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Abstract

A nominally pure and dense (Tiy¢Cry;)B, ceramic was produced by spark
plasma sintering of powders synthesized by boro/carbothermal reduction of
oxides. The synthesized powders were a single phase and had an average par-
ticle of 0.4 + 0.1 um and an oxygen content of 1.2 wt%. Average Vickers hard-
ness values of the resulting ceramics increased from 25.9 + 0.8 GPa at a load of
9.81 N, to 46.3 & 0.8 GPa at a load of 0.49 N. Compared to the nominally pure
TiB, ceramic obtained under the same processing conditions, the (Tij 9Crg1)B,
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ceramic had higher values under the same load due to the finer average grain size
(2.4 + 1.0 um), higher relative density, and solid solution hardening. The results
indicated that the Cr addition promoted densification, suppressed grain growth,

Funding information and improved the hardness of TiB, ceramics. This is the first report for dense and
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1 | INTRODUCTION

Titanium diboride (TiB,) ceramics have attracted wide
attention as ultrahigh temperature ceramics due to their
high melting point (~3230°C), hardness (~28 GPa),
Young’s modulus (~560 GPa), thermal conductivity (60-
120 W (m K)71), and electrical conductivity (~10°> S cm™")
along with low theoretical density (4.52 g cm~3).!3 These
properties make TiB, promising for potential applica-
tions, such as ultrahigh temperature structural materi-
als, armor, cutting tools, electrodes, and wear-resistant
components.>* Achieving fully dense TiB, is difficult due
to its strong covalent bonding and low self-diffusion coef-
ficient, which needs sintering temperatures of 1900°C
and above along with the use of external pressures or
long holding time up to 2 h.>® However, the high sin-
tering temperature results in significant grain growth in
TiB, ceramics. Once the grain size becomes larger than
a critical value of about 15 um, spontaneous microc-
racking occurs in both grains and grain boundaries due

single-phase (Ti,Cr)B, ceramics as superhard materials.

chromium diborides, superhard materials, titanium diborides, Vickers hardness

to the stresses that develop during cooling due to the
anisotropy of the thermal expansion coefficient between
the a (a, = 6.63 X 107° K™") and ¢ (a, = 8.65 x 107° K1)
directions in TiB, grains.>® In addition, the presence of
surface oxides, including TiO, and B,03, can also promote
grain growth and suppress the densification of TiB, ceram-
ics. These effects deteriorate the strength, hardness, and
elastic constants of TiB, ceramics.°

Previous studies have reported that sintering additives,
such as Al,05,* SiC,”® TiC,’ and B,C,” promoted densi-
fication at lower temperatures, improved the microstruc-
ture, and improved some mechanical properties (particu-
larly, strength and toughness) of TiB, ceramics. However,
most sintering additives, except B,C, reduced the hard-
ness of TiB, ceramics due to their intrinsic “softer” nature.
Gu et al.* reported that the increase in Al,O5 content (0-
40 vol%) resulted in an increase in relative density to 98%
and fracture toughness to 6.0 MPa mY2, but a decrease
in Vickers hardness to 21.8 GPa at a load of 196 N for
TiB,-Al, 05 ceramics. Yan et al.® reported Vickers hardness

5032 | © 2022 The American Ceramic Society.
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values at a load 0f 196 N for fully dense TiB,-30 vol% SiC as
18.1 GPa for SiC particles and 28.9 GPa for SiC whiskers. In
contrast, Shcherbakov et al. reported that binary TiB,-B,C
ceramics with relative densities ranging from 94% to 97%
had Vickers hardness values from 37.1 to 44.8 GPa at a load
of 0.98 N, whereas an equimolar mixture of TiB, and B,C
high energy milled with WC-Co milling media resulted in
a hardness of 33 + 3 GPa at a load of 0.49 N.'° Neuman
et al.” reported that a triplex ceramic containing equal vol-
ume fractions of TiB,, SiC, and B,C had an extremely high
Vickers hardness up to ~53 GPa at a load of 0.49 N.

