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ABSTRACT

Polycrystalline cubic boron nitride (PCBN) is one of the few materials suitable for 

friction stir welding (FSW) of hardened steels, which demands tool materials to possess 

high temperature strength, toughness, abrasion resistance, thermal and chemical 

stabilities.

In FSW process at temperatures higher than 980°C PCBN consisting of AlB2, as 

one of the major reaction products, underwent a reverse peritectic reaction: 

AlB2^ A l ('i)+AlBj2 and released liquid Al, which was believed to cause inter-cBN- 

granular cracking in the PCBN tool during FSW of hardened steel.

In the present research, PCBN starting with decreased Al additive and addition of 

fine cBN powder, was HP/HT-sintered at higher B:Al ratio and increased available BN 

surface area for fast in situ reaction with liquid Al in favor of forming AlB12 instead of 

AlB2. Titanium powder in HP/HT-sintering of PCBN under the same pressure and 

temperature conditions resulted in cBN, TiN, and TiB2  reaction products but could not 

achieve the densification comparable to the Al additives. However, using Ti-coated cBN 

particles with addition of the fine cBN powder led to PCBN with highly packed reaction 

products of cBN, TiN, and TiB2 and strong mechanical properties.

Applying electron backscattered diffraction (EBSD) method, the PCBN with 

10vol%Al additive was detected to consist of 0.5vol% and finely dispersed AlB2 in 

addition to AlB12 as the major borides in addition to cBN and AlN. Such PCBN was



shown to possess high thermostability measured at 1000°C and measureable increases in 

flexural strength at temperatures up to 1100°C, while room temperature fracture 

toughness value was retained up to 1100°C as well. Combine x-ray diffraction (XRD) 

and EBSD results revealed the increase in high-temperature strength was resultant of high 

residual compressive-stress on cBN grains applied by thermal expansion of the AlN- 

AlB12 grainboundary phase. The PCBN sintered from cBN with 10vo%Al powder, 

possessing improved thermostability and mechanical strength at temperatures up to 

1100°C benefiting from significantly reduced AlB2 and increased cBN vol%, is suitable 

for high temperature applications. The PCBN sintered using the Ti-coated cBN particles 

showed significant decrease in strength and toughness measured in 900°C to 1100°C 

range, due to oxidation reactions of TiN and TiB2 at high temperatures.
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1 INTRODUCTION

Friction stir welding (FSW) is a new welding process utilizing a milling type of 

machinery and tool setup to plastically stir and mix materials resulting in a submelting 

temperature, solid-state welding process. During FSW, high torque load and high 

temperatures are experienced by tool materials because of the significant friction stir 

action leading to superplastic deformation in the materials in forming the weld. 

Polycrystalline cubic boron nitride (PCBN) composite, owing to its unique high- 

temperature hardness, high abrasion resistance, oxidation resistance, and chemical 

stability, has been used in FSW-processing of hardened steels and ferrous materials 

otherwise very difficult or impossible to process. One of the first PCBN composites for 

FSW tools was ultrahigh pressure and high-temperature (HP/HT) sintered from cBN and 

20vol%Al as starting powder mixtures.

During FSW, cracking was experienced in the PCBN tool shoulder area although 

the tools showed only slight abrasion wear and could still carry out the FSW process. 

Analysis of the cracked PCBN tool revealed, in addition to the primary cubic boron 

nitride (cBN) and reacted AlN phases, the existence of AlB2 which decomposes at 980°C 

via the reverse peritectic reaction: AlB2 -^Al(l) + AlB12. Plastic dimples, rich in Al, were 

found on the fracture surfaces of the PCBN tool after FSW of hardened steel tool at 

1000°C or higher and under the thermal and mechanical loading.



Aluminum is used as a common PCBN sintering additive, because of its low 

melting point, highly-reactive nature, and reaction products such as AlN, AlB2 , and AlB1 2  

formed with cBN particles. It will be ideal to modify the cBN + Al system as a sintering 

precursor to promote the formation of high melting-temperature AlB12 while minimizing 

the intermediate AlB2  in the PCBN composite with improved thermostability, high 

temperature strength, and toughness. It can be more beneficial if  the intermediate AlB2 

and other aluminum borides are replaced by using Ti as additive in a cBN+Ti system to 

HP/HT-sinter PCBN with stable and stronger TiN and TiB2 reactive products besides the 

primary cBN particles for high temperature applications.

The present study focused on understanding the mechanisms of HP/HT-sintering 

of PCBN composites from cBN+Al and cBN+Ti systems and high-temperature 

mechanical property characterization of the new PCBN composites. In the cBN+Al 

powder system, the goal was to modify the system to produce PCBN with the minimum 

amount o f AlB2 possible to enhance the thermostability and maintain high strength and 

toughness at elevated temperatures. In the cBN+Ti system, the aim was to evaluate the 

system and to study a valid method to bring Ti into HP/HT sintering PCBN at cBN+Al 

comparable sintering conditions without the Al-containing reaction products for high 

temperature applications. The microstructures, reaction phases, thermal and mechanical 

properties, high temperature flexural strength and fracture toughness of the HP/HT- 

sintered PCBN composites from cBN+Al and cBN+Ti systems were evaluated and 

compared.
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2 LITERATURE REVIEW

2.1 Friction Stir Welding a High Temperature Application for PCBN 

Friction stir welding (FSW) technique was developed in 1991 by The Welding 

Institute, UK with the first patent issued to Wayne M. Thomas et al., on Nov. 8, 1995.1 

FSW uses a milling type of tool and apparatus with the tool pin first penetrating the two 

materials to be joined and then traveling along the seam in forming the joint, as 

demonstrated in

Figure 2-1. It shows that tremendous heat was generated by mechanical stirring actions 

caused by the friction between the tool and materials thus enabling significant plastic 

deformation as well as mixing of the two metals. This results in a sub-melting, solid-state 

joint thus reducing many of the disadvantages associated with welds formed from molten 

metal pool. Indeed, FSW of ferrous materials requires a tool material that possesses a 

combination of exceptional high temperature properties such as high strength (hot 

hardness), toughness, abrasion resistance, high thermostability, oxidation resistance, and 

least affinity to the materials welded. Some of the exploratory work on steels was 

conducted using tungsten alloys,3, 4 tungsten-rhenium alloy,5 and lately the new tungsten- 

rhenium-cBN composites6 with some success. Commercial applications have been

2 7 10accomplished using PCBN to FSW-process hardened steels. , - It has been found that 

for non-PCBN materials, abrasion was the major wear pattern11 but for PCBN tool

12 13material cracking or fracturing was the dominant failure mode. ,



2.2 Modeling of FSW Tool

2.2.1 Temperatures in FSW of stainless steels

High temperature in workpiece is needed in FSW processing to maintain the 

superplastic deformation and material flow from one side to the other to form the weld. 

Two types of heat sources were considered in modeling: a) the frictional work at the tool- 

workpiece interface and b) the deformation work in the workpiece.14 Finite element 

modeling predicted close to 50% of the total mechanical energy from the machine was 

transferred to increasing the temperature of the 304L stainless-steel workpiece during 

FSW processing.15 Studies and simulations on 304L stainless steel predicted the 

maximum temperature in the stirred welding zone could reach 1056°C16 to 1157°C.15 

Increasing the tool rotational speed resulted in increase in maximum temperature up to 

1200°C.14 The maximum temperature in the tool during the FSW processing was 

experienced in the tool shoulder area instead of the stirring pin.15

2.2.2 Forces and stresses in FSW tool

Common FSW tool failure was proposed as starting with the pin failure because

17the pin was under large bending moment and torsion in typical FSW process. The total 

traverse force, F, consists of two portions: Fs - force carried by tool shoulder and Fp -

17force carried by the pin. It can be calculated as:

F  = Fs + Fp 2-1

Fs = $A 5 ■ up ■ a a 2-2

Fp = §Aa ■ aA 2-3

4



where: Sis spatial fractional slip, ^ is  the coefficient of friction, P  is the normal pressure, 

a is  temperature-dependent yield strength of the work material, and dA is the projected 

contact area of the pin. Experimental study of varying friction stirring pin length showed 

that as the pin length decreased to zero, the axial force approached a constant limit. This

limiting force was believed to be carried by the shoulder rather than the pin and appeared

18to be more than 50% of the total axial force.

During FSW process two types of load apply to the tool pin, in addition to the 

normal compression load: bending and torque. The prior is introduced from the resistance

17of jointed materials in the welding direction and the latter is from the spindle rotation.

2.3 Cubic Boron Nitride

2.3.1 Synthesis of cubic boron nitride

As an essential and major constituent of PCBN materials, cBN crystals are man-

made and, unlike diamonds, are not found in nature.19 After the first successful and

20commercial conversion from graphite to diamond in 1954, General Electric scientists

21 22invented synthetic cBN in 1957. , Similar to high-pressure and high-temperature

21(HP/HT) diamond synthesis, Robert H. Wentorf Jr. and colleagues substituted graphite 

with hexagonal boron nitride (hBN) and successfully forced hBN to cBN lattice change, 

under ultra-high pressure of 6GPa at temperatures higher than 1350°C, as illustrated in 

Figure 2-2. Since then, the exact pressure-temperature phase diagram and equilibrium

23 24conditions in B-N system have been explored and modified. , It was found originally 

that, parallel to diamond synthesis, under the HP/HT conditions and assisted by catalysts

25such as alkali- and alkaline-earth metals such as Li, Mg, Ca, Al and their nitrides, BN
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crystal lattice underwent a transformation from hexagonal to cubic (zincblende) 

arrangement, as illustrated in Figure 2-3. The pressure effect in hBN/cBN equilibrium 

was summarized26 as P(GPa)=0.00273T(K)27 but under the assistance of the catalysts, 

the equilibrium line could be lowered to P(GPa)=0.0029T(K)-1.22%

Since the first synthesis of cBN, large discrepancies exist between experimental 

results and thermal dynamic calculations as to where exactly is the cBN-hBN phase 

transformation line positioned. New thermodynamic data and experiments suggested the 

cBN to hBN phase transformation line to a much lower pressure and higher temperature 

region such that cBN was the stable phase at room pressure and at temperatures up to

28 291300°C. , Kinetics was another deciding factor to the phase transformation temperature

30at room pressure, which was found to be dependent on cBN’s grain size, purity, and

29defect concentration. Regardless where exactly the equilibrium line is, a significant

1 3kinetic barrier exists that hinders the direct transition from the sp to sp bonding under

31ambient atmosphere and temperature.

32Besides cubic and hexagonal crystal lattice arrangements, a wurzite structure 

(wBN) was also discovered by compressing pure hBN samples to pressures higher than 

12.5GPa without applying heat. Other methods of synthesizing cBN include chemical

24 33 34and physical vapor deposition as well dynamic compaction techniques. , , Today, 

most cBN crystals in sizable quantity for industrial applications are still produced by 

HP/HT synthesis method.

A unit-cell crystal structure of cBN is similar to that of diamond, having strong 

and short (1.5A) covalent bonds, and each atom is a part of a rigid tetrahedral network 

equidistant to its neighboring atoms. The difference is that in cBN lattice, the larger N

6



atoms occupy the face centered cubic sites and B atoms fill in half of the tetrahedral 

interstitial spaces. Because of these short and periodic tetrahedral-shaped covalent (sp -

31hydridized) bonds31 between B and N, cBN possesses hardness second only to diamonds.

2.3.2 Advantages of cBN over diamond

cBN exhibits significantly higher oxidation resistance than diamond at

° 35temperatures higher than 700 C in ambient atmosphere. This, combined with lower 

solubility of BN into Fe36 than C (diamond), makes cBN composites preferred over 

diamond in dry and high-speed machining of hardened steels and other ferrous materials

37where the cutting tips often reach 1000°C or even higher temperatures. One theory for 

the high thermostability of c-BN in air or oxygen was proposed that protection by 

continuous B2O3 layer prevented cBN from further oxidation up to 1300°C. Reverse 

phase transformation from cubic to hexagonal lattice in ambient pressure was proposed 

as: 1320°C ± 380°C.29

2.4 Polycrystalline Cubic Boron Nitride 

Since the late 1960s to 1970s, cBN particles have been further HP/HT-sintered 

into polycrystalline cBN composites34, 37-40 and used as an ultra-hard cutting-tool material 

for dry and high speed machining hardened ferrous materials including cast iron, 

superalloys, and sintered powder metallurgy parts. These type of operations were 

previously carried out by wet grinding -  a slow, costly, and environmentally less-friendly 

operation. Commonly, PCBN composites are HP/HT-sintered using cBN powder with 

Al-containing catalysts,41, 42 under pressures and temperatures equal to or slightly lower

7



than the cBN-hBN equilibrium condition established by R.H. Wentorf, Jr.39, 43

Advantages of polycrystalline materials over single crystals are that the 

polycrystalline materials are macroscopically homogeneous and uniform without specific 

weak directions or planes owing to the random crystal orientations. Another significant 

advantage of PCBN is that, as a composite, it can be designed using different cBN grain 

sizes and volumes balanced with different metallic or ceramic additives to achieve 

properties which cannot be obtained by using pure cBN crystals alone. Figure 2-4 is a 

SEM image of microstructure of PCBN from a FSW tool, HP/HT-sintered from cBN + 

20 vol%Al as starting powder mix,44 showing cBN (dark grains), AlN (grey intergranular 

phase), and AlB2  (dark, fine, irregular phase).

2.4.1 Basics of PCBN sintering

Pure or binderless PCBN, practically 100% cBN content without an additive, was 

sintered45-47 and demonstrated improved cutting performances.48 However, to sinter such 

a binderless PCBN, extremely high pressure (7.7 GPa) and high temperatures (2200° -  

2400°C) have to be maintained in facilitating solid-state boundary diffusion and even 

cBN lattice diffusion.49 Such ultra-high pressure and high temperature conditions are 

extremely difficult and costly to obtain compared to the already demanding 5 GPa or 

higher pressure and 1200° - 1400°C temperature range under the assistance of the 

sintering additives. PCBN composites are more commonly HP/HT-sintered by reactive 

liquid sintering mechanism in which a liquid is present during sintering at high 

temperatures to provide the same type of driving force as in liquid phase sintering. 

During sintering, the liquid reacts and disappears as the sintering progresses or as it is

8



completed.50 Typical sintering additives are metallic elements in IIIA  and IV A  as well as 

transitional IV B  to VIIIB  groups of the Periodic Table of Elements such as: Al, Si, Ti, Fe, 

Co, Ni, W etc. or their compounds such as: AlN, Si3N4, TiN, TiC, Al-Ti, Al-Co, Al-Ni,

51 53and so forth. As a result, most commercial PCBN composites - are sintered using cBN 

crystals with additives most commonly elemental Al, for reactive liquid sintering, and/or 

Ti-containing compounds as the starting powder mixture. To initiate the reactions, heat 

is needed but sufficient heat produced by the exothermic reactions, in cBN and Ti- 

containing system for instance, in turn may make the reaction self-sustained and 

sufficient to sinter the product.54, 55

Commercial raw cBN crystals, as the major starting powder for PCBN 

composites, may not be obtained having the stoichiometric B/N atomic ratio of exactly 

50/50. Instead, there were often more B atoms than N atoms in the compound, i.e., B: 

N>50:50, because of the existence of oxides such as B2O3. Reducing B2O3 (Tm=480°C) 

was viewed as one of the steps in preparing cBN crystals for HP/HT-sintering of PCBN, 

because it may prevent the critical direct-contact between B and/or N atoms of the 

separate grains.56 For this purpose, metallic elements such as Al, Ti, Mg, Ca, etc. that 

form stronger oxides with more -AG such as TiO2, Al2O3, MgO, CaO etc. are suitable

57candidates. The reactions happen in two stages. First, Al reduces with B2O3 in the 

reaction of:

6B 2O 3 + 13  A l  = A lB 12 +  6 A l O  2-4

and releases fine B, Al2O3 and AlB12. The second stage is marked by direct reaction of B 

with Al in forming AlB2 at temperature up to 500°C.

9



10

A major sintering driving force comes from reduction in surface energy of the 

powders. The material flow during pressure-assisted sintering can be further accelerated 

by the stress applied. The most effective factor, that affects or enhances the degree of 

sintering among other parameters, is temperature. Rapid densification close to theoretical 

values can be quickly achieved with small particles, high pressures, and high 

temperatures.54 Therefore, the ultrahigh pressure and high temperature applied to 

sintering PCBN create a condition that is not only necessary in keeping the cubic lattice 

as the stable structure but also beneficial in accelerating the kinetic process.

2.4.2 B-N-Al system and reactions

As a PCBN sintering additive, Al has been the element of choice19, 25 because of 

its low melting point (Tm=660°C) and rapid reaction nature. In the B-N-Al ternary

58system, X-ray diffraction conducted58 did not reveal existence of a ternary compound. In 

the B-N-Al cross-section at 900°C, with a given composition close to the high BN 

volume region and particularly if B:N>50:50, equilibrium compounds of BN, AlN, AlB2 

and AlB12 were found at room temperature, as shown in Figure 2-5.

2.4.2.1 B-Al binary system

Study of Al-B binary reactions revealed59-61 two intermetallic compounds: AlB2 

and AlB12 with a peritectic reaction during cooling from T > 980°C:

Al{L) + AlB12 ^  AlB2 2-5

At room temperature AlB2 is one of the stable phases, as shown in Figure 2-6. However, 

due to the sluggish nature of the peritectic reaction between AlB12 and AIq, AlB12 core



were found inside the AlB2 particles.60 The solubility of B in solid Al (FCC) is less than 

0.025 at% and in liquid Al starts at 0.055 at%. The reaction between B and Al in atomic 

scale was proposed as alumination of boron, which is different from boriding of transition 

metal. Boriding of metal starts with gradual saturation of B atoms from the metal surface, 

therefore, the first phase formed will be with the least B content in the initial stage. 

Alumination of boron mechanism, on the other hand, involves Al entering the boron 

lattice, therefore, forming a phase with the highest boron content, such as AlB12, in the 

initial stage of alumination.62

Based on the equilibrium phase diagram and phase lever rule, the reverse 

peritectic reaction, starts with decomposing of AlB2 upon heating. Decomposition of one 

mole of AlB2 leads to 0.28 mole of Al(B) liquid solution and 0.72 mole of stable solid 

AlB12 at the peritectic temperature of 980°C. As temperature increases, the fraction of Al 

liquid increases as well.

In addition to the temperature and composition requirements, the complexity of 

the aluminum-boride lattice structures is also a factor in determining their crystallinity. 

AlB2  has a hexagonal structure with B and Al atoms in alternating layers, whereas AlB12 

has a complex orthorhombic arrangement, hence, requiring significant ordering from the 

Al-B liquid to form.63 B atoms have to diffuse and find their positions in the lattice from 

the dilute solution. If the cooling rate is sufficiently high, long range order of AlB12 may 

be disturbed resulting in defects in crystal lattice and higher solid energy. This, in turn, 

leads to a reduced AlB12 compound’s stability and lesser tendency to form.63 In a Al-B 

liquid modeling, if  considering the interface kinetics is dominated by collision between B 

and Al atoms, the probability of forming AlB2 and AlB12 can be modeled as:63

11



Paib2 = ( 1 _  xb)xb 2-6

Paib1 2 = ( 1 ~ xb)xb2 2-7

where: is the probability for forming AlB2 , is the probability for forming 

AlB12, and xBis the molar fraction of B atoms. Comparing the equations shows that for a 

given B molar fraction , the probability of forming AlB2  is much greater than forming

AlB12.

2.4.2.2 N-Al binary system

Nitrogen is practically insoluble in both liquid and solid Al, as shown in Figure 

2-7. At 1200-1500°C, AlN’s solubility was reported to be less than 0.004wt%64, which 

did not change significantly between 900° and 1600°C. This provided the basis for 

separating the reactions in B-N-Al ternary system into two independent systems: Al-B 

and Al-N.

Theoretical calculation for a BN:Al=9:1 molar ratio mix indicated that65, at

° 7temperatures from 1227° to 1527 C and pressure at 1x10 Pa, the reaction products were 

BN, AlN, and AlB12 in a molar ratio of approximately BN:AlN:AlB12=8:1:0.1.

In summary, there are two reactions in cBN+Al system at elevated temperatures 

in ambient atmosphere:66

3 1
BN + -  Al = AlN + -  AlB7 2-8

2 2 2
(AG = -142.6+0.0197T, kJ/mol), when T < 980°C)

13 1
BN + —  Al = AlN + —  AlB„ 2-9

12 12 12
(AG = -68.0+0.0253T, kJ/mol), when T > 980°C)

12



2.4.2.3 Wetting and reaction o f A l to BN surface

One of the important criteria for selecting PCBN sintering additive is its liquid 

contact angle to cBN surface. As illustrated in Figure 2-8, Al is observed to have one of

o o
the least contact angles to cBN, with 6=0 reported after treating Al and cBN at 1200 C 

for 30 min in vacuum67 or 1138°C in another case.68

The wetting of Al to BN was controlled by its interfacial reaction. Al surface 

oxidation, although only a few tens of nm, may substantially affect the contact angle, as 

illustrated in Figure 2-9. Only at temperatures higher than 900°C, in vacuum or reducing 

atmospheres, can the oxidation effect be negligible partially because of the reaction 

product of Al2 O3  was a gaseous phase. Another study concluded that the degree of 

decreasing in contact angle depended on the quantity of oxide film on Al surface and 

when the oxide film was minimized the contact angle then became zero degree.69 It was 

proposed, as illustrated in Figure 2-9, that ySL became Al-AlN interfacial energy and 6f 

was then the final contact angle, instead of the contact angle between pure Al to BN,

70assuming the reaction developed at the same rate as the wetting at the triple junction.

