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bstract

6O/TiB2 composites with varying compositions were produced by FAST/SPS at temperatures between 1850 and 1900 ◦C following a non-reactive
r a reactive sintering route. The densification, phase and microstructure formation and the mechanical and thermal properties were investigated.
he comparison to an also investigated pure B6O material showed that the addition of TiB2 in a non-reactive sintering route promotes the B6O
ensification. Further improvement was obtained by sintering reactive B–TiO2 mixtures which also results in materials with a finer grain size and
hus in enhanced mechanical properties. The fracture toughness was significantly improved in all composites and is up to 4.0 MPa m1/2 (SEVNB)

nd 2.6–5.0 MPa m1/2 (IF method) while simultaneously a high hardness of up to 36 GPa (HV0.4) and 28 GPa (HV5) could be preserved. The high
emperature properties at 1000 ◦C of hardness, thermal conductivity and CTE were up to 20 GPa, 18 W/mK and 6.63 ×  10−6/K, respectively.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Boron suboxide (B6O) is known to possess excellent mechan-
cal properties with a reported average hardness of 45 GPa and a
racture toughness of 4.5 MPa m1/2 measured on single crystals.1

hus it is often regarded as a promising candidate for applica-
ions with a high demand in wear resistance and as an alternative

or diamond and cubic boron nitride (c-BN) based materials.
lthough boron suboxide can be economically synthesized near

mbient pressures2–5 its commercial use is actually prevented
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y its poor sinterability due to low diffusion coefficients and a
igh vapor pressure beside a resulting low fracture toughness of
olycrystalline B6O materials. Full densification of B6O mate-
ials usually requires high pressures (1–5 GPa) but the resulting
racture toughness will not exceed 2 MPa m1/2.6–8 Also efforts
o improve the fracture toughness by the preparation of compos-
tes with other hard materials such as diamond,9 boron carbide10

r c-BN11 only result in materials with very high hardness up to
6 GPa but a fracture toughness lower than 1.8 MPa m1/2. Full
ensification can alternatively achieved by hot pressing reac-
ive mixtures of B and B2O3 at temperatures up to 2000 ◦C.12,13

lthough this will results in materials with a high microhardness
o further mechanical properties were reported.

Actual research is focusing on the use of oxide additives
r metals which form a liquid phase during sintering and thus
llow the reproducible production of full densified B6O mate-
ials by low pressure sintering techniques like hot pressing
r field assisted sintering technology/spark plasma sintering
FAST/SPS).14–21 These materials are reported to exhibit an

1/2
ncreased fracture toughness of about 3–4 MPa m while the
ardness is only marginally lowered.

In this study the preparation and the microstructural,
echanical and thermal properties of B6O/TiB2 composites
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re investigated. Since titanium diboride is itself characterized
y a high hardness (25 GPa, HV5), a good thermal conductivity
96 W/mK), a low density (4.5 g/cm3) and a good chemical
tability22 it can be expected that the formation of B6O/TiB2
omposites may result in materials with enhanced performance
or structural and wear applications. This was already indicated
y Herrmann et al. who reported a considerable microhardness
f 37 GPa (HV0.4) for a B6O composite containing 10 wt.%
iB2 and 4 wt.% oxide additives densified by FAST/SPS.14

urthermore this work demonstrated that the application of a
eactive sintering route on the basis of mixtures of TiH2–B6O
r B–TiO2 is an alternative and cost-effective method for
he composite preparation. However, beside a hardness of
4 GPa for the B6O–TiH2 reactive route no further properties
ere reported. Therefore the aim of this work is a more
etailed view and a systematic investigation of the properties
f FAST/SPS densified B6O/TiB2 composites resulting from
ifferent preparation routes and starting compositions. A main
spect would be to point out whether the incorporation of
iB2 in a matrix of B6O can improve the fracture resistance
nd therefore minimizing or eliminating one of the major
hortcomings of B6O materials. Moreover the phase formation
nd the microstructure development during reactive sintering
f B–TiO2 mixtures will be discussed.

. Experimental  and  analytical  methods

.1. Experimental  techniques

Two different procedures were used for producing B6O/TiB2
omposite materials: a non-reactive and a reactive sintering
oute. A complete overview of all produced compositions is
iven in Table 1.

.1.1.  Non-reactive  materials
Materials of the non-reactive route were prepared by sin-

ering admixed powders of B6O and TiB2 (Grade F, ABCR
mbH, Germany) with varying B6O/TiB2 ratios between 0.8

nd 15.2 (56.9–6.2 vol.%; Table 1). The used boron subox-
de powder was fabricated by reducing boron oxide (Merck,
ermany) with amorphous boron (Grade I, H.C. Starck,
ermany) in a furnace with tungsten heaters (FSW 315/400-
600-NE, FCT, Germany) at 1300 ◦C for 6 h under flowing argon
tmosphere according to methods reported in literature.8–11,20

he resulting product was milled in several steps using a
aw crusher and a jet mill and afterwards was washed in
thanol to remove residual B2O3 remaining from the synthe-
is. The average grain size (d50) of the final B6O powder was
.04 �m as determined by Mastersizer 2000 (Malvern Instru-
ents Ltd, UK). Chemical analysis by Inductively Coupled
lasma Optical Emission Spectrometry (ICP-OES, iCAP 6000,
hermo Scientific, USA) identified minor impurities of Mg
0.37%), Al (0.14%) and Fe (0.11%) which were introduced
hrough the starting materials as well as the powder processing
rocedure.

t
v
t
t
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.1.2.  Reactive  materials
In the reactive route premixed powders of amorphous boron

Grade I, H.C. Starck, Germany) and TiO2 (P25, Degussa,
ermany) are converted to B6O and TiB2 during heat treatment

ccording to the equation:

4B +  TiO2 =  2B6O +  TiB2 (1)

Assuming the formation of stoichiometric B6O with a density
f 2.55 g/cm3 this reaction will result in a B6O/TiB2 composite
aterial with a calculated composition of 80.5 vol.% B6O and

9.5 vol.% TiB2. In order to increase the B6O/TiB2 ratio of the
nal product, pre-milled B6O was partially added to the start-

ng compositions. The overall B6O/TiB2 ratio of the reactive
omposition was between 4.1 and 8.1 (19.5–11 vol.%; Table 1).
urthermore to some of the reactive mixtures additional boron in

 quantity between 12.1 and 12.5 wt.% was added to investigate
he influence of a reduced oxygen stoichiometry on the phase
ormation.

Beside the pure compositions consisting only of B6O and
iB2, some non-reactive as well as reactive powder composi-

ions were blended with additional oxide sintering additives. A
otal amount of 4.4–4.8 wt.% Al2O3 (AKP 50, Sumitomo Chem-
cal, Japan) and Y2O3 (Grade C, H.C. Starck, Germany) with a

olar ratio Al2O3/(Al2O3 + Y2O3) of approximately 62.5 were
dded.

All batches were mixed in a laboratory attrition mill (PE075,
etzsch, Germany) with ethanol as a solvent. During this process

he average grain size of starting materials is further reduced.
n the case of compositions without addition of oxide additives
ungsten carbide milling balls (Ø 1.57 mm; WC10Co) were used.
therwise mixing was performed using alumina milling balls

Ø 1–2 mm, 99.6% purity). Milling time was 2 h for reactive
ompositions and 6 h for non-reactive composition with TiB2
ontent < 20 vol.%. Compositions with TiB2 > 20 vol.% were
rocessed for 2 h. After milling the suspension was dried using

 rotavap and granulated on a sieve with a mesh size of 400 �m.
he wear of the milling balls was included in the calculation of

he overall composition.

