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EFFECT OF HEAT TREATMENT ON SOME
MECHANICAL PROPERTIES OF Ni-Al-Cr TYPE
INTERMETALLIC ALLOY MODIFIED WITH
ADDITIONS OF Ta, Mo AND Zr

MILAN FLORIAN®

The effect of heat treatment on room temperature microhardness, hardness and ten-
sile properties of directionally solidified and heat-treated multiphase intermetallic alloy
with chemical composition Ni-10.65A1-6.79Cr-4.90Ta-2.44Mo-0.96Zr-0.078Fe [wt.%] was
studied. Except of 7, 7', a, and 8 phases the alloy contained eutectic regions with Zr-rich
phase. The chemical composition of Zr-rich phase was determined as Ni-4.9A1-8Cr-5Mo-
-1.9Ta-19.1Zr [wt.%]. The volume fraction of eutectic regions decreased with increasing
time of annealing. The melting temperature of the eutectic was measured to be 1453 K.
Annealing at 1493 K and gas fan cooling to room temperature caused a decrease of micro-
hardness of interdendritic region and significant increase of microhardness of dendrites.
Consecutive ageing at 1173 K caused a decrease of hardness and microhardness. During
the first stages of ageing the ultimate tensile strength rapidly decreased, but after 4800 s
of ageing, increased. Generally, heat treatment caused significant embrittlement of the
alloy.
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VPLYV TEPELNEHO SPRACOVANIA NA NIEKTORE
MECHANICKE VLASTNOSTI INTERMETALICKEJ ZLIATINY
TYPU Ni-Al-Cr MODIFIKOVANEJ Ta, Mo A Zr

V préci sme $tudovali vplyv tepelného spracovania na tvrdost, mikrotvrdost a tahové
vlastnosti pri izbovej teplote usmernene krystalizovanej a tepelne spracovanej multifazove;j
intermetalickej zliatiny s chemickym zloZzenim Ni-10,65A1-6,79Cr-4,90Ta-2,44Mo-0,96Zr-
-0,078Fe [hm.%)]. Okrem faz v, 7’, @ a 3 obsahovala zliatina aj eutektické oblasti s fazou
bohatou na Zr. Chemické zlozenie fazy bohatej na Zr bolo Ni-4,9A1-8Cr-5Mo-1,9Ta-19,1Zr
[hm.%]. Objemovy podiel eutektika sa znizoval so zvy$ujicim sa ¢asom zihania. Stanovili
sme teplotu tavenia eutektika na 1453 K. Zihanie pri 1493 K naslednym ochladenim na
izbovt teplotu v prude stlaceného vzduchu sposobilo znizenie mikrotvrdosti medziden-
dritického priestoru a vyrazné zvysenie mikrotvrdosti dendritov. Nasledné starnutie pri
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1173 K sposobilo zniZenie tvrdosti a mikrotvrdosti. Rozpustacie zihanie sposobovalo zvyse-
nie mikrotvrdosti dendritov a medzidendritického priestoru. Starnutie sposobovalo pokles
tvrdosti a mikrotvrdosti. Medza pevnosti v tahu v prvych stadidch starnutia vyrazne
klesala, ale po 4800 s sa zacala zvySovat. Vo vSeobecnosti tepelné spracovanie sposobilo
vyrazné skrehnutie zliatiny.

1. Introduction

Mechanical properties of NigAl single phase are insufficient for most high-
-temperature structural applications. However, mechanical properties of NigAl can
be significantly improved by modification of microstructure through an appropriate
alloying and processing techniques. It has been found that alloying by various ele-
ments such as B, Cr, Mo, Zr etc., from the group IVB-VIIIB of the periodic table
improved room-temperature ductility and reduced brittleness at higher tempera-
tures (above 873 K) in single phase alloys [1-3]. Further increase of mechanical
properties can be achieved by a higher content of alloying elements that results
in formation of multiphase structures. The multiphase NigAl-based intermetallic
alloys for structural applications have been intensively studied around the world
in the last decade. These alloys are attractive because of their high strength at
all temperatures and acceptable ductility at room temperature. It has been shown
that additions of chromium from 5 to 21 at.% and other elements (Co, Fe, Ti,
Mo, Zr, B) to binary NigAl result in multiphase microstructures composed of or-
dered NizAl (y’-phase), NiAl (3-phase), y-phase (Ni-based solid solution), a-Cr
(Cr-based solid solution) precipitates [4] and complex compounds with zirconium
[5]. Several types of multiphase nickel-based intermetallic alloys such as v/v’-«,
~v/v-B and (-v’-y-a were intensively studied in details during recent several years
[6-12]. However, limited work has been performed on directionally solidified (DS)
NigAl-based multiphase intermetallic alloys and studies of mechanical properties
of such materials are still lacking in the literature [12-16]. Therefore, new investi-
gations of microstructure and mechanical behaviour of DS NigAl-based multiphase
alloys for high temperature applications are of great fundamental and applied re-
search interest.

