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ABSTRACT

Work of fracture in the Co ,Cr—(Cr ,Co)
7
C
3 

in—situ composite has been

determined at room temperature in the as—grown condition and following post—

solidification isothermal exposure or thermal cycling . Toughness is low in

the as—grown condition and is attributed to restricted matrix slip and a low

stacking fault energy in the cobalt—rich matrix coupled with the absence of

crack deflection and matrix—interface delamination. In general, the heat—

treatments did not lead to any major deterioration in toughness , ra ther in some

cases toughness was enhanced by a factor of about two over that in the as—grown

composite . Changes in toughness after isothermal exposure are attributed to

microstructural changes involving degeneration of the (Cr,Co)7C
3 

into a

precip ita te of (Cr ,Co) 23C6 and to f iber coarsening with an attendant increase

in interfiber spacing and fiber diameter . In thermal cycling , thermal fatigue

and fiber degradation are superimposed on degeneration and coarsening . A model

• based on thermal residual stresses and strains resulting from therma l expansion

mismatch of matrix and fiber has been developed ; experimental results for the

two cycling regimes examined are in good agreement with the model. The

iocrease in toughness is proportional to the temperature range of the cycle

and cycles involving long times above the matrix relaxa tion tempera ture lead

to creep/recovery of the matrix accompanied by a decrease in toughness .
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Introduction

The high temperature stiffness and strength of several nickel and cobalt

rnarrix in—situ composites suggest usage as a blade material in gas turbines .

Apart from response to static stress , resistance to dynamic loading is

important. In particular , res istance to impac t damage is of major  concern

for structural design and there are now several in—situ eutectic alloys for

which toughness data are available . Recent reviews by Lawley (1), Stoloff  (2)

and Jackson et al. (3) compare the various in—situ systems and assess the

current level of understanding of toughuess—microstructure relations .

Sources of toughness in metal—matrIx composites include the matrix per Se,

crack deflection and/or delamination at interfaces and fiber pull—out. The

high aspect ratio and interface bond integrity characteristic of many in—situ

composites places a premium on the contribution of the matrix if reasonable

toughness is to be realized . Other factors affecting toughness are

temperature (4), fiber orientation relative to the direction of crack

propagation (5,6) and fiber diameter (5,6,7).

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

characteristic derived from their solidification under near equilibrium

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

structural instability with attendant property changes may occur as a result

of prolonged high temperature exposure or thermal cycling . Both reflect

possible in—service conditions . At a high homologous tempera ture , two

dimensional coarsening is a factor (8) while under thermal cycling , the temper—

attire range, cycle frequency , thermal expans ion misma tch , mutual solubility

and phase stability of the co—existing constituents are of primary

importance (9—16).
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In the present study, the room temperature toughness of the in—situ

Co,Cr— (Cr ,Co)7C3 composite has been evaluated in the as—grown condition

and following isothermal exposure or thermal cycling treatments. The

eutectic is formed by a monovariant ternary reaction and contains 30Z by

volume of the aligned fibrous carbide in a cobalt—rich matrix (17). The

nature of the constituents suggest that the alloy might be useful as an

elevated temperature structural material; the composite exhibits high strength

and creep resistance and good corrosion/oxidation resistance but limited

ductility (18). Preliminary work on this system has confirmed changes in

toughness with thermal treatment and these have tentatively been explained

in terms of the interplay of residual stress relaxation and fiber degradation (19).

The work reported here has been extended to include a detailed examination and

analysis of the toughness—microstructure relation in Co~Cr—(Cr,Co)7C3.

Experimental Procedure

A. Composite Preparation

Master alloy rods were prepared from 99..99% puri ty cobalt and chromium

and spectrographic grade carbon by induction melting in an alumina crucible under

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

alloy was Co—41%Cr—2.4%C by weight. Ingots 9.525 mm diameter and “200 mm

in length were then prepared by directional solidification of the master alloy

rods in closed alumina tubes under a dynamic argon atmosphere. The induction

furnace was similar to that used by Thompson et al. (20) and has been described by

Saatchi (21). The growth rate (R) was 7 x io
_6 

rn/s with a temperature gradient

(C) “p25 x 103°C/m at the liquid—solid interface of the composite. One ingot

was directionally solidified at a higher growth rate (R) of 47.6 x 10 6 
mi’s.

The corresponding G/R values at the two growth rates (35 x 10 °C s/rn and

5.3 x 108 C s/rn2, respectively) resulted in an aligned rod—like reinforcement

—2—
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of (Cr ,Co)

7
C
3 
in a cobalt—rich matrix at a volume fracture Vf 

— 0.3 .

