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Crack propagation testing has been applied to synthetic metal matrix composites (MMC) in
order to compare failure mechanisms in Ti—6Al-4V alloy reinforced by uncoated boron,
B(B,C) and chemical vapour deposition (CVD) SiC filaments. The impeding effect of the
fibres leads to low crack growth rates, compared to those reported for the unreinforced
Ti—-6AI-4V alloy and to higher toughness despite the presence of the reinforcing brittle
phases. After long isothermal exposures at 850° C, the MMC crack growth resistance is
reduced mainly due to fibre degradation, fibre—matrix debonding and an increase in matrix
brittieness. However, for short-time isothermal exposures (up to about 10 h for B/Ti-6Al-4V,
30h for B(B,C)/Ti-6Al-4V and 60 h for SiC/Ti—6Al-4V) the crack growth resistance is
significantly increased. This improvement is related to the build up of an energy-dissipating
mechanism by fibre microcracking in the vicinity of the crack tip. This damaging mechanism
allowing matrix plastic deformation is already effective for boron and B(B,C) in the as-
fabricated state, but occurs only after 10 h of thermal exposure at 850° C in the case of

SiC/Ti—-6Al-4V composites.

1. Introduction

Synthetic metal matrix composites (MMC) are often
very sensitive to high temperature exposures since
they are non-equilibrium thermodynamic systems. In
order to extend MMC usefulness for high temperature
structural applications and therefore to control
fibre—matrix (FM) chemical reactions, various kinds
of multiphase reinforcing filaments have been
proposed (e.g. boron, Borsic, B(B,C), SiC filaments).
These large diameter fibres (& 140 um) obtained by
chemical vapour deposition on a tungsten or carbon
core, have improved MMC behaviour in different
ways depending on the filament nature (tensile
strength, FM chemical compatibility, impact resist-
ance, thermal fatigue resistance etc.).

Different studies have extensively depicted, in such
synthetic composites, the chemical features of the FM
interfacial reaction zone, after isothermal exposures.
Furthermore, correlations between MMC mechanical
behaviour and the reaction zone thickness have been
proposed by several authors (many references are

given in [1]). However, almost no work on MMC deals
simultaneously with filament nature, isothermal
exposure and crack growth mechanisms.

The aim of the present contribution is to com-
pare titanium alloy matrix composites reinforced by
either uncoated boron, B(B,C) or SiC filaments,
from failure mechanism and toughness standpoints,
for various thermal treatments. The method used for
investigating crack propagation has been previously
described [1].

The great differences existing between the con-
ditions required to apply linear elastic fracture
mechanics (LEFM) to rupture of materials and the
conditions corresponding to MMC failure leads to
uncertainties, especially in toughness determination.
Nevertheless LEFM applied to fatigue crack propaga-
tion in MMC notched specimens gives sufficient indi-
cations about the different features of MMC mechan-
ical behaviour (crack growth rate, rupture energy) for
a better understanding of the effects of both filament
nature and isothermal exposure.

TABLE I Mechanical characteristics of the brittle phases appearing at FM interfaces in titanium based composites reinforced with

boron, B(B,C) or SiC filaments [4-8]

B B,C SiC TiC TiB, TisSi,
Young’s modulus E (GPa) 440 490 450 440 540 235
Rupture stress o& (MPa) 3500 2800 4100 1250 1350 A 1560
Rupture strain ¢® (1073) 8 5.7 9.1 2.8 2.5 6.6
0022-2461/86 $03.00 + .12 © 1986 Chapman and Hall Ltd. 895
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Figure [ (a) Specimen shape and size, (b) chevron notch.

2. Experimental details
Experimental conditions related to the sample syn-
thesis, heat treatment and crack propagation testing
have been previously detailed [1]; only their main
features will be recalled here.

2.1. Materials

The composite specimens were prepared by hot press-
ing a stack of Ti—-6Al-4V foils and monolayers of
either uncoated boron, B,C coated boron or SiC CVD
filaments (volume fraction V; = 0.32). After anneal-
ing, the composite panels were electrodischarge
machined. The single edge notch (SEN) specimen
shape for crack propagation testing is shown in Fig. 1.

