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The chemical interaction between coated (or uncoa ted) bcron fibers and titanium metal (or TA6V alloy)has been studied at 700-1000 ° C, on composite materials or on diffusion couples.

When boron fibers are heated within a titanium ma trix, diffusion phenomena occuring at the fiber-matrix interface give rise to an interaction zone which grows as a function of time, at a given temperature.For un coated fibers and unalloyed matrix, the interaction zo ne is constituted of a layer of non-stoichiometric TiB2 surrounded on one side by TiB needles and on the other side by a solid solution of titanium and the amorphous baron of the fibers.For B 4 C (or SiC) coated fibers and unalloyed matrix, the interaction zone is more complex, the B 4 C (or SiC) coating acting as a diffusion barrier.

The addition of selected alloying elements to tita� nium slows down the rate of fiber-matrix chemical inter action; thi$ is especially true for vanadium and alumi num (baron fiber-TA6V composites).

Introduction

According to Metcalfe,the ultimate tensil� strength of boron fiber-titanium composite materials is directly related to the thickness-of the TiB2 zone which results from a chemical interaction between the amorph0us boron of the fibers and the titanium of the matrix(l). Such a chemical interaction occurs either at high temperature during the processing of the material (e.g.hot pressing at 700-1000 °C for a very short time) or during its use at a lower temperature(400-600 °C) but for a mu � longer time.

In order to maintain the reinforcing effe�t due to boron fibers to its highest value, the thickne�s of the TiB2 layer must remain below a critical value which was established to be of the order of O. 4 µ for uncoated fi bers in unalloyed titanium(l) .Therefore, in su�h mate rials, the amount of chemical interaction between fibers and matrix must be very carefully controlled.Tte under estimation of the role played by chemical phenvmena in B/Ti composites probably explains the poor mecbanical properties reported in the past.

The aim of this work was to study in detail the che mical phenomena occuring at•high temperature between amorphous baron and titanium as a function of the diffu sion parameters(temperature, time and concentration gra dients). It has been found that the chemical C•Jmpatibi lity at high temperature between boron fibers and tita nium is very poor However, it can be consider-"'bly in creased with the use of coated baron fibers an� alloyed matrices (2-4).

erature Fiber-Matrix Chemical Interaction Phenomena in B Ti Corn osites Our study has been done on two types of samples:

(1)-diffusion couples, with a plane B/Ti �nterface, obtained by CVD of amorphous boron on titaniuni disks according to a technique described elsewhere 14-6)

( 2 }-composite materials (6x6cm) obtained by hot pressing (845 ° C) boron fiber layers between titanium foils under vacuum (or by pressing baron fiber� at room temperature within titanium powder and then annealing at high temperature). All fibers were 140 u in diameter{un coated boron fibers were from AVCO, BORSIC fiberc; were from HAMILTON STANDARD.and B(B 4 C) fibers from nNPE).

The,high temperature diffusion treatmentP (700 < e < 1000 ° C; duration up to 3000 heurs =�r the lowest temperatures) were carried out in seal�d sflica tubes in order to avoid oxidation of the materials . At the end of the diffusion treatment, the silica tubes were quenched into water. The diffusion conditions which have been applied here are far more severe than those to which B/Ti composites are commonly submitted during pro cessing or use. However, such conditions result in a more extended interaction zone which makes more accurate the study of ch�mical phenomena at the B/Ti interface.

,� � ,. -�l. . ,: • :. :, /\!,i '{•T '•"•t • '"", ' .''t;:� Nature of the B/Ti Interaction Zone At high temperatu�e, a boron fiber-titanium matrix composite is a non-equilibrium system from a thermodyna mic point of view. At a high enough temperature, diffu sion phenomena occuring between titanium and amorphous boron lead to the formation of a complex interaction zone whose thickness increases as a function of time (fig. l). Microprobe analysis of titanium, in a direction perpendicular to the interface, shows that the tnteraction zone consists of several ?hases (fig. 2):

(1)-a compact layer of a non-stoechiometric tita nium diboride,

(2)-an irregular zone of non-stoichiometri� tita nium rnonoboride needle-like crystals,

(3)-a solid solution of titanium in amorphous baron, on one side of the interaction zone and, on the other side a solid solution of boron in titanium.

These results are in agreement with the laQt deter mination of the boron-titanium phase diagram [START_REF] St | Ternary Phase Eguilibria in Transition-1'1ctal-Boron-Carbon-Silicon Systems[END_REF].