B. Post—Solidification Treatments

The directionally solidified ingots were subsequently given one of

four regimes of thermal treatment : (1) isothermal exposure at 913°C (T/Tm

0.75) for times up to 26.78 x lO5s; (2) isothermal exposure at 1121°C (T/T

0.87) for times up to 25.9 x 105s; (3) thermal cycling between 79°C and 913°C

up to 1750 cycles; (4) thermal cycling between 79°C and 1121°C up to 2500 cycles.

These are shown schematically in Figure 1. The times per cycle (T to T tomm wax

T~~~) were 1250 s (60 s heating/1190 s cooling) and 1700 s (200 s heating/l500 S

cooling) for thermal cycling regimes (3) and (4) respectively .

The ingots were cut into lengths of approximately 30 mm using a diamond

slitting wheel. For isothermal annealing, the ingots were sealed in quartz

capsules under argon. Specimens for thermal cycling were placed in a quartz

• tube under flowing argon and located along the focal axis of a radiant heat

reflector furnace. The latter consisted of two quartz lamps with a heating

zone 254 mm in length. A temperature controller and recorder were coupled

to the furnace so that T and T could be preset to ±2°C.mm max

C. Work of Fracture Determination

To determine the work of fracture, the technique and specimen configura-

tion developed by Tattersall and Tappin (22) was used. Specimens are illustrated

in Figure 2; they were precision ground to a square cross—section (6.35 em x

6.35 mis) and cut to a length of 28.5 mm. The ligament at the center , in the

shape of an isosceles triangle, was made with a 0.76 mm wide diamond slitting

wheel. 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

—3—
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I
of the standard Charpy test. A cross—head speed of 8 x 10 4rnm/s was imposed

on the three—point loading fixture.

All specimens were oriented such that the carbide fiber reinforcement ran

perpendicular to the plane of the triangular ligament section. The form of the

load—deflection trace is shown schematically in Figure 2. Average values of

the work of fracture (J/m 2) were determined as the ratio of the area tinder

the load—deflection curve to the nominal area of the triangular ligament.

D. Metallography

Microstructures were examined optically and in the scanning electron

microscope (SEM) in the as—grown condition , after each of the four heat—treatments ,

and following work of fracture testing. For optical metallography, specimens were

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

final polish using Linde A and B aluminum oxide powder. Polished surfaces were

lightly etched in aqua regia. Some specimens were also deep etched in boiling

aqua regia to partially remove the matrix and reveal carbide morphology by SEN.

Fracture surfaces were also examined directly by SEN.

Experimental Results and Observations

A. Microstructures

Representative optical micrographs of the composite in the as—grown

condition are illustrated in Figure 3; transverse and longitudinal sections

are included for both growth rates employed. SEN provides a three—dimensional

characterization of the carbide—fiber morphology , Figures 3(e) and 3(f).

Consistent with previous observations on this composite (17), the aligned

fibrous carbide reinforcement is highly irregular in terms of cross—sectional

dimensions and geometry . Carbide branching is evident and the aspect ratio

varies over a wide range. Faceting of fiber cross—sections is evident in

Figures 3(a), 3(c), 3(e) and 3(f). This reflects the hexagonal symmetry of the

—4—
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carbide fibers (17). The interfiber spacing (A) was determined statistically and

found to vary about a mean of 3.53pm fcr a growth rate of 7 x l0 3mm .s~~~. At the

higher growth rate of 47.6 x l0 3
mm.s~~ , ~ was l.5~m.

The effect of isothermal exposure and thermal cycling on the microstructure

of Co,Cr— (Cr,Co)7C3 is considered for each of the four post—heat treatments in

turn:

(1) During isothermal exposure at 913°C, small fiber branches develop

on the main carbide fibers and grow out into the matrix. These have

been observed after 25.9 x ~~~~ The number of branches increases

with time and subsequently these break up into discrete precipitates ,

approximately spherical in shape which coarsen on further exposure.

Degradation of the main fibers,in terms of gross non—uniformity in

diameter, is seen after 26.78 x 105s. This sequence of changes in

composite microstructure is illustrated in Figures 4 and 5. Energy

dispersive analysis (21) confirms that the precipitates are (Cr,Co)23C6,

consistent with previous work by Thompson et al. (17) on this composite

system and observations by Lane and Grant (23) on the stability of

Cr7C3. Thus, at 913°C the composite consists of (Cr,Co)23C6 
precipitates

and (Cr,Co)7C3 fibers in a cobalt rich matrix.