.1.3.  Sintering
Sintering of the non-reactive and reactive powder mixtures

as carried out in a FAST/SPS furnace (HP D25, FCT,
ermany) by using graphite dies of 30–60 mm in diameter and
raphite foils coated with hBN in order to inhibit chemical
eaction with the sample material. Since the hBN coating
s electrical non-conductive direct current flow through the
ample volume is prevented. Therefore the sintering process
s rather more related to a fast hot pressing than a FAST/SPS.
intering temperature was 1850 ◦C or 1900 ◦C and controlled
y a pyrometer in the centre of the punch. A total load of
0 MPa was applied at a temperature between 900 and 1000 ◦C.
he heating rate was 50 K/min, the dwell time at maximum
emperature was 5 min and sintering atmosphere was argon or
acuum. The densification was recorded by measurement of
he displacement which also includes small contributions from
hermal expansion of the used system. These contributions can
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Table 1
List of investigated samples including composition, sintering temperature, density and resulting phases after densification (XRD, SEM, TEM). Sample declaration:
“r”, reactive sintered; “nr”, non-reactive sintered; “a”, oxide additives used; “e”, reduced oxygen stoichiometry/excess boron.

Sample Composition Additives Density
(g/cm3)

Sintering
temperature (◦C)

Phases after sintering

B6O
(vol.%)

TiB2 (vol.%) TiB2/(TiB2

+ B6O) vol.
ratio

Bexcess

(wt.%)
Oxide Add.
(wt.%)

WCa (wt.%)

Pure B6O
Pure 100 – – – – – 2.52 1900 B6O

Non-reactive sintered materials
nr-1 80.4 19.6 0.20 – – 5.6 2.98 1850 B6O; TiB2; (Ti,W)B2

nr-2 63.9 36.1 0.36 – – 4.6 3.21 1850 B6O; TiB2; (Ti,W)B2

nr-3 43.1 56.9 0.57 – – 3.5 3.61 1850 B6O; TiB2; (Ti,W)B2

nr-4a 80.5 19.5 0.20 – 4.7 – 2.90 1900 B6O; TiB2; amorph. phase
nr-5a 93.8 6.2 0.06 – 4.8 – 2.70 1850 B6O; TiB2; amorph. phase

Reactive sintered materials (B6O; TiB2 calculated after reaction TiO2 + 14B = TiB2 + 2B6O)
r-1 80.5 19.5 0.20 – – 1.6 2.89 1850 B6O; TiB2

r-2e 80.5 19.5 0.20 12.1 – 1.5 2.99 1900 B6O; TiB2; B
r-3a 80.5 19.5 0.20 – 4.7 – 2.91 1850 B6O; TiB2; amorph. phase
r-4a 89.0 11.0 0.11 – 4.4 – 2.75 1850 B6O; TiB2; amorph. phase
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r-5ae 80.5 19.5 0.20 12.5 4.7 

a Introduced by milling ball abrasion.

e eliminated by subtracting the recorded piston travel during
n adjacent sintering run with identical setup including the
reviously fully densified sample. This was exemplary done for
ome materials. The correlation of the measured final density
ith the piston travel at the end of the dwell time then allows the

alculation of relative densities as function of sintering tempera-
ure and sintering time. Beside the standard sintering procedure
AST/SPS sintering runs for a reactive mixture were terminated
t specified temperatures (750 ◦C, 820 ◦C, 1380 ◦C, 1410 ◦C and
470 ◦C) in order to determine the evolution of different species
nd phase composition as a function of sintering temperature.

Additionally, a pure B6O material was produced as reference
aterial. For this purpose the prepared B6O powder was milled

or 4 h in a laboratory batch mill using steel balls (Ø 2.5 mm) and
thanol as solvent. The milling ball abrasion was removed by
ashing the powder several times in HCl. Densification was car-

ied out using FAST/SPS at sintering temperature of 1900 ◦C and
ther parameters comparable to that of the produced B6O/TiB2
aterials.

.2.  Analytical  methods

.2.1.  Phases  and  microstructure
After consolidation density and open porosity of the materi-

ls were measured by Archimedes method and compared with
heoretical densities, which were estimated using the rule of

ixture. Afterwards all samples were cut and qualitative phase
nalysis was performed by X-Ray Diffraction (XRD, XRD7,
E Inspection) using CuKa radiation.
Mechanical polished cross-sections of all materials were

nvestigated by Field Emission Scanning Electron Microscopy

FESEM, ULTRA 55, CARL ZEISS, Germany) with an
nergy Dispersive X-ray Spectroscopy (EDS) system attached

o it. The average grain size (d50) of phases was exemplary
etermined by linear analysis of SEM micrographs. In order to

A
t
3
c

 2.84 1850 B6O; TiB2; B; amorph. phase

isualize the B6O grain boundaries high contrast images were
aken with the In-lens SE detector at a magnification of 20kx
or the non-reactive materials and 25kx for reactive sintered
ompositions. As suggested for non-textured, polycrystalline
aterials the measured intercept lengths were afterwards

orrected by a factor of 1.56.23

For some samples Transmission Electron Microscopy (TEM)
as carried out with a Philips CM20 microscope (FEI, Eind-
oven, the Netherlands; equipped with a LaB6 cathode and a
EM 2100F (Jeol, Tokyo, Japan) equipped with a Schottky FEG,
oth using a nominal acceleration voltage of 200 kV. Chemical
nalysis was performed with a TEM 250 EDS detector (Oxford,
iesbaden, Germany) attached to the JEM 2100F. TEM sam-

les were prepared using standard ceramographic techniques,
hich included grinding, dimpling, and ion milling, followed
y coating the sample with a thin carbon layer to avoid charging
f the sample under the incident electron beam.

In order to understand the phase formation during the con-
olidation of reactive compositions thermogravimetric (TG) and
ifferential thermal analysis (DTA) were carried out using a STA
49C synchronous thermal analyzer (NETZSCH, Germany) at

 temperature up to 1500 ◦C. The investigated reactive mixture
as composed of 64.4 wt.% boron, 34.9 wt.% TiO2 and 1.7 wt.%
C (sample r-1). The heating rate was 10 K/min and atmo-

phere was argon. Together with the collected XRD data from
he aborted sintering runs this investigation serves the stepwise
econstruction of the reaction path during sintering.

.2.2. Mechanical  properties
For microhardness (HV0.4) and macrohardness (HV5) test-

ng a MHT-10 apparatus with Vickers indenter (Anton Paar,

ustria) and AVK 50 (Akashi, Japan) was used. The indenta-

ions were done on mechanical polished surfaces with a load of
.9 N (HV0.4) and 49 N (HV5), respectively. The load was kept
onstant at highest load for 10 s (HV0.4) or 15 s (HV5). The high
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Fig. 1. Exemplary FAST/SPS densification curves (thermal expansion of sin-
tering equipment corrected) of a non-reactive and a reactive sintered B6O/TiB2
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emperature hardness was determined in an apparatus developed
ogether with Hegewald & Peschke (Germany) which can mea-
ure the hardness up to 1500 ◦C in vacuum. Indentions at a total
oad of 49 N (HV5) were done up to 1000 ◦C. The indentation
as held at the highest load for 10 s. For all hardness investiga-

ions average hardness and standard deviation were calculated
n the basis of the measurement of 5 indentations by optical
icroscopy.
The cracks originating from hardness testing at 49 N (HV5)

ere used to calculate fracture toughness by the indention frac-
ure (IF) method on the basis of the equitation given by Anstis
E = 480 GPa).24 Relative error of resulting KIC values can be
stimated to be 15–20%. Additionally for some materials more
eliable values of fracture toughness were determined by Single
dge V-notch Beam (SEVNB) technique. Therefore V-notched
ending bars (notch radius 20–30 �m) with a dimension of

 mm ×  4 mm ×  45 mm were prepared and tested by the 4-point-
ending technique (40/20 mm span of the supports). Fracture
oughness was then calculated in accordance to ISO 23146:2008.

