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Non-Polymeric Binders for Ceramic Powders: Utilization of Neutral and
lonic Species Derived From Decaborane(14)

William S. Rees, Jr. and Dietmar Seyferth

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

ABSTRACT
The pyrolytic conversion of bis-Lewis base adducts of decaborane(14), L‘BygHq oL (L
= neutral monophosphine) and phosphonium salits of the [B10H10]2‘ anion (e.g.,
[PhaP*]o, etc.), to ceramic materials has been studied. All species examined served
as binders for a variety of non-oxide refractory ceramic powders (e.g., B4C, BN, BP,
B13P2, SiC, SigNg4, B, C, AIN).
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Non-Polymeric Binders for Ceramic Powders: Utilization of Neutral and
lonic Species Derived From Decaborane(14)

William S. Rees, Jr. and Dietmar Seyferth

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

1. INTRODUCTION

Binders are used primarily to help ceramic particles adhere to one another [1].
Both the green strength of a ceramic body and its green density are affected by the
binder used. Although many types of materials have been employed as binders in
ceramic powder processing, organic polymers (e.g., polyvinyl alcohol, polyvinyl
butyral, polyethylene, acrylic resins, wax emulsions, etc.) have traditionally played an
important role as binder formulations. While the use of such materials as binders often
results in the achievement of high green body strength and/or high green body density,
there also can be some drawbacks resulting from their use. Major problems can be
encountered upon firing of the ceramic body due to binder burnout. Cracking of the
part results when the temperature range of the binder burnout is narrow, so that most of
the volatiles are released practically simultaneously. Not necessarily always a
drawback is that during the non-oxidative firing of the ceramic body there can be
substantial retention of carbon either due to polymer binder pyrolysis (giving

nonvolatile, highly carbonaceous residues) or due to polymer-ceramic surface bond




formation, preventing degradative volatilization of the binder [2]. In order to avoid
these problems, ceramists more recently have become interested in "low loss”
inorganic or organometallic polymeric binders [3]. The polymers of choice are those
whose pyrolysis gives a high yield of ceramic residue with the release of a minimum
quantity of potentially destructive volatiles. Preferably, this ceramic residue also will be
the same material of which the powder is composed, but this is not an essential
requirement. By use of such "low loss" binders, one may hope to achieve not only the
desired high green body strength and density that organic binders bring, but also one
may hope to obtain ceramic parts of high strength and density. To date, most of the
"low loss” organometallic binders that have been investigated have been
organosilicon polymers which are used as binders for silicon carbide and silicon
nitride powders [4].

In our laboratories we have initiated a program aimed at the development of
polymeric precursors for boron-containing ceramic materials: the carbide, nitride and
"carbonitride”. Successful systems based on known [5] and new [6] polymers involving
difunctional Lewis base adducts of decaborane(14) have been developed (Fig. 1).
During the course of this research we also prepared and investigated some
non-polymeric decaborane(14) derivatives and we report here concerning these and
their applications as binders for a variety of non-oxide ceramic powders. As far as
binder applications were concerned, we were interested to find out if these
non-polymeric boron-containing species might be useful binders for the

boron-containing ceramics mentioned above, as well as for elemental boron powder.




2. EXPERIMENTAL
2.1. General Comments.

All manipulations were carried out in oven-dried glassware under an inert
atmosphere (argon or nitrogen) following standard techniques [7]. All solvents were
distilied from appropriate drying agents [8] under a nitrogen atmosphere prior to use.
All reagents employed were available commercially and were used as received. All
B4oH12-2L complexes and [B10H10]2’ salts were prepared by published methods (L
= PhgP, PhoPH, (n-Bu)3P and (NMey)oPCl [9], L = PhoPOH, PhyPNg and
PhoPNHNH, [10], all [BygH1q]2" salts [11]). Twice sublimed decaborane(14) was
purchased from Callery Chemical Co., Callery, PA and used as received. All
compounds prepared were characterized on the basis of their melting points and
spectroscopic (IR; 18, 13¢, 31p, TH NMR) properties and comparison with literature
values [9-11]. NMR spectra were obtained using a Varian XL-300 NMR spectrometer,
IR spectra on a Perkin-Elmer Model 1430 spectrophotometer. Ceramic analyses were
obtained from Galbraith Laboratories, Knoxville, TN.

