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ABSTRACT

The effect of thermal treatment on the toughness of fibrous Co,Cr-(Cr,Co)7C
in-situ composites has been examined. Several regimes of thermal cycling were
imposed with a Tmax of 1121°C and also isothermal exposure at 1121°C (0’89TM)‘
Toughness was evaluated by the work of fracture test in terms of the energy
of fracture Gf and peak load Pl. Response confirms excellent long-term
stability and property integrity to the cyclic and fixed temperature
exposures. Some of the treatments actually enhance toughness by a factor
of about two over that of the as-grown material. Fibers break by cleavage
and the matrix shears to link up fiber breaks. The absence of fiber pull-out
or interface delamination confirms the strength of the matrix-fiber interface
bond. Splitting of fibers along their length provides a mechanism for energy
absorption with an associated increase in the work of fracture. A tentative
explanation for the changes in Gf and PE with thermal treatment is given;

this involves the interplay of residual stress, stress relaxation and fiber

degradation.
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: ntroduction
=
““The substantial increase in efficiency of a gas turbine engine with

increased inlet temperatures has led to the consideration of metal matrix

composites for use as the blade material. In particular, in-situ composites,
grown by directional solidification, consisting of high-strength fibers or
plates in a ductile and tough matrix provide outstanding high temperature
properties. This class of materials represents a major innovation in gas
turbine technology for applications in aerospace, shipboard, and on land.
Intrinsically, in-situ composites are stable at elevated temperatures,
a characteristic derived from their solidification under near equilibrium
conditions, coupled with the formation of low-energy interface boundaries.
However, microstructural instability and attendant property degradation may
occur as a result of prolonged high-temperature exposure, thermal cycling,
or the presence of a thermal gradient. Since these reflect normal service

conditions, it is necessary to assess composite integrity. ;”f~~—"—«~——«‘\\\\\

While it is recognized that toughness is a critical desigﬁ parameter,
the data base re impact loading is limited (1,2). Similarly few attempts
have been made to interpret toughness in terms of microstructure (1,2). 1In
the present study, the objective has been to examine the work of fracture in
the Co,Cr-(Cr,Co)7C3 fibrous composite (Vf = 0.3) as a function of isothermal
and thermal cycling excursions. The nature of the constituents, the high
temperature strength and the melting point suggest the viability of this
system for elevated temperature applicationms.

The work of fracture in as-grown Co,Cr-(Cr,Co)7C3 has been found to be
dependent on fiber orientation and canm reach a level about three times that
of cast MarM-302, (3). Fiber diameter also affected work of fracture in

-~

this system; toughness decreased as fiber diameter decreased (3). A minimum




in toughness has been reported between 400°C and 950°C (4). Recently,
promising improvements in the toughness of this composite system have been
observed at temperatures below 1000°C by alloying with nickel. It is argued
that the nickel increases the ductility of the matrix, perhaps through an
increase in the stacking fault enmergy (5). No studies have been reported

on the effect of isothermal elevated temperature exposure or thermal cycling
on toughness in Co,Cr—(Cr,Co)7C3. Isothermal treatments can give rise to
coarsening and spheroidization of the composite microstructure, i.e.,
physicochemical instability. With thermal cycling the thermal expansion
mismatch, mutual solubility and phase stability of the co-existing

constituents are of primary importance.

Experimental Procedure

:,

A. Composite Preparation

Master alloy rods were prepared from 99.99% purity cobalt and chromium
and spectographic grade carbon by induction melting in an alumina crucible under
argon and casting in a stainless steel mold. The rods were then placed in a
9.525mm dia. alumina tube and directionally solidified at 7 x 10—6m/s in an
induction furnace under argon. The temperature gradient at the liquid-solid

interface was in excess of 25 x 103°C/m which gave a G/R value > 36 x 108°C.s/m2.

B. Thermal Treatments

Three thermal cycling regimes were selected: 80°C to 1121°C, 400°C to
1121°C and 538°C to 1121°C. The melting point of the monovariant eutectic
is 1300°C (6) so the Tmax of 1121°C corresponds to a homologous temperature
of 0.89. Various levels of Tmin were used in order to evaluate the effect
of cyclic temperature interval AT (-Tmax - Tmin) on the work of fracture.

As a further mode of thermal treatment, a group of specimens was cycled

between 400°C and 1121°C but with a superimposed hold time of 3600s at Tmax
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during each cycle. Each of the four regimes involved up to 3000 cycles.

Isothermal exposures were also performed at 1121°C (i.e. at the same temper-
ature as Tmax in thermal cycling) for times up to 252 x 1045.

Specimens approximately 28.5mm in length were cut from the center portion
of the directionally solidified ingots using a diamond slitting wheel. For ;
isothermal annealing these were then sealed in quartz tubes under argon.

