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Specimens of diffusion-bonded titanium metal matrix composites have been subjected to 
thermal exposure treatments and examined principally by transmission electron microscopy. 
The fibres investigated were SOS-6 TM and Sigma TM. The fibre/matrix reaction layers have been 
shown to consist of titanium carbide and two titanium silicides: The reaction proceeds by the 
initial formation of a layer of TiC followed by a layer of mixed silicides, Ti~Si4 and TisSi 3. 
Extensive porosity is generated during the reaction and this prevents the formation of a 
completely protective interfacial layer. 

1. I n t r o d u c t i o n  
Titanium matrix composites have been under devel- 
opment for several years and are candidate materials 
for aircraft structural applications, particularly those 
at moderately elevated temperatures where strength/ 
weight ratio is of paramount importance. Although 
many experimental manufacturing methods are 
currently under investigation, the majority of these 
composites to date have been made via a diffusion- 
bonding technique and this is projected to continue 
with advances in titanium alloy and aluminide foil 
production. A major drawback to many production 
routes, including diffusion bonding, is that the com- 
posite is subjected to heat and pressure for a con- 
siderable length of time and adverse chemical 
reactions occur at the fibre/matrix interface. 

Efforts have been made to mitigate the seriousness 
of these reactions by compositionally tailoring the 
surface of the fibre to reduce its reactivity with the 
matrix and the SCS-6 TM and Sigma TM fibres used in 
the present work represent the results of such develop- 
ment programmes. Another approach is to coat the 
fibre surface with a protective layer designed to separ- 
ate fibre and matrix and hence prevent attack [1]. 
Potential coatings include oxides, carbides and sili- 
cides and part of the present investigation concerned 
the suitability of titanium disilicide as a candidate for 
coating. 

The key to further fibre development or to the 
application of the present generation of fibres is to 
understand the reactions at the interface. Much work 
has already been performed in the Ti/SiC system using 
powder metallurgy techniques and earlier-generation 
reinforcing fibres as well as some in the SCS-6/ 
Ti-6A1-4V system which is the principal focus of 
current attention [-2-53. However, studies of this sys- 
tem are far from conclusive and this research was 

initiated to develop a better understanding of the role 
of isothermal exposure in exacerbating the adverse 
fibre/matrix reactions and to identify the reaction 
products and mechanisms. A model is proposed for 
the observed reaction mechanism. 

2. Experimental procedure 
Two different composites were used, the first being the 
commercially available SCS-6/Ti-6AI-4V composite. 
The composite was in the form of rectangular sheet, 

1.5 mm thick, consisting of 8 plies of 145 gm SiC 
fibres. The structure of these fibres and their composi- 
tionally graded protective coating have been described 
elsewhere [6]. The second system contained a layer of 
titanium disilicide between the fibre and matrix be- 
cause previous work had shown that silieides were 
produced during fabrication and isothermal exposure. 
The 1 gm layer of TiSi 2 was deposited by chemical 
vapour deposition (CVD) on to Sigma fibres, and 
diffusion bonded into a commercially pure titanium 
matrix. Sigma fibres differ from SCS-6 in being only 
100 pm diameter and having a surface coating en- 
riched in silicon instead of carbon. Also they are 
deposited on a tungsten precursor rather than carbon 
and the precursor/fibre reactions may be of import- 
ance for long-term thermal stability. Investigation of 
these samples was intended to indicate whether titan- 
ium silicide had potential as a protective coating. The 
second composite is denoted Ti/TiSi2/SiC. 

All heat treatments were carried out on composites 
encapsulated in evacuated silica tubes so as to avoid 
oxygen pick-up. Polished and lightly etched samples 
were examined by optical and scanning electron 
microscopy (SEM). The thickness of the SCS-6/ 
Ti 6A1-4V reaction layer was monitored as a function 
of exposure temperature and time, in order to investig- 
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ate the reaction kinetics. The thickness of the reaction 
zone (RZ) was determined at > 40 locations for each 
sample. Thin foils for transmission electron micro- 
scopy (TEM) and electron energy loss spectroscopy 
(EELS) were prepared from transverse sections by 
low-speed diamond wheel sectioning and standard ion 
milling methods; they were examined in a Jeol 2000FX 
or Philips EM400T. 

