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Interfacial reactions in a Ti-6AI-4V based 
composite: role of the TiB2 coating 
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The characterization of TiB2/C-coated SiC fibres and their interface region in a Ti-6AI-4V 
based composite has been performed by using scanning electron microscopy (SEM), energy- 
dispersion X-rays (EDX) and Auger electron spectroscopy (AES). The features of the as- 
received fibre and the reactivity between fibre and matrix occurring during preparation of the 
composite have been studied in this paper. The interaction of the TiB 2 external coating of the 
fibre with both the adjacent carbon layer and the titanium-based matrix is already appreciable 
in the as-received composite: TiB needles grow from TiB 2 towards the matrix and a new layer 
containing C, Ti and B appears between TiB 2 and C. The thicknesses of the original carbon 
and TiB 2 fibre coatings decrease in the composite from 1000 nm to 400 and 800 nm, 
respectively. The TiB 2 nhibits the reaction between SiC and Ti: there is no evidence of SixTi v 
brittle phases. 

1. In troduc t ion  
Titanium-matrix composites reinforced with long 
fibres are of great technological importance because of 
their application as structural components (aerospace 
industry, gas turbines etc.) [1]. Several kinds of fibres 
have been used: B, B4C-coated B, SiC fibre with C or 
W core [2-6]. Because of the reactivity of Ti matrix 
with these fibres, particular coatings have been de- 
veloped: SCS-6 (Avco) [7, 8] has been especially de- 
signed for mechanical protection of the fibre and for 
inhibiting detrimental reactions between SiC and Ti. 
This fibre coating, mainly consisting of carbon with 
small amounts of dispersed SiC and an outer layer 
richer in SiC, has been tailored to avoid direct reaction 
between the matrix and the fibre during preparation of 
the composite. Actually, the coating partially reacts 
with the matrix giving brittle phases which decrease 
the mechanical strength of the composite. 

A new coating for SiC fibres reinforcing a Ti matrix 
has been developed by BP Metal Composites Ltd: it 
consists of an internal carbon layer and an external 
one of TiB 2, both about 1 ~tm thick. Preliminary data 
on the morphology and composition of this protective 
coating and its modification during isothermal treat- 
ment were previously reported [-9]. The preparation of 
the composite follows the standard hot-pressing tech- 
nique [10]. 

The aim of this paper is the microstructural charac- 
terization of the C/TiB 2 coating before and after 
preparation of the composite. 

2. Experimental procedure 
The titanium-based composite and the single filament 
were supplied by BP Metal Composites Ltd: the fibre 
is a TiBz/C-coated SiC monofilament with a tungsten 
core and the matrix is a Ti 6AI-4V alloy. The six-ply 
unidirectional panels were prepared according to 
usual vacuum hot-pressing techniques, with 75 lam 
foils and fibre mats. The fibres were hot-pressed be- 
tween the matrix foils at about 900~ 90-180 MPa 
for 20-30 min [11]. The as-received material was cut 
perpendicularly to the fibre direction with a low-speed 
diamond saw, then polished and etched on the cross- 
section. 

The TiBz/C-coated SiC fibre was carefully handled 
and resin-embedded to avoid cracks between the two 
layers of the coating. In spite of that, some fibre cross- 
sections showed failures between the two layers. The 
diameters of the fibre and the tungsten core are about 
100 and 12 ~m respectively. 

The fibre-matrix interaction zone was studied by 
scanning electron microscopy (SEM) (Philips 525 M), 
energy-dispersive X-ray analysis (EDX) (Philips 
EDAX 9100), Auger electron spectroscopy (AES) 
(Thin Film Analyser-Physical Electronics Model 
4200). 

The Auger analyses were carried out in a chamber 
with a base pressure of 10-10 torr using a cylindrical 
mirror analyser (CMA) with energy resolution of 
0.6%. The primary electron beam, generated by an 
electron gun coaxial with the CMA, operates at 5 keV 
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in scanning mode (10 -3 mm 2 irradiated area). The 
beam diameter is estimated to be about 4 lam. Data 
were acquired in integral mode (voltage to frequency 
converter) and in order to measure the signal in- 
tensities, spectra were computer-differentiated. 