71Another experiment indicated that after heating cBN+Al powder mixture at 

1100° - 1200°C for 60 min, without applying ultrahigh pressure, there was still a 

detectable amount of unreacted Al in the mix. Complete Al and cBN reactions were 

observed at 1300°C for 60 min. Depending on the initial mix compositions, reaction 

products of AlN, Al2O3 and AlB2 were detected by X-ray diffraction. At reaction 

temperatures up to 1300°C, the quantity of AlN increased with the temperature, which 

was attributed to the surface reaction of BN with Al in reducing the pore channel 

diameters, thereby, slowing down the rate for further reacting. The surface oxide B2 O3 on

13
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fine BN particle surface was found to greatly diminish the wetting and infiltration by

72Al. The effect of ultrahigh pressure to Al wetting of cBN was proposed to follow a

73slope of dT/dP = 68K/GPa from the onset of Al liquid infiltration into a cBN compact 

under the HP/HT condition.

2.4.3 B-N-Ti system and reactions

Solid state reactions between BN and Ti powder were found to begin at 1200°C 

and lead to the formation of Ti-borides and Ti-nitrides and solid solutions of B and N in

74Ti. In B-N-Ti ternary system, the solubility of TiB2 in TiN1-x reached 8mol%, whereas

74the solubility of TiN1-x in TiB2 wsa negligible. Solubility of B in TiN1-x was less than 

1at% and there was no solubility of N in TiB or TiB2 at 1400°C. Solubility of Ti in BN, 

mutual solubility of Ti-borides and Ti-nitrides in BN was quite restricted at temperatures 

up to 1500°C. As a result, B-N-Ti ternary system can be treated as two separated reaction 

systems: Ti-B and Ti-N.

Comparable to cBN+Al system of reactions, TiN and TiB2 are reaction products 

in a cBN+Ti system. Thermodynamic calculations of 1:1 molar cBN:Ti mixture, at
o o o

1000 C and 1400 C under 3x10- Pa vacuum, predicated formation of TiB2, TiN, and N2 at 

approximately TiB2:TiN:N2 = 0.45:0.45:0.1.75

Synthesis of in situ TiB2/TiN from dense BN-Ti established the temperature for 

both pressureless displacement reaction and self-propagating high-temperature sintering 

is less than 1200°C76, which is well below the melting point of Ti(Tm=1660°C). Based

77on the 1090°C isothermal cross-section in the B-N-Ti phase diagram, as shown in 

Figure 2-10, in the composition close to BN+10vol%Ti, TiN1-x, BN, and TiB2 exist74 and



may remain at room temperature.

Studies of bonding structure between BN and Ti as well as Ti-coated cBN

suggested a transition similar to: BN-TiB2-TiB-TiN1-x -(aTi)-Ti(pure).78, 79 A different

80study of cBN+Ti system80 under atmospheric pressure suggested diffusion of B from 

cBN into the Ti at 1400°C and resulting to stoichiometric TiB2 and TiN, without 

formation of other borides or nitrides such as Ti2N and TiB.

2.4.3.1 B-Ti binary system

As shown in Figure 2-11, in a B-Ti system the lowest liquid eutectic between Ti 

and TiB is Tm=1540°C, which is much higher than Al-B system's liquidus temperature of 

660°C or peritectic temperature of 980°C. The solubility of B in Ti(a) was reported at

<1.7at% and < 1at% in Ti(P), respectively, on the other hand, the solubility of Ti in B is

81also very low and it can be treated as pure B. TiB2(Tm=3225°C) is not a naturally

occurring compound but it can be prepared by a variety o f high-temperature methods,

82such as the direct reactions of Ti or its oxides/hydrides, with elemental B over 1000°C.

2.4.3.2 N-Ti binary system

In contrast to the Al-N system, there are wide ranges of mutual solubility between 

Ti and N in forming many different TiN solid solutions with different N concentrations, 

as shown in Figure 2-12. In fact, TiN phase includes a stoichiometric TiN and a wide

83range of N from 30 to more than 54 at%. The ratio of N diffusion coefficient in J3-Ti, a-

84Ti, and 5-TiN is of the order of 100:10:1. It was then suggested that Ti was rapidly 

saturated with N limited only by dissolution reaction followed by TiN formation at a
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much slower rate which was increasingly diffusion controlled. Some of the reactions in

83the Ti-N system are: allotropic change of a-Ti to P-Ti at 883 ± 3°C; fusion reaction of 

J3-Ti to liquid at 1670 ± 6°C; eutectic or peritectic reaction of TiN to a-Ti + Ti2N at 

1050±60°C; and allotropic change of Ti2N to TiN(cubic) at ~1100°C.

In summary, the reaction of cBN+Ti was proposed as:

3 1
BN  + -  Ti = TiN  + -  TiK  2-10

2 2 2
(AG0= -226.5+0.0163 T, kJ/mol)

2.4.4 Reactive sintering of PCBN in HP/HT conditions

Reactive sintering mechanisms of PCBN in HP/HT conditions were considered 

with focuses on cBN+Al and cBN+Ti systems.

2.4.4.1 Reactive liquid sintering o f cBN+Al system

TEM evaluation42 of PCBN composite HP/HT-sintered from cBN+Al starting 

material revealed a structure with a continuous thin layer of AlN surrounding cBN grains. 

Outside the AlN was a layer of AlB2  which was comparatively unstrained with little 

dislocations. Unreacted Al or hBN was not detected in the PCBN. The sintering 

mechanism was proposed that, as Al melted between the load-bearing cBN network, 

reaction between Al liquid and cBN led to a continuous, oriented, and solid skin of AlN 

except the areas that cBN grains were in direct contact under the ultra-high pressure. The 

B liberated from BN lattice then formed AlB2 or even AlB12 outside the AlN layer to

85consume the remaining Al. There was no evidence of recrystallization of cBN from the 

solvent/catalyst (Al). Some fine AlN particles observed inside AlB2 areas may have been
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formed by complete reaction of fragmented cBN or even hBN with the Al melt. Another 

TEM study85 suggested that at 900°C, in HP/HT sintering of PCBN, Al liquid reacted 

with cBN but did not proceed to completion at 900°C. At temperature higher than 

1200°C, Al metal completely reacted with cBN leading to reaction products of AlN, AlB2 

and AlB12. It also suggested that as result of the reaction, AlN was always surrounding 

cBN grains with AlB2 and AlB12 next to the AlN, therefore, B was believed to diffuse 

through the AlN layer to reach unreacted metallic Al to form AlB2 and/or AlB12.

Particle to particle bonding mechanisms for PCD and PCBN are different.86 In 

PCD sintering, fast dissolving of C into catalysts, such as Co, Fe, and Ni, in forming 

solutions and fast precipitating onto diamond crystals surfaces was recognized as the 

major diamond to diamond intergranular-bonding mechanism.30, 51, 87, 88 This results in a 

continuously bonded diamond skeleton. However, direct contact or bonding between 

cBN crystals was only found at the points where cBN crystals were crushed against each

42other, which were then surrounded immediately by AlN and AlB2.

In recent scanning transmission electron microscopy (STEM) conducted on 

binderless, practically 100% pure PCBN sintered at temperature higher than 2000°C and 

pressure higher than 7.5GPa,46, 47 directly bonded cBN crystals89 were observed via solid- 

state boundary diffusion or cBN lattice diffusion.49

2.4.4.2 Reactive sintering o f cBN+ Ti system

Compared to the cBN+Al system, study of mechanism and reactions of cBN+Ti 

under HP/HT conditions was very limited. One transmission electron microscopy (TEM) 

study of HP/HT sintered cBN+Ti system showed formation of columnar TiB2 directly

17



covering cBN grains and TiN was observed to grow on the TiB2 surface. Sintering 

temperature of 1000°C was found insufficient to form TiB2 phase until further heating up 

to 1400°C. The reactively formed TiB2 was suggested as a determining factor in 

obtaining a high microhardness of the composite. The TEM observation confirmed the 

reaction sintering between cBN and TiN, TiC binders under 7GP and 1750°C via 

formation of TiB2.90 Compared to the cBN + Al powder system, these reaction 

temperatures and pressure conditions were much higher and more difficult to achieve.

2.4.5 PCBN sintering process

General PCBN processing steps included powder mixing, pre-reaction, HP/HT 

sintering, and finish machining. Two methods have been employed to bring molten Al to 

react with cBN particles. One was liquid infiltration of the highly-compacted cBN 

crystals under the HP/HT condition and another was premixing cBN crystals with fine- 

powdered Al. The Al infiltration was shown to be dependent on the cBN particle size, 

compaction, and reaction kinetics91. As observed, a complete Al liquid supply by liquid 

Al infiltrating and reacting with cBN particles through a densely compacted cBN powder

72mass may not be achieved. For the purpose of in situ and complete reaction of cBN 

with Al, fine Al powder mixed with cBN powder as a precursor to sintering PCBN was 

preferred.

It was demonstrated that just mix final reaction products as detected by analyzing 

PCBN composites without the pre-alloying processing and in situ HP/HT reactions could 

not achieve the mechanical properties and performance in metal cutting comparing to

92 93PCBN processed otherwise. , Reaction or pre-alloying on the mixtures prior to
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sintering and the parameters employed during HP/HT-sintering were both critical factors 

determining the PCBN composites' sintering characteristics and final properties.

2.4.6 Properties of common reaction compounds in PCBN

Reported physical properties of reaction products found in HP/HT-sintered PCBN 

composites are summarized in Table 2-1, with diamond as reference.

2.5 Variables Affecting PCBN Properties 

In addition to the additive types, cBN volume, grain size, and particle packing 

play important roles in determining the properties, particularly high cBN volume-content 

PCBN for high temperature applications.6, 94

2.5.1 cBN volume %

The volume fraction of cBN particles in PCBN composites have been found to 

vary from 50 to 95vol%95-98 depending on the materials being machined.94, 99 It was 

suggested that the forces applied to PCBN were carried mostly by the cBN grain structure 

or the bonded skeleton which determined the PCBN’s mechanical properties.100 The non- 

cBN phase or binder phase was the first to be abraded by workpiece followed by removal 

of cBN grains and contributing to further abrasion.101 As a result, high cBN volume 

fraction was needed in maintaining the PCBN’s high mechanical strength and abrasion 

wear resistance.
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2.5.2 cBN grain size

It was demonstrated in PCD system that as the fracture toughness increased with

102 103increase of diamond grain size, as a trade-off, strength declined. , Based on failure 

analyses of worn PCBN tools, the grain boundaries filled with reactive sintering phases104 

were detected as weak points both in terms of mechanical strength and chemical stability. 

The number of grain boundaries per unit length or the discontinuity(flaw) size on the tool 

cutting-edge was also found to affect the mechanical and chemical tool wears105 marked 

by diffusion wear between the binder phase and the work piece.101, 106 Additionally, 

because of fine grains’ lower packing density compared to large grains’, there was a 

tendency for a fine-grained PCBN composites to inherently consist more second phase 

and grain boundaries under comparable HP/HT synthesis conditions.

2.5.3 cBN particle packing

Theoretical modeling predicated that in the case of packing unit spheres, the 

smallest possible hole in a randomly packed structure was a triangular pore among three 

spheres in close contact, which has a radius of approximately 0.154 of the sphere’s 

diameter. This led to the condition that the secondary spheres should be at least 

approximately 7 times smaller than the primary ones if they were to slip through the

107packed spheres and fill all the interstitial spaces. Based on this model, when two sized

spheres were mixed at the ratios of 7:1 size and 73:27 volume ratio, a highest theatrical

108packing fraction of 0.86 could be obtained for the bimodal distribution.

Under the ultrahigh (4-6GPa) cold-pressure without heat, significant crushing of 

cBN crystals occurred and led to reduction in grain size, with larger cBN crystals more
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sensitive to the ultrahigh pressure than smaller-sized.109 Increasing the applied ultrahigh 

pressure resulted in a decreasing of the porosity% and diameter of pores of the cBN 

compacts. Under a given and constant applied ultrahigh pressure, the pore diameter 

increased with increasing cBN grain sizes.

2.5.4 Reaction phase and compound

No commercially available PCBN materials had been found consisting of Ti alone 

as the sintering additive, instead, Al was often added together with Ti to lower the 

reaction temperature and provide some level of liquid sintering assistance.

2.6 Material Evaluation 

PCBN composites’ densification, degree of reactive sintering, effects of sintering 

temperature and time, effects of different reactive sintering additives were examined and 

studied by mechanical, microstructural, and thermal property measurements on PCBN 

sintered with different parameters.

2.6.1 Flexural strength by three-point-bend and four-point-bend methods

Flexural strength, indication of cBN’s bonding strength via the reaction 

compounds under tensile stress was evaluated using four-point-bending method at room 

temperature, as shown in Figure 2-13. The maximum fracture load obtained was used for 

calculating the flexural strength using the equation of: 110

3F (L - 1)
a  =— 2-11

2bw

where: a  is the maximum stress of extreme outside fiber of the specimen at its rupture in
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the four-point-bend test (Pa); F is the maximum load applied to the specimen at the 

rupture (N); L is the distance between the two outside support pins (m); l is the distance 

between the two inside loading pins (m); b is the specimen width (m); and w is the 

specimen thickness (m).

Because of sample size limitations, a three-point-bend test method was used as 

well in assessing brittle materials’ flexural strength at high temperatures,110 as illustrated 

in Figure 2-14:

3FL
a  = ------ ^ 2-12

2bw

Compared to four-point-bend testing, three-point-bend testing gave synthetically 

high strength values. In one test, the mean flexural strength of 925MPa was obtained 

using three-point-bend method, whereas the same material tested using four-point-bend 

method yielded a mean value of 724MPa.50 It was because the area and volume under the 

tensile stress in the four-point-bend sample was much bigger than that of the three-point- 

bend sample, as illustrated in the schematics, resulting in an increased probability of a 

larger discontinuity being exposed to the high-tensile stress.

2.6.2 Vickers hardness and fracture toughness by indentation method

Vickers hardness, measurement of PCBN composite's resistance to plastic 

deformation under compressive load was measured and calculated using formula (ASTM 

E384):

rr 1.8544P
H  2-13

where: Hv is the Vickers hardness (Pa); P  is the load applied (N); and d  is the Vickers
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indentation's diagonal length (m).

Limited publications111, 112 were found using single-edge v-notch bending test in 

measuring PCBN materials’ plane-strain fracture toughness (KIC). Using this method, KIC 

values of 6.8 to 8.0M Pa^n  for a PCBN composite were reported.113

Fracture toughness, KC, for ultra-hard materials such as PCBN114, 115 were 

commonly estimated by indentation cracking method modified from Palmqvist 

indentation method on cemented WC-Co116 using Vickers hardness indenter, as

117illustrated in Figure 2-15, with equation of:

g j  E  / H vP
K  = V „ v 2-14

c c 3/2

where: gis the material independent constant for Vickers-indenter produced radial 

cracks; E  is the Young's modulus (Pa); Hv is the Vickers hardness (Pa); P is max load 

applied (N); and c is the radial/median crack (m). The value of the constant g = 0.016± 

0.004 is obtained, when c/a > 2.5, found from evaluating various materials including:

117glass-ceramic, soda-lime glass, aluminosilicate glass, Al2O3, Si3N4, ZrO2, and WC-Co.

Tested by the indentation method, KIC for PCBN materials was estimated as 5.0 ± 

0.5 MPa^fmxx% PCBN with larger cBN grain size yielded higher KC49 under the same 

HP/HT sintering temperature and without sintering additives.
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2.6.3 Fracture toughness measurement by diametral compression method

Plain strain fracture toughness, KIC, values o f ceramic materials and PCD have 

been measured using a diametral disc with a center crack.103,119 To concentrate the crack 

nucleation in the tip of the opening and in a planar propagation mode, chevron notch at



each end of the slot can be implemented, as shown in Figure 2-16. The disc was loaded 

with a diametral compression force perpendicular to the center crack and KIC can be 

calculated using equation: 119

P
K  = ------Y 2-15

7 (xR) B

where: P is the diametral compression load applied to the disc, R  is the radius of the disc, 

B  is the thickness of the disc, and Y  is a dimensional parameter. When crack length a>a1

24

then:119

Y = a v2 N  (a) 2-16

where: Ni(a)=0.991+0.141 a+0.863a2+0. 886a3 . In case of pure mode I, Ni(a) is a 

function only of the relative crack length a=a/R.

2.6.4 High temperature mechanical property measurement

High temperature mechanical property measurements, including microhardness,

47 120flexural strength have been conducted up to 1200°C. , The hardness values were

35shown to decrease as the temperature increases. For PCBN with 90wt% cBN balanced

with AlN and AlB2, the room temperature hardness was reduced by about 50% when the

121temperature reached 1200°C and higher. The reason for decrease in microhardness was 

proposed because as the active slip systems of cBN crystal of {111}(110)100 was readily 

energized, it leads to slip deformation within cBN grains. Another high temperature 

Knoop indentation study found that the indentation mechanism was through

intracrystalline and intercrystalline gliding at high temperatures compared to the

122development of twining and shear cracks at low temperatures. Study of PCBN sintered



with different cBN volumes (50wt% to 80wt%) and binder types (Al, Ti, TiC) suggested

123that the brittle to ductile transition started at 800°C for all these compsoites. Flexural 

strength values of submicron grain-sized and high purity PCBN may increase with rising

47of testing temperature beyond 800°C. The increase of flexural strength with temperature 

was believed to be due to small plastic deformation at the crack tips inside cBN grain 

which relaxed the localized stresses at a crack tip and prevented further development of

47the crack. Direct measurement of fracture toughness values of PCBN using the three-

124point-bend method showed that fracture toughness of a 25 ̂  average-grain-sized PCBN 

decreased approximately by 1/3 with increase of temperature up to 800°C.
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2.6.5 Weibull distribution and modulus

Applicability of strength and fracture toughness values measured on small PCBN 

samples in the laboratory in predicting mechanical failure of FSW tools can be attempted 

by adapting Weibull distribution and modulus. The probability of failure of brittle

125ceramic materials can be expressed as:

Pf = 1 -  exp _y_  a
V 0 a o

2-17

where: Pf is the probability of failure, a  is the applied stress over volume V, Vo is the test 

sample volume, a0 is the characteristic strength (measured flexural strength or fracture 

toughness), m is the Weibull modulus. In order to find the value of the Weibull modulus 

(m), the equation can be rearranged and taken natural logarithm on both sides:

ln ln( ~ —)
1 -  P

V
-  ln(—) = m ln a -  m ln a n

V  0y n
2-18
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for a constant test sample volume the equation can be reduced to:

ln ln(—-  )
1 -  P

= m ln a  + const. 2-19

which is a linear function of y=ax+b format, therefore, the Weibull modulus (m) can be 

obtained as the slope in plotting ln(ln(1/(1-P))) vs. ln a

If the probability of failure Pf value is held at a constant, then by measuring mean 

strength the equation can be reduced to:

a
a

V_
V

2-20

which gives a scaling factor corresponding the measured mechanical property on small 

samples to a larger volume.

m

2.6.6 Reactivity and thermal behavior evaluation

Thermostability, oxidation behavior, possible decomposition of AlB2 , or even 

unreacted residual Al in the PCBN materials were analyzed by thermo-gravimetric 

analysis (TGA) during heating up and high-temperature holding at the peritectic reaction 

temperature of 980°C. TGA analysis can also reveal the cBN crystals', additives', 

precursor mix's reactivity,54 thermostability, and oxidation behaviors.126

2.6.7 Electron backscattered diffraction (EBSD) analysis

Kikuchi patterns were generated when a large number of electrons were 

incoherently scattered and traveling in all directions in the specimen; these can then be

127Bragg-diffracted by the atomic planes. Kikuchi patterns were also found by electron



backscattered diffraction (EBSD) on the surface of a polished and highly tilted sample,

128which was bombarded with high-intensity electron-beam in a SEM chamber, as 

illustrated in Figure 2-17.

In conjunction with SEM imaging and EDS spectra collected simultaneously, the 

Kikuchi patterns can be analyzed in identifying crystal orientations, lattice structure, and 

grain size by true crystal orientation and lattice differences. This technique became 

commercially available in 1986 and combined the EBSD patterns obtained in SEM with

129on-line computer-assisted indexing of the EBSD patterns. Numerous publications were 

available in analyzing FSW-processed metal welds and the EBSD technique was also

130found in analyzing grain size and orientations of polycrystalline diamond. The present 

literature review did not find any publication for applying EBSD technique in analyzing 

PCBN microstructure or composition.

2.6.8 Modeling of stresses on two-phase grains structure

2.6.8.1 Modeling o f thermal stresses on two-phase grains structure

131Researchers adapted elastic stresses for a pressure cylinder with diameter a and

132b , as illustrated in Figure 2-18, for modeling of thermal expansion stress for 

intergranular two-phase composites. The assumptions were: a) external pressure acting 

on the outer phase-II Po = 0 and b) the interfacial stress between phase I inner and outer II 

Pi = <ya. Then the stress components, cr -  radial stress and c t tangential stress at the

132interface, when r = a, were obtained132:

C1,r Ca 2-21

27

a j,t = Ca 2-22
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ff2 r = t ^ l o a 2-23'' r2(b2-a2) a

-  a 2(b2 +r 2 ) „ „ .
°2,t -  r2 (_b 2-a2) ° a -

where: a1,r, <j2,r is the radial stress acting on phase I and phase II, respectively, at radius r; 

o’lt, o’lt  are the tangential stress acting on the phase I and II at the interface when r=a.

