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ABSTRACT

The effect of elevated temperature isothermal exposure and thermal.

cycling on microscructural stability and compressive strength of the

in—situ rod—like composite Co,Cr—(Cr,Co)
7
C
3 
(Vf 0.3) has been examined.

Microstructures were characterized by optical and electron metallography,

x—ray point analysis and electron diffraction. Strength was evaluated in

compression at ambient and elevated temperatures. Changes in microstructure

with post—solidification treatments are shown to arise from a combination of

precipitation and dissolution of (Co,Cr)23C6,rounding and splitting of the

primary (Co,Cr)7C3 fibers, spheroidization of constituents and void formation

at fiber—matrix interfaces. The observed strength changes are analyzed in

terms of a dispersion—hardening model. Failure in compression below the

t L ductile to brittle transition temperature of the reinforcement occurs by

- shear in the matrix accompanied by transverse cleavage of the fibers.

- Above the ductile—to—brittle transition temperature of the reinforcing

phase both matrix and carbide exhibit plastic flow.
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Introduction

The increase in efficiency of a gas turbine engine with increasing inlet

temperatures has led to the consideration of in—situ metal matrix composites

for use as a blade material (1,2). Primary interest is vested in three

classes of eutectic alloy compositions, namely: Ni or Co alloy matrices

reinforced with a rod—like monocarbide ; Co—Cr matrix compositions reinforced

with rod—like M
7
C
3 

type carbides; y/y ’—~ consisting of Ni3
Nb (tS) lamellae and

precipitates of N1
3
A1 (y’) in the Ni alloy matrix (y). These reflect enhanced

high—temperature stiffness and strength over conventional superalloys. Recent

reviews by Lawley (3) and Stoloff (4) provide detailed comparisons of mechanical

behavior and an assessment of the current level of understanding of microstructure—

mechanical property relationships in the above systems.

Intrinsically , in—situ composites are stable at elevated temperatures,

a characteristic derived from their ~olidification under near equilibrium

conditions, coupled with low—energy interface boundaries (5). However , micro—

structural instability and attendant property changes may occur as a result of

prolonged high temperature exposure or thermal cycling excursions (6). Thus,

coarsening can take place by two—dimensional Ostwald ripening (7—9) and by

the migration and annihilation of growth faults (8,10,11). Physical and chemical

characteristics that influence the cyclic stability of eutectic composites are

thermal expansion mismatch, mutual solubility of phases with temperature ,

surface energy of the reinforcing phase, perfection of the reinforcing phase

and the existence of allotropic transformations (12). The severity of the

thermal cycle is a function of temperature range ~T, maximum temperature Tmax~
heating and cooling rates and hold time at

In several studies, the effect of thermal cycling on the tnicrostructure

and strength of monocarbide—reinforced (12,13—21) and y/y ’—~5 (12,13,22) high

temperature in—situ composites has been examined . These confirm sensitivity
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to the form of the cyclic temperature—time profile and suggest that in

general, delta—reinforced nickel alloys (y—tS , y/y ’—tS) exhibit greater stability

re thermal cycling than monocarbide—reinforced cobalt or nickel alloys. In the

latter, the carbide develops serrations during cycling and this can result in

an increase or decrease in strength depending on the alloy and cycling

conditions (14,20,21).

The purpose of the present study has been to examine the effects of iso-

thermal exposure and thermal cycling on the microstructural stability and

strength of the Co,Cr—(Cr,Co)7C3 in—situ composite. This composite is formed

by a monovariant ternary reaction and contains 30% by volume of aligned fibers

in a cobalt—rich matrix (23). The nature of the constituents suggest that the

alloy might be useful as an elevated temperature structural material; in the as—

grown condition, the composite exhibits high strength and creep resistance but

limited ductility (24). Concurrent studies by Lawley et al. on this system have

identified microstructure—property relations for toughness (25,26) and resistance

to fatigue crack propagation (27).

