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Abstract

The effect of heat treatments on the microstructure and mechanical properties of direc-
tionally solidified (DS) multiphase intermetallic Ni-21.9Al-8.1Cr-4.2Ta-0.9Mo-0.3Zr (in at.%)
alloy was studied. Two-step solution annealing of DS alloy at 1373 K for 100 h and 1483 K
for 2 h leads to dissolution of spherical α-Cr and needle-like γ′(Ni3Al) precipitates within
the β(NiAl) dendrites. In the interdendritic region, dissolution of Cr-based particles and for-
mation of irregular shaped γ areas in the vicinity of dendritic-interdendritic interfaces were
observed. During ageing at temperatures from 1223 to 1323 K the growth of spherical α-Cr
and lath-shaped γ′ precipitates in the β dendrites was observed. In the interdendritic region,
the ageing leads to intensive precipitation of lath-shaped α-Cr precipitates, formation of ir-
regular shaped Cr-based particles and transformation of γ matrix (Ni-based solid solution)
with γ′ precipitates to the γ′ matrix with needle-like γ precipitates. The studied heat treat-
ments can be successfully applied to soften the DS alloy. All Vickers hardness values measured
for specimens aged at 1273 and 1323 K are lower than those for DS samples. A linear rela-
tionship between the Vickers hardness and compressive yield strength is determined for DS
and heat-treated (HT) specimens, which allows the mechanical properties of the alloy to be
predicted from simple hardness measurements. Optimal combination of the yield strength,
ultimate compressive strength and plastic deformation to fracture is achieved after ageing at
1323 K for 30 h.

K e y w o r d s: nickel aluminides, Ni3Al, NiAl, microstructure, heat treatment, mechanical
properties

1. Introduction

Intermetallic alloys based on NiAl and Ni3Al are
potential materials for high-temperature structural
applications. Although the mechanical properties of
Ni-based intermetallics are attractive, current indus-
trial usage is mainly in corrosion-related structural ap-
plications [1–3]. Continuous effort to develop cast Ni-
-based intermetallics with significantly improved me-
chanical properties when compared to iron aluminides
[4–6], which might also compete with emerging class of
cast TiAl-based alloys at intermediate temperatures
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[7–9] and nickel-based single crystalline superalloys
at higher temperatures [10–12] resulted in a group
of multiphase intermetallic alloys. These materials
can provide a good combination of room-temperature
tensile ductility, oxidation resistance, strength and
creep resistance that cannot be achieved in mono-
lithic intermetallics [13–19]. Among various systems,
directionally solidified (DS) Zr-doped intermetallic Ni-
-Al-Cr-Ta-Mo alloys with γ′(Ni3Al)/γ(Ni-based solid
solution)-β(NiAl) type of microstructure [16] were de-
veloped to improve room-temperature ductility and to
achieve superior creep strength at intermediate tem-
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Ta b l e 1. EDS analysis of dendrites and interdendritic region of DS alloy after two-step solution annealing at 1373
K/100 h and 1483 K/2 h followed by gas fan cooling (in at.%)

Region Ni Al Cr Ta Mo Zr

Dendrites (D) 57.1 ± 0.8 35.4 ± 1.1 5.8 ± 0.4 0.5 ± 0.1 0.9 ± 0.2 0.3 ± 0.1
Interdendritic region (I) 66.5 ± 1.1 14.8 ± 1.2 15.2 ± 0.9 2.2 ± 0.3 0.9 ± 0.1 0.4 ± 0.2
Interdendritic region (II) 66.3 ± 1.4 23.3 ± 1.5 3.9 ± 0.4 5.8 ± 0.5 0.7 ± 0.2 not detected

peratures compared to those of similar alloys based
on the β-phase [20, 21]. As shown in our previ-
ous study on DS Ni-21.7Al-8.1Cr-6.5Ti (in at.%) al-
loy [22], critical resolved shear stress for possible
slip systems in the precipitation and solid solution
strengthened dendrites are higher than their cleavage
stress. In order to achieve room-temperature ductility
and optimize mechanical properties for specific struc-
tural applications, the microstructure of such com-
plex alloys should be carefully controlled during post-
-solidification heat treatments [14, 16, 22, 23].
The aim of this paper is to study the effect of