Our recent study reported that nominally pure, single-
phase high-entropy diboride ceramics with different com-
positions could be produced by a two-step process.'
Among them, (Cr,,Hf,,Tag,Tij,Zr,,)B, ceramics had
the highest relative density of 99.9%, smallest grain sizes
(32 = 1.3 um), and highest Vickers hardness up to
48.3 + 2.3 GPa. The results indicated that the presence of
Crin the solid solutions may promote densification, reduce
grain size, and increase the hardness of diboride ceramics.
However, single-phase (Ti,Cr)B, ceramics have not been
reported to date. Previous studies indicated that the binary
titanium-chromium diboride showed high hardness and
good wear and oxidation resistance, although it was not
clear if single-phase ceramics were formed.'” Murthy et al.
studied the effect of CrB, additions on the densification,
properties, and oxidation resistance of TiB, ceramics. The
solid solution between TiB, and CrB, was not complete
due to the solubility limit of CrB, below 2000°C,'* which
resulted in low relative densities ranging from 94.0% to
96.6%.

The purpose of the present study is to investigate the
densification behavior and microstructure of single-phase
(Ti,Cr)B, ceramics as potential superhard materials.

2 | EXPERIMENTAL PROCEDURE

Titanium oxide (TiO,, 99.9%, 32-nm APS; Alfa Aesar),
chromium oxide (Cr,03, 99.5%, 0.7 um, Elementis, Corpus
Christi, TX), and boron carbide (B,C, purity 96.8%, 0.8 um,
HD20, H.C. Starck, Karlsruhe, Germany) were used as the
starting materials. (Tij oCr ;)B, powders were synthesized
by boro/carbothermal reduction (BCTR) of the oxides with
B,C according to the stoichiometries of reactions (1) and
(2). Due to the loss of B by the evaporation of B,0O5, excess
B,C is required to ensure complete BCTR:

7Ti02(s) + SB4C(S) = 7TI:Bz(S) + SCO(g) + 3B2O3(g) 6]

7CVZO3(S) + 9B4C(S) = 12CrBZ(s) + 9CO(g) + 43203(g) (2)

Oxides and 13 wt% excess B,C were mixed by ball-milling
for 4 h using yttria-stabilized ZrO, media with acetone

as the solvent. The slurries were dried by rotary evapo-
ration at 60°C and passed through a 150-mesh sieve. To
improve particle contact, promote reaction, and suppress
loss of powder during processing, powder mixtures were
pressed into disks with a diameter of 25 mm under a uniax-
ial pressure of 2 MPa. The BCTR reaction was performed at
1650°C for 2 h in a resistance-heated graphite element fur-
nace (Model 3060, Thermal Technology, Santa Rosa, CA)
under vacuum (~13.3 Pa). The reacted products were gen-
tly crushed and collected.

The as-synthesized (Tiy ¢Crp)B, powders were loaded
in a graphite die (inner diameter: 20 mm) lined with
graphite foil and densified at 2000°C for 10 min under
mild vacuum (~2 Pa) and a uniaxial pressure of 50 MPa by
spark plasma sintering (SPS, DCS10, Thermal Technology,
Santa Rosa, CA). To improve the purity of the (Tip oCrg1)B,
ceramic and to promote densification, a two-step sintering
was performed.''* In the first step, powders were heated
at 100°C min~! under mild vacuum (~2 Pa) and a uniax-
ial load of 15 MPa up to 1650°C where the temperature was
held for 5 min to promote reaction and removal of resid-
ual oxides. In the second stage, the uniaxial pressure was
increased to 50 MPa within 1 min after holding at 1650°C,
and the furnace was then heated at 150°C min~! to the
final densification temperature of 2000°C. After isother-
mal holding at the final temperatures for 10 min, the fur-
nace cooled to 1000°C at 100°C min~! and under a uniax-
ial pressure of 25 MPa and then allowed to cool naturally to
room temperature. The temperature was measured by an
optical pyrometer focused on a hole that was drilled to a
depth of half the thickness of the graphite die body. Shrink-
age curves were recorded and then corrected by adjusting
the total ram displacement to compensate for the thermal
expansion of the graphite die, which was done by record-
ing dimensional changes for an empty graphite die heated
using the same sintering profile as the powders. For com-
parison, nominally pure TiB, powder was synthesized and
densified using the same processes.