Experimental Procedure

A. Composite Preparation

Master alloy rods were prepared from 99.99% purity Co and Cr and

spectrographic grade C by induction melting in an aluminum crucible under

argon and casting in a stainless steel mold . The overall composition of the

alloy was Co—4lZ Cr—2.4% C by weight. Ingots 12.7 mm dia. and ‘~a25O mm in

length were then prepared by directional solidification of the master alloy

rods in high purity alumina tubes under a dynamic argon atmosphere. The

induction furnace was a modified version of the design developed by

Thompson et al. (28) and is illustrated schema~ically in Figure 1. By using

a susceptor with a conical profile and a linear spiral coil with a pancake

at the base, axial thermal gradients (G) ‘~‘1.l x l05°C/m were achieved at the

—2— 

_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _



liquid—solid interface (29). For a growth rate (R) of 5 x 10 6m/s the attendant

G/R was 220 x 10
8
°Cs/m

2. This resulted in an aligned rod—like reinforcement of

(Cr,Co)
7
C
3 
in a cobalt—rich matrix at a volume fraction Vf — 0.3.

B. Post Solidification Treatments

(a) Isothermal. Exposure

The directionally solidified bars were sectioned into 25.4 mm

lengths and sealed in quartz capsules under argon. Isothermal exposure was

carried out at temperatures of 913°C, 1121°C and 1242°C for periods up to

44 x lO5s; these correspond to matrix homologous temperatures of 0.76 T ,

0.89 1 and 0.97 1 respectively .

(b) Thermal Cycling

Thermal cycling regimes studied were: 357°C to 913°C,

746°C to 913°C and 538°C to 1121°C, up to l0~ cycles; these provided different

values of I and ~T(= T 
— I ). In addition, a hold time of 480s was

max max mm

incorporated at T and I for the 746°C to 913°C cycle, and a 3360s holdmax mm

time at I only for the 538°C to 1121°C cycle.max

Speci~ens for thermal cycling were placed in a quartz tube under flowing

argon and located along the foc~1 axis of a radiant heat reflector furnace .

Details of the thermal cycling facility , including the provision for hold times,

are given elsewhere (29). Heating and cooling curves (no hold time) for one

cycle between 357°C and 913°C and between 746°C and 913°C, are shown in

Figures 2(a) and 2(b). The corresponding curve for the 538°C to 1121°C

cycle is shown in Figure 3. Actual time—temperature profiles for thermal cyling

involving a hold—time are shown in Figures 4 and 5; the total elapsed times

per cycle were 1050s and 3690s respectively .
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C. Mechanical Testing

Mechanical testing was performed at ambient and elevated temperatures

up to 1121°C on longitudinal and transverse orientation specimens in the as—

grown condition, and following post—solidification heat—treatments . Specimens

4 x 4 mm x 8 long were sliced from the directionally solidified ingots

and each surface wet ground and polished . End faces were parallel to within

8.725 x 10~~ radians. Initial and final specimen dimensions were measured

by a precision micrometer to within 0.00127 mm .

For testing at temperatures below 913°C, the platens of the compression

facility were made from Kenneinetal alloy K68. Above this temperature , high

density recrystallized alumina was used . Specimens were induction heated using

a graphite susceptor and protected in flowing argon. Details of the facility

are given elsewhere (29).

D. Metallography

Microstructures and fracture morphologies of the composites were

characterized by a combination of optical microscopy and scanning and trans-

mission electron microscopy . For optical metallography , specimens were wet

ground through 600 grit paper, rough polished with diamond paste and given a

final vibratory polish using Linde A and B alumina. Polished surfaces were either 
-

lightly etched in aqua regia or deep etched in boiling aqua regia to partially

remove the matrix.

Scanning electron microscopy was used to examine the deep etched composites

and fracture surfaces. Constituents in the microstructures were identified by

means of energy—dispersive x—ray point analysis. Extracted fibers and precipitates

were examined in the transmission electron microscope.

—4—
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Results

A. Microstructures

(a) As-Grown

Representative optical micrographs in the transverse and

longitudinal orientations are illustrated in Figures 6(a) and 6(b). Though

aligned, the fibrous reinforcement exhibits irregularities in cross—section ,

branches and serrations. Faceting of fiber cross—sections is evident in

Figure 6(a) and is further illustrated by scanning electron microscopy after

deep etching of the matrix, Figure 6(c); this also reveals the hexagonal

symmetry of the reinforcement . Similar microstructures have been reported by

Thompson and Lemkey (23) in composites grown at a similar rate. The inter—

fiber spacing (A) was ~41.Am.