heat treatments on the microstructure and room-
-temperature mechanical properties of DS intermetal-
lic multiphase Ni-Al-Cr-Ta-Mo-Zr alloy. As shown in
our recent work [24], all DS specimens of the stud-
ied Ni-Al-Cr-Ta-Mo-Zr alloy showed very limited or
no room-temperature ductility due to premature frac-
ture of dendrites during tensile testing. Therefore, in
this study, a special attention is paid to microstruc-
ture control of the dendrites with the aim to soften
these inherently brittle regions and to improve room-
-temperature ductility of the studied alloy by appro-
priate selection of heat treatment parameters.

2. Experimental procedure

The master ingots of intermetallic alloy with the
chemical composition Ni-21.9Al-8.1Cr-4.2Ta-0.9Mo-
-0.3Zr (in at.%) were prepared by plasma arc melt-
ing and cast into graphite moulds in an induction fur-
nace under argon atmosphere. These ingots were ma-
chined to rods with a length of 100 mm and placed
into high purity alumina crucibles of 8/12 mm dia-
meter (inside/outside diameter). Directional solidifi-
cation was performed under an argon atmosphere in
a modified Bridgman-type apparatus described else-
where [25]. Specimens were directionally solidified at
a constant growth rate of V = 5.56 × 10−5 m ·s−1 and
a constant temperature gradient at the solid-liquid in-
terface of G = 12 × 103 K ·m−1.
All DS ingots were subjected to two-step solution

annealing at 1373 K for 100 h and at 1483 K for 2 h.
After gas fan cooling to room temperature, ageing at
three temperatures of 1223, 1273 and 1323 K for vari-
ous times ranging from 1 to 100 h was applied. After

each ageing step the Vickers hardness and microhard-
ness measurements were performed at the loads of 294
and 0.42 N, respectively. The microhardness measure-
ments were performed on polished and slightly etched
transverse sections of ingots.
Compression specimens with a diameter of 6 mm

and length of 10 mm were machined from the ingots
subjected to two-step solution annealing and ageing at
temperature of 1323 K. The compression axis of the
specimens was parallel to the [001] growth direction of
dendrites. Room-temperature compression tests were
performed with a computer-controlled universal test-
ing machine at a strain rate of 2.78 × 10−4 s−1. The
offset compressive yield stress was measured at 0.2%
plastic strain and ultimate compressive strength was
determined as a maximum stress from engineering
stress-strain curves.
Microstructural analysis was performed by light

optical microscopy (OM), scanning electron micro-
scopy (SEM) and energy dispersive X-ray spectro-
scopy (EDS). OM and SEM samples were prepared
using standard metallographic techniques and etched
in a reagent of 150 ml H2O, 25 ml HNO3 and 10 ml HF.
Volume fraction of coexisting phases and size of pre-
cipitates were measured by computerized image ana-
lyzer.

3. Results

3.1. M i c r o s t r u c t u r e

3.1.1. Microstructure after directional solidification

After directional solidification at a constant growth
rate of 5.56× 10−5 m·s−1 the microstructure of the Ni-
-21.9Al-8.1Cr-4.2Ta-0.9Mo-0.3Zr (in at.%) alloy con-
sisted of several columnar dendritic grains (3–4). The
microstructure contains 58.3 vol.% of dendrites and
41.7 vol.% of interdendritic region. The dendrites grow
in [001] crystallographic direction parallel to the in-
got axis. The typical dendritic microstructure with
well-developed secondary and tertiary dendritic arms
is illustrated in Fig. 1a. As resulted from a detailed
TEM analysis described elsewhere [26], the dendrites
are composed of β matrix with B2 crystal structure,
needle-like γ′ particles with L12 crystal structure and
spherical α-Cr precipitates with A2 crystal structure,
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Fig. 1. The typical microstructure of DS alloy: (a) optical
micrograph of transverse section showing dendrites with
well-developed secondary and tertiary dendrite arms; (b)
SEM micrograph showing microstructure of dendrites (D)
and interdendritic region (M). P – Cr-based particles.

