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Abstract

Mechanical reinforcement of hard ultrahigh-temperature materials often requires complex processing techniques involving the mixing of platelet-
shaped particles into the matrix — ultimately leading to inhomogeneities that compromise strength and fracture toughness. Thus, this paper
investigates in situ reinforcement of a TiB, ceramic matrix by controlled precipitation of W,B, platelets and 3-WB nanolaminates. The results
showed successful precipitation of: (i) W,B, platelets according to the phase diagram, (ii) epitaxial B-WB lamellas, and (iii) spinodal, i.e. fully
coherent W-rich lamellas which change to either W, B, platelets or 3-WB during ageing. The study of phase amount and microstructure as a function
of homogenization temperature and annealing temperature/time regimes allows one to control the volume fraction, size as well as aspect ratio
of precipitates. This enables the control of fracture toughness affected by crack deflection, particle pull-out, crack bridging and crack branching.

Composition and milling treatment most affect microstructure. Successful precipitation is possible at 1650 °C.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

TiB, and other transition metal diborides show outstand-
ing thermomechanical and electrical properties making them
prime candidates for very high temperature applications. Due
to their strong covalent bonding in the boron sublattice, both
the Young’s modulus and hardness of diborides are so high
that diborides have been considered as compounds in cutting
tools or for ultrahigh-temperature structural applications. Their
chemical stability and inertness make them suitable as cru-
cible materials for melting metals or as thermocouple protection
tubes for use in molten metals. Moreover, they display good
electrical and thermal conductivities and corrosion resistance
and are therefore attractive materials for cathodes or linings
in aluminum reduction cells, heating elements' and evaporator
boats for evaporation of metals in polymer tape-coating plants.?
Besides ZrB,, TiB; may also be considered as an ultrahigh-
temperature material for thermal protection of re-entry space
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vehicles. For such applications, their poor sinterability, relative
brittleness, and comparatively low strength should be overcome
by second phase reinforcement as well as by an appropriate
microstructural design.’

Many of the AlB;-type transition metal diborides belonging
to the space group P6/mmm exhibit a significant mutual solid
solubility at high temperatures. Employing appropriate additives
such as V, Cr, Mo, Hf, Ta, and partially also W that accommodate
into this type of crystal lattice may generate accelerated volume
diffusion and thus aid densification.

Telle et al. investigated the quasi-binary systems TiB,—CrB>,
W;,B4—CrB,, and TiB,—W3,By4 and established the particular
phase diagrams.* The combination of diboride solid solutions
and W;By4 aimed at an in situ reinforcement of microstructures
by forming a homogeneous (Ti,W,Cr)B; solid solution during
a high-temperature treatment inside the widening single phase
field. During cooling down into the two-phase region and
annealing a second phase, in this case W,By4, was precipitated.5
Since these precipitates usually possess a coefficient of thermal
expansion different than that of the host crystal, intrinsic
stresses are generated during final cooling. These stresses give
rise to active crack deflection, microcracking, and load transfer®
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Fig. 1. Phase diagram of the TiB,—WB;. Black round dots refer to observed
compositions of solid solutions. Triangular points are literature data.

in particular if the aspect ratio of the reinforcing phase is high.”
Thus, the in situ growth of anisotropically elongated grains
would be favored as this may overcome almost all problems
involving homogeneous dispersion of powder particles of a
high aspect ratio by mechanical methods as well as avoid
differential shrinkage between matrix phase particles and the
reinforcing phase during sintering.®

An interesting candidate for platelet-reinforcement is W» By,
space group P63/mmc, formerly denoted as W»Bs.2~!! This
crystal structure consists of AlBj-structure-type packages of
different stacking sequences interrupted by puckered boron lay-
ers. Since it became experimentally evident that the theoretical
stoichiometry of B/W=2.5 is not fulfilled but approximates
B/W =2.0'! this phase has been recently renamed. So as not
to confuse it with the metastable AlB,-type WB; as proposed
by Woods et al.,'? Frotscher et al. suggested the chemical for-
mula W, B4 by referring to the different stacking modes but also
accounting for the incomplete occupation of the boron sites.!3
Clarification of the true stoichiometry is, in fact, important, since
most of the W, B4 powders commercially available are produced
either by B- and W-powder solid-state reaction or by CVD pro-
cesses typically erroneously using a stoichiometry of B/W =2.5
for the initial components. Thus, these raw materials contain
usually an excess of boron.

The TiB,—W;B4 system is a eutectic system with the invari-
ant point at 2230 £40°C and 90 mol% W;B4 (Fig. 1). The
solid solubility of W7B4 in TiB; at this temperature is approxi-
mately 63 mol%. The wide homogeneity range of the (Ti,W)B,
solid solution narrows significantly with decreasing tempera-
ture. At 2000 °C, the maximum solubility ranges between 44
and 46 mol% W;,By4, and at 1500 °C it is 7-8 mol%, while the
TiB, content in W»By, is reduced from 3 to 4 mol% to 2 and
<1 mol%, respectively.