(2) There is no evidence for branching, precipitation or fiber degradation

at 1121°C for times up to 25.92 x 105s. However, microstructural

instability is reflected in a coarsening of the (Cr ,Co)7C3 carbide

reinforcement with an associated decrease in rod density (# of rods

per unit area). The effect is more pronounced in composites grown

at the higher rate (47.6 x l0~~ mm/s) since fiber diameter and inter—

fiber spacing in the as—grown condition are smaller than for the •

lower growth rate (7 x l0~~ minis). Representative fiber morphologies
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are illustrated in Figure 6 and the change in rod density (N) with time

for each growth rate in Figure 7. Values of N were calculated

from the interfiber spacing (A) by assuming a hexagonal carbide

distribution in the matrix in which case:

(1)

Values of A and N and the standard deviation of each are

summarized in Table I.

(3) and (4) Fiber braching , similar to that occurring at 913°C,is

observed f or both thermal cycling regimes. There is no accompanying

fiber degradation up to 1792 cycles between 79°C and 913°C. In

contrast, thermal cycling between 93°C and 1121°C does promote fiber

degradation. Changes in fiber morphology for the two regimes of

thermal cycling are shown in Figures 8 and 9. Since fiber branching

did not develop at 1121°C, the composite must spend sufficient time

in the vicinity of 913°C (during each heating/cooling cycle between

79°C and 1121°C) to allow branching and fiber degeneration to occur.

B. Work of Frac ture

In the as—grown condition , the average work of fracture at room

temperature is 14.7 KJ/m2, with peak loads ~2670N . These are in good agreement

with values reported by Thompson (6) for this composite using a similar test—

piece configuration and fiber orientation .

Most of the load—deflection traces approximated the profile shown

schematically on the left hand side of Figure 2. Thus, fracture begins

when the load reaches F1 ,  after which the load drop to zero is almost

instantaneous, corresponding to catastrophic crack growth . A few specimens

_
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gave load—deflection traces with a small ‘tail’ , as shown schematically on

the right hand side of Figure 2. The extent of the tail was in the range

5—10% of the total area under the load—displacement curve ; this corresponds

to a component of slower or more—controlled crack growth in the final stages

of fracture.

The dependence of work of fracture and peak load on isothermal exposure

at 913°C and 1121°C is shown in Figures 10 and 11 respectively. While consider-

able scatter exists, particularly following exposure at 913°C, it is concluded

that toughness is not impaired for times up to 25 x 106s. On the contrary, the

data suggest an improvement in work of fracture relative to that of the as—grown

material. The composites exposed at 913°C experience an increase in Gf and

which peak after “45 x lO5s. At 1121°C, Gf and P~, increase with exposure times

up ‘~..l0 x l0~s, after which both parameters stay relatively constant at a level

above that of the as—grown material, Figure 11. A similar response is noted

for both growth speeds examined.

The work of fracture of the composite after thermal cycling between 79°C

and 913°C is shown in Figure 12, and between 79°C and 1121°C in Figure 13.

For both regimes there is a significant increase in both Gf and P1 up to a

maximum at about 500 cycles; this is followed by a decrease in the two

parameters for higher numbers of cycles . Figure 12 shows that after 1742

cycles (79°C — 913°C), Cf and P1 exceed the levels of the as—grown material.

Over the 79°C — 1121°C range, Gf after 2500 cycles (10.9 kJfm
2) is lower than

that in the as—grown condition (14.7 kJ/m2), Figure 13.

Load—deflection traces following isothermal exposure or thermal cycling

typically showed a rapid load drop to zero from P
1
. In the few specimens

exhibiting a ‘tail’, the contribution to the total area under the load—

deflec tion curve was small (‘~.5—l0%) i.e. similar to that noted in the as—grown

condition . No significant or systematic differences could be established between

-7-
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the extent of the ‘tail’ and the associated post—solidification heat—

treat~~nt.

C. Fracture Morphology

On a macroscopic scale , the fracture surfaces from test pieces

displaying an abrupt load drop from P 1 (i.e. no tail) were relatively flat.

This was true in the as—grown material and for each of the four heat—treatments.

A typical fracture surface profile for an as—grown composite is shown in

Figure 17(a). The fracture surface profile characteristic of the few specimens

exhibiting a ‘tail’ on the load—deflection trace is seen in Figure 17(b).

Representative micrographs (SEll) of the flat fracture surfaces are

illustrated in Figure 18. Fibers always fail by cleavage and the matrix

shears locally to link up the fiber breaks , Figure 18(a). There was no

evicence of delamination at matrix—fiber interfaces or of fiber pull—out .

Occasionally, splitting of the fibers in the longitudinal direction was

observed , Figure 18(b).