as illustrated in Fig. 1b. The interdendritic region
contains two microstructurally different areas desig-
nated as I and II. Interdendritic region I contains three
phases: γ matrix with A1 crystal structure, cuboidal
and spherical γ′ precipitates and irregular Cr-based
particles with the chemical composition Cr-32.5Ni-
-5.9Al-0.5Ta-14Mo-0.7Zr (in at.%). In spite of the pre-
vious work on phase composition of the studied alloy
[26], the type of the Cr-based particles has not been

Fig. 2. SEM micrographs showing the microstructure after
solution heat treatments: (a) annealing at 1373 K for 100
h and gas fan cooling to room temperature; (b) annealing
at 1488 K for 2 h and gas fan cooling to room temperature.
D – dendrite, M – interdendritic region (areas I and II).

identified yet. The interdendritic region II contains
single γ′-phase.

3.1.2. Effect of solution annealing on microstructure

Figure 2a shows the typical microstructure after
the first step of the solution annealing at 1373 K for
100 h. It is clear that a complete dissolution of α-
-Cr precipitates is achieved after this heat treatment.
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Fig. 3. SEM micrographs showing the effect of ageing on the microstructure: (a) 1223 K/1 h; (b) 1223 K/100 h; (c) 1323
K/1 h; (d) 1323 K/100 h. D – dendrite, M – interdendritic region (areas I and II).

However, coarse elongated γ′ particles still remain
in the β-phase. The main microstructure change ob-
served in the interdendritic region I is a partial dissol-
ution of Cr-rich particles and transformation of the
cuboidal γ/γ′ microstructure to the γ′ matrix and
elongated γ particles. The microstructure in the in-
terdendritic region II remains unchanged and only
single γ′-phase is observed. After the second step of
the solution annealing at 1483 K for 2 h followed by
gas fan cooling to room temperature, a complete dis-
solution of α-Cr and γ′ precipitates within the dend-
rites is achieved. However, relatively slow cooling rate

resulting from gas fan cooling leads to formation of
very fine precipitates within the dendrites, as shown in
Fig. 2b. This cooling leads to formation of martensitic
β′(NiAl) with L10 crystal structure instead of the β-
-phase within the dendrites, which is similar to
that observed in DS Ni-20.2Al-8.2Cr-2.4Fe or plasma
sprayed Ni-30Al (in at.%) alloys described previously
by Lapin et al. [29] and Iždinský et al. [30], respect-
ively.
In the interdendritic region I, a complete dissol-

ution of Cr-rich particles is observed and continuous
irregular shaped γ-phase areas are formed within the
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Fig. 4. SEM micrograph showing the typical morphology
and distribution of α-Cr and γ′ precipitates in the β dend-

rites after ageing at 1323 K for 100 h.

γ′-phase in the vicinity of the dendrites, as shown in
Fig. 2b. Using SEM analysis, no notable microstruc-
tural change was observed in the interdendritic region
II when compared to that of DS specimens.

3.1.3. Effect of ageing on microstructure

Figure 3 shows the typical microstructures of the
specimens after ageing. During early stages of ageing
in the temperature range from 1223 to 1323 K the
martensitic β′-phase transforms to the β(NiAl). Be-
side the transformation of the β′-phase, intensive pre-
cipitation and growth of spherical α-Cr and needle-like
γ′ particles within the dendrites are observed. As illus-
trated in Figs. 3a to 3d, size of the precipitates is signi-
ficantly affected by the ageing time and temperature.
However, the morphology and homogenous distribu-
tion of the precipitates within all dendrites arms is
preserved, as seen in Fig. 4. Measured statistical data
of α-Cr precipitate diameter (minimum 500 precipi-
tates measured at each ageing regime) were fitted by a
log-normal distribution function. Figure 5a shows ex-
amples of log-normal distribution curves of measured
α-Cr precipitate diameter after ageing at 1323 K. The
size of α-Cr precipitates increases with increasing age-
ing time and temperature, as summarized in Fig. 5b.
Figure 4 indicates that the needle-like γ′ precipitates
are nearly round on cross sections. Since aspect ra-
tio A of these precipitates defined as A = l/d, where
l is the length and d is the diameter of precipitates,
was nearly constant during ageing at all temperatures
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Fig. 5. (a) Example of log-normal distribution curves for
diameter of α-Cr precipitates in the β dendrites after age-
ing at 1323 K. The ageing time is indicated in the figure.
(b) Variation of mean α-Cr diameter with the ageing time.
The ageing temperatures are indicated in the figure.

