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Composites of  commercial-purity Ti reinforced with 10 vol pct of SiC particles have been 
produced by cospraying and by powder blending and extrusion. Interfacial reaction layers have 
been studied by electron and optical microscopy and by Auger electron spectroscopy (AES) of 
fracture surfaces. The work of fracture has been measured as a function of reaction layer thick- 
ness for extruded and heat-treated composites. Material with very thin reaction layers 
( < - 0 . 1  /xm) can be produced by cospraying, but porosity levels are relatively high (--5 to 
10 pct). Extruded material has been produced with a thin reaction layer ( - 0 . 2 / z m )  and low 
porosity (<  1 pct). It appears that the rate of reaction conforms with published parabolic rate 
constant data over a wide range of time and temperature. The reaction layer always consists of 
TiC and TisSi3, but the TiC grains tend to be larger than those of TisSi3. As the reaction layer 
thickness becomes greater than about 1 /xm, the work of  fracture falls sharply and the cracking 
pattern changes from one involving fracture of SiC particles to one in which cracking between 
the particles and adjacent reaction zones becomes predominant. It is suggested that the volume 
contraction accompanying this reaction, calculated at about 4.6 pct from density data, has a 
significant effect in promoting crack formation in these locations by generating radial tensile 
stresses across the interface. Thus, for this particular composite system, the important effect of 
a thicker reaction layer may be that it promotes the formation of  an interfacial crack via an 
effect on the local stress state, rather than itself constituting a larger flaw in the form of a 
through-thickness crack assumed to be present. 

I. I N T R O D U C T I O N  

THERE is interest in the reinforcement of titanium with 
particulate ceramic. This offers the advantage of easier 
processing compared with fibers, albeit with reduced scope 
for enhancement of stiffness and creep resistance. How- 
ever, there is concern about the difficulty of avoiding a 
degree of interfacial chemical reaction during fabrication 
or in service. The most popular reinforcement has been 
SiC. In this case, the reaction, involving formation of 
TiC and TisSi3, has been extensively studied, tl-5] Some 
attention has been devoted to countermeasures, such as 
barrier layers ~6-9] on fibers, but there are difficulties in 
producing these on particles. 

There is some published information concerning the 
effect of this interfacial reaction on the mechanical be- 
havior of  Ti-SiC composites. Early correlations t~~ were 
established for long fiber composites between thickening 
of the reaction zone and degradation of strength, partic- 
ularly when the thickness of the layer is greater than about 
1/xm. This is often attributed to a weakening of the fiber 
as a result of the tendency for cracks to propagate in 
from the reaction layer. Consistent with this is the im- 
proved performance obtained with commercial SiC fi- 
bers having thick outer layers of pyrocarbon which are 
relatively compliant and tough. This improvement tends 
to persist until the pyrocarbon layer is consumed; while 
a significant proportion of the layer may react during 
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processing, it should then survive for prolonged periods 
during elevated temperature service. 

The details of the reaction can be complex, apparently 
involving transient formation of a ternary Ti-Si-C phase 

w i t h  a very similar structure to TisSi3, tHj at least with 
fibers having carbon-rich surface layers. For lightly re- 
acted specimens, fracture tends to occur between the 
pyrocarbon layer and TiC reaction product, but after fur- 
ther reaction, failure is often initiated at the interface with 
the underlying SiC fiber, t12j A further point to note about 
Ti reinforced with long fibers concerns the danger of  ox- 
ygen passing rapidly along the interface (from a free sur- 
face), consuming any carbon-rich layer and quickly 
forming a thick oxide layer. This has been noted with 
both Ti-6A1-4V (Og/•) [12'13] and Ti-15V-3A1-3Cr-3Sn (fully 
/3) tl4j matrices, accentuating interfacial failure and crack 
initiation in both cases. Although there is some evidence 
for differential reaction rates for a and fl phases, 131 it 
appears that attack takes place with both types of matrix 
phase and that the rate is not highly sensitive to solute 
content. 