.2.3. Thermal  properties
For exemplary compositions thermal conductivity as function

f temperature �(T) was calculated on the basis of measured
alues for thermal diffusivity, density (corrected by thermal
xpansion measurement) and specific heat. Therefore thermal
iffusivity as function of temperature a(T) was measured up
o 1000 ◦C by Laser Flash method (LFA) using LFA 427 (NET-
SCH, Germany). The thermal expansion α(T) was derived from
ilatometric analysis using a DIL402 dilatometer (NETZSCH,
ermany) with a heating rate of 2 K/min up to 1000 ◦C within a

elative error of 5%. Measurement of specific heat cP(T) between
T and 1000 ◦C was only done for pure B6O material using dif-

erential scanning calorimetry DSC404 (NETZSCH, Germany).
pecific heat for other materials was then approximated by the
ule of mixture using additional literature data for specific heat
f TiB2

26 and the calculated volume content of B6O and TiB2
n the final material. Total error of the resulting calculated ther-

al conductivity can be approximated to be 15%. Because of the
igher uncertainty of measurements of specific heat and thermal
iffusivity at low temperatures direct measurement of thermal
onductivity near room temperature were additionally carried
ut using a TCT 416 (NETZSCH, Germany) to verify the calcu-
ated values. This was exemplary done for the pure B6O material
nd one non-reactive sintered sample (sample nr-1). Measure-
ent temperature was 48 ◦C, the relative Error of the derived

alues is 5%.

. Results

.1.  Densification  and  phase  formation

Depending on the sample composition the resulting densities
f the sintered composites are between 2.70 g/cm3 (sample nr-

3
ae) and 3.61 g/cm (sample nr-3a) for the non-reactive samples
nd in the range of 2.75 g/cm3 (sample r-4a) and 2.99 g/cm3

sample r-2e) for the reactive sintered materials, respectively
Table 1). For all samples only minor amounts of open porosity

c
n
b
m

omposite with additional Al2O3/Y2O3 additives (sample composition r-3a;
r-4a). For comparison the sintering curve of a pure B6O material is illustrated.

etween 0.1 vol.% and 0.8 vol.% are measured by Archimedes
ethod. Based on SEM micrographs, which show nearly no

orosity, it can be therefore concluded that all reported non-
eactive as well as reactive sintered B6O/TiB2 composites are
ully densified at temperatures between 1850 ◦C and 1900 ◦C.

inor but significant porosity is only observed for WC milled
on-reactive densified materials, which may be at least partially
onnected with TiB2 phase pullout during mechanical polishing.

Exemplary FAST/SPS densification curves of a non-reactive
nd a reactive sintered material containing 19.5 vol.% TiB2 and
.7 wt.% Al2O3/Y2O3 additives, respectively (composition r-3a;
r-4a) are depicted in Fig. 1. Additionally the sintering curve of

 pure B6O material without additives is illustrated.

.1.1. Non-reactive  materials
In comparison to the pure B6O powder the addition of TiB2

nd oxide additives in the non-reactive material significantly
ncreases the resulting density after the load application between
00 and 1000 ◦C and decreases the onset temperature for sin-
ering to 1300–1350 ◦C. Thus a higher relative density at the
eginning of the dwell time of about 97% is achieved and only
inor densification takes place during the dwelling time itself.
ll compositions were fully densified after sintering. Phase anal-
sis by XRD shows a final composition of B6O beside TiB2 for
ll compositions (Table 1). Peaks connected with a possible for-
ation of crystalline Al–Y–O phases in the materials with oxide

dditives (samples nr-4a; nr-5a) are not observed. Furthermore,
nd despite of partially high abrasion of WC (3.5–5.6 wt.%) in
he case of powder preparation by milling with WC-balls, no for-

ation of separate, crystalline tungsten containing phases were
ound by XRD.

.1.2. Reactive  materials
The recorded densification curve for the reactive sintered

omposition in figure 1 differs significantly from that of the

on-reactive compositions. The densification is characterized
y a first strong densification between 750 ◦C and 820 ◦C. In situ
easurement of the electric current during FAST/SPS show a
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Fig. 2. DTA/TG curves of a reactive mixture consisting of 64.4 wt.% boron,
34.9 wt.% TiO2 and 1.7 wt.% WC (sample composition r-1) for a temperature
u
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listed in Table 1. In materials with oxygen deficiency (sample

F
T
1

p to 1500 ◦C.

emporary erratic drop of the heating power in this temperature
ange and is therefore indicating the occurrence of a strong
xothermic reaction. This is confirmed by DTA/TGA analysis
hich was performed on a stoichiometric reactive mixture

sample r-1) and is illustrated in Fig. 2. It is shown that up to
pproximately 500 ◦C the powder mixture is characterized by a
ecrease in mass of about 0.75 wt.% which is also accompanied
y a slight but significant exothermic reaction. The observed
trong exothermic reaction then starts at about 700 ◦C, ends
t about 830 ◦C and has its peak temperature at about 775 ◦C.

uring the reaction a reduction in mass of about 0.5 wt.%

s measured. The results of XRD analysis of the terminated
AST/SPS runs before and after this first reaction are depicted in

r
o

ig. 3. Comparison of XRD data showing phase composition at different sintering tem
iO2 and 1.7 wt.% WC (sample composition r-1). Except of the pattern for 1850 ◦C 

470 ◦C two unassigned peaks are marked by “?”. The peak marked with “X” may b
eramic Society 32 (2012) 1821–1835 1825

ig. 3. The data reveals that TiB2 is formed from an initial mix-
ure at 750 ◦C consisting of a non-altered phase TiO2 (anatase

odification), boron (predominantly amorphous), a chemical
educed compound TiO2−x (Ti3O5, Ti4O7 could be assigned)
s well as TiBO3. After the reaction the material is composed
nly of TiB2 with relative low crystallinity beside boron and no
urther densification is observed up to 900 ◦C. Thus, all oxide
hases have disappeared. Significant further densification then
gain starts at a temperature between 900 and 1000 ◦C and
otably reduces at a temperature of 1450 ◦C (Fig. 1). The exact
nset of the sintering is overlaid by the application of mechan-
cal load. A second exothermic reaction with lower intensity,
lso characterized by a small drop of heating power during
AST/SPS processing, is observed in that temperature range at

 temperature of about 1400 ◦C. By DTA/TGA measurements
Fig. 2) a peak temperature of about 1395 ◦C could be assigned
o this reaction while XRD results (Fig. 3) indicate the formation
f B6O on the cost of remaining boron which is disappearing in
RD data. Further slight reduction in mass takes place during

his process. Afterwards densification is stagnating until the
hird major densification phase starts at about 1650 ◦C resulting
n a relative density of 98–99% at the beginning of the dwelling
ime, thus slightly exceeding that of the non-reactive sintered
aterial. During the last densification step crystallinity of B6O

nd TiB2 is further increased as indicated by the decreasing
ull Width at Half Maximum (FWHM) of the taken XRD
attern. Full densification was obtained at the end of the dwell
ime. Phase analysis by XRD shows a final composition of B6O
eside TiB2 for all investigated reactive sintered compositions
-2e; r-5ae) generally a lower crystallinity of the B6O phase is
bserved. Furthermore the diffraction pattern of these samples

perature of a reactive sintered mixture consisting of 64.4 wt.% boron, 34.9 wt.%
all pattern are measured on aborted FAST/SPS runs without dwelling time. At
e related to graphite from the FAST/SPS tool setup.
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Table 2
Results of linear analysis on SEM micrographs for a non-reactive (sample nr-
4a) and a reactive (sample r-3a) B6O/TiB2 composite with similar composition.
Additionally results for a pure material are listed.