Discussi~on

A. Work of Fracture — As—Grown Condition

The form of the load—deflection traces and the associated flat

fracture surfaces reflect low inherent toughness in the Co ,Cr—(Cr ,Co)7C3

in—situ composite at ambient temperatures . Jackson et al. (3) have compared

the room temperature Impact energies of several nickel and cobalt—base aligned

eutectics and that of Rend 80. The comparison is given in Table II along with

the work of fracture data from the present study . Tattersall and Tappin (22)

have shown that for a given material , the Charpy V—notch test gives an impact

energy about one order of magnitude higher than that determined by the work

—8—
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of trJcture method . Th.s is due to the energy expended on vibration and in

imparting kinetic encr ,y to the fractured p ieces in the Charpy test. Even

allowing for this effec t it Is clear that t h e  toughness of the Co ,Cr— (Cr ,Co)7
C
3

- - 
composite is lower than that of the other in—situ composites listed in Table II.

In a parallel study (24) uf the fatigue crack response of Co ,Cr— (Cr ,Co)7
C
3

at room temperature , it has been shown tha t fracture toughness is low, and

inferior to that of rod—like C0TaC and larnellar y / y ’— 5 or y — 5 .  The low f r ac ture

toughness was rationalized in terms of three contributing f actors , and each will

also contribute to a low work of fracture:

(1) The cobalt—rich matrix is expected to have a low stacking fault

energy. In consequence dislocations are confined to their slip

planes , giving rise to planar slip and to stress concentrations which

lead to matrix cracking along these planes . These conditions are

cond ucive to f iber  shear ing , as observed in this study.

(2 )  At room temperature , the cobalt—rich matrix has a hexagonal close—

packed structure with a limited number of operative slip sys tems .

This coup led with a low stack ing fault energy promotes stress

concentration at the crack tip .

(3) The interfacial matrix—carbide bond in the Co ,Cr— (Cr ,Co)
7
C
3 
composite

is strong . This is confirmed b y a lack of fiber pull—out or interface

delamination in this and a prev ious impac t study (19) and under static

(21) and fatigue (24) loading . In contrast , crack def lec tion and

delmaina tion occur in lamellar y/ y ’— S (25), and interface delamination

and deformation twinning of the ~ phase in lamellar y— S with subsequent

twin boundary fracture (26). Each of the above mechanisms is absent

in Co ,Cr—(Cr ,Co)
7
C
3 

and theref ore cann ot con tribu te to toughness.

—9—
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The absence ~ L an ettoct ef g r o w t h  r a t e  (and hence  f iber diameter) on work

of f r a c t u r e  in the  as—grown c on di t  ion is ev iden t  f rom F igure  11 and is i t

va r iance  w i t h  Thompson ’ s r e s u lr .s en t h i s  compos i te  (h)  . While no exp lana t ion

is o f f e r e d , i t  should be noted tha t in th  - l a t t e r  s t u d y  the d i f f e r e n c e  in work

of f r ac tu re  w i t h  f iber diameter wa.~, s m a l l :  15.1 k.J /m~ at  3 . 9~im d i am e t e r  and

13 .5  k.J/m at L . 4~ m diameter. A lso , the  f iber d i ame te r s  in the present  s tudy

were smaller (2.03tim and O.86~im) than those in Thompson ’s m a t e r i a l .

B. Work of Fracture — E f f e c t  of Heat—Tr :atment

(a)  isothermal Exposure

I so thermal  exposure at  913° c r e su l t s  in the  deve lopmen t of

branches of (C r , C o) , 3 C6 on the main  (Cr , Co)
7 C 3 f i b e r s  and the branches

subsequent ly  break up in to  d i s c re te  p r e c i p i t a t e s , Figure -~~~. Saatch i  ( 2 1 )  has

shown t ha t  this  change ~in the microstructure of the composite is accompanied

by an inc rease in s t r e n g t h  as a r e su l t  of the dispers ion  ha rden ing  e f f e c t  of

the  incoherent  p r e c i p i t a t e s  in the  c o b a L t — r i c h  ma t r i x . In the con t ex t  of the

work of f r a c t u re test , this is manifest as an increase in peak Load and

hence in a large r area under  the  load—disp lacement  curve .

L I t  is also possible t ha t  the  ~ r eci p i t at e s of (C r .Co) . , 3C ( a c t  to  l~~t - a l 1y

d e f l e c t  the crack , t hereby i n c r eas in g  toughness .  T h e  r ecen t  o b s e r vat i o n s  h\

S c a rl in  (27 )  on creep crack p ropaga t ion  in this composite are pertinent. Thus ,

the  (Cr ,Co) 23 C6 p rec ip i t a t e  develops in bands (rings) around the remaining

(Cr ,Co) 7 C 3 f i b e r s  and the  creep crack Is d e f l e c t e d  a t , and p ropaga te s  f o r  s h o r t

d i s tances  a long ,  the  hands ( i . e . ,  p a r a l l e l to the  d i r ec t i o n  of r e i n fo r c e m en t )

b e f o r e  con t inu ing  in .i d i r ec t  io n pe r pe n d icu lar to t he app l ied st r oss .