Mitra and Telle'* established a section of the quasi-ternary
phase diagram of the TiB—-W>Bs4—10mol% CrB; system
(Fig. 2) in order to enhance volume diffusion by adding CrB;
and to reduce temperature and time for the annealing treat-
ment, while another goal was to influence thermal expansion

TiB, Mol-% WB,+ 10% CrB,
Fig. 2. Section through the TiB,—WB,—CrB; phase diagram parallel to the
TiB>,—WB, edge at 10mol% CrB,. Black quadrangles refer to observed com-
positions of solid solutions.

WB,

coefficients.!> With the addition of CrB,, the maximum solubil-
ity of W,By4 in AlIB; structure phase decreased from 63 mol% to
58 mol%, but the three-phase equilibrium comprising a liquid
was shifted to 1980-2000 °C. Consequently, the homogene-
ity range in the experimentally more accessible region below
2000 °C was extended.

The aim of this present study is to systematically investigate
the ternary TiB,—W,B4—CrB, compositions with special focus
on 40 mol% TiB,, 50 mol% W;B4, and 10 mol% CrB; in order
to determine the precipitation mechanisms and kinetics more
precisely and to establish suitable temperature—time regimes for
generating in situ platelet-reinforced microstructures.

2. Materials and methods

The starting powders made up of TiB;, W2B4 and CrB;
were supplied by Japan New Metals Co., Ltd., Osaka, Japan,
and Hermann C. Starck GmbH, Goslar, Germany. Their char-
acteristics are shown in Table 1. The particle size distribution
was determined by laser-scattering (Mastersizer 2000, Malvern
Instruments, UK). The boron content of powders was measured
by ICP (PerkinElmer Plasma 2000) after acidic leaching. Both
powders differed with respect to TiB, grain size and contam-
inants. The W,B4 powder from Japan New Metal showed a
nominal B/W ratio of 2.6, whereas that from the H.C. Starck
company had a nominal B/W ratio of 2.4. It should be noted,
however, that the major impurities carbon and nitrogen are
bonded as B4C, and BN, respectively, while excess B may be
present as B>O3.

The powders were mixed in different molar ratios rang-
ing from 65TiB,—15W;,By4 to 10TiB,—80W,B4 while the CrB;
content was fixed at 10 mol%. The H.C. Starck powder was
predominantly used for precipitation studies. In this paper,
most results will reflect a TiB>:W;B4:CrB, composition of
40:50:10 mol%. The pre-mixed powders were attrition-milled
in a 500 ml stainless steel container (stirrer rotor and excenter
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Table 1
Chemical composition of starting powders (wt.%).
Size (pm) Ti \% Cr B C N (0] Fe
(a) Japan New Metal Co., Ltd., Osaka, Japan
TiB, 4.25 68.17 - - 30.59 0.22 0.64 0.29 0.09
W;,B4? 2.50 - 85.91 13.13 0.68 0.24 0.04 0.00
CrB; 5.40 - - 69.46 29.81 0.11 0.40 0.22 0.00
(b) H.C. Starck GmbH, Goslar, Germany
TiB, 25.0 68.62 - - 30.77 0.25 0.04 0.17 0.15
W;,B4? 2.2 - 87.03 - 12.39 0.29 0.00 0.19 0.10
CrB; 43 - - 70.29 29.20 0.21 0.00 0.18 0.12

2 Commercially available as W,Bs.

disks armored by WC/Co) together with 1 mm diameter WC/Co
balls (Netzsch-Feinmahltechnik, Selb, Germany, 94 wt.% WC,
6 wt.% Co) in isopropanol at 1000 min~! for 2 h. After milling,
the suspension was dried and granulated in a rotary evaporator.

The powder was hot-pressed (F 8127 HPW200/250-
2200-18KS, FCT, Rauenstein, Germany) in hexagonal boron
nitride-lined graphite dies with graphite resistance heating and
homogenized at temperatures of 2000 °C and 2100 °C in 1 atm of
Ar atmosphere, under a pressure of 50 MPa for holding times of
between 0.5 h and 14 h, respectively. A heating rate of 20 K/min
from room temperature to 1200 °C was followed by increments
of 10 K/min until the temperature limit was reached. The hot-
pressed samples were subsequently cooled down under pressure
release to temperatures of 1500, 1600, 1650, and 1700 °C and
annealed for phase separation for various durations from 0.5h
to 16h, respectively. The final cooling rate was 20 K/min to
1100 °C followed by free cooling to room temperature. The tem-
perature was controlled by a Pt5%Rh—-Pt20%Rh thermocouple
and an optical pyrometer above 1200 °C that was calibrated by
a Planckian black emitter.