Phase compositions were analyzed by an X-ray diffrac-
tion (XRD, PANalytical X-Pert Pro, Malvern Panalytical
Ltd., Royston, United Kingdom) method. Powders were
examined in the as-synthesized state. Sintered specimens
were ground on both sides to remove the graphite foil and
any reaction layers prior to further analysis. Bulk densi-
ties were measured by Archimedes’ method using distilled
water as the immersing medium.

Theoretical densities (py,) were calculated using the fol-
lowing equation:

(o) =(neM)/(N V) ®3)

where n and M are the number of atoms and the molecu-
lar weight in one-unit cell, N is Avogadro’s number, and V'
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is the lattice volume. M was calculated based on an ideal
composition of (Tiy¢Cry;)B,, whereas V was calculated
using the lattice parameters that were determined by ana-
lyzing XRD patterns of dense billets using Rietveld refine-
ment (RIQAS software, MDI, Livermore, CA). The mor-
phologies and particle sizes of the synthesized powders
were analyzed using scanning electron microscopy (SEM,
Raith eLine Plus, Dortmund, Germany). Microstructures,
grain sizes, and metal distributions of sintered specimens
were examined using SEM with energy-dispersive spec-
troscopy (EDS, BRUKER). Specimen surfaces were pol-
ished to a 0.25-um finish using successively finer diamond
suspensions. A computer-based image analysis program
(ImageJ, National Institutes of Health, Bethesda, MD) was
used to estimate the sizes of particles and grains. At least
300 grains per specimen were measured to determine aver-
age particle and grain sizes. The oxygen contents of syn-
thesized powders and sintered ceramics were analyzed by
the inert gas fusion method (TC500, LECO, St. Joseph, MI).
The sintered samples were pulverized prior to the mea-
surement, and a standard specimen was first measured for
calibration. The oxygen content of the standard sample is
measured with a precision of +0.008 wt%.

Microhardness was measured by Vickers indentation
following ASTM C1327 (Model Duramin 5, Struers Inc.,
Cleveland, OH), under indentation loads of 0.49, 0.98,1.96,
4.90, and 9.81 N for a dwell time of 15 s. Reported values
are the average of 10 valid measurements. To minimize
the error in testing below 4.90 N, indentation sizes were
measured using a 3D digital optical microscope (HiROX,
HIROX-USA, Hackensack, NJ). Young’s and shear moduli
were measured using a dynamic elastic properties analyzer
by an ultrasonic method (DEPA, Jagdish Electronics, Ban-
galore, India). Fracture toughness was determined using
the direct crack measurement method described by Anstis
et al.® Indents were made on a polished surface using a
98.1 N load for 15 s. The reported values were the average
of six indentations.

3 | RESULTS AND DISCUSSION

XRD patterns of the synthesized (Tiy¢Cry;)B, powders
showed that nominally pure and single-phase diboride
with a hexagonal structure were observed after BCTR
at 1650°C, as shown in Figure 1. No oxide phases were
detected by XRD, and the oxygen content was 1.2 wt%. The
results indicated that the BCTR reaction was almost com-
plete after heating at 1650°C, which was attributed to the
fine particle size of the starting powders, 32 nm and 0.7 um,
and the reduced onset temperature for the reaction under
vacuum.'® Nominally pure TiB, powder was also synthe-
sized after BCTR at 1650°C, based on its XRD pattern

(Ti, 4Cr, ,)B, ceramic

J A\ A N
(Ti, ,Cr,,)B, powder

i
_A_L JL ,\_lbll\ N
|

TiB, (PDF#00-035-0741)
L

1 | | I 1
| CrB,(PDF#00-034-0369)

Intensity (a.u.)

