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- The shear stress data for L1, single crystals for more than 50 kinds have been already compiled. The fact that the ternary
additive is inevitable to facilitate the single crystal growth of Ni Al is rather fortunate for us, because its selection is widely
different by individual workers, and this situation enables us to evaluate the effect of ternary elements on the plastic
behaviour in Ni;(AlX) single crystals. Referring to the comprehensive data for polycrystalline Ni;(AlLX), the solid solution
hardening of the CRSS for octahedral slip at low temperatures and the positive temperature dependence of the CRSS for
octahedral slip are evaluated mostly on Nij (Al X) single crystals in terms of the effects of compositions including both the
deviation from stoichiometry and the ternary additions, and the effect of orientations of the stress axis. Above the tempera-
ture showing the maximum strength, the behaviour of the CRSS for cube slip controlled by Peierls mechanism and the
CRSS for octahedral slip controlled by viscous motion of dislocations are analysed in terms of the dependent variables of
temperature, strain-rate, orientation and compositions. Comparison of the plastic deformation is also extended to other L1,
compounds such as Ni,Ga, Ni,Ge, Co,Ti and Pt,Al, which exhibit a big contrast each other. Also pointed out is the areas
where the future research and development will be needed.

KEY WORDS: defect hardening; solid solution hardening; positive temperature dependence of strength; strain-rate depen-
dence of strength; cube slip; octahedral slip; peak temperature; low temperature sensitivity of strength; tension/compression
flow stress asymmetry; offstoichiometry; viscous flow; orientation dependence of strength; Ni;Ge; Ni;Ga; NijAl; Pt;Al; Co,Ti;

L1, compound; L1, single crystal.

1. Present Status

Gamma prime is anomalous. Because 7’ NizAl
shows the positive temperature dependence of strength.
The flow stress increases rather sharply with increas-
ing temperature, reaching a peak and then decreases.
In 1957, this anomaly has been first found in a study
on hot hardness by Westbrook,” and subsequently
confirmed in a study on tensile flow stress by Flinn,
Such anomaly has been reported in many other Ll,
intermetallic compounds; NigSi by Lawrie,® CosTi
by Thornton and Davies, NizGa by Takeuchi and
Kuramoto,’® and NizGe by Pak et al.”? A marvel is
that nickel base superalloys, being strengthened by
the precipitation of y’, had already been developed
and commercialy used at high temperature duties be-
fore we have realized this nature of 7.

Gamma prime is unique. Because 7’ NizAl, being
one of the Berthollide type compounds, has a rela-
tively wide homogeniety range around stoichtometry
in the Ni-Al binary system and in many cascs has
extended homogeniety lobes into Ni—Al-X ternary
systems.?"1®  That is, 7 Ni3gAl can accomodate a
fairly large number of elements, not only transition
metal elements but also B-subgroup elements, into its
substitutional solid solution,!" resembling the case in
nickel.!?  On account of this feature the ' single
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phase alloys or the 7/’ two phase alloys are endowed
a large capability for modifications by alloying in
order to change the properties. It leaves us still big
margins to be encouraged to design new nickel base
heat-resistant alloys, although a significant amounts
of superalloys containing various kinds of solutes have
already been developed.

The mechanism based on the so-called Kear-
Wilsdorf locks is now accepted to interpret the anom-
aly in Ll, compounds. The Kear-Wilsdorf mech-
anism has been furnished in detail on the basis of
experiments on plastic deformation of single crystals,
the observation of dislocation behaviour by transmis-
sion electron microscope and theoretical considera-
tions on dislocation dissociations. Those are to be
found in the review papers in detail.’®-%% Here, it
can be stated that the mechanism involves thermally
activated cross slip of 1/2[101] screw dislocations on
(111) primary glide plane to (010) non-glide plane
resulting locking of the cross sliped segment to raise
the flow stress with increasing temperature. This
means that the lowest antiphase boundary (APB) en-
ergy on (100) non-glide plane, being intrinsic to the
nature of Ll; crystal structure, is a prerequisite for the
Kear-Wilsdorf mechanism,.?18

With the mechanism in mind, a question may arise
why not all of Ll; ordered alloys show the anoma-



1y.1%1®  The phase stability concept proposed by the
group of the present authors could successfully answer
this question. The concept is based on a broad sur-
vey on the temperature dependence of flow stress in
a number of Ll; compounds and it has been shown
by them that a lower phase stability of L1, phase with
respect to D0 or D0y phase is responsible for a
higher magnitude of the anomalous strength behav-
iour. Consequently, it has been shown that a sys-
tematic variation in phase stability could be achieved
by partially replacing one of the components in the
compound to result in increasing or decreasing either
atomic radius ratio or electron concentration.!® 2V
The concept has yielded in the course many findings
of new Ll; compounds having the anomaly but yet
has been ignored.!”® The effect of the composi-
tional deviations from stoichiometry??:? and the ter-
nary additions®*~2" on the magnitude of the anomaly
in ¢’ NizAl can also be well explained by this con-
cept. 252

Investigations on single crystals of L1, compounds,
most often in NisAl, have extensively been carried out
in the past two decades. In order to facilitate the
growth of single crystalline NizAl, ternary additions
are inevitable to avoid a peritectic reaction during
solidification that occurs in the Ni-Al binary system.
For the reason, most of the experiments have been
performed on ternary systems of the type Nig(Al, X).
Such situation is, however, rather fortunate. A com-
pilation of these experimental data by itself provides
us invaluable information on the effect of alloying
elements since individual worker has chosen a differ-
ent kind of ternary element for the purpose. Among
these efforts, noteworthy is a work by Curwick pre-
sented in a form of Ph.D dissertation back in 1972.39
His result of the flow stress on single crystalline Nig
(Al, X) includes the effect of Mo, Nb, Ta, Ti and W,
systematically investigated based on the same experi-
mental technique. A similar size of experimental
works on single crystalline Niz(Al, X) is currently
being performed by Heredia and Pope.?*%

In all the past studies, high temperature flow stress
data were taken only to show the existence of the peak
but not to interpret the origin of the behaviour, It
is really understandable that the most of efforts were
dedicated to the study on the anomaly itself and rela-
tively little attention was paid to the temperature
regime showing the ordinary negative temperature
dependence of strength beyond the peak. However,
it is practically important to predict the peak tempera-
ture shift by the change in the orientation, strain-rate
or composition.

The available shear stress data, especially at ele-
vated temperatures, have been compiled and eval-
uated by the present authors 39 These works are
motivated by the recent studies on Nig(Al, T1) single
crystals at high temperatures, in which rather good
progress has been made in quantitatively rationalizing
the effects of the orientation, strain-rate and tempera-
ture on the operative slip modes and the peak tem-
perature shift.33%  Thosc efforts offer an opportunity
to provide a comprehensive understanding on the data
reported in the past on the plastic behaviour of Ll;

single crystals in the entire temperature range con-
cerned, together with sufficient data on the polycrys-
talline compounds. This is the intention of the pre-
sent revicw,

2. General Aspect

A schematic of the temperature dependence of
shear stress resolved onto (111) plane at a fixed strain-
rate is shown in Fig. 1, in NizAl singlc crystals having
typical two different orientations of stress axis; one
is away from and the other near [001]. Here, we
denote the former as the orientation A and the latter
the orientation B. The slip system operated is (111)
[101] in the temperature regime I below the peaks
T, and T, for both the orientations. The peak T,
appears by the onset of cube slip for the orientation A,
while the octahedral slip still operates above the peak
temperature 1, for the orientation B. For this sake,
the temperatures showing the peak stress are classified
into the categories as 7, and T,,, and thus the tem-
perature regimes above the peaks are designated as
the regime II and the regime ITI, respectively. In
order to reconcil to the figure presented by the CRSS
for (111)[101] slip, the CRSS for (001)[110] slip in
the regime 11 is divided by the Schmid factor ratio R,
where R=S,/S, and S, and S, are the Schmid factors
on (001)[T10] and (111)[T01]. (see Appendix) This
procedure enables us to make visible the peak tem-
perature 7T,,, as a cross point of the shear stress
curves.

In the regime I, where the octahedral slip is opera-
tive, the observed shear stress 7. is considered as the
sum of two terms,18-20,22)

Toet = Tg (oot) + Téct ..................... ( 1)

where 750 has the ordinary negative temperature
dependence mostly arising from modulus change with
temperature, while /., has the anomalous positive
temperature dependence caused by the thermally ac-
tivated cross slip being well-known as the Kear—
Wilsdorf mechanism. TFor the thermal component
7y @ form of Arrhenius-type dependence is imme-
diately suggested,

thy = Aoexp (—UkT) .coviiviinnnn. (2)

where, A4,: a temperature independent constant
U: an apparent activation energy
k, T: wusual meanings.

As a result, the bottom temperature T, will appear
at the condition 87,./07 =0 and 74y becomes
Towery at absolute zero temperature.!$720:22 The com-
position and orientation dependences of 7geen and
7he Will be discussed in Chaps. 3 to 5.

