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The measurement of sector areas of load-deflection curves in the TattersalI-Tappin test 
permits evaluation of the fracture energy dissipated by the microstructure during crack 
propagation. This method has been applied to the oriented pseudo-binary 
(Co, Ni)-Cr23C 6 eutectic alloys which exhibit an irregular, continuous network of brittle 
carbides within a ductile (Co, Ni, Cr) phase. In spite of the complexity of the 
microstructure analysed, the method proposed for measuring the fracture energy seems 
to be capable of revealing the fundamental influence of the size, volume and properties of 
the phases on the fracture energy of the alloys. An increase in the fracture energy for 
crack propagation has been observed with: (a) an increase in the size (spacing) of the 
phases for a constant volume fraction; (b) an increase in the volume fraction of the 
ductile phase; (c) a progressive increase of the Ni content of the alloy (for values above 
5 wt % N i); the highest values being observed for the pure ternary system: C0-Cr23C6 and 
Ni-Cr23C6. 

1. Introduction 
The eutectic alloy, (Co,Ni)-Cr23C6, has interest- 
ing mechanical properties at elevated tempera- 
tures, but is brittle at ambient temperatures [1]. 
Its structure consists of an irregular arrangement 
of branched, Cr23C6 carbides [2] forming a geo- 
metrically isotropic network distributed through- 
out a ductile Co,Ni, Cr-solid solution (Fig. 1). 
The factors influencing the fracture energy of such 
a heterogeneous structure are not well understood. 
In the present work, the effect of modifying the 
volume and size of the brittle phase on the energy 
of crack propagation, without varying the type 
(shape) of microstructure, is studied. The irregular 
inhomogeneous structure of the eutectic makes it 
impossible to meet the requirements forKie tough- 
ness measurement procedures described in the 
ASTM standards [3], Klc measures being valid for 
materials with homogeneous elastic properties. For 
this reason, another type of test was used. 

An attractive method is the TattersaU-Tappin 
(T-T)  test, which gives stable crack growth, follow- 
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ing initiation [4], due to the geometry of the 
notch of the specimen, and the conditions of con- 
trolled displacement. 

The fracture work measured in the T - T  test 
gives the energy dissipated irreversibly due to the 
combined influences of the microstructure, and of 
the geometry of the specimen. By changing the vol- 
ume and size of the brittle phase the composition 
of the ductile phase, and measuring the resultant 
variation of the fracture energy, it is possible to 
isolate the individual effect of these parameters on 
the fracture mechanism. 

2. Method 
The fracture energy of a two-phase alloy is the 
sum of the surface free energy of the brittle phase, 
the energy associated with plastic flow of the 
ductile phase and other energies arising from pro- 
cesses occurring in the microstructure during frac- 
ture e.g. interface debonding. In order to measure 
the fracture energy, a test was chosen which allows 
slow, stable crack growth. Tattersall and Tappin 
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Figure 1 Microstructure of oriented alloy 15. Growth rate, V = 6.7/am see- ~, temperature gradient -= 7.5 K ram- ~. (a) 
transverse section, (b) Cr23C 6 carbide network (deep etch). 

[4] and Nakayama [5] have used square, 3-point 
bending test specimens having a triangular cross- 
section at the central crack plane (Fig. 2). The 
crack starts at the apex of the triangle and con- 
tinually widens as it propagates through the speci- 
men. If the test conditions are chosen correctly, 
the crack grows in a quasi-static manner (con- 
trolled fracture). Under these conditions, it is 
known that the energy per unit area, Ge, required 
to propagate the crack, may be obtained from the 
load-deflection curve [6]. This quantity, which is 
often called the fracture toughness, is equal to 23', 
where 7 is the energy associated with the creation 
of fracture surface. Gc has been evaluated in the 
following way (Fig. 2): 

The increase in fracture area, Zk4, is given by 
the following relationship for the triangular shape 
of the fracture surface: 

ALl = (a2 - -a , ) (a l  +a2)B/2W. (1) 

In the present tests, in order to emphasize the fact 
that the energy for crack propagation per unit area 
AA, is measured, we use the designation, R p, 
instead of Go. The fracture energy,/~ P, is taken to 
be the average of the R~ values for five sectors. 
These sectors are drawn on the experimentally 
determined P - 6  curve (Fig. 3) so as to correspond 

to equal, apparent fracture areas of &/l ----1 mm 2 . 
This procedure thus taxes a series of values, a , ,  for 
the crack length. This latter quantity was 
measured directly, and also deduced from com- 
pliance measurements made during the test. 