Sputtering was accomplished with a differentially 
pumped ion gun (PHI Model 04-300) generating an 
Ar + ion beam at 4 keV. The angle between the normal 
to the sample surface and the ion beam was fixed at 
50 ~ and an area of 1 mm 2 was rastered by the ion 
beam. 

Depth profiles were carried out by alternating 
sputtering and Auger acquisition. Analyses were per- 
formed in the centre of the ion-beam irradiated area in 
order to avoid possible crater effects. Samples were 
angle-polished at about 5 ~ from the fibre axis (without 
etching the sample). 

In order to simulate the reactions occurring in one 
interfacial zone, titanium diboride and graphite pow- 
ders were mixed, cold-pressed, vacuum-sealed in a 
pure silica tube and heated at different temperatures 
ranging between 850 and 1000 ~ for 30 rain up to 20 
days. A reaction time much longer than for the com- 
posite process was necessary to approach thermo- 
dynamical equilibrium between C and TiB 2. 

XRD spectra (CuK~ radiation) of the powders were 
recorded in the range of 0 = 10 35 ~ using a Philips 
PW1710. 

3. R e s u l t s  
Fig. 1 shows the cross-section of an as-received fibre 
with the two layers (about 1000 nm thick). EDX and 
AES analyses performed on the fibre revealed the 
presence of titanium and boron in the external layer, 
carbon in the internal one, and silicon and carbon 
inside the fibre. 

Fig. 2 shows the typical fibre-matrix reaction zone 
for the as-received composite: the main morphological 
feature observed is the presence of three layers, label- 
led 1, 2, 3 in the micrograph. The thickness of layers 1 
and 2 is less than 1000 nm (about 400nm). Sharp 
needles (bright in the SEM micrograph) grow from 
layer 3 toward the matrix. 

Figure 1 TiBz/C-coated SiC fibre (resin embedded); SEM micro- 
graph. 
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Figure 2 As-received composite: fibre-matrix interaction zone; 
SEM micrograph. 

As the three layers are very thin, a technique like 
energy-dispersive X-ray analysis does not have 
enough spatial resolution and gives averaged com- 
positional values (e.g. 1.7 gm spatial resolution at 
10 keV for TiBz). Other techniques like transmission 
electron microscopy and X-ray mapping have been 
used 1-12] to characterize the interface in this 
composite. 

In order to obtain a complete characterization of 
the chemical composition of this system, in particular 
for the fibre matrix reaction zones, Auger depth pro- 
files were performed. The sputtering removes the ma- 
terials with a resolution of a few tenths ofa  nanometre: 
the depth resolution is associated with the Auger 
signal, which is directly connected to the energy of 
specific Auger electrons [13]. Another important ad- 
vantage related to AES is the possibility of obtaining 
chemical information by studying the line-shape of the 
Auger transitions that involve electrons of the valence 
band [14]. 

Fig. 3 shows the typical Auger depth profile ob- 
tained for the interface region shown in Fig. 2. In order 
to avoid misunderstandings due to particular features 
of the interface like topographic defects, sputtering 
artefacts etc., several depth profiles were recorded with 
the same experimental conditions, at different points. 
The same profile as that shown in Fig. 3 was obtained 
in all cases. The peak-to-peak height ratios of each 
signal, obtained from the derivative spectrum, were 
normalized to the maximum value measured on  the 
depth profile. 

Looking in more detail at the behaviour of the 
different signals and, when possible, the Auger line- 
shape, several zones have been singled out in the depth 
profile of Fig. 3. In particular five zones (labelled a, b, 
c, d, e) show the different features described below. 

Z o n e  a. The region between 0 and 70min of 
sputtering is characterized by a constant titanium 
intensity. Vanadium and aluminium signals, which 
follow in this region the same behaviour as titanium, 
are not represented because of their low intensity. No 
other signals are present. The spectrum here is typical 
of the Ti 6A1-4V bulk matrix. 
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Figure 3 AES depth-profile of the fibre-matrix interaction zone: (11) Ti, (D) Si, (~) B, (~) C. For further explanation see text. 