In the regime II, the observed shear stress oy, 1s
expressed as the sum of the effective stress 7/, and
the athermal stress 74 cam »

Teub = T@{cub) +Téub ..................... (3)

The deformation mode in this temperature regime
characterised by cube slip is considered to be con-
trolled by the Peierls-Nabarro mechanism.? At the
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Fig. 1.
A schematic illustration of the temperature depen-
dence of shear stress resolved onto (111) plane at a
fixed strain rate in NigAl single crystal.

Orientation dependence of the appearance of par-

ticular peak temperature is shown for two typical
orientations; A being away from and B near [001].
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critical temperature 7. the stress component 7l
vanishes and then ey =7gun. The temperature and
strain-rate dependences of 7}, will be discussed in
Chap. 6. In the chapter, also discussed are the ori-
entation dependence of T,. and the composition de-
pendence of 74 (et -

The regime III appears for the specimens having
the stress axis near [001]. Because of the very small
RSS for cube slip to operate, the regime I is extended
up to enoughly high temperature, where the diffusive
or viscous flow can be introduced on the octahedral
plane. Thus, T, is strongly dependent on strain-
rate. When octahedral slip governs the deformation
above T,,, a characteristic yield drop and the follow-
ing steady-state deformation are ohserved on the
stress—strain curve.®® Chapter 6 will be devoted to
the formulation of the steady-state stress, t¥%;, as a
function of temperature, strain-rate and composi-
tions.

In Chap. 7, mention will be made on Pt;Al and
CogT1i single crystals, which exhibit a marked con-
trast to nickel base L1y, compounds and provide us
more comprehensive understanding on the plastic be-
haviour of Ll; compounds. In Chap. 8, the discus-
sion will be extended to the transition of the peak
temperature from 7,, to 7,, by the change in orien-
tation of the crystals for various kinds of Ll; com-
pounds.

appearing.

3. Defect Hardening and Solid Solution Hard-
ening

3.1.  Offstoichiometry and 6 (oon

The effect of compositional deviations from stoi-
chiometry on Tgen 1s not known, because of the dif-
ficulty in growing the single crystals all over the
homogeneity range. The effect, however, would be
revealed by the results of the 0.2 9 flow stress o4 (en
on polycrystalline NizAl. This kind of data have
been first reported in hardness by Guard and West-
brook® and later in compressive flow stress at room
temperature by many workers.3773  All these results
show that the significant hardening takes place for
Al-rich deviation but only a small amount of harden-
ing for Ni-rich deviation. In Fig. 2 shown are the
change in the 0.2 9 flow stress at 77 K, ooc,0m, and
at room temperature, o (rr for nickel base L1, com-
pounds.?%?¥)  Practically, it can be assumed that
Goet 11 = 00en . 1t is clear that the asymmectric defect
hardening occurs accompanying the minima of
strength at stoichiometry, which is a commonly ob-
served characteristic of ordered alloys at low tem-
peratures.®*#%  This figure shows that on Al- and
Ga-rich deviations the flow stress at room temperature
is more intense than that at 77 K. This is due to the
increased effect of the anomaly with increasing tem-
perature. It is needed to use the flow stress at a
temperature as low as possible in order to separate
the defect hardening as well as the solid solution
hardening from the strength anomaly as stated in



Chap. 2.

In NizAl the point defect caused by the deviations
from stoichiometry is not the constitutional vacancies,
being found in NiAl and CoAl in the form of unfilled
lattice sites by Ni atoms on Al-rich side of stoichio-
metry 544 Instead of this, the anti-structure de-
fects,?2% where the substitution of excess atoms is for
vacant sublattice sites, occurs in NizAl on both sides
of stoichiometry. This is confirmed by the facts that
the lattice parameter changes continuously beyond
stoichiometry,?? the measured density of offstoichio-
metric alloys is in accord with the calculated value
using lattice parameter data®® and therc is no dif-
ference between the diffusion rates for both side of
stoichiometry.*” NiAl has a nature of clectron com-
pounds,*® where the constitutional vacancies are
formed in such a way as to hold the number of elec-
trons per unit cell constant.  On the other hand, in
Niz3Al such is not the case but the electron density of
state rescmbles to that of nickel*»5® which is a typical
transition metal element.

In order to explain the defect hardening, Aoki and
Izumi have tried to apply the Fleischer-type theory
on the solid solution hardening.?® However, this at-
tempt 1s unlikely, becausc the hardening rates are not
the same but the changing rates of latticc parameter
are the same in both sides of stoichiometry.?? At
present the cause of the defect hardening remains
unexplained by the theory, even if we may take into
account the effect of elastic modulus change accom-
panied by the compositional deviations from stoichio-
metry.5!

Ni / at%
78 77 76 75 74 73 72
400 T T T T
\
4
A
300 | \\
@ 0 ]
a /
s <’\ NLLSi ,/ RT
- © NigSi /.
@ Ni,Ge }.) YAy
o \ // /o,
» 200t © Y ,<>/ ]
3 S~ \ ¢ /0 77K
o ’\\ / / ’
; Ni Ga \\’\ VaERe S
N
o

~5 &
® 4
\ ’
1ooL \\0 ’\i//o/ .

2/

Ni A|\<> \<>\/<>
0 1 1 1 L
0.03 0.02 0.01 0o -0.01-0.02 -0.03
n

Fig. 2. Effect of the deviation from stoichiometry, expressed
by both the Ni concentration and the deviation
parameter p=1/4—(x- y) on the 0.2 9%, flow stress
evaluated at 77 K, ¢,,(s7, and at room tempera-
ture, g,y rmy> fr NigAl and NigGa.?®)  Also shown
are Gyeq 7y for NigSi and NigGe.23

3.2, Ternary Additions and 0¢ en

Pioneer work for the solid solution hardening in
Ni;Al has been done again by Westbrook.”  Sub-
sequent works on the hardening effect of ternary addi-
tions to polyerystalline NizAl have been carried out
by Thornton et al.,** Lopez and Hancock,?” Rawlings
and Staton-Bevan,®® and Aoki and Tzumi,*® although
a limited number of solute elements were examined.
For the analysis in terms of the Fleischer-type elastic
interactions, the information of the substitution be-
haviour, the lattice parameter change and the modu-
lus change by ternary additions are inevitable. The
alloying behaviour of NizAl, i.e., whether a certain
addition substitutes exclusively for Al, exclusively for
Ni or for both sites has been comprehensively eval-
uated by the group of the present authors.%!® The
effort was based on their own experimental works on
the direction of the solubility lobe of Ll phase, to-
gether with the available data on ternary phasc dia-
grams including the work first done by Guard and
Westbrook.® (see Appendix)

Solid solution hardening of polycrystalline NizAl
slightly deviated to Ni-rich side has been investigated
by Mishima et al.!V for the additions of a variety of
both B-subgroup and transition metal elements, all of
which substitute for Al-site.” (see Appendix) Re-
ferring to the systematic investigation on the rate of
lattice parameter change da/dx®® and that of modulus
change dE/[dx,') various types of elastic interaction
between the strain fields of a dislocation and a solute
have been examined to analytically describe the hard-
ening. It has been found that the hardening rate
dogoen [dx 1s best described by a combined parameter
appropriate (or the elastic interaction involving edge
dislocations, as has been observed in many other fcc
terminal solid solutions.!V Also, it has been found
that the atomic size misfit plays a major role and the
contribution of the modulus misfit is minimal,1,2425)
Thus, the result can be illustrated simply by the rela-
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to Ni-rich side of stoichiometry and all the ternary
elements substitute for Al-site,



tion between dogon/dx and da/dx, as shown in Fig.
3.2 Obviously, the relation is found to split into
two corrclation curves, one for transition metal ele-
ments and the other for B-subgroup elements. These
findings are the same in nature as what is observed
in the solid solution hardening of nickel.!?

