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Flow and fracture behaviour of Ni (Al - Ti)
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The deformation and the fracture behaviour of the [00 1] orientated Ni; (Al. Ti) single
crystals were investigated to determine the relation between the positive temperature
dependence of the flow stress in the y'-phase and the malleability of nickel-base
superalloys. The positive temperature dependence of the flow stress is observed in the
[001] orientation below about 1000 K (7-,) and the failure occurs in a catastrophic and
brittle manner after considerable plastic deformation. The room temperature fracture
stress increases with increase in the angle 8 between the [00 1] orientation and the
tensile axis at 290 K, and it is well expressed by a crack propagation criterion only by
considering the effect of the normal stress on the {1 00} cleavage plane. The cleavage
fracture stress for the [00 1] orientation is nearly independent of temperature below
7., while the elongation decreases with temperature in contrast to the yield stress.

The cleavage fracture of Ni; (Al.Ti) single crystals is explained by the rapid decrease of
the mobile dislocation density due to a dislocation pinning mechanism based on the
cube cross-slipping of the screw superdislocations which causes the positive temperature
dependence of the flow stress. The insufficiency of the malleability of nickel-base
superalloys seems to be attributed to that of the v'-Ni; (Al. Ti) phase, and the hot
working of nickel-base superalloys near T, in the y'-phase should be avoided.

1. Introduction

Nickel-base superalloys are widely used in appli-
cations requiring high strength at elevated tem-
peratures. Most of these alloys are precipitation
hardened by a Ni;(Al.Ti) v'-phase which has an
ordered fcc structure (L1, intermetallic com-
pound) and precipitates coherently in a nickel-
rich fcc (y) solid solution. The excellent high-
temperature mechanical properties of commercial
nickel-base superalloys are primarily attributed to
unusual high-temperature mechanical properties of
the v'-phase; namely, the positive temperature
dependence of the flow stress. The strength of a
given superalloy depends on such factors as vol-
ume fraction, particle size, coarsening rate and
composition (antiphase boundary energy) of the
v’ precipitate. For example, the volume fraction of
the v'-phase varies widely from about 0.2 in Nim-
onic 80A to about 0.6 in Mar-M200. Since the
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alloys with large volume fractions of " cannot be
fabricated by the normal hot-forming procedure,
they are usually used in the cast condition. How-
ever, it is at present not clear whether the insuf-
ficient malleability of nickel-base superalloys at
elevated temperatures originates from the charac-
teristic of the y'-phase or not, because most con-
cern has been concentrated on the positive
temperature dependence of the flow stress, and
the malleability of the v'-phase (fracture behav-
iour and ductility) has been little investigated to
date.

We have recently found that the LI, inter-
metallic compound Ni; Ge single crystals break by
cleavage on the {100} plane at 290K [1], and
concluded that the cleavage fracture of Ni;Ge is
attributed to the rapid decrease of mobile dislo-
cation density on {111}{(110) slip systems due
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to a dislocation pinning mechanism based on the
cube cross-slipping of screw superdislocations,
which is characteristic of the LI, intermetallic
compound and causes the positive temperature
dependence of the flow stress. In other words, the
cleavage fracture of the L1, compounds is closely
related to the positive temperature dependence of
the flow stress. Since Ni3(Al.Ti) has the same
crystal structure (L1, type) as Niz Ge, and similarly
shows positive temperature dependence, it may
well be that Ni;(Al.Ti) single crystals also break
by cleavage. If Ni;(Al.Ti) single crystals break by
cleavage on the {100} plane, then the [001]
orientated specimen breaks most easily, namely, at
the lowest fracture stress, because the resolved
normal stress to (001) is largest for this orien-
tation.

On the other hand, it is well-known that the
rate of increase of the yield stress with tempera-
ture is lowest [2-9], and the temperature of the
peak yield stress is highest for the [001] orien-
tation. Thus, the [001] orientation in the LI,
intermetallic compounds is thought to behave
uniquely in both plastic deformation and fracture
behaviour.

