and deflection of WBP.

Introduction

Machinable ceramics are a new type of advanced material,

and they can be easily machined by conventional metal tools

into complicated shapes for the applications with required

precision. Recently, various machinable ceramics have been

developed through introducing different weak boundary

phases (WBP) in matrices. The WBP include mica [1], h-BN

[2–5], graphite [6], YAG [7], rare-earth phosphates [8],

pores [9, 10], and Ti3SiC2 analogous compounds [11].

Usually, these WBP possess weak layered crystal structure

or can introduce weak interfaces into the matrices.

Among the developed machinable ceramics, h-BN

contained ceramics showed good machinability, together

with excellent corrosion resistance to molten metals and

high thermal shock resistance. However, the composites

are usually prepared by hot-pressing, which restricts its

application because the processing costs highly and is

unable to prepare complex shape components. Recently,

we prepared Al2O3/h-BN machinable composites by the

economical pressureless sintering method [12]. The effects

of WBP on the microstructure and mechanical properties of

the composites were also investigated. When h-BN added,

the composites are porous because of the poor sinterability

of h-BN which has strong covalent nature and plate-like

structure. As a result, two kinds of WBP exist in the Al2O3/

h-BN composites, including h-BN and pores, which could

strongly control the mechanical properties and machin-

ability. We found that the composites containing 10 vol.%

h-BN (relative porosity 8.8%), exhibited both high

mechanical properties and good machinability. However,

what is the role of the WBP influence the machinability of

the composites is not clear.

In order to well understand the machining mechanism

and materials removal process, it is particularly interested

to study the deformation mechanisms and cracks expansion

behavior of the machinable ceramics. The deformation

behaviors of some machinable composites, such as SiC/

YAG [13], Si3N4/h-BN [14], and micaceous glass–ceramic

[15], have been investigated formerly. It revealed that the

quasi-plastic deformation behavior is the main reason for
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good machinability. Furthermore, the researches on the

cracks extension behavior of the machinable ceramics

revealed that the mechanism of materials removal has

strong relationship with the slow rising toughness curves

behavior due to the weak-interface cracks bridging [16,

17]. However, according to the best of our knowledge, the

effects of two kinds of WBP on the machinability of the

ceramic composites have not been reported yet.

Therefore, in this article, the role of WBP, including

h-BN and pores, on the machinability and deformation of

the Al2O3/h-BN composites are studied. Additionally, the

cracks (microcracks and macrocracks) behaviors of the

composites are also discussed.

Experimental procedure

The pressureless sintering process for fabrication of Al2O3/

h-BN composites was described in our previous literature

[12]. The starting powders were a-Al2O3 (2 lm), h-BN

(4 lm), and 3 wt% of MgO as sintering aid. The powders

were mixed by ball-milling in ethanol, and then drying and

sieving. The powder mixture was uniaxially pressed into

rectangular green compacts and then cold isostatically

pressed at 200 MPa. The green compacts were pressureless

sintered at 1750 �C for 2 h in N2 atmosphere. The sintered

compacts were treated by cutting, grinding, and polishing

for the following measurements. Table 1 shows the typical

properties of the composites [12]. For simplicity, the

composites contained 10, 15, and 20 vol.% h-BN were

denoted as AB10, AB15, and AB20, respectively.

The machinability was evaluated using cemented car-

bide drills with the diameter of 2.5 mm. In this test, the

specimens were fastened to a plate. They were drilled with

a rotational speed of 500 rpm under different axial loads

ranged from 1 to 12 N. In order to reduce errors in mea-

surement, new drills were used for each test. The drilling

velocity (V) was calculated according to the following

equation:

V ¼ H

t
; ð1Þ

where H is the drilling depth and t is the drilling time. For

accuracy, each test was done thrice, and the drilling

velocity was the average value.

Hertzian indentation tests were performed at a constant

crosshead speed of 0.5 mm min-1 over a load of 100 N,

using tungsten carbide spheres of radius r = 1.67 mm. In

order to investigate the subsurface contact damage, sec-

tional views of the damage patterns were obtained using

bonded interface specimens [13]. The samples were pre-

pared by bonding together two polished half-bars with a

thin layer of adhesive, and then polishing the top surfaces.