It is obvious that there is an extra hardening which
can not be explained by the clastic interaction theory
for the additions of transition metal elements in NigAl
as well as in nickel. It has been concluded that the
extra hardening effect arises mainly {rom characteris-
tic d-d hopping interactions between the host nickel
and transition metal solutes, which are essentially
absent [or B-subgroup solutes having only sp va-
lence.® The reasons why the extra hardening has
not been observed clearly until recently are the fol-
lowings:

(1) the experiments on the solid solution harden-
ing have been focussed mainly on noble metal sol-
vents, to which few transition metal elements are
soluble, and

(2) a systematic experimental study on the solu-
tion hardening for both types of solutes has not been
performed in nickel, even less in NigAl 512,59

3.3, Tgien in Single Crystals

In order to assess the hardening effect on 74 ey,
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Relation between the observed CRSS on (111)[101] for Ni,(Al,
X) single crystals at room temperature, 7.z, and the calcu-
lated flow stress for polycrystals of the corresponding composi-
tions, ¢,eprm-* For data being claimed to be at 75 at%, Ni,
two values can be assigned depending on the extraporation
made from Ni-rich (N) or Al-rich side (4) of ollstoichiometry,22
Two straight lines are drawn with slopes of 3.06, being the
Taylor factor, and 2, being the lowest value thecorctically
derived. There is a good correlation with only one cxception

of Nig(Al, Nb).

there are many difficulties such that the characteriza-
tion and the deviations from stoichiometry of the sin-
gle crystals were not the same in each experiment and
there is uncertainty for estimating the hardening rate
on alloying because the binary single crystals as a
reference can not be obtained easily. Assuming that
dogwen/dx obtained at the binary base composition
slightly deviated to Ni-rich side is applicable to any
binary composition, .., to any offstoichiometric com-
position, the values of ¢4 en for any ternary polycrys-
tal can be calculated. This assumption implicitly
means that X atoms are equally and randomly dis-
tributed on the lattice sites instead of Al atoms, where
no interaction occurs between them. The comparison
between the data for polycrystals and those for single
crystals including those provided by Curwick?® and
by Heredia and Popc®®® are made in Figs. 4(a) and
4(b).5 Unfortunately, the lowest test temperature
employed by Curwick was room temperature. Thus,
the comparison is made both for the flow stress at
room temperature, Teew(rr, and 77 K, oy, the
latter being practically assumed to be nearly equal to
Towen. LN these figures straight lines are drawn to
show the Taylor factor being commonly recognized
value of 3.06 and the lower limit being the theoreti-
cally expected valuc of 2.0. The systematic relation
between ¢ ey and tgeen 1s lound and the agrecment
with the lines of the lower bound is quite good.
Electron microscopic observations have shown that
dislocations have no pronounced directionality in the
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Relation between the observed CRSS on (111)[101] for Ni,(Al,
X) single crystals at 77 K, 7,075y, and the calculated flow stress
for polycrystals of the corresponding compositions, ¢,.77)-*>

Being different from Fig. 4(a) the effect of the strength
anomaly, and hence N or 4 marking, is not appearing at this
temperature., Thc observed values for both single- and poly-
crystals are together shown of Ni,Ga and Ni,Ge.



specimens deformed at 77 K, while they are straight
being parallel to the Burgers vector and thus con-
sisting of mostly screw character in the specimen de-
formed above room temperature, where the strength
anomaly is predominant.!5%-% It is evident that
these observations support the conclusion that the
solid solution hardening is governed by the motion of
edge dislocations.! On the other hand, the anoma-
lous temperature dependence of strength is closely
related to the mobility of screw dislocations which be-
comes low compared to that of edge dislocations with
increasing temperature. Thus, the assumption of the
additivity of the components of flow stress, 7=
Teioot) +Thet, would be rationalized, as shown in Fig.
1. It is recognized that 7geey 1s very sensitive to
compositions but not strongly sensitive to the strain-
rate and orientation. The experimental results agree
rather well with the Schmid’s Law as is observed in
ordinary fcc metals. Deviation occurs only at ori-
entations along the boundaries of the stereographic
triangle where the plastic deformation will begin on
more than one slip system.

4. Positive Temperature Dependence of

Strength (Regime I)
4.1.  Temperature Dependence of toe

In contrast to the anomalous behaviour of macro-
scopic flow stress, NisAl is normal on the change with
increasing temperature in the microscopic flow stress
at 107°~1078 strain%% as well as the elastic modu-
lus.8” In Fig. 5, the temperature dependence of
stress divided by shear modulus, 7. (7)/Goei(T),
being normalized by the value at 4 K is shown for
NisAl at the two levels of the {low stress. In the ex-
pression, Goe is the shear modulus on the (111) plane
in the [110] direction. Together shown are the same
quantity for some other L1, compounds for compari-
son.%6162  Here, the shear modulus data are taken
for NizAl, CuzAu and NisFe single crystals provided
by Ono and Stern,’ Flinn et al.,% and by Turchi
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Fig. 5. Temperature dependence of the shear stress at 5 X
10~% microstrain and 1x10-% strain divided by
shear modulus normalized by the value at 4 K in
NizAl. Together shown are NijFe and CugAu or-
dered alloys; one has no strength anomaly and the
other has the strength anomaly.

et al. . respectively.

Mulford and Pope® have stated that at high tem-
peratures the plastic strain at low stress is related to
the motion of edge dislocations and the macroscopic
yielding requires that of screw dislocations which is
apparently much more difficult. Also, stated is that
the loss of mobhile edge segments during the initial
straining results in a hardening effect on the sub-
sequent loading, which is termed as the microstrain
exhaustion. Even in the macroscopic flow in many
Ll; compounds having the strength anomaly, it is
often observed, as in Fig. 1, that a normal negative
temperature dependence occurs below the tempera-
ture 7,.%% In case of NizAl, 7, is reported to be
about 77 K. In this temperature region, the dis-
locations are characterized by a random mixture of
edge and screw components, 56758

1f we could imagine a hypothetical NizAl where
the cross slip mechanism of screw dislocations is not
activated and no exhaustion hardening takes place,
it is a common practice to treat as a weakly negative
function of temperature being observed in fcc metals
and normal L1, compounds, like NigFe,

Tg (oct) = T0 (oct)(l —B T) .

Referring to Fig. 5, the constant B is defined as
[1—(Go/COI/(To—T3) or [1—(7/sp)]/(Te—T1) and
then is approximated to be in the range of 0.0003~
0.0004, where 77* is the flow stress at low levels of
microstrain at temperature 7,.'%2%220  Then, we can
determine the thermal component 7/, by substract-
ing tgeen irom the applied stress 7o, as shown in
Eq. (1). For the derivation of the thermal compo-
nent, it has been usually employed as g (et =T0t00t) =
const. at all temperatures, because of a very small
temperature dependence of tgey. However, we be-
lieve that Eq. (4) is much more advantageous be-
cause, as shown in Fig. 5, the Cottrell-Stokes ratio
tends to reach a lower limit of about 0.7 to 0.8, which
is commonly observed values for fcc metals.®

4.2.  Strength Anomaly and U

Pair dislocations in Lly structure are expected to
be dissociated into partial dislocations accompanied
by various kinds of faults. The types of faults on
(I11) plane between them are expected to be the
antiphase boundary (APB), the superlattice intrinsic
stacking fault (SISF), the complex stacking fault
(CSF) and superlattice extrinsic stacking fault (SESF).
Among them, some of faults have been confirmed by
electron microscope and the others not. Stability of
possible dislocation dissociations®®%- and disloca-
tion core structures™ 7 are theoretically discussed by
many workers and details are reviewed by Pope and
Ezz.'¥ Here, we can simply state that an empirical
activation energy U in Eq. (2) is associated with the
construction of partial dislocations on (111) plane,
which is essential for the cross slip onto (001) plane
to occur and that the driving force for cross slip
originates from an anisotropy of APB energy, i.e., a
very low APB energy on non-glide (100) plane com-
pared to that on glide (111) plane in Ni;AL>®

Based on the thermally activated cross slip model,



Takeuchi and Kuramoto have first expressed their
results of 7/, for NizGa single crystals by the Arrhe-
nius equation.® The magnitude of the mechanical
anomaly can be described by the value of activation
energy U. Incidentally, it has been shown that the
bottom temperature 7, is a good index to cvaluate
the activation energy U, in such Ll,; compound that
the temperature range from T, to 1,, is too narrow
to estimate U by the ordinary Arrhenius plot.!®
CusAu, where the disordering takes place about 600
K is a typical example. It can be stated that CusAu
is one of the anomalous compounds having a weaker
positive temperature dependence of strength than
NizAl, as shown in Fig. 2. The activation encrgy
estimated from 7, and toen 15 16 kJ/mol.2L81  This
value is compared to that for NisAl being 7~8Kk]/
mol.

The strain-rate sensitivity for the CRSS for (111)
[T01] slip, 7/, has been frequently reported to be
very little as in ordinary fcc metals.5:5%55%-70)

4.3.  Offstoichiometry and U

The activation energy U strongly depends on com-
positions, i.e., the deviation from stoichiometry and
ternary additions. It has been qualitatively known
that the positive temperature dependence of strength
is greater for Al-rich deviation than for Ni-rich devia-
tion in polycrystalline NizAL®37-3)  Sych tendency
that the strength anomaly becomes stronger with in-
creasing the minority componcent has been also ob-
served in NizGa,? NizSi,% and NizGe.?» Recently,
the quantitative evaluation on polycrystalline NizAl
has been presented by Noguchi et al.,*® as shown in
Fig. 6. In this figure, the effect of deviations {from
stoichiometry on the activation energy U is shown
with the discontinuous fashion at stoichiometry for
both binary NizAl and NisGa alloys?® and ternary
Niz(Al, T1) alloys.?%3"  Also shown is that Al-rich
deviation tends to have a much smaller U and a some
what larger composition dependence of U than Ni-
rich deviation.