More detail on reinforcement morphology is provided from an examination

of extracted fibers, Figures 7 and 8. Representative energy—dispersive x—ray

point analysis for the matrix and fiber are shown in Figure 9. Two traces

are given for the fiber , one corresponding to the .~center of the fiber (fc)

and the other to the fiber surface (fs) in the region of the serrations. As

seen in Figure 9, the Co content is different in the two locations , being lower

in the body of the fiber than at the fiber surface.

(b) Isothermal Exposure

At 913°C precipitation occurs in the matrix, Figure 10 (a), (b)

and (c). This enhances the irregularities in cross section of the reinforcing

fibers, as seen in the longitudinal orientation micrographs. Compared to the

as—grown condition (Figure 6), the fibers are more rounded and have broken

up into shorter lengths. Following exposure at 913°C, one composite was taken

to 1121°C for 6.3 x l.a4 s. This resulted in a dissolution of the precipitate ,

Figure 10(d).
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Corresponding scanning electron tnicrographs for the three times of

exposure at 913°C are given in Figure 11. Initially the preicipitates approxi-

mate a plate—like morphology , Figure 11(a); this changes to a more cylindrical

form with secondary arms developing on the precipitates at longer times

(Figure 11(b)). Finally the precipitates become more spherical and coalesce,

Figure 11(c). These micrographs show clearly the perturbations in cross—section

and shape of the main fibers that develop as a result of the formation of the

precipitate. Transmission electron microscopy after exposure at 913°C f urther

illustrates the highly irregular surface profile of the fibers associated with

the precipitation process , Figure 12. Energy—dispersive x—ray point analyses

of the matrix , fiber and precipitate are compared in Figure 13. These show

that the precipitate is richer in Co than the main fibers.

Isothermal exposure at 1121°C and 1242°C leads to a rounding of fiber

cross—sections, cf. Figures 14 and 6(a). Precipitates do not form in the

matrix, in contrast to the response observed at 913°C, cf. Figures 14 and

10(a), (b),(c). After isothermal exposure at these high homologous temperatures ,

the fiber surfaces appear smoother than in the as—grown condition , Figure 15.

Surface irregularities (serrations) on the fibers of the type present in the

as—grown composites (Figure 8) were not observed after exposure at 1121°C or

1242°C. Changes occur in the distribution of the Co in the composite , compared

to the as—grown condition, cf. Figures 16 and 9. After isothermal exposure at

either temperature, the Co content in the body of the fibers is lowered , but

is increased in the outer regions of the fibers, i.e. adjacent to the cobalt—

rich matrix .

(c) Thermal Cycling

Thermal cycling over the range 357°C to 913°C leads to changes

in microstructure and fiber morphology . The surface irregularities characteristic 
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of the as—grown condition are intensified and this is accompanied by precipi-

tation in the matrix. Degradation of the fiber surface condition increases

with increasing numbers of thermal cycles . Examples of these changes are

given in Figures 17 and 18. The highly serrated fiber surface profile is

clearly seen after 7000 cycles in the scanning electron inicrograph of Figure 18.

Some rounding of fiber cross—sections also occurs during thermal cycling .

Energy—dispersive x—ray analysis shows that the thermal cycling gives

rise to changes in the cobalt distribution similar to those occurring during

isothermal exposure at 913°C. Thus , the precipitates have a different composi-

tion (higher Co level) than the main fibers, and the Co level in the center of

the fibers is lower than that in the outer fiber surfaces.

Microstructural changes occurring as a result of thermal cycling between

538°C and 1121°C resemble those described above for isothermal exposure at

1121°C. Thus, smooth fiber surfaces develop and there is a r~unding of the

fiber cross—sections . There is one important difference, namely that a small

amount of fine—scale precipitate develops in the matrix after thermal cycling

for ~ 5000 cycles . Energy—dispersive x—ray analysis again confirms a higher

Co level at the fiber surfaces than in the fiber interior , and that the

precipitate has a similar Co level to that at the fiber surfaces .