2.2. Heat treatments
Before notching, each specimen was heat treated at
850°C in vacuum for 9, 18, 36, 72 or 160h. During
these diffusion heat treatments, various interfacial
reaction zones grow, depending upon the type of fila-
ment (and eventually the coating) and the thermal
exposure duration.

The main features of the reaction zones are sche-
matically illustrated in Fig. 2 and described in [2, 3].

From a mechanical standpoint, most phases built up
at the FM interfaces are very brittle and generally
characterized by rupture strains (¢*) much smaller
than those corresponding to the fibres (see Table I).
The titanium silicides are the exception which might
be meaningful with regard to the failure mechanisms
of SiC/Ti—-6Al1-4V composites.

2.3. Testing procedure

Fatigue crack growth testing on the SEN specimens
was performed in tension—tension using the following
conditions:

(a) frequency of the sinusoidal loading cycles,
20Hz,
(b) stress ratio, R = 0.1 (R = 0,;,/0max)»

(c) maximum stress, 130 to 150 MPa.

Crack lengths were measured by an optical method
with the help of a cathetometer since the crack tip was
casy to discern on the specimens.

From crack lengths (@) against number of cycles
(N), the main features of crack propagation in the
composites could be derived by means of:

(i) the determination of the crack growth rate
da/dN against the stress intensity factor range AK;
(using the secant method or a polynomial function
fitting a—N curves),

(ii) the assessment of the critical crack length a,
corresponding to high rate crack propagation; a,
values were derived from a polynomial extrapolation
of the a—N curves checked by optical examination of
fracture surfaces (fracture surface appearances are
different for progressive crack growth and sudden
crack propagation leading to rupture).

It is noteworthy that several a—N curves, related
mostly to SiC/Ti—6Al-4V composites, could not be
fitted by a polynomial N = f(a'?) corresponding to a
da/dN-AK, function similar to dae/dN = CAK®
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Figure 2 Schematic illustration of the evolution of the main features of FM interfaces in titanium based composite materials (a) B/
Ti—6A1-4V, (b) B(B,C)/Ti—6Al1-4V and (c) SiC/Ti—6A1-4V.
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where C is a constant. In these cases the coefficient m
characterizing the crack growth acceleration when the
stress intensity factor range increases could not be
evaluated. However, most crack growth parameters
were determined and averaged from the different
procedures previously summarized and reported in
detail by Quenisset et al. [1].

3. Crack growth features in
as-fabricated B, B(B,C) and
SiC/Ti—-6Al-4V composites

3.1. Failure mode and crack growth curves

Crack extension was mainly coplanar with the notch

for all the composite samples. This predominance of

the opening mode I was enhanced by the relatively
high stress level applied to the specimens during the
tests (Fig. 3). However, crack extension in the direc-
tion parallel to the fibres could be observed on several
SiC/Ti—-6Al1-4V specimens, though the final fracture
surface in the titanium alloy matrix remains macro-
scopically regular and perpendicular to the fibres.
Typical da/d N-AK, curves corresponding to speci-
mens revealing no crack in the direction parallel to the
fibres (mostly pure opening mode I) show quasi
reguiar increase of da/d N against AK, as illustrated by
the curve (a) in Fig. 4. On the other hand, the speci-
mens which displayed crack extensions along the
fibres corresponded to da/d N—AK, curves similar to
curve (b). Such curves are sometimes observed on

SiC/Ti—-6Al1-4V composites in the as-fabricated con-

dition or after a moderate heat treatment (9h). The

retarding effect due to delamination indicates some-
what of a notch insensitivity which renders difficult the
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Figure 4 Crack growth rate de/d N against stress intensity factor
range AK; curve derived from the secant method, as-fabricated
SiC/Ti-6Al-4V, 6., = 150 MPa.

Figure 3 SEM macrograph of surface failure in as-
fabricated SiC/Ti—6A1-4V composite after fatigue
crack growth.

assessment of the crack growth parameters m and AK
for da/dN = 10*mmcycle™'. Otherwise, compari-
son between curves (a) and (b) in Fig. 4 shows that the
notch insensitivity features of curve (b) is not associ-
ated with a better toughness. It only indicates an effect
of loading cycles on FM bonding. As the crack
propagates, FM interfaces are weakened by fatigue,
providing the material with better resistance to further
crack growth even though AK; increases.