Hertzian indentations were performed at the top surfaces

symmetrically along the surface trace of the bonded

interface. Finally, the adhesive was dissolved and cleaned

using acetone.

In order to investigate the influence of WBP on the

macrocracks expansion, Vickers indentation method was

used with a load of 49 N on the polished surfaces of the

samples.

The microstructure characterization of the specimens on

fractured sections, drilled surfaces, drilled debris, contact-

damaged zones, and macrocracks expansion paths were

performed using a JSM 6460 (JEOL) SEM.

Results and discussion

Microstructure of the WBP in the composites

Figure 1 shows the SEM micrographs of fracture surfaces

of the Al2O3/h-BN composites. It can be noticed that both

of the composites AB10 and AB20 are porous, and the

residual pores are near the h-BN platelets. Nearly all of the

WBP, including h-BN and pores, exist at the grain

boundaries of the Al2O3 matrix (Fig. 1b, d). These inter-

granular WBP weaken the strength of the grain boundaries,

and act as fracture sources in the composites. Furthermore,

it has been reported that machinability is caused by the

weak interface between matrix grains and second phases at

grain boundaries [14]. Therefore, the mechanical properties

and machinability of the Al2O3/h-BN composites can be

intensively influenced by the WBP [12].

Machinability and machining surface analysis

Figure 2 shows the test results of drilling velocity

under different axial drilling loads for the Al2O3/h-BN

Table 1 Typical properties of the Al2O3/h-BN composites [12]

Sample Relative

density (%)

Porosity (%) h-BN

content (vol.%)

WBP

content (vol.%)

rf (MPa) KIC (MPa m1/2) HV (GPa) E (GPa)

AB10 91.2 8.8 10 18.8 310 3.4 8.1 271

AB15 88.6 11.4 15 26.4 209 2.6 6.8 233

AB20 83.3 16.7 20 36.7 141 1.4 3.9 193
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composites. It can be seen that the drilling velocities for

AB10 and AB20 increase with increasing drilling load. The

drilling velocity for AB20 is higher than that of AB10. It is

also found that there exist the critical loads for the drilling

tests, suggesting that the composites could be machined

easily with the drilling load higher than the critical value.

The critical drilling loads are about 4 and 8 N for AB20

and AB10, respectively.

Figure 3 shows the SEM micrographs of the drilled

surface of the composites. It can be noticed that both of

the drilled surfaces of AB10 and AB20 are smooth and

without obvious cracks. The surfaces are partly covered

with a layer of smeared debris. The drilled debris of the

composites are revealed in Fig. 4. It can be seen that the

particle surfaces of the debris are smooth, and their par-

ticle sizes are similar with the Al2O3 grains in matrices

(see Fig. 1). Therefore, one can conclude that the inter-

granular fracture of Al2O3 grains is predominant during

the machining process, and these WBP evaluate the

removal of these hard Al2O3 grains, which endows the

composites with excellent machinability. Actually, it is

difficult to distinguish which WBP is more important for

promoting the machinability because of their coopera-

tively effect during the machining process. However, we

can undoubtedly believe the promoting effect of h-BN or

pores on the machinability of the composites, which

has been approved by many literatures reported before

[2–5, 9, 10].

Deformation behavior after Hertzian contact test

In order to investigate the machining mechanism of the

composites, Hertzian contact tests were performed as

other literatures reported [13, 14, 18]. The stress condition

in the tests is similar to the machining process. The

composite contained 20 vol.% h-BN was selected as the

subject in order to investigate in the tests since it pos-

sesses more WBP content (36.7 vol.%) besides good

machinability. Figure 5 shows the SEM micrographs of

Hertzian contact damage in the composite. The damage in

Fig. 1 a, c SEM micrographs

of fracture surfaces in the

sample AB10 and AB20,

respectively; b, d magnified

micrographs of the rectangular

areas in (a) and (c), respectively

Fig. 2 Measurements of drilling velocity as a function of drilling

load for AB10 and AB20
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the subsurface deformation zone appears to be quasi-

