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results, observed that dislocations generally cut
througn coherent and partially coherent precipltates
but they avoided non-coherent precipitates. Fine (1964)
listed three basic factors involved in particle cutting:
elastic misfit stresses, increase in particle surface
area and increase of flow stress necessary to move a
dislocation inside the particle.

Elastic misfit stresses arise because the volume
occupied by N atoms in the matrix is, in general, not the
same volume as is occupied by N precipitate atoms. Three
separate situations exist for the distribution of a given
volume fraction of precipitate, First, the particles
can be so small and well distributed that the particle
spacing is smaller than the minimum radius of curvature
of a dislocation bent under an applied stress. This
situation is essentially that which exists for a solld
solution, and since the dislocation lies on an equal
number of stress "peaks" and stress "valleys", very little
strengthening 1s realized. The second and most important
case from the strengthening standpoint is that 1n which
the minimum radius of curvature of a dlslocation 1s
approximately equal to the particle spacing. In this
instance, the dislocation can take an equilibrium posi-

tion in the stress "valleys" of elastic misfit and thus



15
be in its lowest energy configuration, An applied
stress, necessary to move this dislocation, will have
to force it through the stress "peaks" to affect slip.
This 1s the situation resulting in maximum hardness
and is the reason that an optimum dispersion exists
for precipitates, The third case 1is the situation cor-
responding to overaging. Here the particle spacing is
quite large compared with the minimum bend radius of a
dislocation, The dislocation 1s now able to bend
between and avold the second phase, therefore facllitat-
irg slip.

The second basic process involved in particle
cutting 1s an increase in surface area of the cut
particle, The total energy increase involves the
increase in matrix-precipitate interfacial energy
plus the chemical energy of misfit due to chemical
composition differences across the interface. Also
considered 1s the structural misfit at the interface
due tc different atomic spacings (Kelly and Nicholson,
1963).

The final process 1in strengthening by inter-
sected particles 1s due to the difference in the flow
stress for moving a dislocation in the precipitate

versus moving it in the matrix. One consideration in
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metals and/or elements which can preciplitate as inter-

metallic compounds.

2.1.2 Solid-Solution Strengthening

Some degree of solid-solution strengthening
is provided by any element not tied up in secondary
phases, In this respect certain elements are much more
effective than others, The most effective and widely
used are the high-melting refractory metals, tantalum,
tungsten, columbium, molybdenum and chromium, In addi-
tion to their high melting points, the large atomic size
difference of these elements also contributes to the
strengthening effect (Nisbet and Hibbard, 1953).

Habraken and Coutsouradis (1965) recently com-
pleted a more fundamental investigation of solld-
solution strengthening effects in cobalt-base alloys
utilizing transmission electron microscopy. In parti-
cular, they studied the influence of alloying elements
on stacking-fault energles and on the assoclated partlal
dislocation separations. Whereas in pure cobalt the
stacking-fault energy was approximately 20 ergs/cm2,
in a Co-27Cr-20Fe alloy it was about 5 ergs/cm2 and the
observed partial dislocation separation was greater.

A still wider separation was observed in a stronger


































































































































































APPENDIX D

OPTICAL AND ELECTRON MICROSCOPY PHOTOGRAPHS
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Figure 11, As-Cast AR-213
100 X

Typical cored casting showing primary CoAl in
matrix,

Figure 12, As-Cast AR-213
700 X

Same structure as above showing primary CoAl in
a quite clean matrix.

Hardness - RC 25.7
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Figure 19, AR-213 Aged at 1600° F
100 X

There 1s still not much change Iin .icrostructure
at this magnification even at the higher aging
temperature,

Figure 20, AR-213 Aged at 1600° F
700 X

The general matrix precipitation 1s now quite
well defined along preferred cyrstallographlc
directions.