When temperature change induced thermal stresses were considered, Hooke’s law 

can be expressed as:

ei, t - a  i T - ^  ( ah t -  V iov) 2-251

1
e2 , t - a  2 T - — (02 , t -  V2 O2 , r) 2-2612

where: a1: a2 are the coefficient of thermal expansion of phase I and phase II, 

respectively; v1, v2 are the Poisson’s ratio for phase I and phase II; E1: E2 are the elastic 

modulus for phase I and phase II, respectively.

Based on continuity condition at the interface, i.e., the radial displacement at the 

interface was the same for both phase I and phase II, the strain was proportional to the 

radial displacement at r = a:

si,t = S2,t 2-27

Rearranging and solving Equations 2-21 through 2-27 gave the equation for 

calculating interfacial residual stress as a result of thermal expansion differences between
1 O I

phase I and II:

(a2- a  t ) AT
+l>2

0  a -  b2 + a2 2-28

E2

where: AT  is the temperature change.
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Applying this model using finite element analysis to different polycrystalline 

grain-structure arrays concluded that when the intergranular phase had a greater 

coefficient of thermal expansion than the free standing grain, the intergranular phase and 

the particle inside were subjected to hydrostatic tension and compression, respectively. 

In the intergranular phase, the hydrostatic pressure was found less tensile in the 

multigrain junction regions. The highest tensile component of stresses was shown parallel 

to the grain boundary and could become compressive in the direction normal to the grain

131boundary.

2.6.8.2 Modeling o f interfacial stresses on two-phase grains structure

Further, the phase boundary stress for a two-dimensional cylindrical system with

133a core (phase I) and sheath (phase II), as shown in Figure 2-19, was derived as:

V n =  £„ ( x -  vEf +Z ( i -  ) ap~ 2 2-29

where: Ek, Em, are the modulus of elasticity for core and sheath, respectively; a  is the 

dilation difference per unit length between materials of the core and sheath; p=r/Rk is the 

distance r to core radius Rk ratio in a cylindrical coordinates; vk, vm are the poison’s ratio 

for core and sheath, respectively; a  is the dilation difference per unit length between the 

core and sheath, and p  = RJrk.

2.6.9 Residual stress and compositional analyses by XRD method

In x-ray diffraction (XRD) theory, it was demonstrated that the planar stress a^, 

as illustrated in Figure 2-20 can be calculated as:134
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2-30

or

2-31

or
<70 = k( 2 9n — 2 0j) = k(A 2 d ) 2-32

where: 2 ( 1 +v)s in2 /

By measuring the quantity of (A 2 d) = (29n — 2dt) the shift in diffraction-line position 

due to stress as the angle ^ is  changed, the planar stress can be calculated.

pattern fitting method to a multiphase polycrystalline XRD pattern, hence, it requires data 

and knowledge of all crystal structures in the pattern. It worked particularly well in the 

case of overlapping peaks by using profile intensities instead of the integrated quantities 

in the refinement procedure. The principle of the profile refinement method was to

where: Li is the sum over the independent observations; Wt is the statistical weight; c is an 

overall scale factor; ^(obs) is the intensity observed; and ^(calc) is the intensity 

calculated.

Computer programs using the least-squares refinement can be carried out for 

XRD patterns. For the first cycle of iteration all parameters were required. These were 

further refined in subsequent refinement cycles until a certain convergence criterion have

135been reached.

135Quantitative compositional analysis using Rietveld refinement is a whole-

135minimize the least square residual of function M:
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2.7 Evaluation of Cracked FSW PCBN Tool 

In many FSW applications, one of the common failure modes of the PCBN (80- 

20Al) was observed to start as fine cracking on the tool shoulder area.44 As a part of 

failure analysis conducted on the cracked PCBN tools, fracture toughness was measured 

using indentation method with varying loads from 50N to 200N and Kc values measured

was rather constant in a given PCBN material. Fracture toughness values from 3.5 to 5.2

1/2M Pam  were obtained. However, the PCBN with a lower fracture toughness value 

yielded longer tool life, leading to the belief that the fracture toughness value alone was 

not a determining factor in PCBN’s tool life in the FSW processing. 44

In spite of the only detectable compounds of cBN, AlN, and AlB2 in the PCBN 

(80-20Al) before the FSW processing, fractography revealed sizeable liquid Al seeping 

out during the continued FSW processing in temperatures exceeding 1000°C and the 

formation of plastic dimple-type of deformation, 44 as shown in Figure 2-21.

As predicted by the Al-B phase diagram, reverse-peritectic decomposition of 

AlB2 occurs at temperatures of 980°C or higher:

AlB2 ^  Al(l) + AlBl2 2-34

It was concluded that during FSW process of steels, the PCBN (80-20Al) tool was 

under mechanical stresses and temperature equal or higher than 1000°C throughout the 

tooling and resulting in the reverse peritectic reaction and the release of Al(l) led to the 

dimple type of fracture surface in the PCBN tool.2, 44
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2.8 Hypothesis for PCBN Cracking in FSW Application 

The PCBN tool HP/HT-sintered using 20vol%Al additive for FSW applications 

was found consisting of AlB2  as a reacted boride in addition to cBN and AlN. During 

FSW of steels, temperatures in the PCBN (80-20Al) tools exceeded 1000°C and led to 

reverse peritectic decomposition of AlB2 -^Alfl) + AlB12, which caused cracking under the 

thermo-mechanical loading condition.
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During FSW of 304L stainless steel

Cross-section of a FSW6.35mmm %” 304L plate

Figure 2-1. FSW H” thick 304L stainless steel plate using a PCBN tool

B-N

P, GPa

Figure 2-2. P-T phase diagram for B-N, showing graphite (hexagonal) gBN (hBN), 
zincblende zBN(cBN), and wurzite (wBN) lattice stable regions and conditions.

nn
(Reprinted with permission from the Am. Ceram. So., Fig. 8877, originally published 
by Rapoport, E., Ann. Chim. (Paris). 1[7], 1985, 607-638.)
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a). Graphite to diamond phase transformation
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b). Hexagonal to cubic BN phase transformation

a=2.6A
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•  - B 
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Figure 2-3. Illustration of lattice change: a) from graphite to diamond and b) hBN to 
cBN.

^ A l N

cBN

A—  AlB2

20 ̂ m

Figure 2-4. PCBN composite HP/HT-sintered using cBN+20vol%Al as a starting 
powder.
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B-N-Al

Figure 2-5. B-N-Al phase diagram, at 900°C isothermal section, under 105 Pa Ar. 
(Reprinted with permission from the Am. Ceram. So., Fig. 8880,77 originally published 
by Rogl, P. and Schuster, J. C.: Phase Diagram of Ternary Boron Nitride and Silicon 
Nitride Systems. Monograph Series on Alloy Phase Diagrams, 1992, 3-5. ASM Int’l, 
Materials Park, OH.)
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Figure 2-6. B-Al phase diagram. (Reprinted with permission from the Am. Ceram. So.,
11Fig. 8801, originally published by Carlson, O. N. Bull. Alloy Phase Diagrams, 11[6], 

1990, 560-566.)
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Figure 2-7. N-Al phase diagram. (Reprinted with permission from the Am. Ceram. So., 
Fig. 9072,77 originally published by Wriedt, H. A., Bull. Alloy Phase Diagrams, 7[4], 
1986, 329-333; 395-396.)

Ylv
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Ysv _ >
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Figure 2-8. Illustration of contact angle of liquid Al wetting on a solid cBN surface.
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Ylv

Liqu idAl

-------
___________________ Yls_____________________ BN

7sv= Ysl + Ylv cos df

Figure 2-9. Illustration of contact angle of liquid Al wetting on BN considering the fast 
AlN reaction at the Al-BN interface.

Figure 2-10. B-N-Ti isothermal section at 1090°C. (Reprinted with permission from the
77Am. Ceram. So., Fig. 8917, originally published by Rogl, P. and Schuster, J. C.: Phase 

Diagram of Ternary Boron Nitride and Silicon Nitride Systems. Monograph Series on 
Alloy Phase Diagrams, 1992, 103-106. ASM Int’l, Materials Park, OH.)
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Figure 2-11. B-Ti phase diagram. (Reprinted with permission from the Am. Ceram. So.,
11Fig. 8820, originally published by Murray, J. L.; Liao, P. K.; and Spear, K. E.; Bull. 

Alloy Phase Diagrams, 7[6] 1986, 550-555; 587-588.)
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Figure 2-12. N-Ti phase diagram. (Reprinted with permission from the Am. Ceram. So.,
77Fig. 9088, originally published by Wriedt, H. A. and Murray, J. L., Bull. Alloy Phase 

Diagrams, 8[4], 1987, 378-388.)
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Figure 2-13. Four-point-bend test setup and distribution of maximum fiber tensile-stress.
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Figure 2-14. Three-point-bend test setup and maximum fiber tensile-stress distribution.
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Figure 2-15. Schematic of Vickers indentation test for Kc measurements.
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Figure 2-16. Schematic of diametral compression sample with a chevron notched crack 
pins for fracture toughness test.

Figure 2-17. Illustration of EBSD (Kikuchi) pattern collected and detected inside a SEM 
chamber. Modified from the reference.136
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Figure 2-18. A hollow cylinder subjected to uniform pressure on the inner and outer
131surfaces. Modified from the reference.

b

Figure 2-19. Modeling o f  the dilation effect o f  a disk surrounded by a cylinder. Modified 
from the reference. 133

Figure 2-20. Vector diagram of plane spacing of d  under a tensile stress a  .Modified 
from the reference. Modified from the reference. 134
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Figure 2-21. SEM image of fractured PCBN (80-20Al) FSW-tool, showing ductile 
rupture of Al metal. Reprinted with permission from Teledyne Scientific Company as a 
report for Office of Naval Research. (Marshall, D. B. Reducing Fracture Tendencies in 
PCBN FSW Tools, Base Effort Final Report for Office of Naval Research, Code 332; 
Teledyne Scientific and Imaging LLC, Thousand Oaks, CA: July 25, 2010 . ) 44
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Table 2-1. Typical physical properties of reaction products in PCBN materials. Data 
collected from the references.114, 137-142

Properties
Lattice P E a  flex K ic HV Tm T.C. a

Unit g/cc GPa MPa MPa m 1/2 GPa
o

C Wm-1K -1 10-6K -1

Diamond

(™f-)
Cubic 3.52 950 1050 3.4 115 3800 2200 1

cBN Cubic 3.49 870 650 5.0 ± 0.5 65 3097 800 1.15
AlB2 Hex. 3.19 448 - 1.5 ± 0.3 19 980* - -

AlB12 Tetra. 2 .6 405 - 2 .8  ± 0 .2 27 2092 5 -
AlN Hex. 3.20 305 302 4.4 11 2054 1 1 0 5
Al2O3 Cubic 3.97 393 445 4.0 ± 0.5 2 1 2047 39 8.4
TiB2 Hex. 4.52 560 450 6 .0  ± 2 .0 33 3225 90 6 .6

TiN Cubic 5.4 465 400 5 18 2950 6 6 9.4

TiO2 Tetra. 4.25 270 426 6 .0  ± 2 .0 11 1893 1 2 8.5
* - Peritectic decomposition and partial melting.



3 RESEARCH SCOPE AND OBJECTIVE

The scope of the present study is to promote the formation of high B to Al ratio 

and thermally more stable AlB12 instead of intermediate AlB2, as the major boride in 

PCBN HP/HT-sintered using the cBN+Al system, in order to minimize the effect of 

AlB2’s decomposition at 980°C. Also to evaluate the validity of utilizing Ti additive to 

cBN in forming stronger and more stable products of TiN and TiB2 together with cBN, 

hence, completely eliminating AlB2 as a reaction product in the PCBN composite for 

high temperature applications.

The objectives of the current research are as following:

• to study the effect of HP/HT reactive-sintering of PCBN in the cBN-Al system 

with reduced Al starting content in minimizing AlB2 as one of the common 

reactive sintering products and promote stronger and thermally more stable AlB12 

in addition to cBN and AlN compounds;

• to evaluate mechanical and thermal properties of the PCBN with decreased initial 

Al volume and hence the reacted AlB2 content; for a better understanding of the 

roles of AlB2 in the PCBN composites particularly at high temperatures; and

• to study using Ti additive in solid-state HP/HT-sintering of PCBN with stronger 

TiN and TiB2 as reactive sintering products in addition to cBN particles, 

consequently, completely eliminating the possible AlB2 decomposition in the 

PCBN at high temperatures in the PCBN composite.



4 EXPERIMENTAL PROCEDURE

4.1 HP/HT Sintering of PCBN Using Al and Ti Additives

4.1.1 cBN grain size and ratio

As the major constituent, cBN particles provide the mechanical strength, 

thermostability, and abrasion wear resistance which make PCBN composites so unique. 

To achieve a close particle packing and provide extra reactive sintering sites and surface 

areas between cBN and additives, a bimodal cBN particle size distribution was employed 

with the primary particle size of 12-22^ cBN (average size=14.1^) and secondary 

particle of 2-4^, (average size=2.2^). Both were BMP-400 grade supplied by Diamond 

Innovations. The size distribution and surface area o f  cBN powders were measured using 

Malvern Mastersizer 2000, while the bulk oxygen content was measured with LECO 

Oxygen Analyzer. The results are summarized in Table 4-1 and pictured in Figure 4-1. 

The volume ratio of the primary 14.1 ^  to the secondary 2.2^ cBN particle in the mix 

was selected as 9:1.

4.1.2 Al additive to cBN

Pure Al powder (CERAC A-1183), as pictured in Figure 4-2 was selected as the 

additive to the bimodal cBN mix for liquid-phase-assisted sintering o f  PCBN. The Al and 

cBN starting compositions for Mix I are indicated on the ternary phase diagram Figure

4-3 and summarized in Table 4-2.



4.1.3 Approach in promoting AlB12 and minimizing AlB2

The addition of fine 2.2^ cBN powder provided an extra cBN surface area of 79% 

compared to the 14.1^ alone, as in the baseline PCBN (80-20Al) composition. The 

purpose was to promote fast alumination reaction of liquid Al to reach high B:Al=12:1 

ratio in favor of AlB12 formation at high temperatures on cBN surfaces, instead of low 

B:Al=2:1 ratio. Compared with the baseline 80-20vol%Al mixture, the 90-10vol%Al not 

only cut the Al vol% by 50% but also increased the B:Al atomic ratio from 2.8:1 to 6.3:1 

which would greatly enhance the chance for AlB12 formation as well. The amount of Al 

powder addition was also selected based on the assumption of a complete wetting or 

coating of Al onto the available cBN grain surfaces upon melting. Based on the measured

3 2cBN particle surface areas with a spherical approximation that: V=n/6D , A=nD  , and 

p=W/V, then the surface area per unit weight of given sized spheres can be calculated as: 

A/W=6/(pD). Following this calculation, if  the 10vol% of Al added was fully molten and 

coating the bimodal cBN grain surfaces, the Al layer thickness would be ranging from 

50nm (calculated using the measured areas from the bimodal cBN powders) to 200nm 

(calculated using the spherical approximation), as summarized in Table 4-3.

4.1.4 Ti additives to cBN

In this study, two methods were experimented with in carrying Ti additive to the 

bimodal cBN mix: a) adding pure Ti powder and b) starting with Ti-coated cBN grains. 

The total Ti content was maintained at 10vol% level in the two mixes, as indicated on the 

B-N-Ti ternary phase diagram in Figure 4-4.
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4.1.4.1 Pure Ti powder

In Mix II (cBN+10vol%Ti), pure average diameter of 2.2^ Ti powder (CERAC 

T-1191) was blended with the bimodal cBN particles in formulating the composition as 

listed in Table 4-4.

4.1.4.2 Ti-coated cBN

In Mix III, Ti was presented as a uniform coating layer on the coarse cBN powder 

supplied by Diamond Innovations (12-22^ BMP-Ti), consisting of 15.8wt% Ti-coating 

with median diameter of 16.3^. The two types of Ti sources, pure Ti and Ti-coated cBN 

particles are pictured in Figure 4-5. XRD analysis conducted on the Ti-coated cBN 

revealed the Ti-coating on the cBN actually was comprised of Ti, TiN, and TiB2, as 

shown in Figure 4-6. Similar to Mix I and II, to further react with the relatively thick Ti- 

containing coating, provide more reaction surfaces, and strengthen the intergranular 

phases, the 9vol% of 2-4^ cBN was also added to the primary Ti-coated cBN powder in 

Mix III, as summarized in Table 4-4.

4.1.4.3 Comparison o f TiB2 to AlB2

Compared with AlB2, TiB2 did not display decomposition or melting behavior up 

to 1500°C in argon in TGA analysis, as shown in Figure 4-7, whereas AlB2 displayed an 

endothermic reaction starting at 1001°C corresponding to the reverse-peritectic 

decompositions, as described in Equation 2-32.
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4.2 Powder Mixing 

Mixing of cBN and the additives was carried out in a Turbula shaker-mixer 

(Willy A. Bachofen, AG, Swiss) in a sealed container, without mixing medium, and 

under protection of Ar gas. This method combines rotational and shaking motions to 

provide a uniform blending without contamination from mixing media.

4.3 Mixture Reaction Prior to HP/HT Sintering 

After the mixing, the three cBN+Al and cBN+Ti mixes were heat-treated at

° 5 61000 C for 90 min in 10- to 10- Torr vacuum prior to HP/HT sintering to partially react 

(pre-alloy) elemental Al and Ti with the cBN.65, 68, 70, 143, 144

4.4 HP/HT Sintering

4.4.1 Sintering apparatus

A cubic type of press for diamond synthesis, evolved from the original design by 

Tracy Hall in the late 1950s,145 was utilized to achieve the high-pressure and high 

temperature (HP/HT) conditions for PCBN sintering. In the present study, the high 

pressure was set as constant at approximately 5.5GPa and the temperature varies in the 

range of 1200 to 1500°C. A schematic cross-sectional view of the sintering cell inside the

30cubic press is illustrated in Figure 4-8.

In this HP/HT sintering apparatus, the ultrahigh pressure was applied by six 

simultaneously hydraulic-driven anvils made of cemented tungsten-carbide. The pressure 

from these anvils was transmitted to the sintering chamber through a ceramic type of 

gasket material30, 146 possessing high thermal and electrical insulating properties. After
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reaching the set ultrahigh pressure, the high temperature was obtained by resistance 

heating via high electrical current flowing through the metal conductors and the graphite 

tube surrounding the enclosed powder-mix assembly. Inside the graphite heating-tube, a 

pressure transmitting medium o f pure NaCl was used to completely surround the 

refractory-metal enclosed powder-mix for the purpose of achieving a near hydrostatic 

pressure condition. The sintering temperature was recorded via a thermocouple in contact 

with the graphite tube throughout HP/HT sintering cycle. Upon completion of the 

designed sintering time, the temperature was then lowered by decreasing the power input 

and by strong cooling of the anvils. After the cell was cooled down to close to room 

temperature, the applied pressure was then gradually decreased to zero, as illustrated in 

Figure 4-9. Depending on the volume o f the powder-mix charge in the cell, multiple 

PCBN samples can be sintered with each HP/HT cycle.

4.4.2 Sintering pressure

The sintering pressure was selected and kept as a constant in the cBN stable 

region according to the B-N pressure-temperature phase diagram. Such applied pressure 

was determined previously on the HP/HT apparatus by converting hBN to cBN using Al 

as catalyst. The actual pressure for this phase transformation has been reported as higher 

than 5GPa.30,39, 147

4.4.3 Sintering temperature

o o

The effect of sintering temperatures in 1200 C to 1450 C range monitored by 

Pt/Pt-Rh (Type-R) thermocouple was studied, as listed in Table 4-5, with a constant 15
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min of sintering time.

4.4.4 Sintering time

Reactive-sintering kinetic was studied at 1350°C range, while varying sintering 

time from 2 to 30 min, as shown in Table 4-6.

4.5 Material Evaluation

4.5.1 Microstructure evaluation

After HP/HT sintering, the PCBN samples’ microstructure, reacted compounds, 

and thermostability were evaluated using SEM, XRD, and TGA.

4.5.2 Microstructure and phase identification by EBSD method

Kikuchi patterns generated by electron backscattered-diffraction (EBSD) on 

polished PCBN samples were collected using a TSL® Orientation Imaging Microscope 

(OIM) attached to a FEI® Inspect-F field-emission SEM, as displayed in Figure 4-10. At 

the same time, EDS mapping was also collected by EDAX Genesis Software allowing

129 148simultaneously detection of chemical composition and crystallographic patterns. , 

The Kikuchi patterns mapped over the area scanned were further processed and analyzed 

by OIM Analysis Software for crystallography, inverse pole figures, phase identification, 

mapping, and grain size measurements.



4.5.3 Mechanical property evaluation

As-HP/HT-sintered PCBN density values were measured using the Archimedes 

method and compared with theoretically calculated values based on fully reacting the 

initially added Al and Ti additives with cBN particles. Flexural strength and fracture 

toughness at room temperature were measured using four-point-bending method and 

diametral compression method, respectively, on a screw-driven load frame made by 

Interactive Instrument, as shown in Figure 4-11.