Microstructural characterization and local elemental analysis
were performed on diamond-ground and polished samples with
a scanning electron microscope (SEM, Leo 440i, Leo Electron
Microscopy, Cambridge, UK) and energy dispersive X-ray spec-
troscopy (EDS, Oxford EDX, system Link Isis). Transmission
electron microscopy was carried out with a CM30 at 300kV
acceleration voltage (Philips, Eindhoven, The Netherlands) and
a CM300UT-FEG (Philips) equipped with an electron energy
loss spectrometer (EELS) for light element detection. Addi-
tionally, microprobe analysis for boron was conducted with a
JEOL JXA-8600 Superprobe. The respective phase content of
both polished sections as well as of powderized hot-pressed and
temperature-treated samples was measured by X-ray diffraction
(XRD) analysis using a Philips diffractometer (PW3710, Philips,
Eindhoven) with CuK,, radiation.

3. Results
3.1. Reactions of starting materials

Heating up the powder bodies of the various mixes resulted
in an increasing interdiffusion among TiB;, W>By4, and CrB;.

Generally, the CrB; phase dissolved very fast into (Ti,Cr)B, and
(W,Cr)2B4 so that at 1400 °C and above no distinct CrB; phase

could be detected anymore. A high CrB;-content enhanced the
W dissolution in (Ti,W,Cr)B;.

Fig. 3 shows a SEM micrograph with a non-equilibrium situ-
ation of W, B4-consumption (light grain) by the two neighboring
(Ti,W,Cr)B, particles. Note that no CrB; is visible but that two
rim areas of increasing W- and Cr-content are seen around the
initial center points of former TiB, particles. The black particles
in the center and at the lower border are either hexagonal BN or
graphite as multiply proven by XRD (best fit by cliftonite reflec-
tions) and TEM combined with EELS.> Traces of (W,Ti)C|_,
can rarely be found by XRD at temperatures up to 1650 °C.

Homogenization of the TiB,:W;B4:CrB; =40:50:10 mol%
composition at 2000 °C is incomplete even after 12 h. Although
this composition is close to the maximum W-solubility but still
inside the single phase field, residual undissolved W,B4 phase,
elemental boron or carbon and — in rare cases — (Ti,W,Cr)B;
grains with cores of unreacted TiB, are found. Almost all of
the initial phases reacted to a homogeneous solid solution after
heating to 2100 °C for 6 h. The average grain size ranges now
between 50 and 80 wm. Fine grains of graphite, and, in the case of
a high W, B4 content, boron were predominantly arranged at the
grain boundaries. There was no difference in grain size or phase
composition if comparing the as-homogenized microstructures
prepared from H.C. Starck and Japan New Metals powders.

Homogenization at 2100°C for 6h starting from a
TiB2:W>B4:CrB, molar composition of 65:25:10 with stepwise
increments of 10mol% W;B4 to the W-rich end com-

Fig. 3. W;By dissolution during heating (light phase); compositions in mol%.
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Fig. 4. X-ray diffraction pattern of samples with varying Ti:W ratio annealed
at 2100°C for 6h. a and vy refer to two kinds of P6/mmm-structure type
(Ti,W,Cr)B; solid solutions. “24” refers to W,B4, C is graphite, WB is B-WB.
Note 002 peak splitting between 28° 26 (a-phase) and 29° 26 (y-phase) while
100 reflection at 34.1° 26 is not significantly affected.

position of 05:88:07 reveals that the composition of the
(Tig.9—x,Wy,Crp.1)B7 increases continuously until the maximum
solubility of W,By4 is reached at (Tig.41,W0.49,Cro.1)B> and the
two-phase-equilibrium is entered. At compositions of 10:80:10
and higher W;B4-content, an unexpected third phase, 3-WB,
appears and disappears again upon approaching a TiB; content
of <5mol%. Moreover, XRD diagrams reveal a peak-splitting
of 00 l-reflections pattern of (Ti,W,Cr)B,. Starting with a sin-
gle phase composition in case of a Ti:W:Cr ratio of 65:25:10,
denoted as « in Fig. 4, a second broader 00 1-peak of another
kind of (Ti,W,Cr)B;, here denoted as v, is steadily increas-
ing at the expenses of the 002-peak of o while increasing
the W-content. The a-phase, however, exhibits a slight lattice
contraction with increasing W-content, too. Both solid solu-
tions belong to the P6/mmm-type but vary in regard to the
lattice constant ¢, as can be seen from the coincidence of
100 reflection at 34.1° 26. Both phases disappear entirely
at a WjBy-concentration exceeding 85 mol%. Note also the
existence of clear graphite reflections at diffraction angles of
26.4° 26. There is also evidence for formation of a local lig-
uid phase at triple points and in the vicinity of pores. EDS area
analysis of solidified liquid shows 31 mol% Ti, 13 mol% Cer,
and 56 mol% W.

Fig. 5. Initial state of heterogeneous nucleation of W,B4 (light) at grain bound-
aries.