In the present investigation, we will examine
the deformation and fracture behaviour of the
[001] orientated Niz(Al.Ti) single crystals at
elevated temperatures to determine the relation
between the positive temperature dependence of
the flow stress in the vy'-phase and the mallea-
bility of nickel-base superalloys.

2. Experimental procedure

A single crystal of Ni;(Al.Ti), (75at.%Ni, 15 at.%
Al and 10at.%Ti) was grown by the Bridgman
method under purified argon atmosphere using a
high-purity alumina crucible. The single crystal
was homogenized for 50h at 1323K in a vacuum
of 1.33 mPa. Tensile specimens were cut from the
one single crystal excluding both ends of it using a
spark cutting machine. The specimens had rec-
tangular cross-sections and a gauge size of ap-
proximately 1 mm x 2 mm X 12 mm. Five kinds of
orientations were chosen on the [001]—[111]
symmetry line so that double or multiple slips
were operative from the initial stage of defor-
mation. The orientation of specimens was deter-
mined by the Laue back-reflection method, and
their orientations were shown to be within +2° of
the expected ones. After spark cutting, the dam-
aged layer of the specimens was removed by elec-

trolytic polishing (10% H,S0,, 90% CH; COOH)
and then the specimens were annealed again for
24h at 1323K. Finally, all specimens were elec-
trolytically polished. Tensile tests were carried out
at 290K for five kinds of specimens using an
Instron-type testing machine. Furthermore, the
tests were performed between 290 and 1273 K for
[001] orientated specimens in a vacuum of
1.33 mPa. The specimens were pulled at an initial
strain rate of 1.3 x 107 sec™".

3. Results

Fig. 1 shows the tensile stress—strain curves of
Ni3 (Al.Ti) single crystals tested at 290K, where
the [A] orientation is located on the [001]-
[111] symmetry line and 11 degrees from the
[11 1] orientation. The orientation dependence of
the tensile stress—strain curves of Niz(Al.Ti) single
crystals is similar to that of NizGe [1, 9] namely,
both the yield stress (¢) and the maximum work-
hardening rate (do/de)y increase when nearing
the [111] orientation. This orientation depen-
dence may be attributed to the cube cross-slipping
of screw superdislocations which causes the posi-
tive temperature dependence of the flow stress as
proposed previously [8,9]. The elongation and
the yield stress of Ni;(Al.Ti) single crystals are
larger and lower than those of Ni;Ge [1], respect-
ively, although the fracture stresses of both com-
pounds are almost the same. No serrated flow
which generally resulted from the dynamic strain-
ageing or deformation twinning was detected on a
load—elongation curves. Failure occurs in a cata-
strophic and brittle manner after considerable
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Figure 1 The tensile stress—strain curves of Ni, (Al.Ti)
single crystals at 290K.
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Figure 2 The fracture stress, oy, and the resolved normal
fracture stress to the (001) plane, oy, of Ni, (Al Ti)
single crystals as a function of the angle 6 between [001]
and the tensile axis.

plastic deformation, and necking of the specimen
is not observed below T}, (peak temperature of the
flow stress).

Fig. 2 shows the fracture stress, oy, obtained
from Fig. 1 and the resolved normal fracture stress
t6 the (001) plane, o = oy cos28, as a function
of the angle 6 between the [00 1] orientation and
the tensile axes. oy increases with increasing 6,
namely, when nearing the [1 1 1] orientation in the
same manner as NizGe [1]. On the other hand,
Oy is almost constant independent of the tensile
axes at 290K. This relation suggests that the frac-
ture occurs by the cleavage on the (001) plane
when resolved normal flow stress attains to the
cleavage strength of the (00 1) plane.

Fig. 3 shows the temperature dependence of
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Figure 3 The temperature dependence of the tensile
stress—strain curves of [001] orientated Ni, (AL.Ti)
single crystals.
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Figure 4 The temperature dependence of the yield stress,
gy, the fracture stress, oy, and the elongation, e, of the
[001] orientated specimens.

the tensile stress—strain curves for the [001]
orientated Ni;(Al.Ti) single crystals. The stress—
strain curves show nearly linear work-hardening
below 900K, while they show negative work-
hardening, i.e. work-softening above 1100K. No
serrated flow was observed at elevated tempera-
tures. Failure occurs also in a catastrophic and
brittle manner except at 1273K, where the frac-
ture mode is a ductile one.