Fracture toughness, K1C, was measured both using Vickers indentation and 

diametral compression methods. To validate the diametral compression test apparatus and 

procedure, a commercial grade (TCM 406) of cemented tungsten carbide samples were 

tested. The cemented carbide was made of mean WC grain size of 4^ and 6 wt% Co with 

a published KC  value149 of 11.88MPa m12 tested following the ASTM standard B771-11 

(Standard Test Method for Short Rod Fracture Toughness of Cemented Carbides). 

Applying the diametral compression method on six such cemented-carbide samples 

returned a mean of Kjc = 11.99 MPa m12, with the range of 11.78 to 12.28 MPa m12, 

which produced an excellent agreement with the published value.

4.5.4 High temperature flexural strength and fracture toughness

The PCBN composites’ flexural strength and fracture toughness, at 25°C, 900°C 

and 1100°C, were measured using three-point-bend and diametral compression methods, 

respectively. These temperatures were selected above and below AlB2 peritectic reaction 

and around the predicated temperatures of PCBN tool in FSW 304L steels.14, 15,16 The 

high temperature was achieved by resistance heating in a Severn Thermal Solution split-

53



furnace mounted on a MTS® FlexTest electro-mechanical tester, as shown in Figure

4-12. In order to prevent sample oxidation, the entire furnace chamber was charged with 

continued Ar gas flow at 20L/min for the net furnace cavity of 1.2L throughout the test. 

All test samples were weighed before and after the high temperature tests to record the 

relative weight changes after the testing. Test temperature was monitored and controlled 

by three thermocouples in three heating zones. The push rods and three-point-bend 

fixture were all made of high-purity sintered SiC and the holder for fracture toughness 

test by the diametral compression method was made of a thin sheet of pure 125^m-thick 

niobium, as pictured in Figure 4-12.

4.5.5 Residual stress measurement by XRD

Planar residual stresses in PCBN before and after flexural strength testing were 

evaluated using cBN (ICDD 01-089-1498) hkl=331 at d=0.830A and 26 =136.41°on 

Rigaku Ultima IV XRD equipment and calculated using Rigaku PDXL-2 software.
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Acc.V Spot Magn Det WD I-------------------- 1 5 iim
10.0 kV 5.0 4000x SE 6 9 cBN 2-4 Dl BMP-400

a) b)

Figure 4-1. SEM images of: a) primary 12-22 |i cBN (median=14.1^) and b) finer 2-4 |i 
cBN (median=2.2^) particles; both were BMP-400 grade from Diamond Innovations.

Figure 4-2. Pure Al (CERAC A-1183), as the additive in the cBN+10vl%Al mix.
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Figure 4-3. The cBN+Al mix composition for HP/HT sintering of the PCBN, as indicated 
in the Al-B-N system. (Modified from the Am. Ceram. So., Fig. 8880,77 originally 
published by Rogl, P. and Schuster, J. C.: Phase Diagram of Ternary Boron Nitride and 
Silicon Nitride Systems. Monograph Series on Alloy Phase Diagrams, 1992, 3-5. ASM 
Int’l, Materials Park, OH.)
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Figure 4-4. The BN+Ti mix composition for HP/HT sintering of the PCBN, as indicated 
in the B-N-Ti ternary system at 1090°C cross-section. (Modified from the Am. Ceram. 
So., Fig. 8917,77 originally published by Rogl, P. and Schuster, J. C.: Phase Diagram of 
Ternary Boron Nitride and Silicon Nitride Systems. Monograph Series on Alloy Phase 
Diagrams, 1992, 103-106. ASM Int’l, Materials Park, OH.)

Acc.V Spot Magn 
20.0 kV 5.0 4000x

Det WD I---------------------1 b\im
SE 10.0 Ti. CERACT-1191

Acc.V Spot Magn 
20.0 kV 5.0 2000x

Det WD I---------------------1 10 pm
BSE 10.1 Dl BMP-Ti 12-22

a) b)

Figure 4-5. Image of: a) Ti powder (CERAC T-1191) used in Mix II and b) Ti-coated 12- 
22^ c-BN (Diamond Innovations, BMP-Ti) used in Mix III.
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Figure 4-6. XRD pattern collected on the Ti-coated cBN powder (Diamond Innovations 
BMP 12-22Ti).

Figure 4-7. TGA response of TiB2 (CERAC® T12601 -325mesh) and AlB2 (CERAC® A- 
1006 -2 0 0 mesh) powders in argon.
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Figure 4-8. Cross-sectional view of a HP/HT-sintering cell configuration in a cubic press 
for sintering the PCBN.

Figure 4-9. Illustration of HP/HT sintering pressure, power inputs, and temperature 
applied in sintering PCBN composites.
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Figure 4-10. TSL® OIM Data Collection software used in identifying Kikuchi patterns 
generated by EBSD from the PCBN.

Figure 4-11. Test setups of: a) four-point-bend for flexural strength and b) diametral 
compression for fracture toughness measurements of the PCBN composites.
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Figure 4-12. The high-temperature testing setup: a) flexural-strength test by three-point- 
bend method, b) fracture toughness test by diametral compression method, c) and d) a 
fractured PCBN sample tested at 900°C.
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Table 4-1. Characteristics of cBN powder.

Size range Average diameter (D50%) Specific area
1 2 -2 2 ^ 14.1^ 0.443 m2/g
2-4^ 2 .2 ^ 2.96 m2/g

Table 4-2. Composition and properties of starting powders in the cBN+10vo%Al system.

Starting Powder cBN Al

Powder Size D50%=14.1 ̂ D50%=2.2^ Typical (~1^)
Surface Area 0.443m2/g 2.96m2/g -
Bulk Oxygen 0.06wt% 0 .2 wt% 0.4 wt%

Mix I 81vol% 9vol% 1 0 vol%

Table 4-3. Estimate of Al liquid spreading thickness on cBN surface, in Mix I 
(cBN+10vol%Al).

cBN cBN Al Al coating
(D50%=14.1 |q) (D50°/o=2.2^i) (~ 1 |q) thickness(nm)

Fraction (vol%) 81 9 1 0

Measured (m /g) 0.443 2.96 - 50
Spherical approach (m /g) 0.122 0.78 - 2 0 0

Table 4-4. cBN + Ti additives as starting mixes for PCBN sintering.

Powder c-BN Ti
1 2 -2 2 ^ 12-22^ Ti-coated 2-4 ̂

D50%=14.1^ D50%=16.3^ D50%=2.2^ <3^
Oxygen 0.06wt% 0 .6 wt% 0 .2 wt% 4.1wt%
Mix II 81vol% - 9vol% 1 0 vol%
Mix III - 91vol (incl. 15.8wt% Ti-coating) 9vol% -

Table 4-5. Temperature range for HP/HT sintering of PCBN.

Starting mix 1250°C 1300°C 1350°C 1400°C 1450°C
Mix I (cBN+10vol%Al) x x x x x
Mix II (cBN+10vol%Ti) x x x x
Mix III (Ti-coated cBN) x x x x
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Table 4-6. Sintering time for HP/HT sintering of PCBN.

Starting mix 2  min 5 min 1 0  min 15 min 30 min
Mix I (cBN+10vol%Al) x x x x x
Mix II (cBN+10vol%Ti) x x x
Mix III (Ti-coated cBN) x x x



5 RESULT AND DISCUSSION

5.1 Oxidation of Powders Used in Sintering of PCBN 

Since the PCBN are used in dry and high speed machining applications such as 

high-speed turning and FSW, it is important to characterize individual constituent’s 

oxidation behavior.

5.1.1 Oxidation of cBN powder

Thermal and oxidation behaviors of the 12-22^ cBN powder (BMP-400 Diamond 

Innovations) were evaluated using TA Instrument STD Q600 thermo-gravimetric 

analyzer (TGA) from room temperature to 1500°C with a 5°C/min heating rate in still air. 

As shown in Figure 5-1, there was little evidence of oxidation from room temperature up 

to 1200°C. A strong oxidation and exothermic reaction started from around 1228°C with 

4% weight gain up to the peak reaction temperature of 1315°C, followed by a fast 10% 

weight loss as the temperature increased up to 1500°C.

The TGA result showed that the cBN powder was thermally stable and oxidation 

resistant up to 1200°C, above which a strong exothermic oxidation-reaction happened in 

forming B2O3150 reflected by the weight gain. The oxidation of cBN at temperature higher 

than 1200°C can be summarized in Equation 5-1:

3
2BN + - O  =  ̂ 5-12  2 2 3(0 2(g)



As temperature continued to rise, intense evaporation of the B2O3 and N 2 as well as 

lattice conversion from cBN to hBN happened and was reflected by the fast and 

significant specimen weight-loss beyond 1350°C. The solidified remaining glassy B2O3 

on cBN can be seen on the cBN surface in Figure 5-2 after the TGA test. The evidence of 

preferential evaporation on some cBN grains was also revealed because of losing N  atom 

from cBN lattice150 and evaporation of lighter hBN phase .151 The TGA result of cBN to 

hBN lattice conversion and fast volatilization agreed well with the reported at 1320°C ±

29380°C temperature, depending on cBN’s grain sizes and impurities.

5.1.2 Oxidation of AlN powder

The oxidation behavior of AlN powder (CERAC A1120-Mega, -325mesh) was 

evaluated using TGA from room temperature to 1500°C with a 5°C/min heating rate in

152still air. The exothermic oxidation reaction, as given in Equation 5-2, started at 1108°C 

and reached the maximum reaction rate at 1171°C with a significant weight gain up to 

1500°C, as shown in Figure 5-3.

2A I N + \ 0 2 = A  120 3 + N 2(g) 5-2

5.1.3 Oxidation and decomposition of AlB2

153Oxidation of AlB2 was a complex process without a single control mechanism 

because of partial molten and peritectic decomposition of AlB2, oxidation of Al and B to 

products of Al2O3 and B2O3, further reaction of Al2O3 with B2O3 in forming 

2Al2O rB 2O3, and liquidizing followed by vaporizing of B2O3, as shown in Figure 5-4.
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The decomposition of AlB2 was measured by TGA in argon, as shown previously 

in Figure 4-7, with the reverse peritectic decomposition of AlB2 powder observed to start 

at 1001°C.

5.1.4 Oxidation of Ti-coated cBN powder

Thermal-oxidation response of the Ti-coated cBN (Diamond Innovations, 12- 

22^ BMP-Ti) was measured by TGA in still air as well, as shown in Figure 5-5. Contrast 

to the pure 12-22 ^ cBN powder’s oxidation response, as displayed in Figure 5-1, two 

exothermic oxidation reactions were observed starting at above 700°C, 1100°C and were 

associated with significant weight gains corresponding to oxidation of TiN , 154 pure Ti155 

and TiB2.156 The likely reactions are:

2TiN + O2 = 2TiO + N2 5-3

Ti + O2 = TiO2 5-4

TiB2 + 5/2 O2 = TiO2 + B2O3. 5-5

When temperature reached 1300°C and higher, an exothermic reaction and weight-loss 

was detected as the bulk cBN particles disintegrated, as shown in Figure 5-1.

5.2 Reactive Sintering PCBN from cBN+Al Powder

5.2.1 cBN+Al reactions prior to HP/HT sintering

In preparation of Mix I (cBN+10vol%Al) as a precursor to HP/HT sintering of 

PCBN, the mixture was pre-alloying treated at 1000°C for 90 min in 10-5 to 10-6 Torr 

vacuum. As shown in Figure 5-6, after the vacuum treatment, simultaneous Al wetting or 

bonding with multiple fine cBN grains was detected in the mixture and most likely
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through the newly formed AlN which was detected by the XRD pattern shown later. 

Complete wetting or spreading o f  Al onto large and smooth cBN particle surfaces was 

not evident partly because the 1000°C temperature was below the reported complete 

wetting temperature of 1200°C and the existence of surface oxides such as Al2O3 on the 

fine Al powder or B2O3 on the cBN surface prevented pure Al’s wetting on cBN .69 There 

was no detectable amount of AlB2 or AlB12 found in the XRD pattern, which may result

157from evaporation of highly soluble B in vacuum with liquid Al and, during cooling, 

there was not sufficient time for B to precipitate and form equilibrium AlB2.60

TGA analysis conducted on Mix I (cBN+10vol%Al) after the pre-alloying 

displayed a clear endothermic reaction at 660°C corresponding to the melting o f  residual 

Al, followed by an immediate weight gain due to oxidation and formation o f  Al2O3, as 

shown in Figure 5-7. The TGA response in addition to the XRD result, shown later, 

confirmed the existence o f  residual elemental Al in the precursor mix after the vacuum 

treatment, which prepared the cBN+Al mixture for fast partial liquid-phase reactive 

sintering and contributed to the initial shrinkage due to capillary-induced rearrangement54 

in the HP/HT conditions applied.

5.2.2 Initial high-pressure cold compaction

As an initial step in HP/HT sintering, when Mix I (cBN+10%Al) was subjected to 

full sintering pressure (5.5 GPa) without heat input, the pre-alloyed Al was observed to 

be largely compressed and confined to the intergranular spaces o f  the ultra-hard cBN 

crystals, as shown in Figure 5-8. The ultrahigh pressure applied also resulted in a 

significant amount of transgranular cBN cracking which was substantially absent before
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the HP cold-compaction. In one location, fracturing was observed between two adjacent 

large cBN crystals with flat facets caused by small cBN grains slipping in between and 

acting as point contact for significant bending stresses leading to the fracture in the large 

crystals.

5.2.3 Effect of HP/HT sintering temperature

5.2.3.1 Effect o f sintering temperature on reaction phases

PCBN HP/HT-sintered in 1200°C to 1500°C temperature range with a constant 15 

min sintering-time were examined by XRD method. This confirmed the existence o f 

compounds of cBN, AlN, and AlB12 as described in Equation 2-9:

13 1
BN + —  Al = AlN + —  AlBo 

1 2  1 2  12

Commonly reported AlB2 product was not detected, as summarized in Figure 5-9. As a

reference, AlB2 compound’s major d-spacing, diffraction peak intensity ratios, hkl, and

26  are listed in Table 5-1. In fact, the strongest diffraction peak of AlB2 (101) I/I0=100%

was only observed previously in PCBN (80-20Al) when the Al additive was higher.

Peaks corresponding to residual Al in the precursor mix disappeared after

sintering at 1245°C for 15 min. The peak intensity ratio of IAlN(100)/IcBN(111) shows a linear

increase with rising sintering temperature, as plotted in Figure 5-10. The XRD patterns

demonstrated that at sintering temperatures above 1200°C range, Al reacted with cBN in

favor of forming large amount of AlN and measurable AlB12 with continued reaction and

densification up to 1500°C. Because AlN was observed to grow on the cBN surface,

which supplied N atoms, the increase o f  AlN peak intensity reflected a corresponding

increasing AlN amount and thickness with the consumption o f B and N atoms on the
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cBN grain surfaces. The observed growth of AlN and disappearance of pure Al but weak 

signal of peak height for AlB12 suggested that B solution in Al144 was fast, but AlB12 

formation was a slow process because of the requirement for B and Al to rearrange in 

forming complex crystal lattice.61, 63 The AlB12 formed possessed a poor crystallinity 

because of its complex crystal lattice.

The AlB12 detected in the XRD patterns, in addition to EDS spectra and EBSD 

analyses later, suggested a fast alumination of BN surface by Al liquid to reach high 

B:Al=12:1 atomic ratio. A ratio that was much higher than the 20-40at% as predicted by 

the Al-B phase diagram in a closed environment during sintering. Upon fast cooling at 

300 to 400°C/min in the end of HP/HT sintering, because of small amount of residual Al 

liquid available, any AlB2 precipitated out via the peritectic-reaction would be difficult to 

detect. As a result, only a small amount of AlB12 formed at high temperature was 

detected by XRD in the PCBN (90-10Al). Based on these findings and the assumption of 

all Al-added was fully reacted with BN in forming AlN and AlB12, theoretical density of 

the PCBN was calculated for the reacted cBN+Al system, as predicted by Equation 2-9. 

Based on this reaction, in PCBN (90-10vol%Al) the initially-added 90vol% cBN particles 

were partially consumed to 83.5vol%, balanced with newly reacted products of 11.8vol% 

AlN and 4.6vol% AlB12, as listed in Table 5-2.

5.2.3.2 Effect o f sintering temperature on mechanical properties

Mechanical properties including relative density, flexural strength, Vickers 

hardness, and indentation fracture toughness were measured, with respect to the sintering 

temperatures in 1250°C to 1500°C range with 15 min sintering time, as displayed in
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Figure 5-11. Although increases in relative density and Vickers hardness continued, 

further increase of flexural strength beyond 1350°C sintering temperature was not 

observed.

As observed in Figure 5-12, cBN grains are shown mostly surrounded by the 

reacted AlN and AlB12 without substantial cBN to cBN grain contact or bonding. As a 

result, the crack propagation path induced by Vickers indentation under 294.3N of load 

was intergranular-dominant through AlN and AlB12 region in the PCBN (90-10Al) 

sample sintered 1350°C for 15 min. Without a substantial cBN-cBN grain bonding or 

growth, cBN particles’ higher strength and fracture toughness over AlN’s also favored a 

cBN-AlN intergranular fracture path, which was more preferred with thickening of the 

reacted AlN-AlB12 phase.

The relatively flat flexural-strength response to the increase of sintering 

temperatures supported the finding that cracks nucleated and propagated through the 

intergranular AlN and AlB12 layer on cBN crystals. Namely, further increase in sintering 

temperatures did not change the bonding mechanism from an indirect cBN-AlN-cBN 

dominant structure to a more direct cBN-cBN bonding structure. To the contrary, as 

reaction temperature increases, the thickening of AlN as the major reaction product 

increased leading to less chance for direct cBN-cBN bonding and resulting to a preferred 

intergranular crack propagation path.

5.2.3.3 Effect o f sintering temperature on microstructure

The PCBN (90-10Al) microstructures HP/HT-sintered at different temperatures 

with constant 15 min time, as compared in Figure 5-13, consisted of individual cBN
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grains mostly surrounded by AlN and AlB12 phases. At sintering temperature of 1245°C 

the cBN grain boundaries were more distinct, jagged, and separated with thin and less- 

well-defined reaction products of AlN and Al-boride with visible cBN internal cracks, as 

displayed in Figure 5-13 a) and b). At 1350°C, as shown in Figure 5-13 c) and d), the 

cBN grain boundaries became smoother and separated by well-defined reaction phases, 

although some of the cBN internal cracks were still visible. At 1490°C, the 

microstructure showed smoother cBN grain boundaries with well-defined reaction phases 

while some cBN internal cracks still remained, as shown in Figure 5-13 e) and f). The 

increased amount of reaction products of AlN and AlB12 on the cBN grain boundaries, as 

detected by XRD and microstructures, may be accountable for the observed drop in 

fracture toughness values with increase of sintering temperatures, because of the lower 

fracture toughness values of the thickening intergranular phase.

5.2.4 Effect of HP/HT sintering time

5.2.4.1 Effect o f sintering time on reaction phases

XRD patterns collected on HP/HT-sintered PCBN using the pre-alloyed Mix I 

(cBN+10vol%Al) revealed the disappearing of Al peaks after merely 2 min sintering time 

and presence of low intensity peaks corresponding to AlB12 in the 1350°C range, as 

summarized in Figure 5-14. This showed the quick reaction kinetic of Al’s wetting and 

reacting to cBN resulting in AlN; solution of B into Al; and continued formation of AlB12 

largely happened during the first 2 min of sintering in the 1350°C range. The intensity 

ratio of IAlN(100)/IcBN(111), revealed a slight increase with sintering time, as shown in Figure

5-15, but the response was not as significant as observed with raising the temperatures’
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suggesting the reactive sintering was more responsive to sintering temperatures than time.

5.2.4.2 Effect o f sintering time on mechanical properties

As plotted in Figure 5-16, in spite of detecting AlN and AlB12 formation after 2 

min of HP/HT sintering time, most significant increases in relative density, Vickers 

hardness, and flexural strength were measured in samples up to 2 0  min sintering time. 

This suggests a continued cBN densification and reaction with sintering time as liquid Al 

was consumed. As the sintering time extended from 20 to 30 min, further increase of the 

mechanical properties was not obtained.

5.2.4.3 Effect o f sintering time on microstructures

Typical microstructures of the PCBN (90-10Al) sintered from 2 to 30 min in the 

1350°C range are displayed in Figure 5-17. In the fields of a) and b) of the PCBN with 2 

min sintering time, pools of B-rich Al-solution are visible, as indicated by the arrows, 

revealing transient stage of the reactions Al+12B=AlB12 on the jagged and porous cBN 

grain boundaries. Such B-rich Al-solution was further minimized in samples sintered 

with 15 min and 30 min as more stoichiometric AlB12 compound was crystalized.

The intra-cBN-cracking and discontinuities resulting from the initial cold HP- 

compaction were more pronounced in the 2  min sintered sample and became less with 

increase of sintering time to 30 min. This suggests such discontinuities were further cured 

with sintering time. Compared to the 2 min sintered sample, the 15 min sintered sample 

displays smoother cBN grain boundaries and more AlN and AlB12 formation on the grain 

boundaries, as shown in Figure 5-17 c) and d). Further increase of the sintering time to 30



min seemed to reduce the cBN internal cracks and discontinuities even more, as shown in 

Figure 5-17 e) and f). The 30 min sintered microstructure shows reduced pores and 

discontinuities on cBN grain boundaries but did not show to increase cBN to cBN grain 

contact or direct bonding.

5.2.5 Formation of AlB12 in PCBN (cBN+10vol%Al)

The SEM image, as displayed in Figure 5-18, shows a structure of AlN 

surrounding cBN grains and AlB12 concentrated in pockets enclosed by AlN, as detected 

by EDS listed in Table 5-3.