There is less information available for particulate Ti 
composites, in which there would not normally be any 
interracial coating as such - - excep t  possibly an oxide 
generated by prior heating of the reinforcement. Loretto 
and Konitzer t~51 have studied fracture paths in compos- 
ites of Ti-6A1-4V containing SiC or TiC particles, made 
by powder blending and hot pressing (involving an un- 
specified thermal history). A thick (>  --1 /xm) reaction 
zone was present for the SiC case but not with the TiC 
particles. Loretto and Konitzer observed that cracking 
occurred between the SiC and the reaction product mix- 
ture, but that the TiC particles (which were porous) frac- 
tured intemaUy, with the interface remaining intact. They 
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also reported brittle failure of the matrix in the SiC com- 
posite, which was attributed to dissolution in the Ti of 
carbon released from the SiC. Very low ductility, and 
hence a low tensile strength, resulted from this, but at 
elevated temperature the effect was reduced and the SiC 
composite strength exceeded those of  both matrix and 
TiC composite. Other reinforcements, such a s  B 4 C ,  [161 

have also been investigated, but few data are available 
on the mechanical properties of such systems. 

In the present work, composites of  commercial-purity 
titanium reinforced with SiC particles have been pro- 
duced with a range of interfacial reaction zone thick- 
nesses. These have been deformed and fractured, and 
observations have been made on how the nature of the 
interface appears to affect crack propagation. The ob- 
jective of this work is to clarify the degree to which pro- 
gressive reaction must be controlled in this system if a 
useful combination of properties is to be retained and to 
examine the scope for achieving this with available fab- 
rication procedures. 

II .  E X P E R I M E N T A L  P R O C E D U R E  

A. Composite Production 

Composites were produced from Ti and SiC powders 
by (a) cospraying and (b) dry blending followed by hot 
extrusion. The commercial-purity Ti powder, supplied 
by Alloy Metals Inc., Troy, MI, under the tradename 
"Amdry,"  was in the approximate size range of  30 to 
150/zm. Only the finer fraction (<75 tzm) was used for 
cospraying. The oxygen level in this material is rather 
variable, with values up to about 1.5 wt pet being re- 
corded; however, some of this is apparently t~6j in the form 
of Ca-rich oxide particles present as impurities, and the 
level of oxygen in solution in the titanium is thought to 
be considerably lower. The SiC particulate used was 
commercial polishing-grade material in the size range of  
15 to 30/zm.  

Spray deposition was carried out using the vacuum 
plasma spray (VPS) process t~7-2~ under the conditions 
shown in Table I. In view of the tendency for titanium 
droplets to absorb hydrogen and nitrogen during passage 
through the torch, these gases could not be used in the 
plasma; an argon-helium mixture was employed, with 
the lower rate of enthalpy release for these gases being 
compensated by a high plasma current to ensure an ad- 
equate energy density to melt the titanium. The SiC par- 

Table I. Conditions for 
Cospraying of Ti and SiC Powders 

Plasma current 950 A 
Voltage 40 V 
Input power 38 kW 
Plasma jet power* 19 kW 
Nozzle bore diameter 6 mm 
Substrate standoff distance 300 mm 
Chamber pressure 200 mbar 
Plasma Gas Flow Rates 

Ar 30 L/rain 
He 40 L/min 

*Calculated from the measured power loss to the gun cooling system. 

ticles did not reach their sublimation temperature 
( - 2 7 0 0  ~ during the process and remained solid 
throughout, their incorporation into the deposit being 
largely due to their becoming embedded on impact, [~rJ 
with in-flight collisions relatively rare. Relative feed rates 
of the two powders were adjusted to give approximately 
10 vol pct of SiC in the deposit. The Ti powder was, in 
all cases, injected at the throat of  the torch nozzle, with 
the SiC particles being introduced either into the same 
region ("coinjected ')  or at a point about 100 mm from 
the throat ("downstream injected"). 

The powder-blended composites were made by dry 
mixing (of proportions corresponding to 10 vol pct SiC) 
in a ball mill, followed by cold pressing into a copper 
can. This was then evacuated, heated, and sealed by 
electron beam welding. The can was held for 2 hours in 
a furnace at 900 ~ and then extruded in a circular sec- 
tion die of diameter 20 mm, with a die semiangle of 
45 deg and an extrusion ratio of about 17. The extrusion 
chamber was held at about 450 ~ and the die at about 
250 ~ As a result of  the low thermal diffusivity of the 
powder compact, different regions of the composite ex- 
perienced rather different thermal histories during heat- 
ing prior to extrusion, but there was, in any event, very 
incomplete Ti-SiC interfacial contact during this period. 
Effective exposure of the consolidated interface to tem- 
peratures of  around 900 ~ was limited to a period of  a 
few minutes during extrusion. Some specimens were 
subsequently heat-treated in argon-filled sealed am- 
poules at 950 ~ for different periods, in order to build 
up reaction layers of variable thickness. 