Chemical Composition of the Titanium Borides

The mean B/Ti atomic ratio in the diboride layer is 1,90 � 0.03, as established by microprobe analy�is.This value is in, good agreement with those (1.87 to l.96) calculated from the data of Rudy and Windisch [START_REF] St | Ternary Phase Eguilibria in Transition-1'1ctal-Boron-Carbon-Silicon Systems[END_REF]. Since diffusion at the B/Ti interface is almost a one-way phe nomenon (Ja >> J Ti ), it seems reasonable to assume that diffusion of boron atoms occurs via vacancies in the two-dimensional boron sublattice of the TiB2 structure.

In this hypothesis, the diboride formula must therefore be vritten TiB 1. go□ O.I O • The diboride layer exhibits a weak composition gradient (the difference in titanium contents at both TiB/TiB2 and TiB2/B interfaces is âc c = 0.70±0.50 at.%Ti), the homogeneity range being TiB1.arTiB 1 .94• Titanium monoboride in the interaction zone is also non-stoichiometric (B/Ti at. = 0.88�Q0 2 ), but the com position gradient of the needle-like crystals of TiB is too small to be detected by microprobe analysis.Assu ming again that the diffusion of boron occurs via vacan cies in the boron zig zag chains of the TiB structure, the formula of the titanium monoboride must be written Ti B o. 88 0 O . 12 • Oriented Growth of TiB and TiB 2 Crystals in the Inter action Zone

In the interaction zone, the crystals of titanium borides, and more particularly those of TiB, show a pre ferred orientation as seen in figure la. This feature results from the anisotropy of the crystal structures of TiB (covalent zig zag chains of boron atoms in the b di rection) and TiB2 (covalent hexagonal network of boion atoms perpendicular to the c direction). Ouring diffu sion of boron atoms towards-titanium, TiB and TiB2 crys tals gr�w with their boron chains or hexagonal + networks approximately parallel to the boron atom flux J 8 •

Solid Solution of Titanium in Amorphous Boron

The solubility of baron in titanium is very low in the solid state and cannot be accurately measured by mi croprobe analysis. On the other hand, the solubility of titanium in amorphous baron is higher (1.5 at.% Ti) and at high temperature penetration of titanium atoms in amorphous boron can be sighificant after several hundred heurs of diffusion (fig. 2 ).

Kinetics of Growth of TiB2 in the Interaction Zone

Since TiB2 is the main component in the B/Ti inter action zone, our study has been limited to the kinetics of growth of the TiB2 layer. ttoreover, the needle-like morphology of TiB crystals did not allow any measure ments of the thickness of the monoboride zone (fig.l).

The mean thickness x of the TiB2 layer has been cal culated from 50 to 1 00 measurements carried out with the metallographic microscope (x 1000) on sections perpendi cular to the diffusion interface. For samples containing boron fibers, a correction has been applied to the mea-�ured thickness to take into account the cylindrical geornetrt of the diffusion interface(]).

In all cases, it appears that x increaseJ as a func tion of time according to a diffusion control�ed rate:

x = k.tl /2
where k is a penetration coefficient, as illuqtrated in figure 3.

The variation of Ln(k) as a function of �eciprocal absolu te temi-,erature fol lows, in a good appro .. imation, for all three sample types, an Arrhenius law:

Q Ln (k) = Ln (k )-- o
The values of k0 and of the activation energJ Q are gi ven in table I. As shown in figure 4, the whc�e set of data can be fitted with a single expression hAving a mean activation energy of 56 ± 5 kcal.atg-1 and a mean k0 of 0.31 cm.sec.-1 /2 .

Our results are in good agreement with those pre viously obtained by Klein et al., on boron fiher-tita nium sarnples in which the thickness of the interaction zone was small (for such conditions, the intei:face geo metry correction can be neglected) (fig. 5) [START_REF] Klein | Compatibili ty Studies for Viable Titanium Matrix Composites[END_REF] .�owever, they are somewhat different from that publishP-d by Snide the discrcapancy 1 beeing probably due to the rt,rity of titaniurn (Snide has used a higher purity ex-i0dide tita nium} ( 9 An analytical method, derived from that previously used by Slama for the niobium aJuminides, was used [START_REF] Slama | Contribution à l 'étudc des mécanL[END_REF]. In the first approximation, it leads to:

'v D (TiB 2 ) = k 2 .�:.2. 26c c
where l'lc 2 is the difference in the titanium contents of TiB and TiB 2 at the TiB/TiB 2 interface: l'lc 2 = Ti at.% (TiB) -Ti at.% (TiB 2 )

'v
The value of D (TiB 2 } at 1015 °C is 2x10-lO cm 2 sec-1 (k=4xlo-6cm.sec-l /2; t'lc 2 = 0.188 and l'lc c = 0.75x10 -2 ).

