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The effect of service-temperature exposure
on the tensile properties of Ti-1421/SiC
metal matrix composites
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Composites consisting of a Ti—14Al—21Nb (wt %) aluminide matrix and SCS-6 SiC fibres were

fabricated by plasma-spraying and hot-isostatic-pressing. The room temperature

longitudinal tensile properties were evaluated after processing and after isothermal and

cyclic exposure in air and in argon. The isothermal ages were performed at 760 °C, and the

thermal cycle was from room temperature to 760 °C, which is the projected service

temperature for Ti-aluminide-based composites. Some loss of tensile strength occurred

after isothermal and cyclic exposure for long times (8 to 12 weeks) in argon, with no apparent

difference in behaviour between the isothermal and cyclic samples. Substantial degradation

in tensile properties was seen after isothermal exposure in air, while a much more severe

loss in properties occurred after cycling in air. In the isothermal samples exposed in air,

degradation in properties was associated with surface embrittlement of the matrix, with the

longitudinal room temperature tensile strength decreasing linearly with increasing thickness

of the embrittled zone. During air-cycling, this effect was enhanced by a rapid decrease in the

strength of the SCS-6 fibre, and an increase in the amount of fibre breakage. Isolating the

fibres from direct contact with the environment resulted in a decrease in the amount of

composite strength degradation after air-cycling.
1. Introduction
Titanium and titanium aluminide/SiC fibrous com-
posites are currently under consideration for use in
aircraft engines as a means to increase the thrust-to-
weight ratio, and their fabrication and microstructure
are under study by several groups [1—8]. One class of
matrix alloys which has been of interest is based on
Ti

3
Al (alpha-2), and of this alloy type, Ti—14Al—21Nb

(wt%), or Ti-1421, has been extensively studied. The
SiC fibre that has been most frequently used in this
matrix in work presented to date is the SCS-6 SiC
fibre manufactured by Textron Specialty Materials.
This fibre, which has a carbon core on which beta-SiC
has been deposited by chemical vapour deposition
(CVD), has layers of Si-rich graphite as a protective
coating [9]. Chemical interaction of this coating with
Ti-base matrices [10, 11] and the strength and effect of
the fibre/coating/matrix interface on mechanical
properties [12] have been well characterized.

Ti-1421/SCS-6 composites can exhibit high stiffness
and strength relative to the unreinforced matrix ma-
terial, both at room temperature and elevated temper-
ature, and extensive characterization of the tensile
properties has been performed to assess property de-
velopment and variability [5, 13, 14], as well as the
effects of processing methods on properties [15].
Some consideration has also been given to the micro-
structural stability and mechanical behaviour of these
0022—2461 ( 1997 Chapman & Hall
materials after thermal exposure at the proposed oper-
ating temperature [10, 13, 16—18], and property degra-
dation has been reported [13, 16, 17] when thermal
exposure was done in air.

This study presents data from Ti-1241/SiC com-
posites which were isothermally and cyclically ex-
posed in argon and air at service temperatures, and
considers mechanisms for the observed behaviour.

2. Experimental procedure
The composites were fabricated by RF plasma-spray-
ing Ti alloy powder onto drums wound with SiC fibres
[1]. The powders were fabricated by the plasma-rotat-
ing-electrode process (PREP) at Nuclear Metals. The
alloy used was Ti-1421, and the powder size fraction
was (!80#140) . The SCS-6 SiC fibre was manufac-
tured by Textron Specialty Materials, and was wound
on the drums at an average fibre spacing of 128 per inch.
Interstitial analysis was done on the plasma-sprayed
tapes. Consolidation of 4-ply composites for testing was
by hot-isostatic-pressing, and panels were fully con-
solidated, with no porosity. Panels with a range of
fibre volume fractions (16—33%) were fabricated in
order to study the effect of fibre content. Panels of
fibreless material were made by plasma-spraying the
Ti-1421 powder onto drums, and HIPing the fibreless
foils using the same conditions as for the composites.
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Room temperature longitudinal (0°) tensile proper-
ties were measured for each of the composite panels.
Room temperature tensile properties were also ob-
tained on the fibreless panels. The tensile samples were
10.16 cm long by 1.016 cm wide, and were straight-
sided. Tensile testing was done on samples with
as-fabricated surfaces, i.e. no grinding was done to
remove a Mo-enriched layer present due to interac-
tion of the Ti-1421 matrix with the Mo foil in the HIP
can. Longitudinal composite samples were aged iso-
thermally in argon and in air for times up to 2016 h
at 760 °C. Thermal cycling in argon and in air was
done from room temperature to 760 °C. The cycle was
20 min to heat the samples, 30 min at temperature,
and 30 min to cool the samples to room temperature.
Samples from fibreless panels were isothermally ex-
posed at 760 °C. All samples were tensile tested with-
out any surface preparation to remove oxide. Tensile
testing was done at room temperature. All argon ex-
posures were done with the samples encapsulated in
quartz tubes which were back-filled with argon. The
samples were wrapped with Ta foil, and a small piece
of yttrium was placed in the tube to get any residual
oxygen.