20 30 40 50 60 70 80
20/°

FIGURE 1 XRD patterns of (Ti,,Cr,;)B, powders synthesized
by BCTR at 1650°C and (Ti, ¢Cr,;)B, ceramics produced by SPS at
2000°C. BCTR, boro/carbothermal reduction; XRD, X-ray
diffraction

(not shown), with measured lattice parameters reported
in Table 1. The lattice parameters for (TiyCry)B, pow-
der were smaller than those for TiB, powder, which indi-
cated that Cr had dissolved into the TiB, lattice due to the
smaller lattice parameters of CrB,, as shown in Table 1.
In addition, XRD analysis indicated that the solid solu-
tion between TiB, and CrB, was nearly complete at tem-
peratures as low as 1650°C, although previous studies and
the phase diagram showed that the complete solid solu-
tion between TiB, and CrB, across the entire composi-
tion range required temperatures above 2000°C." In the
present study, the higher degree of formation of solid solu-
tion was achieved at lower temperature presumably due
to the finer particle size of the synthesized boride powders
and the lower Cr content. The average particle size of the
synthesized TiB, and (Ti, ¢Cr,;)B, powders was similar,
around 0.4 um, as shown in Figure 2A,C.

After SPS at 2000°C, single-phase (Tig ¢Cr( ;)B, with no
residual impurity phases was detected by XRD, as shown
in Figure 1. The lattice parameters for the (TiyCr()B,
ceramic were smaller than those measured for the
(Tip9Crg1)B, powder, which indicated that the prepara-
tion of solid solution was complete after densification. The
sintered (Tiy¢Cr;)B, ceramic had also much lower oxy-
gen content, 0.01 wt%, than that of as-synthesized pow-
ders (1.20 wt%), due to the removal of surface oxides during
densification.'*

After heating to 1650°C, solid solution formation
between TiB, and CrB, was nearly complete based on the
following observations:

(1) (TipoCry1)B, powder had a single phase with a hexag-
onal structure.

(2) The lattice parameters of (Tiy¢Cry;)B, powder were
close to those of the sintered (Tij ¢Crg;)B, ceramic.
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TABLE 1
powders, and (Ti, oCr,,)B, ceramics

- American Ceramic Society

Compositions, synthesis temperatures, lattice parameters, and average particle/grain sizes of TiB, powders, (TiyoCr;)B,

Synthesis Lattice parameters (nm) Average
temperature crystallite size
Compositions °C) a c c/a (um) Ref.
TiB, powder 1650 0.3030 0.3229 1.066 04+01 Present
(Tig4Cry,)B, powder 1650 0.3026 0.3211 1.061 0.4 +0.1 study
(TipCro,)B, ceramic 2000 0.3022 0.3213 1.063 24+1.0
TiB, - 0.3030 0.3229 1.066 = #00-035-0741
CrB, - 0.2973 0.3071 1.033 - #00-034-
0369
2200 —— T T T ™ 5
2000 | :?;g’ienng Temperature
1800 - (1i_cr. )B, 4

FIGURE 2

SEM micrographs of (A) TiB, powder, (B) TiB,
ceramic, (C) (Ti(oCr,;)B, powder, and (D) (Ti,¢Cr,,)B, ceramic,
along with the corresponding (E, F (Ti), G (Cr)) EDS maps and (H)
EDS spectrum of the (Tij 4Cr,;)B, ceramic. EDS, energy dispersive
spectroscopy; SEM, scanning electron microscopy

(3) The sintered (TipoCr(;)B, ceramic displayed a sin-
gle phase by XRD and with similar lattice parame-
ters between experimental values and those calculated
(a = 0.3024 nm and ¢ = 0.3214 nm) using Vegard’s law
and the reported lattice parameters of TiB, and CrB,.

For comparison, signs of incomplete solid solution reac-
tions would be (1) multiple phases in XRD patterns; (2) sig-
nificantly different lattice parameters between powder and
sintered materials; or (3) discrepancies between calculated
and experimental lattice parameters.

An almost fully dense (TigoCr(;)B, ceramic was pro-
duced by SPS at 2000°C. The relative density was 99.6%
for (Tij 9Cr 1)B,, which was higher than the relative den-
sity of 97.9% achieved for pure TiB,, as shown in Table 2
and Figure 2B,D. These results indicated that Cr pro-
moted the densification of TiB, ceramics. A previous study

1600
1400
1200
1000
800 |
600
400
200

Shrinkage (mm)

15MPa} 50MPa 1

Sintering temperature (°C)

0 5 10 15 20 25 30
Sintering time (min)

FIGURE 3 Shrinkage curves as a function of sintering time for
TiB, and (Ti(,Cr,,;)B, ceramics during SPS at 2000°C. SPS, spark
plasma sintering

reported that TiB,-CrB, ceramics produced by hot press-
ing at 1750°C had relative densities ranging from 94.0% to
96.6%.'°> Compared to previous results, higher relative den-
sities were achieved in the present study.