However, curves resulting from longitudinal crack
growth and typified by curve (b) in Fig. 4 are suf-
ficiently casual to consider that, for the stress level
used, cracks propagate in the related composites
according to the opening mode I of failure.

3.2. Crack propagation characteristics

Using da/dN-AK, curves and the a, assessment, AK
for da/dN = 10 *mmcycle™’, m and the apparent
critical stress intensity factor K; were evaluated for
each specimen and are given in Table II (each entry
being in general the average value of three and
sometimes five or six tests).

A first examination of the results leads to the
following remarks:

(a) The crack growth rates are the highest in the
B/Ti—-6Al-4V composites and remain smaller in
B(B,C)/Ti-6A1-4V composites than in SiC/Ti—6Al-
4V composites whatever the thermal exposure.

(b) The coefficients m are similar for the three kinds
of composite and remain small (about 4.5 in the as-
fabricated conditions) despite the strong heterogene-
ity of the materials and particularly the mechanical
mismatch between the matrix and the filaments.

{c) For the as-fabricated materials, the apparent
critical stress intensity factors K _are slightly higher
than the matrix toughness (about 75 MPam'?) when
the reinforcement is either B(B,C) or SiC filaments
(about 85MPam'?). In the case of B/Ti—6Al-4V
composites, K; values are very close to the matrix
toughness itself.

(d) Several tests performed with relatively low stress
levels (< 100MPa) have shown that the fatigue
threshold corresponding to mode I crack growth
could be quite high in the composites compared to the
Ti-6Al1-4V alloy. It is particularly the case for SiC/
Ti—6Al-4V composites for which cracks do not grow
in other directions than that of the fibre when
AK; < 20MPam'?

3.3. Damage mechanism
As previously reported [1] for B/Ti—6Al-4V com-
posites, optical examination of the fibres in the vicinity
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TABLE II Crack growth parameters

MMC Isothermal Number m AK; (MPam'?) for K,
exposure of tests da/dN = 10~*mmcycle™! (MPam'?)
at 850°C (b)
. 0 6 43 £ 0.3 2% + 2 74 13
B/Ti-6Al-4V 7 3 41 %02 28 42 79+ 2
+ 0.4 +3
9 4 4t 27 +3 272
+ 0.2 +4
18 4 a2 25 "3 79 &5
+0.1 +2 + 4
36 4 46 T 0 ute e
72 3 53+ 02 2312 6
160 1 6 18 44
: +2
B(B,C)/Ti—6Al-4V 0 3 46 + 0.3 R 84 + 3
9 3 46 + 0.2 wt 877 ¢
18 3 a7 g; 36 + 2 88 + 3
36 2 49 £ 03 34+ 2 88 + 5
+ 0.4 +2 +5
7 3 :
5405 317 1t
+ 0.4 +2
16
0 3 59703 26" 56 + 5
SIC/Ti-6A1-4V 0 s as T o4 33+ 3 87 + 4
9 4 a9 707 30 + 4 79 + 3
18 4 49 13 n*? 80 + 5
36 1 5.3 30 87
+0.3 +2 +5
7
2 4 58105 317 9 "2
160 { 6.1 25 70

of the crack tip reveals, in as-fabricated B(B,C)/
Ti-6Al-4V composites, a damage mechanism
allowing plastic deformation by means of fibres
microcracking.

On the other hand, no such damage zone (also
called splitting zone) can be seen on each side of cracks
in the as-fabricated SiC/Ti—6Al-4V composites or
after moderate heat treatments (9h). This feature,
illustrated in Fig. 5, points out an apparent contradic-
tion since the absence of the splitting mechanism
(associated with energy dissipation) does not lead to
lower toughness.

In order to explain the above observation and then
the influence of fatigue and thermal exposure on crack
growth and failure mechanisms, the conditions for
which a damage zone occurs will be defined through
the schematic representation in Fig. 6. Consider r; the
characteristic size of the strain concentration field in
the vicinity of the macrocrack tip. 2r; is the width of
the area within which the strain in the fibres (g;) is
higher than the fibre rupture strain (¢f). The length

necessary to ensure load transfer from fibres to matrix
(I.) is generally considered roughly equal to the
distance between fibre breaks (L). Thus; two cases
must be discussed:

(a) If 2r; < [, only one break occurs in each fibre,
there is no damage zone.