The aim of the present paper is to extend the previous studies on DS Ni-
-Al-Cr type intermetallic alloys modified by iron and titanium [12-16]. This paper
aims at the evaluation of the effect of high temperature solid solution annealing
and intermediate temperature ageing on the microstructure and mechanical prop-
erties of DS Ni-Al-Cr type intermetallic alloy modified with additions of tantalum,
molybdenum and zirconium.

2. Experiment

Master ingots with chemical composition given in Table 1 were prepared in
vacuum induction furnace by melting of high purity metals under an argon atmo-
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Table 1. Chemical composition of NizAl-based multiphase alloy [wt.%)]

Ni Al Cr Ta Mo Zr Fe
Balance 10.65 6.79 4.90 2.44 0.96 0.078

sphere using an exo-melt process and casting into graphic moulds [18]. These ingots
were machined into rods and placed in high-purity alumina crucibles with outside
diameter of 15 mm and wall thickness of 2 mm. Ingots for ageing and mechani-
cal tests were prepared by directional solidification in a modified Bridgman-type
apparatus at a constant growth rate of V' = 5.56 x 107® m-s~! and constant tem-
perature gradient in the melt at solid-interface of Gr, = 15 x 103 K-m~!. The basic
apparatus arrangement with an analysis of directional solidification process can be
found elsewhere [19].

Phase transformations of the alloy were determined by differential thermal
analysis (DTA) performed in a NETZSCH apparatus at heating and cooling rates
of 8.33 x 1072 K-s~! under argon atmosphere.

Heat treatments were proceeded in a NABERTHERM resistance furnace in
following steps: (1) high temperature solid solution annealing at 1493 K for 14400 s
followed by a gas fan cooling to room temperature and (2) ageing at intermediate
temperature of 1173 K for a time varying from 0 to 43200 s followed by a gas fan
cooling to room temperature. All heat treatments were performed in air.

Hardness measurements were performed by a Vickers’ method using device
HECKERT HPO 250 at a load of 294.2 N during 10 s. Microhardness was measured
by standard Vickers method at a load of 0.066 N during 10 s. Room temperature
tensile tests were conducted on flat tensile specimens with a gauge length of 50
mm, width of 5 mm and thickness of 4 mm at an initial strain rate of 3.33 x 104
s~! using a screw-driven INSTRON machine.

Microstructural analysis was performed by optical microscopy, scanning elec-
tron microscopy (SEM) and energy-dispersive spectroscopy (EDS). Samples for
optical microscopy and SEM were prepared using standard metallographic tech-
niques and chemically etched in a solution of 150 ml H5O, 25 ml HNOg3 and 10 ml
HF. SEM investigations were performed by JEOL JSM-5310 microscope equipped
by energy-dispersive spectrometer KEVEX. Quantitative analyses were performed
by computerised image analyser.

3. Results and discussion

3.1 Microstructure

Directionally solidified ingots consisted of columnar grains (3-6) elongated par-
allel to the ingot axis. The microstructure within columnar grains consisted of
dendrites with well-developed tertiary arms and interdendritic region. The volume
fraction of dendrites after directional solidification was measured to be about 38
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Fig. 1. Microstructure of DS multiphase Ni-based intermetallic alloy: a) optical micrograph
of longitudinal section with typical dendritic morphology; b) SEM micrograph showing
microstructure of interdendritic region, dendrite and region M.

vol.% and primary dendrite arm spacing was determined to be 2.27 x 107° m.
Figure 1a shows morphology of dendrites on a longitudinal section of DS ingot.
Figure 1b illustrates the dendrite morphology on a transverse section. As shown by
Lapin et al. [12] for an alloy with similar chemical composition, the dendrite con-
sists of S-matrix (intermetallic NiAl phase), coarse vy’-particles (intermetallic NizAl
phase), fine v’-needles, and spherical a-precipitates (Cr-based solid solution). The
interdendritic regions contain ordered domains of 7’-phase surrounded by ~y-matrix
(Ni-based solid solution). However, the present alloy contains in addition new re-
gions (M) formed at the dendritic-interdendritic interfaces, as shown in Fig. 1b.
It should be noted that such regions were not observed in quaternary Ni-Al-Cr-Ti
systems by previous authors [12].

Figure 2 shows the DTA heating and cooling curves of the studied intermetallic
alloy. From this figure, the solidus and liquidus temperature were determined to be
1597 and 1654 K, respectively. In addition, there is an evidence of an endothermic
reaction at 1453 K. Microstructural observation of DTA samples revealed that this
endothermic reaction corresponds to further formation of regions (M).