plastic deformation, reminiscent of the plastic deforma-

tion zone in ductile metals (Fig. 5a). Moreover, there is

no obvious macrocracks penetrating downward into the

inner part of the composite. It is evidently different from

the classical Hertzian cone crack observed in the mono-

lithic Al2O3 [19]. Figure 5b shows the high-magnified

micrograph of Fig. 5a. One can notice that there are three

different zones beneath the contact surface: large-defor-

mation zone (Fig. 5c), microcracks zone (Fig. 5d), and

matrix zone. These zones have clear boundaries, and the

boundary shapes are almost identical to the trajectory of

principal shear stress. This result indicates that the shear

stress is the key reason for the contact damage, which has

been approved by Cai et al. [15]. Comparing the micro-

graphs between the large-deformation zone and the

microcracks zone (Fig. 5c, d), it can be noticed that in

both zones, a large number of microcracks formed along

the WBP, with some linkages and coalescence of WBP.

Under the subsurface Hertzian stress field, the WBP

provide favored paths for the extension of microcracks

along the weak interfaces. Nearly all of the pores van-

ished in the large-deformation zone. However, the pores

still exist in the microcracks zone. This can be attributed

to the different stress intensity between the two zones. In

large-deformation zone, the stress intensity is higher than

in microcracks zone, which makes the deformation of the

pores more seriously. Furthermore, the deformation of the

h-BN grains can also be observed beneath the contact

surface, as shown in Fig. 5e. It is apparent that delami-

nation and kinking are two basic deformation and damage

modes for h-BN grain beneath the contact surface. The

microcracks are formed along the h-BN basal plane, as

indicated by arrows in Fig. 5e.

Fig. 3 SEM micrographs of the drilled surface of AB10 and AB20

Fig. 4 SEM micrographs of the drilled debris of AB10 and AB20
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From the observation and discussion above, we can

conclude that the quasi-plastic deformation process in

Al2O3/h-BN composites includes two steps. First, a large

number of microcracks were formed along the WBP. Then

the microcracks linked each other with the deformation of

WBP. Thus, the WBP promote the formation of micro-

cracks in the Al2O3/h-BN composites, and enhance the

capacity for energy absorption from contacts and impacts,

preventing the catastrophic failure. As a result, the cracks

are restricted in a small zone, where the particles can be

flaked off easily during the machining process.

Model of microcracks linkages

A shear-fault/wing-crack model [20] can well explain the

effect of WBP on the microcracks linkages in the Al2O3/h-

BN composites during the machining and Hertzian contact

tests. Figure 6a shows a schematic representation of

the microstructure of the composites, according to the

microstructure characteristic shown in Fig. 1b and d. When

a Hertzian contact load, P, forces on the surface of the

composites, a large number of microcracks formed along

the WBP in the damage zone. Then, the composites would

be supported only by the bonding strength of Al2O3 matrix

grains boundaries, and they will be the slip planes in the

deformation process. As shown in Fig. 6b, sh and rh are

local shear stress and normal stress on the slip plane and

can be expressed as below:

sh ¼ r � cos h � sin h; ð2Þ

rh ¼ r � sin2 h; ð3Þ

where r is the applied compressive stress and h is the angle

between the loading direction and the slip plane. Thus, the

critical stress on the slip plane can be described using a

Mohr–Coulomb criterion [21]:

sC� sh � l � rh; ð4Þ

where sC is the net shear stress and l is the coefficient of

sliding friction. Substituting sh and rh into Eq. 4, the

Fig. 5 SEM micrographs of

Hertzian contact damage in

AB20: a quasi-plastic

deformation zone; b high-

magnified area of (a); c, d
represent large-deformation

zone and microcracks zone in

(b); e deformation and damage

of h-BN beneath the contact

surface
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critical fracture condition for the slip plane can be

expressed as

rC�
sC

sin h � cos h� l � sin hð Þ ; ð5Þ

where rC is the applied compressive stress at shear frac-

ture. So if the applied compressive stress r is higher than

the minimum fracture stress rC, the slip plane will fracture

and the microcracks induced by WBP will be linked.

