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Abstract: Ni;Al-based alloys have drawn much attention as candidates for high-temperature structural materials due to their excellent compre-
hensive properties. The microstructure and corresponding mechanical properties of NizAl-based alloys are known to be susceptible to heat
treatment. Thus, a significant step is to employ various heat treatments to derive the desirable mechanical properties of the alloys. This paper
briefly summarizes the recent advances in the microstructure evolution that occurs during the heat treatment of Ni;Al-based alloys. Aside from
v’ phase and y phase, the precipitations of  phase, a-Cr precipitates, and carbides are also found in NizAl-based alloys with the addition of vari-
ous alloying elements. The evolution in morphology, size, and volume fraction of various types of secondary phases during heat treatment are
reviewed, involving y’ phase, § phase, a-Cr precipitate, and carbides. The kinetics of the growth of precipitates are also analyzed. Furthermore,

the influences of heat treatment on the mechanical properties of NizAl-based alloys are discussed.
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1. Introduction

With the development of aerospace technology, the per-
formance of high-temperature structural materials needs to
improve because of the constantly increasing thrust-to-
weight ratio and the working temperature of the combustion
chamber. Intermetallics-based alloys possess a desirable
combination of physicochemical and mechanical properties
at elevated temperatures because of their stable long-range
ordered structure up to a critical temperature [1—7]. As a con-
sequence, the research and development of intermetallic
based alloys for high-temperature structural applications
have become the focus of researchers. In the past few dec-
ades, extensive investigations of intermetallic based alloys
have been conducted, and most of them mainly concentrated
on Ni—Al, Fe—Al, Ti—Al, and Mo—Si binary systems [8—14].
Among the most investigated of these intermetallics in Ni—Al
system is the Ni;Al-based intermetallic alloys [8,15]. Ni;Al-
based alloys exhibit more appealing properties in comparis-
on to conventional Ni-based alloys, such as high melting
point (~1395°C), low density, anomalous temperature de-
pendence of the yield strength, and excellent corrosion resist-
ance [3,16—20].

However, the brittleness of polycrystalline Ni;Al-based
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alloys at room temperature makes them difficult to process
and fabricate, thereby greatly restricting their structural ap-
plications [21-23]. The room-temperature brittleness of
polycrystalline Ni;Al-based alloys is ascribed to the decrea-
sed dislocation mobility in highly ordered lattices [23—24].
To further promote wider applications, extensive efforts have
been made to improve the intrinsic brittleness of Ni;Al-based
alloys at room temperature. Akoi and Izumi [25] found that a
small addition of boron significantly suppresses the embrit-
tlement of NizAl-based alloys. Liu ef al. [21] studied the ef-
fect of boron additions on the grain-boundary chemistry and
tensile properties of Niz;Al-based alloy, and it is found that
boron additions can significantly improve the room-temper-
ature ductility of the alloy. George et al. [26] indicated that
the improvement in the ductility of NizAl-based alloy with
boron addition could be primarily associated with its positive
impact on suppressing environmental embrittlement. Some
researchers found that a small addition of Zr helped ductilize
the Ni;Al-based alloy [27-30]. In addition, Baker [31]
presented an effective way to improve the ductility of inter-
metallics and suggested that the ductility of these intermetal-
lic compounds could be improved if fine hard particles ho-
mogenize slip and reduce the lengths of dislocation pile-ups.
Following these findings, numerous studies have been
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conducted on the microstructure and mechanical properties
of Ni;Al-based alloys and the relationship between them. The
microstructure, including microsegregation, grain size, and
characteristics of various precipitates, is a key factor in the
mechanical properties of alloys [32—38]. Meanwhile, the mi-
crostructure evolution of alloys is considerably governed by
the processing parameters during heat treatments. Therefore,
the effects of the heat treatment on the microstructure evolu-
tion and mechanical properties of Ni;Al-based alloys need to
be clarified to provide reliable experimental and theoretical
evidence for microstructure control and further improve the
mechanical properties. Many studies have dealt with the de-
velopments in the heat treatment of Ni;Al-based alloys
over the past few decades, and most previous studies mainly
focused on the solution heat treatment and aging treat-
ment [39—44]. The solution treatment generally results in the
dissolution of precipitates and the elimination of microstruc-
tural segregation in Ni;Al-based alloys. The precipitation and
growth of precipitates during aging treatment and its influ-
ence on mechanical properties were also investigated. In this
paper, the various heat treatment processes and the corres-
ponding microstructure evolution during heat treatment of
Ni;Al-based alloys are summarized, and the effects of heat
treatment on the mechanical properties are discussed. For or-
ganizational purposes, recent advances in research on the
heat treatment of Ni;Al-based alloy can be divided into two
sections: solution heat treatment and aging treatment.

2. Phase composition of Ni;Al-based alloys
Compared with conventional Ni-based alloys, one of the

most important characteristics of NizAl-based alloys is their
high Al content, which can also be referred to as a low Ni/Al
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ratio. The microstructure of Ni;Al-based alloys is mainly y'
phase and y phase. Besides, B phase, a-Cr precipitate, and
some kinds of carbides are also reported in Ni;Al-based al-
loys with various alloying additions.