Thermal cycling between 746°C and 913°C with a 480s hold time at T andmax
leads to the formation of precipitates in the matrix, Figure 19. The

precipitates are roughly spherical in shape with diameters in the approximate

range 0.01Mm to 0.9Mm. Precipitation is accompanied by a general degredation

of the fiber reinforcement, as reflected in highly irregular fiber shapes!

diameters, Figures 19 and 20. Thus, serrations and necks are common features

of the carbide morphology after this regime of thermal cycling . Again , energy—

dispersive x—ray analysis confirms a higher Co level in the precipitates and

outer fiber regions than in the center of the fibers.

7
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Thermal cycling between 538°C and 1121°C with a hold time of 3360s at

I causes severe microstructural damage. This takes the form of fiber

rounding, a break up of fibers into shorter lengths of irregular diameter,

and void formation at fiber—matrix interfaces. These changes are illustrated

in Figures 21 and 22. The voids coalesce into holes several microns in

diamet.~r. Precipitates are not observed in the matrix but the Co level in

the outer fiber regions is higher than in the center of the fibers.

3. Compressive Strength

- (a) As—Grown

Typical engineering stress—engineering strain curves in

compression at room temperature for the longitudinal (stress parallel to

fibers) and transverse (stress perpendicular to fibers) orientations are

illustrated in Figure 23. The ultimate compressive strengths in the

longitudinal (aUC L~ 
and transverse 

~~ ~ T~ 
orientations are 2358 MPa and

U ,

1779 ~~a, respectively; strains to failure are in the range 0.03 to 0.04.

Temperature dependence of strength in both orientations is shown in Figure

24; in both cases there is a relatively sharp decrease in strength above

“.600°C.

(b) Isothermal Exposure

Isothermal treatment at 913°C results in a significant

increase in strength, Figure 25. From this figure it is seen tha t subsequent

treatment at 1121° C leads to a decrease in strength ; however , aU C L  is still

“.llZ higher than in the as—grown composite. In contrast to the above, only

small increases in a
Uc,L 

and aUCT are observed following isothermal exposure

at 1121°C, Figure 26.
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(c) Thermal Cycling

The two thermal cycling regimes (357°C to 913° C and 538°C

to 1121°C) without hold time promote increases in aUCL and °UCT • Strength

variations, as a function of the number of thermal cycles, are plotted in

Figures 27 and 28.

Thermal cycling between 746° C and 913°C with a hold time at T and
max

also promotes strengthening. For example, after 1000 cycles, aUCL and

are 32% and 57% higher than in the as—grown condition. In contrast ,

thermal cycling between 538°C and 1121°C with a hold time at T leads tomax

an initial increase in strength followed by a decrease, Figure 29. After

1200 cycles both an,. L 
and a ,, T are lower than the corresponding strength

levels in the as—grown condition.

C. Fracture

For all composite conditiotis examined , compression at room

temperature leads to an overall plane of fracture inclined at approximately

45° to the load axis; this applies to both orientations. Fracture is

accompanied by extensive matrix shear and transverse cleavage of the fiber

reinforcement , Figure 30. Secondary cracks are evident in the vicinity of

the fracture surfaces .

When compressive loading is applied above the ductile to brittle transition

temperature of the reinforcing fibers (~600°C) both constituents exhibit plastic

flow . Examples are given in Figure 31. The intense bands of shear give rise

to fiber buckling and fragmentation. The presence of kink bands is a further

indication of elastic fiber buckling . For deformation at 929°C, debonding

does not occur at fiber—matrix interfaces, Figure 31; this is a reflection of

the excellent bond integrity characteristic of in—situ composites . Compressive

deformation at 1121°C is accompanied by dynamic recovery in the matrix. In the

longitudinal orientation, interface delamination now occurs.