3.2. Precipitation reactions

Since hot pressing at 2000 °C for 4 h was suitable enough
for densifying and avoiding CrB, evaporation we choose a 4h
pressureless post-treatment at 2100 °C for final homogeniza-
tion, followed by precipitation annealing at lower temperatures.
Shorter homogenization time leave relatively small residual par-
ticles of starting W>B4 powder behind at the grain boundaries
of the saturated solid solutions.

3.2.1. Formation of W>B4 platelets

Precipitation of W,B4 starts by heterogeneous nucleation
at grain boundaries between the supersaturated (Ti,W,Cr)B,
solid solution as identified by XRD and selected area electron
diffraction in the TEM. Typical platelet-shaped crystals grow
along the grain boundary or into the neighboring particles while
crossing the grain boundaries (Figs. 5 and 6). If residual undis-
solved W;By is present, these particles act as nucleation sites
during cooling, too. Starting preferentially at the phase bound-
aries of these grains, the platelets expand into the surrounding
solid solutions. Thus, the initially round and equiaxed particles
become blocky and elongated with smooth crystal faces some-

Fig. 6. Progressed growth of W,By4 (light) across grain boundaries.
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Fig. 7. Growth of undissolved W, By residues (light) during cooling and further
annealing.

times having platelets attached (Fig. 7). Both precipitates contain
a molar fraction of 4—6 mol% TiB, and up to 7 mol% CrB,. The
lattice parameters of (W,Cr,Ti)2B4 are a,=0.2978(2) nm and
Co=1.385(1) nm as measured by both HR-TEM and selected
area electron diffraction.

3.2.2. Formation of B-WB epitaxial precipitates

According to the expectations from the phase diagram,
W>B4 should solely be precipitated. Another kind of pre-
cipitation, however, is generated by nucleation inside the
supersaturated (Ti,W,Cr)B, host crystal and epitaxial inter-
growth. Both XRD and HR-TEM together with electron
diffraction prove this phase to be B-WB (orthorhombic,
Cmcm). 3-WB forms very thin platelets and is crystallo-
graphically well orientated in three directions intersecting
at an angle of 120°, i.e. parallel to the prism planes of
the hexagonal host crystal, (1100>(Ti,W,Cr)B2”(010) B—WB
and [000 1]¢ri,w,cnB, I[100] g_wp (Figs. 8-10). According
to EELS-analysis,? the high-temperature form B-WB is stabi-
lized by accommodation of up to 50at.% Ti and 20 at.% Cr
and should therefore be denoted as B-(W,Ti,Cr)B. Both sta-

Fig. 8. Epitaxial 3-(W,Ti,Cr)B precipitates as seen parallel to [000 1] (center)
between clusters of 3-WB/W,By.

Fig. 9. TEM image of epitaxial B-(W,Ti,Cr)B precipitates in (Ti,W,Cr)B; host
crystal.

bilization and epitaxial growth is made possible by a very
small lattice expansion resulting in a perfect fit to the lat-
eral dimensions of the (1 100) plane of the (Ti,W,Cr)B; host
crystal. The mismatch between the atomic site positions of
both planes as estimated by HR-TEM is approximately 1%.
A typical well-accommodating situation is the neighborhood
of (Tig.55W0.32Cro.12)B2 and 3-(W.44Tig.44Cro 12)B. Observa-
tions by SEM and HR-TEM reveal that the monoboride platelets
are 0.8—10 nm thick and consist of 1-12 unit cells only, whereas
the lateral extension is limited by the size of the host crystal and
may approach several 100 pm.

Another type of B3-(W,Ti,Cr)B is observed as particle clus-
ters which may be considered as undissolved residues from the
starting W,B4 material including WC debris from the milling
process. These aggregates extend for 20-50 wm and consist of
homogeneous 3-monoboride surrounded by clusters of graphite.
During annealing at lower temperatures, slightly darker inclu-
sions of blocky fan-like arranged platelets of (W, Ti,Cr)>Ba4
grow from the interface to the environmental matrix either
into the clusters or expanding to the outside (Fig. 11). The

Fig. 10. HR-TEM micrograph of {-(W,Ti,Cr)B coherently bonded to
(Ti,W,Cr)B; host crystal.
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Fig. 11. Cluster of W-rich compounds, hot-pressed at 2000 °C for 8 h, annealed
at 1500°C for 8h. Note the growth of W;,By inside 3-WB and epitaxial B-
WB precipitates in the surrounding matrix. Black flakes are graphite, black dots
inside W, B4 aggregates are pores.

B-(W,Ti,Cr)B solid solution can be recognized by its brighter
atomic number contrast due to the lower boron content. As deter-
mined by high resolution microprobe analyses, the composition
is: W=46.5at.%, Ti=2.5at.%, Cr=0.1at.%, B=50.9at.%
yielding an atomic (W +Ti+ Cr):B ratio of 1:1.04. The inter-
growths of (W, Ti,Cr);B4 show a composition of W =33.0at.%,
Ti=1.8at.%, Cr=0.05 at.%, B=65.1 at.% and a (W + Ti+ Cr)-
to-B ratio of 1:1.87 which is typical for this phase.!!