(b) If 2r; > I, each fibre can be divided into several
short fibres, leading to the build up of a damage zone.

As a result the number of failures in each fibre (V)
leading to energy dissipation in the matrix depends on:

(i) the strain concentration field (that is AK)).
Indeed, the damage zones have always been found
smaller in the specimens zones failed by fatigue than
in overload zones.

(ii) The fibre rupture strain ef. A particularly high
rupture strain (as for SiC fibres before degradation)
may prevent any damage zone build up.

(iii) The FM bonding characterized by /, is given by
the following formula:

|
|
[l '.
Figure 5 Micrographs of splitting zone for as-fabricated composites (a) B/Ti-6A1-4V, (b) SiC/Ti—6A1-4V.
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Figure 6 Schematic representation of strain concentra-
tion field around a crack tip in MMC.
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where d is the fibre diameter, E, the Young’s modulus
of the fibre and t; the FM interfacial shear strength.

An analysis of the effect of thermal exposure on the
composite characteristics will provide a basis for
further discussion of failure mechanisms.

4, Effect of isothermal exposure

4.1. Effect of diffusion heat treatment on
crack growth characteristics

The evolution of the crack growth parameters against

the isothermal exposure duration is illustrated in Figs.

7 to 11. From these figures the following conclusions

can be drawn:

(a) The increase in microhardness of the
Ti—6A1-4V matrix occurring during the diffusion
heat treatment is about the same for all types of
composites (Fig. 7).

(b) Damage zones are already present in as-
fabricated B/Ti-6Al-4V and B(B,C)/Ti—6Al-4V
test specimens, but they appear only after a short
duration heat treatment (10h) in the case of SiC/
Ti—6Al-4V composites. In all cases, they grow with
the diffusion treatment duration up to a critical
thermal exposure time which depends on the type of
composite. For further thermal exposure they become
smaller and finally disappear (Fig. 8).

(c) The main effect of thermal exposures on the
crack growth rate is a raising effect (A K decreases for
a given growth rate) though AK, for da/dN =
10~ *mmcycle ' increases somewhat after short heat
treatments in the case at B/Ti—6Al1-4V composites

(Fig. 9). The lowest crack growth rate is obtained for
B(B,C)/Ti—6Al-4V composites.

(d) After short heat treatments (< 10h) the crack
growth exponents m related to boron and B,C rein-
forced matrices respectively decreased or remained
constant. On the contrary m increased in the case of
SiC/Ti—6A1-4V composites. This discrepancy between
the effects of heat treatments on the three types of
materials disappears for further thermal exposures (m
rising with time in any case) (Fig. 10).

(e) Deviations in toughness evolution are also illu-
strated (Fig. 11). The apparent discrepancy between
the effects of isothermal exposure on toughness on the
three types of composites is not so significant if we
consider that the toughness evolution includes the
following three stages.

A first stage, corresponding to short diffusion heat
treatments, during which toughness decrease, as can
be observed in the case of SiC/Ti—6Al-4V. For both
boron and B(B,C) reinforced materials this stage
might be included in the composite processing. During
the second stage, corresponding to longer thermal
exposures, toughness is increased. Finally, the third
stage corresponds to further heat treatments and pro-
gressive degradation of the crack growth characteris-
tics of the composites.

4.2. Fracture surfaces

In general, the fracture surfaces of the three types of
composites do not exhibit evidence of the pull-out
phenomenon, as already reported for B/Ti—6A1-4V
composites, though a small amount of pull-out can be
observed in the as-fabricated materials [1]. The effect
of load cycling seems also to be quite similar for
boron, B(C,C) and SiC reinforced matrices: the
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fatigue zone of the matrix is obvious, as shown in Fig.
12, and the damage zone is reduced due to crack
propagation with smaller AK;, as previously
explained. Other features of rupture surfaces are
identical for the three types of composites, such as:

(a) intermittent crack growth in mode IT showing
the impeding effect of the fibres,

(b) small debonding effect between reaction zone
and matrix for short thermal exposures,

(c) significant debonding between fibres and
reaction zones for long thermal exposures associated
with an extensive degradation of the reinforcement,

(d) numerous microcracks appearing in the FM
interfaces and leading to crack initiation in the fibres
and the matrix when the reaction zone is thick enough
to activate a notch effect.