Table 2 summarises the chemical composition of Zr-rich phase, interdendritic
region and dendrites. As seen from this table, the region is enriched by zirconium.
The content of Zr in this region is about 19-times higher than its original average
content in the master alloy. The contents of other elements like Ni, Al and Ta are
lower and Cr and Mo are higher than in the master alloy. Since there is no available
phase diagram or phase composition of alloy with a similar chemical composition
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Fig. 2. DTA of multiphase intermetallic al- Fig. 3. Scheme of binary Ni-Zr phase dia-
loy. gram from Ni-rich corner.

Table 2. EDS analysis of dendrites, interdendritic region and Zr-rich phase [wt.%]

Ni Al Cr Mo Ta Zr
Dendrite 71.01 16.83 8.12 0.66 3.15 0.22
Interdendritic region 77.35 8.52 5.95 1.04 6.09 1.05
Zr-rich phase 61.1 4.9 8.0 5.0 1.9 19.1

in the literature, a binary phase diagram was used as a first approximation to
determine coexisting phases in such multiphase region. Figure 3 illustrates the
part of Ni-Zr binary phase diagram used for this purpose. Assuming the chemical
composition of Zr-rich phase given in Table 2 and binary phase diagram in Fig. 3,
the Zr-rich phase can be considered to belong to an intermetallic compound NisZr.
In addition, the determined endothermic reaction at 1453 K corresponds very well
to the eutectic phase transformation at 1443 K in the binary Ni-Zr phase diagram.

Lee et al. [5] tried to determine the type of Zr-rich phase in NizAl-based
intermetallic alloy with addition of 0.93 wt.% of Zr. They found out that the
chemical composition of the phase was 70.79Ni-6.75A1-22.46Zr [wt.%]. Analysis of
their electron diffraction patterns revealed that this phase contained ordered FCC
crystal structure with lattice parameter of 6.9 x 107! m. However, the authors
were not able to determine the zirconium rich phase exactly. Li and Chaki [21]
showed similar phase in NizAl-based intermetallic alloys IC-50 and IC-218 alloyed
with various content of Zr ranging from 0.6 to 0.86 wt.%. The chemical composition
of their zirconium-rich phase was close to NizZrs, but they did not succeed in exact
determining of this phase.
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In spite of the fact that TEM studies are not the subject of the present work,
it should be noted that our preliminary TEM investigations did not clearly prove
NisZr or Ni7yZrs phases in the studied alloy. This can be explained by the fact
that our specimens subjected to TEM analysis were quenched after solid solution
annealing which significantly affected the crystal structure of zirconium rich phase.

3.2 Influence of heat treatment on microstructure

Figure 4 represents the microstructure of multiphase intermetallic alloy after

Fig. 4. Optical micrographs of DS Ni-based intermetallic alloy: a) without heat treatment;

b) solid solution annealing at 1493 K for 14400 s; ¢) solid solution annealing at 1493 K

for 14400 s followed by ageing at 1173 K for 3600 s; d) solid solution annealing at 1493 K
for 14400 s followed by ageing at 1173 K for 43200 s.
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various heat treatments. During annealing at 1493 K for 14400 s the a and v’
precipitates were dissolved in the (-dendrites. Dendritic 8-phase coagulated and
the discontinuous eutectic regions containing Zr-rich phase changed to continuous
layer covering the dendrites. Consecutive ageing at 1173 K for 43200 s resulted in
a decrease of the volume fraction of dendrites from 38 to about 29 vol.%.

The time of solid solution annealing at 1493 K affected volume fraction
of eutectic regions containing Zr-rich phase. Figure 5 is a plot of the volume
fraction V, of the eutectic regions (M)

with Zr-rich phase as a function of an- 9

nealing time t, at 1493 K. It is evi- sk

dent that the volume fraction of the eu- k

tectic decreased to about 60 % when ew

the time of annealing increased by four I~

times. The volume fraction of the eu- 5k

tectic affects the porosity of the alloy 4

after the heat treatments. During cool- 3f

ing from the solid solution annealing zw

temperature the liquid eutectic solidi- 11111
fies and forms draws and pores at the 5000 10000 15000 20000 25000 30000
dendritic-interdendritic interfaces. Tak- ta[s]

ing into account the final porosity of Fig. 5. Time dependence of volume frac-
the annealed specimens and their oXi-  tion of eutectic with Zr-rich phase during
dation at 1493 K, the optimal time of annealing at 1493 K.

the solid solution annealing was found
to be 14400 s. This constant annealing time of 14400 s at 1493 K was used for all
specimens, which were subjected to evaluation of mechanical properties.