Samples were also made in which the fibres were
completely isolated from direct contact with the envi-
ronment, by HIPing a layer of matrix around the sides
and ends of a straight-sided sample. These buried-fibre
samples were cycled in air to 760 °C, and then tensile-
tested at room temperature.

The as-HIP and exposed specimens were examined
using optical microscopy on metallographic samples
etched with Kroll’s solution (100 ml water, 5 ml nitric
acid, and 2 ml hydrofluoric acid). Scanning electron
microscopy (SEM) was performed on the fracture sur-
faces of the tensile samples. Samples were also exam-
ined in the analytical electron microscope (AEM), and
were prepared by ion-milling.

Fibres were tensile tested in the as-received, as-
plasma-sprayed and as-HIP condition. The fibres
were removed from the plasma-sprayed tapes and
HIPed panels by dissolving the matrix in a solution of
400 ml nitric acid/400 ml water/40 ml hydrofluoric
acid at a temperature of 50 °C. Fibres were also etched
6400
from Ar-exposed and air-exposed composites, and
were then tensile tested. The amount of fibre breakage
after HIP and after exposure was evaluated semi-
quantitatively by measuring the weight of extracted
fibres which were 7.62—10.16 cm long (assumed to be
unbroken), and those that were less than 7.62 cm long.

3. Results and discussion
3.1. Fibreless Ti-1421 panels
Four Ti-1421 panels were evaluated in this study, and
the room temperature tensile properties for these
panels are shown in Table I. Since there was some
variability in the tensile elongation from panel to
panel, presumably because of variation in interstitial
content, data from all the panels are presented instead
of average properties. The microstructure consisted of
an alpha-2 (Ti

3
Al) matrix with varying amounts

of beta-phase or transformed beta-phase. The trans-
formed beta-phase in the as-HIP samples consisted of
laths of beta plus orthorhombic Ti

2
AlNb, and occa-

sionally of alternating alpha-2/beta laths. Isothermal
ageing in argon at 760 °C resulted in destabilization of
the orthorhombic phase in these regions, resulting in
a mixture of beta and alpha-2. This had no apparent
effect on the room temperature tensile properties.
However, exposure in air at this temperature resulted
in considerable degradation in strength and ductility.
The ductility was affected after shorter exposure times,
with as little as 4 h in air showing a significant de-
crease in ductility.

3.2. Ti-1421/SiC panels
The microstructure of a typical as-HIP composite
panel is shown in Fig. 1. As in the case of the fibreless
panels, the matrix was alpha-2, with dark-etching
regions of beta-phase and transformed beta-phase.
There was a beta-depleted region near the SCS-6
fibres (Fig. 1b), as has been reported by several re-
searchers [3, 4, 7], and this region tended to crack
during consolidation, presumably during cool-down
from the HIP temperature. A reaction zone between
the SCS-6 carbon coatings and the matrix formed
TABLE I Room temperature tensile properties of TI-1421

Panel Condition 0.02% YS UTS Total strain Plastic strain

RF1090 as-HIP 540 MPa 650 MPa 1.05% 0.37%
672 h/Ar 590 600 1.04 0.44
1344 h/Ar 580 600 1.53 0.94
672 h/air — 440 0.44 0.01
1344 h/air 410 430 0.44 0.02

RF1589 as-HIP 470 670 0.97 0.27
672 h/air 430 510 0.51 0.04

RF1213 as-HIP 540 670 1.53 0.89
0.5 h/air 590 650 1.69 1.01
1 h/air 520 640 0.97 0.37
4 h/air 440 620 0.67 0.11

RF1622 as-HIP 700 740 1.29 0.61
4 h/air 680 730 1.07 0.31
25 h/air 680 730 1.02 0.28



Figure 1 Optical micrograph showing (a) typical microstructure of as-HIP Ti-1421/SiC, and (b) beta-depleted region near fibre, with
microcracks radiating from reaction zone.

