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EFFECT OF REFRACTORY ELEMENTS
ON THE COHERENCY STRAIN
AND FLOW STRESS ON NICKEL-BASE
SUPERALLOYS

Makund Naik and George S. Ansell
Rensselaer Polytechnic Institute
Troy, New York

ABSTRACT

Various refractory elements from groups
IVB, VB and VIB are used in nickel-base super-
alloys to increase their mechanical strength
and service 1life at high temperatures. Group
IVB and VB wetals partition primarily to v',
dilate the y' structure and 1increase its
antiphase boundary energy. Group VIB metals
partition primarily to the y matrix and dilate
the Yy lattice and decrease its stacking fault
energy. The alteration of the lattice parame-
ters of Y and Y' by these elements changes the
effective coherency strain. Molybdenum and
tungsten also reduce the solubility of aluminum
in the matrix, whereas titanium reduces the
solubility of molybdenum in the Y' precipitate.
These interactions affect the resulting volume
fraction of y' and the v - v' mismatch. Defor-
mation in high coherency alloys proceeds by
dislocation-particle bypass through Orowan
bowing, whereas in low coherency alloys, defor-
mation requires dislocation-particle shear (APB
shear, S/ISF-S/ESF shear). The flow stress in
Ni-15Cr-Ti-Al-Mo alloys is shown to be mainly a
function of coherency strain at all tempera-
tures.

NICKEL-BASE SUPERALLOYS derive their strength
from solid solution strengthening and a variety
of two-phase strengthening mechanisms, Coher-
ency strain is one of the two-phase strengthen-
ing mechanisms that affects not only the
mechanical strength of the alloy but also the
morphology and stability of the precipitate at
elevated temperature.

Coherency straina (or the vy ~ v' mismatch
or Y ~Y"' misfit 1in nickel-base superalloys)
are elastic strains in precipitation hardenable
alloys which arise to accommodate the differ-

ence 1in atomic volumes of the precipitate and .

the matrix. A fully coherent precipitate

requires that the matrix and the precipitate
lattices match exactly and corresponding planes

and directions be continuous across the matrix-
precipitate interface. The degree of coherency
is represented by the wunconstrained mismatch,
§, given by:

§ o S (1)
ayY

Here aoY' is the measured lattice parameter of
the extracted Y' phase removed from the matrix.
The constrained or “"in situ” mismatch, €, for
the v' precipitate in y matrix is related to §,
by,

1 +v (2)
T + & + v(1-4k)

where

v = Poisson's ratio of the precipitate
o= shear modulus of the matrix
shear modulus of the precipitate.

If we assume v = 1/3, and the moduli of the
matrix and precipitate are equal, then ¢ = 2/3
S,

There have been a number of theories
developed1'2'6 to estimate the magnitude of
strengthening due to coherency strains. These
have assumed the major strengthening factor to
be the interaction between glide dislocations
and the coherency strain field surrounding the
particles. All these theories predict the
increment in shear stress (Ar) due to coherency
lt7ain ob7{s a relationship of the type AT a
£3/2 (£)1/2, where € 18 the constrained lattice
misfit and r is the mean particle radius. The
Gerold-Haberkorn! and Gleiter? models differ
however in the manner in which the elastic
interaction between the strain field of a
dislocation and & coherent precipitate {is
averaged over the array of particles. The
major difference between these models, caused
by the methods of averaging and the curvature
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of the dislocations, is the dependence of At on
the volume fraction of precipitate. The equa-
tion derived by Gerold and Haberkorn is:

3/2 1/2
At = 3 pe / (fr/b) 4 (3)

and Gleiter's version is:

3/2
At = 11.8 pe 4 (r/b)l/2f5/6 (4)

where

u = gshear modulus of the matrix,

€ = constrained lattice misfit between the
particle and the matrix,

f = volume fraction of precipitate,

b = Burgers vector, and

r = mean particle radius.

Brown and Ham's equation is similar to the one
derived by Gerold and Haberkorn, only differing
by a constant. So these theories predict that
the stress to shear a coherent particle in-
creases with the radius in a parabolic manner.
In nickel-base alloys the Y' particles have an
ordered structure, and to shear them requires
more stress, This contribution to the stress
18 called order strengthening. Coherency and
order strengthening are the two major strength-
ening mechanisms in nickel~base superalloys.