A hardened stainless steel die in a Carver laboratory press was used for forming
3.75 cm x 1.25 cm bars. Isostatic bar compaction was carried out in a
pneumatically-driven oil press with the bars wrapped in "Saran Wrap" and contained in
evacuated, sealed rubber bags. Lindberg tube furnaces with Eurotherm controllers
were used for all preparative scale (>1 g) pyrolyses (powder and bulk). For pyrolyses
to 1000°C, 3.75 cm o.d. quartz tubes and fused silica boats were used; for ones to
1500°C, 6.50 cm o.d. mullite tubes and boron nitride boats supported on alumina dee
tubes were used. All pyrolyses were carried out under an atmosphere of flowing
argon. For experiments to 1000°C the flow rate was ~6-8 L/h and for experiments to
1500°C it was ~16-20 L/h,




X-ray diffraction patterns were obtained either on a Charles Supper detector and
Diano generator instrument or on a Rigaku rotating-anode system. TGA
measurements were made on a Perkin-Elmer model TGS2 instrument equipped with a
Thermal Analysis System 4 controller. For TGA data, in situ data was obtained for
powdered samples from ambient to 950°C and mass change data for higher
temperatures were collected on bulk sampies after they had been heated to the
desired temperature and then cooled to ambient conditions.

2.2. General Procedure for the Preparation of BygH{2"2L Complexes [9].

The preparation of B{gH12°2Ph3P is given as a representative example: A 250
mL Schlenk flask equipped with a stir-bar, gas-iniet tube and a septum was charged
under argon with 5.0 g (41 mmol) of BygH14, 35 mL of Eto0 and a solution of 25.0 g
(95 mmol) of PhgP in 150 mL of Et30, with vigorous stirring during and for 5 min after
addition. The precipitate which had formed was filtered, washed with EtoO and dried
at 100°C/0.1 mm Hg to give a nearly quantitative yield of BygH{2°2Ph3gP. The
complexes where L = PhoPH, PhoPCl, (n-Bu)3P, and (MeoN)oPCl were all prepared
by this general procedure. Those where L = PhoPOH, PhoPN3 and PhoPNHNH,
were prepared by nucleophilic substitution at phosphorus in BygH2°2PhoPCl [10].
The results of their pyrolyses (i.e., their ceramic yields and compositions) are given in
Table I.

2.3. General Procedure for the Preparation of [BgHol2" Salts [11].

The preparation of [PhyP]5[B4gHg] is given as a representative example: A
solution of 2.00 g of [EtgNH]5(B4qH 1] (6.2 mmol) in 30 mL of 9/1 water/ethanol was
added to a solution of [PhyP][Br] (6.00 g, 14.3 mmol) in 50 mL of the same solvent
mixture in a 125 mL Erlenmeyér flask. After the mixture had been stirred for 5 min, the

precipitate was filtered, washed with water, 5 mL of cold (ca. -10°C) acetone and,




finally, with Et50. Drying at 60°C/0.1 mm Hg for 5 h gave a white solid in nearly
quantitative yield. The following salts were all prepared by the above general
metathesis route: [PhaPMe]s[BigHgl, [n-BuzgPMe]o[BygH o] and
[Ph3P(CH»5)3PPh3j[B4gH1p]. The results of their pyrolyses (i.e., their ceramic yields
and compositions) are given in Table |.

2.4. General Procedure for the Preparation of Ceramic Composite Bars Using
B4gH122L Complexes and [B1gH10]%" Salts as Binders for Ceramic Powders
(Scheme 1).