Fig. 4 shows the temperature dependence of
the yield stress (0.2% proof stress), fracture stress
and elongation (fracture strain) for [001] speci-
mens. The yield stress shows a positive tem-
perature dependence below about 1100K, and a
negative one above that temperature. This tendency
is in agreement with the previous one [4, 5], for
[001] specimens. Although the yield stress shows
a pasitive temperature dependence, the fracture
stress remains almost constant over the same tem-
perature range, and then decreases with increasing
temperature above about 7,. The elongation
decreases with increasing temperature, and at-
tains a minimum value near T},. Therefore, we can
say that the elongation exhibits a temperature
dependencein the opposite sense to the yield stress.
This tendency is in accord with the previous case
of binary Ni; Al single crystals [10].

Fig. 5a and b show scanning electron micro-
graphs of the fracture surface of the [001] speci-
mens fractured at 290 and 1037 K, respectively.
The fracture surface is relatively smooth and
normal to its tensile axis, i.e. the fracture surface is
nearly (00 1). River lines, which are the character-
istic of cleavage fracture, are also observed at high
magnification, as seen in Fig. Sc.



Figure 5 The fracture surfaces of {60 1] specimens frac-
tured at 290K and 1073K. (a) 290K, (b) 1073K,
(c) 290K.

4. Discussion
4.1. The positive temperature dependence
of yield stress

It has been confirmed that the yield stress of the
[001] orientated Niz(Al.Ti) single crystals also
shows a positive temperature dependence. We have
recently investigated the mechanism of positive
temperature dependence of the flow stress in Ni;
(Al.Ti) and Ni3Ge single crystals [8, 9] and have
concluded that it may be attributed to the cube
cross-slipping of the screw superdislocations, i.e. the

screw superdislocations on the {111} slip planes
tend to cross-slip onto the {100} plane to reduce
the APB energy. The resistance to dislocation
motion is so large on the {100} plane that the
cross-slipped segments prevent the subsequent
motion of the remaining parts of the dislocations
on the {111}<100) slip systems. The yield stress
increases with increase in the number of cube
cross-slipped parts. Since the probability of cube
cross-slip increases with temperature, the yield
stress shows a positive temperature dependence.
On the other hand, at higher temperatures the
{100}(110) slip, which shows a normal tempera-
ture dependence, takes the place of {111}(110)
slip, because the CRSS of the latter becomes much
higher than that of the former. Thus, the tempera-
ture dependence of the yield stress in Fig. 4 will
also be reasonably explained by the above mechan-
isms.

4.2. The reasons for the occurrence of
cleavage fracture in Ni; (Al.Ti) single
crystals

It has generally been accepted that cleavage frac-

ture is unlikely to occur in normal f ¢ ¢ metals and

alloys except for the environment embrittlement
as the liquid metal embrittlement, although many
fcc compounds (e.g. TiC and MgO), cleave on the

{100} plane.

The most dominant quantity which controls
the cleavage resistance of materials is generally
considered to be the energy dissipated by various
processes near the tip of a crack. The most import-
ant dissipative process is plastic deformation. Since
cleavage is a dynamic process, the rate of energy
absorption by plastic flow is a primary quantity,
which depends on the plastic strain rate. The plas-
tic strain rate (€) is expressed as follows.

é = bpV (D

Where b is the Burgers vector, p is the mobile dis-
location density and V is the average dislocation
velocity. There is little variation in b from one
crystal to another, but p and ¥ may vary consider-
ably. If either p or ¥ is very low, cleavage fracture
may be brought about because little energy is ab-
sorbed due to low € . The reasons for fc¢c metals
and alloys not breaking by cleavage are consid-
ered to be as follows:

(1) Dislocation pinning is so weak (or non-
existent) that the mobile dislocation density is
always very high;
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(2) Dislocation velocity is independent of
temperature and always very high except in the
high-strength alloys.