3. Resul ts  
The thickness of the RZ in as-fabricated composite 
appeared to be about 1 pm and increased significantly 
with isothermal exposure as shown in Fig. 1. For  
clarity, standard deviation data are shown for the 
1050 ~ data only. For  times up to 24 h, the reaction 
follows the normal parabolic law at 950~ with a 
single rate constant of 1.85 x 10-2 gm s- 1/2. However, 
at higher temperatures two rate constants are found, 
corresponding to short and long times. The rate 
constants at 1000~ were 6 .41x10 -2 and 2.97 
x l 0 - 2 p m s  -1/2 at t < 1 0 h  and t >  10h, respect- 

ively. The discontinuities in the reaction rate data 
correspond closely to the times at which complete 
consumption of the protective coating of the fibre was 
observed to have occurred and the underlying 
SiC itself was exposed. Based on the parabolic rate 
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Figure 1 Reaction layer thickness as a function of square root of 
isothermal exposure time for SCS-6/Ti-6A1MV at ([~) 950~ 
(O) 1000~ and (ll) i050~ 

equation 

y2 = kt  (1) 

and the usual Arrhenius equation the activation 
energy for the process is calculated from the equation 

k = k o e x p ( - 2 R T )  (2) 

This yields apparent activation energies of 
95 630 cal tool -1 for the process occurring at short 
times and 74060 calmo1-1 for that occurring at 
longer exposure times. 

The detailed structure of the RZ in the as-fabricated 
composite could not be resolved in the SEM but 
increasing exposure times and/or higher temperatures 
produced a complex RZ containing distinct layers. 
Finally after 24 h at 1050 ~ a concentric ring struc- 
ture developed around the fibre, Fig. 2a. Extensive 
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Figure 2 (a) Scanning electron micrograph showing the RZ of SCS- 
6/Ti-6AI~V after 24 h at 1050 ~ Region "X" of RZ is formed by 
reaction of the matrix with fibre surface coating. (b) EDS spectrum 
of crystal "Y": analysis indicates Ti3A1C: (c) EDS spectrum of 
crystal. "Z": analysis indicates TiC. 
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porosity was clearly seen but it also was approxi- 
mately confined to concentric bands. It has been 
shown elsewhere [7, 8] that the outer layer, labelled 
"X" in Fig. 2a arises from the consumption of the 
protective layer, and the inner layers arise from the 
consumption of the SiC itself. Energy dispersive X-ray 
spectroscopy (EDS) showed that the outer layer ap- 
parently contained an intimate mixture of titanium 
silicide and titanium carbide while the rings were 
alternating layers of these phases. No, oxygen pick-up 
was detected in the RZ. 

At these thermal exposure times and/or temper- 
atures, large angular crystals formed both within the 
matrix and at the RZ/matrix interface. EDS spectra of 
the large angular grain labelled "Y" at the interface in 
Fig. 2a showed it to contain titanium, aluminium and 
carbon, Fig. 2b. Standardless analysis of the titanium 
and aluminium peaks yielded an atomic composition 
close to Ti3AI and the particle is, therefore, believed to 
be Ti3A1C. Similar angular grains lying entirely within 
the matrix (labelled "Z") contained only titanium and 
carbon, and are, therefore, identified as TiC. 

The effects of isothermal exposure on Ti/TiSi2/SiC 
specimens were closely analogous in that concentric 
shells of reaction product eventually built up at long 
exposure times. 

TEM and further EDS analyses were then used to 
examine these structures in greater detail. In the as- 

fabricated SCS-6/Ti 6AI-4V composite, the average 
thickness of the RZ was found to be ~ 0.6 lam, Fig. 3a. 
This figure shows the matrix at lower right and the 
two outer layers of the SCS coating at upper left. Close 
examination of the RZ showed that it consisted of 
three distinct layers. In contact with the outer surface 
of the fibre was a crystalline layer ,,~ 100 nm thick, in 
which the grain size was of the order of 25 nm. Elec- 
tron diffraction ring patterns obtained from this layer 
confirmed that it consisted uniquely of crystallites of 
TiC, Fig. 3b. The second layer consisted of substan- 
tially coarser grains growing outwards towards the 
matrix and these grains were ~ 300 nm in size. They 
were readily identified by electron diffraction as TiC, 
and a typical convergent beam pattern is inset in 
Fig. 3a showing the four-fold symmetry of the cubic 
TiC structure of the crystal indicated. 