B. Microstructural Examination 

Metallographic polished sections of the as-sprayed and 
heat-lreated specimens were prepared using various grades 
of diamond polishing media. These specimens were ex- 
amined optically and with a scanning electron micro- 
scope (SEM) using secondary and backscattered imaging 
modes. Polished sections were also produced from frac- 
tured specimens subjected to impact testing (Section D). 
These were cut normal to the fracture surface, with the 
edge protected by nickel coating prior to mounting and 
polishing. For transmission electron microscope (TEM) 
specimens, 3-mm discs were ground, dimpled, and ion- 
milled to perforation in a conventional manner. Exam- 
ination was carded out using PHILIPS * 400T and JEOL 

*PHILIPS is a trademark of  Philips Electronic Instruments  
Corporation, Mahwah,  NJ. 

120CX microscopes. 
Porosity measurements were made by Archimedean 

picnometry, using a high precision (---10 /xg) balance. 
Pore content evaluation could not be done very accu- 
rately for the sprayed material because of  the uncertainty 
concerning the exact volume fraction of SiC: this was 
evaluated metallographically, but the operation is rather 
imprecise in view of the danger of matrix smearing or 
particle excavation during polishing. The porosity level 
of as-sprayed material was found to be about 3 to 10 pct, 
while the powder-blended composites had pore contents 
of around 0.5 pct in the as-extruded condition 
(Section I l l -B) .  
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C. Chemical Analysis of Fracture Surfaces 

Local chemical analysis of fracture surfaces was car- 
ded out by high-resolution scanning Auger microscopy 
in the Cameca Nanoscan 50 installed at the Pechiney 
Research Centre in Voreppe, France. The field emission 
gun of this system has the advantage of providing a small 
spot size with high brightness at low primary beam ener- 
gies. Auger spectra were acquired at an accelerating 
voltage of 8 kV, with a beam current of 3 to 4 nA (sur- 
vey scans) and - 2 5  nA (high-resolution scans). The pri- 
mary beam diameter under these conditions was 
approximately 50 to 70 nm. All spectra were obtained 
by direct N(E)  pulse counting, at constant energy res- 
olution AE. 

In order to avoid surface contamination by adventi- 
tious carbon and oxygen, specimens were fractured 
in situ under ultra high vacuum (UHV) ( ~ 1 0  -9 torr). The 
freshly created fracture surfaces were rapidly examined 
by SEM using secondary electrons before selection of 
regions of  interest for Auger microanalysis. Zones ana- 
lyzed covered a diameter of  100 to 200 nm and a depth 
of 1 to 8 nm. A vacuum of better than 4 • 10 -1~ was 
maintained during all of  the analyses. 

D. Mechanical Testing 

In this study, the mechanical testing was limited to 
some measurements of  the work of fracture, using a 
"Frank" impact testing machine, similar to a standard 
Izod configuration. This involved striking an unnotched 
cylindrical bar with a pendulum to generate three-point 
bending in the specimen. The absorbed energy was di- 
vided by the nominal cross-sectional area to give the work 
of fracture. Specimen diameters were all about 3 mm. 
In most cases, three specimens of each type were tested. 
The significance of a work of fracture measurement ob- 
tained in this way for particulate metal matrix compos- 
ites (MMCs) is discussed by Daimaru et al.,  [21] who 
conclude that the parameter should give a reliable indi- 
cation of  the toughness of  the material. 