The interdiffusion coefficient can be calculated at all temperatures from table I and equationl31 assuming that the homogeneity range of TiB 2 (measured only at 1015 °C) does not significantly change between 700 and 1015 °C,as suggested by the phase diagram [START_REF] St | Ternary Phase Eguilibria in Transition-1'1ctal-Boron-Carbon-Silicon Systems[END_REF].

In conclusion, this study shows that the rate of growth of the main component, TiB 2 , of the interaction zone is very rapid at temperatures commonly used for processing baron fiber-titanium composites. At 845 °C for example, the 0.4 µ critical thickness is achieved after only 17min .• Therefore, an increase in chemical compatibility, which can be obtained by using coated fi bers or/and alloyed matrices, seems highly desirable for better processing conditions.

Effect of B4C or SiC Diffusion Barriers on the Rate of the Fiber-Matrix Chemical Interaction Naslain et al. have recently shown that the chemi cal interaction between boron fibers and a titanium ma trix can be significantly slowed down by utilizing coa ted baron fibers. Arnong the materials which have been proposed as diffusion barrier coatings, the most impor tant seem to be silicon and baron carbides (2).

The nature •Of the interaction zone and its kinetics of growth have been studied, between 700 and 1000 °C, on composites prepared by hot pressing. The baron fibers had a coating thickness of 2. 5 to 3 u for B (SiC)" fibers and 5 to 6 µ for B ( B4C) f ibers.

Effects of B 4 C or Sic Coating on the Diffusion Phenomena

Microprobe analysis shows that the interaction zone between coated boron fibers and a titaniurn matrix is more complex. Furthermore, the behavior of the B4C bar rier appears to be very different from that of the SiC barrier (2-4 ).

For B(B 4 C)/Ti composites, the diffusion mechanism is almost the same as the one already described for un coated boron fibers (fig. 6). Diffusion remains a quasi one-way phenomenon: boron atoms cross the B4C barrier where they are slowed dmm f and then react with tita nium to give a titanium boride layer inside the metal matrix. In the other direction, there is only a weak fluxof titaniwn atoms with the result that the B 4 C coa ting is then slowly destroyed.
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For B{SiC}/Ti composites on the contrary, there is at the fiber-matrix interface a simultaneous interdif fusion of silicon and titanium atoms. As a consequence, the SiC barrier is very rapidly destroyed {fig.7a,b). When SiC has totally reacted (giving a new in situ tita nium carbide and silicide barrier (7c)},the diffusion of titanium towards boron results in a TiB 2 layer located between the new barrier and the boron fiber itself (fig. 7d).

In the study of kinetics that will follow, one has considered as the interaction zone:

(1)-for B(B 4 C)/Ti composites: the compact titanium boride layer

(2)-for B(SiC)/Ti composites: that region where tita�ium compounds are present as carbide and silicides for weak interactions (fig. 7b,c,)and as carbide,silici des and Loride for strong interactions (fig. 7d).

However, the interaction zone in B(B 4 C)/Ti composi tes also shows long needles of both TiC and TiB. This re gion was not taken into account in our study since it was not possible to measure its thickness due to an ir regular profile. In composites obtained from coated baron êibers, growth of the interaction zone (as it has been defined above), as a function of time at a given temperature, still obeys a law of type Ill. Table II gives the values of the penetration coefficient k for the three types of fibers studied (thickness measurements have been done on composites prepared by hot pressing the th��e types of fibers in the � titanium matrix).

The variation of Ln(k) as a function of reciprocal absolute temperature is given in figure 8. It appears that the use of B4C-coated boron fibers decreases signi ficantly the rate of formation of the compact titanium boride layer at all temperatures, in agreement with the results previously obtained by Naslain et al. on mate rials prepared from boron fibers and titanium powder (cold pressing and annealing). On the other hand, the effect of a Sic bartier might be less importarit:. than previously thought, especially at the lowest t�mpera tures [START_REF] Naslain | Chemical Com patibility in Metal-Borcn Composites[END_REF]. zirconium or aluminum) to titanium increases the chemi cal c�mpatibility, at high temperature, of titanium ma trix and uncoated boron fibers [START_REF] Schmitz | Compatibility Studies for Viable Titanium[END_REF]. In order to verify this �tatement, a detailed study has been done on com posite materials prepared by hot pressing boron fibers between foils of TA6V alloy (Al%:6; V%:4) at 845 °C.