Phase Counts d10 (nm) d50 (nm) d90 (nm)

Pure B6O material
B6O 967 89 276 704
Pores 40 45 89 294

Non-reactive sintered material (sample nr-4a)
B6O 1611 80 223 508
TiB2 154 205 642 1471
Amorph. phase 452 36 107 330

Reactive sintered material (sample r-3a)
B6O 1615 71 163 319
TiB2 262 99 262 468
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Fig. 4. SEM micrographs of non-reactive sintered materials. (a) SE-image of
sample nr-4a showing homogenously distributed TiB2 (light grey) and an amor-
phous phase (grey) with irregular shape in a matrix of B6O (dark). (b) Higher
magnification of the same sample with labeled phases. (c) BSE-image of sample
nr-2 showing (Ti,W)B2 rim (bright) on TiB2 grains (grey) in a matrix of B6O
(dark).

s
a
o

Amorph. phase 363 28 85 269

ndicates the additional presence of some non-reacted boron
fter densification. In accordance to the results for the non-
eactive preparation route no additional crystalline Al–Y–O
hases could be assigned in the XRD data for the reactive
intered compositions with oxide additives (samples r-3a, r-4a,
-5ae).

.2. Microstructure

.2.1.  Non-reactive  materials
Exemplary SEM micrographs of the non-reactive sintered

aterials with composition of 19.5 vol.% TiB2 and oxide addi-
ives (sample nr-4a) are illustrated in Fig. 4a and b. The

icrostructure is characterized by homogeneously distributed
iB2 grains in a matrix of B6O. Additionally a secondary phase
ith a composition of Al–Y–O–B as determined by EDS mea-

urements is present in the triple junctions in all materials which
re composed of additional oxide additives. As already indicated
y XRD analysis, electron diffraction performed during TEM
nvestigations show that this phase is amorphous and not wets
he interface between adjacent B6O grains as well as between

6O and TiB2 particles. Generally a high density of stacking
aults and dislocations are present in the B6O grains. Table 2 list
esults for the grain size distribution as derived by linear analy-
is. The average grain size d50 is about 220 nm for B6O, 640 nm
or TiB2 and approximately 110 nm for the amorphous phase.
n comparison to the pure B6O material the B6O grain size is
herefore slightly smaller and characterized by a narrower grain
ize distribution. TiB2 grains are of irregular shape und show a
ide grain size distribution with a measured grain size within a

ange of 50 nm up to 2.2 �m. The measured TiB2 phase content
f about 19 vol.% in sample nr-4a is in agreement to the starting
omposition.

As depicted in Fig. 4c the formation of a core-rim structure in
iB2 grains is observed for samples prepared by WC milling and
ensification without oxide additives (samples nr-1; nr-2; nr-3).

ig. 5 illustrates TEM investigations performed on these grains

n sample nr-1. EDS analysis and electron diffraction show that
he core is composed of TiB2 with space group P6/mmm while
he rim is of the same crystal structure and formed by a solid

i
a
m
o

olution with composition of (Ti,W)B2 and minor amounts of
luminum. TEM investigations furthermore reveal the presence
f finely distributed micropores with diameter below 50 nm
n this sample. These may be at least partially a preparation
rtifact through strong tendency of TiB2 grain pullout during

echanical polishing in non-reactive sintered samples without

xide additives. However, no clear indication of insufficient
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Fig. 5. TEM image depicting a TiB2 grain with core-rim structure in the non-reactive sintered sample nr-1. EDS and electron diffraction results of the outer rim and
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he core are illustrated, respectively, revealing chemical zoning and an identical

inding between B6O and TiB2 grains was found in TEM
nvestigations.

.2.2. Reactive  materials
The observed phase composition of reactive sintered

6O/TiB2 composites is generally similar to that of non-reactive
intered materials with occurrence of B6O beside TiB2 and the
ormation of an amorphous Al–Y–O–B containing phase in the
ase of oxide additives used. In Fig. 6a and b SEM micrographs
f the material with a calculated composition of 19.5 vol.% TiB2
nd oxide additives (sample r-3a) are depicted. Comparing the
icrostructure with that of the non-reactive sample with similar

omposition and taken at same magnification (Fig. 4a and b) it
s obvious that the reactive-sintering route results in B6O/TiB2
omposites with a much finer average grain size and a nar-
ower grain size distribution for all formed phases. As listed
n Table 2 the average grain size d50 is about 160 nm for B6O,
60 nm for TiB2 and approximately 80 nm for the Al–Y–O–B
ontaining amorphous phase. The addition of prereacted B6O
n order to increase the B6O/TiB2 ratio in sample r-4a results
n slightly larger average B6O grain size. The measured TiB2
olume content of about 19 vol.% of sample r-3a fits well with
he calculated composition. In contrast to the non-reactive sin-
ered compositions TiB2 grains are often clearly facetted and
exagonal symmetry can be observed. Electron beam diffraction
ndicates good crystallinity of the formed TiB2 phase. Con-
rary B6O grains often show dislocations and stacking faults
ut generally in a lesser extent than in non-reactive materi-
ls. Fig. 6c shows a typical TEM micrograph of sample nr-5ae
ith 19.5 vol.% TiB2, oxide additives and reduced oxygen stoi-

hiometry. Within the amorphous secondary phase the formation

f phase separations (bright circular regions) of approximately
0 nm in diameters are observed but could not be chemically
nalyzed by EDS due to immediate phase damage as the amor-
hous phase is beam sensitive. Generally in the materials with

a
s
i
(

al structure.

oron in excess (samples r-2e; r-5ae) unreacted boron is found
n microstructure investigations, especially if oxide additives are
sed (sample r-5ae).

.3.  Properties

.3.1.  Hardness  and  fracture  toughness
The results of macrohardness (HV5), microhardness (HV0.4)

nd fracture toughness measurements by IF and SEVNB method
re listed in Table 3.

For non-reactive compositions a hardness value between
5.3 GPa (sample nr-3) and 23.5 GPa (sample nr-5a) and a
icrohardness in the range of 26.6 GPa (sample nr-3) and

1.3 GPa (sample nr-1) were obtained. The hardness of reactive
intered materials is generally higher than that of non-reactive
ompositions. The macrohardness is in the range of 21.6 GPa
sample r-4a) and 27.9 GPa (sample r-2e) while the derived
icrohardness is between 28.8 GPa (sample r-1) and 35.6 GPa

sample r-4a). Thus the hardness of some reactive sintered mate-
ials is close to that of the pure B6O material.

In comparison to the pure B6O material the fracture tough-
ess is significantly increased for all reported non-reactive and
eactive produced B6O/TiB2 composites. The fracture toughness
btained by the IF method for the non-reactive sintered materi-
ls is between 2.8 MPa m1/2 (sample nr-5a) and 5.0 MPa m1/2

sample nr-3), while the highest values of 4.7–5.0 MPa m1/2

re measured for the materials with the highest amount of
iB2. Fracture toughness obtained through SEVNB technique
enerally exceeds that of corresponding values derived from
F method. For the non-reactive sintered materials values of
.1 MPa m1/2 (sample nr-5a) and 4.0 MPa m1/2 (sample nr-1)

re measured in SEVNB tests. The reactive sintered compo-
ition are characterized by a fracture toughness (IF method)
n the range of 2.6 MPa m1/2 (sample r-2e) and 3.0 MPa m1/2

sample r-1; r-3a). In respect to an estimated relative error of
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Table 3
Hardness at different loads and temperatures beside the fracture toughness obtained by IF and SEVNB method. Measurement of the fracture toughness of pure B6O
was not possible by IF method because of chipping at the used load of 49 N. “RT”–Room temperature.

