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Introduction

Fibres of amorphous boron are used as reinforcements in composite materials, and titanium is one of the metals currently used as a matrix for supporting boron fibres in composite materials inc�nded for use at high temperatures. lt is thus of interest to prepare diffusion c;>uples of amorphous boron and titanium in order to study the nature of the cr,tmical interaction which occurs at high temperatures. Amorphous boron is obumed by three methods: (i) evaporation under vacuum followed by condensation of the vapour on a cold substrate; (ii) the quenching of a liquid phase between two cooled plates, one of which is forced against the other; and (ili) by vapour deposition on a hot substrate. We have used the third method for two reasons: a diffusion couple forms between boron and metal by chemical interactions which occur spontaneously in the course of deposition, and it is the method which is used for the manufacture of boron fibres. Thus, one simulates the material structure and some of the chemical reactions which characterize the r,ommercial product.

To obtain the chemical vapour dep�it1on of boron one canuse boranes which decompose giving amorphous boron at iow temperatures (although there are cer tain difficulties with this method) or one can use BC1 3 or B B r 3 Because the . usual industrial route employs a BC13-H2 mixture, the thermodynamic proper ties of this gaseous mixture with respect to titanium have been studied in the temperature regions (T � 1500 K) appropriate to the formation of amorphous boron.

Conditions for the Deposition of Amorphous Boron on the Metallic Substrate

The classification presented by Bonetti et al. 1 is subdivided in tenns of chemical compatibility between boron and metals and the feasibility of coating different su bstrates with boron. Titanium and its alloys are at the bottom of the se ries, apparently having little or no potential as substrates. This is confirmed by our own experiments; the use of the technique for the deposition of amorphous boron on tantalum, molybdenum, and tungsten does not give diffusion couples of boron and titanium of satisfactory quality. The morphology of the deposit obtained is irregular, the thickness is variable and its surface is broken into separate regions by deep cracks exposing the titanium. An analysis of the reactions for the reduction of the boron halides allows one to explain these results.

In the hypothetical .case of an inert substrate, vapour deposition of boron is due mainly to the reduction of the halide by hydrogen on the hot substrate. This corresponds to the total reaction ( 1 ). In practice, boron deposition can be 2BX i g) + 3H2(g) ➔ 2B(s) + 6HX(g)

(1) accompanied by some parasitic reactions due to the interactions between sub 8 strate and the gaseous phase, particularly at the be gi nning of the deposition. In this competition between two reductants, if the metal reacts with halide for� mation of the required diffusion couple will be difficult or even impossible. It is then of interest to see i f a thermodynamic study can predict the most favour able ex p erimental conditions.

Optimization of Boron Deposition on Titanium

We used a method of minimization of the total Gibbs free energy of the system to calculate thermodynamic equilibria. 2 For a gi ven temperature, pressure , and initial composition of the gaseous mixture, one can calculate the partial pres sures of each gas at equilibrium as well as the nature and quantity of the con densed phases. The only limitation is that one must have thermodynamic data for the species concerned. Gaseous species likely to be found at equilibrium are those present in the equilibria between .: BC1 3 -H 2 mixture and a heated sub strate,3• 4 namely: H2, H , Cl 2 , Cl, B 2 , B , HCl , liCl , BC12, BC13, BH , BH2, BH3, BHC1 2 , B 2 H 6 , and B1oH14• To these species the titanium halides TiCl, TiC h , TiC1 3 , and TiC1 4 must be added, as well a� the following condensed phases: Ti, B, TiB, TiB 2 , and TiCl 2 • Owing to the lack of thermodynamic data, BH 2 Cl is not included but according to Carlton 3 it will be present in low quantities at equili brium. The process has been broken down into successive steps ilJustrating the different biphasic equilibria possible in the system titanium-boron in order to simulate those which occur in practice. These equilibria are Ti-TiB, TiB-TiB 2 , and TiB 2 -B. It is reasonable to suppose that these steps follow in tris order at the beginning of the reaction. The calculation of the corresponding equilibria has been canied out.

Initial Stage: Deposition of Titanium Monoboride

Interest is centred first on the study of the phenomena occurring in the intitial stages of deposition. While the titanium substrate is in chemical excess, the only phase likely to deposit is titanium monoboride. A study of the influence of the parameters of production on the quantity of BC13 reduced by titanium has been carried out in the regions of pressure , temperature , and composition usually used in chemical vapour deposition, namely at pressures varying from 0.1 to 10 atm, temperatures between 1300 and 1900 K, and mixture compositions of BC13-H2 varying between 0.1 : 0.9 and 0.9 : 0.1. Table l shows how the equi librium, expressed as the ratio of the number of moles of titanium monoboride to the sum of the number of moles of titanium halide$, varies as a function of vapour composition and pressure. The fact that this ratio remains close to unity shows that reduction of BC13 is an essential requirement for deposition to occur on a titanium substrate. +----------------- The optimization of the temperature for this stage of the reaction is very desirable. In fact, the equilibrium is not much displaced as a function of tem perature. For example, an increase of 200 K shifts the curves for a given reduced BC13 percentage only slightly in the direction of greater BC13 concentrations. This shift is marked by two asterisks in Figure 3, the upper marking the point of intersection at 1500 K of the curves for HCl and TiC13 and the lower correspond ing to the TiC12 concentration. Because of the small gain expected to occur as a result of raising the temperature, the initial stages of the deposition should be carried out at 1300 K. It may also be noted that if the reaction temperature is in excess of 1500 K the boron which is deposited is crystalline. 