and time (about 3), these precipitates are replaced by
spherical particles of the equivalent volume. Figure
6a shows examples of log-normal distribution curves
of equivalent γ′ precipitate diameter after ageing at
1323 K. Mean diameter of the γ′ precipitates increases
with increasing ageing time and temperature, as sum-
marized in Fig. 6b. Figure 7 illustrates dependence of
volume fraction of dendrites on the ageing time. The
volume fraction of dendrites decreases with increas-
ing ageing time and temperature. A quasi-equilibrium
volume fraction is achieved after ageing at 1323 K for
30 h. On the other hand, the ageing time of 100 h is too
short to reach equilibrium volume fractions between
the dendrites and interdendritic region for ageing tem-
peratures of 1223 and 1273 K.
During ageing the microstructure within the in-

terdendritic region changed. As seen in Fig. 3, the γ
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Fig. 6. (a) Example of log-normal distribution curves for
equivalent diameter of γ′ precipitate in the β dendrites
after ageing at 1323 K. The ageing time is indicated in the
figure. (b) Variation of mean γ′ precipitate diameter with
the ageing time. The ageing temperatures are indicated in

the figure.

matrix with γ′ precipitates changed to the γ′ mat-
rix, elongated γ particles and irregular shaped Cr-rich
precipitates in the interdendritic region I. Intensive
precipitation of lath-shaped α-Cr particles in the γ′

matrix is observed in the interdendritic region II, as
shown in Fig. 8.

3.2. M e c h a n i c a l p r o p e r t i e s

3.2.1. Effect of heat treatments on Vickers hardness
and microhardness

Figure 9 shows variation of Vickers microhardness
of dendrites, interdendritic regions I and II with the
ageing time. As seen in Fig. 9a, increasing ageing time
and temperature lead to a decrease of the microhard-
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Fig. 7. Dependence of volume fraction of dendrites on the
ageing time. The dashed and dotted lines represent volume
fractions of dendrites after directional solidification (DS)
and solution annealing (SA), respectively. The ageing tem-

peratures are indicated in the figure.

Fig. 8. SEM micrograph showing the typical microstruc-
ture of the interdendritic region (area II) after ageing at

1323 K for 1 h.

ness of the dendrites. It is clear that the applied heat
treatments lead to a softening of the dendrites when
compared to DS specimens (dashed line). A signifi-
cant microhardness decrease of the aged samples when
compared to that of solution annealed (SA) ones (dot-
ted line) can be attributed to the transformation of
martensitic β′ to the β-phase. A minimum microhard-
ness of 2.77 GPa is achieved after ageing at 1323 K for
100 h.
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Fig. 9. Dependence of Vickers microhardness on the age-
ing time: (a) dendrites; (b) interdendritic region – area I;
(c) interdendritic region – area II. The dashed and dotted
lines in the figures represent microhardness values after
directional solidification (DS) and solution annealing (SA),
respectively. The ageing temperatures are indicated in the

figures.
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Fig. 10. Dependence of Vickers hardness on the ageing
time. The dashed and dotted lines in the figure represent
hardness values after directional solidification (DS) and
solution annealing (SA), respectively. The ageing temper-

atures are indicated in the figure.