One of the three following procedures were used for sample preparation:

A. Weighed quantities (See Table II) of BygH2-2L or of a [B4 0H10]2' salt and the
ceramic powder were mixed and ground for 15 min in a mortar and pestle in an inert
atmosphere box.

B. The BygHq22L or [B10H1o]2' salt (0.5 g) was dissolved in 50 mL of a solvent
(usually acetone) and 2.5 g of ceramic powder was added. The stoppered flask was
immersed into a Branson B-220 ultrasonicator containing ~7.5 cm of ambient
temperature water and vibrated for 15 min. Afterwards, the solvent was removed at
100°C and 0.1 mm Hg.

C. The BygHq22L or [B10H10]2‘ salt (0.5 g) and the ceramic powder (2.5 g) were
suspended in ~75 mL of a non-solvent (usually pentane) in a 100 mL stoppered round
bottomed flask. Further processing was carried out as described in B, above.

The samples thus prepared were placed in a 1.25 cm x 3.75 cm rectangular die
and formed into bars in a Carver laboratory press at 2,250 kg (4.6 x 107 nt/m2
uniaxially), wrapped in "Saran Wrap", placed in an evacuated, sealed rubber bag,
removed to an ambient temperature isostatic press and further compacted to 3.45 x

108 nym2. The uniaxial pressing time duration was ~5 min and the isostatic pressing




time duration was ~15 min. The resulting bar was pyrolyzed in a stream of argon to
1000°C (10°C/min heating rate, hold at 1000°C for 30 min) and subsequently aliowed
to cool to ambient temperature over a period of ~3.5 h. The pyrolyzed sample was
handled in an inert atmosphere box. The results of the individual experiments are
given in Table 1.

For the purposes of this initial screening test, a ceramic composite bar was
considered to be "excellent” if it met both the criteria of being a uniform, rectangular
monolithic body that had retained its shape (vs the polymer composite bar before
pyrolysis) in all three dimensions without undergoing any discernable shrinkage or
oloating above the detectable level of 3-5%, as well as having a strength such that it

could not be broken manually without mechanical means (e.g., a vise and pliers).

3. RESULTS AND DISCUSSION

We began this investigation with the preparation and a study o: ihe pyrolysis of
several known monomeric decaborane(14)-Lewis base adducts in which the Lewis
base was a trivalent phosplhorus compound and also of some phosphonium salts of
the [B10H10]2‘ anion. This initial thrust was due to the fact that the known processable
decaborane(14) polymers involved diphosphines as the difunctional Lewis base [12].
Both of these classes of compounds have a high boron content, and this is what is
needed in a B4C precursor. The BygH2-Lewis base compounds, written as
B1gH12:2L or, to better indicate their structure, as L-BygHq2°L, are readily prepared by
the reaction of BygH44 with two molar equivalents of the Lewis base in a suitable

organic solvent such as diethyl ether or benzene (Egq. 1).9 Among the Lewis bases

BigHi4 + 2 L -  L'BypHiot + Ho (1)




that react with BjgH44 in this way are amines, phosphines, organic sulfides and
nitriles. When an R3N'BgH{5'NR3 adduct is heated, proton transfer from boron to
nitrogen occurs and salts of the very stable [B1OH1o]2' anion, [R3NH ]5[B4gHqq], are
formed. A wide variety of [B10H1o]2‘ saits can be prepared by cation exchange
reactions [11]). Such proton transfer processes had not been demonstrated for
phosphine adducts, R3P-B4oH{2-PR3, but we have found that they do occur. Thus,
when a sample of BygH{2°2Ph3P was heated to 250°C at 10°C/min under a stream of
argon, transformation to [PhaPH]5[BygH 1] took place as evidenced by the IR
spectrum of the sample after it had :gglceg ‘tg’:%%rr‘\' ‘t‘eemperature. A medium intensity
band at 2395 cm™1, not present in theineutral adduct, was observed. This band may
be assigned to v (P-H) of the [PhgPH]* cation [13].