I
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Discussion

A. Microstructures

(a) As—Grown

In the as—grown condition , the composite of overall composition

Co—4 lZGr—2 .4%C is essentially quasibinary in nature wi th the conjugate solid

phases being the solid solution cobalt—rich matrix and solid solution carbide

based on Cr7_~
Co

~
C3 

(
~ K~ ) .  The pertinent section of the liquidus surface in

the Co—rich corner (23,30) is shown in Figure 32 with the alloy composition

at Eq2 . However , the observed carbide morphologies and associated energy—

dispersive x—ray diffraction traces suggest the presence of more than one

carbide. In particular, small branches are observed on the main fibers

(Figure 8) with the Co content lower in the center of the main fibers than

in these branches. Further , the outer layers of the main fibers exhibit

lower Co levels than in the interior of the fibers.

Sahm et al. (31) and K~ster and Sperner (30) have considered possible

reactions occuring during cooling of the ternary alloy. A section along

the eutectic trough (30,31) is illustrated in Figure 33; this is similar to

a more recent section reported by Perry et al.(32). In this figure the solid

lines refer to the work of Sahm et al. and the dashed lines to that of Kdster

and Sperner. There are two pseudobinary regions Eq
1 
and Eq2 located between

the ternary eutectics E
T and ET . The associated quasieutectic reactions are :
1 2

1340°C
L ~- y + Cr23 ~

C0
~
C6 
(~K~) at Eq1 (1)

1311°C
L y + Cr 7 Co C3 

(~ K~ ) at Eq 2 (2)

Koster and Sperner also proposed the ternary reaction at 5:

—10—
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1300°C
L~~ ~~ y + K ~~+ K ~ (3)

A further possible reaction at Eq 2 is:

1300°C 982° C
‘ y + K ~ ~~y + K ~~+ K  (4)

Evidence for reaction (4) has been reported by Thompson and Lemkey (23).

It is believed that this reaction occurred in the present study . As shown

in Figure 33, the solidus boundary dividing the two—phase y + K~ region

from the three—phase y +K +K~ region is extremely temperature—depeiLdent .

Depending on the exact location of this line relative to Eq2, the reaction

(4) could occur on cooling . If this is so, then in the as—grown composite,

the outer regions of the main fibers and the small branches are the

carbide while the fiber center has the composition of the K~ carbide.

(b) Post—Solidification Heat Treatment

Microstructural changes accompanying post—solidification

heat—treatment are consistent with the conclusions arrived at in the previous

section. Thus, isothermal exposure at 1121°C and 1242°C stabilizes the two—

phase y + structure. In contrast, at 913°C reaction (4) takes place and

is precipitated out into the matrix between the fibers of K~ . These

precipitates are nucleated at the f iber surfaces , grow into the matrix and

finally pinch—off from the main fiber, as illustrated in Figure 34. The

subsequent disappearance of the K~ precipitate at 1121°C after its formation

at 913°C lends credibility to reaction (4). Scarlin (33) has reported that

in this composite after 10.8 x 105s at 950°C, the M
7C3 

carb ide is completely

transformed into the M23C6 form.

I
-11-
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Similarly, those thermal cycling treatments that cause the composite

to spend a prolonged time in the approximate temperature range 760 °C to 982° C

result in the formation of the K precipitate along with and the Co—rich

matrix. Thus, composites thermally cycled between 746°C and 913°C with a hold

time at T~~~ and Tmjn undergo reaction (4). The perturbations in cross—

section left  after precipitates pinch—off are the sites for subsequent break—up

of the main fibers into shorter lengths.

The most pronounced effect of the precipitation—dissolution sequence is

seen on thermal cycling between 538°C and 1121°C with a hold time of 3.36 x lO
6s

at T .  The M23C6— type carbide is precipitated in the range 760°C to 982°C

but is dissolved during the hold time at Tmax (1121°C) .  Microvoids which

subsequently coalesce are attributed to the dissolution process. In the

case of thermal cycling without hold time, the composite spends a limited

tim~ in the critical temperature range required for precipitation and

dissolution; this gives rise to partial decomposition and a fine—scale

precipitate.

Spharoidization of the K~ precipitate and the rounding of fiber cross—

sections occur in order to minimize interphase interfacial area. Similarly,

after  fibers break up into shorter leng ths these become more rounded under

the driving force of interface surface energy; this is seen clearly in the

longitudinal section micrographs of Figures 10, 19 and 21.