Sample Hardness (GPa) KIC (MPa m1/2)

HV0.4 HV5 (RT) HV5 (600 ◦C) HV5 (800 ◦C) HV5 (1000 ◦C) IF method SEVNB

Pure B6O material
Pure 35–37 24–28 22.4 ± 0.8 21.1 ± 0.6 20.7 ± 0.4 Brittle 2.0 ± 0.4

Non-reactive sintered materials
nr-1 31.3 ± 0.5 21.8 ± 0.8 – 14.0 ± 0.4 12.8 ± 0.2 2.9 4.0 ± 0.5
nr-2 27.5 ± 1.4 18.0 ± 1.0 – – – 4.7 –
nr-3 26.6 ± 1.4 15.3 ± 0.5 – – – 5.0 –
nr-4a 30.4 ± 0.9 22.7 ± 1.0 – – – 2.9 –
nr-5a 29.0 ± 0.9 23.5 ± 0.4 – 18.7 ± 0.2 19.6 ± 0.3 2.8 3.1 ± 0.4

Reactive sintered materials
r-1 28.8 ± 0.5 22.6 ± 0.4 – 16.1 ± 0.3 15.1 ± 0.6 3.0 –
r-2e 32.1 ± 0.9 27.9 ± 2.5 – – – 2.6 3.6 ± 0.2
r-3a 35.5 ± 0.8 23.1 ± 0.5 – – – 3.0 –
r-4a 35.6 ± 0.7 21.6 ± 0.5 – – – 2.8 –
r-5ae 32.6 ± 0.9 24.1 ± 0.7 – – – 2.9 –
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5–20% for the IF method these values do not indicate a sig-
ificant difference between the different preparation routes. In
EVNB measurement a value of 3.6 MPa m1/2 for sample r-2e
as obtained.

.3.2.  High  temperature  hardness
The results of the hardness measurement (HV5) as function

f temperature up to 1000 ◦C are given in Table 3 and illus-
rated in Fig. 7. Generally all investigated B6O/TiB2 composites
re characterized by a nearly linear decrease of hardness with
ising temperature. In contrast the pure B6O material shows
he tendency of non-linear dependence with higher reduction
f hardness as function of temperature lower than 600 ◦C. In
he whole temperature range the hardness of all composites
s below that of the pure reference material. Since the reac-
ive composition (sample r-1) are characterized by a superior
igh temperature hardness in comparison to its non-reactive
ounterpart with similar composition (sample nr-1) and the non-
eactive material with lowest total TiB2 content (sample nr-5a)
hows the highest high temperature hardness of all compos-
tes, the results are in agreement with the conventional hardness
easurements at room temperature. The total reduction of hard-

ess up to 1000 ◦C is highest for the non-reactive material with
9.6 vol.% TiB2 (sample nr-1) and about 33%. For all other mea-
ured compositions, including the pure material, a lower average
ecrease of hardness with increasing temperature of about 25%
s observed.

.3.3.  Thermal  properties
Figs. 8 and 9 present the results of the measurement of thermal

iffusivity for different B6O/TiB2 composites in comparison to a

ure B6O material and the specific heat for the pure B6O material
s function of temperature, respectively. Calculated thermal con-
uctivities on the basis of these values for different temperatures
re given in Table 4. Additionally the determined Coefficient of

e
R
i

hermal Expansion (CTE) and room temperature conductivities
btained by the direct measurement method are listed.

For all investigated materials the thermal diffusivity shows an
xponential decay with increasing temperature. At room temper-
ture values between 6.4 mm2/s (sample nr-1) and 9.1 mm2/s
pure material) are obtained while high temperature diffusivi-
ies at 1000 ◦C are in the range of 2.4 mm2/s (pure material)
nd 3.4 mm2/s (sample nr-2). Therefore highest room temper-
ture diffusivities but also strongest decrease with increasing
emperature is observed for the pure B6O material. The addition
f TiB2 generally decreases thermal diffusivities although it is
bvious that the non-reactive material with higher total TiB2
mount (sample nr-2) is characterized by a higher thermal dif-
usivity in comparison to the sample with lower TiB2 content
sample nr-1). Only small differences between the non-reactive
nd the reactive material with same composition (sample nr-
; r-1) are visible. The reactive material shows slightly higher
hermal diffusivities at temperatures below 700 ◦C in compar-
son to its non-reactive counterpart with similar composition.
he resulting calculated thermal conductivities are between
5 W/mK (sample nr-1) and 19 W/mK (pure material) at room
emperature and in the range of 12 W/mK (pure material) and
8 W/mK (sample nr-2) at 1000 ◦C (Table 4). The calculated val-
es at room temperature are in good agreement with the results
btained by the direct measurements of thermal conductivity
ear room temperature. For the pure material a thermal con-
uctivity of 18.1 W/mK and for non-reactive sintered sample
ith 19.6 vol.% TiB2 (sample nr-1) a value of 15.6 W/mK was
easured.
The thermal expansion up to 1000 ◦C is characterized by

 CTE of 5.65 ×  10−6/K for the pure material. The addition
f 19.6 vol.% TiB2 (sample nr-1) and 36.1 vol.% TiB2 (sample
r-2) in non-reactive sintering gradually increases the thermal

xpansion to 6.22 × 10−6/K and 6.63 ×  10−6/K, respectively.
eactive sintered material with 19.5 vol.% TiB2 (sample r-1)

s characterized by a slightly increased CTE of 6.58 × 10−6/K
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Table 4
Measured and calculated thermal conductivity and thermal expansion coefficient (CTE) for pure B6O and B6O/TiB2 composites at different temperatures.

Sample Measured λ(T) (W/mK) Calculated thermal conductivity λ(T) (W/mK) CTE α(T) (×10−6/K)

RT RT 400 ◦C 800 ◦C 1000 ◦C 800 ◦C 1000 ◦C

Pure 18.1 ± 0.9 19 17 14 12 5.46 5.65
nr-1 15.6 ± 0.9 15 17 15 14 6.02 6.22
n 9 
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n comparison to the non-reactive sintered sample with similar
omposition.

. Discussion

.1.  Densification  and  phase  formation

.1.1. Non-reactive
The densification of B6O materials is complicated by low

iffusion rates due to strong covalent bonding which cannot be
asily compensated by the application of high temperature as
oron compounds in general are characterized by a high vapor
ressure. Therefore the use of sintering additives which form a
iquid phase by reaction with B2O3 present on the surface of

6O is reported to be a promising way to enhance densification
f B6O materials.14–21

As already shown by Herrmann et al. the addition of TiB2
nd oxide additives significantly enhances sintering and allows
eproducible production of full densified samples.14 This is more
n effect of Al2O3/Y2O3 than TiB2 addition. However, the inves-
igations show that also the use of TiB2 without additional
intering additives supports densification and allows repro-
ucible production of dense materials at reasonable temperatures
f about 1850 ◦C. TiB2 is characterized by a very high melting
oint of about 3225 ◦C and requires itself high sintering temper-
tures above 2000 ◦C for densification.22 Consequently, from
intering theory the densification of B6O should therefore not be
ignificantly enhanced by the addition of TiB2 as only additive.
t least an increased green density due to an increased grain

ize distribution could result upon admixing B6O with TiB2.
ence, considering the typical formation of an oxide layer of
iO2 and B2O3 on the TiB2 surface,25 the improved densifica-

ion may be mainly contributed to the formation of a liquid with
dditional B2O3 from the B6O surface which can already take
lace at temperatures as low as 450 ◦C.3 Therefore the densifi-
ation of B6O/TiB2 composites may in principal be considered
s a liquid phase assisted process. A further component of the
iquid will be WO3 which originates from the oxide layer on the
ntroduced WC particles in the case of sample preparation by

C milling. WC itself will decompose under the release of car-
on monoxide. This can be assumed since no carbon containing
hases are present in the final materials. Probably this will occur
y reaction with the liquid phase and thus the liquid will get

urther enriched in tungsten and depletion in oxygen will take
lace or B2O3 is partially reduced to B6O. Coincidently, dur-
ng the solution-precipitation stage a (Ti,W)B2 solid solution
s precipitated which epitaxially growth on the TiB2 particles

T
o
p

18 6.35 6.63
14 6.23 6.58

nd will result in the observed core-rim structure of the TiB2
rains. For this further TiB2 has to be dissolved into the liquid.
hat this dissolution of TiB2 takes place is also indicated by the
bservation of a rounded morphology of the TiB2 core. Taken
ogether the occurring reactions may be schematically summa-
ized by following equitation:

