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ABSTRACT

INTRODUCTION

Microwave processing is a suitable technlque for a wide range of
ceram.cs ncluding oxides and non-oxides. Among the ceramics which have
been successfully heated and sintered at Los Alamos using microwaves are
alumina!, boron carbide?, =zirconiad and alumina-silicon carblide
composices®. Several advantages over conventlonal heating °*~chniques are
realized because encrgy is coupled divectly to the ceramic body.
Additionally, processing times arc much shorter and energy costs lower.
The longest processing time for any of the samples reported In this
paper was 12 minutes.

Microwave heating results trom the energy dissipated by a ceramle
placed in a . Acerowave fleld. Tae power dissipated by a ceramic
diclectrie in an electric ficld Is glven by the following equatlon:

P = (?nfe)(E?/2)tan & (1)

where P oUs the power dissipated, f is the frequency, o Is the dlelectric
permlttivity, E Is the olectric fleld strength and tan & Is the 1oss
tanpent for the dlelectrie. 1t s teadily apparent from this equation,
that the ceramfe musr have an appreciable loss tanpeat and dlejioctrle

permlttivity o order for sipelticant heating to ocear,

For lossey materfals sach as ticanlam diborfde the micvowaves me
absothed be one they can tully penctirate  the sample. The depth ol
penetration into the sample s qoantiffed by detindng the skin depth

which I the distanee at which the electide field talls ta /e (which



is equal to 137%) of the ficld strength at the surface. The skin depth is
calculated hy the following [ormula-

Skin Depth = 1/(afuo)” (2)

where f is the frequency, u is the permitivity and o is the de
conductivity. The skin depth has been calculated for 1008 dense titanium
diboride for some of the frequencies commonly used in microwave
process.ng of ceramics in Table 1. At 2.45 GHz the skin depth Is 4.47
pm. The skin depth drops to 1.32 um at 8 and 0.90 um at 60 GHz. These
values for the skin depth where calculated for theorctically dense
titanium diborlde, in the green body which s only "% of theoretical
density the skin depth is somewhat larger, but should approach the
calculated values as density increases. As the skin depth vanlshes, the
material behaves llke a perfece conductor, In which case power Is

dissipated as heat by the inductlon of surtace currents.

The titanlum-boron phase diagram® { shown fn Fig. 1. (Fenlsh® and Spear
vt al.? have reported the existence of the compound TiaBe, but because
of the lack of experimental data, the phase t{eld for this compound s
not represented on this diapgram.) Titanlum diboride Is a strongly
bonded covalent compound and ax sush has an extremely high melt Ing polit
of 1208"¢0 Tvpleal processing of  tltandum diborlide conslsts of o hot
pressing In o praphite dles between A0 and 23007 depending on the
quality ot the  powde) Hot  pressiope under these condltions e

sulficient to achieve 98 1o 9% of themietieal density.

Some limbted work on the convent lonal presswmeless sinterng of titanium

dibor Fde hass been deported by ooty el Zaverakha® and Baamgan tner and



Sceiger?. Kislyi and Zaverukha performed vacuum sintering on micron
slzed titanium diboride powders heated as high as 2000°C. These authors
reported linear shrinkages of up to 14%. Baungartner and Steiger
reported on the sintering of submicron titanium diboride powders
synthesized by a gas phase plasma process. These workers achieved
densities of 99.4% of theoretical by vacuum sintering at 2200°C for an

hour.
FXPERIMENTAL

Hermann C. St'ark* titanium diboride powder, lot HCST-2087, was
used in this study. The average particle slze was determined to be 4.4
pm and the B.E.T. surface area was measurced at 1.84 mz/gm. The principle
impurities are tungsten at 4000, cobalt at 400, iron at 3%0 and chromium
at 300 ppm. Powders were consolldated by unlaxial pressing (without
binder: or sintering aides) to 10,000 psi tollowed by isostatic
pressing to H0,000 psi. This double pressing procedure resulted i 1 em
diameter X 1 em high pellets of approximately 9% green density,

Because of the propensity of tltanium diborlde to oxldize, 2.45
GHz mlcrowave processing was performed under {lowing argon uslng the
facsillty, shown In Flp. 2. Thl'a ftac!llty conslsts ol a 6 kilowatt
microwave power supply, a0 2 1t X 2 e X 2?2 1t resonant cavity equlpped

with a rotating specimen table and a two-color {nfraved pyrometer.