The compliance calibrations for the T - T  speci- 
mens were made using steel specimens and the 
results corrected for the difference in elastic 
moduli between the steel and the material tested 
[1]. This standard calibration also gave an exper- 
imental check on the position of the crack at 
different stages of  propagation. In order to avoid 
the apex effect, the crack length, al = 1.5ram, 
was arbitrarily chosen to mark the first sector. 

A hard screw type tensile testing machine, and a 
100kN load cell were used in order to minimize 
displacements in the loading system. The deflec- 
tion, 6, was recorded by means of an electro- 
mechanical transducer (LVDT) placed in the axis 
of load application. The cross-head speed, 
4.2/~m sec -1 , was the same in all of the exper- 
iments. By keeping to the same specimen 
geometry in T - T  tests made on different micro- 
structures, the variation, AR P, measured as shown 
in Fig. 3, gives the contribution of the change in 
microstructure to the fracture energy for crack 
propagation. 
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Figure 2 Load-deflection curve 
of T - T  specimen (B = S m m ,  
W =4mm, L = 20 mm). 

tw 
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The energy, R~, dissipated during propagation 
of the crack from an to an+l, is given by: 

R p  = U(n)__ (2) 
2q&d (n) 

where U(n) is the energy corresponding to the sec- 
tor n (0 - a l  --a2 for sector n = 1 in Fig. 3), and q 
is a roughness factor. This factor is the ratio of the 
real surface area of the fracture surface to the pro- 
jected surface area. It is estimated from micro- 
scopic observations of the profiles of sections cut 
perpendicularly to the fracture plane. The factor, 
q, is used in order to characterise the contribution 
from changes of fracture path length which arise 
from variations in carbide network geometry. This 
contribution to the fracture energy Rn p must be 
distinguished from that arising from the fracture 
microprocesses: plastic deformation and multiple 
cracking. 

3. Results 
A study of the role, of the size and volume of the 
phases in determining the fracture energy, was 
carried out on alloy 15 (Table I). The carbides in 
this alloy, even when observed on metallographic 
sections, can be considered as connected particles 
(Fig. 4). 

A linear erosion technique [7], programmed On 
an automatic image analyser gave, from distri- 
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bution curves, the mean free distance, ~'d, between 
carbides (equal to thickness of the ductile phase), 
the "thickness" of the carbides, Xe, and the inter- 
phase spacing, X = Xc + Xd [8]. These parameters 
were varied by changing the growth rate during 
directional solidification [2]. 

A progressive decrease in carbide volume frac- 
tion was measured along the axis of the direc- 
tionally solidified alloy 15. The decrease was most 
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Figure 3 Load-deflection curves for two interphase spac- 
ings of oriented alloy 15. 
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Figure 4 Schematic of two phase structure of (Co, Ni) 
Cr23C 6 alloys. 

pronounced at low rates of  solidification and this 
effect was attributed to a reaction between the 
alumina crucible and the constituents (Cr and C) 
of  the alloys. Values of  the carbide volume frac- 
tion were measured over the whole transverse sec- 
tion beneath the fracture plane. These measure- 
ments  give an average value which included the 

effect of  radial variations caused by the oxidation 
reaction between the crucible and the alloy. In 
order to isolate the effect of  the scale of  the 
microstructure on fracture, tests were made on 
specimens having the same volume fraction of  the 
two phases (V = 64% Co, Ni). These specimens 
were maintained in the liquid state for various 
times before directional solidification so that on 
varying the growth rate, the overall reaction time 
with the crucible was constant. The triangular 
cross-section determining the fracture path is trans- 
verse to the growth direction of  the specimen. 
Fig. 3 gives P - 6  curves for two extreme values 
(5/~m and 15pm) of  the interphase spacing, X. 
These limits are fixed by those conditions of  
unidirectional solidification which lead to similar 
microstructures, and avoid cell formation at the 
solid-liquid interface. 