The third layer, adjacent to the matrix, consisted of 
elongated grains about 200 nm thick and with an 
aspect ratio of ~ 3. They lay parallel to the interfacial 
reaction zone and were large enough to allow single- 
crystal diffraction patterns to be obtained from them. 
Many of these grains have been analysed by electron 
diffraction and ~ 60% of them were positively identi- 
fied as TisSi 4 while the remainder were TisSi 3. A 
diffraction pattern from one of these grains, which can 
only be indexed on the basis of TisSi4, is shown in 
Fig. 4a while Fig. 4b shows a lattice fringe image and 

Figure 3 (a) Transmission electron micrograph of RZ of as-fabricated SCS-6/Ti-6A1-4V; two layers of the compositionally graded coating 
can be seen at the left. Inset: (001)r~c convergent-beam diffraction pattern from grain indicated (after slight tilt).(b) Electron diffraction 
pattern from the microcrystalline TiC layer of the RZ in contact with the fibre. 

Figure 4 (a) Electron diffraction pattern of TisSi 4. The matrix pattern also present is used as an internal standard. (b) Lattice fringe image 
and corresponding [0001] diffraction pattern of TisSi 3. 
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the corresponding clearly recognizable hexagonal dif- 
fraction pattern, typical of many such obtained from 
grains of TisSi 3. EDS analyses confirmed these 
identifications. 

While the RZ was mostly quite uniform, there were 
occasional areas in which it appeared almost to have 
penetrated the protective surface coating of the fibre, 
Fig. 5. Close attention was focused upon these regions, 
but there were no signs of chemical heterogeneity, the 
close presence of beta grains or other indications as to 
w h y t h e  RZ protruded at these sites. It is, therefore, 
surmised that these sites represent cracks in the 
coating which were easily penetrated during diffusion 
bonding. 

Upon thermal exposure the RZ became consider- 
ably thicker and more complex. After 1 h at 1000~ 
the fine TiC grains at the RZ/fibre interface had 
coarsened appreciably, voids were clearly present in 
this layer, and the larger TiC single crystals had also 
coarsened. The composition of the outer layer of 
elongated grains remained unchanged, i.e. more than 
50% of the grains were unquestionably TisSi 4. 

After more severe thermal exposure treatments, the 
protective layer was completely consumed and the 
columnar grains of the fibre began to react. The 

Figure 5 As-fabricated SCS-6/Ti 6Al~4V showing uneven 
penetration of the protective coating. (Fibre at top right.) 

following micrographs illustrate the structure of a 
sample exposed for 3 h at 1050~ in which SEM had 
shown the total RZ thickness to be ,-- 6 pm. Fig. 6a 
shows the inner portion of the reaction layer. The 
columnar grains of the SiC fibre are seen at lower left, 
indicating that the compositionally graded surface 
layer had been completely consumed, and adjacent to 
them is a fine-grained layer. Analysis of electron dif- 
fraction ring patterns from this layer showed it to 
consist of TiC, TisSi ~ and TisSi 3. This is followed by a 
layer --~ 1.5 ~tm thick in which the grain size increases 
gradually and it is bounded, Fig. 6b, by a layer of large 
elongated grains of TisSi4. Convergent-beam electron 
diffraction patterns from individual grains in this layer 
again confirm the presence of the carbide and both 
silicides as shown by the three spectra, Fig. 6c-e 
from grains A, B and C of Fig. 6b. The carbides are 
recognizable in Fig. 6a and b from their somewhat 
mottled appearance. Outside the polycrystalline layers 
shown in Fig. 6 are alternating layers of very large TiC 
grains and silicides on a scale comparable with the 
concentric layer found by SEM. EELS analyses were 
conducted on many of the grains within the RZ but no 
evidence was obtained for the presence of a mixed 
Ti/Si/C phase. 