1. EFFECT OF COHERENCY STRAIN

l.a) ON THE GROWTH AND MORPHOLOGY OF
Y' - In the 1initial stages of aging of a
Ni-base alloy, the y' particles are spherical
and their growth follows Wagner's law, but on
further aging the morphology of y' changes from
spheres to cuboids to cuboidal arrays to
finally solid-state dendrites.3 The diameter at
which the morphologic transition from spherical
to cubical shape occurs is function of the
absolute value of vy -y’ mismatche3»4 The
smaller the misfit, the larger 1s the '
particle size before which the strain effect
dictates the shape. The y' particles on
overaging lose coherency, relaxing the elastic
strain_ mainly by capturing matrix disloca-
tions.> Here, the sign of coherency strain is
important. If the vy - Y' misfit 1s positive,
the compressive hydrostatic stress field around
the v’ particle will repel matrix dislocations
with edge components. So 1in alloys with
positive misfit, y' particles can grow into
large cuboids without fully losing coherency.
In contrast, for alloys with negative misfit,
the y' particles capture matrix dislocations
and lose coherency relatively early during
growth,

1.b) ON THE DISLOCATION-PARTICLE INTER-
ACTION -~ Deformation of nickel-base superalloys
requires that dislocations efither 1) shear the
Y' or 2) bypass the y' particles through
Orowan bowing. Generally small vy' particles
are sheared, and the stress to shear coherent

It
]

particles 1s given by Eq. (3) or (4). In Fig.
1, curve T schematically describes the stress
associated with particle shear for an alloy
with a constant volume fraction of precipitate.

STRENGTH

PARTICLE SIZE

Fig. 1 - Strength vs particle diameter for a
particle hardened alloy.

Particle bypass by bowing occurs when the
stress required for particle shear reaches or
exceeds the Orowan bowing stress (curve II in
Fig. 1). Curve 1 can be raised to I' by
strengthening the particles (e.g., by increas-
ing APBE) or by increasing coherency strain.
Then dislocation bowing should occur at a
smaller particle size. If the particles are
non-deformable (e.g., oxide particles 1in
dispersion strengthened alloys), then only
particle bypass mechanisms should be observed.
If the volume fraction of the particles 1s
raised, both curve I and II will be raised and
hence will increase the stress required for
both particle shear and bypass mechanisms.

The Orowan loops left behind around the
particle after bowing are unstable 1in the
coherency strain field of the particle. On
further deformation, the 1inner loops either
shear the particle, or cross-slip and give rise
to two prismatic loops. Prismatic cross-slip
depends on the amount of misfit and the stack-
ing fault energy of the matrix® and becomes
more probable as the stacking fault energy and
misfit strain both increase. Prismatic cross-
slip has not been observed in nickel-base
superalloys containing v'.

l.¢) ON THE STABILITY OF MICROSTRUCTURE -
Coherency strains are also important from the
standpoint of the stability of y' particles at
elevated temperatured under load as 1in creep
and stress-rupture conditions. Mirkin and
Kancheev,’ in their investigation of the effect
of coherency strain on the stress-rupture life
for a series of N{i-Cr-Al alloys found that
longer 1ife was correlated with low values of
Y = y' mismatch., Decreasing the lattice mis-
match from 0.,2% to zero led to a fifty-fold
increase in the stress-rupture life. Maniar et
a1.8 also found that the addition of 5.5% Mo to
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a MN-20Cr-2Ti-1A1 alloy decreased the misfit
from 0.7 to 0.2% and resulted in an increase
in the stress-rupture life. This increase in
elevated temperature properties with decreasing
misfit was attributed to the effect of misfit
strain on the particle stability. If the
mismatch is high, so 1is the corresponding
interfacial strain energy. A8 a result the
strengthening phase, hyperfine y', will
coalesce and grow, weakening the alloy and
hence lowering stress-rupture life.ll

2. EFFECT OF ALLOYING ADDITIONS IN
NICKEL-BASE SUPERALLOYS

The Y - Y' mismatch, and consequently the
coherency strains can be altered by alloy-
ing additions such as, titanium, molybdenum and
other refractory elements. Besides altering
the v -yv* mismatch and solid solution
strengthening, these metals also affect the
chemistry, APBE and amount of y', stacking
fault energies in vy and v', morphology and the
amount of various carbides and the forma.lon of
TCP phases which, in turn, is reflected 1in the
yield strength and the stress-rupture
properties. Here only group IVB, VB, and VIB
elements from the Periodic Table (Fig. 2) are

GROUP —-
PERIOD yvg vB VIB
7

t
4 { T |V

7
0.2896 |0.2697 / % 7%/

5 Zr Nb
0.3179|0.2944 v

6 Hf Ta //////
0.3127 | 0.2941 ,,,/;,,/,,/

o~i30.2492nm
0A|-0.2864nm
O Elements substitute for Al

Elements substitute for Ni & Al

Fig. 2 - Section of the periodic table showing
the substitution behavior and the Goldschmidt
radii of the elements. Radii of nickel and
aluminum are given for comparison.

discussed because of their commercial impor-
tance. First, the effect of these elements on
the coherency strain is considered and later,
effects on other related structural properties
are discussed.