The thermal cycling facility consisted of a quartz lamp radiant heat reflector
furnace (having a heating zone 254mm in length) coupled with a data track
programmer and temperature controller. With this arrangement the required
values of Tmax and Tmin (£2°C) could be preset. The specimen was placed

in a quartz tube under flowing argon and the tube located along the focal

axis of the reflector furnace. Cycle frequency was relatively high; typical
cycle times, i.e. T to T to T were 420s and 270s for the 400°C to

min max min
1121°C and 538°C to 1121°C excursions, respectively.

C. Work of Fracture Determination

To determine the work of fracture, the technique and specimen configura-
tion developed by Tattersall and Tappin (7) was used. Specimens,illustrated in
Figure 1, were of square cross-section (6.35mm x 6.35mm) and 28.5mm in length,
with a ligament at the center in the shape of an isosceles triangle; ligament
width (t) was 0.76mm. Specimens were loaded to failure under three-point
loading in the frame of a standard Instron testing machine. In this form of
test only a small load is required to initiate crack growth and the relatively
slow rate of loading mitigates against energy loss due to the vibration and

kinetic energy characteristic of the standard Charpy test. A cross-head speed

of 8 x lO-Amm/s was imposed on the three-point loading fixture.
Work of fracture specimens in the as-grown condition and after thermal
treatment were precision ground to give the square cross-section. The ligament

in the center was made with a 0.76mm wide diamond wheel. All specimens were
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oriented such that the carbide fiber reinforcement ran perpendicular to the
plane of the triangular ligament section. The form of the load-deflection
trace 1s shown schematically in Figure 1. Average values of the work of
fracture (J/mz) were determined as the ratio of the area under the load-

deflection curve to the nominal area of the triangular ligament.

D. Metallography

Metallographic sections were prepared parallel and normal to the fiber
direction for optical microscopy. Some specimens were deep~etched in aqua
regia and examined in the scanning electron microscope to reveal morphological
and surface changes in the carbide fibers as a result of isothermal exposure
or thermal cycling. Fracture surfaces from the work of fracture specimens

were examined directly by scanning electron microscopy.

Results and Discussion

A. As-Grown Composites

Optical micrographs of the as-grown composites are illustrated in
Figures 2(a) and 2(b) for the transverse and longitudinal orientations,
respectively. Consistent with previous observations on this system by
Thompson and Lemkey (6), the aligned fibrous carbide reinforcement is highly
irregular in terms of cross-sectional dimensions and geometry. Extensive
branching of the carbide is evident and aspect-ratio varies over a wide
range. Similarly the inter carbide spacing varies about a mean of ~4um.
This is again comparable to the scale of the microstructrure reported by
Thompson and Lemkey for similar growth rates (6). Faceting of fiber cross-
sections is evident in transverse microstructures (Figure 2(a)) and is further
illustrated by scanning electron microscopy, Figure 2(c). In the latter

micrograph, the matrix has been etched away to reveal fiber morphology and




surface condition. Fiber surfaces in the as-grown composite are relatively
smooth. Faceting reflects hexagonal symmetry of the carbide reinforcement.

The average work of fracture level Gf in the as-grown condition is
14.7 kJ/m2 with an associated peak load P2 of 2669 N. These values are in
good agreement with those reported by Thompson (3) for composites of the
same fiber orientation grown at 8 x 10—6m/s.

On a relative scale, the Co,Cr-(Cr,Co)7C3 composites exhibit a combination
of low toughness and high fracture stress. This mandates a 'hard' load cell in
carrying out the work of fracture test in order to prevent uncontrolled crack
propagation with associated kinetic energy loss in the fracture pieces. The
'tail' on the right-hand load-deflection curve in Figure 1 reflects increased
toughness (8). Fracture begins at the peak load Pz; the instantaneous load
drop corresponds to the catastrophic part of the crack growth while the 'tail'
reflects the controlled part. While the extent of the 'tail' area varied from
specimen to specimen, it was typcially in the range 5-10Z of the total area

under the load-displacement curve.

B. Thermally Treated Composites

The effect of the three thermal cycling regimes on work of fracture Gf
and peak load P2 is shown in Figures 3, 4 and 5, and for the superimposed hold
time at Tmax in Figure 6. The corresponding dependence of Gf and Pl on iso-
thermal exposure is given in Figure 7. The extent of the 'tail' area was
similar to that in the as-grown condition; no significant differences could
be established between the various thermal treatments and the extent of the
'tail' area.

Considering all the thermal cycling treatments imposed, it is clear that

the general pattern is for Gf and Pl to increase and reach peak values after

a relatively small number of cycles (150-600). Further cycling then leads to
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a decrease in both parameters. Such an increase in both Gf and Pl reflects

an enhancement of the mechanical properties. However, the increase in Gf is
the more significant of the two; thus, Gf reaches a value about twice that

for the material in the directionally solidified condition. It is also
interesting to observe that while Gf peaks and then decreases, the level of

Gf after 3000 cycles is still at or close to that of the as-grown material.