Compared to the baseline PCBN (80-20Al) using single modal cBN (D50=14.1^), 

the 9vol% addition of fine cBN (D50=2.2^) in the PCBN (90-10Al) mixture provided an 

extra source of B and N atoms in facilitating fast forming AlN on cBN particle surfaces. 

It also increased the chance for metalizing (alumination) by liquid Al onto cBN surfaces 

to reach the B:Al=12:1 ratio required for AlB12 nucleation, instead of AlB2. Following 

the AlB12 formation close to the cBN surfaces, AlB2 is likely to form in Al liquid phase a 

further distance from the cBN surface where the lower B:Al=2:1 ratio is easily reached.

X-ray line-scan conducted across the cBN grain boundary region, as shown in 

Figure 5-19, revealed the intensity of Al, B, and N from a cBN-AlN-AlB12-AlN-cBN 

grain boundary structure. It was also noticeable that higher O and Al intensities detected 

at the cBN grain boundaries between cBN and AlN indicated Al2O3 formed by reducing 

of B2O3 on the cBN grain boundaries.

In Mix I (cBN+10vol%Al), the 10vol%Al added was equivalent to 7.9wt%Al into 

the cBN mix. Based on Equation 2-9, if  the initially added 7.9wt% of Al was completely
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reacted in forming AlN and AlB12, 0.61wt%Al would be combined with B in reacting to 

3.52wt% of AlB12 in the final PCBN (90-10Al) composition.

Following Al-B phase diagram and the Mix I (90-10vol%Al) composition, as 

shown in Figure 5-20, using rule of lever at T=1350°C, for example, the ratio of 

Al(/j:AlB12=15.7:84.3 existed in an equilibrium condition. As the 90cBN+10vo%Al 

composition cooled down to just above 980°C, the liquid fraction shrank to Al(l):AlB12 = 

13.5:86.5. At T = 980°C, the peritectic reaction AIq) + A\B x A\B 2 happened and led to 

complete consumption of Al(l) in forming AlB2. At T < 980°C, with the Mix I (90- 

10vol%Al) composition, there should be no liquid Al phase remaining but solid phase of 

AlB 12 and little AIB2, as su^^^^arized in Table 5-4. The final reaction products "were then 

calculated as: 0.02wt% of AlB2 and 3.47wt% of AlB12, in the Al-B binary system, in 

addition to 10.17wt% of AlN balanced with cBN in the HP/HT sintered PCBN, as 

summarized in Table 5-5. Due to its poor crystallinity61 and small quantity, AlB12 peaks 

appeared very weak in the XRD pattern collected on PCBN (90-10Al) HP/HT sintered at 

1350°C for 15 min, as shown in Figure 5-21. Quantitative Rietveld analysis revealed the 

PCBN (90-10Al) consisting of cBN=87.8wt%, AlN=8 .6 wt%, and AlB2=3.6wt%, which 

agreed well with the quantities calculated by the lever rule.

5.2.6 Reaction products in PCBN (cBN+Al) determined by EBSD method

5.2.6.1 EBSD results on the PCBN sintered at 1245°C

Results of electron backscattered-diffraction (EBSD) analysis on the PCBN (90- 

10Al), HP/HT-sintered at 1245°C for 15 min, are displayed in Figure 5-22. The 

orientation mapping o f all phases and their inverse pole figures, as presented in Figure
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5-23, did not reveal particular preferred orientation of all the phases detected. Area 

fractions of reaction phases identified in the field were listed in Table 5-6.

Because the field of analysis was highly localized, the exact area fractions of the 

phases identified may not match the bulk quantities calculated, measured by density, and 

detected by XRD later in the PCBN (90-10Al). A small quantity (0.5vol%) of isolated 

and fine AlB2 precipitates were detected, mostly scattered among the AlN and AlB12 

matrix with a few observed in contacting cBN surfaces. The inverse pole figure mapping, 

as shown in Figure 5-23, revealed some transgranular fracturing within cBN grains 

identified by different crystal-lattice orientations otherwise difficult to distinguish solely 

based on the SEM image. Minor cBN lattice distortions reflecting the crystal lattice 

distortions were detected within some of the large grains reflected by the slight variation 

in the color shades from grain boundary to the center of cBN. As expected, the rotation 

angles on the grain boundaries were much larger, 5° and higher, than the intragranluar 

twist angles (mostly 2° to 5°) within cBN grains. Such small twist and gradual change in 

lattice orientation angles within cBN grains was the result of high residual stresses 

between contacting cBN crystals during HP/HT sintering. The EBSD analysis together 

with the XRD results validated the dominant chemical reaction initially described in 

Equation 2-9 for PCBN sintered using the cBN+10vol%Al system at 1245°C for 15 min.

As shown in Figure 5-24, identified by the crystal lattice differences, the reactive 

sintering products of AlN, AlB2, and AlB12 were fine and submicron-sized rather than a 

continuous layer in the cBN intergranular regions. The identification of the reactions 

phases were assisted by the simultaneously collected x-ray elemental mapping of B, N, 

and Al, as shown in Figure 5-25.
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5.2.6.2 EBSD results on the PCBN sintered at 1420°C

To evaluate the effect of sintering temperature in forming AlB12 and AlB2, EBSD 

was also conducted on PCBN sample sintered at 1420°C for 15 min using Mix I (90- 

10vol%Al). The result still revealed the existence of AlB2 at about 0.6% by area fraction 

together with a slight decrease in total cBN area fraction, as shown in Figure 5-26 

through Figure 5-29. This confirmed the difficulty in completely eliminating the AlB2 

which precipitated as the last liquid Al solution solidified via the peritectic reaction at 

980°C and lower. The EBSD result also showed increased amounts of AlN and AlB12 

associated with the consumption of cBN, as summarized in Table 5-7, which corresponds 

to the intensity increase of AlN peaks in XRD patterns and supported the continued 

reactions between cBN and Al-added.

Undetected by XRD and SEM imaging methods, EBSD was able to differentiate, 

by crystal lattice differences, approximately 0.5% area fraction of AlB2 existing in PCBN 

HP/HT sintered in 1245°C and 1420°C for 15 min, as a result of the peritectic reaction 

during cooling through 980°C. The grain sizes of the reaction products of AlN, AlB12 and 

the small quantity of AlB2 determined by crystal lattices were mostly in the submicron 

range, as shown in Figure 5-24 and Figure 5-28. Such fine and inter-cBN-granular phases 

provided grainboundary channels for liquid Al to metalize the cBN surfaces, instead of 

diffusing through a continuous AlN layer to reach the cBN surfaces. The polycrystalline 

particle nature of the micron-sized AlN particles were not as dense and uniform of a layer

85surrounding the cBN grains as previously observed by SEM and TEM. Distributions of 

B, N, Al, and O simultaneously mapped by EDS in the field of analysis are shown in 

Figure 5-25 and Figure 5-29, and were considered and referenced in the phase
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identification. In the small areas analyzed, increased area fractions of AlN and AlB12 

were detected in the grain boundary areas with the sintering temperature increased from 

1245°C to 1420°C under 15 min of sintering time, indicating a continued reaction. The 

locations where AlB2 particles were detected indicated last solidification spots of boron- 

containing Al solution.

5.2.7 Stability of the PCBN in high temperature exposure

Thermostability of the PCBN (90-10Al) was evaluated at 1000°C for 300 min 

holding time using TGA in argon. Possible decomposition of AlB2 into AlB12 and liquid 

Al was not detected during the prolonged exposure at 1000°C, which was just above the 

reverse peritectic decomposition temperature. Approximately, 1% weight gain owing to 

oxidation was picked up during the TGA test, as shown in Figure 5-30.

The thermostability of the PCBN (90-10Al) on a 25mm diameter and 3.2mm 

thick sample was heat-treated at 925°C for 90 min and then again at 1000°C for 90 min in 

vacuum, respectively. XRD patterns conducted on the heat-treated sample, as shown in 

Figure 5-31, did not reveal detectable peaks of AlB2 or pure Al. Such high temperature 

heat treating of PCBN sample at the temperatures below and above peritectic temperature 

of 980°C demonstrates the thermostability of the AlB12 and insignificant or slow reaction 

kinetic of the reverse peritectic reaction from about 0.5vol% of AlB2 -^AlB12+Al(i) 

solution. Although, at low intensity the peaks corresponding to AlB12 seemed to be more 

distinguishable after the 1000°C heat cycle indicating its increased crystallinity. These 

results demonstrated the PCBN (90-10Al) was thermally stable at temperatures up to 

1000°C without a detectable quantity of reverse peritectic reaction of AlB2.
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5.3 Reactive Sintering PCBN from cBN+Ti Powder

5.3.1 cBN+Ti reactions prior to HP/HT sintering

Parallel to the cBN+10vol%Al experiment, Mix II (cBN+10vol%Ti), consisting 

of the bimodal cBN and Ti powder additive, was pre-alloyed in vacuum at 1000°C for 90 

min as a precursor for HP/HT-sintering into PCBN. Compounds of TiN0.3 and TiB2 were 

detected in the XRD pattern collected on the pre-alloyed mixture, as displayed in 

Figure-5-32.

5.3.2 Effects of HP/HT sintering temperature

5.3.2.1 Effect o f sintering temperature on reaction phases

XRD patterns collected on the PCBN sample HP/HT sintered from mid-1200°C 

to low 1400°C temperatures using Mix II (cBN+10vol%Ti) revealed the complete 

disappearance of the sub-stoichiometric TiN0.3 from the pre-alloyed mix and replacement 

by more balanced TiN, as shown in Figure-5-32. After sintering, increases in intensity 

ratios of both IiiN(111)/IcBN(111) and lTiB2(100)/IcBN(111) with rising temperatures suggest the 

reactions’ temperature-activated diffusion process, as plotted in Figure 5-33. The HP/HT 

sintering was carried out simultaneously inside the same HP/HT cell with the PCBN (90- 

10Al) mix. The sintering temperatures studied were all below the melting point of pure Ti 

(Tm=1660°C).

The reaction was shown to start with enrichment of N, released from cBN, to the 

TiN0.3 towards more stoichiometric TiN. At the same time, available B atoms formed 

TiB2. The combined reactions, in the B-N-Ti system studied, were confirmed as 

predicated by Equation 2-10:
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3 1BN + -  Ti = TiN + -  TiB7 
2  2  2

A trace amount of hBN was detected in samples sintered at temperatures higher 

than 1350°C with 15 min sintering time. This suggests that some cBN lattice underwent 

the transformation from cubic to hexagonal, as observed in the TGA test on the raw cBN 

crystals. This occurred because some of the cBN particle surfaces were not completely 

surrounded by hydrostatic pressure supposedly supplied by soft and fine Ti powder, as 

observed in the microstructures later. Such undesirable cBN to hBN lattice 

transformation was likely caused by high melting temperature of Ti and difficulties in 

spreading the Ti powder evenly to cover the cBN surfaces which can otherwise be 

achieved by spreading liquid Al at same the sintering temperatures. However, such cBN 

to hBN conversion was not observed in the PCBN (cBN+10Ti) sintered at 1245°C for 15 

min. This indicates the stability of cubic lattice of cBN crystals under such temperature 

and sintering time as predicated by the P-T phase diagram of BN, previously shown in 

Figure 2-2. In the XRD patterns, broadening of the cBN peaks were observed suggesting 

varying degree of high residual stresses158, 159 in the cBN grains, resultant of the 5.5GPa 

applied high pressure. Such broadening from the initial powder mixture to sintered PCBN 

was less apparent in XRD patterns from the cBN+Al mix. This reflects the cBN+Ti mix’s 

more rigid packing, less cBN slipping, and high residual stresses stored in the cBN 

crystals in the HP/HT sintering conditions due to lack of the liquid-assisted sintering.

5.3.2.2 Effect o f sintering temperature on microstrcutres

Microstructure of PCBN sintered using MIX II (cBN+10vol%Ti) powder, as 

displayed in Figure 5-34, shows uneven spreading of Ti powder on cBN grain surfaces
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led to a large degree of voids and dry compaction of cBN particles in many places in the 

temperature range of 1245°C to 1420°C with 15 min sintering time. These were locations 

of cBN to hBN lattice transformation, due to lack of hydrostatic pressure surrounding the 

cBN grains, at temperatures higher than 1350°C as detected by the XRD.

Compared to cBN with Al as additive, PCBN sintered with Ti powder showed: a) 

lack of a high degree of densification from the liquid-phase-assisted sintering by Al; b) 

appearance of hBN at temperatures higher than 1350°C; and c) a large amount of porosity 

found up to 1420°C temperature.

5.3.2.3 Reaction products in PCBN sintered from cBN+ Ti

In the cBN grain boundary areas that cBN and Ti reacted in PCBN sintered at 

1350°C for 15 min, as shown in Figure 5-35, the TiB2 was observed to be mostly fine 

needle-shaped growing out of the cBN surfaces with submicron-sized TiN particles 

spreading out as a TiN matrix among cBN particles.

The microstructure evaluations showed that the reactions between the pure Ti 

powder and cBN grains were solid state in nature, which did not match the liquid-phase- 

assisted sintering results, in the temperature and time range studied. To promote a 

uniform dispersion of pure Ti among cBN grains and in situ cBN+Ti reactions, 

submicron-sized Ti powder would be a better candidate. Because of the difficulties in 

achieving high densifications, further study of using Ti powder as a starting powder for 

PCBN sintering was not pursued.

80



5.4 Reactively Sintering PCBN from Ti-coated cBN

5.4.1 Ti-coated cBN reactions prior to HP/HT sintering

As an alternative to the pure Ti powder, the Ti-coated 12-22 ̂  cBN powder was 

used as a uniformly distributed Ti source for PCBN sintering. XRD conducted on the Ti- 

coated cBN particles showed the coating layer consisting of Ti, TiN, and TiB2 instead of 

pure Ti as suggested by the commercial grade name. After adding 9vol% of 2.2^ pure 

cBN powder and following the vacuum pre-reaction at 1000°C for 90 min, Mix III (Ti- 

coated cBN) showed a mixture of loose powder with adhesions of small pure cBN to the 

large Ti-coated cBN particles at some locations, as observed in Figure 5-36. As evident 

by XRD patterns later, Ti on the cBN coating surface was mostly consumed in forming 

new TiN and TiB2 during the pre-alloying in vacuum, which was done as a precursor 

prior to HP/HT sintering.

5.4.2 Initial high pressure cold compaction

After being subjected to ultrahigh pressure compaction (5.5GPa) without heat 

input, Mix III (Ti-coated cBN) showed highly-compacted cBN grains with some 

transgranular cracking; sticking of fine cBN particles to the large coated cBN; and 

rubbing-off of the Ti-coating layer from some cBN surfaces. The Ti-coating layer 

thickness was measured directly on the fractured cBN crystals in the order of 150 to 

250nm, as shown in Figure 5-37. It is also noticeable that the Ti-coating on cBN particles 

seemed to be made o f nano-sized granular structure.
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5.4.3 Effects of HP/HT sintering temperature

5.4.3.1 Effect o f sintering temperature on reaction phases

XRD patterns collected on PCBN HP/HT-sintered with the pre-alloyed Mix III 

(Ti-coated cBN) displayed reactive products of cBN, TiN, TiB2, and trace amounts of 

Ti2O3 at different sintering temperatures, as shown in Figure 5-38. The intensity ratios of 

IiiN(111)/IcBN(111) and IiiB2(100)/IcBN(111), plotted in Figure 5-39, illustrated the reactive 

sintering products’ significant response to sintering temperature. This is characteristic of 

the temperature activated diffusion process.

5.4.3.2 Effect o f sintering temperature on mechanical properties

The relative density and flexural strength measured on PCBN using Mix III (Ti- 

coated-cBN) showed a significant increase from 1250°C to 1350°C with 15 min sintering 

time, but rather horizontal beyond 1350°C, indicating the reaction as described in 

Equation 2-10 was largely completed at temperatures higher than 1350°C with 15 min 

sintering time. Compared with the porous microstructure from the PCBN starting with 

the pure Ti powder, a remarkably high relative density and packing of the large Ti-coated 

cBN particles were achieved under the same HP/HT sintering conditions although 

without assistance of liquid phase Al.

The fracture toughness measured by Vickers indentation method decreased 

noticeably with increase of sintering temperature, as shown in Figure 5-40 d). This 

reflected the continued reactions between metallic Ti and cBN and formation of harder 

ceramic TiB2 and TiN particles on cBN grain boundaries associated with further 

consumption and separation of the cBN particles. Both led to PCBN’s lower overall
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toughness values. The mode of crack propagation induced by the Vickers indentation 

method at 294N was observed as a mixed mode of intergranular and transgranular, 

through cBN/TiB2-TiN grain boundaries and through cBN grains in some places, as 

shown in Figure 5-41. The large field of view shows that all cBN grains were well- 

packed and separated by a rather uniform coating layer consisting of reacted TiN and 

TiB2 with little cBN to cBN grain bonding or growth.

5.4.3.3 Effect o f sintering temperature on microstrcutres

Compared to directly adding Ti powder to cBN particulates, highly close-packed 

large cBN particles were observed with little evidence of grain boundary porosity in 

PCBN using Mix III consisting of Ti-coated cBN with addition of fine and pure cBN 

powder, as shown in Figure 5-42. All cBN grains were uniformly surrounded with 

approximately 1^ or less coating layer consisting of cBN-Ti reaction products, which 

may act as a low-viscosity sintering lubricant allowing the large cBN particles to slip and 

pack without significant crushing with 15 min sintering time. Benefiting from the 

uniform coating and packing, no cBN to hBN lattice reverse transformation was detected 

by the XRD patterns in the 1245°C to 1420°C temperature range. The finer 2.2^ pure 

cBN-added seemed to fill in the spaces among the large coated-cBN particles and reacted 

with the coating consisting initially Ti and TiN0.3 in forming stable and stoichiometric 

TiN and TiB2 products. Some microfracturing and discontinuities inside cBN grains, 

resulting from the initial HP cold compaction, were still visible in the PCBN sintered at 

1245°C. Such discontinuities were more cured in the samples sintered at 1350°C and 

particularly at 1420°C, which showed the least cBN internal cracks. With these findings
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and the assumption that all Ti, existing as a part of coating on cBN particles, had been 

fully-reacted with B and N atoms in forming TiN and TiB2, the PCBN’s theoretical 

density value was then calculated.

5.4.4 Effects of HP/HT sintering time

5.4.4.1 Effect o f sintering time on reaction phases

XRD patterns collected on PCBN starting with the pre-alloyed Mix III (Ti-coated 

cBN) sintered at 2 min, 15 min, and 30 min at 1350°C range displayed reaction products 

of TiN, TiB2, and a trace of Ti2O3, as shown in Figure 5-43. However, the peak intensity 

ratios of IiiN(111)/IcBN(111) and IiiB2(100)/IcBN(111), as plotted in Figure 5-44, were rather 

unchanged with the sintering temperatures studied. Namely, reactions between cBN and 

the Ti-containing coating layer, as described in Equation 2-10, were more responsive to 

the sintering temperature than sintering time which, again, was characteristic of diffusion 

controlled reaction process.

5.4.4.2 Effect o f sintering time on mechanical properties

Similar to the reaction compounds’ XRD peak intensities, the PCBN’s relative 

density, Vickers hardness, flexural strength, and indentation fracture toughness, as plotted 

in Figure 5-45, did not show significant changes with respect to the sintering time from 2 

to 30 min at 1350°C temperature range. These showed that the reactions between cBN 

and the Ti-containing coating as described in Equation 2-14 proceeded with fast kinetics 

at the temperature.
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5.4.4.3 Effect o f sintering time on microstrcutres

The microstructure of the PCBN sample, with 2 min sintering time using the Ti- 

coated cBN, exhibited some internal cracks and discontinuities that were not cured with 

the short sintering time at 1350°C temperature range, as shown in Figure 5-46 a) and b). 

The appearance of such discontinuities was reduced noticeably after 15 min sintering 

time and was even less in the sample sintered with 30 min time. The reaction products of 

TiN and TiB2 on the cBN grain surfaces seemed to increase with sintering time from 2 

min to 30 min, as indicated by the well-defined and thickening layer on the cBN grain 

boundaries. Although, increase in relative density and mechanical properties with 

sintering time were not measured. The fracture toughness values of Kc measured by 

Vickers indentation method showed a very slight decrease with increase of sintering time 

instead of the significant decline with increase in sintering temperature. Rather flat 

responses of TiN and TiB2 to cBN intensity ratios with increase of sintering time were 

detected, as shown in Figure 5-44.

5.4.4.4 Reaction phases in PCBN sintered using Ti-coated cBN

Detailed interaction between the Ti-coating and cBN grains in the PCBN HP/HT- 

reacted at 1350°C for 2 min is displayed in Figure 5-47 and reveals a mixture of TiB2 

(dark grey) visible inside the TiN matrix. It is different than what was observed in the 

cBN+Ti powder system in that the fine TiB2 formed directly on the cBN surfaces and 

TiN particles spread in the cBN grain boundary spaces, as shown in Figure 5-35. It was 

because the Ti-coating layer on the cBN powder consists of a large amount of TiN 

initially, before the HP/HT sintering, as shown in Figure 5-43. The 9vol% of 2.2^ pure

85



cBN added into the Ti-coated 16.3^ cBN provided new sources of B and N for in situ 

reactions with the Ti-containing coating by reducing the diffusion distance for B and N 

atoms migrating in the Ti matrix to reach stoichiometric concentration, thereby, 

providing conditions for faster reaction kinetics.