2.a) GROUP IVB AND VB METALS -~ These two
group elements will be discussed together
because they all partition mainly to the v'
phase, substituting for Al. The volume frac~-
tion of precipitated v' is proportional to the

amount of hardener content (Ti + Zr + Hf + V +
Nb + Ta + Al) in a given nickel base alloy.
Nordheim and Grantl2 first observed that the
substitution of titanium for aluminum in Ni-
20Cr-14.7 at. % Al increased the lattice mis-
match. Decker and Mihalisinl%4 substituted 2
at. % of various ternary elements for 2 at. 2%
of Al in a NL-20Cr-14.5 at. % Al alloy and
studied their effect on the lattice mismatch
and the tensile properties at 760°C. They
found that Ta and Nb increased the mismatch but
V and S1 reduced 1it. In tensile tests, the
alloy with Ta showed maximum yield strength,
followed by, V, Nb, and Si. Basically, since
the atomic size of the IVB and VB elements is
larger (except for vanadium) than that of alu-
minum, substitution for Al leads to an increase
in the mismatch.

SOLUTE IN ATOMIC %

Fig. 3 - Effect of alloying on the lattice
parameter of NijAl. (Data taken from Ref.
15(Ta), 37(Nb), 38(Ti) and 39(V)).

Recent results!3)16 have confirmed that
hafnium and tantalum on a per atomic percent
basis expand the lattice parameter of Y' most,
followed by Nb and T1 (see Fig. 3). No data
was found on the effect of Zr and from Guard
and Westbrook 's39 study, vanadium decreases the
Y' lattice parameter. Rawlings and Staton-
Bevan!’ from their study of the effect of ter-
nary alloying additions to NijAl, have corre-
lated the increment in the yield strength in
polycrystalline NijAl to the atomic size misfit
(see Fig. 4a and 4b). Bere, atomic size misfit
is defined as the fractional difference between
the diameters of the alloying atom and the atom
for which it substitutes. This effect was
observed for stoichiometric as well as Al-rich
NijAl. The authors suggested that the substi-
tution for Ni or Al in NijAl was determined by
electronic considerations. For the elements
that substitute for Al in NijAl, the increment
in strength was found to be a function of
atomic misfit. If the element substituted for
Ni or both M and Al in NijAl, then there was
no significant strengthening observed, regard-
less of the atomic misfit,
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Fig. 4 - The room temperature strengthening of
NijAl by elements which substitute for aluminum
in a) non-stoichiometric and b) stoichiometric
NijAl (Ref. 17).

2.b) GROUP VIB METALS - Group VIB ele-
ments (Cr, Mo and W) are also used in Ni-base
superalloys. In contrast to group IVB and VB
elements, group VIB elements partition to the
matrix to varying degrees. So the solid
solution strengthening effect of these elements
in the Ni-base matrix is more pronounced than
that due to group IVB and VB metals. Chromium
partitions 10:1 to the matrix relative to the
Y', whereas molybdenum partitions 3:1 to the
matrix and tungsten partitions about equally in
y and v'.22 Of these, chromium is most soluble
in the nickel matrix and tungsten the least.30
Pig. 5 shows solid solution strengthening ob-
served in Mi~Cr, NMi-Mo, and NM{-¥ binary alloys
by Pelloux and Geant.23  Chroaium stoms being
slightly larger than NI atoms, 4its addition
dilates the lattice parameter of the matrix.
Mo and W also are more potent in expanding the
Y matrix because of their larger atomic size.
Fig. 6 shows the variation in lattice parameter
of binary solid solution Ni-X alloys versus the
concentration of X in the alloy.
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Fig. 5 - The room temperature yield strength vs
solid solution content (Ref. 23).
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1S

Fig. 6 - The lattice parameter of nickel-base
solid solution vs solid solution content (Ref.
41).

There have been a number of studies in
which the effect of Mo or W on the microstruc-
ture and various mechanical properties of
Ni-base alloys was investigated, Havalda26,27
from his study of Ni-20Cr-Ti-Al-W alloys con~-
cluded that W increases the lattice parameters
of both y and Y°'. Because the increment in
lattice parameter of the vy is more than that in
Y', W effectively decreases the coherency
strain (Fig. 7). The morphology of y' changed
from cuboid to round particles as the lattice
mismatch was decreased. Tungsten also retarded
the y' + n transformation.