Figure 2 Transmission electron micrograph of reaction zone between fibre coating and matrix in as-HIP Ti-1421/SCS-6 composite.
during HIP, and consisted of three regions [5], as
shown in Fig. 2. There was a band of Ti-rich MC
carbides next to the fibre coatings, and the grain size
in this region increases with distance from the fibre.
Next to the MC band was a region of Ti

2
AlC, and the

region adjacent to the metal matrix consisted of
(Ti,Nb)

5
Si

3
precipitates.

There was considerable panel-to-panel variability
in as-HIP composite tensile properties in all of the
Ti-1421/SiC material. Much of this variability can
be attributed to differences in fibre strength after pro-
cessing. This is illustrated in Fig. 3. In this, the compo-
site tensile strength is plotted against volume fraction
SiC]HIP fibre strength, a factor which is equivalent
to the rule-of-mixtures contribution of the fibre, in the
absence of residual stresses. Comparison of mean fibre
strengths from HIPed panels with as-received fibre
data showed that some strength degradation had oc-
curred during HIP. Measurement of the tensile
strengths of as-received fibres on a number of spools
showed a range in strength of 3100—5200 MPa, with
a mean strength for all spools of \4100 MPa. Fibres
extracted from plasma-sprayed tapes showed no
degradation in strength. After HIP consolidation,
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Figure 3 Room temperature ultimate tensile strength as a function
of HIP fibre strength ] volume fraction SiC for Ti-1421/SiC longi-
tudinal composites with 13 to 39 vol% SiC.

Figure 4 Room temperature ultimate tensile strength of Ti-
1421/32-22SiC longitudinal composites measured after isothermal
and cyclic exposure in argon at 760 °C. Data are from two different
panels shown in legend. Cycle is 20 min heating, 30 min at 760 °C,
and 20 min cooling. Key: s RF971, isothermal; d RF971, cyclic;
h RF1256, isothermal; j RF1256, cyclic.

however, there was a larger range of average fibre
strengths from different panels (2100—5200 MPa), and
the mean fibre strength for all samples had decreased
to \3400 MPa. This decrease in strength is associated
with the decrease in the SCS-6 fibre coating thickness,
due to reaction with the matrix during HIP [19].

There was some decrease in composite strength
after both isothermal ageing and cycling in argon
(Fig. 4). Isothermal and cyclic ageing in argon had
equivalent effects on properties. Work by other re-
searchers [17, 18] did not show significant strength
loss when cycling Ti-1421/SCS-6 in an inert environ-
ment. The total time at elevated temperature was
considerably longer for the thermal cycle used in the
current study, and this may account for the difference
between other results and the data presented here.
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Figure 5 Room temperature ultimate tensile strength of Ti-1421/
24-26SiC longitudinal composites measured after isothermal expo-
sure in air at 760 °C. Data are from seven different panels.

Figure 6 Room temperature ultimate tensile strength of Ti-1421/
21-33SiC longitudinal composites measured after cyclic exposure in
air to 760 °C. Data are from five different panels. Cycle is 20 min
heating, 30 min at 760 °C, and 20 min cooling.

Isothermal exposure in air at 760 °C caused rapid
strength degradation in samples from some panels,
but much less property loss in others, as seen in
Fig. 5. The source of this variability will be discussed
later. Thermal cycling in air at 760 °C affected
all of the panels in an approximately similar fashion
(Fig. 6). Thermal cycling in air at 760 °C resulted
in much more rapid degradation than isothermal
ageing. This rapid drop in composite strength
is similar to data [16, 17] from Ti-1421/SiC panels
cycled in air at 815 °C. Isothermal and cyclic exposure
in air at 760 °C also resulted in large decreases in
tensile elongation.