2.1.y phase and y' phase

The low Ni/Al ratio makes the volume fraction of y’ phase
in Ni;Al-based alloys higher than that in Ni-based alloys,
reaching up to above 80% [45]. The excellent performances
of Ni;Al-based alloys at elevated temperatures are primarily
derived from the unique two-phase structure, i.e., the ordered
v’ phase with high volume fraction distributes in the dis-
ordered y matrix. Both the y’ phase and y phase exhibit a face-
centered cubic (fcc) structure. The Ni solid solution y phase
has an Al crystal structure (space group: Fm3m). The cubic
lattice parameter (a) of y phase depends on the types and con-
tents of the solid solution elements and varies within a 0.352
to 0.360 nm range [46]. Fig. 1(a) displays the prototype crys-
tallographic structure of y phase, and the Ni atoms occupy the
face centers and corner positions. The y phases usually dis-
tribute around the cuboidal y" phases in the form of a net
channel in Ni;Al-based alloys, so it is also referred as y chan-
nel, as shown in Fig. 2. The y' phase has a chemical composi-
tion of Ni;Al with L1, crystal structure (space group: Pm3m),
and its prototype crystallographic structure is presented in
Fig. 1(b). In the crystal structure of ordered y’ phase, Ni atom
occupies the face centers, while Al atom occupies the corner
positions. The lattice parameter (a) of ¥’ phase changes from
0.356 to 0.361 nm, which is affected by the addition of alloy-
ing elements in alloys [46]. Moreover, the Yy’ phase is coher-
ent with the y matrix, so the y' interface energy is relatively
small, which ensures homogeneous nucleation of the v’
phase.

Fig. 1. Crystallographic prototype structure of (a) y phase and (b) y’ phase.

2.2. p phase

The B phase has a chemical composition of NiAl with
ordered body-centered cubic (bce) B2 crystal structure (space
group: Pm3m), as shown in Fig. 3 [47]. In the crystal struc-
ture of B phase, Ni atom occupies the body center, while Al

atoms occupy the corner positions. When part of Al atoms is
replaced by Ti, Nb, and Hf atoms, the crystal structure of 3
phase will be further ordered to form a Heusler-type phase
(such as Ni,AlTi phase and Ni,AlHf phase, denoted as f3'),
improving the mechanical properties of alloys [48].

Previous research proved that the addition of Fe and Cr
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Fig. 2. y/y' microstructure of a cast Ni;Al-based alloy.

Fig. 3. Crystallographic prototype structure of § phase.

element in Ni;Al-based alloys mainly promotes the precipita-
tion of B phase, and the Fe atoms will mainly substitute for Ni
atoms when the Fe content in Ni;Al-based alloy exceeds
15at%, leading to the increasing fraction of y phase in the al-
loys [45,49]. In addition, the stability of the precipitated
phase is closely related to the Ni/Al ratio. As a result of the
wide composition range of the B phase, various phases can
also be precipitated in the interior of B phase during heat
treatment, such as plate-like v’ phase and a-Cr, which will be
discussed in detail in the next section.
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2.3. 0-Cr phase

The addition of Cr (up to 8at%) effectively improves the
oxidation resistance of Ni;Al-based alloys by forming a con-
tinuous and compact Cr,O; oxide layer on the surface of the
alloys [50—51]. Meanwhile, the relatively high addition of Cr
gives rise to the precipitation of a-Cr phases with a bec struc-
ture. The a-Cr precipitates have different morphologies in
different matrices and exhibit different orientation relation-
ships with the matrices. For instance, the a-Cr precipitates in
B phase are spherical and related to the parent phase by a par-
allel orientation relation, while those in y’ phase have a lath-
shaped morphology and show a Kurdjumov—Sachs orienta-
tion relationship with the parent phase [50]. Previous re-
search by Pérez et al. [52] found that the volume fraction,
size, and distribution of a-Cr precipitates have significant ef-
fects on the mechanical properties of a rapidly solidified
Ni;Al-Cr alloy. The extensive precipitation of a-Cr phases
during thermal annealing at 750°C results in the embrittle-
ment of the alloy. When the annealing temperature rises to
900 or 1000°C, the a-Cr precipitates tend to re-dissolve in the
v'-Ni;Al, improving the ductility of alloys.

2.4. Carbides

The main carbides precipitated in the casting Ni;Al-based
alloys include MC and M,;C¢ (M in MC signifies Hf, Ti, and
Zr, while M in M,;C; denotes Cr) [45,53—56]. As shown in
Fig. 4, some HfC carbides precipitate in the grain boundaries
of the Ni;Al-based alloys. Different types of carbides can be
converted to each other under certain conditions. Moreover,
the discontinuously distributed carbides in the grain boundar-
ies can pin the grain boundaries and hinder migration. The
brittleness of Ni;Al-based alloys primarily originates at grain
boundaries. Thus, an appropriate amount of carbides can be
introduced to strengthen the grain boundaries, reducing the
brittleness.