-10-
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The subsequent decreases In and P
1 

af ter exposure times 15 x

are possib ly due to the coarsening of the (Cr ,Co) ,3C6 precipi tates — with an

accompanying decrease in strength , and hence peak Load . Relaxation of m at r i x

stresses , e i t h e r  by matrix recovery or creep may also he a contributing factor

to the decrease in work of f r a c t u r e  t o l l e w i n g  long—t ime  exposure at 913° C.

I so the rmal  exposure a t  1121 ° C does not  lead to p r e c i p i t a t i o n  01. (Cr ,Co),3C6
.

Howeve r , microstructural change is reflected in a coarsening of the  rod—l ike

(Co , Cr ) 7 C 3 r e i nfor c e n en t , F igure  7 .  I t  is t h e r e f o r e  reasonab le to assoc i a t e

the  observed increase  in work of f r a c t u r e  (Fi gure 11) w i t h  the  increase in

f i b e r  d i amete r  and/or interfiber spacing. Cooper and Kelly (28) have proposed

a mode l f o r  crack p r o p a g a t i o n  in composi tes  w h i c h  p r e d i c t s  a linear dependence

ot work of f r a c t u r e  on fibe r diameter. With the s i m p L i f y i n g  assumption that

the carbide  rods are c y l i n d r i c a l  and are distributed uniformly in the  m a t r i x

in a hexagona L a r r a y :

~~~~~~~~~ ~~ 
~~~~~~~~~~~~~~ 

(~~)

where d is the f i b e r  d iamete r .  Using equa t i on  (2 )  w i t h  V f — 0 . 3 , the f iber

d iameters  cor responding  to the ex p e r i m e n t a L ly  d e t e r m i n e d  values of \ (Tab Le I )

in the as—grown c o n d i t i o n  ( i . e . ,  A — 3.53h1m for R = 7 x lO b m / s ;  \ L.Spm

f o r  R 4 7 . 6  x 10 6in/s )  are 2. O3 ij m and 0 .S6 ij n , r e spec t i ve ly . A f t e r  exposure

at 1121°C fo r  2 5 . 9 2  x 105s , the corresponding fiber diameters (equation (2))

ire 4 . 23~ m and 2. 18~ m.

There is an Inconsis tency in the data  in F I g u r e  11 in t h a t  for  a l l  exposure

t imes , the composite grown at the Lower rate (7 a 10 3mm / s )  possessed larger

d i a m e t e r  f i b e r s  than the  composi te  grown at  -~7 . 6  x LO 3m m/ s .  h owever , the  l at t e r

aaterial ex h i b i t ed  the  h i g h e r  work of f r a c t u r e  fo r  a g iven  t ime of exposure  I t

1121° C. An e x p lan a t i o n  fo r  t h i s  i s  not  r ead i ly  a p p a r e n t .

— 11—
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( b )  Thierma l Cvc h ii~~

Both the rma l cycling re~~i i-ies ~~i v & ’  r i s e  t o  1n i n i t i a l

inc r t i se in g and P with a pe ik in each it  “~500 c vc Ic s , F i gures 1 2 and 13

flt is v a r i at i o n  ot  the  work of f r a c t u r e  can be u n d e r s t o o d  in terms of  t h e r m a l

r e s i d u a l  s t resses  and mic r o s t r u c t u r a l  change  accompany lug therma l cvc Lin g .

I f  the  therma l expansion c o e f t i c i e n t s  (o )  of t he  two c o n s t i t uen t s  in a

comp o s i t e  are not equa l , ax i a l  i n t e rna l  stresses w i l l  develop on the rm a l

cy c l i n g . The e l a s t i c  s tresses are  p r o p o r t i o n a l  to the produc t of the

~ x p a ns i o n  mi sma tch  Aa and t h e  t e m per a t u r e  i n t e r va l A T .  In Co , C r —  Wr

~n l t  r i x )  is l a r g e r  than a (c;irhide) and the res idua 1 st ress. s I r e  c m p  r oss  ivo in

the ca r b i d e  and t e n s i l e  in the m a t r i x .