Figure 9b shows dependence of the microhardness
of interdendritic region I on the ageing time. The mi-
crohardness decreases with increasing ageing time and
temperature. All microhardness values measured in
this region for the aged specimens are lower that those
of DS (dashed line) or SA (dotted line) ones. The de-
crease of the microhardness when compared to that of
DS specimens can be mainly attributed to the change
of morphology γ/γ′ microstructure from the cuboidal
γ′ precipitates in the γ matrix (typical for heat-treated
nickel based superalloys) to the γ′ matrix with elong-
ated γ particles. In the interdendritic region I, a min-
imum microhardness value of 2.8 GPa is achieved after
ageing at 1323 K for 100 h.
Figure 9c shows evolution of microhardness with

the ageing time in the interdendritic region II. The
microhardness decreases with increasing ageing time
and temperature. A minimum microhardness of 2.73
GPa is achieved after ageing at 1323 K for 100 h. It is
clear from Fig. 9c that the ageing at 1223 K up to 100
h and at 1273 K up to 30 h increases the microhard-
ness when compared to that of DS samples (dashed
line). The microhardness increase can be attributed
to the precipitation strengthening of the γ′ matrix by
lath-shaped α-Cr particles. Lower microhardness val-
ues after ageing at 1323 K when compared to those of
DS and SA specimens can be explained by overageing
effect.
Figure 10 shows dependence of Vickers hardness on

the ageing time. The hardness decreases with increas-
ing ageing time and temperature. While all hardness
values measured after ageing at 1273 and 1323 K are
lower than that of DS specimens (dashed line), age-
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Fig. 11. Examples of engineering compressive stress-strain
curves for specimens after directional solidification (DS)
and ageing at 1323 K. The ageing time is indicated in the

figure.

ing for 10 h or longer time at 1223 K is required to
soften the alloy. A minimum hardness of 5.43 GPa is
achieved after ageing at 1323 K for 100 h.

3.2.2. Effect of heat treatments on room-temperature
compressive properties

Figure 11 shows examples of room-temperature
compressive engineering stress-strain curves for speci-
mens after directional solidification and ageing at 1323
K. It is clear that the shape of compressive curves is
significantly affected by the applied heat treatments.
Figure 12 shows dependence of 0.2% offset compress-
ive yield strength (YS), ultimate compressive strength
(UCS) and plastic deformation to fracture on the age-
ing time for the specimens aged at 1323 K. It should be
noted that the data presented in this figure represent
average values from five specimens tested at each re-
gime. The average YS continuously decreases with the
increasing ageing time. On the other hand, the evolu-
tion of average UCS and deformation to fracture with
the ageing time is not monotonous. Minimum values
are achieved after ageing for 10 h and maximum after
ageing for 30 h. Ageing at 1323 K decreases the yield
strength but increases deformation to fracture and ul-
timate compressive strength when compared to those
of 1300 MPa, 3004 MPa and 7.6%, respectively, repor-
ted for DS specimens before heat treatments [24].
Figure 13 shows the typical true stress-true strain

compressive curves for DS and HT specimens. For HT
specimen, three regions designated as I, II, and III
can be clearly distinguished on the compressive curve.
Only two regions designated as II and III characterize
the deformation curve of DS specimen. In the region
I, strain hardening characteristics of HT specimens
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Fig. 12. Variation of offset compressive yield strength
(YS), ultimate compressive strength (UCS) and compress-
ive plastic deformation to fracture with the ageing time for

specimens aged at 1323 K.
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Fig. 13. Examples of compressive true stress-true strain
curves for directionally solidified (DS) and heat-treated

(HT) specimens.

can be evaluated from average work hardening rate
Θ = ∆σt−∆εt and average strain hardening exponent
n defined by the well-known Hollomon relation [31]

σt = K1ε
n
t , (1)

where σt is the true stress, εt is the true strain and
K1 is the strength factor. Analysis of the deforma-
tion curves of HT specimens revealed that the strain
hardening exponent n varies between 0.34–0.36 and
average work hardening rate Θ between 1870 and 2020
MPa. The measured values of n and Θ are comparable
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Fig. 14. SEM micrographs showing cracks formed at
dendritic-interdendritic interfaces and within the β dend-
rite in compressive specimen aged at 1323 K for 100 h
during testing to a strain of 10 %. D – dendrite, M – in-

terdendritic region.

with those of 0.31–0.38 and 1950–2260 MPa, respec-
tively, reported for tensile specimens of DS and HT
Ni-20.2Al-8.2Cr-2.4Fe (in at.%) alloy [32]. In the re-
gion II, faster increase of the true stress with increas-
ing true strain can be attributed to a development
of local plastic instabilities in both DS and HT spe-
cimens. In the region III, moderate increase of the
true stress with increasing true strain is caused by
initiation and growth of cracks within more brittle β
dendrites. Figure 14 shows cracks formed along the
dendritic-interdendritic interfaces and within the β
matrix during straining in the region III.