Both the yield stress and the temperature de-
pendence of the yield stress in normal f¢ ¢ metals
is very low, which makes it difficult for cleavage
fracture to occur, On the contrary, the yield stress
of Niz(Al.Ti) at room temperature is higher than
that of normal fcc¢ metals, and increases further
with increasing temperature. Thus, there is a large
difference in the deformation behaviour between
Ni3(Al.Ti), i.e. fce-type ordered phase, and
fcc metals. This difference may result mainly
from the motion of the superdislocation, which is

bound by antiphase boundaries (APB). The dislo-

cation motion in the L1, intermetallic compounds
is very unique due to the cube cross-slipping of
screw superdislocations [8,9], i.e. the screw
superdislocations on the {111} slip plane tend to
crossslip onto the cube {100} plane by a ther-
mally activated process to reduce the APB energy,
which causes the positive temperature dependence
of the flow stress as mentioned in Section 4.1.
Once crossslipping occurs, the motion of the
dislocation is retarded. The slowing-down of the
velocity brings about an increase in the number of
thermally activated portions. Thus, the motion is
rapidly decelerated and the dislocation soon
becomes perfectly sessile after a short-range
motion. This proposition is confirmed by means of
in situ observation of dislocation motion on the
{111%110) slip systems in Niz(Al.Ti) single
crystals by Nemoto et al. [11]. According to
them, the {111} slip occurs quickly and suddenly,
but once the movement of the {1 11}(110) slip
dislocation is stopped, which is frequently ob-
served, these previously mobile dislocations
become perfectly immobile. On the other hand,
(100) slip systems are not operative below Ty,
because the frictional stress of the dislocation on
the {100} slip systems is generally very high at
low temperatures. Therefore, the exhaustion of
mobile dislocations in Niz(Al.Ti) may be brought
about by this dislocation pinning mechanism after
considerable plastic deformation. Thus, the
cleavage fracture of Niz(Al.Ti) is rationalized by
the exhaustion of mobile dislocation density.
Since the cube cross-slipping (dislocation pin-
ning) increases with temperature, the tendency for
cleavage fracture may also increase with tempera-
ture. However, the cleavage fracture stress of
Ni; (Al.Ti) single crystals is, in fact, nearly inde-
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pendent of temperature below T,, as seen in
Fig. 4. Consequently, it is considered that two
conditions must be fulfilled for the occurrence of
cleavage fracture in Niz(Al.Ti). The first prerequi-
site is the very low mobile dislocation density, and
the second is that the resolved normal flow stress
attains to its cleavage strength of the {1 00} plane.
These conditions for Niz(Al.Ti) are fulfilled by

- work-hardening after considerable plastic defor-

mation. For example, the strain-to-fracture (the
elongation, € is considerably large (Fig.4) at
290K, because the yield stress is low. On the

- contrary, elongation is very low at 900K because

the yield stress is very high and nearly equals the
cleavage strength. Thus, the temperature depen-
dence of the elongation in Ni3(Al.Ti) single crys-
tals is closely related to the positive temperature
dependence of the yield stress. In other words, the
positive temperature dependence of the yield
stress leads inevitably to the embrittlement of the
Niz(Al.Ti) single crystals, because the cleavage
strength is nearly constant.

As mentioned in Section 1, the nickel-base
superalloys with large volume fractions of ¥’ can-
not be fabricated by the usual hot-forming pro-
cedures. The insufficiency of the malleability of
these alloys at elevated temperatures seems to be
attributed to that of the v'-phase, because the
ductility of Niz(Al.Ti) single crystals decreases
with temperature, and becomes very low near T,
Therefore, the hot-working of nickel-base super-
alloys near T, of the y'-phase should be avoided.

4.3. Fracture-controlling process

Since it has been found from the present inves-
tigation that Niz(AL.Ti) fractures by cleavage, we
will discuss what process controls cleavage frac-
ture.