Maniar et a18-10 thave
effect of v - y' aismatch on Y' solvus tem-
perature and stress rupture life. They found
that the addition of Mo raises the Y' solvus

investigated the

Al
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Fig. 7 ~ Variation iny ~ Y' migmatch with the
addition of tungsten to Ni-20Cr-Ti-Al alloys
(Ref. 26).

temperature. Molybdenum, by decreasing the
lattice misfit was found to increase the creep-
rupture life. Loomis et a128 have studied the
effect of Mo on v' precipitation in a Ni-14Cr-
Ti-Al alloy series. From this study, it was
found that molybdenum reduces the solubility of
aluminum in the matrix and hence increases the
weight fraction of y'. Molybdenum also dis-
solves extensively in y' in titanium free
alloys. Titanium reduces the solubility of Mo
in y'. The effect of molybdenum on the Y-y
mismatch 1is shown in Fig. 8. The v - y' mis-
match decreases as more molybdenum is added to
the alloy system. Molybdenum, by decreasing
the coherency strain, also retards the coarsen-
ing of Y' particles on aging.29 When Mo and W,
both, are present, their interaction decreases
the solubility of aluminum in the nickel-~base
matrix,30 Molybdenum decreases the solubility
of aluminum whereas tungsten increases it. But
when Mo and W, both are present, the decrease
in the solubility of Al in the matrix 1s more
than the reduction in solubility when only Mo
is present.

080
3 T 2Ti+4Al
« 040} 12.0 Al
b 9.0 Al
: 6.5 Al
0.00
'o-‘o g ' A L A L i J

2 4 6 8
Mo IN ATOMIC %

Fig, 8 - Variation in y - y' mismatch with the
addition of Mo to Ni~I5Cr-Tf-Al alloys (Ref.
28).

2.c) OTHER STRUCTURAL PROPERTIES ~ Group

IVB and VB elements also strengthen the y' in
another way. By substituting for Al in the
ordered structure of v°', theg increase the
antiphase boundary energy.l8,19 The APBE, of
the mixed compound Nij(X,Al) can be arranged in
descending order as: APBE(Ni3(Nb,AL)) >
APBE(Ni3(Ti,Al)) > APBE(N13A1). The APBE of
the following mixed compounds, APBE(Ni3(Ta,Al))
and APBE(N13(V,A1) and APBE(NI3(H£,A1)) are
probably higher than those containing Nb or Ti.
If enough of the Al atoms are replaced with Ti,
V, Ta, Hf or Nb atoms, the metastable y' with
Ll structure may transform into a different

. phase (DOy4 for Ti, D097 for V, Ta and Nb).
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These elements also contribute to the solid-
solution strengthening of the vy matrix.

Zirconium and hafnium are believed to have
beneficial effect on the mechanical properties
of nickel-base superalloys. Zr has a limited
solubility in y' (about 2 at. %) and hafnium is
a little more soluble (7 at. %) 4n y'.40
Because of 1its large atomic size, Zr is also
thought to exist at the grain boundaries and
stabilize them.20 Hafnium also substitutes for
Mo in MC carbides.2l Controlled additions of
hafnium in NMi-base alloys change the morphology
of eutectic Y' and MC carbides, and as a result
improve the ductility and the strength at low
and intermediate temperatures.

Chromium serves the purpose that no other
refractory metal can serve in Ni-base super-
alloys. It imparts good oxidation and hot
corrosion resistance to these alloys. Indeed,
the base composition of most of the commercial
superalloys 1is NMi~10Cr to about Ni~20Cr. All
the elements in group IVB, VB and VIB pick up
carbon from solution and precipitate as various
carbides (MC, My3Cg, MgC, etc., where M denotes
above mentioned metals). Usually M in these
carbides is Cr, but other reactive metals like
Ti and Ta fully or partly substitute for Cr.
These elements also have a high electron hole
number associated with them, which in greater
concentration mske Ni-base alloys prone to
sigma (or other TCP) phase formation. Another
point that merits mentioning here is that,
these elements lower the stacking fault energy
of the Ni-base matrix. Nickel has the highest
stacking fault energy in fcc metals, 235
nJ/m2.2 The drop 1in SFE with Cr content is
gradual.25 In the Mi-Mo system, the variation
in SFE with Mo is a 1little more steep.2® 1Ip
the Ni-W system, there is an {initiel precipi-
tous drop in SFE, from 235 wJ/m2 for pure M to
about 100 m3/m2 for Nl -1 at., % W, but then the
decrease in SFE with increasing W addition is
gradual.?