3.2.3. Formation of spinodal precipitates

Spinodal decomposition of the supersaturated (Ti,W,Cr)B,
solid solution is also observed. The typical wavy and diffuse
outline of the precipitates without sharp interfaces to the host
crystal is shown in Fig. 12. HR-TEM micrographs prove their
atomistic three-dimensional fit to the host lattice. Sometimes the
precipitates are aligned in a parallel mode and may split up into

Fig. 12. HR-TEM micrograph of W-rich area (dark). Note smooth contrast
undulation between precipitate and host crystal.

Fig. 13. TEM micrograph of intersection of spinodal (vertical) and epitaxial
precipitates (horizontal). Note the interruption and stop of spinodal precipitates
while meeting epitaxial precipitates.

two or more branches (Fig. 13). The light contrastin SEM and the
dark one in TEM indicate that this area is enriched in tungsten.
Convergent beam electron scattering studies reveal that these
areas belong to the same space group P6/mmm and pointgroup
6mm as the host crystal and obey the same rules of extinction.
Therefore, any ordering of W-atoms on Ti-sites can be excluded.
However, the lattice constant of the precipitates ¢, =0.310(5) nm
is slightly smaller than ¢, =0.322(5) of the host crystal which
seems to be the only influence of the enrichment in tungsten.

Depending on the local concentration of Ti, W, and Cr, as well
as on the thermal history, the precipitates become unstable and
differentiate from AlB;-type into either WoB4 or B-(W,Ti,Cr)B
during ageing. This development is controlled by both chromium
and boron diffusion. Depletion in boron at a relatively high
chromium level means ageing to 3-(W,Ti,Cr)B platelets while
depletion in chromium at a metal-to-boron ratio of around 1:2
results in W,By4 formation (Fig. 14). Regarding the sequence
of precipitation, there is evidence that spinodal decomposition
follows shortly after epitaxial precipitation, since the spinodal
precipitates sometimes stop or even bend or split at the -
(W,Ti,Cr)B-lamellas (Fig. 13).

3.2.4. Behavior of (Ti,W,Cr)B> solid solution during
precipitation

Fig. 15 shows a time-dependent XRD-diagram compilation
of a 40 mol% TiB,, 50 mol% W>By4, and 10 mol% CrB; com-
position hot-pressed at 2000 °C for 8 h followed by annealing
at 1700 °C for 0-8 h. Cooling down immediately after homoge-
nization (“Oh”) already reveals the two types of (Ti,W,Cr)B>
solid solutions with P6/mmm structure, o and vy, which can
be identified by the 001 reflections. The 00 1-peak of vy is
rather weak in intensity but very broad while the pattern of « is
very close to that of TiB; taking Vegard’s rule of mixture into
account. A higher resolution of this XRD diagram shows, how-
ever, that (W,Ti,Cr),B4, B-(W,Ti,Cr)B, and residual (W, Ti)C_,
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Fig. 14. Spinodal precipitates aged to W,By structure. TEM-EDS linescan reveals a sharp gradient in W and Ti while Cr is almost not affected.

are present in very small concentration, too. During annealing
at lower temperature the 001 reflections of the vy are reduced
in intensity and vanish after annealing at 1700 °C for 4 h most
likely to the benefit of the growing 3-(W,Ti,Cr)B phase as indi-
cated by its sudden increase in intensity. Simultaneously — at
most, however, after y decomposed entirely — supersaturated o
releases tungsten for the growth of W,By, i.e. at 1700 °C from
2 h annealing time on. Another source of tungsten is the chemi-
cally instable WC/_, from the debris of the milling balls which

decompose into graphite while releasing W. Surprisingly, no
boron carbide has been found in all cases.

Due to the precipitation of W-rich phases, the o-(Ti,W,Cr)B2
becomes locally W-depleted. This can be observed in the SEM
by the change in atomic number contrast. In particular in case
of spinodal decomposition the host crystal releases significantly
more W compared to the epitaxial precipitation. The residual W-
content varies between 30 and 33 mol% whereas particles with
>45mol% W are metastable or undergo phase separation.
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Fig. 15. Compilation of XRD pattern for a 40 mol% TiB,, 50 mol% W>By4, and 10 mol% CrB, composition as hot pressed at 2000 °C 8 h (“0h”) and subsequently
annealed at 1700 °C for 2—-8 h. Note the broad 00 2 peak of y and the increase in both W,B4 and B-WB intensity. C refers to graphite.
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Fig. 16. Typical microstructure after annealing at 1650 °C 4 h.