3.3 Influence of heat treatment on mechanical properties

Figure 6 shows the evolution of microhardness of dendrites and interdendritic
region with the ageing time at 1173 K. The microhardness HV, of dendrites and
interdendritic region after directional solidification were measured to be 581 and
426, respectively. From Fig. 6, it is evident that the microhardness of dendrites and
interdendritic region increased after annealing at 1493 K followed by gas fan cooling
(t = 0). Ageing time up to 9900 s resulted in a rapid decrease of the microhardness
of dendrites. During longer ageing time the microhardness increased and reached
nearly constant value after ageing for 15900 s. As was proved by Lapin et al. [4, 12]
such variation of the microhardness is due to size, shape and distribution of « and ~’
precipitates in the S-dendrites and a and «y’ precipitates in the interdendritic region.
The similar trend showed the evolution of Vickers’ hardness, as illustrated in Fig. 7.
In this case, the minimum hardness values were reached after ageing for 4800 s.
This shift of minimum hardness values to lower ageing time in comparison with the
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Fig. 8. Time dependence of ultimate tensile strength and elongation.

microhardness was caused by including of the interdendritic region characterised
by a significant lower microhardness values to the hardness measurements.

Figure 8 characterises the evolution of ultimate tensile strength and elonga-
tion with ageing time at 1173 K. It was not possible to determine the offset yield
strength, because of negligible plastic deformation of all samples. The evolution
of ultimate tensile strength with annealing time corresponded approximately to
the evolution of the Vickers’ hardness but no definite relationship could be found
between them. The ultimate tensile strength of the samples after directional solidi-
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Fig. 9. Fractography of DS multiphase Ni-based intermetallic alloy solid solution annealed

at 1493 K for 14400 s and aged at 1173 K for 4800 s: a) decohesion between dendrites

and interdendritic region; b) crack propagation from eutectic with Zr-rich phase into the
dendrite.

fication was measured to be 783 MPa, the 0.2 % offset yield strength was
585 MPa and tensile elongation was about 2.8 %. It is clear that the ap-

plied heat treatment caused great em-
brittlement of the alloy connected with
significantly lower values of the ulti-
mate tensile strength and tensile duc-
tility.

Figure 9 shows the SEM micro-
graph of fracture surface of tensile
specimens. A decohesion was the main
mechanism governing the fracture be-
tween (3-dendrites and interdendritic re-
gion. Similar decohesion during room
temperature tensile tests was also ob-
served by Lapin et al. [4] in Ni-Al-Cr-
Ti type alloy. However, in the case of
the present alloy the decohesion was
primarily caused by the eutectic layer
formed at the dendritic-interdendritic
interfaces. The cracks primarily nucle-
ated and propagated along dendritic-

Fig. 10. SEM micrograph of fracture sur-

face of DS multiphase Ni-based intermetal-

lic alloy after solid solution annealing at

1493 K for 14400 s and gas fan cooling to
room temperature.
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interdendritic boundaries and then propagated through the brittle dendrites. It
should be noted that significant effect on the crack initiation and propagation had
porosity formed within the eutectic regions. Figure 10 illustrates such large porosity
formed around fractured dendrites.

4. Conclusions

The effect of ageing and annealing on microstructure and mechanical proper-
ties of DS NigAl-based multiphase intermetallic alloy was studied. The experimental
results support the following conclusions:

1. After directional solidification the microstructure of the studied alloy was
composed of v, 7, a, and B phases and eutectic regions containing Zr-rich phase.
The chemical composition of Zr-rich phase formed at the dendritic-interdendritic
interfaces was determined to be Ni-4.9A1-8Cr-5Mo-1.9Ta-19.1Zr [wt.%]. According
to DTA, EDS and binary phase diagram the Zr-rich phase was assumed to belong
to NisZr intermetallic compound.

2. The amount of eutectic region containing Zr-rich phase decreased with in-
creasing solid solution annealing time. The melting temperature of the eutectic
region was determined to be 1493 K. During solid solution annealing and cooling
the porosity is formed within the eutectic region.

3. Solid solution annealing at 1493 K and gas fan cooling of specimens caused
a decrease of microhardness of interdendritic region and significant increase of
microhardness of dendrites. Consecutive ageing at 1173 K caused a decrease of
hardness and microhardness of the alloy. The ultimate tensile strength of heat-
-treated specimens decreased with increasing the ageing time up to 4800 s and
increased at longer ageing time. Heat treatment caused large embrittlement of the
alloy connected with significantly lower values of the ultimate tensile strength and
tensile ductility in comparison with DS specimens.

4. During tensile testing the fracture of the specimen is caused by decohesion at
the dendritic-interdendritic interfaces and by nucleation and propagation of cracks
within the eutectic regions and brittle dendrites.
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