F - r  elast ic strains , and is an approxima t Ion for sina i I p l 5 t s t  ic s t r a i n s.

the axial r e s idua l st resses in the ma t r i x  
~
‘°m~ ~~~ I iber ( 

~~~ 

ire ~ i v en  1w U

2 9 ) :
(E E V A n ) d T

r u t  Ion ( E - V 5 + E V 
U)

T m m
1

(E E X  ~e)dT
m t m

= 
( E S V S  + E V )

I I in in

I

w her e  E , V and a a r e  Young ’s m o d u l u s , volume f r i c  t ion and therma l exp.lus ion

coe f f i c i e n t  r e s p e c t i v e l y ,  T 1 and T , are the  t empe ra tu r e  l i m i t s  ~ I t h e  i n t e g r a t i o n ,

in and f refer to the matrix and f i b e r  re in fo rcemen t  r e s p e c t i v ely . S i m i l a r l y , the

.ix iu l residual strains assoc iated with ~n are  g iven b y :

T 2 (E
f

V
1
M) d F

t 0 
— 

( E , V , s -  E \ ’ ) ~- ~~~

T I 
~~~

— 1 2 —

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ - - _________ _ .. ~~ - - -~~~~
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I
I~ 

I ~T 1 (E V ~a)  dT
C f 

= 
n m  

+ E V ) (6)
j , 1. f f  m m

1

From the literature , the temperature dependence of E , Ef~ 
a and a~, can

calculated (Appendix I). These parameters (as a function of T) were suhsti~ ut -g

into equations (3) through (6) with V
f 

= 0.301. An exact solution was developed

for the above integrals and a computer program used to c~ 1culate 0m ’ 0f’ tm ’ and

as a function of temperature . The temperature limits are T
1 

293 ° K and

= the relaxation temperature above which residual stresses are re laxed by

matrix creep, i.e., a = cY.
f
. T.) l033° K for the Co ,Cr—(Cr ,Co)7C3 

in—situ

composite (4,30) .

Results of the computations are given in Figure 14. T
1 
and T., are the same

for both thermal cycling regimes; in consequence , the ma t r ix  and f i b e r  stresses

and strains are identical for either regime at a given temperature between

and T 2 . In combination , Figures 1 and 14 give the residual mat -ix strains as a

function of t ime in both thermal cycling regimes. These are shown in Figure 15.

It is proposed that the strain cycling occurring in the composite leads to

f a t igue hardening wi th  an accompanying increase in s t r e n g t h .  The increase in

P~ gives a higher work of fracture Gf since the area under the load—deflection

curve is increased . According to the model , the temperature dependence of the

matrix strain is the same for both thermal cycling ranges so that the magnitude/

increase in Gf should be identical in each. Comparison of Figures 12 and 13 show

this to be the case. G
f reaches a peak value “p28 kJ / rn after 530 cycles for

cycling regime III and after 540 cycles for cycling regime IV.

This model can also account for the subsequent decrease in as a result of

matrix creep or recovery . The time spent by the composite above the r e l a x a t io n

tempera tu re  dur ing  each cycle may be though t  of as an ‘apparent  hold  t ime ” , i . e . ,

the time available for relaxation of the matrix by creep or recovery . From

-13-
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~-~urc U, t~ ic app ar . : i L  ho ld time s are o4s and 207s for cy c l i n g  reg imes  ~1L and

I V  r e s p e c t i v e l y .  It is therefore predicted that the decrease in Cf 
beyond th e

‘~~‘ - i ~~ - ;h e t i l d  ~c - d i t r ~’ r  and l a rger  fo r  reg ime IV than  ~or regime I I I .  This ~s seen

t o  c c - O~~ c , - - . ~~arcs 12 and 13.

the 1 04cr  t ~r~c i t  h t ~~iic r  t e m p e r a t u r e s  in regime IV should enhance f i b e r

d e gr a d a t i o n . Evidence f o r  t h i s  is prov ided in Figures  8 and 9. While no

tihe r :... r i d i i  ion ~a -~ observed under regime li t for up to 1742 cyc les , some

i ii -
~ * —  ~v tdcnt -irluo r reg ime IV after 1143 c d e s  and cons ide r ab l e

t o  4r 10.1! ~~~~ i or  2 505 cvc les

rhe o t t o  ot ot h e r  cy c l i n g  reg imes  on wcrk  of fracture in this composite