The variation o f  the average value of  the frac- 
ture energy /~ P, as a function o f  the interphase 
spacing, X, is shown in Fig. 5. The value o f / ~ e  
increases from 950 J m -2 (X = 5 pm) to 1550 J m - :  
(X = 15 ~m). The mean free distance between car- 
bides, Xd, and the carbide thickness, Xc, increase 
proportionally, with the ratio Xe/Xd (= 0.56) stay- 
ing constant, since the volume fraction is constant. 
/ ~  gives the fracture energy without the fracture 
surface roughness correction. 
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Figure 5 Fracture energy,/~P, mean free distance between 
carbides, kd, and "thickness" of carbides, he, as a function 
of the interphase spacing, X. Oriented alloy 15 (V d = 64%). 

3.1. Volume fraction 
For equal values of  the mean free distance, Xa, of  
the carbides, an increase in volume fraction, Va, of  
the ductile phase led to an increase in dissipated 
fracture energy,/~ v (Fig. 6). The values,/~ v are 
given for /~d = 8/~m and Xa = 5/lm. The l o a d -  
deflection curves show an increase in the maxi- 
mum load when the volume fraction, Vd, increases 
(Fig. 7). 

3.2. Composit ion 
While maintaining the chromium and carbon con- 
tent, and the growth rate ( V =  6.7/Ira sec - I )  con- 
stant, the amounts of  nickel and cobalt, in 
(Co, Ni)-Cr23C6, were varied as shown in Table I. 
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Figure 6 Fracture energy, /~ P, for microstructures with 
X d = 8 pm and 5.5 #m as a function of the volume frac- 
tion, Vd, of the ductile (Co, Ni) phase. 
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TABLE I Pseudo-binary eutectics in the Co-Ni-Cr-C system 

Alloy Ni Ni 

Co + Cr + Ni Co + Ni 

Alloy composition Vd 
(wt%) 

Co Ni Cr C (%) 

0 Co-Cr2sC 6 0 0 
5 (Co, Ni5) Cr2sC 6 0.07 0.10 

10 (Co, Nil 0) Cr23C 6 0.12 0.20 
15 (Co, Nil5) Cr23C 6 0.20 0.30 
25 (Co, Ni25) Cr23C 6 0.32 0.50 
40 (Co, Ni40) Cr23C 6 0.52 0.80 
46 Ni-Cr23C6 0.58 1 

49 - 49 2 58 
45 5 48 2 64 
40 10 48 2 64 
35.1 15 48 1.9 64 
25 25 48 2 64 
10 40 48 2 64 
- 46.4 52 1.6 75 

The characteristic microstructure o f  alloy 15 was 
maintained in all the alloys studied. Fig. 8 shows 
the fracture energy,R p , as a function o f  the nickel 
content o f  the ductile phase (Co,Ni, Cr) for the 
alloys studied. A minimum value o fR p = 750 J m-2 ,  
was measured for alloy 5. Increase in the nickel 
concentration gives a proportional increase in R p 
up to a limit of  3000 J m  -2 for the Co-free ternary 
alloy 46 (Ni--Cr23 C6). For the Ni-free alloy 0 i.e. 
the Co-Cr23C6 eutectic, the mean value of  the 
fracture energy, R p, was 2500 J m -2 . The scatter 
in the latter results can be ascribed to the irregu- 
larity o f  the structure due to the clustering o f  the 
fine carbide branches. 

4 .  D i s c u s s i o n  

Experimental studies of  fracture paths in (Co, N i ) -  
Cr23C 6 alloys showed that crack extension 
occurred preferentially within the carbide phase. 
However, crack tip blunting involving ductile liga- 

ments of  the Co,Ni phase could occur at dis- 
continuities in the irregular carbide network. The 
/~P values are assumed, by definition, to be pro- 
portional to the fracture energy, Re, o f  the carbide 
phase, and the energy, Rm,  dissipated by fracture 
deformation of  the ductile ligaments. 

The variation of  fracture energy, A/~ p,  
measured for different interphase spacings and 
compositions, but always for the same type of  
microstructure, will be mainly dependent on the 
variation of  the energy, ARm, dissipated by frac- 
ture mechanisms acting in the microstructure 
during propagation not allowing for the effect of  
change in fracture path (roughness correction). 
Thus, one is able to investigate the individual 
effects, of  changes in microstructure, on the frac- 
ture energy. 