Growth of the branches out from the main fibers into the matrix, as a

first step in the formation of K~ , will have the effect of increasing the

fiber density. Thus, in transverse cross—sections, the number of fibers per

unit area will increase. A more subtle manifestation of microstructural

change accompanying either form of post—solidification heat treatment is

fiber splitting. Fiber cross—sections in the as—grown condition are highly

irregular (Figure 6a) with reentrant angles and on isothermal exposure

—12—
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I
or thermal cycling, some of these fibers break up or split longitudinally .

The effect is best seen in scanning electron micrographs of deep—etched

specimens, for example Figures 15, 22 and 35. This phenomenon, which

increases fiber density, occurs whether or not the conditions of isothermal

exposure or thermal cycling promote formation of the precipitate.

The various changes in microsrructure brought about by the different

regimes of isothermal exposure and thermal cycling are summarized in Table I.

Associated strength modifications are also included.

B. Strength and Microstructure

Room temperature strength levels at fracture in the as—grown

condition are higher than those reported by Thompson at al. (24) and Koss

and Copley (34). is 2358 MPa compared to 1894 MPa, and aU C T  is

1779 ~ ‘a compared to 1357 MPa. Since growth rates were similar the difference

is attributed to the higher thermal gradient (and hence G!R) achieved during

directional solidification in the present study.

For failure by buckling in the ‘shear—mode ’ of a composite consisting of

elastic fibers and plastic matrix, aUCL is given by (35):

[Vf E f a ]1/2
GUCL L3 1_v f i

where

— ultimate compressive strength of the composite

Vf 
= volume fraction of reinforcement

Ef 
modulus of elasticity of the fiber

yield strength of the matrix.

Using experimentally determined values for the elastic modulus of the

fiber (Ef — 29.6 x lO
4MPa, (24)] and for the yield stress of the matrix

151.6 ~~a, (36)], and with Vf 0.3, equation (5) gives:

-13-
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This is within 7% of the measured value of 2358 NPa in the as—grown

condition. The sharp drop in compressive strength at temperatures ~600°C

is the result of plastic deformation of the reinforcing phase above the

ductile—to—brittle transition temperature.

The changes in compressive strength caused by isothermal exposure or

thermal cycling are now considered in light of the accompanying composite

microatructure. Precipitation of the K~ carbide in the matrix is expected

to increase strength since matrix dislocation motion will be impeded. -

The extent of the effect will be a function of the shape and degree of

coherency of the precipitate. Similarly fiber splitting, with an associated

increase in fiber density, should enhance strength. Fiber break—up into shorter

lengths and the accompanying spheroidization will decrease strength relative

to the as—grown condition since the reinforcement is no longer continuous .

Microvoids associated with the dissolution of K~ during thermal cycling will

also cause a strength decrease. A further effect arises from the allotropic

transformation of the Co—rich matrix at “.820°C with an accompanying increase

in the concentration of point defects.

For incoherent precipitates , the Orowan—Ashby model of dispersion

hardening (37) gives a strength increment Aadh of :

0 .l3bG

~~dh — 

m £ n ( ~-) (5)
p.

where b Burgers vector

r — precipitate (~K) radius 
- .

L — spacing between precipitates

C shear modulus. -~~

-14- 
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For the isothermal and thermal cycling treatments which promote precipitation

of K~, accompanying strength increases are in the range 500
:
750 )2a. In terms

of equation (5), this would require values of I ~200A — 300A (0.02km — 0.O3um).

A detailed transmission electron microscope examination would be required to

° °establish I (and r); however, the calculated I, in the range 200A — 300A,

seems reasonable.

Quantitatively, the effect of fiber splitting on strength can be

analyzed by means of a modified Rall—Petch model (38,39). Assuming that

the fibers in the composite act as barriers to slip analogous to grain

boundaries, the grain diameter in the Rall—Petch equation is replaced by

the average interfiber spacing ~~~. Any decrease in ~ as a result of fiber

splitting will lead to a strength increase. It was not the intent in this

study to make a detailed evaluation of A as a function of post—solidification

heat—treatment. However, in a concurrent study (40), the normal pattern of

fiber coarsening (with an accompanying increase in A) was observed so that

this would outweigh any local—scale decreases in A due to fiber splitting.