~t O V  ~~~ ir t ‘
~~~ r - . A p p r L  r - ’ r the  m o d e l .  Lin et a l .  (19) imposed cyc les w i t h  a

1 o . .~~ :iu. : t emper  i t  -ire (1121 °C) but with minimum temperatures of 80°C, 400° C

and ~~~~~~ i t a  -~a~ repor ted  in terms of the  normal ized  work  of f r a c t u r e  D f .

~e I i n e d  .15 t O e  : , t L  ot  G
f after thermal cycling to Cf in the as—grown composite.

~~ shcwn i s  a func t ion of number of  cycles in Figure  l~~.

In  t h e  mode l , therma l residua l stresses and s t r a ins  are  propor tional  to

the ~I of th~ cycle . Since the maximum temperature was 1121°C in each re gime ,

the residual stresses and strains , and their effect on D f .  should be hi gher

for the lower minimum temperature . The data in Figure  16 show th is  to be the

case.

Also included in Figure 16 are Df values for cycl ing between 400° C and 1121°C

with a hold time of 3600 s at 1121°C. The small peak in Cf f ollowed by a

significant drop in C
f is consistent with the concept of m a t r i x  creep on

recovery plus fiber degradation taking place during the holding period at 1121 °C.

The implications of s t ructural  change on toughness are now considered . The

e f f e c t s  of the degeneration of (Cr ,Co) 7C3 ( i . e . ,  branching) and of f iber

degradation will be superimposed on the thermal residual  stress mechanism .

—14—
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While both cycling regimes III  and IV give rise to the degeneration reaction

(Figures 8 and 9), fiber degradation is restricted to cycling regime IV.

Fiber branching and formation of the (Cr,Co)23C6 precip itate cause an

increase in strength but fiber degradation lowers composite strength. Thus

these factors work in opposition in their effect on the work of fracture but

to an unknown extent.

In a number of mon ocarbide—reinforced in—situ  composites , the carbide

has been shown to develop surface serrations during thermal cycling (14—16).

These cam result in either an increase or decrease in strength depending on

the alloy and cycling conditions . No evidence for surface serrations on the

carbide was found in the Co ,Cr—(Cr ,Co)
7
C
3 

in—situ composite as a result of

thermal cycling .

Conclusions

1. Isothermal exposure at 913°C leads to an increase in the room temperature

levels of Cf and P~ (compared to the as—grown condition) up to a peak at

x lO5s, beyond which both parameters decrease. These changes are

attributed to a degeneration reaction of the (Cr,Co)7C3 carbide . Micro—

structurally , fibers branch and a fine—scale precipitate of (Cr,Co)23C6

develops, followed by coarsening .

2. Isothermal exposure at 1121°C leads to an increase in the room temperature

levels of Gf and Pt (compared to the as—grown condition); the increase in

both parameters is sustained for exposure times up to 25.92 x lO5s. The

changes in Gf and P~ are the result of fiber coarsening with attendant

increases in interfiber spacing and fiber diameter. Degeneration of the

(Cr ,Co)7C3 does not occur at 1121°C.

-15-
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3 8oth thermal cycling regimes III and IV give rise to a sharp increase in

and P~ after ~5O0 cycles beyond which both parameters decrease. These

changes are associated with the degeneration reaction and thermal fatigue .

Fiber degradation , manifes t in non—uniformity of the carbide diameter , is

a further factor affecting G
~ 

and P~ in regime IV.

‘1
4. A model based on thermal residual stresses and strains resulting from

the thermal expansion mismatch of matrix and fiber has been developed .

Experimental results for both thermal cycling regimes III and IV are in

good agreement with the model. Intreases in Gf and are due to thermal

residual strains in the matrix which are proportional to ~T in the thermal

cycle. The longer the composite spends above the matrix relaxation

temperature in each cycle , the more extensive is matrix creep and/or

recovery and fiber degradation. In combination , these are responsible

for the subsequent decrease in Cf and P
~ 

beyond “~500 cycles.

5. Ia general, the four post—solidification heat—treatments did not lead

to a major deterioration iii toughness compared to the as—grown condition.

6. The toughness of the Co ,Cr— (Cr,Co)7
C3 is low in comparison to other in—situ

composites and Is attributed to the low stacking fault energy of the matrix,

a restricted number of slip systems and to the absence of crack deflec tion

or interface delamination. Cracks propagate readily through both matrix

and fibers.
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Table I

Effect of Isothermal Exposure at 1121°C on Carbide

Spacing and Density in Co,Cr—(Cr ,Co)7C3

(a) Growth rate 7 x 10 6m/s

Time (5 x l0~) 0(as—grown ) 3.46 7.78 18.04 25.92

3.53 3.99 5.73 6.78 7.4

Standard Deviation ±2.4 ±1.75 ±2.3 ±2.84 ±3.9

N(~m) 2 
0.092 0.072 0.035 0.025 0.021

Standard Deviation ±0.02 ±0.018 ±0.014 ±0.012 ±0.011

(b) Growth rate 47.6 x lO 6m/s

Time (5 x l0~) 0(as—grown) 3.46 7.78 18.04 25.92

~(Irnz) 1.5 1.65 2.0 2 .72  3.79