3.2.5. Final microstructure after annealing at lower
temperatures

Since all precipitation reactions run almost simultaneously,
the resulting microstructure becomes rather complex (Fig. 16).
There are large areas belonging to the former solid solutions now
exhibiting both epitaxial and spinodal precipitates that look like
cells interlocked by a network of thin platelets. More or less
isolated equiaxial clusters of tungsten-rich phases exist, grown
from residual W,B4-particles, internally consisting of blocky
B-(W,Ti,Cr)B- and (W,Ti,Cr),B4-platelets. There are also very
small graphite inclusions which are sometimes interconnected
to hexagonal boron nitride and probably also to boron suboxides.
Some residual porosity of <1-2% can be attributed to the evap-
oration of Cr—Co-B-alloys and CrBy, lack in densification and
pull-out of particles during grinding and polishing of the sam-
ples. Since the volume fraction of platelets depends on starting
composition and both size and aspect ratio on the thermal treat-
ment, it is obvious that there are many options to influence the
microstructure for further optimization in respect to mechanical
properties (Fig. 17).

Fig. 17. Coarsened (W,Cr,Ti),B4 platelets in (Ti,W,Cr)B, matrix.

4. Discussion

4.1. Influence of mixture composition

The development of the microstructures of different
TiB2/W>B4 mixture ratios in the TiB;—W,B4—CrB, system
was investigated, while the CrB, amount was kept constant
at 10 mol%. Hot pressing at 2100 °C results in homogeneous
(Ti,W,Cr)B; solid solutions if the W;B4 concentration does not
exceed 45 mol%. These phases do not change if annealed at
lower temperatures. No W, By- or 3-WB-type precipitates grow
even after treatment at 1300 °C for 8 h. These compositions are
located in a single phase field of the pseudo-ternary system,
accordingly.

Compositions with a W,B4 concentration of between
40mol% and 45 mol% result in (Ti,W,Cr)B; solid solutions
if treated at 2100°C, but clusters of undissolved W,B4/3-
WB are present when sintered at 2000 °C. This is attributed
to the temperature-dependent saturation limit of tungsten in
(Ti,W.,Cr)B..

Formation of B-WB from W, B4 was described by Kuzenkova
et al.!® who observed the decomposition of W,By into 2 WB +2
B during heating up to temperatures of >1600 °C and who argued
that WB is the more stable phase. According to the most recent
phase diagrams,'”!8 however, this is not very likely under equi-
librium conditions, as the homogeneity range of W>B4 becomes
slightly larger with increasing temperature. Nonetheless, evap-
oration of boron compounds such as boron suboxides may
also shift the overall composition to boron deficiency. Thus,
Kuzenkova’s 3-WB formation may be explained by internal oxi-
dation of B by CO, thereby generating boron oxide. It should be
emphasized, however, that WC from the milling balls is present
in our system, which may react with W, B4 during heating, first,
according to 2WC + W;B4 — 4WB + 2C, and, in a second step
during cooling, according to 2WB + 2B — W;B4. The source
of free boron supply for this reaction may be then found in
the epitaxial precipitation of 3-(W,Ti,Cr)B inside the supersat-
urated (Ti,W,Cr)B; solid solutions close to the W,B,-clusters
(Fig. 6). The clearly visible porosity trapped inside W>Bg4 is
a consequence of its lower specific volume. Missing transfor-
mation from B-(W,Ti,Cr)B to a-(W,Ti,Cr)B below 2170 °C'7 is
explained!® by the presence of carbon (sintering of W,By in a
C/CO/Ar atmosphere). Moreover, some transition metals such as
Ti, Zr, and Hf are known to stabilize the high-temperature modi-
fications of both WB and isotypic MoB at lower temperatures. '
In fact, the authors report the incipient formation of a-WB after
annealing at temperatures of 1700 °C and lower.

A W;,By4 content exceeding 55 mol% gives rise for the forma-
tion of y-type (Ti,W,Cr)B, with cy/a, =1.01-1.02. Broadening
of 001 reflections is attributed to planar lattice defects in the
basal plane of the crystal with a wide and smooth distribution
of local ¢, values ranging from dyg1 =0.303 to 0.307 nm while
the dj, o are very close to those of a which makes lattice param-
eter refinement difficult. Using the co/a, ratio as a criterion for
distinction to a with co/a, =1.05-1.06, y clearly deviates with
cola, =1.01-1.02 and is more similar to the P6/mmm-type MoB,
with co/a, =1.01-1.02, CrB, with cy/a, =1.02-1.03, and WB,
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with co/a, = 1.01'2 which opens again speculation whether the
latter phase is stabile or not.

At W,B4 concentrations of >65mol%, partial melting is
locally observed, in particular, where initial CrB; particles have
formerly been in contact with W,By4 grains. At 2100 °C from
85 mol% W;B4 on upwards the two phase field (W,Cr,Ti)2B4-
liquid is entered. The microstructure of these very W>By4 rich
compositions will be subject for another publication.