The results o f  x-ray diffraction, microstructure, and XRD showed that all Ti 

coating on cBN particles were fully reacted with cBN in forming TiN and TiB2 phases. 

Such reactions consumed part of the starting cBN from 88.5vol% down to 85.8vol% in 

Mix III (Ti-coated16.3cBN+9vol%2.2cBN), as listed in Table 5-8. Based on these 

numbers, the theoretical density of the PCBN using Mix III (Ti-coated cBN) was 

calculated.

Quantitative composition analysis with Rietveld refinement on the XRD pattern 

collected on sintered PCBN (Ti-coated cBN), as shown in Figure 5-48, resulted in a 

higher TiN content and TiN:TiB2 more than 2:1. This was attributed to the initial TiN that 

existed in the as received Ti-coated cBN particles. The reaction products in PCBN (Ti- 

coated cBN) were determined by the EBSD method.

EBSD results on PCBN HP/HT-sintered at 1350°C for 15 min using Mix III (Ti- 

coated cBN) are displayed in Figure 5-49, and show reaction products of TiN and TiB2 

among cBN particles with the phase area ratios listed in Table 5-9. Although lattice 

structure and parameter of TiB was also included in the EBSD scan, it did not detect any 

measureable quantity in the field analyzed. Both TiN and TiB2 were observed in contact 

with cBN grain boundaries. Minor crystal lattice distortions and strains were observed in 

large cBN grains reflected by the slight variation in the color shades and high density 2 

5° rotation angles from grain boundary to the center. Identification o f cBN, TiN, and
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TiB2 lattices and crystal structures again verified the reaction as described in Equation 2

1 0 .

All compounds detected in the field did not exhibit a preferred orientation, as 

revealed by the orientation mapping and inverse pole figure in Figure 5-50. Submicron

sized TiN particles were observed to form a matrix dispersed with fine TiB2 particles, as 

distinguished by the crystal lattice as well as orientation differences as displayed in 

Figure 5-51. The EBSD analysis revealed that the uniform Ti-containing coating on cBN 

surfaces, after HP/HT sintering, was reacted to produce mostly submicron TiN and TiB2 

particles, which provided direct and faster grain boundary diffusion channels for B and N 

atoms to diffuse into the remaining Ti instead of through the TiB2 or TiN particles. The 

x-ray mapping of the elements collected simultaneously with the EBSD scan is displayed 

in Figure 5-52 and was used in EBSD data processing.

5.5 PCBN Sintering Mechanism

5.5.1 cBN+Al system

5.5.1.1 Initial cBN+Al powder reactions prior to HP/HT sintering

During the pre-alloying treatment at 1000°C for 90 min in vacuum, the molten Al 

should react with cBN to form AlN and Al-boride, however, besides cBN and AlN, there 

was no detectable amount of AlB2 or AlB12 in the mixture after the vacuum treatment. 

This indicated that light B atoms dissolved from the cBN surface, traveled through the 

liquid Al and volatilized with some of the liquid Al at 1000°C in the 10-5 to 10-6 Torr 

vacuum before being cooled down to solidify as AlB2 from the Al-B solution. Under the 

vacuum and 1000°C temperature, wetting of liquid Al to cBN surface and the reaction
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product of AlN were observed to be localized and discontinuous on the cBN particle 

surfaces before HP/HT sintering.

5.5.1.2 cBN+Al reactions during PCBN sintering

Microscopically, upon heating in the initial stage of HP/HT sintering Al started 

melting and wetting of the cBN surfaces followed by breaking of N-B bonds, dissolving 

of B and reacting between Al with N atoms. Stable solid AlN was immediately formed on 

the cBN surface because of the near insolubility of N in liquid Al, at the same time, Al 

liquid metalizing of BN happened at temperatures higher than 980°C leading to AlB12 

formation. As identified by the EBSD analysis, the AlN formed was found to be fine and 

polycrystalline in nature and not as a continuous layer as previously thought. This 

enhanced continued B enrichment coming off the cBN surface and contacting by Al 

liquid via the fast AlN grain-boundaries transportation, instead of much slower diffusion 

through solid AlN lattice. Such process is illustrated in Figure 5-53 using a simplified 

cBN-Al contact-surface reaction model.

At temperatures higher than 660°C and time at t1, Al liquid started to form on the 

cBN and the cBN-Al interface consisted of cBN and A l^ containing B and N. AlN forms 

immediately after the N:Al=1:1 ratio is satisfied. As the temperature increased to 980°C 

at time of t2, AlB12 start to form at a molecular ratio of AlN:AlB12=12:1 with 12 times 

more AlN molecules already reacted. The interface was comprised of cBN and A l^ with 

dissolved B as well as AlN and AlB12 that had just formed. More fine particulate AlN and 

AlB12 were formed as the temperature and time increased until most of the Al liquid was 

consumed at time of t4. Finally, during the cooling stage when temperature was at and
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below 980°C, the remaining A l^-B  solution would solidify as AlB2 via the peritectic 

reaction determined by the Al-B phase diagram at time of t5. The interface of the final 

reactive sintering was cBN/(AlN, AlB12, and approximately 0.5% area fraction of AlB2).

Because of the Al metal’s low melting point and highly reactive nature, most cBN 

grains were shown to be surrounded by AlN and AlB12 or AlB2 without substantial cBN 

to cBN direct bonding observed in SEM or EBSD. As the sintering temperature and time 

increased, the continued reactions further thickened the AlN and AlB12 on cBN grain 

boundaries and consumed B and N atoms coming off the cBN’s surface layer and led to a 

further divided cBN to cBN grain structure.

5.5.1.3 Enhancement o f AlB2  formation instead o f AlB2

Equation 2-8 describes the reaction that, when temperature is at or below 980°C, 

for every two AlN molecules produced one AlB2 will be formed. At temperatures higher 

than 980°C, only AlB12 should be formed, as described in Equation 2-9; but for every 13 

Al atoms 12 will be consumed in forming AlN and only one will be available in forming 

AlB12, resulting in molar ratio of AlN:AlB12=12:1. It is reasonable to assume the reaction 

kinetic controls the reaction process. Instead of B atoms breaking free from BN lattice 

and dissolving into Al liquid, AlB12 can be formed by the mechanism of alumination of B 

rather than boriding of Al.62 In such process, Al enters the BN lattice which supplies 

abundant B atoms favoring the compound with the highest B content such as AlB12 to 

form in the initial stage. With this model, the difference in AlB2 content between cBN 

with 20vol%Al and 10vol%Al can be explained. After initial alumination of cBN by Al, 

the AlN and AlB12 formed on cBN surfaces significantly slowed down the further contact
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of large amounts of Al liquid behind the reaction front in the 20vol%Al outside the AlN 

particle layer; thereby, resulting in a rather deficient B in the Al liquid farther away from 

the cBN particle surface. Upon cooling to below 980°C, without reaching the B:Al=12:1 

ratio, such Al-B solution some distance away from cBN surfaces underwent peritectic 

reaction and formed AlB2, as observed in the fractured FSW tool.44 Whereas in Mix I 

(cBN+10vol%Al) not only was the total liquid Al available reduced from 27.8at% to

8.9at% at 1350°C, as shown in Table 5-10 and Figure 5-54, but the surface area of cBN

2 2was increased by 57%, from 0.443m /g to 0.695m /g, benefiting from the addition of the 

fine 2.2^ cBN. The increased B to Al ratio and shorter migration distance for Al to reach 

the cBN surface, owing to the 9vol% of fine and dispersive cBN addition, both promoted 

a fast and in situ formation of AlB12 to exhaust the liquid Al at temperatures higher than 

980°C.

5.5.2 cBN+Ti system

Without the liquid-phase assisted reactive-sintering by Al, reactions between cBN 

and Ti were a solid state sintering process controlled by diffusion and chemical reaction 

kinetics. Comparable to the cBN+Al system, similar metal boride and nitride reaction 

products, TiN and TiB2, were obtained in the cBN+Ti system, in the HP/HT sintering 

temperature and time studied. Contrasting to the cBN+Al system, because of the narrow 

solubility of B in Ti and wide solubility of N in Ti, N needed to dissolve and diffuse into 

the Ti further away from the cBN surface to form TiN.
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5.5.2.1 Reaction o f B with Ti

Although B-N-Ti is a ternary system, interdiffusion among B, N and Ti was not 

reported, instead, diffusion o f B and N atoms into Ti was considered fast and 

interstitial.160, 161 In the present study, assumptions were made that: a) diffusion of B and 

N atoms into Ti were individual events and b) the effect of high pressure applied to 

diffusion was ignored. The general equation for calculating the effect of temperature to 

the diffusion coefficient was given as :162

D  = D0 exp ( ) 5 -6  RT

where: D  is the diffusion coefficient at the given temperature (m /s), D 0 is a temperature 

independent pre-exponential (m /s), Qd is the activation energy for diffusion (J/mol), R is 

the gas constant (8.13J/mol/K), and T is temperature (K).

Because o f the limited solubility o f  B in Ti and also the fast reaction nature in 

forming TiB2, the diffusivity value of B in pure Ti was extremely difficult to measure.160 

It was very likely the reason that the literature search in the present study yielded only 

one publication in which the equation for B diffusion in a-Ti in the temperature range of 

1033 to 1117K (760 to 1090°C) was given as :161

D = ( 4 . 2 - )  x 1 0 6 exp[ - ( 1 1 3 1  ^ / mo‘ ]
RT s 5 -7

Using Equation 5-6, the diffusion coefficient of B in Ti was calculated at its

highest valid temperature of 882°C(1155°K), at which a-Ti to J3-Ti phase transformation

-11 2happens, D = 3.2610- m /s value was be extrapolated, as shown in Figure 5-55.
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With the calculated D value, the formation time and distance for B to diffuse and 

reach the concentration for TiB2 from cBN grain surface to the Ti matrix was calculated 

by applying Fick’s second law of diffusion:162

—  = d  ̂  5-8
dt dx

2
where: D is the diffusion coefficient (m /s); t is time (s); C is concentration of solute 

(wt%); and x is distance (m). Applying the boundary conditions as listed in Table 5-11, 

Fick’s second law can be expressed as:162

C -  C x
Cx C  = 1 -  erf (— = )  5-9
Cs -  C0 J 2^D t

where: Cx, Co, and Cs are boundary conditions as defined in Table 5-11, the expression of

x
er f  (— ^ = ) i s  a Gaussian error function. The value of erf(z) can be calculated or is given 

2V Dt

in mathematic tables with varying (z) values.162

Here an assumption was made that in order for the 2B+Ti=TiB2 reaction to fully 

complete, B concentration needed to reach the Cx=31.1wt%, the stoichiometric value of 

B wt% in TiB2. Also for estimation, 1^ to 5^ range was used as the distance that B atoms 

have to diffuse to satisfy the concentration of Cx=31.1wt% requirement. The calculation 

showed, as plotted in Figure 5-56, that even at the temperature of 882°C (1155°K) which 

was well below the HP/HT temperatures in the study, the time required was only in the 

order of seconds for B to diffuse through up to 5^ distance in a-Ti and to reach the 

concentration required forming TiB2 .

It was shown that diffusion coefficient for Ti self-diffusion exhibited a significant 

step-increase upon the phase transformation from a-Ti to P-Ti above 882°C. Such
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diffusivity enhancement also suggested corresponding enhancement of solute diffusion 

leading to deeper surface coatings of boride and nitride on surface of J3-Ti. 160 It is, 

therefore, reasonable to believe the diffusion coefficient of B in P-Ti (BCC) will be 

higher than a-Ti (HCP) in addition to the well-known effect of increasing temperature on 

diffusivity. This will promote more of the fast formation of TiB2 as-detected in less than 

the 2 min sintering time in the 1350°C temperature range of the present study.

5.5.2.2 Reaction o f N  with Ti

It is reasonable to assume the formation of TiN was controlled by the available N 

diffusing through the remaining channels of Ti in direct contact with cBN surfaces. As 

observed both in the SEM images and EBSD results, the reacted TiB2 was not a uniform 

and dense layer completely surrounding the cBN surfaces but rather submicron-sized 

particles leaving open channels for N atoms to diffuse directly into the Ti in contact with 

cBN or via the TiB2 grain boundaries. Using the reported diffusion coefficient of 

D=2.9x10-13m2/s for N diffusion in a-Ti at temperatures of 1350°C163 and the boundary 

conditions listed in Table 5-12, the diffusion distance (1^ to 5^ range) and time for N = 

22.6wt% concentration required in forming stoichiometric TiN was estimated and is 

shown in Figure 5-57.

Since the diffusion coefficient of N in Ti, at 1350°C was two orders of magnitude 

less than that of B in Ti at much lower temperature (882°C), B atoms diffused much 

faster than N in the Ti matrix. This resulted in TiB2 formation first and close to the cBN 

surface and TiN a further distance away, as shown in Figure 5-35. Based on the pre

exponent of N self-diffusion in TiN164 at D 0=5.4x10~7 (m/s2)  for 1000-1500°C
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temperature range, N diffusion through the newly formed TiN to reach stoichiometric or 

higher N/Ti ratio can be fast, thereby, exhausting the remaining Ti. Based on these 

calculations and assumptions the reaction process of cBN+Ti, with respect to temperature 

and time was illustrated in Figure 5-58.

5.5.2.3 Comparison o f cBN+ Ti powder and Ti-coating systems

The cBN+Ti reactive sintering may benefit from the Ti+2B=TiB2 reaction on cBN 

surface, which releases heat at 293kJ/mole,54 leading to rapid localized self-heating and 

densification under both the heat from the reaction and external pressure. This was 

possible in the continuous Ti-coating surrounding the cBN particles; as a result, the 

reactions can be continuous and sustained with localized self-heating and enhancement of 

N atoms’ diffusion into remaining Ti. This resulted in softening of the Ti-coating on cBN 

surfaces and hence the lubrication effect. There was no evidence of such continued 

reaction happening in sintering the cBN + Ti-powder system, which was observed to be 

very porous and therefore unable to sustain and propagate the exothermic self-heating 

reaction.

5.5.3 Comparison of cBN+Al and cBN+Ti systems

Both cBN+Al and cBN+Ti systems were examples of reactive sintering of PCBN 

starting from powder metal additive and reactively forming much higher melting points 

and stronger nitrides and borides. However, substantial differences existed between the 

two systems. The cBN+Al system utilized the Al’s low melting point for fast liquid- 

phase-assisted reactive-sintering and formation of AlN and AlB12 as well as little AlB2,
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whereas cBN+Ti system’s reactive-sintering may benefit from the exothermic 

Ti+2B=TiB2 reaction54 leading to rapid localized self-heating and densification under 

both the heat from the reaction and applied ultra-high pressure. However, this reaction 

may be limited if the Ti medium was not continuously surrounding the cBN particles, as 

demonstrated in the cBN+Ti powder system.

Increased room temperature KIC values, measured by diametral compression 

method as listed in Table 5-13, were obtained in PCBN using Mix I (cBN+10vol%Al) 

over the baseline PCBN (80-20vol%Al)’s, although the initial Al additive was reduced 

from 20vol% to 10vol%. In spite of missing the liquid-phase-assisted sintering, PCBN 

sintered using Mix III (Ti-coated cBN) still possessed a baseline PCBN 

(cBN+20vol%Al)-equivalent mean KIC value at room temperature, benefiting from the 

high degree packing of Ti-coated cBN particles and higher fracture toughness values of 

TiN and TiB2 over Al reaction compounds’.

In the present study, comparable fracture toughness values measured using the 

Vickers indentation and the diametral compression methods were obtained on the PCBN 

composites sintered at 1350°C for 15 min. As shown in Table 5-14, for the PCBN 

materials studied, both methods can be employed for fracture toughness estimates.

If Weibull modulus is considered for scaling from the small test sample volume to 

large FSW tools, one noticeable difference is that the Weibull modulus (m=16.8) of 

flexural strength obtained on PCBN (cBN+10vol%Al) is more than twice of the PCBN 

(Ti-coated cBN)’s (m=7.6), as shown in Figure 5-59. This predicted that failure load of 

the PCBN (cBN+10vol%Al) in larger volume tools may occur at a more predictable and 

narrower load range than that of the PCBN (Ti-coated cBN)’s. The Weibull moduli of
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fracture toughness distributions, measured using the Vickers indentation method, were 

very similar for the PCBN (90-10Al) and PCBN (Ti-coated cBN).

5.6 High Temperature Flexural Strength and Fracture Toughness of PCBN 

Three-point-bend and diametral compression methods were carried out in 

characterizing the sintered PCBN composites’ strength and fracture toughness at 

temperatures of 25°C, 900°C, and 1100°C in continuous argon flow-through atmosphere.

5.6.1 High temperature strength and toughness of PCBN (90-10vol%Al)

5.6.1.1 High temperature flexural strength

Increase of mean strength values of 16% and 15% were measured in PCBN (90- 

10Al) at 900°C and 1100°C, respectively, over the 25°C measured results, as displayed in 

Figure 5-60. The three mean values and individual data of the flexural strength obtained 

at 25°C, 900°C, and 1100°C, are listed in the Appendix and were compared using two- 

sample T-test.165 The null hypothesis was made that there was no significant difference in 

sample’s mean values between the 25°C to 900°C and 1100°C results. The T-test results 

concluded, with 95% and higher confidence, that the null hypothesis was rejected, as 

summarized in Table 5-15. Namely, the mean flexural strength values obtained at 900°C 

and 1100°C were statistically, significantly different than that of the 25°C result.

After cooling down to room temperature, the remainder and unstressed portion of 

the long bend-bars extended outside the span on the initially high-temperature-tested 

PCBN (90-10Al) were bending-tested at room temperature. As shown in Figure 5-61, the 

high-temperature increase of the strength was largely retained at room temperature with a
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slight decrease on samples initially tested at 900°C, which was still approximately 10% 

higher than the room-temperature tested mean value.

The T-test was applied also to compare the mean values of room-temperature 

retested using the unstressed portion of the long bend-bars after first exposing to 900°C 

and 1100°C. The two sample T-test results are summarized in Table 5-16 and are based 

on the flexural strength data collected initially at 900°C and 1100°C, respectively, and 

then retested again at 25°C (Reference the Appendix.)

The T-test confirmed, with 95% of confidence, that the null hypothesis was true. 

Namely, the mean flexural strength values initially tested at 900°C and 1100°C were 

statistically similar to the mean value collected after cooling down to room temperature. 

The slight increases of high temperature flexural strengths were largely retained to room 

temperature.

Fractography close to the tensile side on the room-temperature tested samples 

showed a mixed intergranular and transgranular fracturing mode as well as secondary 

cracks along the cBN-AlN/AlB12 grain boundaries, as shown in Figure 5-62 a). A slightly 

more intergranular cracking mode was observed in the 900°C tested sample, as revealed 

in Figure 5-62 b). At 1100°C, the fracture surface appeared to be mixed with 

intergranular and transgranular fracturing and a visible pocket of molten and re-solidified 

spherical aluminum-oxide very close to the tensile surface, as shown in Figure 5-62 c). 

Closer examination of the fractography, as shown in Figure 5-63, revealed intergranular 

fracturing with secondary cracking at room temperature; more damaged AlN-AlB1 2  

phases with cBN particle pullouts at 900°C; and increased transgranular fracturing 

through cBN grains at 1100°C. Localized phase transformation of the small amount of
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AlB2 ^  Al(l) + AlBX2 was visible on the fracture surface of 1100°C tested samples, both in

Figure 5-62 c) and Figure 5-64 c).

XRD patterns collected on the PCBN (90-10Al) before and after the flexural 

strength test at 1100°C did not reveal detectable amount of AlB2, as shown in Figure 

5-65. However, increases in both AlN and AlB12 were measured on the surface o f bend- 

bars after the 1100°C tests. Compared to as-is bend-bar surface before the flexural 

strength testing, larger sized and more clusters of AlN-AlB12 phase appeared on cBN 

grain boundaries on the free surface of 1100°C-tested bend-bar, as shown in 

Figure 5-66. It was the consequence of the inter-cBN-grainboundary phase of AlN and 

AlB12 seeping out of the free surface at 1100°C, driven by the thermal expansion stress 

and the surrounding bulk residual-stresses. Such spots of reverse peritectic reaction were 

also observed on fracture surfaces of 1100°C tested samples.

5.6.1.2 High temperature fracture toughness

Fracture toughness, Kjc, measured using the diametral compression method at 

900°C and 1100°C, revealed consistent KC  values comparable to those measured at room 

temperature; namely, no appreciable declining with increasing of temperature, as shown 

in Figure 5-67. This demonstrated again the PCBN (90-10Al)’s high temperature stability 

up to 1100°C.

Fractography of the PCBN (90-10Al) KIC-tested at 25°C, 900°C and 1100°C 

revealed mostly intergranular fracturing mode with isolated pockets of disintegration of 

AlN/AlB12 grain-boundary phases observed at 900°C and localized AlB2^Al(l)+AlB12 

decomposition in 1100°C-tested samples indicated by the oxidized Al spheres, as shown
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in Figure 5-68 through Figure 5-70. Such reverese peritectic phase transformation from 

low temperature stable and higher density AlB2 (p=3.19g/cc) phase to high-temperature 

stable and lower density AlB12 (p=2.6g/cc) resulted in some localized plastic deformation, 

which was evident from some of the localized ductile dimples at 1100°C as a result of 

cBN grain pull-outs.