TiO2 −  B2O3 −  WO3)(l) +  WC +  B6O +  TiB2 =  (Ti,  W)B2

+  CO(g) (2)

However, it has to be mentioned that the decomposition
f the WC was not investigated in detail. Because of only
mall differences of atomic radii for tungsten and titanium the
Ti,W)B2 solid solution is characterized by nearly identical lat-
ice parameters27 and thus no separate phases could be assigned
n XRD analysis. The tungsten content of the formed (Ti,W)B2
as not quantified but from literature it is known that about

 at% tungsten can be incorporated in the TiB2 structure at
850 ◦C.27,28 The origin of measured minor amounts of Al in
Ti,W)B2 can be attributed to a contamination in the synthesized
6O powder. Although no continuous solid solution is observed
etween TiB2 and AlB2 limited integration is allowed by the
tructure.29

.1.2.  Reactive
In addition to prior investigations of Herrmann et al.14 XRD

nd DTA/TG analysis of this work shows that the formation
f B6O and TiB2 during the reactive sintering of B–TiO2 mix-
ures takes place in separated steps. Initially an oxygen deficient
ompound TiO2−x and TiBO3 is partially formed at T  < 780 ◦C
rom the initial B-TiO2 mixture as seen in the XRD measure-
ents (Fig. 3). This process probably corresponds to the weak

xothermic effect below 600 ◦C in DTA measurement. This mix-
ure is then finally converted to TiB2 and B2O3 (liquid) at about
75 ◦C which corresponds to the observed strong exothermic
ffect. Assuming an average oxygen composition for the reduced
iO2−x compound of Ti2O3, the reactions can be schematically
xpressed according to following equations:

 +  3TiO2 =  Ti2O3 +  TiBO3 (3a)

i2O3 +  TiBO3 +  9B =  3TiB2 +  2B2O3(l) (3b)
From literature it is known that the formation of Ti2O3 and
iBO3 by the reduction of titanium oxide with boron already
ccurs at temperature below 600 ◦C while TiB2 formation takes
lace in a broad range of 700–1300 ◦C.30,31 The following
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Fig. 6. Micrographs of reactive sintered materials: (a) SE-image of sample r-3a
showing homogeneously distributed TiB2 grains (bright) and irregular shaped
oxide additives (less bright phase) in a matrix of B6O (dark). (b) Higher magnifi-
cation of (a) showing often well facetted TiB grains. (c) TEM image of sample
r
a

f
m
r

1

o
e

Fig. 7. Hardness HV5 as function of temperature for reactive and non-reactive
sintered B6O/TiB2 materials in comparison to a pure B6O material.

Fig. 8. Thermal diffusivity a(T) as function of temperature for two non-reactive
and a reactive sintered material in comparison to pure B6O.
2

-5ae with marked phases. Stacking faults in B6O and phase separation in the
morphous Al–Y–O–B phase are visible (bright circular regions).

ormation of B6O could be assigned to the additional exother-
ic reaction at 1395 ◦C where the formed B2O3 reacts with the

emaining boron according to the reaction:

6B +  B2O3 =  3B6O (4)
This temperature is in agreement to the synthesis temperature
f B6O from mixtures of B and B2O3. However, it could not be
xcluded that already in reaction 3b amorphous B6O is formed

Fig. 9. Specific heat as function of temperature for sintered pure B6O.
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nstead of B2O3. The exothermic effect at 1395 ◦C will then be
onnected with the crystallization of B6O from its amorphous
atter.
Correlating the observations with the recorded densification

urves in Fig. 1 it is obvious that a considerable portion of
ensification is attributed to the first borothermic reaction step.
oreover, it is also visible that strong densification continu-

us up to a temperature of about 1400 ◦C. In respect to the XRD
esults this may be contributed to the low crystallinity of the early
ormed TiB2 since a high defect concentration can drastically
mprove the sintering kinetics which was shown already for com-
arable materials with low sinterability.33,34 Finally at 1400 ◦C

 relative density of about 70% is achieved, while non-reactive
ensification procedure provides 15–20% lower densities at the
ame temperature. XRD measurement of the reactive sample at
470 ◦C reveals a lower crystallinity of the B6O in comparison
o the fully densified samples. Consequently, a sintering tem-
erature up to 1800–1850 ◦C is required for obtaining a well
rystallized and dense material in the used sintering regime.

Similar to the non-reactive synthesis route it could be shown
hat the addition of oxide additives to a reactive TiO2-B mixture
oes not notably interfere with the starting materials and also
ead to the formation of an amorphous additive phase. Since
ensification is dominated by TiB2 and B6O formation no clear
ndication for the enhancement of sintering by the use of oxide
dditives were observed neither in densification curves nor in
he resulting densities.

In this work calculations of the initial B/TiO2 ratio for reactive
intered compositions were done using reaction 1, assuming the
ormation of stoichiometric B6O. However, it is widely accepted
hat B6O synthesis at low pressure results in formation of oxygen
eficient compositions.35–40 Thus, considering the formation of

 reasonable substoichiometric composition of about B6O0.8
40

t the sintering conditions, the reactive sintered materials (sam-
les r-1; r-3a; r-4a) should be composed of some additional
2O3 or TiO2. This was not observed in microstructure anal-
sis. However, it is not clear whether B2O3 has formed or not
ince it could not be easily located in microstructure investiga-
ions because it is leeched out during sample preparation and
lso highly electron-beam sensitive. In the case of alumina and
ttria additives used, B2O3 will also contribute to the formation
f the amorphous phase. Alternatively, the missing B2O3/TiO2
an be easily explained taking the evaporation of some B–O
ompounds during sintering into account. The observed mass
oss during DTA/TG analysis in Fig. 2 would be in the range
f the required amount for obtaining the estimated stoichiome-
ry of B6O0.8 (approximately 3 wt.% loss expected if B6O0.8 is
ormed). For the reduction of oxygen stoichiometry by adding
2 wt.% boron in excess the formation of additional boron in the
nal material was observed (samples r-2e; r-5ae). As an excess
f 12 wt.% boron means a hypothetical formation of B6O0.78 in
eaction 1 one may conclude that the formed B6O is therefore
t least characterized by a higher stoichiometry. An influence of

dditional boron on densification is not observed.

In comparison to the non-reactive sintering route, the
eactive sintering of B–TiO2 mixtures according to Eq. (1)
rovides a significant improvement of densification and reduces

t
l
c
a

eramic Society 32 (2012) 1821–1835 1831

roduction costs due to unnecessary prior synthesis of B6O
nd TiB2 powder. Additionally, in terms of the densification
rocess another advantage is a decreased grain growth beside
he reduction of interaction with the sintering equipment and
urnace atmosphere due to more intense densification at lower
emperatures. However, in this work the same sintering regime
as used for all produced B6O/TiB2 composites regardless
f the preparation route. It is likely that the optimization of
he sintering regime for the reactive compositions, i.e. by an
dditional dwelling time during the strong densification at

 < 1400 ◦C, may significantly enhance the densification and
hus allow the production of full densified B6O/TiB2 composites
t lower total temperatures. To some extent it was exemplary
ried to apply the mechanical load during sintering already at
emperatures below 800 ◦C before first strong densification in
eactive sintered materials takes place. However, no effect on
he overall densification behavior was observed.