I I I .  R E S U L T S  AND D I S C U S S I O N  

A. Progression of the Interfacial Reaction 

Examination of the cosprayed material allowed the early 
stages of  the reaction to be studied, because in these 
specimens, the interface had only been subjected to a 
very short period at elevated temperature. The TEM 
micrographs of interfacial regions shown in Figure 1 il- 
lustrate this point. In Figure l(a), which is from a 
downstream-injected composite, no obvious reaction layer 
is apparent, although some bright regions can be seen 
which probably represent areas of  interracial decohe- 
sion. Even if these are reaction layers, they do not cover 
the interface and they are no more than about 10 nm in 
thickness. The interface in the coinjected specimen shown 
in Figure ! (b), however, exhibits a well-defined reaction 
layer about 50 to 100 nm in thickness. This may be com- 
pared with the interracial structure of the powder-blended 
and extruded specimen shown in Figure l(c), in which 
the layer thickness is about 0.1 to 0 .2 /zm,  which is rather 
similar to that in the cosprayed material. The effect of 
heat-treating the extruded material can be seen in 

Fig. 1 - - T E M  bright-field images showing typical interfacial regions 
in specimens produced by (a) cospraying with downstream injection 
of the SiC, (b) cospraying with powders injected in the same region, 
and (c) as-extruded after powder blending. 
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Figure 2, which shows optical micrographs of specimens 
in (a) the as-extruded state and after (b) 40 minutes and 
(c) 300 minutes at 950 ~ A progressive increase in the 
layer thickness is evident here, from submicron (not vis- 
ible) to several microns. 

Reaction layer thickness data taken from such micro- 
structural observations are presented in Figure 3. This 

Fig. 3 - -  Plot of  reaction layer thickness as a function of t ime at tem- 
perature, comparing experimental data for extruded and sprayed com- 
posites with predictions obtained for three temperatures using parabolic 
rate constants established by Martineau et  al .  llj 

Fig. 2 - - O p t i c a l  micrographs of extruded composites (a) as-extruded, 
(b) after 40 rain at 950 ~ and (c) after 300 min at 950 ~ 

shows the thickness plotted as a function of time at tem- 
perature, together with predictions (for three different 
temperatures) obtained using parabolic rate constants ob- 
tained experimentally by Martineau et  al. [1] For the heat- 
treated specimens, it is clearly the annealing treatments 
which have dictated the layer thickness, and as these are 
well defined, there is no difficulty in placing the cor- 
responding points on the plot. It can be seen that these 
points are closely consistent with the rate constants from 
the previous study, m which were obtained in a similar 
manner on quite heavily reacted material. 

It is rather more difficult to place points from the 
sprayed and as-extruded specimens, in view of uncer- 
tainties about the precise thermal histories experienced 
by the interfaces. In Figure 3, the interface for the as- 
extruded case is taken as having spent a period of a few 
minutes (during extrusion) at the billet temperature of 
about 900 ~ This appears to fit in well with the rest 
of the data. Placement of  data for the sprayed specimens 
on this plot is more speculative, but it is known t221 that 
the flight time in VPS is about 1 ms, while the post- 
impact cooling period down to the temperature of  the 
deposit (<700 ~ here and, hence, below the reaction 
range) would typically be a few milliseconds. Taking in- 
flight collisions as unlikely in both cases, each interface 
would therefore have been subject to a few milliseconds 
at high temperature, followed later by a further similar 
period when the SiC particle is covered by an arriving 
Ti droplet. The difference between the two cases arises 
because the downstream-injected SiC particles did not 
enter the hottest part of  the plasma and so were much 
cooler on impact. This is broadly consistent with 
Figure 3, from which effective interfacial temperatures 
during reaction for downstream and coninjected cases 
would appear to be of  the order of 1000 ~ and 1400 ~ 
respectively. These values are broadly of  the order ex- 
pected, suggesting that the reported rate constants may 
be applicable from the very early stages of  the reaction. 
This would be consistent with the observation that both 
TisSi3 and TiC appear to be formed from the outset 
(Figure l(b)). 

A further point of  note concerning the progression of 
the reaction is that the TiC phase tends to form as much 
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larger grains than does the TisSi3 phase. For example, 
Figure 4(a) is a TEM micrograph of an interfacial region 
in a specimen held for 40 minutes at 950 ~ showing a 
bright-field image of a large TiC particle and the cor- 
responding diffraction pattern from the [001] zone axis. 
This tendency becomes evident in optical micrographs 
for heavily reacted specimens; Figure 4(b) shows the 
microstructure after 660 minutes at 950 ~ in which the 
TiC particles are apparent as discrete precipitates several 
microns in diameter. This tendency for growth of TiC, 
while the TisSi3 grains remain small, may be associated 
with the wide stoichiometric range of the phase, which 
is sometimes designated TiC~_x in view of the scope for 