Zone b. In the region from 70 to 150min of 
sputtering the titanium signal shows a more or less 
gradual decrease up to an intensity about 70% of the 
bulk value, whereas the boron signal increases. This 
zone is representative of a non-homogeneous layer 
(TiB + matrix), both from a morphological and com- 
positional point of view. 

Zone c. The region from 150 to 215min of 
sputtering is again characterized by the presence of 
only boron and titanium signals. After a steeper de- 
crease (if compared with the previous one) titanium 
reaches a plateau in which the Auger intensity is about 
20% of the matrix value; at the same time the boron 
signal reaches a plateau value that represents the 
maximum intensity of this element in the depth profile. 
The Auger line-shape of boron K VV in this region is 
very similar to those of other transition metal borides 
[15]. Furthermore, this line-shape is in very good 
agreement with those acquired, in our laboratory, on a 
standard sample of TiB 2. 

Zone d. From 215 to 270 min of sputtering, while 
the boron signal progressively decreases and disap- 
pears, the titanium signal shows a non-monotonic 
behaviour with first a weak increase and then a de- 
crease to zero. Another important aspect of this region 
is the presence of the carbon signal, which shows an 
increasing trend. It must be emphasized that this is the 
only zone with three detectable elements. 

Zone e. In the region from 270 to 310min of 
sputtering the only detectable element is carbon. Its 
Auger signal reaches the maximum value and its 
lineshape (C K VV) is typical of carbon in graphitic 
form [16]. 

Zoner  In the last region, from 310 min of sputtering 
to the end of the profile, there are only carbon and 
silicon signals. Their intensities reach a constant value 
in function of the sputtering time. The line-shapes of 

their Auger spectra (C K VV and Si L2, 3VV) are 
typical of silicon carbide [17]. 

To summarize, the AES depth profile of Fig. 3 shows 
well-defined regions: (a) Ti-6A1MV matrix, (b) TiB 
+ matrix, (c) YiB 2, (d) reaction zone of Ti + B + C, 

(e) graphite and (f) silicon carbide. As can be seen by 
comparison of Figs 2 and 3, good agreement exists 
between the morphology and the picture of the sample 
obtained from the Auger depth profile. Hence, it is 
possible to obtain a translation of the sputtering time 
scale to a thickness scale, adding the following hypo- 
thesis: that the sputtering rate along the profile is 
constant and material-independent. The zones e, d 
and c of Fig. 3 defined above as graphite, C + B + Ti 
and TiB 2 correspond to 40, 55 and 65min of 
sputtering, respectively; the layers labelled 1, 2 and 3 in 
Fig. 2 are of thickness 400, 400 and 800 rim, respect- 
ively. 

XRD analyses of TiB 2 and C powder mixtures 
heated at 850-1000~ for different times (up to 20 
days) have shown neither the formation of carbides/ 
borocarbides, nor any appreciable variation of TiB2 
lattice parameters, but a remarkable decrease of the 
carbon peak intensity. 

4. D i s c u s s i o n  
Some interactions between the fibre coatings and the 
Ti 6A1-4V occur during preparation of the composite, 
and in particular these have been observed at the 
matrix-TiB 2 and TiB2-C interfaces. 

The TiB2 layer slightly reduces in thickness (com- 
pare the external layer in Figs 1 and 2); as Fig. 2 shows, 
it is surrounded by bright needles, identified as TiB 
from several authors in composites like Ti-6AI-4V/B 
and Ti-6A1-4V/B(B4C ) [3, 18 23]. 
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It is clear from AES profiles (Fig. 3) that Ti slowly 
decreases from the value of the matrix towards lower 
values attributable to the presence of TiB (zone b) and 
TiB z (zone c), while B slowly increases its concentra- 
tion in the same regions. That means that TiB2 reacts 
with the matrix during the preparation of the com- 
posite according to the equation 

TiB 2 + Ti ~ 2TiB 

A zone of interaction with C, Ti and B is immedi- 
ately noticeable between the layers of TiB z and C (Fig. 
3d). An intermediate zone is visible in the micrograph 
(Fig. 2), with a lighter grey compared to the adjacent 
carbon layer. The Ti-C B phase diagram is not com- 
pletely known; only the reactions occurring between 
TiB 2 and C or TiB and B4C have been reported [24]. 