Nature of the Interaction Zone in B/TA6V Composites

The interaction zone occuring at high temperature between uncoated baron fibers and a TA6V matrix (fig. lb) is more complex than that already described for an un alloyed titanium matrix. Figure 9 gives the qualitative distribution of boron, titanium, vanadium and aluminum in the vicinity of the fiber-matrix interface, in a sam ple characterized by a strong fiber-matrix interaction. It appears from figure 9 that: (!}-diffusion of boron atoms in the matrix mainly results in the formation of a titanium-vanadium diboride layer,

(2)-aluminum does not enter the diboride phase(al though there exists an aluminum diboride,AlB2)and is re jected in the metal matrix in front of the diboride/ma trix interface,

(3)-diffusibn of titanium and vanadium atoms,taking place in a direction opposite to that of baron atoms, leads to the formation of a solid solution of both ele-• ments in the amorphous boron of the fiber. '-----:-:1 0��--BKa

1------4
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Fig, 9-Microprobe line traces for B,Ti,V and Al near the fiber/matrix interface for a B fiber/TA6V com1,>osite.

A quantitative microprobe analysis ha� shown that the diboride phase has the formula TiQ . 9 6 Vo.o4B1 .96 ,the B/(Ti+V)atomic ratio (l. 9 6±0.03}being slightly higher than the one found for the unalloyed titanium matrix (1.90±0.03). Assuming that the non-stoichiometry of the diboride results from Loron vacancies, this ratio im plies that the amount of vacancies in the boron sublat tice is smaller for the titanium-vanadium diboride than for pure titanium diboride. Furthermore, in Tio . 9 6 Vo .0 4B 1. 9 6 , 6c c (Ti) seems to be small2r than 0.5 at.% Ti.

One has also established that the accu�ulation of aluminum in the matrix increases the concentration of this element up to a mean value of 8wt.%{irstead of 6% in TA6V) after about 100 hours of diffusion at 1015 °C. The local concentration of aluminum at the diboride matrix interface is 12wt.%. Kinetics of Growth of the Diboride Layer i11 B/TA6V Com-12..?�i tes_

The growth of the layer thickness i as a function of time still follows equation j1j for the titanium-va nadium diboride, between 700 and 1000 °c. V�lues of the penetration coefficient k are given in tab:� III. The corresponding Arrhenius plots are shown in figure 10, for B/TA6V composites as well as for B/Ti c�mposites.

Our data clearly establish that the k 1 netics of growth of the 1 diboride layer is, for all te•npcratures, slower for the TA6V matrix than for pure titanium des pite the fact that the amount of alloying Ptements in TA6V is rather small. The activation energy which is associated to the kinetics of growth of the diboride layer is almost the same for both the alloyed and unalloyed titanium matri ces. On the other and, the k 0 values are s0mewhat dif- fercnt (fig. 10). These results could be explained, as ?reviously suggested by E:chmitz et al., by the fact th�t the partial substitution of titanium by vanadium in the diboride phase lowers both the concentration gra dients and the amount of vacancies in the baron sublat tice, with the diffusion mechanism remaining the same (see aquation 131). FurthGrmore the existence of a si gnificant increase of the aluminum content of the alloy near the diboride/matrix interface could also �lay an imJortant role in the diffusion rate of boron in the m.:i trix i tself [START_REF] Schmitz | Compatibility Studies for Viable Titanium[END_REF] .

Effect of Both Fiber Coa�ings and Alloying Elements

Added to the Matrix on B/Ti Chemical Interaction Phenomena A study of the fiber-matrix chemical interaction phenomena has been undertaken on B(B4C)/TA6V and B(8iC)/TA6V composites in o�der to establish whether or not the effects, r�sulting either from the use of fiber coatings or from alloying elements added to the matrix, can be cumulative.

The fiber-matrix interaction zone is here Jarticu larly com�lex as it could be easily predicted from the large number of elements able to be present near the fiber-matrix interface (fig. 11). Des Ji te this com2lexi ty, compact inter2 •tion zones could be defined as was done for the correspunding B(B4C)/Ti and B(�iC)/Ti com2osites; their kL1etics of growth still follow a law of type Ill, the v�lues of k being givcn in table III. As stated previous:�,, the ir regular zone of needle-like crystals, which �s also im i_)Ortant for B(n 4 c)/TA6V composites, ,,ras not taken into account in the Rinetics study.

As shown in figure 12, a SiC (or B4C) d�ffusion barrier decreases the rate of formation of L.e compact interaction zone between the coated fibers ai1d the al loyed matrix, for all temperatures studied, as already established for the unalloyed titanium matrix. On the other hand, it appears from figures 13 and 14 that the addition of vanadium and aluminum to titanium also de•• crcases the rate of formation of the com�act interaction zone between titanium and bath SiC or B4C coated boron fibers. temperature (hot rolling or hot pressing). During this high temperature step, the amount of fiber-matrix che mical interaction must be accurately controlled in order to obtain good mechanical properties.