However, in as-fabricated conditions and for
moderate thermal exposures SiC/Ti—6Al-4V com-
posites do not exhibit microcracking in the reaction
zone as do the boron and B(B,C) reinforced matrices
(Fig. 13).

4.3. Crack growth and rupture mechanisms

Since few pull out phenomena were observed in
boron, B(B,C) and SiC/Ti—-6A1-4V composites and
since the reinforcements are very brittle materials,
fracture energy is mostly due to: (a) matrix failure
work, mainly the energy of plastic deformation (Um),

(b) elastic strain energy released at fibre breaks and
transferred from fibre to matrix (Ur).

Um can be assessed from the toughness of
Ti—6A1-4V and Ut can be derived from the following
approximate formula [9]:

Ut ~ e¥LV;NE; (2)

Correlation between crack growth data, damage
zone analysis, fracture surface examination and rup-
ture work evaluation suggest the following crack
growth and rupture mechanisms (Fig. 14).

1. In as-fabricated composites the FM debonding
effect occurring during crack growth and the high
rupture strain of the fibres (not yet degraded by heat
treatment) give rise to high fibre critical length.
Therefore, L is not small compared to 2r, and damage
zones are small in extent. This effect is particularly
significant in SiC/Ti—6Al-4V composites for which
the FM interface is more smooth, allowing easier FM
sliding than in the case of B/Ti—~6Al-4V and B(B,C)/
Ti—6Al1-4V composites (Fig. 13). Thus the damage
zone is expected to be almost non existent in as-
fabricated SiC/Ti—6Al1-4V composites as effectively
observed (Fig. 14a). Nevertheless, failure work can
remain high as shown by Equation 2.

2. When the composites are weakly heat treated, the
various parameters of Ut change as follows:

(a) &f decreases due to fibre degradation and notch

40
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104 mm cycle™ Ak 1074 (MPa m1/2)

Figure 9 Effect of thermal exposure on
crack growth rate. V; = 032, (@) B/

0 50 100
Heat treatment duration, £ {h)
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Figure 10 Effect of thermal exposure on
crack propagation exponent. ¥; = 0.32,
(@) B/Ti-6A1-4V, (0) B(B,C)/Ti-6Al-
4V; (@) SiC/Ti—6Al-4V.

0 50 100
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effects related to the microcracks built up in the grow-
ing reaction zones;

(b) therefore r increases. This increase is related to
the number of fibre breaks since their failure lowers
locally the Young’s modulus of the composite and
results in a more widely spread strain concentration
field;

(c) simultaneously FM bonding increases, resulting
in a diminution of the fibre critical length;

(d) there results a strong increase in the number of
fibre failures if 2r; > L.

Depending on r; compared to L thermal exposure
leads to opposite tendencies in the evolution of Ut

(i) As long as 2r;, < L, only one break occurs in
each fibre and the lack of damage zone prevents the
decrease in ef and L to be compensated by an increase
in NV. That is the case of SiC/Ti—6Al-4V composites
for short thermal exposures (up to about 10h). The
corresponding decrease in toughness is stronger as
matrix microhardness increases (Fig. 14b).

(i1) As soon as 2r; > L, an increase in N gives rise
to larger and larger damage zones so that Ut increases,
as well as the composite toughness, despite the
decrease in matrix ductility. Boron, B(B,C) and SiC/
Ti—6Al1-4V exhibit such an evolution with thermal
exposure duration (up to 10h for B/Ti—-6A1-4V, 30h
for B(B,C)/Ti-6Al-4V and about 60h for SiC/
Ti—6Al-4V, see Fig. 14c). The delayed evolution in
crack growth parameters for the SiC/Ti—6Al-4V
composites compared to boron and B(B,C)/

150

Ti—-6Al—-4V composites when the thermal exposure
duration increases, could be partly attributed to the
differences in morphology, rigidity and rupture strain
between the various reaction zone phases.