The procedure of  measuring the areas of  sectors 
and thereby obtaining fracture data during crack 
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Figure 7 Load-deflection curves for two volume fractions 
of ductile (Co, Ni, Cr) phase. Alloy 15, h d = 8 ~m. 
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Figure 8 The variation of the fracture energy, /~P, as a 
function of the nickel content of the ductile phase. 
Eutectic oriented at V = 6.7 um sec- 1. 



TABLE II R g vanes measured for 3 interphase spacings of alloy 15, and thek stand~d deviation, & comp~ed wRh 
the work of#acture, TF,ofTatt~salland Tappm [4].ValuesgNen m J m -2 . 

(um) SRp ~r S~F 

14.6 1493 1568 1548 1413 1700 154" 106 1654 210 
12.1 1266 1245 1460 1300 1375 1330 88 1485 195 
5.2 1019 949 919 831 1114 966 106 I101 205 

propagation has certain advantages over the tra- 
ditional use of the T - T  test. There, the total area 
under the load-deflection curve along with the 
cracked triangular tip area is used to obtain a 
"work of fracture". This has the disadvantage that 
there is a transition from plane stress conditions, 
at the apex of the triangle, to plane strain con- 
ditions after crack has grown some distance. Also, 
the machining of the triangular cross-section may 
lead to damaged carbides near the apex which then 
give a large difference in crack initiation. In 
addition, the stress conditions at the end of the 
test are less clearly defined. 

This situation is clearly apparent in Table II  
which gives for instance, the values measured for 
Rgn ) and /~P in comparison with the normal 
Tattersall-Tappin ( T - T )  measures 7F, for alloy 
15. These results shown lower values for our 
method than those obtained in the normal T - T  
method. This is certainly due to those testing 
conditions limiting the normal T - T  test. The 
standard deviation S~ is small in comparison with 
the values STF for normal T - T  tests. 

In general, two types of  load-deflection curves 
are observed (Fig. 9): Type A, in which the curves 
have the same slopes before crack propagation, has 
been observed for alloy 15 oriented at different 

p 

rates (X variable), but with a constant volume frac- 
tion of the phases (compare Fig. 3). In the B-type 
behaviour (Fig. 9), the maximum loads, and the 
slopes of  the curves, before crack propagation are 
different. The load-deflection curves recorded for 
alloy 15 in which a variation in volume fraction 
occurred, were of this type (Fig. 7). 

Variation of the nickel and cobalt contents of 
the alloys gives different load-deflection curves. 
The ternary eutectic alloys Co-Cr23C6 and N i -  
Cr23C6 show type B behaviour: the microstructure 
of  the nickel-free alloy consists of  a large quantity 
of  small carbides and a relatively small amount of 
ductile (Co, Cr) phase. This would be expected to 
lead to a low fracture energy/~ P. The relatively 
large value of/~ p measured must be attributed to 
the contribution of  deformation processes during 
fracture of  the (Co, Cr) phase [8]. For the cobalt- 
free alloy, the high/~ p values measured are prob- 
ably due to the high volume fraction, Vd, of  the 
NiCr solid solution at the fracture surface. 

When nickel is progressively substituted for 
cobalt in the quaternary (CoNi)-Cr23C6 eutectic 
alloys, an increase in fracture energy,/~P, going 
from alloy 5 to alloy 40 has been observed (Fig. 8): 
The load-deflection curves for these alloys are of 
type A (Fig. 9). The values of  the size parameters, 

Type A 
6 

Type B 

Figure 9 Schematic load-deflection 
curves from T-T tests for alloys 
with different microstructures in 
oriented (Co,Ni)-Cr~3C 6 eutectic. 
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Xc, Xd and Va which are constant within the limits 
o f  error, suggest that  the change in fracture energy 

is due to variation in the toughness o f  the (Co, CrNi) 

phase. 
In conclusion, the method proposed in this 

paper permits measurement o f  the influence of  the 
microstructure,  of  two-phase alloys, on the frac- 
ture energy. The detailed fracture mechanisms are 

discussed elsewhere [9] .  
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