Densification curves were similar for (Tip ¢Cr;)B, and
nominally pure TiB, ceramics during the SPS process,
as shown in Figure 3. Below about 1250°C, little shrink-
age occurred, presumably due to particle rearrangement
under the low uniaxial pressure of 15 MPa. Significant
shrinkage was observed from about 1250 to 1650°C. Dur-
ing the isothermal hold at 1650°C, continuous shrink-
age was observed for both compositions, which indicates
that densification was not complete. A sharp increase in
shrinkage occurred after the isothermal hold at 1650°C
due to the application of a higher uniaxial pressure of
50 MPa. Subsequently, distinct shrinkage was observed
for the (Tip¢Crg1)B, ceramics during heating, but shrink-
age stopped at the beginning of the isothermal hold
at 2000°C. Slight expansion was observed through the
entire isothermal hold, which indicates that densification
reached completion. In contrast, distinct shrinkage with a
slower rate was observed for the pure TiB, ceramics below
2000°C, whereas continuous shrinkage occurred through
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TABLE 2 Compositions, sintering conditions, theoretical density (py,), relative density (o), Vickers hardness (HV0.1), Young’s modulus
(E), shear modulus (G), fracture toughness (K. ), and average grain size (mgs) of TiB, and (Ti, ¢Cr,;)B, ceramics compared with previous
studies
Sintering Pth P HVO0.1 K. mgs

Compositions (°CCMPa'min!) (gem™3) (%) (GPa) E(GPa) G (GPa) (MPam'?) (um) Ref.

TiB, SPS/2000/50/10 4.48 97.9 36.7+43 454+6 204 +3 - 27.5 + 23.1 Present

(Tip9Cro,)B, 4.57 996 353+42 558+8 247+3 22402 24 +10  study

TiB,-2.5 wt%CrB, HP/1750/35/60 = 96.6 239+13 - - 28+0.1 - 13

TiB,-5.0 wt%CrB, = 94.8 237+2.0 - = 43+04 -

TiB,-10.0 wt%CrB, = 94.0 239+11 = - 5.0+1.0 2-4

Abbreviation: HP, hot pressing.

the entire isothermal hold at 2000°C, which indicates that
densification of pure TiB, was not fully complete. More
shrinkage was observed for (Tiy¢Cry;)B, ceramics com-
pared to the nominally pure TiB, ceramic, considering
also the slope of the curves, which was consistent with
the higher measured relative density of the (TijCr(;)B,
ceramic, as shown in Table 2. In comparison to a previous
study,” the present results indicated that Cr additions pro-
moted the densification of TiB, ceramics presumably due
to a change in densification kinetics caused by the solid
solution effect.'” !

The synthesized TiB, and (Tij¢Cr;)B, powders had
similar particle sizes of about 0.4 + 0.1 um, as shown in
Figure 2A,C. The fine particle size of the starting powder
mixtures and mild vacuum promoted BCTR at lower tem-
peratures, thus resulting in fine particle size after BCTR'®.
Neck formation between particles was presumed to be due
to the formation of B,05; during synthesis, as previously
observed during boride synthesis.”” However, the pure
TiB, ceramics had an average grain size of about 27 + 23 um
after SPS at 2000°C. In addition, microcracks, particle pull-
out, and residual porosity were also observed, as shown in
Figure 2B. The microstructure of the pure TiB, ceramic
produced in the present study was consistent with the
results reported in previous studies.”® The high sintering
temperature resulted in strong grain growth, thus inducing
microcracks due to anisotropy of the thermal expansion
coefficient between the a and c axes of TiB,. Particle pull-
out occurred during the polishing step because of microc-
racks after sintering. In contrast, the (Tiy ¢Crg)B, ceramic
exhibited a denser and finer microstructure without the
formation of microcracks, as shown in Figure 2D. The aver-
age grain size was 2.4 + 1.0 um, which was much smaller
than that of the pure TiB, ceramic. The corresponding
EDS maps (Figure 2E-G) and spectrum (Figure 2H) of
(Tip 9Crg1)B, ceramic show that Ti and Cr were uniformly
distributed in the scanned area, which was consistent
with the single phase detected by XRD. The results indi-
cate that the Cr addition promoted densification and sup-
pressed the grain growth of TiB, grains, which was consis-

tent with the measured relative densities and densification
behavior.