2.d) DESIGN OF y ~ y' MISMATCH -~ The
Y = Y' muismatch in Ni-Al system, where Y is
pure nickel (ignoring solid solubility of Al
for the sake of conputatioq), and vy°'
stoichiometric NijAl is (ayY' - a M)/a M =
0.0106. The actual mismatch may be a little
less due to the dilation of nickel lattice with
larger Al atoms. This mismatch can be varied
two ways. First, by the addition of elements




that partition to vy' (e.g., Ti or Nb) and
dilate the y' structure and hence increase the
coherency strain. Alternatively, one can add

an element that partitions to expand the Y
matrix (e.g., Mo or W) and therefore decrease
the coherency strain. Elements that partition
to Y' and the ones that partition to <y should
be balanced to obtain 1) maximum solid solution
strengthening in both the phases and 2) adjust
the vy ~ y' mismatch close to zero for greater
high temperature y' stability and better creep
rupture 1life albeit with loss of coherency
strengthening. To increase the amount of Mo
and W in the matrix, the Cr level has to be
lowered, which probably lowers 1its oxidation
and hot corrosion resistance. Cobalt addition
to nickel 1increases its lattice parameter and
can also be utilized to reduce the Y ~ y' mis-
fit, 11
3. COHERENCY STRAIN AND TENSILE STRENGTH

In most
strains, the

investigations of coherency
mismatch is determined at room
temperature while the mismatch in service at
elevated temperatures may be quite different.
Morrow et al3l have determined the effect of Mo
on the thermal expansion coefficients of
Ni-Co~Cr solid solutions and Ni-Cr-Mo-Ti-Al two
phase alloys up to 1050°C. They found that
molybdenum decreases the coefficient of thermal
expansion of both, vy and Y'. Because of the
ordered structure of v', its thermal expansion
coefficient should be smaller than that of the
Y matrix and Morrow's data confirms this. The
net coefficient of thermal expansion of a two
phase alloy is the weighted average of the
thermal expansion coefficient of each phase.
Titanium, by restricting the solubility of Mo
in y' and, Mo by reducin; the solubility of
aluminum in the Yy matrix, results in an
increase 1in the weight fraction of y'. An
increase in weight fraction of Y', e.g., by
adding aluminum, reduces the thermal expansion
coefficient.
Miller and Ansell32 studied
temperature tensile behavior of a

the room
series of

Ni-15Cr-Ti~A1-Mo alloys to determine the corre-

lation between the flow stress due to precipi-
tation strengthening and the lattice mismatch
at room temperature.

For the same alloy series Grose and
Ansel133 investigated the dependence of flow
stress on lattice mismatch at temperatures up
to 800°C. This is the only study in which the
flow stress was correlated with the mismatch
existing at the same temperature. For this
reason this study and Ref. (32) will be re-
viewed in detail.

The flow stress of Ni~base alloys depends
on 1) weight fraction of y', 2) APBE in y' and
3) the v - y' lattice mismatch., To isolate the
effect of each variable, an alloy series was
designed for which each of these factors could
be independently varied keeping the other two
variables constant. The base composition was
Ni-15%Cr. The hardener content (Ti + Al) was
about 7 at. % to get a medium weight fraction
of yv' (15-25%) on aging at 760°C. Titanium was
used to vary the APBE (it also increased the y'
lattice parameter as a side effect). APBE in
Ni-Cr-Ti-Al alloys has been correlated to Ti/Al
ratio and the maximum strength due to APBE is

obtained when the ratio is about 1.8.13 The
Ti/Al ratio was varied from zero to 5.4.
Molybdenum was used from zero to 5 at. 2 to

expand the lattice parameter of y and hence to
vary the coherency strain. Table 1 1lists the
composition of the alloy series. The alloys
were separated in four groups based on their

coherency strain and APBE properties (see Table

2). Group A and B distinguish high and low
APBE alloys possessing high coherency strain.
Group C and D, again separate high and low APBE
alloys but with low coherency strain. A fifth
group of alloys, group E, consists of control
alloys to monitor the extent of <y solid
solution strengthening. Allovs in this last
group are not precipitation hardenable.