Table II. Measured Fracture Energy Values 
for Extruded and Heat-Treated Specimens, 

Together with Porosity Values Obtained after 
Impact Loading for Those Specimens with the 

Highest and Lowest Fracture Energies in Each Category 

Apparent 
Specimen Fracture Energy Porosity 
Thermal (kJ m -z) Level 
History Individual Mean (Pct) 

As-extruded 285.9 262 - 30 0.43 
280.2 
220.7 0.70 

40 min at 950 ~ 219.6 220 --- 54 0.71 
187.4 
129.0 1.70 

100 min at 950 ~ 219.6 178 --- 26 0.52 
177.4 
146.0 3.37 

500 min at 950 ~ 98.4 85 --- 15 1.16 
70.5 3.76 

carbon depletion, t231 This may allow easy transport of  
carbon through the phase to allow the reaction to pro- 
ceed, while the reactants can only migrate past TisSi3 
particles by grain boundary diffusion. The formation of 
large TiC particles might be expected to cause localiza- 
tion of the transformation strains and, hence, to encour- 
age cracking (Section B). 

B. Fracture Behavior 

The fracture energy measurements are shown in 
Table II and displayed graphically in Figure 5, which is 
a plot of  fracture energy as a function of reaction layer 
thickness. Evidently, the toughness falls with increasing 
thickness and will tend to be quite low for layers greater 
than about 1 to 2 /xm.  This fall in resistance to fracture 
is accompanied by a distinct change in preferred crack 
path, which can be seen in Figure 6. This shows sections 
normal to the fracture surface for (a) as-extruded and 
(b) 300 minutes at 950 ~ composites. While there is 
apparently a strong interface in the as-extruded case, with 
particle fracture common,  the heat-treated composite is 

Fig. 4 - - M i c r o g r a p h s  illustrating the tendency for large particles of  
TiC to form after prolonged heat treatment: (a) bright-field TEM 
micrograph, together with a diffraction pattern obtained from the large 
TiC particle, of  a specimen held for 40 min at 950 ~ and (b) optical 
micrograph of a specimen held for 660 min at 950 ~ 

Fig. 5 - - F r a c t u r e  energy data shown in Table II, plotted against the 
thickness of  the reaction zone for the specimens concerned. 
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either that it has been fractured or that there is poor inter- 
facial adhesion. The latter is the case here, as the par- 
ticles showed no tendency to break. (The maa-ix is porous 
and weak.) Further evidence for this is furnished by the 
trace of oxygen seen in Figure 8(a), which would not 
appear on a fractured SiC particle and probably repre- 
sents an original oxide layer. There may have been in- 
sufficient time at high temperature for this to be reduced 
by the Ti matrix. No trace of  Si or C is present in 
Figure 8(b), giving further confirmation of  the lack of 
any extensive reaction. 

Results from the as-extruded specimen are presented 
in Figure 9, again showing scans from points on and 
adjacent to a SiC particle. The particle surface 
(Figure 9(a)) again shows no Ti, but in this case, there 
is also no oxygen, indicating that it is a fresh cleavage 
surface. The interfacial region (Figure 9(b)) shows little 
carbon and only minor superficial silicon. (The Si LVV, 
with an escape depth A - 1 nm, is present, but the Si 
KLL, A - 4 nm, is absent.) This is in contrast to ob- 
servations on heat-treated specimens, in which material 
adjacent to the SiC particles frequently showed strong Si 
and C peaks. A feature worthy of  note in Figure 9(b) is 
the C1 (LVV) peak. Although the overall chlorine level 

Fig. 6 - - S E M  secondary electron images of  polished sections normal 
to the fracture surface taken from impact loaded specimens (a) as- 
extruded and (b) after 300 min at 950 ~ 

clearly very prone to crack formation between the SiC 
particles and their surrounding reaction layers. The ap- 
pearance of the fracture surfaces in these two cases 
(Figure 7) suggests that the matrix always fails in an es- 
sentially ductile manner, but the ease of  interfacial 
cracking when a significant reaction zone is present clearly 
embrittles the composite markedly. In Table II, the re- 
suits of  porosity measurements are shown for some of 
the specimens after impact testing. These are apparent 
values, based on the assumption that only Ti and SiC 
(10 vol pct) are present. The increases observed reflect 
the effect of  interfacial cracking promoted by the applied 
load, rather than being due to porosity arising from the 
reaction (which should not change the macroscopic vol- 
ume or mass of  the specimen and, hence, would not af- 
fect the measurement) or to any differences in the porosity 
of the original extruded composite. It can be seen that 
poor toughness correlates with high levels of  interfacial 
cracking. 