In the present study, CrB, was introduced to TiB, by
in situ reaction. Solid solution formation inhibited the
motion of grain boundaries, thus suppressing the grain
growth during sintering. Fine grain has high surface
energy, which can provide high driving force for sinter-
ing. Therefore, the introduction of Cr into TiB, lattice pro-
moted densification and suppressed grain growth.

The mechanical properties of TiB, and (Tip¢Crg;)B,
ceramics are summarized in Table 2. The Young modu-
lus of (Tig¢Cry;)B, was 558 + 8 GPa, which was higher
than the value (528 GPa) predicted using a volumetric
rule of mixture calculation based on the nominal com-
positions and using the reported modulus values for TiB,
(~560 GPa)* and CrB, (210 GPa).?° The higher Young mod-
ulus could be due to the solid solution effect. In contrast,
the pure TiB, ceramic had a lower modulus value due to
the lower relative density and microcracks. The fracture
toughness of the (Tip¢Cry;)B, ceramic produced in the
present study was 2.2 + 0.2 MPa m'/2, which was lower
than the values for TiB,-CrB, ceramics reported in a previ-
ous study, possibly due to the different CrB, contents and
uncomplete solid solution in the previous study."

Figure 4 shows the Vickers hardness as a function
of indentation load for TiB, and (Tiy¢Cry;)B, ceram-
ics compared with previous studies. The hardness was
259 + 0.8 GPa at a load of 9.81 N, and it increased
to 46.3 + 0.8 GPa at a load of 0.49 N. Hardness val-
ues increased as the indentation load decreased due to
the indentation size effect. At a load of 0.98 N, the
(TigyCrg1)B, ceramic in the present study had much
higher hardness (35.3 + 4.2 GPa) than (Ti,Cr)B, ceram-
ics (around 23.9 GPa), reported in a previous study, due
to the higher relative density, finer grain size, and com-
plete solid solution achieved in the present study.”® At a
load of 0.49 N, the hardness value for (Tiy4Cry;)B, was
slightly higher than that of TiB,, which indicated that the
Cr addition increased the hardness of TiB,. In addition, the
(Tip 9Crg1)B, ceramic exhibited hardness values that were
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higher than or comparable to superhard materials, such as
nominally pure WB, (43.3 + 2.9 GPa)*! and other TMB,
(TM = W, Re, Mo, Ta, Os, and Tc; 40-54 GPa) ceramics.?
The results indicated that solid solution hardening was
able to produce superhard TiB,-based materials.

4 | CONCLUSIONS

To summarize, a nominally pure, dense, and single-phase
(Tip9Cry;)B, ceramic was produced by SPS at 2000°C
using powders synthesized by BCTR. Nearly complete
solid solution occurred already upon synthesis at 1650°C.
The synthesized (Ti ¢Cr( ;)B, powders had an average par-
ticle size of 0.4 + 0.1 um and oxygen content of 1.2 wt%.
The sintered (Tip¢Crg;)B, ceramic had a hardness of
46.3 + 0.8 GPa that was higher than a nominally pure TiB,
ceramic at a load of 0.49 N, due to the finer average grain
size (2.4 + 1.0 um), higher relative density, and solid solu-
tion hardening.

These results indicate that 0.1 at% Cr substitution
within TiB, lattice promoted densification, suppressed
grain growth, and improved the hardness of TiB, ceramics.
This study demonstrated a reliable way to widen the appli-
cation fields of TiB, ceramics by synthesis and sintering
in milder conditions without jeopardizing the mechanical
properties.
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