The L-BygH¢5°L compounds and [B10H1o]2' salts that we prepared and studied
are shown in Table I. Of initial interest were the yield and elemental composition of the
ceramic residue obtained when they were pyrolyzed to 1000°C in a stream of argon.
According to the results in Table |, the precursors can be divided into two classes: (1)
those having phenyl groups attached to phosphorus, whose pyrolysis gives a high (>
70%) yield of ceramic residue that contains a large fraction of the carbon present in the
precursor, and (2) those that do not contain phenyl groups, whose pyrolysis gives
lower yields of ceramic residue. As Table | shows, pyrolysis of powder samples of the
various phosphorus-containing compounds or salts under the stated conditions
resulted in retention of phosphorus in the residue. However, on further heating to
2350°C under argon, nearly total loss of phosphorus occurred when polymaeric

precursors such as -[-B4qH{2"PhoPOPPha-]-x were pyrolyzed [5].




In all examples studied, the ceramic residue from the pyrolysis under argon to
1000°C was amorphous. Firing at 1500°C for 10 h resulted in materials whose powder
X-ray diffraction (XRD) pattern showed broad lines indicative of weakly crystalline
B4C-containing material. The ceramic residues derived from the precursors in Table |
are all black solids. Those precursors in class (1) above gave freely flowing powders
that were quite hard, often scoring the agate mortar used to prepare XRD samples.
The precursors in class (2) gave brittle, foamy solids, as might be expected when there
is more substantial evolution of volatiles.

The determination of a nominal composition of amorphous materials is merely an
accounting game using elemental anaiysis data. At that point no identifiable crystaliine
phases are present. Further firing at higher temperatures, as already noted, dogs
cause crystallization, but also can cause changes in elemental composition. By
elemental accounting, we assume that all phosphorus in the amorphous material is
present as BP. The remaining boron then is assigned to B4C. This leaves unbound
carbon that we assume to be present in its elemental form. Such an accounting gives
a molar formulation of 1 B4C + 0.94 BP + 16 C to the pyrolysis product of
B1gH12°2Ph3P, or, on a weight percent basis, 21.2% B4C, 13.3% BP and 65.5% C.
However, we stress that this is only a nominal formulation for this material. It is
possible that these elements are randomly bound in the amorphous product. A more
detailed study of the crystalline phases obtained by firing to higher temperatures was
made for the -[-BqgHq2-PhoPOPPhs-]-, polymer [5]. One fact, however, is a certainty
in the case of the ceramic products of the pyrolysis of the class (1) precursors in Table

I: they contain a substantial amount of free carbon.




The BygH12-2L adducts and [B10H1o]2‘ salts listed in Tabie | proved to be useful
as binders for B4C and other ceramic powders such as BN, SiC, B13P5, SigN4 and
elemental boron (Table Il). Scheme | shows the procedure used. The best results
were obtained when the phosphorus-containing ligand had phenyl substituents on
phosphorus. This very likely is due to the high ceramic yields obtained in the pyrolysis
of the class (1) precursors. Since, in this application, the compounds used as binders
are present in the green body to the extent of about 17% by weight (Table 1), the
excess of carbon in their pyrolysis residue is iess of a disadvantage than when the
pure precursors are pyrolyzed. Other weight ratios of binder to ceramic powder were
investigated, but, in general, the 17% binder content gave the best resu'ts. Of the
various systems studied (Table 1l), the one in which BygH{2-2Ph3P was used as
binder for elemental boron powder should be the best in terms of potential useful
application. Firing at higher temperature should result in reaction of elemental boron
with the free carbon to form boron carbide, a process that is known to take place at
around 1600°C [14]. It should be noted that our evaluation of binders as "excellent",
"good" and "fair" is based on the degree of shape retention of a fired composite bar as
compared to the uifired, pressed composite bar, as well as on a qualitative estimate of
strength. Quantitative sirength tests were not undertaken for every sample in this
orientational study [15].