3. Solution heat treatment

The solution heat treatment of alloys is performed at a rel-
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(a) SEM micrograph of a Ni;Al-based alloy, showing the appearance of HfC and (b) EDS results of HfC.
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atively high temperature to dissolve secondary particles that
form during solidification and homogenize the concentration
of the alloying elements in solid solution. The dissolution rate
of these particles increases with the increasing solution tem-
perature.

3.1. Microstructure evolution

The as-cast microstructure of the Ni;Al-based alloy is
sensitive to the alloy composition. As reported by Zhang
et al. [57], the as-cast microstructure of Ni;Al-based alloy
MX246 with the composition of Ni-8Al-7Cr—0.6Zr—Ti, B,
C is mainly composed of dendrite y+y’, eutectic y-y’, and Zr-
rich phases. They also found that with alloying additions of
Mo and Hf, the eutectic y-y’ become dispersive, small, and
uniform, and its amount is decreased in MX246A with the
composition of Ni—8A1-7Cr—2W-4Mo—0.5Hf-Ti, B, C.
Wright and Knibloe [58] suggested that the additions of Fe
and Cr in Ni;Al-based alloys with the effectively Al-rich
compositions result in the formation of v, y’, and martensite 3’
phase. Li et al. [59] found that the microstructure of
Ni;Al-Fe alloy consists of y’ and B phases, and it exhibits
good ductility. Fig. 5 presents the microstructure of a cast
Ni;Al-based alloy with high Fe content, showing the typical
dendritic microstructure. As shown in the higher-magnifica-
tion SEM image of dendritic regions (Fig. 5(b)), the cuboidal
vy’ precipitates embedded in the y matrix and many fine y’ pre-
cipitates that are as small as nanometer scale are distributed
in the y channel. The average size of the cuboidal y' precipit-

y' envelop
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ates is 460 nm. Fig. 5(c) shows that an envelope structure
with a width of about 1.8 um exists between the dendritic
area and interdendritic area, and the energy dispersive spec-
trometer (EDS) result of this envelope structure demon-
strates that it can be referred as y’-envelope. On the basis of
the microstructure characterizations and the differential scan-
ning calorimetry curves of the as-cast alloys and the correla-
tion phase diagram of the Ni;Al-based alloy with high Fe
content, Wu et al. [45] in our research group concluded that
the precipitation sequence of the main phases in the experi-
mental Ni;Al-based alloy during the solidification process is
as follows: (a) the dendrite y phase is first formed from the li-
quid phase; (b) the interdendritic B phase is formed in the re-
maining liquid phase, and the rod-shaped Cr;C, phase is pre-
cipitated in the 3 phase; (c) the remaining liquid phase around
the B phase forms y'-envelope structure; (d) the primary vy’
phase precipitates in the dendrite y phase, and the needle-like
v’ phase precipitates in the  phase; and (e) the secondary vy’
phases precipitate in the y channel of the dendrite area, and
spherical o-Cr phases precipitate in the interdendritic B phase.
The as-cast microstructure of alloys is closely associated with
the process parameters during solidification. Previous re-
search demonstrated that the cooling rate during the solidific-
ation process not only affects the morphology and size of
precipitates, dendritic spacing, and solute segregation, but
also has an important effect on the precipitation sequence and
distribution of precipitates in the matrix of alloys. Ai et al.
[60] studied the effect of withdrawal rate on the microstruc-
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Fig. 5. SEM micrographs of the microstructure of a cast Ni;Al-based alloy with high Fe content: (a) low magnification, (b) high
magnification, (c) morphology of y’-envelope structure, and (d) EDS result of the envelope structure.



Y.T. Wu et al., Effects of heat treatment on the microstructure and mechanical properties of Ni;Al-based ... 557

ture and y/y' lattice misfit of a newly developed Re-contain-
ing Ni;Al-based single-crystal (SC) superalloy. The as-cast
microstructure changs from planar to cellular and then to
dendritic with the increase in the withdrawal rate, and the
dendrite and vy’ phases are greatly refined. Moreover, mi-
crosegregation inevitably occurs in cast Ni;Al-based alloys
due to the dendritic microstructure. Therefore, the solution
heat treatment is needed to reduce the dendritic/interdendrit-
ic microsegregation degree and obtain a homogeneous mi-
crostructure.

Some studies on the microstructure evolution and corres-
ponding mechanical properties of Ni;Al-based alloys during
solution heat treatment were recently undertaken. Li
et al. [61] studied the influence of solution treatment on the
microstructure and stress rupture properties of a Ni;Al-based
single crystal superalloy IC6SX. They found that the dendrit-
ic structure of the experimental alloy disappears and re-pre-
cipitated y' phases with an average size of about 0.28 um are
distributed homogenously in the matrix after solution treat-
ment at 1280°C, leading to an increase in the stress rupture
life. Wang et al. [62] reported that the decomposition of
carbides and the variation of ¥’ phases in the dendritic areas
of MX246A alloy occur during the solution treatment. In ad-
dition, Ai ef al. [63] applied a multistep solution treatment to
eliminate the precipitation of y' phase in interdendritic re-
gions and reduce the microsegregation in a Re-containing
Ni;Al-based SC superalloy. The optimal multistep solution
treatment temperature is 1335 to 1355°C for 16 h and fol-
lowed by air cooling. Lee [43] examined the microstructures
of IC221M alloy after solution heat treatment at 1100°C. The
v+NisZr eutectic colonies are almost eliminated after solu-
tion treatment, and the coarsening of y and y' phases are also
observed.