3. After long heat treatments, & no longer
decreases. In fact, ¢} is equal to the rupture strain of
the interfacial phases since the reaction zone is so
thick that failure of the fibre and reaction zone occurs
simultaneously [10]. Nevertheless, the damage zone
disappears progressively due to the extensive degra-
dation of the fibre—reaction zone bonding so that L
decreases as well as N. Indeed, debonding is observed
between fibres and reaction zones for composites heat
treated for 160 h, as illustrated in Fig. 15. However, no
significant pull out phenomenon has been observed
since the crack joins with reaction zone microcracks
which initiate fibre failure. The resulting fracture sur-
faces are particularly rough and the only damaging
mechanism remaining is related to reaction zone
microcracking. The microcracks induce some energy
dissipation by elastic strain release in the matrix
though increases in microcrack spacing (see Figs. 13
and 15).

It is noteworthy that crack growth rates (AK; for
da/dN = 10 *mmcycle™!) and the exponent m,
mainly agree with the change of K; _with duration of
isothermal exposure. This suggests that crack growth
mechanisms are similar during fatigue crack propa-
gation and overload failure. However crack growth
investigations in the specimen zone failed by fatigue

80
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Figure 11 Effect of thermal expo-
) sure on toughness. V; = 0.32, (@)

0 50 100
Heat treatment duration, # (h)

150 B/Ti-6Al-4V, (0) B(B,C)/Ti-
6A1-4V, (@) SiC/Ti-6Al-4V.
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Figure 12 SEM micrographs of matrix failure surfaces in SiC/Ti—-6A1-4V composites, (a) fatigue zone, (b) overload zone.

emphasize different features of rupture mechanisms.
For example, as shown in Fig. 13, fatigue better points
out differences between reaction zone behaviours in
B(B,C) and SiC/Ti-6Al-4V composites than does
overloading.

5. Conclusions

Using crack propagation testing, comparison between
the failure mechanisms in boron, B(B,C) and SiC
reinforced Ti-6Al1-4V composites first emphasizes
the favourable retarding effect of the fibres on the
crack growth parameters of the three types of com-
posites with respect to the Ti—6A1-4V alloy.

The parameters measured are the crack growth rate
(AK, for da/dN = 10 *mmcycle '), the crack
growth exponent m and the apparent critical stress
intensity factor K; (presently considered as tough-
ness).

The change of these parameters and the main
features of fracture surfaces as the composites are heat
treated lead to distinguish boron and B(B,C)/

Ti—-6Al-4V composites on the one hand and SiC/
Ti—6Al-4V composites on the other:

(a) In the first case, a short isothermal exposure at
850°C improves crack growth behaviour. K
increases, m decreases or remains constant and AK,
for da/dN = 10~* increases except for B(B,C)/
Ti—-6A1-4V composites. This improvement is attri-
buted to microcracks in the fibres and the reaction
zone in the vicinity of the crack tip, giving rise to a
damaging mechanism. Further heat treatments lead to
complete degradation of the composites and therefore
the crack growth resistance decreases.

(b) In the second case, a short thermal exposure
strongly decreases the crack growth resistance, mainly
due to fibre strength decrease, matrix hardness
increase and improvement of the fibre matrix bonding
when the damaging mechanism is not yet possible.
However, after about 10h of thermal exposure, the
effect of heat treatment on crack growth mechanisms
and parameters is identical for the three types of com-

Figure 13 SEM micrographs of the FM reaction zone in as-fabricated composites (fatigue zone) (a) SiC/Ti—6A1-4V, (b) B(B,C)/Ti—6Al-4V.
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Figure 14 Schematic representation of crack growth mechanism
against isothermal exposure in titanium based composites. SiC/
Ti-6A1-4V, (a) as-fabricated, (b) 9h at 850°C, (c) 36h at 850° C.
(d) B(B,C)/Ti-6Al-4V, 160h at 850°C.

posites. The influence of isothermal exposure on crack
growth behaviour seems to be delayed for SiC/
Ti—-6A1-4V compared to boron and B(B,C)/
Ti—6Al1-4V composites. The retarding effect has not
been attributed to a lower reactivity of SiC fibres but
rather to morphology, rigidity and rupture strain dif-
ferences between the reaction zone phases.

Depending on the stress intensity factor at the crack
tip, the fatigue load cycling does not change the crack
growth mechanisms but better contrasts their different
features.
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