Various criteria of crack nucleation and propa-
gation have been put forward to explain cleavage
fracture of materials. Among the propagation
criteria, which completely neglect the crack nu-
cleation process, the constant normal stress law,
based on the Griffith condition for the fracture of
brittle solids, is the most simple and fundamental.
The critical resolved normal stress law is expressed
as follows: '

2E')’ 172
= 2 = |—=Z'P_ o)
on = Op cos*f (77(1 — V2)C) 2)

Where oy is the tensile fracture stress, oy is the.
normal stress on a cleavage crack of length 2¢ lying



in the most favourably oriented cleavage plane at
an angle of #° to the tensile axis in a material
having an effective surface energy vy,, Young’s
modulus £ and Poission’s ratio v. Since o cos?§ is
nearly constant, independent of the angle 6 be-
tween the [001] and the tensile axis as seen in
Fig.2, it can be said that the constant normal
stress law is satisfied in Ni; (Al.Ti) single crystals.
Therefore, if the resolved normal stress to {1 00}
planes attains its cleavage strength, about 520 MPa
as seen in Fig.2, the cleavage crack propagates.
The reason for gy inceasing with increase in the
angle 9, is that oy is expressed as oy /cos?@ (where
oy is constant in the present case) from Equa-
tion 2.

On the other hand, it is generally said that we
should consider the effect of shear as well as
normal stress on the crack propagation process,
because a crack is also able to grow under the in-
fluence of shear stress. If the effect of shear stress
is considered, the propagation criterion for an in-
clined crack in a tensile specimen is expressed as
follows [12]:

2Ey,

1/2
71“:—7) ©

op cosf = (

Fig. 6 shows op cosf as a function of 9. It can
be seen from this figure that this fracture criterion
is not applicable in the present case. Furthermore,
the propagation criterion taking account the ani-
sotropy of the Young’s modulus is also not appli-
cable, because there is no clear relation between
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Figure 6 The fracture stress which takes into account the
shear as well as the normal stress as a function of the
angle ¢ between [00 1] and the tensile axis.

the angle 6 and o cos 8 {1 + [(up — ue)/us] *
sin?6 V2 although the cleavage fracture of Ni;Ge
single crystals has most reasonably been explained
by this criterion [1]. On the other hand, there is
no crack nucleation criterion which satisfies the
experimental data. These experimental facts are in
accord with the absence of deformation twinning
and considerable plastic deformation. Conse-
quently, it can be concluded from the present
investigation that cleavage fracture in Ni, (Al.Ti)
single crystals is governed not by crack nucleation
but by propagation, i.e. the crack nucleation pro-
cess is completely neglected, and the crack propa-
gation process is reasonably explained by only
considering the effect of the normal stress on the
cleavage plane.

5. Conclusions

The deformation and fracture behaviour of the
[001] orientated Nis(Al.Ti) single crystals were
investigated to determine the relation between the
positive temperature dependence of the flow stress
in the y'-phase and the malleability of nickel-base
superalloys. The main results obtained in the pre-
sent investigation are summarized as follows.

(1) The positive temperature dependence of the
flow stress is observed even in the [001] orien-
tation below about 1000K (7,), and failure occurs
in a catastrophic and brittle manner after con-
siderable plastic deformation.

(2) The fracture stress increases with increase in
the angle 6 between the [001] and the tensile
axis at 290K, and it is well expressed by a crack
propagation criterion only by considering the
effect of the normal stress for the {100} cleavage
plane.

(3) The cleavage fracture stress for the [001]
orientation is nearly independent of temperature
below Ty, while the elongation decreases with
temperature in contrast to the yield stress.

(4) The cleavage fracture of Niz(Al.Ti) single
crystals is reasonably explained by the rapid de-
crease of the mobile dislocation density due to a
dislocation pinning mechanism based on the cube
cross-slipping of the screw superdislocations which
causes the positive temperature dependence of the
flow stress.

(5) The insufficiency of the malleability of
nickel-base superalloys seems to be attributed to
that of the y'-Niz(Al.Ti) phase, and the hot-
working of nickel-base superalloys near T, in the
7'-phase should be avoided.
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