It can therefore be concluded that small, if any, increases in strength are

attributable to fiber splitting. The average strength decrement due to

longitudinal fiber break—up is also difficult to calculate.

Conclusions

1 • Significant changes in composite microstructure can accompany elevated—

temperature isothermal exposure and thermal cycling in (Co,Cr)—(Co,Cr)7C3.

2. Changes in strength are caused by: precipitation and dissolution of

in the cobalt—base matrix, fiber rounding and splitting, spheroidization

of K~ and/or the primary reinforcing phase K~ and void formation at matrix—

fiber interfaces.

—15—



3. The Orovan—Aahby mode], of dispersion hardening provides a reasonable

estimate of the observed strength enhancement due to the presence of

carbide precipitates .

4. Below the ductile— to—brittle temperature of the reinforcing phase,

comp ressive loading promotes ductile shear of the matrix and transverse

cleavage of fibers; failure occurs via the in—phase buckling mode.

5. Above the ductile—to—brittle temperature both matrix and reinforcement 
-

deform plastically; shear bands and fiber break—up accompany fiber J

buckling. -

J

-i

Il
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(a) (b)

(e)

Pigure 6. (a) Transverse, (b) longitudinal section optical n~icrographs
and (c) SEM of as—grown composite.
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Figure 9. Energy—dispersive x—ray point analysis of
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Figure 10(b) Optical micrographs of transverse and longitudinal sections
after 2.83 x 106s at 913°C.
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(a) (b)

1 ~im

(c)

Figure 11. SEN showing precipitates in the matrix between fibers after
exposure at 913°C; (a) 1.44 x U~

6s, (b) 2.88 x io6s,
(c) 4.41 x 106s.
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Figure 12. TEM showing fiber morpho 1o~ y af ter  exposure
of composite for 4.41 x lOb s at 913°C.
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Figure 13. Energy—dispersi~e x—ray point analysis of composite

after 2.88 x 10 8 at 913°C.
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Figure 14. Transverse orientation optical micrograph after
3.6 x 1O~s at 1242°C.
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Figure 15. Scanning electron micrographs of composites after exposure at
1121°C; deep etched . (a) 2.7 x io6s, (b) 3.3 x iO6~ .
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Figure 16. Energy—dispersive x—ray point analysis of composite after
3.6 x 10 s at 1242° c.
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Figure 21. Optical micrographs after 1000 cycles between 538°C and 1121°C
with a 3360s hold t ime at T . (a) Transverse, (b) longitudinal
sections. x
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Figure 22. SEN after 1000 cycles between 538°C and 1121°C with a 336Os hold
time at T ; deep matrix etch.sax
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Figure 17. Longitudinal section Figure 18. SEM after 7000 cycles
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i~ 11 IV I
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Figure 23. Compressive engineering stress—engineering strain curves
at room temperature .
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Figure 29. Ultimate compressive strength as a function of thermal
cycling between 538°C and 1121°C with a 3300s hold time
atT -max

(a) (b)

Figu re 30. SEM of transverse orientation fracture  surfaces a f t e r  compressive
loading to  failure at room temperature. (a) matrix shearing!
dimples , i04 cycles between 357° c and 913°C; (b) transverse fiber
cleavage , isothermal exposure at 1121°C.
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Figure 31. Compressive deforma t ion ( longi tud inal or ienta t ion)  at 929 °C.
(a) as—grown ; (b) after thermal cycling .
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Figure 34. Schematic to illustrate sequence involved in the formation of the
- carbide precipita te f rom the main K~ carbide f iber .
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I [cure 35. Scanning elcctron micrographs after the.~ma1 cycling between
538°C and 1121°C; 250 cycles , deep matrix eich.
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20. Abstract (Continued)

~fibers , spheroidization of constituents and void formation at fiber—matrix
interfaces. The observed streng th changes are analyzed in terms of a
dispersion—hardening model . Failure in compression below the ductile to
brittle transition temperature of the reinforcement occurs by shear in the

• matrix accompanied by transverse cleavage of the fibers . Above the ductile—
to—brittle transition temperature of the reinforcing phase both matrix and
carbide exhibit plastic flow.
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