Those tendencies have been interpreted on the basis
of the phase stability concept.?? According to this
concept, the phase stability of Ll; phase with respect
to D0y phase is the origin of the strength anomaly,
which results in almost zero APB energy on cube
plane and facilitates the thermally activated cross
slip of screw segments onto cube plane. It is not easy
to prove it directly in the present case of NizAl
However, a broad survey of a number of binary
phase diagrams containing L1, phase shows that the
phasc transitions are often found from L1, phase to
DOy~ or DOyy-type phase with increasing the minority
component across the AsB stoichiometry.

4.4. Ternary Additions and U

Phase stability of Ll, phase, which affects the
strength anomaly, can well be varied by the additions
of ternary elements. It is possible to controll the
strength anomaly of Ll, compounds by a proper
choice of the third element, in either direction whether
it is strengthened or weakened. Several typical ex-
amples are cited here. It has been shown that by
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Fig. 6. Effect of the deviations from stoichiometry, ex-
pressed by both the Ni concentration and the devia-
tion parameter y=1/4—(¥+ ») on the activation
energy U for the thermally activated cross slip
to yield the mechanical anomaly in Ni,Al® and
Nig(Al, Ti).?#  Together shown are those for
NiGa,?® NigSi,?® and Ni,Ge.2

the substitution of a small amount of Zn for Al the
anomaly of NizAl dramatically vanishes?® and that by
the substitution of Fe for Ni to form (Ni, Fe);Ge the
anomaly of NizGe is reduced and finally vanishes with
further increase in the substitution ratio.!® Also, it
has been shown that the Ti addition increases the in-
creasing rate of flow stress with increasing tempera-
ture®  This is shown in Fig. 6, where Nig(Al, Ti)
alloys have lower activation energy than Ni,Al binary
alloys. Subscquent to the hot hardness expcriment
done by Guard and Westbrook,® the compositional
effects on the mechanical anomaly for polycrystalline
NizAl have been reported by many workers.?8:3%52)

For polycrystalline NizAl slightly deviated to Ni-
rich side the most comprehensive study of the effect
of composition on the strength anomoly, which is
qualitatively defined by the activation energy U, has
been performed by Ochiai et al.2%?»  The result is
shown in Fig. 7, where the changing rate of activation
energy per 1 at%, of ternary elcments, dU/dx, is re-
lated to the changing rate of lattice parameter of 1
at%, dajdx, with the equi-valency contours deter-
mined thereby as indices of the valence of B-subgroup
elements. From this figure, these noticeable facts can
be seen as follows;

(1) the drastic reduction in dU/dx, i.e., the en-
hancement of the strength anomaly, occurs by chang-
ing the ternary solute from 2B- to 4B-subgroup ele-
ments at an almost constant atomic radius (from Zn,
Ga to Ge),

(2) the reduction in dU/dx is enhanced by the
addition of an element with larger atomic size at a
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dU)dx, and that in lattice parameter, dajdx, in ter-
nary Nig(Al, X) polycrystals.2425)
contours based on the valence of B-subgroup ele-
ments are drawn.

Equi-valence

fixed valence (from Ga to In), and

(8) for a transition metal it can be assigned the
apparent valence from the effect on dU/dx. In view
of the valence effect found in Fig. 7, a large valence
would be assigned with decreasing group number for
transition metals of 5th (from Mo, Nb to Zr) and 6th
(from W, Ta to Hf) periods.

Should be referred here is the effect of those ter-
nary elements on the mechanical anomaly which sub-
stitute for the majority component in Ll; compounds.
Unfortunately, no work has been done on (Ni, X)3Al
single crystals. From the results of the limited num-
ber of experimental works on (Ni, Co);Ge single crys-
tals"»™ and (Ni, Fe)sGe polycrystals,® the following
sequence is found on the degree of the mechanical
anomaly or the activation energy U; U((Ni, Fe)sGe)
> U((Ni, Co)sGe)=U(NizGe). This sequence clearly
demonstrates the effect of the electron concentrations
on the degree of activation energy lor the cross slip
and is in accord with the phase stability concept. It
can be said that with increasing the electron atom
ratio by the replacement of a portion of the majority
component, the mechanical anomaly becomes intense
in the compounds. In this regard, it has been con-
firmed that both Fe and Co substitute for Ni-site in
NizGe.%1%

As often stated above, the phase stability of Ll;
phase against DOy, phase is lowered by the substitu-
tion of such ternary elements that reduce the average
electron atom ratio or increase the atomic radius
ratio.!”2) There is a direct evidence to show this
criterion. In Kurnakov compounds APB domains
are formed below the order—disorder transition tem-
perature, The morphology of APB domains is clas-
sified into two types; the swirl-like domains typically
found in NigFe and maze-like domains found in

CuzAu.2L™80  The low APB energy on (100) planes
characterized by the maze-like morphology in CugAu
is related to its mechanical anomaly. It has been
shown that by the addition of small amount of Ni to
CugAu, which reduces the average electron atom
ratio, the long period superlattice being related to
D0, phase becomes unstable, the maze-like mor-
phology converts to the swirl-like and the mechanical
anomaly is removed.?)) In case of Berthollide type
compounds, no APB domains are usually formed.
However, it has been recently pointed out by Cahn
et al®Y that the order-disorder transition temperature
crosses over the liquidus temperature, alloys contain-
ing less than 23 at%, Al freeze in disordered form and
order on further cooling. The maze-like domains
along (100) planes are often reported in melt quench-
ed NizAl alloys®78 in accord with the phase stability
concept. Details on the phase stability of Ll; com-
pounds are found in the previous papers.?%2328,29)

Regarding the constant 4, in Eq. (2), very little
information is available. However, it may be worth-
while to mention that 4, is weakly dependent on com-
position.%)

4.5, Orientation and U (N-dependence)

On NizGa single crystals, Takeuchi and Kura-
moto® have shown that the rate of increase in 7,
with increasing temperature becomes more intense as
the compression axis is moved away from [001] direc-
tion, i.e., the Schmid factor ratio N is increased, where
N=§,/S, and §, and §, are the Schmid factors on
(010)[T01] and (111)[T01]. (see Appendix) Schema-
tically, this is shown in Fig. 1, as the difference of
flow stress between the orientations A and B in the
regime I. Later, similar orientation dependence, as
is called the N-dependence, has been confirmed on
various kinds of Niz(Al, X) by many workers,?% on
NizGe by Pak et al.,”"™® and on CuzAu with weak
response by Kuramoto and Pope.% This behaviour
can easily be explained by the cross slip model. For
a given shear stress on (111)[I01], the shear stress on
(010)[101] being increased with increasing N-value
facilitates the cross slip of 1/2[101] screw dislocations
onto (010) plane. Thus the activation energy U de-
creases for high value of V.

Takeuchi and Kuramoto® have explained the N-
dependence on the activation energy U, giving

U = Up=ANtogt, woverererernennenn: (5)

where, Uy, 4,: constants for a given composition
Ntoer:  the RSS on (010)[TOL].

Equation (5) indicates that the stress Ntoo which en-’

hances the cross slip from (111) to (010) planes re-
duces the activation energy U and that the second
term naturally leads to a breakdown of Schmid’s
law at higher temperatures. Fig. 8, for several ex-
amples, clearly shows such effect in Nig(Al, W),3®
Niz(AlL Ta),” and NisGe™ single crystals with the
relation between U and N.59 On this figure it can
be recognized that the WN-dependence of U is con-
sidered to be almost same for all nickel base L1, com-
pound.®®

In the past works, the N-dependence of strength
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The dotted line in each figure indicates the cal-
culated value for a polycrystal with the correspond-
ing composition.

In (b), a comparison can be made of the values
obtained by tension and compression tests, where
the Q-dependence can be seen.

anomaly has most often been presented by the rela-
tion between the peak temperature, 1,, or T,, and
N-value. It is, however, likely to be inappropriate
because the appearance of the peak temperature is
controlled by the competition of the operative slip
systems as discussed in Chap. 2, but not directly by
N-value. It will be shown in Chap. 8 that the pcak
temperature is better correlated with R-value rather
than N-value.

4.6. U for Single Crystals

Comparison can be made between the activation
energies for polycrystals and single crystals, under such
assumption that is applied to the estimation ol z¢ ey
in Chap. 3. From the result of Fig. 6, the effect of
deviations from stoichiometry on U is described as,

for Ni rich deviation

AU = [(dU/dn),-+oln

4U =[(dU/dy),-—olp for Alrich deviation

where, p=1/4—(x+ y)
»: the mole fractions of Al
x: the ternary solute X substituting for Al
site.
From the result of Fig. 7, the effect of ternary addi-
tions on U is described as,

AU = (U eoveeeeeeeerrnenn. 0

Combining Eqgs. (6) and (7), we can calculate the ac-
tivation energy for polycrystalline Nig(Al, X), Upay,
corresponding to a composition of any single crystal
treated.