Covalent, unimolecular compounds, in general, would not be expected to be
suitable "low loss" binders due to their volatility at temperatures prior to complete
thermal decomposition. In the L-BygH45°L adducts, however, we are dealing with
covalent, unimolecular compounds which are converted to nonvolatile salts,

[LH+]2[B1OH102’], by relatively mild heating, so that on further heating no material is

10




lost except for the volatiles released in the pyrolysis itself. This unique chemistry

makes these materials unexpectedly good binders.
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) FIGURE 1
STRUCTURE OF -[-B1gH12:diamine-}-x POLYMERS.




SCHEME 1
PREPARATION OF CERAMIC COMPOSITES UTILIZING
DERIVATIVES OF B1gH14 AS BINDERS FOR CERAMIC
POWDERS.

MATRIX2 REINFORCEMENT2

A: physical mixture, OR
B: ceramic powder suspended
combine in solution of binder, OR
C: mixture In a Iliquid diluent-
neither component in solution

dry (if mixed by B or C)
place in a die
uniaxiaily form (5,000 Ibs)

Visostatlcally compact (50 K psi)

UNFIRED COMPOSITE

pyrolyze (1000°C, 10°C/min, Ar atm)

A\
CERAMIC COMPOSITE

aTypical binder/ceramic powder ratio is 16.7 wt % binder
(matrix)/83.3 wt % ceramic powder (reinforcement).




TABLE L.
PYROLYSIS OF BygH{2-2L ADDUCTS AND [B1gH1g]%" SALTS.

Compound Ceramic Ceramic Composition,%
Yield, %2 B Cc P Other

BygH{22PhoPH 83 2317 6075  13.71
BygH12:2Ph3P 86 1820  69.59 9.88
B4gH122PhoPCl 73 20.62  57.09  13.17 Cl, 0.02
B4gH{22PhoPOH 77 2138 5565 1193 0, 1057
BygH12-2PhoPNg 72b

ByoH12:2PhoPNHNH, 71 2769  43.80 820  N,16.56
BygH12°2(n -Bu)3P 58 35904 4643 1534
B1gH12:2(NMes),PCl 55D

[PhgPMe]o[B1gH10] gab

[PhyaPlo[B4oH1 0] 03 687 73.06  13.01
[PhaP(CHo)3PPh3lBygHyg] 91 1596  69.33 8.33

[(n -Bu)3PMe][B1oH1 ] 68 30.10 4903  11.96

aYield to 1000°C at a rate of 10°C/min under an argon atmosphere as
determined in a tube furnace on ~1 g samples as follows:
Ceramic Yield = [(wt. residue)/(wt. sample pyrolyzed)] x 100
bcomposition not determined




TABLE ll.
B1gH12-2L BINDER EXPERIMENTS WITH 16.7 WEIGHT % BINDER.

Ceramic Mixture Shape

L Powder Method?2 RetentionP Color
PhoPH B4C A E Black
PhoPCI B4C A E Black
PhoPNHNH» B4C A G Black
PhoPOH B4C A G Black
PhoPNg B4C A G Black
(NMeo)oPCl B4C A F Black
(n-Bu)3P B4C B G Black
PhgP B4C B E Black
PhgP B4C C E Black
PhoPH B4C B E Black
PhoPH B4C C E Black
PhaP B A E Dark Red
PhsP SigNg A E Gray
PhaP a-SiC A G Dark Gray
PhgP B-SiC A G Dark Gray
PhsP BN A G Gray
PhgP AIN A G Silver/Gray
PhaP BP A F Gray
PhgP B13P2 A E Dark Gray
PhaP Rayon B G Black

aSee experimental section; method A: without solvent; method B: in
acetone; method C: in pentane.

bBased on the fired ceramic composite bar as compared to the unfired,
pressed composite bar. Qualitative order: E = excellent> G =good > F =
fair.