ALl sipeclmens were heated from room temperature to the peak tempervature,

Upe  achleving the peak temperatine, power was shat oft amd the sample

"."l'llll.'lllll Coostamcek, Bealing, Went Germany



allowed to cool to room temperature. A typical time versus temperature

curve is snown in Fig. 3.

RESULTS AND DISCUSSION

Figure 4 is a plot of density versus peak sintering temperature for
titanium diboride samples microwave sintered under flowing argon. The
apparent density is as high as 89% of theoretical for titanium diboride
and temperatures as high as 2245°C were achieved. Unfortunately, there
does not appear to be any rational <elationship between sintering
temperature and density. The reason for this becomes apparent upon
further examination. Fipure % Is a scanning electron micrograph of a
sample which was heated to 18/2°C under flowing argon. Examiration of
the micrograph shows that both titanium diboride which appears as the
dark phase and an unidentiflied lipght phase are present. The light phase
is present In larger amoums in samples which were hrated to higher
temperatures and/or for longer times, X-ray analysls was performed to
fdentiiv the phases present in these samples. A typleal x-ray pattern ls
shown fn Fig, 6. In addlition to t!tanium diboride which was ldentifled
as the major phase i all ot the samples, Ti20, T10, TI,02 and TiBO;
wore ldentified In at least one ol the samples. Table 2 1ists the phases
found In cach sample Tn order of amount present. Also Hsted In Table 2

are the sintering time and tempervature,

The presence of  oxidatlon is not totally unexpected which s why
siutering was performed ander an aopon Hash, To understand why tlHtanlam
dibor fde oxldes so o readlly it s instructive to constiuet a stabilivy
diapgram for the T B O syvatem Sach o dhagoam has been constiaeted toy

this  svstem  at ITR7¢ and o wnown din Fip /. UDntortanately,



thermodynamic information is not available for TiBO3 or Ti;0, and
therefore, it was not possible to represent these phases on the
stability diagram. In spite of this shortcoming inuch information can
still be gleaned from Fig. 7. Titanium forms several oxides because of
its extremely high affinity for oxygen. To completely stop any oxldation
from occurring at this temperature the oxygen potentisl would have to be
approximately 10°!® atmospheres. Since attainment of an oxygen potential
in the 107!® atm range is a difficult task, especially in the present
microwave cavity, a different approach was taken. Carbon was placed in
the cavit, to act as a gettering agent via the folluwing reaction:

C(s) + M02(g) = CO(g) (3)

Where thls reaction to come to equllibrium in the microwave
chamber at 1827°C, the oxygen potential would be about 10713
atmospheres. An oxygen potential In this range will not preclude

oxlidation, but hopcfully if should limit 1t to an exceptable level.

Figure 8 is a plot of denslity versus peak sintering temperature
for t{tanfum diborlide samples mlcrowave sintered In the presence of
carbon and under flowlng arpon. In this plot denslty increases with
temperature until 1860°C atter which it abruptly deceases. All of the
samples  sintered  under  these  conditions  were  analyzed by x-ray
diftraction. These results are tabulated  in Table 3 along  with

futormatfon concerning the processing parametoers,

Flipures 9 and 10 e mleropraphs of  tltanlbam diborlde  samples
sintered bhelow 1860°C with both a4 canbon petter and tlowing arpon. The

micrographs mve devnld of the Light oxide/borate phase as Indieated by



x-ray analysis. Figure 11 snows that a denser rim forms along the outer
surface of the sample during sintering. The thickness of this rim is
200-300 um which is many times greater that the microwave skin thickness
of 4.47 um. It is not clear at this time if rim formation is due to a

microwave skin effect or some other reason.