The activation energy U deduced from the reported
values for single crystals are compared with the cal-
culated values of Uy, for polycrystals.®? Instead of
directly comparing U, f(U)=exp(—U/RT) is here de-
fined and evaluated at 1 000 K as a measure for the
contribution of U to the thermal component of the
shear or flow stress. The comparison is then made
in Fig. 9. Here, the values for single crystals are
chosen for two orientations; one for near [001] with
smaller A-value and the other for near [111] with
larger N-value. In this case, the scatter in the data
is inevitable, because of the different characterization
of single crystals by individual workers, slightly dif-
ferent orientations of single crystals each other, ignor-
ing of the Q-dependence and a simple assumption for
the estimation of U,y on polycrystals. In spite of
such several uncertainties, it is rather surprising that
there is a good agreement between them. Moreover
one can find a clear indication of the N-dependence
of U in single crystals by a comparison of Figs. 9(a)
and 9(b).

5. Tension/Compression Flow Stress Asym-
metry (Q-dependence)

Flow stress resolved on primary octahedral slip
plane in the regime 1I is often observed unequal de-
pending on the sense of the applied stress, %%  Ag
1s shown in Fig. 10 for the case of NizgGa,’® the ap-
pearance of this tension/compression asymmetry also
depends on orientations in the unit triangle but it can
not be explained by the variation in N-value. Pope’s
group™%~%) has then introduced another orientation
factor termed Q-value, where Q =S,/S, and S, and S,
are the Schmidt factor on (111)[121] and that on
(11D)[101]. (see Appendix) Because 1/2[101] screw
dislocations in the compound are most probably dis-
sociated into 1/6[112] Schockley partials, any stress
component that aids their constriction would promote
cross slip and vice versa.  Therefore it is expected that
the sign of the RSS on (111) along [121] would decide
whether the superpartials are constricted or extended
and at Q =0 the asymmetry would disappear. This
is the criterion first proposed by Lall et al.*® Thus,
the activation energy U including both N- and Q-
dependences should be written as,

U = Ul_A1~NTocc_A2QTocc ............... (8)

where, A4;: a constant.

This model, however, can not explain the fact that
the orientation where the asymmetry vanishes is de-
viated toward [001] side in the unit triangle from the
[012]-[113] great circle on which Q =0. (see Ap-
pendix) Paider et al.® have shown that energetically
the most favourable configuration for the cross slip
would be such that the core of 1/2[101] dislocations
is constricted by the applied stress on (111) and is
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Comparison between the observed activation energy, U, in single
crystalline Niz(Al, X) with orientations near [001] and the calcu-
lated values, Uy, for polycrystals of the corresponding com-
positions.&®)

Instead of directly comparing U, f(U)=exp (—UJRT) is de-
fined and evaluated at 1000 K as a measure for the contribu-
tion of U/ to the thermal component of the shear or flow stress.
Together shown are the results for Ni;Ga and Ni,Ge.

In case when the composition of single crystal is simply
claimed to be 75at% Ni, two values for a polycrystal are
obtained according to whether the extraporation is made from
Ni-rich side (V) or from Al-rich side (4), as shown in Fig. 6.
When the test is carried out in tension the data is shown with
“ T'”, otherwise the test is in compression.
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A similar comparison between observed activation energy, U, in
single crystalline Niz(Al, X) with orientations near [111] and

calculated values, U

polys> for polycrystals of corresponding com-

positions.85)

extended by that on (111). The treatment is based
on the original work by Escaig.®¥ The model, being
called as Escaig model, tells us that any stress com-
ponent that enhance the dissociation of superpartials
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[101] in NiyGa single crystals with thrce different
stress axis,??) showing tension (7 )/compression (C)
asymmetry occurring according to the Q-value.
(see Appendix)

after the cross slip would stabilize the configuration
and thereby raise the flow stress. The sign of the
Schmid factor on (111)[121] then become important
in addition to N- and Q-values in understanding the
tension/compression asymmetry. It has been shown
that this new factor changes its sign on [011]-[112]
great circle in the unit triangle. (see Appendix) Then
the zero-asymmetry boundary has becn shown to de-
viate toward [001] side, by combining the effect of
Q-value with this criterion and by considering the
change in relative spacing of Schockley partials with
sign of the applied stress.?) The tension/compression
asymmetry has also been reported on the single crys-
tals of nickel-base alloys with high volume fractions of
79570

Detailed analysis and explanation on this phe-
nomenon is best summarized in a review paper by
Pope and Ezz.'9

6. Flow Stress above the Peak Temperatures

6.1.  Onset of Gube Slip (Regime IT)

From the slip trace analysis of deformed NizAl
single crystals, Copley and Kear® have found that
in the regime 11 above the peak temperature 7, the
slip system operated is (001)[T10]. This observation
has been later confirmed by many workers35:52,78,98)
in most of Ll; compounds having the mecchanical
anomaly.?® Not much work, on the other hand, has
been done on the deformation mechanism by cube
slip system. Thornton ¢t al.%® have shown that the
strain-rate sensitivity of the flow stress for (601)[110]
slip is very large in NizAl, whereas that for (111)[101]




is small as in ordinary fcc metals. Similar observa-
tion has been made for NizGa by Takeuchi and
Kuramoto,® for Niy(Al, X) by Leverant et al.™ and
Travina et al.’® The temperature and strain-rate de-
pendences of the CRSS for (001)[101] slip are shown
in Fig. 11, where the data for Niz(Al, Ti) containing
5.0 at%, Ti are obtained by Miura et al.® and those
for Nig(Al, Ta) containing 4.5 at%, Ta by Umakoshi
et al.™ Tt can be seen from this figure that the ap-
plied stress 7., could be expressed by Eq. (3) in the
regime 11, which is characterized by the negative tem-
perature dependence of strength. Also can be seen
is that 7., obeys the Schmid’s law. Here, the ather-
mal component t; ey ’s are estimated to be 170 MPa
for Nig(Al, Ti) and 195 MPa for Nig(Al, Ta). It will
be shown later, however, that the difference in the
values is not a direct reflection of the different kinds
of ternary element.

The similarity of the temperature and strain-rate
dependences of the effective stress observed in bcc
metals suggests that cube glide in NizAl is controlled
by a thermally activated process. Miura et /. have
shown that the strain-rate is given by

F=teexXp (—H/RT) oovorreniennnne 9)

where, 7: the shear strain-rate

Te: constant .

H: the additional energy that must be sup-
plied by thermal fluctuation to overcome
the innate lattice resistance to dislocation
motion or the Peierls stress.

Then it follows that
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Fig. 11. The temperature dependence of the CRSS for
(001)[T10] slip, t.y), at different strain-rates in
(a) Niy(Al Ti)®*® and (b) Nig(Al, Ta).? The
critical temperature, T, is here defined as the
temperature at which the CRSS becomes inde-
pendent.

= kTt TP 1IN F/0h)r wvven. (10)
v* = —(0H [0ty )r = kT (0 In /0ty )r

The activation energy H and the activation volume
v* is principally a function of the stress and offers
some check on the validity of the analysis as a ther-
mally activated process. For Nig(Al, Ti) single crys-
tals, the maximum activation energy derived from Eq.
(10) is 170 kJ/mol and the activation volume above
the effective stress of 10 MPa derived from Eq. (11)
is of the order of 5 to 15 b?, where b is the Burgers
vector. The derived activation energy is much small-
er than that [or inter-diffusion in NigAl. Then the
following state equation for the plastic deformation
in the regime I1I is obtained,

Teub = T (cub) +Tgub[1 — T/ TC]Z and
VT, = —kHoIn (F/72) overrereeeeeeeesesreneees (12)

or

Teub = Tg (cub) +[ N/T(c)ub +k T/QAb3'1n (T/fC)]Z 3

where, Hy: the activation energy at z/,=0
T.: the critical temperature at which the
CRSS becomes independent at a con-
stant strain-rate.
An important conclusion is suggested by the small
value of the activation volume derived. The CRSS
of cube slip is rate-determined by the Peierls—INabarro
mechanism 3

The composition dependence of 74y, which is in-
dependent on strain-rate can be compared for each
result of single crystal experiments. This is done in
Fig. 12 as a function of the deviation from stoichio-
metry.®%  Although there is a relatively large scat-
ter, it seems that the athermal component 7geuy 18
not so much affected by the ternary additions but by
the deviations from stoichiometry. In other words,
the solid solution hardening of zguy is small com-
pared to that of 7ge. This trend is mostly em-
phasized in case of the single crystals containing B,
which is soluble interstitially in NigAl. It is rec-
ognized on the work done by Heredia®” the solution
hardening rate of 7.y 1s considerably increased but
that of g is remained almost constant by the ad-
dition of B in NizAl, as shown in Fig. 12. It is in-
teresting to note that among nickel base Ll; com-
pounds Tgean of NisGe is relatively high compared to
that of NizAl or Ni;Ga, as seen in Fig. 12.33  Never-
theless, Pak et al.7™® have shown in NizGe that T,
is extremely low to be less than 300 K for the speci-
men having an orientation close to [I11]. It is ob-
vious that 7., easily comes below 7, because of low
T, of cube slip system in NizGe and this results in the
onset of cube slip at relatively low temperature. This
will be mentioned again in Chap. 8.