Extreme difficulty was experienced in preparing 
satisfactory TEM samples of the entire reaction layer 
because of the large degree of porosity and extreme 
heterogeneity which led to non-uniform thinning 
rates. Nevertheless, the concentric layer structure first 
detected by SEM was also visible, Fig. 7, and analysis 
of individual particles within these rings confirmed the 
grains to be titanium carbide and the two silicides. No 
other phases have been confirmed in these grains and 
the quantities of aluminium and vanadium contained 
within them are less than found in the matrix. It is 
concluded that these elements are substitutionally 
combined and do not lead to the appearance of new 
phases. 

Electron diffraction confirmed that the large angu- 
lar matrix particles referred to above and shown as 
"Z" in Fig. 2a, were TiC particles with a pronounced 
dislocation substructure and apparent internal pre- 
cipitation as shown in Fig. 8. 

Figure 6 (a) SCS-6/Ti-6AI~V after 3 h at 1050 ~ showing columnar SiC grains of fibre at lower left; the remainder of reaction layer consists 
of individual grains of TisSi3, TisSi  4, and TiC. (b) Extreme right-hand edge of RZ shown in (a) bounded on the right by a grain of Ti~Si 4 
(marked C). (c) EDS spectrum of crystal marked "A": analysis indicates TiC. (d) EDS spectrum of crystal marked "B": analysis indicates 
TisSi 4. (e) EDS spectrum of crystal marked "C": analysis indicates TisSi 3. 
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Figure 7 General view of RZ after 3 h at 1050~ showing 
approximately alternating layers of reaction product. 
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Figure 6 Continued. 

As-fabricated samples of the Ti/TiSi2/SiC com- 
posite showed an extremely complex microstructure 
at the interface and several distinct layers were dis- 
cernible, the first few of which are shown in Fig. 9a. 
The first layer was ~ 0.25 gm thick and consisted of 
small crystals as found in the SCS-6/Ti-6A1-4V com- 
posite. Immediately behind this layer, a narrow band 
of voids was observed. Thereafter followed a layer 

1.25 ~tm thick in which the grain size increased 

Figure 8 TiC crystals (at left and right) in matrix of SCS- 
6/Ti-6AI~4V, showing mottled appearance and ir[ternal 
dislocations and precipitation. 

steadily with distance from the fibre. Voids were ob- 
served at many locations within this layer and it was 
bounded by another band of voids at its outer bound- 
ary. Following this second band of voids, long grains 
were observed lying parallel to the fibre/matrix inter- 
face and outside this layer was a final layer, ~ 1.3 gm 
thick, in which the grain size was ~ 1 lam. A schema- 
tic diagram of all the layers is shown in Fig. 9b. Layer 
A consists of TiC and is comparable with the layer 
found in SCS-6/Ti-6AI-4V composites. Ring patterns 
from layer B could be indexed as primarily TiSi 2 
although occasional grains of TisSi 3 were also posit- 
ively identified, showing that the TiSi a begins to trans- 
form to TisSi 3 even during fabrication. Layer C 
consisted of TisSi 4 and TiSi 2 while layer D consisted 
of TisSi 4 and TisSi 3, analogous to the outer layer in 
the SCS-6/Ti 6Al-4V samples. Upon isothermal ex- 
posure and consequent thickening of the reaction 
layer this structure coarsened considerably but no new 
phases were identified. 

4. Discussion 
The present investigation clearly indicates the com- 
plexity of the interracial phenomena which occur 
in the Ti/SiC system. Considering first the SCS- 
6/Ti-6A1-4V system, study of the reaction kinetics 
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shows there to be two characteristic rate constants. 
The first corresponds to the early stages where the 
compositionally graded layer is being consumed, and 
the second to the  later stages where the SiC fibre itself 
is being consumed. It is to be noted that the second is 
the lower rate, i.e. reaction with SiC is slower than 
reaction with the graded layer. 

As the reaction time and/or temperature increase(s), 
this initial reaction layer becomes steadily thicker 
until the graded layer is completely consumed, after 

10 h at 1000 ~ or ~ 2 h at 1050 ~ This charac- 
teristic reaction layer remains visible at the outside of 
the RZ which thereafter, thickens by formation of the 
concentric shells of carbide and silicide shown in 
Fig. 2a. Based upon the microstructural analyses it is 
possible to propose a mechanism for the formation of 
the reaction layer. 