TiB 2 seems to be very stable with respect to TiB. In 
fact, while TiB can react with C to form Ti(B, C) [-20], 
reactions between TiB 2 and C were not reported. A 
sort of simulation of this solid-state reaction has been 
attempted by heating TiB z and C as described above: 
TiB 2 did not appreciably change its lattice parameters, 
but the intensity of C peaks decreased remarkably in 
the X-ray patterns. On the other hand, TiB 2 does not 
have a definite stoichiometry, but a compositional 
range of 65.5-66.7 at% B [24]. The existence of 
Ti(B, C)z solid solutions should be proposed; further- 
more, the covalent radii of B and C are similar (82 and 
77 x 10 -12 m, respectively). It is also to be taken in 
account that the high concentration of vacancies in 
chemical vapour-deposited TiB 2 and C coatings of the 
fibres increases the possibility for the formation of 
solid solution. 

However, the experiment described above shows 
that no reactions occurred between TiB 2 and C. 
Nevertheless, about a half of the carbon layer under- 
goes a modification (Fig. 2) and a maximum for the 
titanium concentration in zone d of AES profile 
(Fig. 3) is observed. Hence, in order to explain the 
feature of zone d another reaction must be inferred: 
after diffusion from the matrix through the TiB 2 layer, 
Ti reacts with TiB 2 and C giving the Ti(B,C) phase. 

The carbon concentration grows through the region 
described above (d) to a zone of maximum (e). No 
other elements have been detected in this zone, which 
corresponds to the graphitic carbon layer originally 
deposited on the SiC fibre. After the graphitic layer 
there is finally the SiC fibre with Si and C at constant 
atomic percentage. 

The silicon profile is well separated from the Ti and 
B ones: this is remarkable as it means that no inter- 
actions have occurred between Si and Ti. That means 
that the brittle phase Ti~Siy does not grow [1-3, 5, 
6, 8]. As a consequence, this composite shows good 
mechanical properties: a strength greater than 
1700 MPa and a stiffness of 210 GPa  [-10]. 

To summarize, the thin TiB 2 layer (originally 1 ~m) 
acts as an effective barrier for the diffusion of Ti. As a 
consequence, it slows down the movement of titanium 
atoms towards the more internal layer Of carbon and 
the SiC fibre. Only after diffusion of titanium through 
TiB 2, can Ti react with the carbon to form carbides or 
boroncarbides. 

However, the double TiB2/C protection for the SiC 
fibre involves a different mechanism with respect to 
that observed for SCS fibres [-7, 8]. In the case of SCS 
fibres the double carbon/carbon-SiC layer is basically 
a sacrificial coating which reacts with the matrix. Due 
to this reaction TisSi 3 and TiC (1.5 I.tm thick) form at 
the interface with the matrix during the preparation of 
SCS-reinforced composites. These brittle layers affect 
the mechanical behaviour of the composites, as the 
fracture takes place at the interface between TiC and 
the more internal layer of C [8]. 

In contrast, in the case of TiB2/C double-coated SiC 
fibres, the formation of a brittle phase containing Ti 
and C needs the previous diffusion of titanium 
through the TiB 2 layer. On the other hand, brittle TiB 
crystals easily form by reaction of TiB 2 with titanium 
alloy during the processing of the composite. 

5. Conclusions 
1. The C/TiB 2 coating is an effective protection for 

SiC fibres from detrimental reactions with Ti matrix. 
2. There is no evidence for the formation of a brittle 

SixTiy phase: Si and Ti AES profiles are well separated. 
3. TiB2 reacts with the Ti matrix giving TiB needles. 
4. TiB 2 also reacts with the diffused Ti and C giving 

a Ti -B-C interphase. 
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