In the regime II, where the deformation is con-
trolled by cube slip, it has been observed that disloca-
tions have no distinct directionality,%%%7" and also
observed in in situ experiments is that the movement
of dislocations is steady and continuous,”® keeping
the separation of unit dislocations almost constant.!®

11
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Fig. 12. In (a) is shown effect of composition on 74y
being the athermal component of ¢, as a func-
tion of the deviation from stoichiometry/Ni con-
centration.?” The deviation parameter is so de-
fined as,

ﬂ=1/4—(x+)’),
where x, y: the mole fractions of ternary element
X and Al, respectively.
Note that the data for Ni,(Al, Nb) being 340
MPa seems to be erratic.

The concentration of ternary element is shown
in (b).

This feature strongly suggests again the Peierls mech-
anism controls cube glide. In contrast to cube glide
the dislocation motion on (I111) plane is reported to
be too fast to observe moving statc.155%
Unfortunately few works on the strain-rate depend-
ence of flow stress in Ll, single crystals have been
done. The composition dependence of the other sets
of parameters in NisAl, %, 7., Hy, and 7., can
not be deduced. More experimental and theoretical

research works are needed in this area of the regime
11.

6.2.  Onset of Viscous Flow (Regime III)

There observed many evidences®® to show that
octahedral slip still governs the plastic behaviour in
the regime III if the stress axis is oriented near
[001].8:5286,%,98)  Ochiai et al.*® have shown in Nia(Al,
Ti) that stress-strain curves for such situation are

12

characterized by a substantial yield drop and the
following steady-state deformation as shown in Fig.
13.  In the past works the stress-strain curves as pri-
mitive data have not usually been reported and this
interesting phenomenon seems to have been over-
looked.  We can, however, find the yield drop on the
stress—strain curves®®8) or a negative work hard-
ening rate!®™% for the orientation being close to
[001] by a careful look in a few previous papers. As
shown in Fig. 13, at a temperature just above 7T,
the yield drop is minimal showing no appreciable
work hardening and with further increase in tempera-
turc it becomes intense. Such yield behaviour is
suggested to be very similar to that of Johnston—
Gilman type.?®

The CRSS for (111)[101] at the steady state de-
formation, t¥,, decreases with increasing temperature
and exhibits normal strain-rate sensitivity which is in
strong contrast to 7o, in the regime I. It has been
shown that the state equation for %, can be expressed
as,

7 =foltd ) exp (—E/kT)

where, #,: a constant
n: the stress exponent.

The expression is similar to that for the diffusion con-
trolled creep and thus implies that the deformation in
this temperature regime is a type of viscous flow rate-
controlled by diffusion.%1% The stress exponent n
has been estimated to be 3 in this case.?® 1In case of
the steady-state creep on polycrystalline NizAl, the
exponent n has been reported to be 2.56% and 3.2
The apparent activation cnergy for the deformation,
E, has then estimated to be ca. 290 kJ/mol, which is
of the same order as that found for creep of polycrys-
talline NizAl being 317'% or 326 kJ/mol.? The value
is also comparable with that for inter-diffusion in
NizAl'™) or the self-diffusion of Al in nickel.!%)

It has been proposed that the steady-state deforma-
tion above T,, would be resulted by the viscous flow
occurring when the rate of Kear-Wilsdorf locking
counterbalances with that of unlocking by atomic
rearrangement by local short range diffusion.?®) Thus,
it is certain that the prerequisites for the occurrance
of Johnston—-Gillman-type yield drop is fulfilled,?®
which are the low density of mobile dislocations be-
fore straining, the rapid dislocation maltiplication and
non-sensitivity on dislocation velocity to the stress.

No data are found on the stress at steady-state,
X%, as stated above. In order to visualize the effect
of ternary elements on the plastic flow behaviour in
the regime III, a temperature at which the 0.2 9,
flow stress becomes to be 200 MPa, Tj0yp,, is here
defined.?1%)  Then the effect can be shown as Fig.
14, by which the additions of ternary elements raising
T200mps steeply are judged to be favourable for higher
resistance against softening in the temperature re-
gime.’ In these figures, the data presented by
Curwick®® and Heredia’*? are used because there
is no other systematic work done at a constant strain-
rate. It is clear that the parameters such as £ and
Ky in Eq. (14) should be strongly dependent on com-
position. It can be seen that the high temperature
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Fig. 13. Compressive stress—strain curves of Ni;(Al, Ti) single crystals with an orientation near [001] deformed at various
temperatures at several strain-rates,?® showing the yield drop followed by steady state deformation.
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Effect of ternary additions on the temperature at which the
flow stress becomes 200 MPa, T,y ypas which is defined as
a measurc for the high temperature strength,!°® using the
data obtained by Curwick at a constant strain-rate.®®

resistance for the plastic flow is increased by an order
of W, Ta, Mo, Nb and Ti in Fig. 14(a) and by an
order of Ta>Hf >Nb>Zr in TI'ig. 14(b), presenting a
good correlation with an order in the melting point
of these elements. It then seems that self diffusion
of the ternary element would control the magnitude
of Tepomps and hence 7,109

Although having been ignored until the work at
high temperatures by Miura et al.,'% it should be
noted that for orientations away from [001] there are
many experimental indications on the occurrence of
a transition from cube slip to viscous octahedral slip,
i.¢., from the regime II to the regime III, with fur-
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Fig. 14(b).
Effect of ternary additions on the temperature at which the
flow stress becomes 200 MPa, T,y ypa, Which is defined as
a measure for the high temperature strength,'®) using the
data obtained by Heredia at a constant strain-rate,3,32

ther increase in temperature.?¥ It can be often seen
that some data for higher temperatures do not fit to
the plot between the CRSS onto (001)[110], 7y, and
temperature T.3¥ It would be likely to happen if
one sees the stronger negative temperature depend-
ence of 7%, than that of 7.y, in Fig. 1, where the
transition temperature is denoted as 7,. Slip system
controlling the creep deformation has not been re-
ported. It is, however, speculated that the operative
slip system at very slow strain-rate such as a creep
condition would be octahedral viscous flow but not
cube slip, irrespective of orientations of stress axis.
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7. L1, Single Crystals Other than Nickel Base
Compounds

7.1. Pt;Al

Mention should be made on the plastic behaviour
in single crystals of PtAl reported by Wee et al.109
and of CosTi reported by Takasugi et al.1%

Pt;Al exhibits another type of mechanical anomaly
being different from what has been discussed here
typically for Ni;Al. A dramatic increase of the flow
stress with decreasing temperature similar to that
commonly observed in bce metals has been reported
in platinum base Ll; compounds.’$20 Moreover, it
has been observed in a single crystalline experiment
that cube slip system dominates even at low tempera-
tures unlike other fec related compounds, with an
exception where the stress axis is away from [I11]
orientation.’” It is interesting to note that the tem-
perature dependence of plastic flow by cube glide of
Pt;Al is quite similar to that of Ni;Al in the regime
II. Itis obvious that the temperature regime, where
cube slip governs (the regime II), is moved down
lower as a result of the competition for the choice of
the operative slip systems,

This trend has been interpreted by Pope’s group in
terms of spreading core structure of superpartials into
other planes to make them sessile.! Yamaguchi et
al.™™ and Paider el al."™ have calculated the sta-
bility of dislocation structure in a model L1, lattice
having different APB energies. They have concluded
that in case of high APB and very low SF energies on
(111) plane superdislocations should be separated by
an SISF, because of unstable APB, and thus the core
of these dislocations are extended spatially. Also,
non-planer core structure should occur on (010)
planes separated by an APB. They have expected
that those sessile dislocations result in the high CRSS
both on cube and octahedral planes at low tempera-
tures in PtzAl,10%110)

Moreover, the group of the present authors has pro-
posed that the substantial increase in flow stress at low
temperatures is characteristic of such compounds that
lie at phase stability boundary between L1, and Us,Si-
type DO, phase.?:115U2 Tt is interesting to note that
Pt;Al and PtsGa have two polymorphisms being U;Si-
type phases, other than Ll phase.!’»!%)  On the
other hand, Pt;Si and Pt;Ge being U;Si-type have no
L1; phase.l1b112  An attempt is underway to provide
analytical description on such phase stability between
the two phases in various alloy systems in terms of
electron atom ratio as well as atomic radius ratio,'%
for which the estimation of SF and APB energies in
each phase becomes crucial.