The reason for the abrupt fall-off in density for samples sintered
at temperatures above 1860°C can be determined by examination of their
microstructures. Figure 12 shows that the region adjacent to the surface
for a sample heated above 1860°C. Adjacent to the surface is a band 200-
300 um thick which contains large voids 20-75 um In diameter. The
formation of these voids accounts for the observed drop-off in density.
The reason the vold formation starts at 1860°C is probably due to the
loss of a TiO2 protective film which melts at this temperature, Once the
protective film is lost rapid oxidatlon with the evolution of B20s(g)
occurs which causes the observed void formation according to the
following reantiovns:

TiBz(s) + 202(p) = TIO(1) + B20s3(g) (4)
and

TiBa(s) + 9/202(g) = Ti203(1) + 2B203(p) (5)
CONCLUSIONS

Titmlum diborlde can be heated to hipgh temperatures using mlcrowaves.
The  highest temperature obtalned  In this  qtudy was  2245°C,
Unfortunately,  oxidatlon was a  problem, especlally  at the  hlpgher
temperatures although an arpon {lush and a carbon getter were used. To
completely  stop oxtdatlon the oxypea potential must be below 107



Using an argon flush and a carbon getter, titanium diboride was
successfully densified to 82% of theocetical without measurable
oxidation by heating with microwaves to 1860°C. Density actually
decreased upon reaching temperatures above 1860°C due to void formation
adjacent to the surface. Void formation is thought to be due to the
tormation of B;0a(g) which evolves rapidly above 1860°C because of the

loss of a TiO2 protective film which melts at this temperature.
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TABLE I
Frequency (GHz)

2.45 28 60

Skin Depth (um) 4.47 1.32 0.90




TABLE II

Sample Density Peak Temperature Total Time Phases
1 3.47 1872 8.5 Tio,Ti203
3.42 1887 9.5 Ti203
3 3.95 1770 13 unidentified
4 3.42 1902 9 none
5 3.54 1875 11 none
6 3.56 2000 4.6 none
7 3 94 1919 8 TiBO3,Ti20
8 2.99 2089 6 Ti2B5,Ti20
9 .30 1985 4.5 none
10 J.61 1824 16.5 TiBO3
11 3.40 2234 14.5 Ti203
12 3. .27 1965 14.5 unidentified
13 5.28 1961 14.5 none
14 3.39 1715 12 1i203
15 3.59 1940 9.5 none
16 3.43 1807 10.5 Ti203,TiO
17 3.49 1890 11 none
18 3.45 1871 13 none
19 3.49 1870 11.5 none



LIST OF FIGURES
Figure 1.) Titanium-Boron phase diagram.

Figure 2.) Photograph of Los Alamos 2.45 GHz microwave processing
facility. The jower supply 1s on the left, the
microwave cavity is on the right and the two color IR
pyrometer is in the foreground.

Figure 3.) Tyrical plot of time versus temperature for a sample of
titanium diboride processed using 2.45 GHz microwaves,

Figure 4.) Plot of density versus peak sintering temperature for
titanium diboride sintered under flowing argon.

Figure 5.) Scanning electron mlcrograph of titanium diboride sintered at
1872°C under flowing argon. Note the presence ol both a
light and dark phase,

Figure 6.) Typlcal x-ray pattern for a tltanfum diboride sample sintered
under f{lowing argon. TiB: and TiBO3 were ldentifled In
this sample,

Flgure 7.) Stability diagram calculated for the Ti-B-O system at 2100 K
(13827°C).

Figure 8.) Plot of denslty versus peak sintering temperature  for
titanium diboride sintered wunder flowing argon I the
presence of carbon.

Figure 9.) Scannlng clectron micropgraph of tltanium diborlde sample
sintered at 1890#¢, note that the white oxlde phase s not
present .

Figure 10.) Scamning celectron micropraph of titanfuwm diboride sample
sintered at 2000uc, note that the white oxlde phase s not
present,

Flpure 11.) Scanning clectron mleropgraph of  oltanium diboride sample
showing dense outer rim,

Flpure 12.) Scanning clectron micropraph of  titaniam diborvide samplao
showing  replon  adjacent to surface  contalnbap,  volds
thoupht to be caused by the vapld evolution of B0 (p).
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Density vs. Sintering Temperature
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