Hardness - RC Lo, 2






Figure 21. AR-213 Aged at 1700° F
100 X

The precipitation 1n the matrix has coarsened
enough to be visible at this magnificatlion,

Figure 22. AR-213 Aged at 1700° F
700 X

Not only has the matrix preclpitate coarsened
but the decomposition of the primary CoAl 12 now
evident,

Hardness - RC 38,0
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Figure 27. 3olution Treated AR-213 - Carbide
Stringers

The long stringer was determined by rmicroprobe analysis
to contain a high percentage of tantalum, Its com-
position was, therefore, assumed to be TaC. The black
circular spot was that caused by the microprobe during
examination,

Magnification: 100 X Enlarged: 1.8 times for
reproduction






Figure 28, As-Cast AR-213 - General Matrix

Typical view of cast matrix. The larger particles
are CoAl,

Magnification: 5000 X






Figure 29, As-Cast AR-213 - Primary CoAl in Matrix

The homogeneous areas are primary CoAl in the matrix,
The rhombohedral shape 1s characteristic for this
phase.

Magnification: 5000 X


















Figure 2~ Solution Treated AR-213 - General Matrilx

Less typical view of matrlx showling several CoAl
particles in the "clean" matrix,

Magnification: 5000 X


















Figure 35. AR-213 Aged at 1200° F - Primary CoAl
in Matrix

The precipitate or decomposition occurring in the
primary CoAl at this low agling temperature is
unexplained, This 1s the first stage iIn the channse
in morphology of the CoAl,

Magnification: 5000 X






Figure 36. AR-213 Aged at 1400° F - Primary CoAl

This structure shows the next change in decomposition
of the CoAl due to a higher aging temperature.

Magnificaticn: 5000 X






Figure 37. AR-213 Aged at 1400° F - Primary CoAl

This 1s a more highly magnified view of the preceding
flgure, Note that the texture of the background
within the decomposing CoAl 1s the same as that of
the matrix,

Magnification: 10,000 X












Figure 39, AR-213 Aged at 1400° F - Primary CoAl
The structure here 1s similar to that in Figure 37,
The interface between the ma%trlix and CcAl shows the
decomposition of the CoAl very clearly.

Magnification: 10,000 X






Figure 40,  AR-213
AAnnrnnA

Aged at 1600° F - Primary and
0 r

y CoAl

~
(28

Thls not-too-typical structure shows a regilon where
the CoAl has almost dissolved in the matrix.

Magnifilcation: 5000 X






Figure 41. AR-213 Aged at 1600° F - Carbonitride
in Matrix

The second phase 1n thils structure is that of the
carbonitride 1n the matrix,

Magnification: 5000 X






Figure 42, AR-213 Aged at 17OOo F - General Matrix

This structure shows the coalesced precipltate at a
higher temperature, Thelr morphology is shown by
this view 1In which both the end-on and top views a @
visitle,

Magnification: 5000 X






Figure 43. AR-213 Aged at 1700° F - General Matrix

This structure, as did that of Figure 42, shows the
agglomeration of precipitate 1n the matrix,

Magnification: 5000 X






Figure 4L, AR-213 Aged at 1700° F - CoAl
Decomposition

The decomposition of the CoAl phase at the hlgher
temperatures 1s by a somewhat different mechanism,
The light continuous phase in the center 1s CoAl,
Precipitated in the CoAl 1s Co solid solutlon,
Note the similarity in texture between the preci-
pltate and the matrix,

Magnification: 5000 X






Figure 45. AR-213 Aged at 1800° F - General Matrlx

The second phase 1s agglomerated CoAl in the matrix.
The black areas are artifacts on the replica.

Magnification: 5000 X






Figure U0, AR-213 Aged at 1800° F - CoAl
Decomposition

Precipitation of Co solid solution wlthin the

primary CoAl phase, Again, the black arecas are
artifacts in the replica,

Magnification: 10,000 X






Flgure U7, AR-213 Aged at IDOOO F - General Matrix
Agglomerated precipitate in the matrix, It is also
suspected thaot some of the CoAl has started to go
back into solution at this temperature,

Magnification: 5000 X






Flgure 48,  AR-213 Aged at 1900° F - CoAl
Decompositlon

Precipitated Co solid solution within primary CoAl,

Magnification: 10,000 X
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