Standard Deviation ±0.8 ±1.0 ±1.2 ±1.3 ±2.1

0.518 0.42 0.29 0.155 0.08

Standard Deviation ±0.08 ±0.07 ±0.06 ±0.055 ±0.03
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Table II

Impact Energies of In—Situ Composites

Work of
Mini Standard Fracture

Material Condition Charpy* Charpy* Specimen Reference

y ’/ y — M o As—grown 1560 — — 3

Ni— lOCr—TaC As—grown 460 — - 3

Co—l5Cr — TaC As—grown 170 250 — 3

Co— l 5 .7Cr—0 .5Ni— As—grow n 230 310 — 3
3W-TaC

Ni—TaC As—grown 370 660 — 3

Co ,Cr’-(Cr,Co)7C3 As—grown — — 14.7 This study

Co ,Cr— ( Cr ,Co) 7 G~ l5xlO 5s at 913°C — — 28 This study

Co,Cr— (Cr,Co)7C3 25x105s at 1121°C — — 20 This study

Co ,Cr—(Cr ,Co)
7C3 

500 cycles — — 28 This study
(79 °C—9l3°C)

Co , Cr — ( Cr ,Co) 7~~ 500 cycles — — 29 This study - 

-(79 °C—l121° C)

Rena 80 Cast — 80 — 3

* V—notch energies

—20—
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Figur e 1. The isothermal (I and II) and thermal
cycling (III and IV) treatments.
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Figure 2. Specimen for determination of work of
fracture and load—deflection trace
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I Figure 4. SEM after exposure at 913°C; growth rate 7 x 10
6
m/s.

(a) 25.92 x l0~s; (b) 10.37 x l0~s; (c) 19 x 105s;
(d) 26.78 x l0~s.
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Figure 5. Longitudinal section optical  micrograph a f t e r

26.78 x 10 5s at 913°C; growth rate  7 x 10—6 r n / s .
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Figure 6. SEN after exposure at 1121°C; growth ra te  7 x lO 6
mJs.

(a) 3.45 x 10~s; (b) 25.92 x l0~s.
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Figure 7. Fiber density (N) as a function of t ime at 1121°C for
composites solidified at d i f fe ren t  growth rates.
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1:
Figure 8. SEM af ter  thermal cycling between 79 °C and 913°C. 6(a) 807 cycles; (b) 994 cycles ; growth rate 7 x 10 rn/s .
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(c)  (d~

Figure 9. SEM after thermal cyc1in~ between 79°C and l l . ’l °C.
(a) 400 cyc1t~s; (b) 1143 cycles; (c) 2505 ‘vc I os;
(d) 2505 cycles ;  g rowth  r a t e  7 x l0~~ rn/s.
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Figure 10. Work of fracture (Gf) and peak load (Pa) after isothermal
exposure at 913°C.
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exposure at 1121°C. 
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Figure 12. Work of fracture (Ge) and peak load (P 1) after thermal cycling
between 79°C and 913°C. -
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Figure 13. Work of fracture (C c) and peak load (P.) after thermal
cycling between 79°C and 1121°C.
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Figure 16. The normalized work of fracture Df after thermalcycling as a function of cycling regime .
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Figure 17. Optical micrographe showing fracture surface profile . (a) abrupt
load drop from P~ , (b) load drop with tail — see Figure 2.
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Figure 18. SEN of f r a c tu r e  s u r f a c e s  after 431 cycles between 400°C and 1121°C.
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Appendix I

Tempe rature Dependence of Young ’s Modulus and Coefficient

of Thermal Expansion

The elastic inoduli of the Co,Cr—(Cr ,Co)7C3 composite and the ma trix alone

decrease linearly with temperature (18) according to the relations :

E — 276.94 — O.0745T (A—i)

E — 260.62 — 0.0894T ( A — 2 )

where Ec and Em are in CPa and T is in °K.

From the rule of mixtures:

E — E Vc m m  -

f

Substituting from equations (A—i) and (A—2) in (A—3) , and wi th  V f — 0.301 :

Ef 
— 314.86 — 0.04T (A—4)

Similarly, the thermal expnasion coefficients of matrix and carbide increase

linearly with temperature and follow the relations (31):

— 10 + 0.OO1T (A —5 )

a — 15 + 0.OOST (A—6)
m

where a and a are in units of i.o 6°ic1. Room temperature values of a and af m f m

are taken from reference (30) .
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4~Jas enhanced by a factor of abou t two over that in the as—grown composite.
Changes in toughness after isothermal exposure are attributed to micro—
structural changes involving degeneration of the (Cr,Co)7C3 into a precipitate
of (Cr,Co)2)C6 and to fiber coarsening with an attendant increase in interfiber
spacing and fiber diameter. In thermal cycling, thermal fatigue and fiber
degradation are superimposed on degeneration and coarsening. A model based on
thermal residual stresses and strains resulting from thermal expansion mismatch
of matrix and fiber has been developed; experimental results for the two
cycling regimes examined are in good agreement with the model. The increase
in toughness is proportional to the temperature range of the cycle..and cycles
involving long times above the matrix relaxation temperature lead,~o creep!
recovery of the matrix accompanied by a decrease in toughness. /
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