Lattice parameter measurements of vy and
extracted y' were obtained using an X-ray
diffractometer equipped with a high temperature
stage capable of reaching temperatures up to

Table I -~ Chemical Composition of the Experimental Alloy Series (Ref. 33)

Peak Aging Time
Alloy Cr Mo Al Ti B C at 760 °C(h)
1 14.99 0.00 2.42 447 0.026 0.248 16.5
2 15.09 099 252 451 0.026 0.212 69.5
3 15.09 0.00 1.09 5.86 0.026 0.207 16.5
4 15.11 0.15 2 4.45 0.026 0.198 16.5
S 15.14 0.52 290 4.54 0.026 0.201 16.5
6 14.73 0.12 3.18 5.1 0.026 0.201 63.1
7 15.06 0.37 337 5.64 0.026 0.205 60.0
8 15.15 0.00 4.68 229 0.031 0.199 69.5
9 151 296 249 4.46 0032 0.258 69.5
10 15.11 4.98 2.56 4.48 0.027 027 195.8
n 15.12 0.00 6.94 0.00 0.026 0.226 69.5
12 15.09 297 107 0.00 04026 0.197 414
13 14.51 499 712 0.00 0.032 0.214 69.5
14 14.89 4.88 7.10 0.00 0.024 0478 69.5
15 14.74 0.00 10.18 0.00 0.021 0.324 .-
16 15.09 498 0.00 0.00 0027 0.198 -
17 15.23 000 319 0.00 0025 0.047 T
18 1508 0.00 1.52 252 0.026 0.157 -
158
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Table II - Alloy Groups Based on the Coherency Strain and APBE (Ref. 33)

Group Ailoy
Beslgmlion ! Numbers General Properties
123 High Coherency Strain
Group A 47 High APBE
Group B 8 E;%lh A(‘,:ggency Strain
Low Coherency Strain
Group C 9.10 High APBE
Group D 1-15 o Sl
Group E 16.17.18 Control—Nonprecipitation

hardenable

vy Mismatch

1000°C in vacuum. The lattice parameter data
for y and extracted Y', collected at various
temperatures was used to compute the uncon-
strained lattice mismatch, For a few alloys
the constrained mismatch was also obtained
directly. Tensile tests were carried out on
the solid solution control alloys to deter-
mine the matrix flow stress as a function of
temperature. For each of the other alloys in
the alloy series, room temperature tensile
tests in the solutionized condition gave ogg,
the solid solution contribution at room
temperature. From ogg and the variation in
flow stress for the appropriate control alloy,
the flow stress due to solid solution strength-
ening, oy, for each alloy as a function of
temperature was determined. The increment in
the yield stress due to the y' precipitation in
peak aged condition, Aoy, was then determined
by subtracting the solid solution contribution,
Oy, from the observed flow stress of a two
phase alloy, o ®8X%.

3.a) VAR%ATION IN COHERENCY STRAIN WITH
TEMPERATURE - The expansion behavior of the
alloys was separated into two classes. For
alloys with type I behavior, a,Y' > a,Y and
therefore the mismatch, positive at room
temperature, was found to decrease with
increasing temperature. (See Fig. 9a and 9b).
For the rest of the alloys with type II
behavior, a,Y ' < a,Y, the absolute value of the
mismatch 4increased 8lowly with increasing
temperature (see Fig. 10). From the lattice
parameter data at various temperatures, thermal
expansion coefficients for Yy and y' 1in each
alloy were computed. The thermal expansion
coefficient for y' was found to be 1less than
that of vy, presumably due to the ordered struc-
ture of Y'. The thermal expansion coefficients
of v decreased with 1increasing Mo addition,
confirming Morrow's results (see Fig. 11). The
constrained mismatch 1is related to uncon-
strained mismatch, by Eq. (2). In this equa~
tion, 1f we assume Poisson's ratio is 1/3 and
insensitive to temperature, and that k from Ono
and Sterns data remains 0.9 over a wide
temperature range, the constrained mismatch
should be about 2/3 § throughout. In the case
of alloy #6, it was found that at room

temperature, ¢ = 0,79 8 and at 800°C, ¢ = 0.89
8, 1indicating a small variation in k with

Ti/Al Ratio
Range at 25 °C (APBE)

077 <5< 104 pct Ti/Al = 18

8§ = 0.56 p- Ti/Al = 0.5

8(9) = 0.4 pct Ti/Al = 1.8

5(10) = 0.16 pet Yara(10) = 0.2 Jm-?

r Ti/Al = 0
0.14 < 8 < 0.06 pet pondil) = 0133 Jm-?