7.2. CosTi

The positive temperature dependence of strength
in CogTi has been reported first by Thornton e/ al.9
and later confirmed by Wee et al.'® in polycrystals.
Single crystals of CosTi containing 21 ~22 at%, Til®
and of (Co, Ni);Ti containing 3 at%, Ni and 23 at%,
Ti!'» have been examined by Izumi’s group. The
addition of 3 at% Ni is done in favour of single crystal
growth, and it has been confirmed that Ni substitutes
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for Co-site in Co;Ti.'® In contrast to Pt;Al, in
CosT1i single crystals the plastic flow controlled by
cube slip takes place at relatively higher tempera-
tures. Takasugi el al.}® have suggested that the de-
crease of the CRSS above T, is probably due to the
onset of diffusive process on (111) dislocation motion.
This suggestion is casily acceptable because of the high
valuc of 71,,/7T, in CogTi, where T, is a melting
point. The peak temperature 7,, where the onset
of diffusive octahedral slip takes place, is estimated
to be 0.6~0.77 T, for CosT1 and (Co, Ni};Ti. In
Niz(Al, X), NigGa or NiyGe single crystals having the
stress axis close to [001], 7,, appears at 0.5~0.6
T,.1% Tt can be stated that the regime I1I in CosTi
exists at relatively high temperatures and the regime
IT controlled by cube slip takes place at higher tem-
perature in CosTi than in other nickel base L1: com-
pounds. Also, Taonp. has been estimated to be
1170 to 1 180 K for both CosTi and (Co, Ni);Ti at a
strain rate of 3.8 to 2.3 107857119  The peak tem-
perature shift will be discussed again in Chap. 8.

It is observed in CosTi that the CRSS for cube
slip decrease sharply with increasing temperature and
thus no distinct athermal stress 7geuy can be esti-
mated. At the same time it is reported that the
CRSS is almost strain-rate independent and non-
crystallographic slip trace is observed in the regime I1I
beside cube slip trace.!® Considering the above
facts, it is suggested that the plastic behaviour of
CosT1 at high temperatures is not the same as that
of other nickel base Ll compounds and is not con-
trolled by such single mechanism that is mentioned
in Chap. 6, because the regime II is shifted toward
relatively high temperature as compared to its melt-
ing point. It is concluded that the dominancy for
(111) slip over (001) slip in CosT1 at elevated tem-
peratures is not responsible for the ease of diffusive
(111) slip but rather for the difficulty in operating
(001) slip as a result of very high T, for e

7.3. Low Temperature Sensitivity of Flow Stress

Below room temperature, PtzAl and CosTi show
the rapid increase of the flow stress with decreasing
temperature, as stated above. It is ture that the
CRSS for both octahedral and cube slip in Pt;Al and
the CRSS for octahedral slip in CosTi are controlled
by a thermally activated process, which overcomes an
innate lattice resistance to dislocation motion or the
Peierls stress, If a single mechanism is rate-controll-
ing, it is convenient to introduce the third stress com-
ponent 7%, to Eq. (1), which might depend sensitively
on temperature 7T and strain-rate.

Toet = Taoet) T Toat{ L, 1) Thap evvenvennns (15)

The function of (7, 7) is not known at present but
might be similar to that of =y,

In CosT1i at low temperatures t%,(7, 7) is the larger
component, while at higher temperatures /. is the
larger component.'®  Annealing twins have been
frequently observed in a deformed Co3T1i in the study
on recrystallization? and a very low phase stability
of CosTi against D0sy phase, which consists of a mix-



ture of cubic and hexagonal stackings, has been con-
firmed in a study on the pseudobinary CosTi~NigT1
phase diagram.!'® These facts strongly suggest that
Co;Ti has very low SF energy which reconciles itself
to the theory of non-planar dislocation core struc-
ture.10%119  In (Co, Ni)sTi, it has been shown by
TEM in situ observation that the SISF type dissociated
pairs being sessile converts into the APB type dis-
sociated pairs being glissle under an applied stress
and the core transition is reversible.!!®  This is likely
to be one of the experimental evidences in favor of
the core structure mechanism proposed.

Evidence contrary to this idea is that no twin has
been observed in as cast Pt;Al nor PtsGa. '  Similar
low temperature sensitivity of flow stress has been ob-
served in NizgMn!2? and CusPt!*" being Kurnakov
compounds. It is felt that further works are neces-
sary to answer the question whether the thermal com-
ponent of the stress t4,(7, 7) in these L1; compounds
including PtzAl and CoyT1i is controlled by the same
mechanism.

8. Peak Temperatures

It then becomes possible to provide a criterion for
the appcarance of particular peak temperatures in
Nig(Al, Ti), T,. or 1,, depending on the crystal-
lographic orientations by considering relative magni-
tude of the RSS on relevant planes.®® The condition,
under which octahedral slip governs the plastic de-
formation in regime III, is that the RSS for (111)
[T01], Rroei, exceeds %, before that for (001)[110],
Rz, does Teup. It is expressed as;

Rk <Rt <Teub s -eerevrrenvenenns (16)

Fig. 1 depicts two situations where the condition holds
or not depending on the orientation of the single
crystals. For the orientation A being away from
[001], the value of R is larger than the unity and
consequently the inequality (16) is not satisfied. Then
the relative magnitude of relevant shear siresses as a
function of temperature is as Fig. 1. For the orienta-
tion B being near [001] where the value of R is much
smaller than the unity, the situation is as shown in
Fig. 1 and T,, becomes visible. The choice of slip
system for different orientations of stress axis mostly
depends upon the geometrical restrictions. For stress
axes located on the [001] side of the unit triangle,
octahedral slip tends to occur, whereas for those on
the other side, cube slip is preferred.

The above argument on the orientation depend-
ence of the peak temperature can be cxtended to be
more quantitative by taking the shear strain-rate de-
pendence of stresses into account to examine the
validity of the inequality (16). Using the state equa-
tions derived so far in the text, the condition under
which 7,,<T,. can be analytically obtained.?® We
can define here that 7, is the temperature at which
Toer 18 equal to t¥%;,. These conditions can be ex-
pressed using Eqs. (1), (3) and (14) with proper as-
signments on the constant values. The result for
Niz(Al, Ti) at a constant strain-rate is shown in Fig.
15, where 7,. contours are drawn and the region in

Ni(ALTD

1.4x107%7"
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Circles are the orientations examined.
Numerals are observed 7, and T ,.
The region where 7,,,< T, holds is hatched.
Fig. 15. T, contour in the unit triangle at a constant
strain rate of 1.4x10~*s-! for Niz(Al, Ti) single
crystal.3®)

which T,,< T,. holds is hatched.’® As a result, a
transition boundary exists between two area in the
unit triangle which location depends on controlling
mechanism of the slip systems being temperature and
more or less strain-rate sensitive.?%119 Note that the
transition boundary between the slip systems is gov-
erned by R-value and the strain-rate as is indicated in
Eqgs. (12) and (14). Nevertheless, the boundary and
the contour of T, are mostly located along equi-
values of R, (see Appendix)

The peak temperature 7,. is determined by the
condition of Rry=tewn. The peak shift to lower
temperature is likely to occur in Nig(Al, X) single
crystals by the additions of ternary element, within a
limited number of systematic observations.?!2?} "This
feature can be easily explained by the following two
facts. In most cases for the sake of the increase of
the solid solution hardening and the decrease of the
activation energy U by the ternary additions the rapid
increase of 7., occurs with increasing temperature, as
shown in Fig. 7. On the other hand, although the
effect of the ternary additions on 7., has not fully
known yet, there is no considerable effect on 7¢cuwm,
one of the components of e, as shown in Fig. 12.
Similar observation has been done on the work for
(Co, Ni)sTi single crystals examined by Izumi’s
group.!’™ Tt is obvious that the addition of Ni re-
duces the peak temperature of CosTi, because of the
rapid increase In 7, with increasing temperature.
The fact that the partial substitution of Ni enhances
the mechanical anomaly of CosTi is also in accord
with the phase stability concept concerning to the
electron atom ratio. In contrast to the above, it has
been reported by Pak ef al.”™® that the small addition
of Co in NizGe does not markedly affect 7,0 but does
tewy and the critical temperature 7, are reduced.
Thus, the peak shift occurs to lower temperatures in
(Ni, Co)sGe,™ contrary to (Co, Ni);Ti. In various
kinds of Ll; compounds, the comparison of T,. can
be made at similar orientations close to [111] and at
similar strain-rates of 1073~10"* as follows; at 650 K

for Nig(Al, Nb),*® at 600 K for Nig(Al, Ti),® at 720
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K for NisGa,'2® at 300 K for NizGe™ and at 900 K
for CosTi.1®  Among these Ll, compounds, it has
been reported that T, is inversely related to g um
and proportionally related to 7.9

Single crystal superalloys with the orientation near
[001] have superior high temperature capability, be-
cause of the occurrence of the highest peak tempera-
ture among all other orientations. It is therefore
practically important to know how the ternary addi-
tions affect the peak temperature 7,, in Niz(Al, X)
single crystals. In Chap. 6, it is demonstrated that
the substitution of refractory transition metals in-
creases the parameter Ty gyp, and hence . The
increase of 7o caused by the Kear-Wilsdorf locking
with increasing temperature will continue until the
condition of r.,=c¥%, is attained. It is concluded
that the substitution of refractory metals, which re-
duce the diffusion rate, raises T, in Niz(Al, X) single
crystals having the orientation near [001]. This fea-
ture can be really seen on the data obtained by Cur-
wick.® The comparison on T,, can be made at
similar orientations close to [001] and at similar