.2. Microstructure  and  properties

.2.1. Hardness
Similar to many other ultra- and superhard materials, the

ardness of B6O materials is affected by the indention size effect
ISE) which results in load depending hardness values and the
bsence of a single hardness values.21,41 The obtained hard-
ess which is given in Table 3 shows that the microhardness at

 load of 3.9 N is generally about 30% higher than the values
btained for a testing load of 49 N. Moreover the correlation of
he hardness with compositional and microstructural properties
s not straight forward since the measured values of macrohard-
ess HV5 and microhardness HV0.4 are not always consistent
o each other and often do not follow the same trend. This is
specially observed for very high hardness values as resulting
or reactive sintered samples. For instance, the sample r-4a is
haracterized by the highest measured microhardness (36 GPa)
f all composite materials but contrary shows also the lowest
acrohardness (22 GPa) of all reactive sintered compositions.
nother example is the reactive sintered material r-2e which is

haracterized by the highest macrohardness (28 GPa) of all com-
osite materials but has only moderate microhardness (32 GPa).
n the non-reactive materials these discrepancies are not that
bvious because of higher compositional differences and there-
ore a broader range of hardness values. These inconsistencies
an mainly be attributed to the general difficulties of a repro-
ucible measurement of high hardness by indention method.
urthermore and although the obtained standard deviations of
easured hardness values are fairly small, hardness measure-
ents cover only a small sample area and are therefore sensitive

o local variances of sample composition and porosity.
Apart from that it is observed that the non-reactive as well as

he reactive compositions without oxide additives are preferen-
ially affected of TiB2 phase pullouts during mechanical sample
reparation. This introduced porosity may significantly affect

he measured hardness. This is thought to be the reason for the
ow hardness of the reactive sintered material r-1. Although no
lear proofs for a weakened interface in samples without oxide
dditives were found in TEM investigation, TiB2 grain pullouts
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Fig. 10. Microhardness as function of TiB2/(B6O + TiB2) volume ratio for
non-reactive and stoichiometric reactive compositions (without excess boron).
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toughness obtained by the IF method the measured values
ompositions with additional oxides are marked with an “a”. A linear function
n the basis of the data for non-reactive materials including the pure material is
lotted.

re probably caused by differences in the CTE between TiB2
nd the surrounding matrix. Considering a thermal expansion
f 5.65 ×  10−6/K for the pure B6O material (this work) or
.5 ×  10−6/K,42 respectively, and about 6.2 ×  10−6/K43 for

 B6O material with oxide additives, the thermal expansion
ismatch between TiB2 (8.6 × 10−6/K [22]) and the matrix
ill be significantly larger in the case that no oxide additives

re used and thus resulting in weakened B6O/TiB2 interfaces
nd phase pullout due to arising tensile stresses.

However, keeping these uncertainties in hardness measure-
ents in mind, the investigations clearly show that the reactive

intering path produces B6O/TiB2 materials with significant
igher hardness than that resulting from the non-reactive route
hich is mainly connected with a much finer microstructure.
ardness in reactive sintering route approaches that of pure B6O.
herefore the small grain size of the reactive sintered materials
ompensates the general decrease of hardness due to the incor-
oration of lower hardness phase in the B6O matrix. Fig. 10
llustrates the measured hardness as function of TiB2 content
or non-reactive as well as reactive samples with stoichiomet-
ic composition (without boron in excess). The broad variation
f TiB2 amount in the non-reactive samples shows a fairly lin-
ar trend of decreasing hardness with increasing TiB2 content.
t is also obvious that the non-reactive sample with the low-
st TiB2 amount and oxide additives (sample nr-5a) show an
nexpected low microhardness which does not fit to the trend.
oreover, Herrmann et al. reported a microhardness HV0.4

f 36.8 ±  0.6 GPa for a sample with nearly equal composition
10 wt.% TiB2, 4 wt.% oxide additives), density and preparation
rocedure.14 Therefore the reason for the low microhardness
alue is not clearly understood. At least the macrohardness HV5
f this sample indicates that the measured microhardness of this
ample may be much lower than expected. However, the value

as confirmed in a second measurement which resulted in an

ven lower microhardness of 27.3 ±  0.9 GPa. Therefore, further
nvestigations are necessary.

r
a
f

eramic Society 32 (2012) 1821–1835

In respect to the measurement uncertainties and the phase-
ullout-effect no direct influence of the oxide additive addition in
on-reactive as well as reactive compositions could be observed
n the measured hardness even tough about 10 vol.% of an amor-
hous phase is formed upon addition of 4.4–4.8 wt.% oxides.
his is in agreement with recently reported observations which
oint out that the hardness of B6O materials is only marginally
ffected by the addition of small amounts of Al2O3/Y2O3
dditives.14,15,21,43 The presence of some non-reacted boron in
he microstructure of the reactive compositions with boron in
xcess results in a slightly reduced hardness. Especially sample
-2e is characterized by a relative high scattering of the macro-
ardness suggesting local inhomogeneities by the presence of
he weaker boron phase.

.2.2.  High  temperature  hardness
The relative decrease of hardness with increasing temperature

s nearly similar for all composite materials. The high temper-
ture hardness therefore reflects the trend of room temperature
ardness where the hardness decreases with increasing TiB2
mount. At least, the grain size effect which causes a higher
ardness of reactive materials in comparison to its non-reactive
ounterpart with similar composition shows the tendency to
ecome even larger with rising temperature. Comparing the
btained results with high temperature hardness values of oxide
dditive including B6O materials reported earlier,21,43 it can be
oncluded that the addition of low TiB2 amounts results in a
ignificant higher hardness at 1000 ◦C for the non-reactive com-
osition with low amounts of TiB2 including oxide additives
20 GPa) in comparison to the sample with oxide additives only
17 GPa). The high temperature hardness values of sample nr-
a is also significantly higher than that obtained for commercial
-BN (15.5 ±  0.4 GPa)21,43 and reaches the values obtained for
ommercial B4C at 1000 ◦C (20.0 ±  0.7 GPa).21 Even the reac-
ive sample with 19.5 vol.% TiB2 (sample r-1) shows a high
emperature hardness comparable to that of commercial c-BN

aterials.

.2.3. Fracture  toughness
A main motivation for this work was the investigation

hether the fracture toughness of B6O materials can be
mproved by forming composite materials with TiB2 and thus
ne of the main shortcomings towards commercial application
f B6O materials can be reduced or eliminated. Both, the results
f the measurement by the IF method as well as the more
eliable values obtained in SEVNB method indicate that the
racture toughness is significantly improved in all produced
6O materials by the addition of TiB2 (Fig. 11). Because of the
road variation of the TiB2 amount in the non-reactive materi-
ls, it can be clearly seen that the fracture toughness is linearly
ncreasing with rising TiB2 content to values up to 5 MPa m1/2

or the highest TiB2/(B6O + TiB2) volume ratio of about 0.6. In
espect to an estimated relative error of 15–20% for the fracture
eveal no distinct indications of the role of oxide additives
nd whether the reactive or non-reactive route provide more
racture resistant materials. However, especially for the reactive
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Fig. 11. Fracture toughness (IF method, Anstis equitation) as a function of
TiB2/(B6O + TiB2) volume ratio for the non-reactive as well as for the stoi-
chiometric reactive compositions (without excess boron). Compositions with
additional oxides are marked with an “a”. The fracture toughness of the pure
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aterial is estimated. A linear function through the data of the non-reactive
aterials is plotted.

intered materials simultaneously a very high microhardness is
reserved due to their fine microstructure. SEVNB testing was
nly exemplary done and therefore no preference for specific
ample compositions can be seen. Nevertheless in comparison
o the pure material the obtained values show an improvement
f fracture resistance in the range of 50–100% upon the addition
f about 20 vol.% TiB2 (and oxide additives). Thus the fracture
oughness of the composite materials is in the range of B6O

aterials with oxide additives only.15,21

The resulting fracture path near the crack tip for a non-
eactive (sample nr-4a) as well as reactive sintered material
sample r-3a) with oxide additives, respectively, is illustrated in
ig. 12. Several crack deflection events on TiB2 particles can
e observed in both materials while crack propagation in the

6O matrix is predominantly transgranular which was already
bserved in prior works.15,17,21 Furthermore crack arresting
n TiB2/B6O boundaries occurs. These mechanisms are a

ig. 12. SE-image of the crack path near the crack tip in non-reactive (top) and
eactive (bottom) sintered B6O/TiB2 composite containing 19.5 vol.% TiB2 and
xide additives, respectively (samples nr-4a; r-3a).
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uitable explanation for the improved fracture toughness and
re caused by the differences in the thermal expansion between
he TiB2 particles and the B6O matrix. The larger CTE of
iB2 (8.6 ×  10−6/K) in comparison to that of the B6O matrix
5.65 × 10−6/K) will form tensile stress at the TiB2/B6O grain
oundaries and therefore result in the deflection or arresting
f passing cracks. Although these toughening mechanisms are
bserved in reactive as well as in the non-reactive sintered com-
ositions, it is conclusive that the increase of fracture resistance
ill be in principal higher in reactive sintered materials due to

he finer microstructure and therefore more energy dissipative
oughening events taking place. However, this could not be
bserved. Further reliable SEVNB measurements have to be
erformed.