Upon comparing the microstructures of samples after homog-
enization that are annealed at temperatures of <2000 °C,
compositions of between 30mol% and 90mol% W;,Bs —
depending on the temperature — show extensive in situ growth
of (W,Cr,Ti);B4 or epitaxial B-(W,Cr,Ti)B. Within smaller
margins between 40 and 80 mol%, W>B4 spinodal precipi-
tates are generated. These local undulations in W-concentration
mature through transformation into either (W,Cr,Ti);B4 or
B-(W,Cr,Ti)B depending on the local boron and chromium avail-
ability.

4.2. Role of CrB;

In general, CrB; is neither required to form (Ti,W)B,-type
solid solutions nor to facilitate (W,Ti);B4 precipitation. How-
ever, CrB; accelerates phase formation clearly by enhancing
the volume diffusion. Schmidt et al.2% studied **Ti and *Cr
tracer diffusion in (Tip3W 5Crp2)B> ceramics at temperatures
ranging from 1100 °C to 1400 °C. They proved a diffusion coef-
ficient that was one order of magnitude greater for Cr than
for Ti. This is experimentally confirmed by many hot-pressing
treatments with and without the aid of CrB,. Unfortunately,
a high CrB, content also bears the risk of evaporation during
heat treatment at temperatures of >1900 °C, thus leaving pores
behind.

There are obviously three options for melting in the
TiB,—WB,-10mol% CrB;, system studied: first of all, there
is a risk of running the hot press temporarily at slightly
higher temperatures than the 2100 °C scheduled, in particular
during heating up the system. Secondly, if the local concen-
tration of CrBy (T, =2157-2200 °C) is high enough, e.g. due
to CrB, agglomerates, the composition of this area could be
located in the binary liquid—W;By4 equilibrium or in the ternary
liquid—(Ti,W,Cr)B,—W3,B4 equilibrium the borders of which
are still not explored yet. Since the overall microstructure
does not exhibit the typical features of liquid phase sintering
it is concluded that this liquid is transient since all com-
pounds will diffuse out into the surrounding solid solutions.
The third case of liquid phase formation may occur if the W, B4
concentration exceeds 85 mol% while the local CrB, content
is >8—10 mol%.

4.3. Role of carbon

Most of the black contrasts observed in SEM images are
graphite or pores (Figs. 6 and 11). Carbon mainly originates
from the wear debris from WC/Co balls by attrition milling but
also from the graphite crucible. There is some carbon in the

starting powders, too (Table 1). After 2 h of milling, the weight
gain is 5-12% depending on the volume fraction of the most
abrasive compound TiB,. Under the present experimental con-
ditions, WC starts to decompose at 2000 °C and is not detectable
anymore by XRD or SEM after hot-pressing at 2100 °C. It seems
that carbon does not react with any other species, whereas tung-
sten reacts with boron provided by W»By4, and primarily forms
B-(W,Ti,Cr)B. Carbon just coagulates as graphite at the grain
boundaries or at the triple points of the matrix particles. It can-
not be empirically excluded that some carbon replaces boron
in the boride structure by sp® hybridization, too. Rogl gives a
maximum C-solubility of 3.2 at.% in W,B4 and of 0.6 at.% in
B-WB at 2167 °C and of 2.5 at.% upon transformation to a-WB
at 2149 °C.'° Contrary, Aronson et al. argue that C — B substi-
tution in metal borides is not very likely because of the small
B-B distances. It is only expected in NaCl- and WC-structure
type phases such as RuB, they proposed.?! Their studies in
the W>B4—WC system obviously did not yield any evidence
of substitution. Since solid solutions and planar defects play a
major role in our results we would not like to entirely exclude a
C — B replacement. Besides this, there is also a beneficial role
of C, namely to remove oxygen contamination from the boride
powders. Since this will happen during heating-up the green-
bodies, it is most likely that also the initial C-content of the
raw materials (Table 1) is used up by this reaction. Regarding
mechanical properties, both the concentration and grain size of
free carbon should be minimized. Free carbon located at the
grain boundaries could also positively affect fracture tough-
ness. Sigl and Kleebe?? prepared B4C-TiB, composites from
B4C + TiC powder mixes, thereby yielding very thin graphite
lamellas at the phase boundaries which caused enhanced crack
deflection.