Figure 7 Scanning electron micrographs of fracture surface of Ti-
1421/SCS-6 room temperature tensile samples tested after exposure
in air at 760 °C, showing flat cleaved zone corresponding to embrit-
tled region of matrix surface.

3.3. Mechanisms for property
degradation

3.3.1. Matrix surface embrittlement
The presence of an embrittled surface layer is expected
to be deleterious, since work on unreinforced Ti-6242
[20] and in Ti-1421 [21] has shown that the presence
of an alpha phase is damaging to the overall ductility
of the alloy. It has also been shown [7], that a critical
level of matrix ductility (\2—3%) is required to attain
rule-of-mixtures properties in Ti-base composites. The
effect of surface embrittlement on matrix and com-
posite properties has been evaluated quantitatively by
measuring the extent of the embrittled region from
fracture surfaces of tensile specimens. The embrittled
region tends to be a flat cleaved zone, clearly distin-
guishable from the mixed mode (cleavage#micro-
void coalescence) fracture of the unaffected matrix
(Fig. 7). The depth of this cleaved zone was measured
for all of the air-exposed samples, and varied in an
approximately linear fashion with the square root of
time at temperature (Fig. 8). There was a large amount
of sample-to-sample variability in these measure-
ments. As seen in Fig. 9, the composite strength de-
creased linearly with increasing depth of this embrit-
tled region. The average strength of a composite with
a specific cleaved zone thickness was generally higher
for the isothermal samples than for the air-cycled
samples. This indicated that some damage other than
surface embrittlement had occurred in the air-cycled
samples.
Figure 8 Cleaved zone thickness as a function of the square root of
time at temperature for Ti-1421/SCS-6 exposed isothermally at
760 °C, as measured from the fracture surface of room temperature
tensile samples.

Figure 9 Room temperature ultimate tensile strength of as-HIP
and air-exposed Ti-1421/SCS-6 composites as a function of cleaved
zone thickness. Key: d as-HIP; s isothermal; j cycled.

In isothermally-exposed samples, the strength
degradation observed was probably due to surface
cracking during tensile testing. For example, in Ti-
1421/SiC tensiles there were no extended matrix
cracks in as-HIP material after testing (Fig. 10a),
while in a tested tensile sample exposed in air for 672 h
at 760 °C, there were numerous matrix cracks perpen-
dicular to the applied stress (Fig. 10b), as has also
been observed [21] in thermally-exposed Ti-1421
panels. These cracks originate in the embrittled sur-
face layer. In the air-cycled samples, the embrittled
surface regions cracked during cycling and during
tensile testing, as has been reported [16, 17] for Ti-
1421/SiC panels cycled in air to 815 °C. Surface cracks
which initiated during cycling then propagated into
the matrix during further cycling, embrittling the
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Figure 10 Longitudinal sections of room temperature tensile
sample. (a) As-HIP, and (b) tested after isothermal exposure in air at
760 °C. Cracks in matrix are perpendicular to applied stress, and
initiated in embrittled surface during tensile test.

matrix regions adjacent to the cracks (Fig. 11). Since
no stress was applied to the samples during cycling,
crack propagation apparently occurred due to stresses
arising from the thermal expansion mismatch between
the SCS-6 fibres and the matrix, as has been reported
by Revelos and Smith [17]. This cracking also con-
tributed to the delamination of the fibre layers, as
discussed below.

The cracking of an embrittled surface region, and
the deleterious effects on composite strength detailed
in this paper are similar to results for Ti-1421/SCS-6
which was coated with a brittle oxidation-resistant
coating before thermal cycling [17]. In this case, the
brittle coating cracked during air-cycling, and the
cracks propagated into the composite, resulting in
a more severe loss in strength than for air-cycled
uncoated samples.