In contrast to the role of TiB2 particles the amorphous addi-
ive phase seems only to contribute indirectly to the fracture
esistance since crack propagation is predominantly transgran-
lar. However, the prevention of the TiB2 phase pullout during
echanical polishing indicate that the formation of an amor-

hous Al–Y–O–B phase may significantly decrease the residual
tresses between the TiB2 particles and the surrounding matrix
nd thus will also influence the resulting fracture toughness
espite of the absence of common toughening mechanism like
rack arresting, bridging or branching. Large residual stresses
re known to additionally result in microcracking with partial
r complete fracture of the interface which will also contribute
o an improvement in fracture toughness. Although microcracks
r weakened interfaces were not observed by TEM, investiga-
ions in the SiC–TiB2 system with similar differences of the
TEs44 suggesting that this mechanism may also be important

or B6O/TiB2 composites. Another important but so far also
peculative mechanism might be related to the role of twinning
lanes and stacking fault on the crack propagation. Although
wins are planar defects, they have been reported to contribute to
he fracture toughness in boron carbide45 which is isostructural
o B6O. The fracture mode in B6O materials is predominantly
ransgranular therefore the twins may inhibit crack propagation
y acting as barrier, deflect the crack and force it to propagate
long the subgrain boundaries. Taking this into account a higher
racture toughness would be expected for the materials prepared
y the non-reactive preparation route since TEM investigation
how that B6O in non-reactive sintered materials exhibit a sig-
ificant higher defect density than B6O resulting from reactive
intering route. This is probably caused by the relative low sinter-
ng temperature of the starting B6O powder for the non-reactive
intering route as well as a longer exposure to pressure during
intering. However due to the overlapping with other effects
nd measurement uncertainties this could not be seen in the
easured values. Again further investigations are necessary to

larify the role of twinning and stacking faults on the mechanical
ehavior of B6O/TiB2 composites as well as B6O materials.

.2.4. Thermal  conductivity

In cutting and wear applications it is essential to avoid exces-

ive temperature gradients. Thus the thermal conductivity can be
onsidered as a major key property of wear resistance materials.
n agreement to thermal properties of a (porous) B6O material
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eported by Bairamahvili et al., B6O is generally characterized
y a decreasing thermal conductivity with increasing tempera-
ure, which could be assigned to the dominating mechanism of
eat transfer by phonons in the investigated temperature range.42

he formation of B6O/TiB2 composites reduces the decrease of
hermal conductivity with rising temperature and results in sig-
ificant improved values in comparison to pure B6O materials.
he reason for that is a much higher intrinsic thermal conduc-

ivity of the TiB2 phase which additionally only decreases about
0% in the range between room temperature and 1000 ◦C (RT:
6 W/mK, 1000 ◦C: 78.1 W/mK [22]). However, upon addition
f TiB2 into a B6O matrix the thermal conductivity at room tem-
erature is initially lowered. Although the calculated values are
ot conclusive, because of a relative large error of about 15%
his effect can be clearly seen in the values exemplary obtained
y the direct measurement near room temperature. A possible
xplanation for that would be a prevailing effect of an increased
umber of phase boundaries introduced in B6O/TiB2 compos-
tes which decrease the phonon mean-free path in comparison to

 pure B6O material. With increasing temperature this effect is
ompensated by the larger thermal conductivity of TiB2 at high
emperatures.

Data for the thermal conductivity of B6O materials are rare
n literature. Currently unpublished data of the authors for B6O

aterials with oxide additives give a thermal conductivity of
2–18 W/mK which is decreased to 9–14 W/mK at 1000 ◦C.
n comparison commercial cBN materials provide a thermal
onductivity at room temperature of about 44–100 W/mK.46

.  Conclusions

Full densified B6O/TiB2 composites were produced by a non-
eactive as well as a reactive preparation route using FAST/SPS
t temperatures in the range of 1850–1900 ◦C. The sintering
ehavior, resulting microstructure and the mechanical and ther-
al properties were characterized and compared with that of a

ure B6O material.
It could be shown that the reactive sintering route on the basis

f B–TiO2 mixtures is characterized by an improved densifica-
ion in comparison to the non-reactive preparation procedure and
rovides a cost-effective way for producing B6O/TiB2 compos-
te without the necessity of prior B6O and TiB2 synthesis. B6O
nd TiB2 formation in reactive sintering occurs in mainly two
eparate reactions steps for TiB2 and B6O formation at temper-
tures of about 780 ◦C and 1400 ◦C, respectively. Also in the
on-reactive route an improved densification in comparison to
ure B6O without sintering additives was observed upon adding
f TiB2.

Reactive sintering results in a much finer microstructure.
hus a higher hardness in the range of 29–36 GPa (HV0.4) and
2–28 GPa (HV5) is obtained for the reactive compositions in
omparison to 27–31 GPa (HV0.4) and 15–24 GPa (HV5) for the
on-reactive preparation procedure, respectively. Up to 1000 ◦C

he macrohardness HV5 reduces about 25–33%. The resulting
igh temperature hardness partially exceeds that of commercial
-BN tools and prior reported values for B6O materials with
xide additives and is up to 20 GPa at 1000 ◦C.
eramic Society 32 (2012) 1821–1835

The addition of TiB2 in a matrix of B6O significantly
ncreases the fracture toughness. The main mechanisms for that
re crack deflection and crack arresting on the introduced TiB2
articles. For the non-reactive compositions the crack resis-
ance is nearly linearly increased up to a total TiB2 amount
f about 60 vol.% where a fracture toughness of 5.0 MPa m1/2

IF method) is obtained. However, comparing materials with
imilar composition no definite differences in the fracture resis-
ance between the non-reactive and the reactive preparation route
ould be resolved. Resulting values for all composite materials
re in the range of 3.1–4.0 MPa m1/2 (SEVNB).

A thermal conductivity at room temperature between 15
nd 18 W/mK is measured which is slightly lower than that of
ure B6O, The characteristic drop of thermal conductivity with
ncreasing temperature for pure B6O materials is compensated
y the addition of TiB2. High temperature thermal conductivi-
ies at 1000 ◦C of 14–18 W/mK are obtained for the composites
hile higher values are retrieved for lower B6O/TiB2 ratios. The

hermal expansion is in the range of 6.22–6.58 ×  10−6/K.
The use of oxide additives results in the formation of an

dditional amorphous phase in non-reactive as well as reactive
ompositions. It decreases the tensile stress between the TiB2
articles and the B6O matrix and therefore prevents a weakened
nterface and a resulting pullout of the TiB2 phase.

Taken together, the study indicates that B6O/TiB2 compos-
tes (and especially the reactive sintering route) are a promising
pproach to improve the densification and the fracture tough-
ess of B6O materials which currently are the main obstacles
owards commercial applications. An optimization of the sinter-
ng regime is necessary for taking full advantage of the improved
ensification behavior of the reactive compositions. In order to
ptimize the material properties more detailed investigations of
he influence of the B6O/TiB2 ratio, the role of additives and the

6O stoichiometry are necessary.
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