Surface analysis data from the fracture surface of a 
cosprayed composite are presented in Figures 8(a) and 
(b). These show Auger electron spectroscopy (AES) scans 
obtained with the beam centered on (a) a SiC particle 
and (b) a region of matrix close to the particle. These 
locations are marked on the SEM image in Figure 8(a). 
The particle surface shows no trace of  Ti, suggesting 

Fig. 7 - - S E M  secondary electron images of fracture surfaces taken 
from impact-loaded specimens (a) as-extruded and (b) after 300 min 
at 950 ~ 
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Fig. 8 - - A E S  scans from the fracture surface of  a coinjected spray-deposited specimen taken from the two points indicated on the inset SEM 
micrograph: (a) is from exposed SiC particle surface and (b) is from nearby matrix. Both survey and selected high-resolution scans are shown. 
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Fig. 9 - - A s  for Fig. 8, but with survey scans only, from a powder-blended specimen in the as-extruded state. 

( - 0 . 0 8  wt pct) was not very high, the species is ex- 
tremely surface active and appeared in several spectra. 
It can have a marked embrittling effect, al though its 
presence is not thought  to be complicating the trends ob- 
served in the present work. 

The AES scan shown in Figure 10(a) is f rom an area 
within a reaction shell, f rom which a SiC particle has 
been detached. It exhibits no Si peak but a clear C peak. 
It seems likely that this is because the beam was centered 
on a relatively large TiC particle within the reaction zone. 
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Fig. 1 0 - - D a t a  from fracture surfaces of  heavily reacted specimens: AES scans,  taken from craters which had presumably held SiC particles. 
(a) A survey scan from a specimen subjected to 5 h at 950 ~ apparently with the beam centered on a large TiC particle, (b) survey and high- 
resolution scans from a specimen subjected to 80 min at 950 ~ showing the presence of  titanium silicide, and (c) SEM micrograph from the 
specimen of (b), showing extensive cracking of  the reaction shell. 
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However,  there is no doubt that the reaction zone also 
contains titanium silicide, and this was confirmed by 
spectra such as that shown in Figure 10(b). The reaction 
shells left by SiC particles are prone to extensive crack- 
ing. This can be clearly seen in the SEM micrograph 
shown in Figure 10(c). 

A possible explanation of the tendency for this inter- 
facial reaction to promote cracking so strongly lies in the 
residual stresses arising from the transformation strain. 
This is readily estimated from density and molecular 
weight values for the reactants and products, which are 
shown in Table IlL Also shown in this table are the molar 
volumes involved in the reaction 

8Ti + 3SiC ~ 3TiC + TisSi3 [1] 

from which the volume transformation strain Ar can be 
written as 

A T --  3 E  T = 
Vproducts - -  Vreactants 

Eoac~.,s 

0.11719 - 0.12287 

0.12287 
= - 4 . 6  • 10  -2  

�9 ". e r  = - 1 . 5  • 10 -2 

[21 

[3] 

where er  is the linear transformation strain. This volume 
contraction will tend to set up radial tensile stresses (and 
hoop stresses which are tensile in the SiC particle and 
compressive in the matrix) in a similar manner to dif- 
ferential thermal expansion (assuming O/m > O~p). In fact, 
the stresses arising from the transformation strain will 
tend to offset those already present from differential 
thermal contraction. That the stresses from this partic- 
ular reaction can be significant is readily seen by con- 
sidering an isolated particle and evaluating the radial strain 

e f t  
e, = [4] 

R 

where t is the reaction layer thickness and R is the radius 
of  the particle. I f  this is set equal to the radial strain from 
differential thermal contraction during post-fabrication 
cooling 

e a r  = A a A T  [5] 

Table III. Data tuj Used to Calculate the Volume 
Change Associated with the Interfacial Reaction* 

Reaction 
Molar 

Density Molecular Volume 
Phase (kg m -3) Weight ( m  3) 