The large panel-to-panel variability in strength of
the isothermal samples as a function of time at temper-
ature (Fig. 5) was considerably reduced when the
strength was plotted as a function of cleaved zone
thickness. The range in the depth of embrittlement for
any given time (Fig. 8) was of the order of 10 lm over
the various samples examined. This variability in
response of the different panels to formation of an
6404
Figure 11 Cross-section of longitudinal Ti-1421/SCS-6 composite
which was cycled in air to 760 °C for 672 cycles, showing matrix
cracking which occurred during thermal cycling. Cycle is 20 min
heating, 30 min at 760 °C, and 20 min cooling. Sample is as-cycled,
without applied load.

embrittled region may account for the spread in the
tensile data in Fig. 5. The reason for the panel-to-
panel variation in cleavage zone thickness may be
related to differences in Mo-enrichment on the panel
surfaces. The Mo-rich regions are the result of diffu-
sion of Mo into the matrix from the protective foil
between the composite and the HIP can. Current
practice in testing and thermally exposing these com-
posites is to remove the Mo-rich region from the
composite surface by grinding or by etching. However,
this effect was not well-known at the time the samples
in this study were fabricated and tested. The presence
of the Mo-rich region can also affect the cracking
mechanisms when composites are tested in creep [22].

3.3.2. Delamination of fibre layers
The samples cycled in air to 760 °C showed delamina-
tion of the fibre layers, as seen in Fig. 12. Delamina-
tion proceeded along the fibre/matrix interface, and
was associated with regions of fibre coating oxidation.
This oxidation started at the cut surface of the com-
posite sample, where fibres and fibre coatings were
exposed to the atmosphere. As the coating on a fibre
near the surface was oxidized, delamination at the
fibre/matrix interface occurred, and a crack was
initiated in the matrix region within the fibre
layer. As in the case of cracks originating in the
embrittled surface of the matrix, the crack was
presumably propagated by stresses arising from ther-
mal expansion mismatch between the fibres and
matrix. The presence of matrix cracks and fibre de-
lamination resulted in a very low composite strength
(\5—23 MPa).

In addition to oxidation of fibre coatings along
delaminations, the coatings may be affected by oxygen
transported down the fibre axis from the cut ends of
the samples. Coating oxidation from sample ends has
been seen in longitudinal sections of the isothermally
exposed as well as cycled tensile samples. Fibre coat-
ing oxidation from cut ends and cut sides of samples
could be limited by designing a part such that the
fibres are completely buried in the matrix.



Figure 12 Cross-section of longitudinal Ti-1421/SCS-6 composite
which was cycled in air to 760 °C, showing delamination of fibre
layers proceeding from exposed and oxidized fibres at sample edge.
Sample is as-cycled, without applied load.

TEM examination of SCS-6 coatings on fibres
which had been exposed isothermally in air at 760 °C
showed that they were no longer graphite with some
SiC particles, as observed [12] for as-HIP fibres. In-
stead, the fibre coatings contained Si and O, and had
presumably transformed to silica. The coatings were
also very porous in appearance. These results are
similar to observations [23] on fibres which had been
aged in air in a Ti-base matrix for sufficient time to
diffuse oxygen to the fibres.

To assess the overall effect on composite properties
of isolating the fibres from the oxidizing environment,
the buried-fibre samples were cycled in air to 760 °C
and then tensile tested at room temperature. The re-
sults from these tests are shown in Fig. 13, which also
shows the data from isothermally-exposed samples
and from air-cycled samples. As can be seen, the air-
cycled buried-fibre samples did not degrade as rapidly
as the air-cycled samples which did not have the fibres
shielded from direct contact with the environment.
The air-cycled buried-fibre samples were at the lower
end of the data band for the isothermally-exposed
samples. This indicates that the buried-fibre samples
may have experienced some damage during cycling,
but that it was not as extensive as for the cycled
samples with exposed fibres. The major effect on the
fibres due to cycling with fibres exposed at sample
ends and at sample edges appeared to be a decrease in
strength and increase in fibre breakage, as discussed
below.

3.3.3. Changes in fibre strength and fibre
breakage

Composite strength degradation may be related to
loss of fibre strength and fibre integrity. A major factor
in the development of composite strength is the fibre
strength after HIP, as was shown in Fig. 3. Loss of
fibre strength due to fibre/matrix interaction or to
oxidation of the fibre coatings would therefore result
in decreased composite strength. In addition, the ulti-
mate tensile strength of Ti-1421/SiC is sensitive to the
Figure 13 Composite tensile strength, after air exposure, nor-
malized by as-HIP tensile strength, plotted as a function of time at
maximum temperature (760 °C). This shows the effect of burying
fibre ends and edges within the matrix to protect the SCS-6 fibre
coating from oxidation. Key: s air-isothermal; h air-cycled; j air-
cycled, buried.

amount of fibre breakage, with large (\40%)
amounts of broken fibres resulting in composite
strengths less than that of the unreinforced matrix.