N.A. N.A.
T 1o
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Fig. 9 - The unconstrained Y - y' mismatch, §,
as a function of temperature for alloys exhib-
iting Type I behavior; a) alloys 1-3 and 8-10
and b) alloys 4-7 (Ref. 33).

temperature.,

3.b) TENSILE PROPERTIES AT ROOM TEHPERQ:
TURE = The flow stress increment, Aoy, was
found to be proportional to the weight fraction
of v', for a given mismatch (see Fig. 12).
Cornwall et al.35 also reported that the
critical resolved shear stress of aged Ni-Al
single crystals is approximately linearly
proportional to the volume fraction of y' in
the volume fraction range of 0.09 to 0.55. The
increase in Ti/Al ratio, and hence increase in
§ and APBE for alloys 11, 8, 1 and 3 where the
weight fraction of y' was essentially constant,
results 1in a substantial increase in the flow
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{ ARSI mismatch [6| (Ref. 32).
124
Y z = b T 2, 9 and 10 from 0 to about 5. But this also
] & X resulted in a concommitant increase in the
Mo (ot. %) weight fraction of y', and 80 no 1linear
relationship was found between Aoy and IGI for
| these alloys. If one does not take into
Fig. {1 -~ Thermal expansion coefficient vs Mo account the increase in the incremental flow
content for the Y phase (Ref. 33). stress due to weight fraction (from Mo
“" 1000 40~ '3 //
z l3.009 Y
z 4 <
l : e '
{ -3 = // J
4 750 - ks
o - Ak 7.2
|~ 5 8
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" Phl ) i n
) v & In
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, WEIGHT FRACTION OF Y' i
Fig. 12 - Flow stress increment, Acy, vs weight !
fraction of Y' at room temperature (Ref. 32).
< 3 strees increment. In this group of alloys, a : % 2 4 s o 10 12
1inear relationship between Acy and 8] was 7 -7 MISMATCH, 181 ,IN %
observed (see Pig. 13). To monitor the effect
of coherency strain on the incremental flow Fig. 14 - Normalized flow stress incremeant vs
: : stress, the Mo content was varied in alloys #1, Y = v' nismatch (Ref, 32),
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. V-7’ MISMATCH 131, in %
¢ addition, Ti and Mo, Mo and Al interactions,
k etc.), the effect of coherency strain will not Fig. 17 - Normalized flow stress increment,
; be evident. But {if the flow stress is Ady, v8 Y — Y’ mismatch for high coherency |
E normalized with respect to weight fraction of al{oys (Ref. 33).
Y', the effect of weight fraction is eliminated
and Fig. 14 shows the plot of normalized incre- the linear relationship, as was observed at
| mental flow stress vs the y - Y’ mismatch. The room temperature (see Fig. 16).
4 relation between the normalized incremental An interesting point to note here 1is that
2 flow stress and v - v’ mismatch is linear. in the master plot, Fig. 16 of {incremental
3.c) TENSILE BEHAVIOR AT HIGH TEMPERA- flow stress vs coherency strain, the greatest |
TURE - The incremental flow stress Agy was degree of scatter 18 found in group C and D |
found to vary linearly with the weight fraction alloys with low coherency strains. A replot of
of y' for a given lattice mismatch (see Fig. this data for only high coherency alloys (group
15), This is analogous to the room temperature A and B alloys) 1is shown 4in Fig. 17. The
behavior, excellent linear relationship observed in this
figure stresses the coherency strengthening as
a dominant strengthening wmechanism, Con-

versely, in group C and D alloys, where the
coherency strain is low, the incremental flow
strength must be dependent on other strengthen-
ing wmechanisms (e.g., APBE), and the plot of
incremental flow stress versus Y - Y' mismatch
shows wider scatter.

3.d) DISLOCATION-PARTICLE INTERACTION -
The dislocation-particle interaction, as seen '
in TEM samples, determines which wechanism is 1
operating during deformation. The dislocation
structure observed sfter deformation was found 1
to depend upon which group the alloy belonged.
The deformation structure can be studied by
analyzing a representstive alloy in each group.
Deformation structures observed in group D
‘ . % 1 ¢ & & 1w alloys with low coherency strsin and 1low APBE
| B o Yoy wiswaTCH 13,0 % (e.g., #11), deformed at room temperature, at
: 200°C and st 400°C were similer. The disloca-
1 ; Fig. 16 - Normalized flow stress increment, tions were paired snd a large number of ahear
| Acy, vy - Y' mismatch over the tempersture bands were observed, indicating particle shear
‘f range 25°C to 800°C (Ref. 33). was taking place (see Fig. 18a,18b end 18c).
& The dislocstion structure in elloy #13 (from
The verietion in v - v' mismatch schieved same group), after tensile testing at 600°C

by the Mo addition elso sffects the weight still showed paired dislocstions (Fig. 19).
frection of Y's, Again, for the high tempera- Some dislocstions with a/2 <112> Burger's ’
ture dete, the effect of chenge 1in weight vector and some super lettice intrinsic/
frection wes eliminated by dividing the incre- extrinsic faults in y' were elso observed. The
mental flow stress by the weight frection, dislocetion structure in slloy 13 et 800°C, was
This normalized incrementel flow stress vhen less planer end s high degree of individual
plotted versus the v - y' miematch egsin shows dislocetions were observed (see Pig. 20).