Intermediate Step

The second stage of the reaction occurs after the substrate is covered by a mono boride. During this stage the reduction of BCl� results in the formation of tita nium diboride. An analysis of this process can be carried out by introducing an excess of TiB into the equilibrium calculation. Figure 4 presents results obtained at 1300 K and 1 atm: it shows the percentages of BC13 reduced in this stage. Moreover, the region of the reduction of BC13 by hydrogen is enlarged compared with the initial stage. A gaseous mixture richer in BC1 3 ( 1 mol hydrogen to 10-3 mol BC13) than was used in the first stage ( 1 o-s mol BC1 3) can be tolerated, assur ing a greater rate of deposition and thereby limiting corrosion of the s�bstrate.

Final Stage

When the titanium monoboride is covered by diboride, deposition of boron occurs; it is the main step in vapour deposition of boron on inert substrates. The Step

The details of the optimization of boron yield with respect to the temperature and composition of the initial gaseous mixtures, as well as of the minimization of BHC1 2 production during the latter stages of boron deposition, will be pub lished elsewhere. We will describe here only the experimental conditions for the first stage of deposition.

The results obtained indicate the necessity of using a mixture of BC1 3 highly diluted by hydrogen in order to achieve a passivation of the substrate. It is very difficult to obtain a gaseous flow corresponding to a partial pressure of hydrogen of 768 rnmHg and a partial pressure of BC1 3 of 1 r •• 2 mm Hg. A method of achiev ing passivation was developed by trial and error. It works as follows:

(a) The substrate is heated at 1300 K in hydrogen then cooled under the same atmosphere; this traps a small concentration of hydrogen on the surface of titanium. (b) At ambient temperature the substrate is swept for five minutes ty a mixture of BC1 3 -hydrogen of composition BC\ 3 : H 2 = 1.64. Some boron trichloride is absorbed on the walls of the apparatus. (c) Hydrogen is flushed through for 15 min at ambient temperature to eliminate most of the boron halides. (d) The substrate is then heated to 1300 K for 7 min in the presence of hydro gen, which is thus doped with a trace of BC1 3 approximately in the BC1 3 /H 2 ratio defined by the thermodynamic optimization (1 o-s ). Following this passivation treatment, microscopic observation of the sub strate shows it to consist of a uniform mat surface, black-grey in colour, com posed of very fine grains of microcrystalline titanium borides. Some diffusion couples of amorphous boron and titanium of good quality have been obtained; they have permitted a detailed study of the chemical interaction phenomenon which occurs between the fibres of boron and titanium in composite materials. 8 • 9

Conclusion

This work shows how in a multicomponent system a quantitative knowledge of the complex thermodynamic equilibrium allows one to optimize the conditions of deposition. The authors would like to express their gratitude to Dr. P. E. Potter, A.E.R.E., Harwell, for his considerable help in the preparation of the English version of this paper.
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 1 Figure 1 Dependence of x[TaOx) e q X 100/3[BC1 3 linit on [BO3 ] init/[H 2 } initfor a tanta lum substrate at 1300 Kand 1 a,tm
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 50 L------,-----,-----"���=== :::::::;::.: w .; c 2. 1 2,. Dependence of x[WClxJeq X 100/31 BO,] init on [BC1 3 ] initl(H 2] init for a tung sten substrate at 1300 Kand 1 atm These Figures can be divided into two regions; the region rich in BC13 where the reduction of boron halide is made by the metal substrate and the zone rich in hydrogen where this element is the reductant. From Figures1 and 2it seemed that the more reactive the metal is the more one must dilute the gaseous mix ture in BC1 3 during the initial stages of reaction in order to avoid an excessive corrosion of the substrates.The reaction with titanium has been restudied over a much wider concentra tion range using initial mixtures in the range I 0 -6 -10 mol BCh to I mol H 2 . The curves in Figure3present the same characteristics as those for tanWum and tungsten. The zone where hydrogen is the only reducing agent with respect to BC1 3 only appears at dilutions greater than 1 o-s. Thus, one can avoid the corro sion of titanium yet also obtain a deposit of boron using a gas containing about 1 o-s mol BC1 3 to 1 mol of hydrogen.
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 3 Figure 3 Dependence of x(TiCl xle q X 100/3[BC1 3 ] init on [BC13 lirut/[H2 linit for a tita nium substrate at 1300 K and 1 atm. The asterisks show the position of the intercept of the curve relative to HO and TiCl3 at 1500 K, and the point having the same absci1911 for the TiC1 2 curve (see text)
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 56 Figure 5 Dependence ofx[MClx]eq X 100/3[BC1 3 ] in it on [BCl 3 ] init/[H 2 Jinit on a neutral subtrate (TiB 1 , TaB2 , WB 2 , or B) at 1300 Kand 1 atm. The dots represent the results of Walsh 4

Table 1 Valua of the ratio. [TiB} e q : [TiO x J for different [Neutlnl and initilll B0 3 -H % composition,at 1300 K .. •. mot.� BC1 3 (init)
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	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9

mol. H 2 (init)
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