In our previous study, a cast NizAl-based alloy was sub-
jected to solution treatment at 1230°C for 16 h to reduce the
inhomogeneity of chemical composition and microstructure
to some extent. The microstructure of the solution-treated
samples is displayed in Fig. 6. After the solution treatment,
the interdendritic phase of the experimental Ni;Al-based al-
loy is spheroidized, and its volume fraction is slightly de-
creased. Fig. 6(b) shows that the average size of y' precipit-
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ates decreased to about 150 nm, and the y’ precipitates basic-
ally still maintain their initial cuboidal morphology. Accord-
ing to a previous study [53], the y' solvus temperature of the
v'+y dendrite areas in the experimental alloy is about 1117°C.
Thus, the original coarse y' precipitates, which are presented
in the as-cast condition, can be inferred to have dissolved
completely into the y matrix during the solution treatment,
and then y' precipitates are re-precipitated from the supersat-
urated y matrix during the subsequent quenching process. In
fact, suppressing the re-precipitation of y' during quenching
after solution treatment is practically impossible. Singh
et al. [64] suggested that the re-precipitation of ¥’ precipitates
in alloy 693 can be suppressed only when the cooling rate ex-
ceeds 4500°C/min. Moreover, the morphology and size of '
precipitates are closely associated with the cooling rate,
which will be discussed in the following section. Fig. 6(c)
shows that the width of the y'-envelope also decreases by half
after solution treatment. Moreover, parallel lath-shaped sub-
structures are formed in the interdendritic areas of the solu-
tion-treated Niz;Al-based alloy, as indicated by yellow arrows
in Fig. 6(c). The formation of lath-shaped structures may be
ascribed to the non-uniform plastic deformation of dendrite
and interdendrite area during heat treatment. Another ac-
count suggests that the formation of lath-shaped structures is
related to the martensite phase transformation of  phase dur-
ing the rapid cooling process. In actual, the formation mech-
anism of lath-structure of B phase has not yet been clearly
stated so far and needs to be further studied in future works.
Li et al. [65] observed similar lath-shaped structures in the in-
terdendrite B phase of a rapidly solidified Ni;Al-based alloy,
as displayed in Fig. 7. Rapid solidification rate would result
in the massive precipitation of o-Cr precipitates, which pro-
motes the transformation from  phase with B2 structure to
martensite phases with a L1, structure, forming a high dens-
ity of stacking faults and microtwins in interdendritic areas.
The selected area electron diffraction (SAED) pattern of the
lath-shaped structures is shown in Fig. 7(b), revealing the
characteristic of twins. The microstructure evolution of the
interdendritic areas in a Nis;Al-based alloy during solution
treatment was also investigated in our previous research [66],
and findings show that the formation of precipitates in inter-

Fig. 6. Microstructure of a Niz;Al-based alloy after solution treatment at 1230°C for 16 h and followed by air coohng (a) low-magm-
fication optical micrograph and high-magnification morphology of (b) the y'+y dendrite and (c) the y'-envelope structure.
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Fig. 7. (a) TEM morphology of the interdendritic region of a spray-casting Ni;Al-based alloy and (b) the SAED pattern of region A
in (a). Reprinted from Mater. Lett., 250, Y.F. Li, C. Li, J. Wu, Y.T. Wu, Z.Q. Ma, L.M. Yu, H.J. Li, and Y.C. Liu, Formation of mul-
tiply twinned martensite plates in rapidly solidified Ni;Al-based superalloys, 147-150, Copyright 2019, with permission from Elsevier.

dendritic areas depends strongly on the cooling rates, which
will be discussed in the next section.

3.2. Quenching sensitivity

The main aim of quenching is to control the precipitation
of the alloys during the cooling process, further obtaining de-
sirable performance. In general, the cooling rate has a signi-
ficant impact on the precipitation in alloys, including mor-
phology, size, distribution, and variety [66—68]. When the
cooling rate is sufficiently high, solute will be retained in the
solid solution and the precipitation will be suppressed. In
contrast, if the cooling rate is relatively slow, then precipita-
tion will occur at grain boundaries, dislocations, or other de-
fects, which gives rise to lower supersaturation of solute.