3.2.3. Relationship between Vickers hardness and
compressive yield strength

Figures 10 and 12 show that both Vickers hard-
ness and compressive yield strength decrease with
increasing ageing time at 1323 K. Hence, the yield
strength can be correlated with the hardness values
when a certain amount of work hardening below the
indentor is achieved. Figure 15 shows dependence of
yield strength on Vickers hardness for the DS and HT
specimens. The yield strength YS increases linearly
with increasing hardness HV according to a relation-
ship

Y S = K2 +K3HV, (2)

where K2 and K3 are material constants. Linear
regression analysis leads an equation for the yield
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Fig. 15. Dependence of offset compressive yield strength
on the Vickers hardness for directionally solidified (DS)
and heat-treated (HT) specimens. D – dendrite, M – in-

terdendritic region.

strength in the form

Y S = −679 + 0.32HV. (3)

Correlation coefficient r2 of this fit is 0.98. Equation
(3) allows mechanical properties of the DS and HT
ingots to be predicted from simple Vickers hardness
measurements.

4. Discussion

4.1. M i c r o s t r u c t u r e e v o l u t i o n d u r i n g
h e a t t r e a t m e n t s

After solution annealing at 1483 K for 2 h and
quenching, the size and distribution of spherical
α-Cr and needle-like γ′ precipitates within the dend-
rites can be very well controlled by ageing at lower
temperatures. During early stages of ageing at tem-
peratures ranging from 1223 to 1323 K, martensitic
β′-phase transforms to the β-phase. The ageing leads
to coarsening of α-Cr and γ′ precipitates within the
dendrites and to precipitation of α- and γ′-phases
within the interdendritic region. As shown recently
by Lapin and Vaňo [28] for DS Ni-22.2Al-8.1Cr-5Ti-
-0.8Mo-0.6Zr (in at.%) alloy, the growth of α-Cr pre-
cipitates within the β dendrites follows d3 ∝ t kinet-
ics with the activation energy for coarsening of 310
kJ/mol, where d is the particle diameter and t is
the ageing time. The growth of γ′ precipitates follows
d4 ∝ t kinetics with the activation energy for coarsen-
ing of 250 kJ/mol.
On the other hand, the maximum solution anneal-

ing temperature of 1483 K is too low and annealing
time of 2 h is too short to homogenize completely
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the interdendritic region. As applied for many DS Ni-
-based superalloys [10–12], several significantly longer
solution annealing steps might be required for the
studied alloy to avoid incipient melting and achieve
homogenous γ/γ′-α type of microstructure in the in-
terdendritic region after heat treatments.

4.2. M e c h a n i c a l p r o p e r t i e s

Previous investigations on multiphase intermetal-
lic alloys showed that γ′-phase significantly improves
ductility of inherently brittle β- and β′-phases. In DS
β-γ′ and γ/γ′-β alloys, Misra et al. [33–35] showed
that a part of ductility results from intrinsic mech-
anisms such as slip transfer from the γ′- to β-phase.
Remaining part of ductility is governed by extrinsic
toughening mechanisms such as crack blunting and
crack bridging. In the case of the present alloy, the
compressive axis of specimens was close to the 〈001〉
and 〈110〉 crystallographic directions of the β dend-
rites and γ′/γ matrix, respectively. Young’s modulus
of the compressive specimen E in a direction parallel to
〈001〉 growth direction of dendrites can be estimated
from the rule of mixtures in the form