Figure 9 (a) As-fabricated Ti/TiSi2/SiC showing initial complex 
RZ. (b) Schematic diagram of as-fabricated Ti/TiSi:/SiC RZ 
illustrating principal features. 

The reaction zone in the as-fabricated composite 
begins to form when the matrix reacts with the com- 
positionally graded layer. TiC is the first phase to form 
because the outer layer consists largely, but not com- 
pletely, of carbon and the Gibbs energy of TiC at 
1000~ is greater than that of any of the silicides, 

110 kcalmo1-1 compared with ~ 83 kcalmo1-1 
for TisSi4 [91. The first reaction to occur is, therefore 

Ti + C -* TiC (3) 

followed by reactions of the type 

9Ti + 4SiC --, 4TiC + TisSi 4 (4a) 

8Ti + 3SiC --* 3TiC + TisSi 3 (4b) 

Loo and Bastin [-10] reported that carbon diffuses 
much more rapidly in TiC than does titanium, hence it 
is outward diffusion of carbon which enables further 
reaction. From the position of the silicides in the RZ it 
is also evident that silicon must also diffuse through 
the TiC. It should be noted that two silicides and a 
carbide form, indicating the existence of a three-phase 
region in the Ti-Si-C ternary phase diagram. 

Once the carbon-rich layer has been consumed, 
reactions, 4a and b begin to occur but the free energy 
changes for these reaction are lower and the reactants 
must first diffuse through an RZ of appreciable thick- 
ness. For these reasons the reaction rate decreases as 
the alternating layers of carbide and silicide are 
formed. SEM, EDS and electron diffraction showed 
that these phases occurred in almost concentric shells, 
the number of shells increasing with exposure time. In 
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addition to the phases present, the other significant 
microstructural feature is the presence of a large num- 
ber of voids. While some of these are dispersed 
throughout the structure, they are significantly con- 
centrated in bands within certain regions of the con- 
centric shell structure, see for example, Figs 6 and 9. 

It is postulated, then, that the reaction layer de- 
velops at first by the formation of a stratified structure 
of carbide and silicides which form a significant diffu- 
sion barrier to further thickening. As it grows, there- 
fore, the layer at first offers increasing protection, the 
common parabolic rate behaviour. As it develops, 
however, it is accompanied by the formation of a large 
number of voids which ultimately connect and/or 
provide short-circuit diffusion paths through the semi- 
protective layer. Also, cracking of the RZ occurs 
due to local volume changes, creating further rapid 
diffusion paths. 

Consequently, at some stage, the layer becomes 
porous and essentially non-protective, allowing rapid 
reaction to proceed again. This reaction evidently 
proceeds at the reaction zone/fibre interface, indicat- 
ing that rapid diffusion of titanium through the layer 
is now occurring. The sequence of building up a 
protective layer, followed by its breakdown and sub- 
sequent rapid reaction is repeated at intervals and 
each time leads to another set of concentric rings. The 
measured apparent activation energy for the process is 

74 kcal mol -  1 and is close to the value of 79 kcal 
mol -  1 reported for the activation energy for diffusion 
of carbon in TiC [10-1. It is probable, therefore, that it 
is primarily the TiC which is responsible for reducing 
the reaction rate. 

The original observation of titanium silicides in the 
reaction layer indicated that deliberate deposition of a 
silicide may decelerate the reaction. Hence, experi- 
ments were conducted with a deposited layer of TiSi 2 
on the surface of an SiC fibre. However, even in this 
composite, the structure of the RZ ultimately tended 
towards that of the SCS-6/Ti-6AI-4V composite. That 
is, a fibre/RZ layer of fine carbides was followed by 
approximately stratified layers of carbide and silicide. 
Again, it was found that two silicides were formed and 
that the RZ contained a significant volume fraction of 
voids. 