To clarify the effect of solution cooling rate on the micro-
structure evolution of a multiphase Ni;Al-based alloy, differ-
ent cooling methods, i.e., water cooling (WC), air cooling
(AC), and furnace cooling (FC), were applied after solution
treatment at 1200°C for 10 h in our previous study [66]. The
cubic degree, size, and volume fraction of primary y' precip-
itates in the y"+y dendrite decreases as the cooling rates in-
creases, and the average size of secondary Y’ precipitates in-
creases as well. The influence of cooling rate on the size and
volume fraction of primary and secondary y' precipitates in
y'+y dendrite of the experimental alloy is summarized in
Fig. 8. A logarithmic relationship is found between the aver-
age size of y' phase and the cooling rates, whether for primary
v' or secondary y'. The logarithmic relationships are calcu-
lated as 1gD, =2.4128-0.3266 x1g(dT /d¢) and 1gD, =
0.6353 —0.7430 x1g(dT /dr) for primary y' and secondary vy,
respectively, where D, is the average size of the primary or
secondary y' phase, and d7/d¢ presents the cooling rate. Ac-
cording to the examination of the interdendritic microstruc-
ture, the precipitation of semi-spherical a-Cr particles and
long acicular y' precipitates can be promoted with the de-
creasing cooling rate, while the number of rod-like Cr;C,

carbides decreases, as illustrated in Fig. 9. Parallel lath-
shaped structures are also found in the interdendritic areas of
WC and AC samples, thereby indicating that the width of the
parallel lath-shaped structures decreases as the cooling rate
decreases. From Fig. 9, we can conclude that the formation of
parallel lath-shaped structures is sensitive to the cooling rate.
The high thermal stress caused by rapid cooling rate would
lead to plastic deformation in the local area of the alloy. The
cooling rate can also significantly influence the precipitates
in the interdendritic areas of Ni;Al-based alloy. Different
cooling rates lead to the formation of three kinds of precipit-
ates in the interdendritic area, namely, rod-like Cr;C,
carbides, semi-spherical o-Cr particles, and long acicular y’
precipitates [66]. The thermal stability of these precipitates
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Fig. 8. Size and volume fraction of primary and secondary y’
precipitates in y'+y dendrite of Ni;Al-based alloy after solution
treatment as a function of cooling rate. Reprinted from Inter-
metallics, 109, J. Wu, C. Li, Y.C. Liu, X.C. Xia, Y.T. Wu, Z.Q.
Ma, and H.P. Wang, Influences of solution cooling rate on mi-
crostructural evolution of a multiphase Ni;Al-based inter-
metallic alloy, 48-59, Copyright 2019, with permission from El-
sevier.
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varies decreasingly in the following sequence: acicular y' pre-
cipitates > semi-spherical a-Cr particles > rod-like Cr;C,
carbides. Consequently, as the cooling rate decreases, the

% ; s
O 73 —

amount of rod-like Cr;C, carbides decreases, whereas that of
both the semi-spherical a-Cr particles and long acicular y'
precipitates increase.

Interdendritic 3

Fig. 9. SEM morphologies of the interdendritic areas in Ni;Al-based alloy subjected to 1200°C/10 h solution treatment and cooled
by (a) WC, (b) AC, and (c¢) FC. Reprinted from Intermetallics, 109, J. Wu, C. Li, Y.C. Liu, X.C. Xia, Y.T. Wu, Z.Q. Ma, and H.P.
Wang, Influences of solution cooling rate on microstructural evolution of a multiphase Ni;Al-based intermetallic alloy, 48-59, Copy-

right 2019, with permission from Elsevier.

From the above, we can conclude that the microstructure
of Ni;Al-based alloys is sensitive to the solution cooling
rates. The cooling rate during solidification process is also a
key factor in determining the microstructure of alloys, which
has an important influence on the type, quantity, and distri-
bution of precipitates. Li et al. [69—70] investigated the ef-
fects of solidification rate on the microstructure evolution and
phase transition mechanism of a polycrystalline Ni;Al-based
alloy with high Fe and Cr contents. The microstructures of
the alloy with different solidification rates all exhibit typical
characteristics of dendritic microstructure. The volume frac-
tion of interdendritic areas increases with the increase in so-
lidification rate, while the secondary dendrite spacing de-
creases. Rapid solidification cooling rate (~10° K/s) directly
changes the size of the y' phase in the dendritic areas of the
alloy from a bimodal distribution (conventional solidifica-
tion cooling rate ~10 K/s) to a unimodal distribution, and sec-
ondary v’ phases disappear.

3.3. Effects of solution heat treatment on mechanical
properties of alloys

To date, few studies concerning the effect of solution heat
treatment of NisAl-based alloys on mechanical properties
have been performed. Lee [43] attempted to improve the
mechanical properties of a cast Ni;Al-based alloy by solution
heat treatment at 1100°C. The microhardness of the solution-
treated alloy is significantly higher than that of the alloy
without solution treatment. A solid solution strengthening ef-
fect by Zr element due to the dissolution of y + NisZr eutectic
colonies during the solution treatment is probably respons-
ible for the improvement in hardness. Meanwhile, tensile
tests showed that the solution treatment has no evident influ-
ence on the tensile properties of alloys. In the investigations
of Li et al. [61], the stress rupture lives of Ni;Al-based alloy
IC6SX before and after solution heat treatment at different