0.08493 
Ti (hexagonal) 4510 47.88 (8 moles) 

0.03794 
SiC (fcc) 3170 40.09 (3 moles) 

0.04227 
TiC (fcc) 4250 59.89 (3 moles) 

0.07492 
TisSi3 (hexagonal) 4320 323.64 (1 mole) 

*The molar  volumes are for the reaction shown as Eq. (1). 

an expression is derived for the reaction layer thickness 
needed to reach this condition 

R A a A T  
t = - -  [6] 

ET 

which, for R = 10/xm, Aa = 5 • 10  - 6  K -1 ,  and AT = 
- 9 0 0  K, gives a value for t of  3 / zm.  In fact, there will 
have been some relaxation of  the differential thermal 
contraction stress during cooling, so that even a thinner 
reaction layer than this might put the interface into net 
radial tension. 

It would appear likely that such tensile stresses are 
significant in promoting interracial cracking and em- 
brittlement of  the composite. A schematic illustration of 
stress distributions around a SiC particle with and with- 
out a reaction layer is shown in Figure 11. Although this 
is a crude picture, neglecting the effects of  prior plastic 
strain and stress relaxation, it illustrates how interfacial 
cracking will tend to be promoted by the transformation 
strain. The observed tendency for the cracks to form be- 
tween the reaction layer and the SiC particle is consistent 
with this view, as these constituents are both brittle, with 
less scope for stress relaxation than would be the case 
at the matrix/reaction layer boundary. The presence of 
large grains in the reaction layer, reducing the scope for 
strain accommodation by grain boundary sliding, may 
also favor cracking, so that the interface between the SiC 
and adjacent large TiC grains may be a particularly fa- 
vored crack site. Undoubtedly, the microstructural changes 
accompanying the reaction also have the effect of  re- 
ducing the tensile strength of the interface, but it seems 
likely that these changes in stress state are highly sig- 
nificant; the progressive effect on thickening of  the re- 
action zone would appear to support this view. It is 
commonly supposed that a reaction layer constitutes a 
flaw (presumably a through-thickness crack), so that a 
simple fracture mechanics argument suggests that failure 
is encouraged by a thicker layer. It seems likely, how- 
ever, that in the present case, cracks first form parallel 
to the layer in heavily reacted composites, so that it is 
not the dimensions of  the reaction layer p e r  s e ,  but the 
ease of  formation of the crack that is important. 

IV.  C O N C L U S I O N S  

The following conclusions can be drawn from this work: 

1. The kinetics of  the reaction conform approximately 
to the parabolic behavior reported by Martineau e t  a1.[11 

over a wide range of time and temperature. 
2. Cospraying can be used to produce composites with 

virtually no reaction layer by using a downstream in- 
jection technique for the SiC particles. Coinjection 
gives rise to a reaction layer of  the order of  0.1 /xm 
in thickness. As-sprayed material, however,  has a 
relatively high porosity level ( - 5  to 10 pet). A pow- 
der blending and extrusion technique has been used 
to produce composites with a reaction layer thickness 
of about 0 .2 /xm.  Heat treatments have been carried 
out on this material to produce reaction zones several 
microns in thickness. 

3. The reaction layer is made up of Ti5Si3 and TiC grains, 
the latter often becoming much larger in size than the 
former. 
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Fig. 11--Schemat ic  illustration of the stress distributions around a SiC particle in a Ti matrix under external load, with and without the effect 
of a transformation strain arising from the interfacial reaction. 

4. The work of fracture of these composites falls with 
increasing reaction layer thickness, becoming small 
if this is greater than about 1 to 2/xm. This transition 
is accompanied by a distinct change in the preferred 
crack pattern, from one in which the bond strength 
is high and particle fracture common, to one in which 
cracking occurs readily at the boundary between the 
SiC particle and the adjacent reaction layer. 

5. The observed changes in fracture behavior have been 
attributed to changes in interfacial bond strength and 
also to changes in stress state around the SiC parti- 
cles, arising from the volume change accompanying 
the reaction. The transformation involves a linear strain 
of about - 1 . 5  pct, which probably makes a signifi- 
cant contribution to the radial tensile stress across the 
interface, even for relatively thin reaction layers. This 

may be partly responsible for the highly deleterious 
effects observed to result from interfacial reaction in 
this system. 
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