5.6.1.3 High temperature strength and toughness

47Observed in another high temperature study, three-point-bending strength of the 

PCBN made of pure and fine cBN grains increased more than 20% from 800°C to 

1200°C. Study of pure AlN166 also showed that AlN’s strength at 1000°C was slightly 

higher than that of the room tempeature’s and it only dropped about 5% when tested at 

1250°C. Hence it was not unexpected that PCBN (90-10Al), being made of high volume 

cBN grains and the reacted AlN+AlB12 grain boundary phases, would exhibite high 

initial room temperature strength and a 15% increase at temperatures up to 1100°C.

High temperature phases are normally of lower density than their lower 

temperature counterparts.167 In the Al-B binary system, density of AlB2 (p=3.19g/cc) and 

(AlB 12 p=2.6g/cc) were reported, as listed in Table 2-1. The density difference 

corresponds to 22.7 vol% increase from lower-temperature-stable AlB2 phase to the high- 

temperature-stable AlB12 phase. At 980°C or higher temperature, the reverse peritectic 

reaction of AlB2 ^  Al(l} + AlB12under equilibrium condition produces 53.2wt% of A l^

(p=2.38g/cc) and 46.8wt% of AlB12 at ambient atmosphere; both lead to significant 

increase of volume over the AlB2 in cBN-intergranular junctions. Both hardness and 

toughness values of the high-temperature-phase AlB12 are higher than those of the low-
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temperature-phase AlB2. These compressive strains from the transformation zone 

resulting around the crack tip and along its faces could partially counteract or shield the 

crack from the normal stress levels, making it more difficult for the crack to propagate. 167

At room temperature, the cracking mode, as shown in Figure 5-68, was observed 

to have more cBN pullouts and intergranular secondary cracking via weak grain- 

boundary phases (AlN and AlB2). As the temperature increased to 900°C and 1100°C, the 

fractography close to the crack origin revealed increased transgranular fracturing through 

cBN particles, as shown in Figure 5-69 and Figure 5-70. To cause transgranular cBN 

fracturing, more energy is needed because, on average, boundary fracture energy was 

found to be about half that of the cleavage energy. 168

Ceramic microstructures can be modified to achieve increased crack deflection 

and impediment as well as increased fracture toughness. Approaches include controlled 

grain boundary phases and multimodal grain structures169 and introduction of second

170 171phase with different elastic modulus and thermal expansion coefficient. , Due to the 

higher coefficient of thermal expansion from AlN over cBN, AlN intergranular phase 

expands more than cBN grains at high temperatures resulting in a high compressive stress 

to the cBN grains as measured and calculated using XRD method and displayed in Figure 

5-71. The planar residual compressive stresses were measured on the as-is PCBN (90- 

1 0 Al) bend-bars and after 900°C and 1100°C tests on cBN crystals’ hkl=331, d=0.830A 

(ICDD 01-089-1498). The intensity plots at different (y )  angles, 20 ~ sin2(y )  plots, and 

linear regression results are shown in Figure 5-71 and the residual stress values are listed 

in Table 5-17.
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Compared to the as-is bend-bars, the extra compressive residual-stresses induced 

at high temperatures reflected the thermal expansion differences between the cBN 

particles and the intergranular phase, mostly AlN, surrounding them. Based on the two

dimensional thermal stress model, Equation 2-28 for two phase materials in Section 2.6.8, 

the thermal expansion stresses on the cBN-AlN interface was estimated and is illustrated 

in Figure 5-72. Assumptions made for the estimate were: a) the cBN particles were 

spherical-shaped and b) the outer layer consisted only AlN phase uniformly surrounding 

the cBN particle. The mean cBN grain size of 13.4^ (rCBN=6.7jU) was used for the 

modeling, which was obtained by measuring of the cBN mixture consiting of 90% of 

14.1^ and 10% 2.2^ particles. The AlN layer thickness of tAN = 0.28 ± 0.10^ was 

obtained by measuring intergranluar AlN thickness at 12 spots in three different SEM 

images taken at different field of views and mangfications on the PCBN (90-10Al) 

sintered at 1350°C for 15 min. The poisson’s ratio of vi for cBN and v2 for AlN was 

selected at 0.15 and 0.24, respectively. The temperature difference, AT, was selected as 

875°C (900°C-25°C) and 1075°C (1100°C-25°C) individually.

( a2-  a i)A T
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b 2 + a 2 ¥1)2
2-28

1 - ^ 1  , b 2 - a 2 
E l  E 2

As shown in Figure 5-73, the compressive stress acting on cBN particle surfaces 

ranged from -27MPa to -55MPa (points a and a ’) depending on the AlN layer thickness 

at 900°C; and from -33MPa to -68MPa at 1100°C (points b and b ’). The same magnitude 

of thermal stresses, but in tension, was acting on the AlN surface in contact with the cBN 

particles.

In simulating the phase-boundary dilation stress caused by the reverse peritectic



phase transformation of AlB2 ^ A lB 12 + Al(i), Equation 2-29 for a two-dimensional fitted

133cylindrical system was adapted for an AlB2 core and cBN sheath, as shown in Figure 

5-74. Then Equation 5-10 can be obtained as:

__ ___________ EAIB2 EcBN___________  - 2
(Pm E cB N (I- vAIB2) +eAIB2(1 -vcBn) ^ 5-10
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where: EAB2, EcBN, is the modulus of elasticity for the AlB2 core and the cBN sheath, 

respectively; a  is the dilation difference per unit length between the AlB2 core and the 

cBN sheath; p=r/R  is the distance r to core radius R ratio in a cylindrical coordinates; 

yAiB2, ycBNare poison’s ratio for the AlB2 core and the cBN sheath, respectively, a  is the 

dilation difference per unit length between the AlB2 core and the cBN sheath, and p  = 

R/r.

Assume for a disk with a volume V=rn h (h=height of the disk) the interfacial 

dilation difference per unit length is:

d r  dVa = e =  — =  — 5-11
r  2V  

W
P = v

For a fixed mass of AlB2 as the core disk, the volume change due to AlB2 ^  AlB12 

+ Al (i) phase transformation can be expressed as:

dV = VAWi2 — VAiB2 = wAiB2 ^ 5-12
^  z z \Pa ib 12 P a ib 2 J

In case I, consider only volume change caused by the phase transformation from 

AlB2  to AlB1 2 , then:

dV = V a U,, 2- V a w 2 = w  A i b (_J:--------- L.).PAABl 5-13
v  va ib 2 2 P a ib 12 P a ib 2 w AIB2



Using the density values of pAWz= 3.19g/cc and pAiBl2=2.60g/cc, as listed in 

Table 2-1, the dV/V=0.2269 and s=0.1135can be obtained. Substituting these values into 

Equation 5-10, and using rcBN=6.7y  for r and rAiB2 =0.25n  for Rk core as measured by 

EBSD; EcBN=870GPa for Em and EAB2=448GPa for Ek; vcBN=0.15 and vAlB2=0.274 for 

Vm and vk, respectively; the <r(pm can be calculated as: a=59.6MPa.

This stress is tensile on the AlB2  core (the stress for volume expansion from AlB2  

to AlB12) and compressive in the sheath (the cBN particles surrounding and constraining 

the phase transformation from happening freely).

In case II, consider phase transformation from AlB2 to AlB12 + Al(l) at T > 980°C 

via the reverse peritectic reaction of AlB2 ^ A lB 12 + Alo  By the lever rule, 1 wt% of 

AlB2 produces 53.2wt% of Al(l) (p==2.38g/cc) and 46.8wt% of AlB12. The combined 

density of AlB12 and Al(l) is pA W2 = 2.478g/cc. Applying Equation 5-10, the stress m 

was calculated as: a=75.4MPa. This stress is, again, tensile in the AlB2 core (the stress 

for volume expansion from AlB2 to AlB12 and AIq) and compressive in the sheath (the 

cBN particles surrounding/constraining the phase transformation from happening).

As shown in Figure 5-75, adding the estimated compressive interfacial thermal- 

expansion-stress on cBN particles in addition to the room temperature’s flexural strength 

value at 900°C, and the extra dilation stress resulting from the AlB2  pockets gave the 

same range of measured flexural strength values at 900°C and 1100°C for PCBN (90- 

10Al). Since the AlN-AlB12 phase was under tensile stress, opposed to the compressive 

stresses acting on the cBN gains, it perspired out of the free surface on the bend-bars at 

1100°C, as shown in Figure 5-66. The effect of thermal expansion mismatch was 

reserved to room temperature and led to additional residual stresses over the room
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temperature tested mean values as detected by the XRD method. Superimposing the 

residual stresses measured after the initial high temperature testing to the strength 

measured at 25°C also yielded similar increase effects at 900°C and 1100°C for PCBN 

(90-10Al) tested.

In summary, upon heating to 900°C the thermal expansion stresses caused by 

mostly AlN grain-boundary-phase applied compressive stresses on cBN particles in 

PCBN (90-10Al). This leads to extra energy required to fracture at high temperatures. 

Further heating up to 1100°C may lead to AlB2 ^ A lB 12 + Al() reverse peritectic 

decomposition in localized and confined pockets dispersed among the cBN grains, which 

induced additional compressive stress onto cBN grains. Such beneficial compressive 

stresses were largely retained after the samples were cooled down to room temperature, 

as reproduced by the follow-up bend-testing at room temperature using the extra-long 

unstressed portion. The residual stresses measured by XRD method on the 900°C and 

1100°C tested bend-bars revealed compressive stress levels agreeable to the extra 

strength increase after the high temperature exposure.

5.6.2 High temperature response of PCBN (Ti-coated cBN)

5.6.2.1 Effect o f temperature on flexural strength

The flexural strength by three-point-bend testing on the PCBN (Ti-coated cBN) 

showed a significant drop with increasing o f  test temperature, as displayed in Figure 

5-76. Compared with the mean value obtained at room temperature, more than 20% o f 

the room-temperature flexural strength was lost at 900°C and 50% at 1100°C. XRD 

conducted on the bending-tested samples revealed strong oxidation product of TiO2 in
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consumption of TiB2  and TiN on the surface of the PCBN samples, as shown in Figure 

5-77.

The fractography of bending-tested PCBN (Ti-coated cBN) at room temperature 

exhibited a mostly transgraular fracturing pattern, as shown in Figure 5-78 a) and b). As 

the test temperature incrased to 900°C, the fracture surface became intergranluar- 

dominant with damages to the reacted and intergranluar TiN and TiB2  phase and 

formation of the oxidation product of TiO2, as shown in Figure 5-78 c) and d). At 1100°C 

the fracture surface exhibited an intergranlular-dominant fracture mode with cBN grain 

pullouts and a complete disintigration of the TiN-TiB2  layer into spherical TiO2  particle, 

as shown in Figure 5-78 e) and f). The oxidation of TiN-TiB2 was also reaveled by the 

EDS spectrum and the XRD pattern in Figure 5-77, with an almost complete 

comsumption of TiB2 and about half of the TiN orginally reacted and formed on cBN 

particles surfaces. The disintigration of the cBN-grain-boundary phases by oxidation and 

pulveriztion of TiN and TiB2  was shown to be the cause for the decrease of the flexural 

strength for PCBN (Ti-coated cBN) at 900°C, and more siginificantly, at 1100°C.

Such oxidation and TiN-TiB2 disintegration happened mostly on the free surfaces 

of the bend-bars during the high temperature testing or on the fractured surfaces after 

samples break. As shown in Figure 5-79, the subsurface microstructure obtained by 

polishing on the cross-sectioned, tested bend-bar revealed TiO2 particles on top of the 

free surface and the depth of damage to TiN-TiB2 intergranular phase was less than 50^ 

on the tensile surface. The microstructure on bulk PCBN (Ti-coated cBN) was largely 

intact after heating upto 1100°C.
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5.6.2.2 Effect o f temperature on fracture toughness

Fracture toughness values of PCBN (Ti-coated cBN), measured using the 

diametral compression method, also exhibited a slight decreasing trend as the temperature 

reached 900°C and a further decline at 1100°C in comparison to the room-temperature 

tested samples, as shown in Figure 5-80.

The fractography close to the crack of origin of the KIC-tested sample at room 

temperature showed a transgranular dominant fracture mode with well-bonded TiN/TiB2 

cBN grain boundary phases, as shown in Figure 5-81. At 900°C, the rather uniform 

coating layer was visibly damaged and granulated, as shown in Figure 5-82, with fracture 

mode turning to a mixed intergranular and transgranular mode. At 1100°C, complete 

oxidation and pulverization o f the TiN/TiB2  coating on cBN grains occurred, as detected 

by the XRD and EDS, with the fracture mode turning to mostly intergranular, as shown 

in Figure 5-83. The oxidation and disintegration of the uniform and strong TiN-TiB2 

grain-boundary phases on the cBN crystals was responsible for the decrease in fracture 

toughness values at 900°C and 1100°C in PCBN (Ti-coated cBN).
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Figure 5-1. TGA response of cBN powder in air.
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Figure 5-2. Morphology of cBN crystals after being heated up to1500°C in air.
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Figure 5-3. TGA response of AlN powder in air.

Figure 5-4. TGA response of AlB2 in air.
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Figure 5-5. Thermal and oxidation responses of the Ti-coated cBN powder (Diamond 
Innovations, 12-22 BMP-Ti).
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Figure 5-6. Mix I (cBN+10vol%Al) after 1000°C for 90 min vacuum treatment showing:
a) reacted Al on cBN grains and b) spherical Al bonded with fine cBN particles.
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Figure 5-7. TGA response of Mix I (cBN+10vol%Al) in Ar, after pre-reaction in vacuum 
at 1000°C for 90 min.

Figure 5-8. High pressure (HP=5.5GPa) cold-compacted Mix I (cBN + 10vol%Al): a) SE
image o f the compacted mixture and b) BSE image o f two fractured cBN particles.
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Figure 5-9. XRD patterns of PCBN HP/HT-sintered using Mix I (cBN + 10vol%Al) with 
15 min sintering time.
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Figure 5-10. Effect of sintering temperature to XRD intensity ratio of Iain(1oo)/Icbn(111) in 
PCBN (90-10Al) sintered for 15 min.
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Figure 5-11. Effect of HP/HT-sintering temperature on properties of PCBN (90-10Al): a) 
relative density, b) four-point-bend flexural strength, c) Vickers hardness, and d) fracture 
toughness measured by indentation method, all with 15 min sintering time.
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Figure 5-12. Images of: a) Vickers indentation in PCBN (90-10Al) and b) SEM image of 
one of the Vickers indentation cracks.
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e) f)
Figure 5-13. SE and BSE images of PCBN sintered using Mix I (cBN + 10vol%Al): a) 
and b) at 1245°C; c) and d) at 1350°C; e) and f) at 1490°C; all sintered for 15 min.
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Figure 5-14. XRD patterns of PCBN HP/HT-sintered using Mix I (cBN + 10vol%Al) 
with different sintering times in the 1350°C range.

Figure 5-15. XRD intensity ratio of Ia1N(100)/IcBN(111) in the PCBN (90-10Al) sintered with 
different sintering time in the 1350°C temperature range.
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Figure 5-16. Effect of sintering time on properties of PCBN (90-10Al) sintered in the 
1350°C range: a) relative density, b) four-point-bend flexural strength, c) Vickers 
hardness, and d) fracture toughness measured by indentation method.
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e) f)

Figure 5-17. SE and BSE images of PCBN HP/HT(90-10Al) sintered at: a) and b) 2 min; 
c) and d) 15 min; e) and f) 30 min; all in the 1350°C temperature range.
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Figure 5-18. BSE image PCBN (90-10Al) showing cBN grains surrounded by AlN and 
AlB12.
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Figure 5-19. X-ray line-scan across the cBN grain boundary area and the relative 
intensity o f  the elements.
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B -A l

Figure 5-20. Mix I (90-10vol%Al) composition superimposed on Figure 2-6. B-Al phase 
diagram. (Reprinted with permission from the Am. Ceram. So., Fig. 8801,77 originally 
published by Carlson, O. N. Bull. Alloy Phase Diagrams, 11[6], 1990, 560-566.)
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Figure 5-21. XRD on PCBN (90-10Al) HP/HT sintered at 1350°C for 15 min.
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Figure 5-22. EBSD result of PCBN (90-10A1) sintered at 1245°C for 15 min: a) SEM 
image; b) EBSD image quality map; c) phase map; d) area fraction of all phases; e) cBN 
grain image-quality map superimposed with grain-boundary rotation angles; and f) 
rotation-angle range of cBN grain-boundaries marked.
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Figure 5-23. EBSD results: a) orientation mapping of all phases in the PCBN analyzed 
and b) inverse pole figures of each phase, in PCBN (90-10Al) sintered at 1245°C for 15 
min.
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Figure 5-24. Phase and orientation map, grain size: a) and b) cBN; c) and d) AlN; e) and 
f) AlB12; and g) and h) AlB2 in PCBN (90-10Al) HP/HT-sintered at 1245°C for 15 min.
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Figure 5-24. Continued.
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Figure 5-25. Boron (B), nitrogen (N), aluminum (Al), and oxygen (O) mapping collected 
simultaneously with the EBSD, in PCBN (90-10Al) sintered at 1245°C for 15 min.
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Figure 5-26. EBSD result: a) image quality map, b) phase map, and c) area fractions of 
phases in PCBN (90-10Al) HP/HT-sintered at 1420°C for 15 min.
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a) b)

Figure 5-27. EBSD results: a) orientation mapping of all phases in the PCBN analyzed 
and b) inverse pole figures of each phase in PCBN (90-10Al) sintered at 1420°C for 15 
min.
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Figure 5-28. Phase and orientation map and grain size distribution of: a) and b) cBN; c)
and d) AlN; e) and f) A lB12; and g) and h) AlB2 in PCBN (90-10Al) sintered at 1420°C
for 15 min.
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Figure 5-29. Boron (B), nitrogen (N), aluminum (Al), and oxygen (O) mapping collected 
simultaneously with the EBSD, in PCBN (90-10Al) sintered 1420°C for 15 min.
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Figure 5-30. TGA response of PCBN (90-10Al), at 1000°C for 300 min in air, where 
sample 1-1 was sintered at 1350°C for 2 min; 1-2 at 1245°C for 15 min; and 1-5 at 
1420°C for 15 min.

F igure 5-31. XRD patterns of PCBN (90-10Al) before and after heat treating at 925°C 
and 1000°C for 90 min in vacuum.
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Figure-5-32. XRD patterns of PCBN HP/HT-sintered at different temperatures with 15 
min sintering time, from Mix II (cBN+10vol%Ti).
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Figure 5-33. XRD intensity ratios o f IiiN(111)/IcBN(111) and IiiB2(100)/IcBN(111) with respect to
sintering temperature, in PCBN sintered using cBN+Ti powder.
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e) f)

Figure 5-34. SE and BSE images of PCBN sintered using Mix II (cBN+10vol%Ti): a) 
and b) at 1245°C; c) and d) at 1350°C c); e) and f) at 1420°C, all sintered for 15 min.
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Figure 5-35. Intergranular cBN-Ti boundary area in PCBN (90-10Ti): a) SEM image of 
the cBN grain boundaries and b) x-ray line scan as indicated by the arrow.
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Figure 5-37. Ultrahigh-pressure (5.5GP) cold-compacted Mix III (Ti-coated cBN): a) as 
compacted mix and b) measurements of the Ti-coating layer on cBN grains.
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Figure 5-38. XRD patterns of PCBN HP/HT-sintered at different temperatures from Mix 
III (Ti-coated cBN) with 15 min sintering time.
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Figure 5-39. Intensity ratios o f IiiN(111)/IcBN(111) and IiiB2(100)/IcBN(111), in PCBN (Ti-coated
cBN), with respect to sintering temperature under 15 min sintering time.
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Figure 5-40. Effects of sintering temperature on PCBN (Ti-coated cBN): a) relative 
density; b) Vickers hardness; c) four-point-bend flexural strength; and d) indentation 
fracture toughness.
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Figure 5-42. PCBN (Ti-coated cBN) sintered under different temperatures: a) SE and b) 
BSE images of 1245°C, c) an d) 1350°C, e) and f) 1420°C, with 15 min sintering time.
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Figure 5-43. XRD patterns of PCBN HP/HT-sintered from Mix III (Ti-coated cBN).
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Figure 5-44. Intensity ratios o f IiiN(111)/IcBN(111) and IiiB2(100)/IcBN(111) with respect to
sintering time in PCBN (Ti-coated cBN).
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Figure 5-45. Effects of sintering time to PCBN HP/HT-sintered using Mix III (Ti-coated 
cBN): a) relative density; b) Vickers hardness; c) four-point-bend flexural strength; and 
d) indentation fracture toughness.
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Figure 5-46. PCBN sintered using Mix III (Ti-coated cBN): a) SE and b) BSE images 
of 2 min, c) and d) 15 min, e) and f) 30 min sintering time in the 1350°C temperature 
range.
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Figure 5-47. SEM image shows reacted cBN and the Ti-coating resulting in a mixture of
TiB2 and TiN among cBN particles in PCBN (Ti-coated cBN) a) and x-ray line scan
along the line indicated by the arrow b).
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Figure 5-48. XRD pattern of PCBN (Ti-coated cBN) sintered from Mix III.
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Figure 5-49. EBSD results of PCBN sintered at 1350°C for 15 min using Mix III (Ti- 
coated cBN): a) SEM image; b) EBSD image-quality map of the actual area analyzed; c) 
phase map; and d) area fraction of phases identified.
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a) b)

Figure 5-50. EBSD results: a) orientation mapping and b) inverse pole figures of all 
phases.
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Figure 5-51. Individual phase mapping, grain size distribution and mismatch angle of: a) 
and b) cBN; c) and d) TiN; e) and f) TiB2; and g) TiB.
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g)

Figure 5-51. Continued.
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B N

10 pm

Ti

10 pm

Figure 5-52. Boron (B), nitrogen (N), aluminum (Al), and oxygen (O) mapping collected 
simultaneously with the EBSD, in PCBN sintered at 1350°C for 15 min using Mix III 
(Ti-coated cBN).
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Figure 5-53. Schematic of reaction process and products of cBN+Al in HP/HT sintering, 
where CB and CN are wt% of B and N in cBN, respectively; C’B and C’N are their 
corresponding wt% ratios to Al; and time: t0 < t1 < t2 < t3 < t4 < t5.
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Figure 5-54. Starting Mix I (cBN+10vol%Al) and baseline cBN+20vol%Al compositions 
superimposed on Figure 2-6. B-Al phase diagram. (Reprinted with permission from the 
Am. Ceram. So., Fig. 8801,77 originally published by Carlson, O. N. Bull. Alloy Phase 
Diagrams, 11[6], 1990, 560-566.)
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1/T (x1000°K)

Figure 5-55. Estimated diffusion coefficient of B in a-Ti.