PtgAl
5x107*s”
0K
400
Octahedral
300200 100
Tpe < Tpo 300
300K
400
500
800 700 600
840
Tpe < Tpo 850K
(Co,Ni)Ti ;
-3 -1
2.3x10 s o) 900
(@]
950

O
1120 1100 1050 1000

Circles are the orientations examined.
Numerals are observed 7, and T,,.
The rcgion where 7T ,,< T, holds is hatched.

po »
Fig. 16. T, contour in the unit triangle for Pt,Al, Ni,Ge,
and (Co, Ni),Ti single crystals 129
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strain-rates as follows; at 1 100 K for Nis(Al, W), at
I'150 K for Nig(Al, T1),8 at 920 K for NiyGa,® at
870 K for NizGe™ and at 1 130 K for CosTi!® and
(Co, Ni);Ti.''  In all compounds, 7,, is well above
0.5T7,,, where the diffusion controlled process might
begin. It is interesting to note that 7 ,, 1s extended
to higher temperatures being well above 0.67,, even
in NizGe, which have a very low 7., compared to
other L1, compounds,™ as stated above.

Based on the experimentally obtained data for the
temperature dependence of the CRSS for both (111)
[101] and (001)[T10] slips, it is possible to estimate
the transition boundary in the unit triangle on each
L1; compound. This has been done in Figs. 16 and
17 for PtsAl, NizGe, and (Co, Ni);Ti, 2% taking into
account the N-dependence of the strength anomaly.
The calculated transition temperatures of 7, and 7,
are summarized at a constant strain-rate on the unit
triangle in Fig. 16 and as a function of R-value in
Fig. 17. From these figures together with Fig. 15, it
can be seen the different characters in the transition
behaviour from octahedral to cube slip systems in
several kinds of L1l; compounds. It is found in gen-
eral, T, increases first gradually and then steeply
with decreasing R-value. By the truncation upon the
onset of viscous flow on octahedral plane, being inde-
pendent on the R-value, T, takes place at region of
smaller value of R.  As a deformation map, the transi-
tion temperature from cube slip to viscous octahedral
slip, being termed as 7,, can be drawn to form a
triple point, as indicated in Fig. 17.

To be noted is that the temperature regime be-
tween 7., and T, i.e., the regime II, is found much
narrower for (Co, Ni)sTi than for other Ll; com-
pounds. This situation would make difficult to ex-
perimentally visualize transition of the slip systems,
as evidenced by the result obtained by Takasugi et
al%®  The result for PtzAl is somewhat different
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Fig. 17. Orientation dependence, R-dependence (see Ap-
pendix), of the transition temperatures, 7., T,

and 7,, in NiyGe, PtzAl and (Co, Ni)Ti single
crystals,124)



where a slight retrogression on the R-dependence of
T,. is observed. However, it is not conclusive be-
cause the high temperature plastic behaviour is not
taken into account in this calculation. It is evident
that additional works are needed on the plastic be-
haviour of these compounds including Pt;Al in terms
of the strain-rate sensitivity, the temperature depen-
dence of flow stress at high temperatures and the be-
haviour of dislocations.

~ Note that the occurrence of the peak of flow stress
in polycrystals is rather complicated. It would be
caused not only by the onset of cube slip or viscous
octahedral slip but also by grain boundary sliding or
cracking, the latter being dependent on the grain size
and the nature of grain boundary.125-127)

9. Future Scope

This review demonstrates that the plastic behaviour
in Nig(Al, X) single crystals are clearly understood in
terms of the dependent variables, i.e., temperature,
strain-rate, orientation and compositions including
the deviation from stoichiometry and the ternary
additions. As a summary, the list of the experimental
works on the mechanical properties of L1, single crys-
tals, mostly related to the temperature dependence of
flow stress, is shown in Table 1.

The above situation will stimulate us to establish
the mathematical modeling for the estimation of flow
stress in Niz(Al, X) single crystals. It can predict,
for example, the limit of mechanical properties of
gamma prime such as the peak strength and the peak
temperature within the maximum solid solubility of
ternary elements. Toward further development of
superalloys being more useful, this program could be
extended to nickel base alloys with high volume of ¢,
especially unidirectionally solidified alloys. In the
7/r" two phase alloys, the additional effects on the
strength must be taken into account;'%4Y the volume
fraction and the size of ', the misfit between y and 7’
and the APB energy of '. Clear relations describing
those effects, theoretical or empirical, have not been
fully understood yet and enough data supporting them
is still lacking. The establishment of reliable Ni-
Al-X phase diagrams is claimed. Especially, the par-
titions of solute elements into y and 7/, i.e., the equi-
librium compositions of y and 7', must be established.

No-man’s-land still remains widely in the Ll; sin-
gle crystal world. Concerning to the mechanical
behaviour of NigAl single crystals, the works on Nis-
(Al, X), (Ni, X);Al and (Ni, X)3(Al, X), are needed,
where X stands for B-subgroup elements substituting
mostly for Al-site, for transition metals such as Co, Cu
or Pt substituting mostly for Ni-site and for transition
metals such as Fe or Cr substituting for both sites,
respectively. Investigations on the Nig(Al, X) single
crystals containing B-subgroup elements provide us
with the comprehensive understanding on the relation
between the plastic behaviour and the phase stability
of LI, phase, although they might have no practical
importance. The addition of Cr is of importance for
the improvement of oxidation resistance of 7' single
crystals.

The experimental works on quaternary NizAl are
also inevitable in order to check the additivity of the
respective effects of a solute element and a second
solute element. Among these, special attention should
be paid to the pseudbinary CosTi-NisAl system, where
the continuous solid solution of L1, phase is formed.??
The compounds being close to CosTi-side might be
candidates for the practical application for high tem-
perature use, because we could combine both the
characters; z.e., good ductility and low diffusivity in
CosTi and the high stability for compositional modi-
fications in NizAl. The effect of ternary elements
needs to be investigated on APB and SF energies
theoretically and experimentally, by means of elec-
tron microscope!®~140 or FIM, 45149 in order to con-
firm further the relevance of the phase stability with
the characteristic mechanical properties and the dis-
location configurations.

The ternary elements such as carbon and boron,
being interstitially soluble, would markedly affect the
mechanical propreties. The experiments on the ef-
fect of B addition in single crystals is underway in
Pope’s laboratory.®? Beside the improvement of duc-
tility of polycrystals, the role of B is found to increase
the low temperature strength open OF To(en,>>* and
the mechanical anomaly.’%%) However it does not
affect the high temperature characteristics such as
Teeuy and Tapomp, as can be seen in Figs. 12 and
14(b).52198)

The experiments on other Ll single crystals to be
done can be suggested. Among 4 Ni base Ll, com-
pounds, only NigSi single crystals have not been
treated yet. Polymorphisms of NigSit™® prevent the
growth of single crystals by Bridgman method. It’s
possibility would become large, for example, by the
partial substitution of Ti, one of few elements being
accomodated into NizSi.® The works on PtzAl and
CosT1 single crystals are of significance as is men-
tioned in the previous chapter. The temperature de-
pendence of elastic constants of NizAl by Ono and
Stern®® and by others!5=15% ig of great value. The
effect of ternary additions on the elastic constants of
Ni;Al has been reported in single crystals by Cur-
wick® and in polycrystals by Mishima et al.'V The
data for elastic constants for other L1, single crystals
are necessary. Recently, Yoo!® has pointed out that
the driving force of the cross slip in Ll; compounds
is supplied by not only anisotropy of APB energy but
also anisotropy of elasticity for screw component dis-
sociated to APB or SISF.

Although there is every indication for theoreticals®
and experimental works on work hardening®889,129)
including latent hardening,!?15® cyclic hardening
1577159 and fracture stress®®!2® and on fatigue,!60,166)
much more works are needed in this field. Much
progress has been made in deducing the mechanisms
of plastic behaviour in Ni3Al as described here and a
lot of data has been compiled on the creep properties
on the y/y" alloys.'¥ It is rather surprising that there
have been only a few investigations on the creep prop-
erties not only of single crystalline Ni;Al1617163) byt
also of polycrystalline NigAlL21%18)  Our current
knowledge is quite limited on the creep behaviour of
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Niz(Al, X) single crystals.

It is urgently needed to

investigate the slip system operating during creep and
the composition and orientation dependences of the
creep rate and to constract the deformation mech-

anism map for NizAl.

Data for inter-diffusion in L1,

compounds are also necessary.
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Fig. A-1. Plots of various Schmid factor ratios, R-, N- and

Q-values on the unit triangle.
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Fig. A-2, Semischematic depiction of the solubility lobes of

ternary NigAl phase with various solutes mostly
at 1273 K.%10
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