E = VβEβ + (1− Vβ)Eγ′/γ , (4)

where Vβ is the volume fraction of dendrites. Young’s
modulus Eγ′/γ of the γ′/γ matrix in the 〈110〉 di-
rection and Eβ of the β-phase in the 〈001〉 direction
were reported to be 139 and 88 GPa [36, 37], respec-
tively. Taking volume fraction of dendrites for DS spe-
cimens of 58.3 vol.% (see Fig. 7), one can calculate the
Young’s modulus of the compressive specimens to be
109.3 GPa. This calculated value is in a reasonable
agreement with that of 107.3 ± 3.3 GPa measured on
the compressive specimens (15 independent measure-
ments).
Since the Young’s modulus of the γ′/γ matrix is

higher than the modulus of the β-phase, during uni-
form straining of both components the stresses carried
by the γ′/γ matrix are higher than those of dend-
rites. We assume that the dislocations generated in
the γ′/γ matrix on the {111} slip planes start piling
up at the dendritic-interdendritic interfaces. Pile-up
stresses in the γ′/γ matrix can preferentially nucle-
ate dislocations on softer {110}〈001〉 instead of harder
{110}〈111〉 slip systems of the β-phase [34]. Such slip
transfers are also assumed to operate in the present al-
loy during straining in the regions I and II and result
in relatively high plastic deformation to fracture of the
compressive specimens. However, detailed TEM ana-
lysis has to be performed on compressive specimens
to confirm the described deformation mechanisms.
Once microcracks nucleate at dendritic-interdendritic
interfaces in the region III, α-Cr and γ′ precipitates
blunt the crack tips, cause crack deviation or stop

cracks in the β matrix, as shown in Fig. 14. In ad-
dition, some elongated γ′ precipitates bridging the
crack provide additional plastic strain for the mate-
rial before its failure. Higher ductility of HT specimens
can be explained by coarser γ′ and α-Cr precipitates
within dendrites and lower volume fraction of inher-
ently brittle β dendrites.

5. Conclusions

The investigation of the effect of heat treatments
on the microstructure and mechanical properties of
DS multiphase intermetallic Ni-21.9Al-8.1Cr-4.2Ta-
-0.9Mo-0.3Zr (in at.%) alloy yielded the following con-
clusions:
1. Two-step solution annealing of DS alloy at 1373

K for 100 h and at 1483 K for 2 h leads to dissolution
of spherical α-Cr and needle-like γ′ precipitates in the
β dendrites. In the interdendritic region, dissolution of
Cr-based particles and formation of irregular shaped
γ areas in the vicinity of dendritic-interdendritic in-
terfaces are observed. However, the solution annealing
temperature of 1483 K is too low and annealing time of
2 h is too short to homogenize completely multiphase
γ′/γ + α interdendritic region.
2. During ageing at temperatures from 1223 to

1323 K the growth of spherical of α-Cr and needle-
-like γ′ precipitates in the β dendrites was observed.
In the interdendritic region, the ageing leads to intens-
ive precipitation of lath-shaped α-Cr, formation of ir-
regular shaped Cr-based particles and transformation
of γ matrix with γ′ precipitates to the γ′ matrix with
needle-like γ precipitates in the interdendritic region.
3. The heat treatments consisting of two-step solu-

tion annealing and ageing can be successfully applied
to soften the DS alloy. After solution annealing, all
Vickers microhardness values of dendrites after age-
ing in the temperature range from 1223 to 1323 K
and hardness values after ageing at 1273 and 1323 K
are lower than those measured after directional solid-
ification.
4. A linear relationship between the Vickers hard-

ness and compressive yield strength was determined
for DS and HT specimens, which allows the mechan-
ical properties of the alloy to be predicted from simple
hardness measurements.
5. The shape of compressive deformation curves

is significantly influenced by heat treatments. Com-
pressive yield strength decreases with increasing age-
ing time at 1323 K. The maximum ultimate compress-
ive strength and deformation to fracture are achieved
after ageing at 1323 K for 30 h. This heat treatment in-
creases ultimate compressive strength by 16 %, plastic
deformation to fracture by 71 % but decreases yield
strength by 18 % when compared to those of DS spe-
cimens.
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