Figure 5-56. Calculated diffusion distance and time required to reach B = 31.3wt% for
TiB2 formation in pure Ti, using the diffusion coefficient o f B in a-Ti at 882°C.
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Figure 5-57. Calculated diffusion distance and time required to reach the N=22.6wt% for 
TiN formation in comparison to the calculated B diffusion model in Ti.

Figure 5-58. Schematic of reaction process and products of cBN+Ti in HP/HT sintering. 
CB and CN are wt% of N and B in cBN, respectively; C’B and C’N are their corresponding 
wt% in Ti; temperature T0 < T1 < T2 < T3; and time t0< t1 < t2 < t3 < t4 .
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Fracture toughness, Kc, (MPa Vm)

c) d)

Figure 5-59. Comparison of PCBN (cBN-10Al) and PCBN (Ti-coated cBN): a) Weibull 
distribution of flexural strength values and b) corresponding Weibull modulus; c) Weibull 
distribution of fracture toughness; and d) corresponding Weibull modulus.



152

Temperature, °C 25 900 1100

Mean±1std dev, MPa 621.9 ± 78.9 720.2 ± 63.5 712.3 ± 114.6

Figure 5-60. Flexural strength of PCBN made of 10vol%Al at high temperatures.

□ Initial test
□  RT retest

900 1100
Initial test temperature, °C

Initial test temperature 900°C 1100°C
Flexural strength 720.2 ± 63.5 712.3 ± 114.6
Retested at room temperature 681.4 ± 78.1 700.8 ± 99.2

Figure 5-61. Comparison of flexural strength values, of initially high-temperature tested 
and then retested after cooling down to room temperature of PCBN (90-10Al) samples.
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Figure 5-62. Fracture surface (close to the tensile surface) of PCBN (90-10Al) after three- 
point-bend test: a) at 25°C, b) at 900°C, and c) at 1100°C.
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e) f)
Figure 5-63. SE and corresponding BSE images of fracture surface of PCBN (90-10Al) 
after three-point-bend test: a) and b) at 25°C; c) and d) at 900°C; e) and f) at 1100°C .1 I
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Figure 5-64. Fracture surface of PCBN (90-10Al) after three-point-bend test at 1100°C: 
a) SE image, b) corresponding BSE image and c) the EDS spectrum.
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2theta,°

Compound cBN AlN AlB12

90-10Al as is, wt% 88.9 8.1 3.0
90-10Al 1100°C tested, wt% 80.4 10.7 8.9

Figure 5-65. XRD pattern collected on the PCBN (90-10Al) before and after the 1100°C 
flexural strength testing.

a) b)

Figure 5-66. SEM images of PCBN (90-10Al) bend-bar free-surface: a) before bending 
test and b) after test at 1100°C.
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a)

Test ID 25°C 900°C 1100°C
1 8.60 8.667 8.511
2 8.46 8.965 8.604
3 8.39 8.537 8.716
4 8.90 - -
5 8.58 - -
6 8.26 - -

Avg= 8.53 8.72 8.61

b)

Figure 5-67. Fracture toughness of PCBN (cBN+10vol%Al) tested by the diametral 
compression method at different temperatures: a) Kc  vs temperature plot and b) 
individual sample values.
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Figure 5-68. PCBN (90-10Al) after Kc  test at 25°C: a) fracture starting point; b) end of
fracturing; c) magnified view and d) corresponding BSE image.
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Figure 5-69. PCBN (90-10Al) after Kc  test at 900°C: a) fracture starting point; b) end of
fracturing; c) typical fracture surface and d) corresponding BSE image.
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Figure 5-70. PCBN (90-10Al) after Kc  test at 1100°C: a) fracture starting point; b) end of
fracturing; c) magnified view and d) corresponding BSE image.
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Figure 5-71. Residual stress measurement on PCBN (90-10Al) three-point-bend bars 
tested at 25°C, 900°C, and 1200°C: a) c) e) cBN peak intensity plots; and b) d) f) 
26 ~sin (y )  plots and linear regression results.
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v (deg) (sin(v)) 2 26(deg)
-53 -0.638 136.54
-41 -0.43 136.45
-29 -0.235 136.42
-17 -0.085 136.39

e)

Figure 5-71. Continued.
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Figure 5-72. A simplified model for thermal-expansion stress estimate for cBN-AlN two 
phase.
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Temp difference, AT  875°C 1075°C 
AlN t=0.18 |i -27 MPa -33 MPa
AlN t=0.38 |i -55 MPa -68 MPa

Figure 5-73. Thermal expansion stress estimated for cBN-AlN spherical interfaces at 
mean cBN 13.4^ (rcBW=6.7^).

Figure 5-74. Modeling of the dilation effect of an AlB2 disk surrounded by a cBN 
cylinder.
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Figure 5-75. High temperature flexural strength measured for PCBN (90-10Al) at 25°C; 
25°C + residual stress measured; and 25°C + thermal expansion modeled at 900°C; and 
25°C + thermal expansion modeled + phase transformation at 1100°C, respectively.

Temperature, °C

Temperature, °C 25 900 1100

Mean±1std dev, MPa 674.4 ± 85.7 497.1 ± 86.5 298.3 ± 30.1

Figure 5-76. Flexural strength o f PCBN made o f Ti-coated cBN at high temperatures.
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2-theta  (deg)

a)

2-theta  (deg)

Compound cBN TiN TiB2 Ti2O3 TiO2

25°C, wt% 87.7 8.4 3.0 0.9 -
1100°C, wt% 75.1 3.7 0.0 - 21.2

b)

Figure 5-77. XRD patterns collected on PCBN (Ti-coated cBN): a) at 25°C and b) after 
1100°C testing.

1500



166

e) f)
Figure 5-78. Fracture surface of PCBN (Ti-coated cBN) three-point-bend tested: a) SE 
image and b) corresponding BSE image at 25°C; c) and d) at 900°C; e) and f) at 1100°C.
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Figure 5-79. PCBN (Ti-coated cBN) bend-bars tested at 1100°C: a) SE image o f the
cross-section; b) corresponding BSE image; and c) enlarged view o f the subsurface.
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a)

Test ID 25°C 900°C 1100°C
1 7.01 6.54 7.01
2 7.31 7.44 6.74
3 7.76 7.91 5.45
4 7.36 6.27 5.98
5 8.19 - -

Avg= 7.53 7.04 6.30

b)

X
X8

6

Figure 5-80. Fracture toughness of PCBN (Ti-coated cBN), by the diametral compression 
method, tested at different temperatures, a) plot and b) individual test values.
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Figure 5-81. PCBN (Ti-coated cBN) after Kc  test at 25°C: a) fracture starting area; b)
end o f fracturing; c) magnified view and d) its corresponding BSE image.
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Figure 5-82. PCBN (Ti-coated cBN) after Kc  test at 900°C: a) fracture starting area; b)
end o f  fracturing; c) magnified view o f  the starting area and d) its corresponding BSE
image.
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Figure 5-83. PCBN (Ti-coated cBN) after Kc  test at 1100°C: a) fracture starting area; b)
end o f fracturing; c) magnified view o f the starting area and d) its corresponding BSE
image.
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Table 5-1. Diffraction data of major peaks for hcp-structured AlB2, (ICDD 39-1482).

d I/Iq hkl 20
3.2503 12 001 27.42
2.6039 34 100 34.41
2.0325 100 101 44.54
1.5023 24 110 61.69

Table 5-2. Calculated reaction products in PCBN (cBN + 10vol%Al) using Equation 2-
13.
Compound Al BN AlN AlB12

Starting mix, vol% 10% 90% - -
Fully reacted, vol% - 83.5% 11.9% 4.6%

Table 5-3. B and Al wt% detected by EDS in the B-rich Al-solution areas.

Element B Al N B/Al
EDS-1, wt% 72.6 17.2 10.2 4.2
EDS-2, wt% 75.8 15.3 8.9 5.0
AlB12 theoretical, wt% 82.8 17.2 - 4.8

Table 5-4. Equilibrium compositions of Al^, AlB12, and AlB2 their Al consumptions at
elevated temperatures in Mix I (cBN+10vol%Al), as calculated by the lever rule.

Phase Al(i) (wt%) AlB12 (wt%) AlB2 (wt%)
T = 1350°C 15.7 84.3 -

- Al content (0.10) (0.51)
T > 980°C 13.5 86.5 -

- Al content (0.013) (0.082)
T = 980°C 46.8 - 53.2

- Al content (0.006) (0.007)
T < 980°C - 43.1 56.9

- Al content (0.0028) (0.0034)

Table 5-5. Calculated equilibrium composition, by lever rule, for PCBN HP/HT-sintered 
using Mix I (90+10vol%Al).

Compound cBN AlN AlB12 AlB2

Wt% 86.34 10.17 3.47 0.02

Vol% 84.52 10.89 4.58 0.02
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Table 5-6. Compounds and their area fractions detected by EBSD method in PCBN (90- 
10Al) sintered at 1245°C for 15 min.

Phase cBN AlN AlB12 AlB12 AlB2

Lattice (cubic) (hexagonal) (tetragonal) (orthorhombic) (hexagonal)
Area fraction 74.7% 15.8% 8.9% 0 .1% 0.5%

Table 5-7. Compounds and their area fractions detected by EBSD in PCBN (90-10Al) 
sintered at 1420°C for 15 min.

Phase cBN 
Lattice (cubic)

AlN AlB12 AlB12 AlB2 

(hexagonal) (tetragonal) (orthorhombic) (hexagonal)
Area fraction 66.9% 20 .2% 12.1% 0 .2% 0 .6%

Table 5-8. Calculated reaction products in PCBN (Ti-coated cBN).

Compound Ti* BN TiN TiB2
Start mix, vol% 11.5% 88.5% - -
Fully reacted, vol% - 85.8% 8.5% 5.7%
Fully reacted, wt% - 80.7% 12.4% 6.9%
*- calculated based on the assumption that the 15.8wt% of Ti-coating on coarse cBN 
consists of pure Ti.

Table 5-9. Compounds detected by EBSD method in PCBN (Ti-coated cBN).

Phase cBN TiN TiB2

Lattice (cubic) (cubic) (hexagonal)
Area fraction 75.0% 11.0% 14.0%

Table 5-10. Equilibrium molar ratios of AlB12 and Al-B liquid calculated by lever rule at 
1350°C.

Composition Al-B liquid AlB12

Mix I (cBN+10vol%Al) 8.9 at% 91.1 at%
Baseline(cBN+20vol%Al) 27.7 at% 82.2 at%
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Table 5-11. Boundary conditions applied for calculation of B diffusion in Ti matrix.

Concentration B wt%
Starting B in Ti C0 0 .0%
Starting B in BN Cs 43.6%
B in fully reacted TiB2 at distance (x) in Ti Cx 31.1%

Table 5-12. Boundary conditions used for estimated N diffusion Ti matrix.

Concentration N wt%
Starting N in Ti C0 0 .0%
Starting N in BN Cs 56.4%
N in fully reacted TiN at distance (x) in Ti Cx 22 .6%

1/2Table 5-13. Fracture toughness Kc  (MPam  ) values of PCBN measured using diametral 
compression method at room temperature.

Test ID Baseline Mix I Mix III
cBN + 20vol%Al cBN + 10vol%Al Ti-coated cBN

1 7.11 8.60 7.01
2 7.05 8.46 7.31
3 7.50 8.39 7.76
4 7.65 8.90 7.36
5 7.85 8.58 8.19
6 7.15 8.26 -
7 7.16 - -

Mean = 7.35 8.53 7.53
Std Dev = 0.31 0.22 0.46

Table 5-14. Fracture toughness K c (MPa m1/2) values of PCBN measured using Vickers
indentation method at room temperature.

PCBN tested Baseline 
cBN + 20vol%Al

Mix I 
cBN + 10vol%Al

Mix III 
Ti-coated cBN

1 7.1 8.2 6.1

2 8.1 6.9 6.5
3 9.0 8.4 6.8

4 8.1 7.4 9.9
Mean = 8.1 7.7 7.4



175

Table 5-15. Two-sample T-test comparison of flexural strength values obtained at 900°C 
and 1100°C to 25°C.

Comparison of mean 25°C to 900°C 25°C to 1100°C
Degree of freedom 20 22

Tails = 2, probability 0.05 0.05
a  value 0.0033 0.0330
Tq.05(2),20 3.46 2.44
To.05(2),20 critical value 2.09 2.07
The null hypothesis Rejected Rejected

Table 5-16. Two-sample T-test comparing flexural strength values of room-temperature 
retested to the initially high-temperature tested.

Comparison 25°C-retested to 900°C 25°C-retested to 1100°C
Degree of freedom 15 16
Tails = 2, probability 0.05 0.05
a  value 0.2996 0.8153
To.05(2),20 0.920 0.279
To.o5(2),2o critical value 2.13 2.12

The null hypothesis True True

Table 5-17. Residual stress measurements on bending bars.

Bending test temperature (as-is before test) 900°C 1100°C
Residual stress, M Pa -568± 105 -626 ± 222 -676± 164
Change of residual stress, MPa NA -58 -108
Stress factor, MPa/deg -2,641.2 -2,639.9 -2,643.9



6 CONCLUSION

Reaction products of PCBN HP/HT-sintered using 90vol% cBN and 10vol%Al as 

starting powder were comprised of AlB12 and 0.5vol% of AlB2 in addition to AlN as the 

inter-cBN-granular phases.

The PCBN (90-10vol%Al) consisting of mostly AlB12 as the boride exhibited 

increased flexural-strength values from room temperature to 1100°C, contributed to by 

the high thermostability of cBN, AlN, and AlB12 as well as thermal stresses applied to the 

cBN particles. The flexural strength gained at high temperatures was largely retained 

after cooling down to room temperature, benefiting from the high compressive residual 

stresses applied to cBN particles.

The PCBN (90-10vol%Al) containing AlB12 as the major boride exhibited 

constant fracture toughness from room temperature to 1100°C measured by diametral 

compression method.

With the consistent room to high temperature thermostability, flexural strength, 

and fracture toughness, the PCBN (90-10vol%Al) is suitable for high temperature 

applications.

The titanium powder as a PCBN-sintering additive did not provide the high 

degree of densification attainable by Al powder in the HP/HT-sintering range of 5.5GPa 

and temperatures up to 1450°C.



The titanium-coating on cBN powder was shown to be an excellent sintering 

additive in providing a high degree of densification and reactions in HP/HT-sintering of 

PCBN, under 5.5GPa pressure and up to 1450°C temperature, and resulted in TiB2 and 

TiN as the intergranular phases.

Oxidation of the intergranular TiB2 and TiN phases in the PCBN made of Ti- 

coated cBN powder was observed at temperatures from 900°C to 1100°C during flexural 

strength and fracture toughness tests and led to reduced flexural strength and fracture 

toughness at high temperatures.

EBSD method was applied in detecting and mapping the 0.5vol% of fine and 

dispersive AlB2, by lattice structure, as a reactive-sintering product in the PCBN 

microstructure consisting mostly of AlB12 as the major boride.

EBSD results revealed the reaction phases of AlN, AlB12, AlB2, TiN, and TiB2 in 

the PCBN are fine, submicron sized, and randomly oriented as inter-cBN-granular 

phases.

177



APPENDIX

FLEXURAL STRENGTH VALUES

Table A-1. Three-point-bending strength and strain of PCBN (90-10Al) tested at 25°C.

Test No. Peak Stress (MPa) Strain at Break (mm/mm)
1 744.8 0.008
2 581.0 0.009
3 498.4 0.009
4 572.3 0.009
5 647.6 0.009
6 675.1 0.012

7 693.5 0.011

8 615.8 0.008
9 671.2 0.011

10 519.6 0.008
Mean 621.9 0.009

Std Dev 78.9 0.001
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Table A-2. Three-point-bending strength, strain, sample weight change% (after test) o f
PCBN (90-10A1) tested at 900°C (corrected for the push rods’ friction at the high
temperature).

Test No. Peak Stress (MPa) Strain at Break (mm/mm) AW [(Wf-Wo)/Wo]
1 740.6 0.012 -0.05%
2 745.3 0.024 -0.03%
3 743.7 0.025 -0.06%
4 547.3 0.015 -0.03%
5 741.1 0.017 -0.06%
6 748.2 0.025 -0 .02%
7 759.8 0.027 -0 .02%
8 758.8 0.037 -0 .01%
9 697.5 0.021 -0 .02%
10 719.8 0.05 0 .01%

Mean 720.2 0.025 -0.03%
Std Dev 63.5 0.011 0 .02%

Table A-3. Three-point-bending strength and strain of PCBN (90-10Al) retested at 25°C 
using unstressed remainder portion o f bars initially tested at 900°C.

Test No. Peak Stress (MPa) Strain at Break (mm/mm)
1 737.7 0.013
2 522.9 0.024
3 726.6 0.014
4 705.4 0.014
5 750.4 0.020

6 651.7 0.026
7 675.0 0.013

Mean 681.4 0.018
Std Dev 78.1 0.006



180

Table A-4. Three-point-bending strength, strain, sample weight change% (after test) of
PCBN (90-10A1) tested at 1100°C (corrected for the push rods’ friction at the high
temperature).

Test No. Peak Stress (MPa) Strain at Break (mm/mm) AW, [(Wf-Wo)/Wo]
1 693.0 0.028 -0 .21%
2 525.1 0.012 -0 .10%
3 624.2 0.020 -0.03%
4 558.0 0.009 -0.08%
5 715.4 0.009 -0 .11%
6 718.0 0.012 -0.03%
7 680.6 0.011 -0.13%
8 735.8 0.010 -0 .12%
9 800.7 0.011 -0.05%
10 957.0 0.012 -0.06%
11 797.3 0.010 -0.05%
12 742.1 0.012 -0.09%

Mean 712.3 0.013 -0.09%
Std Dev 114.6 0.006 0.05%

Table A-5. Three-point-bending strength and strain of PCBN (90-10Al) retested at 25°C 
using unstressed remainder portion of bars initially tested at 1100°C.

Test No. Peak Stress (MPa) Strain at Break (mm/mm)
1 746.2 0.009
2 723.9 0.009
3 694.0 0.014
4 846.8 0.011

5 731.0 0.009
6 624.3 0.009
7 732.4 0.010

508.0 0.013
Mean 700.8 0.011

Std Dev 99.2 0.002
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Table A-6 . Three-point-bending strength and strain of PCBN (Ti-coated cBN) tested at 
25°C.

Test No. Peak Stress (MPa) Strain at Break (mm/mm)
1 577.7 0.009
2 653.8 0.010

3 610.6 0.009
4 707.7 0.010

5 886.0 0.010

6 677.0 0.010

7 654.3 0.010

8 674.7 0.010

9 701.3 0.010

10 601.4 0.009
Mean 674.4 0.010

Std Dev 85.7 0.000

Table A-7. Three-point-bending strength, strain, and sample weight change% (after test) 
of PCBN (Ti-coated cBN) tested at 900°C (corrected for the push rods’ friction at the 
high temperature).

Test No. Peak Stress (MPa) Strain at Break (mm/mm) AW, [(Wf-Wo)/Wo]
1 421.8 0.006 0.04%
2 536.5 0.012 0 .11%
3 485.0 0.018 0.40%
4 604.8 0.010 0.07%
5 583.2 0.012 0.04%
6 566.6 0.016 0.05%
7 571.4 0.011 0 .10%
8 424.4 0.046 0.06%
9 418.8 0.029 0 .10%
10 358.5 0.010 0.06%

Mean 497.1 0.016 0 .10%
Std Dev 86.5 0.012 0 .11%
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Table A-8. Three-point-bending strength, strain, and sample weight change% (after test)
o f PCBN (Ti-coated cBN) tested at 1100°C (corrected for the push rods’ friction at the
high temperature).

Test No. Peak Stress (MPa) Strain at Break (mm/mm) AW, [(Wf-Wo)/Wo]
1 294.3 0.010 0.18%
2 243.7 0.055 0.14%
3 358.2 0.013 0.09%
4 322.3 0.048 0.47%
5 279.6 0.055 0.29%
6 296.0 0.073 0.13%
7 291.9 0.080 0.29%
8 293.5 0.055 0 .12%
9 284.9 0.063 0.29%
10 318.5 0.114 0.13%

Mean 298.3 0.057 0 .21%
Std Dev 30.1 0.030 0 .12%
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