4.4. Influence of Co contamination

The role of Co in the system is not yet readily understood. A
wet chemical analysis of a TiB2:W,B4:CrB; =40:50:10 mol%
starting powder blend yielded 0.4-0.5wt.% Co content after
2h of attrition-milling. From other studies of attrition-milled
B4C-TiB>,—W;,B4 samples, it is known that Co reacts with
boron, thereby creating a liquid phase in the temperature range
of 1100-1300°C.? This liquid tends to evaporate at higher
temperatures in a vacuum. This is most likely in our sys-
tem, too. Co is rarely observed together with W, Ti, Cr and
B at triple points after the homogenization treatment. Co may
also enhance particle rearrangement and aid densification by
grain growth with transient liquid phase. This mechanism
varies to that proposed by Sibuya et al.**?3 who prepared
(Ti,W)B; solid solutions by field-activated combustion sinter-
ing with 0.5-1.0 wt.% Co and Ni, respectively, and subsequently
annealed the samples in the two phase region TiB,—W;B4. They
hereby suppose that both metals might enhance the decompo-
sition of the supersaturated solid solution. However, it is to be
noted here that in our EDS studies using SEM and TEM, Co
was never found inside or around precipitates but, if at all,
at triple points or inside pores filled with consolidated liquid
phase.
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4.5. Process control

Since an ultimate goal is to tailor specific microstructures that
satisfy mechanical requirements, the investigation of the phase
formation mechanism shows some key parameters for obtaining
both high fracture strength and toughness. Thus, a composi-
tion regime revealing microstructures with well-dispersed W, B4
precipitates has been identified. The experimental results sup-
port the expectation that an attrition-milled mixture consisting of
40 mol% TiB,, 50 mol% W;B4 and 10 mol% CrB; is an excel-
lent candidate for improving mechanical properties. Randomly
oriented W, B4 precipitates may contribute towards increasing
fracture toughness. As the B-content determines the amount of
W;B4 and B-WB, the use of H.C. Starck powder favors W>B4
precipitation due to its surplus of boron. However, mixtures from
Japan New Metals powder generate more 3-WB due to the slight
boron deficiency. One can control the B/W ratio by adding extra
B or metal powder, respectively. It is expected that boron in
excess reacts with carbon to yield boron carbide. By contrast,
boron is preferentially accommodated in the next higher boride
structures due to their higher enthalpy of formation.

As noted above, a small amount addition of CrB, accelerates
densification and homogenization, but may cause pores by evap-
oration. Thus, hot-pressing at 2100 °C for long times should be
avoided and field-activated combustion synthesis used instead®
— a treatment which was not available here.

5. Conclusion

The huge range of solid solubility of transition metal
diborides in the pseudoternary system TiB,—CrB,—W;B4 at
temperatures exceeding 2000 °C allows for a homogenization
treatment followed by controlled undercooling to temperatures
at which phase separation is initiated by prolonged annealing.
Both in situ growth of residual undissolved particles as well as
epitaxial or spinodal precipitation of second phases such as Ti-
and Cr-bearing solid solutions of W,B4 and 3-WB can be ini-
tiated in order to create microstructures tailored for an in situ
particle reinforcement. Limiting this study to a TiB,—W>Bg4
series with a CrB; content of constant 10mol% shows that
homogenization is completed by hot-pressing at 2100 °C for
4-8 h. Treatment at lower temperature or for a shorter time leaves
residual particles or particle cores unreacted behind which may
act as nuclei for heterogeneous precipitation upon annealing at
lower temperatures.

Epitaxial precipitation of a 3-WB-structure type phase is
enabled by accommodating both Ti and Cr and, thus, by expand-
ing the crystal lattice until it perfectly fits to the host crystal.
These monoboride crystals may, in fact, be addressed as single
crystalline foils rather than particles, since they possess a thick-
ness of some unit cells yet have a lateral extension depending on
the size of the host crystals, i.e. 10-100 wm. Spinodal decom-
position is initiated by segregation of W. These W-rich areas are
embedded in an unaffected, perfect AlB,-structure type matrix
and age to either W,B4 or 3-WB, containing both some Ti and
Cr, respectively.

Contamination from C and Co due to attrition milling with
WC/Co milling balls, starting powder and the use of graphite lin-
ing has been discussed. Milling is necessary to decrease the grain
size of the commercial raw materials and to provide a homo-
geneous phase distribution at the beginning of the hot-pressing
cycle. Even though a processing route starting from the elements
is principally possible, greater oxygen contamination and much
higher costs would have to be tolerated. Moreover, it has been
shown that the presence of C has beneficial effects regarding
desoxidation. Although satisfactory densities with >97% of the
theoretical value have been obtained, combustion routes or spark
plasma hot-pressing could be advantageous.

A 40mol% TiB,, 50 mol% W;,B4 and 10 mol% CrB, com-
position shows a microstructure with overall dispersed W>Bg4
precipitates most promising for in situ reinforcement. This sys-
tem reaches its homogeneity range at around 2100 °C and forms
two kinds of (Ti,W,Cr)B; solid solutions as a matrix. It decom-
poses into (W,Cr,Ti)2 B4 and 3-(W,Cr,Ti)B by annealing at lower
temperatures, preferentially at 1650 °C for 4h. The positive
role of CrB; is clearly attributed to its high volume diffusion
coefficient allowing for a rapid formation of solid solutions as
well as a fast phase separation. Additionally, it stabilizes the 3-
(W,Cr,Ti)B phase which is considered to significantly improve
fracture toughness.
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