The worst condition in terms of the level of Gf occurs for the thermal cycling
treatment with the maximum AT, i.e., 80°C to 1121°C, Figure 3. Here there is a
decrease ~25%Z in Gf after 2500 cycles.

The initial increase in Gf and Pl on thermal cycling is attributed to axial
thermal mismatch stresses caused by the difference in thermal expansion
coefficients of the two constituente in the composite (9-11). These stresses
have been calculated for each of the thermal cycling programs used (12); they
reach a maximum at Tmin and a minimum at Tmax’ Such stresses could lead to
cyclic thermal fatigue hardening. The magnitude of these thermal residual
stresses is proportional to AT. It is therefore expected that their effect on
Gf and PL (measured in terms of peak values) will be more pronounced in the
thermal cycling regime having the largest (Tmax - Tmin) difference. This is,

in fact, the case as seen by a comparison of Figures 3, 4 and 5; the 80°C to

1121°C excursions maximize the increases in GF and Pl’ Figure 3.

Subsequent decreases in Gf and Pz may be explained on the basis of relaxation
of the thermal stresses, either by matrix creep or dynamic recovery. A further
factor could be fiber degradation during thermal cycling. There is no apparent
fiber degradation after 3000 cycles between 538°C and 1121°C, Figure 8(a).
However, some degradation, as reflected in fiber surface appearance, is noted

after 3057 cycles between 400°C and 1121°C, Figure 8(b).




The variation of Gf and Pz with cyclic treatment involving a superimposed

hold time is similar to that described above, Figure 6. Increases in Gf and

P2 with cycling are less pronounced as compared to thermal cycling with no
hold time. With a hold time imposed at Tmax there will be a longer time
available for matrix creep, dynamic recovery or fiber degradation; individu-
ally or in combination, these could give rise to a lower increment in Gf or
Pz on thermal cycling compared to the increment resulting from thermal cycling
without hold time.

Both Gf and Pl increase with isothermal treatment at 1121°C, Figure 7.

Work of fracture G,. reaches a maximum after about five days (v4 x 105s) then

f
decreases slightly but to a level higher than that of Gf in the as-grown
condition. Peak load Pz increases over the same time scale and then remains
constant. This confirms the excellent high-temperature stability of this
composite at a homologous temperature of 0.89. Microstructurally, after
isothermal exposure, fibers look similar to those in the as-grown composite.
An example is shown of fibers after 18 x 1055 at 1121°C in Figure 8(c). There
is no evidence of surface degradation or serrations. Further studies are
needed to arrive at a deeper understanding of the transient increases in Gf
and Pz in terms of microstructural change(s) brought about by isothermal
exposure and/or thermal cycling.

On a macroscopic scale, the fracture surfaces of thermally cycled and
isothermally treated composites are relatively flat indicative of brittle
fracture. Microscopically, the fibers fail in a brittle mode accompanied
by ductile fracture of the matrix. The matrix shears to link the fiber
(cleavage) breaks, Figure 9(a). There was no evidence for fiber pull-out

or delamination at fiber matrix interfaces. Thus, these are not operative

sources of energy absorption as the crack propagates through the ligament.

The absence of delamination is a characteristic of in-situ composites and




reflects integrity of the low energy interface between matrix and reinforce-
ment (1). Some occasional fiber splitting in the longitudinal direction of
the fibers was observed. Figure 9(b) shows this phenomenon after thermal
cycling between 400°C and 1121°C. This has the beneficial effect of
diverting a propagating crack, thereby enhancing toughness. Thompson (3)
has suggested that the splitting may be caused by the stress generated at
the boundary between the plastic and elastic zone at the tip of the crack

propagating in the matrix.

Conclusions

For the conditions of thermal cycling and isothermal exposure examined,
the directionally solidified Co,Cr-(Cr,Co)7C3 composite shows excellent
stability, as measured by the work of fracture and peak load. Some of the
thermal treatments actually enhance toughness - to the extent that there is
a two-fold increase in the work of fracture over that of the directionally
solidified condition.

Fractography confirms a brittle fracture mode with cleavage of fibers
and matrix shearing to link up fiber breaks. The absence of fiber pull-out
or interface delamination confirms interface bond integrity. Occasional
splitting of fibers along the length causes crack diversion and is a source

of enhanced toughness.
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Figure 1.

DEFLECTION

The work of fracture specimen geometry and schematic load-
deflection traces.
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Figure 2. Microstructure of the as-grown composite: a) transverse;
b) longitudinal sections; c) fiber morphology (SEM).
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Figure 8.

Scanning electron micrographs of thermally treated composites
after deep-etching to reveal fiber morphology:

(a) 3000 cycles between 538°C and 1121°C

(b) 3057 cycles between 400°C and 1121°C

(c) 180 x 10%s at 1121°C.
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Figure 9.

(b)

Scanning electron micrographs of fracture surfaces of a

thermally cycled composite: 431 cycles between 400°C and
1121°C.
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