Hence, the test results of drilling velocity for the com-

posites shown in Fig. 2 can be explained as follows. In the

case of the drilling load is lower than the critical value, the

composite cannot be machined easily because rC in the

drilling zone is not higher than the bonding strength of

Al2O3 grain boundary. However, with the drilling load

increases, rC conquers the resistance of the grain bound-

aries and deforms the composites, leading to the individual

particles flaked off. With further increasing the drilling

load, more and more microcracks could be linked to form a

net-like microcracks zone, and hence increases the drilling

velocity remarkably. In addition, considering the WBP

content of AB20 is higher than that of AB10, the induced

microcracks have a higher probability to connect (lower sC

and rC vaules), which makes AB20 possesses better

machinability (lower P value).

Therefore, the promoting effect of WBP on the micro-

cracks linkages can be comprehended. WBP tailor a large

amount of weak-interface structures into the machinable

composites, and these structures create the faults, and also

provide favored paths for ensuing extensile microcracks at

the fault edges (Al2O3 grain boundaries) by shear stress,

within the machining or deformation zone.

Macrocracks expansion after Vickers indentation test

As discussed in the above section, the microcracks in the

composites can be linked easily during the machining or

deformation process. But, why there is no obvious mac-

rocracks penetrating downward into the composite during

the process? Lawn et al. [13] reported that by introducing

weak interfaces into the composites, any downward prop-

agating macrocracks can be deflected along the grains or

interface boundaries away from the tensile stress trajecto-

ries. So penetration downward into the composites was

suppressed. In this study, both h-BN and pores as WBP

also have the suppress effect to the macrocracks. Figure 7

shows the SEM morphologies of macrocrack expansion

path in AB15 obtained by Vickers indentation method. As

indicated by arrows in Fig. 7a and b, the crack of the

composite propagates preferentially along the WBP or their

interfaces, resulting crack bridging, deflection, or a tortu-

ous crack path. As a result, the stress concentration around

the crack tip is relieved and the deflection would consume

much energy in this process, which prevents catastrophic

failure in machining process.

According to the discussion above, WBP promote

the formation of a large number of distributed micro-

cracks beneath the machining or deformation zone, and

the microcracks can be linked easily (low microcrack

toughness). Meanwhile, WBP prevent the macrocracks

(a) (b)

Fig. 6 Model of microcracks

linkages during Hertzian contact

process: a schematic

representation of the

microstructure for the

composites with a load of P;

b shear faults with individual

microcrack linkage
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propagating deeply into the composites during the

machining or deformation process due to the high crack

extension resistance (high macrocrack toughness). In

other words, the Al2O3/h-BN composites may exhibit a

slowly raising Crack-Growth-Resistance (R-curve) behav-

ior attributed to the WBP. This slowly raising R-curve

behavior is very important for the machinability of the

composites [22–24]. However, in this study, it is difficult

to obtain typical slow raising R-curve, because of the

influence of the residual pores.

In general, WBP are considered to be the key factor to

maintain good machinability and high machining accuracy

since they endow the machinable composites with not only

good quasi-plastic deformation ability, but also a slowly

raising R-curve behavior.

Conclusion

The effects of WBP, including h-BN and residual pores, on

the machinability, deformation, and cracks behavior of

pressureless-sintered Al2O3/h-BN composites were inves-

tigated. Our conclusions can be summarized as follows:

1. Nearly all of the WBP dispersed at the grain bound-

aries in the composites. These intergranular WBP

elevated the machinability and deformability due to

their easy deformation and cleavage characteristics.

2. Quasi-plastic deformation process includes two steps.

First, formation of a large number of microcracks

along WBP; second, the microcracks linkages going

with large deformation of WBP.

3. WBP enhance the machinability of the composites

resulting from the low microcracks toughness due to

their weak interfaces and grain boundaries, and

improving macrocracks toughness as a result of crack

bridging and deflection.
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