ST




Fig. 19 - Dislocation structure
tension tested at 600°C (Ref. 33).

in alloy 13,

Fig. 18 - v' particle shear and the dislocation
structure in alloy 11 tested at a) room tem—
perature, b) 200°C, and c) 400°C (Ref. 33).

Paired dislocations with significant bowing of
the leading dislocation were also seen.

Group C alloys have high APBE and 1low
mismatch. The deformation structure observed
after tensile testing at room temperature
consisted of shear bands, indicating that
particle shear was taking place (Fig. 21)s In
sanples deformed at 200°C, planar arrays of
paired dislocations and production of stacking

162

Fig. 20 - Homogeneous deformation behavior of
alloy 13, deformed 2 pct in tension at 800°C
(Ref. 33).

Fig. 21 ~ Shear band in alloy 10 deformed 2 pct
in tension at room temperature. Dark field
image using g = 110 (Ref. 32).

faults in the Y' were observed. The transition
from high energy APB shear to mixed shear (APB
and S/ISF and S/ESF) seems to occur at 200°C
(see Fig. 22), The dislocation structure at
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Fig., 22 - Dislocation structure in alloy 10,
tested at 200°C (Ref. 33).

Fig. 23 - Intrinsic/Extrinsic faults observed
in v' particles of alloy 10, tested at 800°C.
Dark field image using g = 010 (Ref. 33).

Fig. 24 <~ Planar slip bands in alloy 1 tested
at 200°C (Rﬁfo 33)0

400°C and 600°C also contained planar arrays of
paired dislocations and sheared y' particles
with faults. The aicrostructure of alloy #10
tested at 800°C, shows most of the y' parti-
cles containing superlattice intrinsic/

Fig. 25 -~ Pinched-off residual loops in alloy 1
tested at 800°C. Dark field image using g =
100 (Ref. 33).

extrinsic faults (Fig. 23). The thermally
activated dissociation of a superlattice dis-
location into a pair of partials separated by
low energy intrinsic/extrinsic stacking faults
must be energetically favorable in this alloy
with high ABPE. Most y' particles were sheared
in this manner at 800°C. The existence of
matrix stacking faults observed in alloy 10
indicates low stacking fault energy and must be
due to the high molybdenum content as discussed
earlier.

Group A alloys have high APBE and high
coherency strain. The deformation structure of
alloy #1 after tensile testing at room
temperature showed planar slip bands and
residual dislocation loops. No particle shear
was observed. At 200°C, similar structure was
observed (see Fig. 24). The dislocations were
on well defined slip bands and where two slip
bands crossed, the dislocations seemed tangled.
No particle shear was observed and so no paired
dislocations were found. Similar structure was
seen in the samples deformed at 400°C, at 600°C
and at 800°C. However, only the sample tested
at 800°C showed pinched off dislocation loops
(see Fig. 25). This could be probably due to
decrease in coherency strain at 800°C.

4, DISCUSSION AND SUMMARY

The study of flow stress in a Ni-15Cr-Ti-
Al-Mo alloy series clearly demonstrates that
coherency strain 4is a potent strengthening
mechanism. The increment in flow stress due to
precipitation was found to correlate well to
the magnitude of the y - y' mismatch at all
temperatures, demonstrating that coherency
strain dominates the flow stress. The details
of the dislocation-particle interaction does
not seem to affect the flow stress. In high
coherency alloys, particle bypass by disloca-
tions is observed. In low coherency alloys,
particle shear is observed. The particle shear
observed in low coherency alloys in the peak-
aged condition, could be explained by the order




strengthening model proposed by Reppich,36 in
which the peak strength 1s not attributed to
the transition from particle shear to particle
bypass, but rather is attributed to a critical
particle diameter, where the transition from
“"weak" pair coupling to "strong” pair coupling
occurs. In commercial superalloys, coherency
strengthening 18 generally sacrificed 1n order
to achieve microstructural stability at high
temperatures. For low or intermediate tempera-~
ture service, where the question of particle
stability does not arise, coherency strain
strengthening can be utilized to achieve
maximum strength. In nickel-base superalloys,
alloying with group IVB and VB metals (except
for vanadium) 1leads to an increase in the
coherency strain, whereas group VIB metals
decrease it. Molybdenum is particularly useful
in reducing misfit strain. However caution has
to be exercised in alloy design, since alloying
with Mo also affects the thermal expansion
coefficient of Y and v', the APBE in v’, the
stacking fault energy in Yy and the volume
fraction of y' precipitate.
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