We have already calculated that the 0. 4 µ. inter action zone critical thickness is achieved in a rather short time (17min.) for a composite made of uncoated boron fibers hot pressed at 8 4 5 °C between unalloyed ti tanium foils.Our data show that this critical time be cornes, under the same donditions, l00min. if B4C-coated fibers replace the uncoated boron fibers (B (B4C)/Ti composites) and 220 min. if both coated fibers and an alloyed matrix are used (B (B4C)/TA6V composites). Fur thermore, utilization of a matrix (TA6V) with a yield strength higher than that of unalloyed titanium might increase, according to Schmitz et al., the critical thickness of the fiber-interaction zone [START_REF] Slama | Contribution à l 'étudc des mécanL[END_REF].

Thus, from a chemical point of view, the use of both coated fibers and alloyed matrices seems to give a reasonable solution to the problems related to the high temperature processing of boron fiber-titanium com�osites. On the other hand, this study underlines the important role played by fiber-matrix chemical inter action phenomena in com�osite materials that are to be prepared or utilized at high temperatures.
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Fig. 1 -

 1 Fig.1-(a) Interaction zone between amorphous boron and titanium in a diffusion couple(plane interface)heated for 400 hours at 1015 °C (x150) (b) Interaction zone between an uncoa ted boron fiber and a TA6V matrix after 77 heurs of annealing at 920 °C (xl000).

Fig, 2 -

 2 Fig,2-Titanium microprobe analysis along the XX' di rection shown in fig.la,(Insert:variation of Ti at.% in amorphous boron as a function of x is re?resented in a gausso-arithmetic graph).

  ) • Interdiffusion Coefficient in TiB 2 � The interdiffusion coefficient D (TiB ) in the dibo ride layer has been calculated for diffusfon couples (plane B/Ti interface} where the interaction zone was very thick allowing the titanium concentrati0� gradient in TiB 2 to be measured by microprobe analysis (fig.2}. Table I. Diffusion Constants for TiB 2 Gr�wth at the Ti/B Interfac� Q (kcal.atg. -1,
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 3145 Fig.3-Variation of the mean diboride-layer-thickness x as a function of time at different tempera tures in B fiber/Ti composites.

Fig. 6 -Fig, 7

 67 Fig.6-Diffusion mechanisms at the fiber/matrix in terface for B/Ti and B(B4C}/Ti composites.

  pressing Kinetics of Growth of the Interaction Zone in B(B4C)/Ti and B(SiC)/Ti Composites

9 Fig. 8 -

 98 Fig.8-Arrhenius plot relating penetration c�effi cient k and annealing temperature for fiber/ rnatrix chemical interaction (compact zone) for B/Ti,B(B4C)/Ti and B(SiC)/Ti composites.
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9 Fig. 10 -

 910 Fig.10-Arrhenius Jlot relating �enetration coeffi cient k and annealing temperature for fiber/ matrix chemical interaction for B/Ti and B/TA6V composites (compact zone)

Fig. 11 - 9 Fig, 12 -

 11912 Fig.11-Microprobe line traces for B,Si,C,Ti,Al and V near the fiber/matrix interface for a B(SiC)/TA6V composite.

Fig. 13 -Fig.1 4 -

 134 Fig.13-Arrhenius plot relating 2enetration coeffi cient k and annealing tem�erature for fiber/ matrix chemical interaction for B(B4C)/Ti and B(B4C)/TA6V composites (compact zone).

Finally, our 10 Flg

 10 data demonstrate that the �ffects of a diffusion barrier as well as the -alloying c.-lements ad<led to the titanium matrix are indeed cumulative (fig.15).Application of our Diffusion Study Data to B/Ti Composite ProcessingComposite materials made of baron fibers and re fractory metal matrices are usua 1 ly prepared at high 1000 .15-Arrhcnius ?lot relating penetration coeffi cient k and annealing temperaturc for fiber/ matrix chemical interaction for B/Ti and B(B4C)/TA6V composites (compact zone).

Table IL Penetration

 IL 

		700 760 795 845 880 920 970 1015
	B/Ti diff. couele ( l)	0.68 1.44 2.00 2.63 3.68 3.99
	B Pibers Ti ;eowder(2)	0.39 0.82 1.29 1.97	2.84 5.18
	B Fibers Ti Poils	0.12 0.37 0.56 1.26 1.53 2.72 4.21 6.28

Coefficient k for Coated (or uncoated)Boron Fiber-Titanium Matrix ComEosites (in 106cm.sec-l/2) e ( 0 c)
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