temperatures under the condition of 1100°C/130 MPa were
examined to elucidate the influence of solution heat treat-
ment on the stress rupture properties. As presented in Fig. 10,
the stress rupture lives of solution-treated specimens are su-
perior to those of the as-cast alloy, which may be due to the
minimal variation in the size of the fine re-precipitated v’
particles. Duan ef al. [71] studied the effect of solution treat-
ment on the high-temperature tensile properties of a wrought
Ni;Al-based alloy. The results showed that the volume frac-
tion of B phase decreases when the alloy is solution treated at
1280°C, leading to a reduced probability of generating
cracks, and both the volume fraction of y'+y areas and grain
size increase, which results in the improved high-temperat-
ure strength of alloy. Hadi and Kamali [72] investigated the
influences of solution treatment on hot workability and
mechanical properties of Ni;Al-based IC221M alloy. They
found that the solution-treated alloy presents higher hot
workability than the as-cast alloy due to the reduction of eu-
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Fig. 10.  Effect of solution heat treatment on the stress rup-
ture life of alloy IC6SX under the testing condition of
1100°C/130 MPa. The data used in this graph is obtained from
Ref. [61].
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tectic phase after solution treatment, and the yield strength of
the solution-treated alloy is also higher than that of the as-cast
alloy at a testing temperature above 700°C. The results of
room temperature tensile tests revealed that the tensile yield
strength, ultimate strength, and elongation of the solution-
treated alloy are lower than those of as-cast alloy.

4. Aging treatment

The size, morphology, and volume fraction of y’ phase are
widely accepted to be able to greatly affect the mechanical
properties of y'-strengthened superalloys [73—77]. As docu-
mented in previous studies on some Ni-based superalloys, at
a high volume fraction and cubic degree of Y’ phase, and at a
v’ phase close to 0.45 um, the creep rupture properties of al-
loys improve [53,78]. As mentioned above, the average size
of y' phase in the Ni;Al-based alloys decreases to a small
level after solution treatment, and the cubic degree of y' phase
is also reduced. Hence, aging treatment is necessary to obtain
the cubic y' phases with ideal characteristics and achieve op-
timal mechanical properties. In addition, Ni;Al-based alloys
are expected to be used as high-temperature components ex-
posed to high temperatures in the long term. The service life
of those components is directly determined by the variation
in microstructure and mechanical properties during thermal
exposure. Thus, research on the effect of aging on micro-
structure and mechanical properties has guiding significance
for practical applications.

4.1. Microstructure evolution

Extensive studies about the effects of aging on the micro-
structure evolution have been conducted in Ni;Al-based al-
loys. Lapin [42] revealed that aging in the temperature range
from 1023 to 1223 K leads to the transformation from the un-
stable lamellar y/y'-p type structure to y/y"-a type structure in
a directionally solidified (DS) Ni;Al-based alloy, and aging at
1123 and 1173 K is the most effective in transforming the un-
stable lamellae to y'-phase and a-Cr precipitates. Pérez
et al. [52] noticed that a large number of a-Cr phases precip-
itate in a rapidly solidified Ni;Al-Cr alloy during aging at
750°C, which tend to dissolve after aging at higher temperat-
ures (900 and 1000°C). Wu et al. [79] observed that the inter-
sected plate-like y' phases precipitate in the interdendritic 8
phases of a multiphase Ni;Al-based alloy during long-term
aging at 800°C. The precipitation of intersected plate-like y’
phases was also reported in as-cast and spray casting Ni;Al-
based superalloy during thermal exposure at 600°C by Li
et al. [69]. Moreover, according to their research, the y’ pre-
cipitates in the dendritic areas of the two states alloys coarsen
during exposure at the temperature range from 600 to 900°C,
and the morphology of ¥’ precipitates varies from cuboidal to
irregular shapes, which can be attributed to the coalescence
of neighboring particles and Ostwald ripening. Lee et al. [80]
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investigated the thermal aging effects on the microstructure
of a castable Ni;Al-based IC221M alloy. They found that the
homogenization of the microstructure is promoted by the
thermal aging, and the volume fraction of the y+NisZr eutect-
ic is halved after aging at 900°C for 1000 h. With further
aging up to 16600 h, the spheroidization of the eutectic
colonies occurs, while the volume fraction of the eutectic re-
mains constant. In the as-cast Ni;Al-based superalloy, the
metastable primary carbides are prone to transformation or
dissolution upon thermal aging, resulting in the formation of
secondary carbides. These tiny secondary carbides are
mainly discontinuously distributed in the low-angle grain
boundaries or the dendritic areas, which can prevent grain
boundary sliding and crack propagation, and the rupture
ductility and rupture life of alloys are improved [81-82].
Fig. 11 illustrates the microstructure of an as-cast Ni;Al-
based superalloy after thermal exposure at 600°C for 4 h,
showing the morphologies of carbides along the y'-envelope.
Many carbides distribute along the interfaces between the
y'+y dendritic and y'-envelope, and these carbides are proved
to be Cr,;Cs by EDS analysis.

Fig. 11. Microstructure of an as-cast NizAl-based superalloy
after thermal exposure at 600°C for 4 h, showing the morpho-
logies of carbides along the y’-envelope.