No significant fibre strength degradation or
breakage were detected for samples exposed at
760 °C in argon for up to 1344 h. By comparison,
isothermal exposure of Ti-1421/SiC for 672 h at
760 °C in air resulted in an increase in fibre breakage
from 5% in the as-HIP sample to 20% after exposure,
but no decrease in strength, for the remaining
unbroken fibres. The broken fibres were too short
to test, and so it is not known if their strength
was degraded. Exposure of Ti-1421/SiC for 672 cycles
in air at 760 °C resulted in breakage of 85% of the
fibres, and a decrease in strength for the remaining
unbroken fibres from 4000 MPa as-HIP to 940 MPa
after cycling.

Fibre strength loss and increased fibre breakage in
cycled samples were probably due to oxidation of the
SCS-6 fibre coatings. There was extensive fibre coat-
ing oxidation and fibre/matrix interface delamination
in samples thermally cycled in air. Propagation of the
delamination by thermal stresses resulted in transport
of oxygen into the centre of the composite. By com-
parison, in isothermally exposed samples, only fibres
near sample surfaces had oxidized coatings. Since the
fibre strength is lower for fibres without the protective
coatings [9, 19], coating oxidation probably results in
the fibre strength loss observed in the thermally cycled
samples. These results are similar to those of Revelos
and Smith [17], who cycled samples in air to 815 °C
and saw both fibre strength loss and damage to the
fibre coating. Increased fibre breakage during thermal
cycling may be related to the low fibre strengths, since
SCS-6 fibres became susceptible to breakage during
HIP or heat treatment when the fibre strengths were
1400—2100 MPa.
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3.3.4. Matrix and fibre protection
Use of these composites at elevated temperatures will
require that the matrix and fibres be protected from an
oxidizing environment. An oxidation-resistant coating
on the composite part would be needed to limit surface
embrittlement of the matrix. As had been shown, isolat-
ing the fibres from direct contact with the environment
can be done by burying all fibre ends and lengths within
the matrix. However, long times spent at the service
temperature can allow sufficient oxygen diffusion
through the matrix layer to initiate oxidation of the
fibre coating. This suggests that an oxidation-resistant
coating on the composite could have some benefit in
inhibiting damage to the fibres as well as the matrix.

Some initial research has been published [17, 24] on
the properties of coated Ti-1421/SCS-6 composites
which were thermally exposed after coating. Coatings
which were shown to be protective on monolithic Ti-
1421 [24] were unsuccessful when applied to the com-
posites. The large thermal expansion mismatch be-
tween the composite and the coatings resulted in
cracking of the coatings. The cracks then propagated
into the composite, and the tensile properties of the
cycled composite were substantially reduced [17].
These results indicate that more work is needed to
develop adequate coatings for Ti-base/SiC composites.

4. Conclusions
1. Isothermal and cyclic exposure of longitudinal

composites of Ti-1421/SiC at 760 °C in argon caused
small losses in room temperature strength and elonga-
tion.

2. Exposure of longitudinal composites of Ti-1421/
SiC in air at 760 °C resulted in severe losses in strength
and elongation. Cycling in air was much more damag-
ing than isothermal exposure.

3. Strength loss in composite samples exposed
isothermally in air was attributed to surface embrittle-
ment of the matrix, with the embrittled regions crack-
ing during tensile testing and effectively notching the
sample. The decrease in composite strength varied
linearly with increasing depth of matrix embrittle-
ment.

4. In samples cycled in air, the effect of surface
embrittlement on composite strength was enhanced
by cracking of the embrittled region during cycling,
followed by propagation of these cracks into the com-
posite.

5. Oxidation of fibre coatings occurred at fibre ends
and on fibres exposed to the environment by matrix
cracking and fibre layer delamination during cycling.
This resulted in a substantial decrease in fibre strength
and an increase in fibre breakage during cycling.
These factors contributed to the increased loss in
strength of the air-cycled samples relative to the iso-
thermally-exposed samples.

6. Use of these composites at 760 °C will require
protection of both the fibres and the matrix from the
oxidizing environment.
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