The observations have shown that extensive and 
complex fibre/matrix reactions occur but they yield a 
common conclusion as to what the final, thermo- 
dynamically stable interfacial microstructure will be 
under the present conditions of temperature and en- 
vironment. The structures in each case tend towards a 
mixture of TiC, TisSi 3 and TisSi 4 and deposition of 
one of these phases will not totally prevent further 
reaction, especially if it cannot be deposited and main- 
tained defect-free. The reaction products were, in each 
case, the same, even though the matrices were different 
and an initial TiSi 2 layer was present in one case. 
Clearly TiSi 2 is unstable under these conditions and 
will transform to the other two silicides. 

The large volume fraction of voids appears to be 
extremely deleterious, because it leads to breakdown 
of the protective layer. While it is generally well- 
known that voids are undesirable because they can act 

as stress raisers, the present observations also show 
that they must be eliminated from the RZ in order to 
reduce the reaction rate. In the SCS-6/Ti-6A1-4V 
system the voids arise principally through the 
Kirkendall effect, whereas in the T i / T i S i 2 / S i C  system 
they arise also due to pores present in the chemical 
vapour deposited TiSi 2 layer. Thus, although it may 
be possible to tailor surface coatings to reduce this 
effect, particular attention must be paid to the manner 
in which the coating is applied so as to reduce the 
porosity as far as possible. 

At least three phases have been definitely identified 
by electron diffraction and EDS analyses in the RZ of 
these SiC/Ti systems, including the TisSi 4 phase which 
was not identified in previous investigations. In agree- 
ment with the results of Choi et al. [11], the phase in 
contact with SiC was found to be TiC while those in 
contact with the titanium were silicides. However, no 
amorphous region was found and no evidence was 
found for the existence of the Ti3SiC 2 phase which has 
been found by previous authors [8, 117. This may be 
due to its low volume fraction as reported by Choi 
et aI. or it may be that this is a metastable phase which 
occurs at shorter times and/or lower temperatures 
than those used here. Heikinheimo et al. [12] found 
that, in binary Si/Ti couples annealed at 1100 ~ all 
possible silicides formed starting with TiSi 2 and TiSi 
at short times followed at longer times by TisSi4, and 
finally Ti3Si and TisSi 3 at times > 10 h. However, in 
spite of the stratified appearance of the RZ, only two 
of these silicides were found in the present work. 

Earlier studies of the ternary Ti-Si-C system by 
Brukl [13] have frequently been used as a point of 
reference in previous studies but it would appear that 
their section at 1200 ~ is not an accurate representa- 
tion of the situation at lower temperatures. It seems 
highly desirable to the present authors that this poten- 
tially important system should be re-evaluated. 

The Ti3A1C phase is not a component of the RZ 
itself. It apparently forms as aluminium is rejected 
from the matrix and its concentration builds up ahead 
of the advancing interface. Little is known about this 
phase but it may warrant further examination as a 
candidate for coating. 

The mottled appearance of the TiC grains is in 
agreement with the work of Konitzer and Loretto 
[14, 15] who studied Ti-6AI-4V/TiC composites and 
found non-stoichiometric titanium carbide in contact 
with the matrix after heat treatment at temperatures 
between 950 and 1050~ This non-stoichiometry 
may be intimately linked to the mechanism by which 
the semi-protective layer breaks down. 

Further work, preferably at first on model materials 
is necessary to generate the composition and diffusion 
data base required for further progress in this sytem. 
Finally, because the reaction zones investigated here 
have been extremely thick, it is worth emphasizing 
that most studies to date, including this one, indicate 
that the reaction rates at T < 800~ are very low. 
Thus, interfacial reaction in service at the maximum 
anticipated use temperatures of titanium metal matrix 
composites does not present a significant threat to 
their safe use. 
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5. Conclusions 
1. The reaction products formed between titanium 

and the SiC fibres studied here are TiC, TisSi 4, TisSi 3. 
2. Ti3AIC forms in the later stages of isothermal 

exposure of SCS-6/Ti-6A1-4V. 
3. The reaction rate decreases once the carbon-rich 

layer of the SCS-6 fibre has been consume& 
4. TiC offers promise as a protective layer, possibly 

doped to reduce its defect structure. 
5. Extensive porosity develops in the reaction zone. 

It is desirable to eliminate all sources of porosity in the 
RZ. 
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