In addition to the precipitation of secondary phases and
the dissolution and transformation of unstable precipitates,
the growth of precipitates by diffusion of atoms from the su-
persaturated solid solution to the precipitates was reported in
previous studies [83—88]. The evolution in microstructure
characteristics (such as morphology, size, and distribution) of
y' precipitates during thermal aging has recently received
much attention due to the high volume fraction of y' precipit-
ates in Ni;Al-based alloys. Lee [84] found that the coarsen-
ing of ¥’ phases in a cast IC221M alloy occurs upon aging at
900°C, which is ascribed to the coalescence of adjacent
particles. A similar phenomenon was reported by Li
et al. [89], who found that the y' phases coarsen and connect
with each other during long-term aging of a Ni;Al-based
single crystal alloy IC6SX at 1070°C. Motejadded ef al. [86]
examined the morphological evolution and coarsening kinet-
ics of ¥’ precipitates in the dendrite regions of IC221M alloy
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annealed at 900, 1000, and 1100°C up to 50 h. The annealing
treatment leads to the coarsening of y' precipitates, and the
coarsening process is in accordance with Lifshitz—
Slyozov—Wagner (LSW) theory. The coarsening activation
energy was calculated as 253.5 kJ/mol, implying that the
coarsening of the y’ precipitates is controlled by the volume
diffusion of Al. Wu et al. [90] discussed the widening beha-
vior of the y-envelope structure in an as-cast multiphase
Ni;Al-based alloy during long-term aging. They concluded
that the y'-envelope widening is primarily controlled by the
diffusion of Ni, Al, Hf, and Mo atoms at the y"+y /y’-envel-
ope/P interfaces during the aging process, which involves a
relevant phase transformation: B(NiAl) + y(Ni) — y'(Ni;Al).
In our previous studies [91], the microstructure evolution in

the y"+y area of a newly developed Ni;Al-based alloy during
aging at a temperature range from 800 to 1000°C was also
studied. The results revealed that the y' precipitates coarsen
during thermal aging and the morphology of y' precipitate
changes from cuboidal to strip-like and L-shaped due to the
coalescence of adjacent particles, as shown in Fig. 12. The
coarsening kinetics of y' precipitates was also investigated.
The measured temporal evolution of the average size of y'
precipitates suggested that the process of y' precipitate
coarsening can be divided into two stages, namely, early
stage and later stage, which follow the cube rate law of the
Lifshitz—Slyozov encounter modified model and the square
rate law of trans-interface diffusion-controlled coarsening
model, respectively.

Fig. 12. y'+y microstructures of a Ni;Al-based alloy after (a) solution treatment and (b) aging at 1000°C for 5 h.

The changes in other precipitates during aging were also
investigated. Lapin and Vario [92] found that the o-Cr and y'
precipitates in dendrites of a multiphase intermetallic
Ni—Al-Cr-Ti alloy simultaneously grow during aging at
950-1050°C. The growth of a-Cr precipitates follows LSW
theory (d° o t, where d is the mean particle size and ¢ is the
aging time), and the activation energy for coarsening is 310
kJ/mol, indicating that the growth of a-Cr precipitates is con-
trolled by volume diffusion of Cr. Meanwhile, the growth of
v' precipitates follows d* o ¢ law with the coarsening activa-
tion energy of 250 kJ/mol, which suggests that the growth of
y' precipitates is controlled by diffusion of Ni along the B/y’
phase boundaries.

4.2. Effect of aging treatment on the mechanical proper-
ties

The above findings lead us to think that the aging treat-
ment of the alloys, which have a significant impact on the mi-
crostructure, may also inevitably influence its mechanical
properties. Lapin et al. [93] reported that the hardness of a
directionally solidified intermetallic Ni—Al-Cr—Ti alloy is
greatly increased after aging at 973 K, while the room-tem-
perature tensile ductility is reduced. Lee and Santella [94] in-
vestigated the thermal aging effects on the tensile properties
of a Ni;Al-based alloy. They noticed that the room temperat-

ure yield strength decreases with increasing aging time either
in air or Ar at 900°C. For aging at 1050 and 1100°C, the
room temperature yield strength of the alloy aged in air is sig-
nificantly reduced, whereas that of the alloy aged in Ar in-
creases. The increase in yield strength in the alloy aged in Ar
is attributed to the increasing amount of fine y' precipitation
in the matrix after aging. Wu ef al. [90] examined the effects
of the widening of the y'-envelope structure on the creep be-
havior of a Ni;Al-based alloy during long-term aging. Fig. 13
shows that the widening of the y’-envelope occurs during
aging, leading to the decrease in the interdendritic B phase
and increase in the y’' phase, which reduces the steady-state
creep rate and improves the creep rupture life under the uni-
axial constant load tensile creep tests at 800°C/220 MPa. In
contrast, a negative response of the mechanical properties to
aging was reported by Han et al. [95] for a DS casting Ni;Al-
based alloy IC6. The tensile and stress rupture properties of
the experimental alloys slowly deteriorate with aging time.
This negative response to aging is attributed to the micro-
structure changes during aging, including the reduction of y
phase, the coalescence and growth of y' phase, and the homo-
genization of alloy element distribution.

In our previous work [96], different initial microstructures
were obtained by heat treating the Ni;Al-based alloy in dif-
ferent ways (i.e., homogenization treatment and aging treat-
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Fig. 13. SEM morphologies of the y’-envelope structure of a multiphase NizAl-based alloy after (a) annealing at 1200°C for 10 h, (b)
annealing followed by aging at 800°C for 1000 h, and (c) the creep curves of the heat-treated samples under 800°C/220 MPa. Reprin-
ted from Mater. Sci. Eng. A,763, J. Wu, C. Li, Y.C. Liu, X.C. Xia, Y.T. Wu, Y.F. Li, and H.P. Wang, Formation and widening mech-
anisms of envelope structure and its effect on creep behavior of a multiphase Niz;Al-based intermetallic alloy, 138158, Copyright 2019,

with permission from Elsevier.

ment). Thereafter, a comparative study of hot deformation
behavior for the Ni;Al-based alloys was conducted to clarify
the effects of initial microstructure on the hot deformation
characteristics and deformed microstructure, as shown in
Fig. 14. The results revealed that the peak stress and the mag-
nitude of the stress drop for the aged alloy, which presents
coarse Y’ precipitates, are higher than those for the unaged al-
loy with fine y' precipitates at a given temperature and strain
rate. The critical conditions for dynamic recrystallization of
experimental alloys were also determined, and the results
showed that critical stress and strain for the aged alloy are
higher than those for the unaged alloy. The serration of the
flow curves can be also found in Fig. 14(c), especially for the
homogenization plus aging sample and relatively high strain
rates. The serration of the flow curves could be attributed to
an alternation between the work hardening effect and the dy-
namic softening effect during deformation. In the homogen-
ization plus aging sample, the rapid dislocation accumulation
is caused by the coarse strip-like y' precipitates, which acts as
strong obstacles to the dislocation movement. The increased
strain rate is also beneficial to accelerating the dislocation ac-
cumulation. Hence, the alternation between the work harden-
ing effect and the dynamic softening effect occurs more fre-
quently, leading to the more apparent serration of the flow

curves.
5. Concluding remarks

Ni;Al-based alloys have attracted much attention as can-
didates for advanced high-temperature structural materials
because of their excellent physical and mechanical proper-
ties. Apart from the effects of composition design, solidifica-
tion, and thermomechanical process, the microstructure and
comprehensive properties of alloys are greatly affected by
heat treatments. In other words, various heat treatments, in-
cluding solution heat treatment and aging, have been en-
forced on NisAl-based alloys to obtain different microstruc-
ture and corresponding properties. This paper presents an
overview of the effects of heat treatment on the microstruc-
tural changes and mechanical properties of Ni;Al-based al-
loys, which could be of practical significance for guiding the
improvement in properties and predicting the service life of
such materials.

Ni;Al-based alloys mainly consist of y' phase and y phase.
Besides, f phase, a-Cr precipitate, and carbides are also
found in alloys with various additions of alloying elements.
The dissolution of y' precipitates and carbides occurs during
the solution heat treatment of Ni;Al-based alloys, which al-
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Fig. 14. TEM micrographs of the Ni3Al-based alloy after (a) homogenization, (b) homogenization plus aging, and (c) the flow curves
of the alloy deformed at 1100°C with different strain rates, in which dotted lines and solid lines represent the studied alloy after ho-
mogenization and homogenization plus aging, respectively. Reprinted from Intermetallics, 113, Y.T. Wu, Y.C. Liu, C. Li, X.C. Xia, J.
Wu, and H.J. Li, Effect of initial microstructure on the hot deformation behavior of a Ni;Al-based alloy, 1306584, Copyright 2019,

with permission from Elsevier.

lows these phases to optimally re-precipitate in the matrix
during the cooling process or subsequent aging treatment for
obtaining desirable properties. Suppressing the re-precipita-
tion of ¥ during quenching after solution treatment is also
practically impossible. During the cooling process, the mi-
crostructure of Ni;Al-based alloys is sensitive to the cooling
rate. Typically, the slower cooling rate causes a higher
volume fraction and bigger size of primary and secondary y’
precipitates, and the a-Cr particles and long acicular y' pre-
cipitates in the interdendritic areas can also be promoted. The
relationship between the mechanical properties and the cool-
ing rate is complicated and experimental data for Ni;Al-based
alloys are lacking, thereby indicating the need for further in-
vestigations regarding the effect of cooling rate on the mech-
anical properties. Recent progress in the influence of aging
on the microstructure and properties has been summarized.
The precipitation of secondary phases can be promoted dur-
ing aging, and the dissolution and transformation of unstable
precipitates occur at a relatively high aging temperature.
Meanwhile, the growth of y' precipitates by diffusion of
atoms can also be found. Variations in microstructure during
aging evidently result in a positive or negative response to the
mechanical properties of alloys. The specific impact of aging
treatment is affected by the alloying composition, initial mi-
crostructure, and aging parameters, which needs to be stud-
ied further in future works.
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