_-"

wosiles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“».“ ScienceDirect

Trans. Nonferrous Met. Soc. China 20(2010) 2265-2271

Transactions of
Nonferrous Metals
Society of China

wWww.inmsc.cn

Microstructural evolution and mechanical properties of
new multi-phase NiAl-based alloy during heat treatments

XIE Yi(#f 12)"? GUO Jian-ting(35 %2 5%)?, ZHOU Lan-zhang(J& >4 #)?,
CHEN Hong-dong(F£41.4)!, LONG Yi(JE %)’

1. Hunan Electric Power Test and Research Institute, Changsha 410007, China;
2. Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China

Received 26 November 2009; accepted 4 April 2010

Abstract: Microstructural evolution and the relationship between microstructure and property during heat treatments in a new
NiAl-based alloy (Ni-26.6A1-13.4Cr-8.1Co-4.3Ti-1.3W-0.9Mo, molar fraction, %)) were investigated. The as-cast alloy is composed
of NiAl matrix and Cr;Ni, phase with poor ductility. The Cr3Ni, phase is distributed as a network along the NiAl grain boundaries.
Subsequent heat treatment (1 523 K, 20 h, air cooling+1 123 K, 16 h, furnace cooling) leads to the dissolution of Cr;Ni, phase and
the precipitation of lath-shaped NizAl phase and a-Cr particles, resulting in the improvement of compressive properties and fracture
toughness at room temperature. Followed by long-term thermal exposure (1 173 K, 8 500 h), it is found that the residual Cr;Ni, phase
keeps stable while the a-Cr particles coarsen and a great mass of lath-shaped Ni;Al precipitates are degenerated, which compromises
most of the above improvements of mechanical properties through heat treatment.
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1 Introduction

Nickel aluminides based on NiAl exhibit
considerable potential for near-term application in
various branches of modern industry due to lots of
advantages,
temperature, high thermal conductivity and high specific
modulus. Nickel aluminides based on NiAl exhibit
considerable potential for near-term application in
various branches of modern industry due to lots of
advantages, high melting
temperature, high thermal conductivity, high specific
modulus and excellent environmental resistances[1—3].

such as low density, high melting

such as low density,

However, ductility and fracture toughness of these alloys
at room and intermediate temperatures are still lower
than the desired values for production implementation.
To improve the mechanical properties of NiAl,
much work has been done during the past thirty years.
CUI et al[4—6] had added Hf element to directionally
solidified NiAl-Cr(Mo) near
developed a series of high-temperature strength alloys,

eutectic alloy and

while the Hf addition decreased the ductility evidently at
the same time. NiAl-based composites with Al,O; fibers
were reinforced by complicated process[7—9]. Although
the research about process and microstructure at the
interface between NiAl and fibers attracted much
the mechanical properties have not been
reported up to now. For other common methods such as

attention,

grain refinement, the improved NiAl-based alloy could
not meet the criterion of production implementation.

Niz;Al and o-Cr phases could toughen NiAl-based
alloy[10—14]. Compared with the single NiAl phase,
NiAl matrix of the multiphase compounds have more
mobile dislocations slipping from ductile phases[15—17].
In addition, Ti and W were effective strengthening
elements for NiAl alloy[10, 18—21]. In this work, a new
multi-phase alloy (Ni-26.6A1-13.4Cr-8.1Co-4.3Ti-1.3W-
0.9Mo, molar fraction, %) including ductile phases and
strengthening elements is fabricated through macro-
alloying. Subsequent heat treatments are carried out to
modify its microstructure. microstructures are identified.
The influences of heat treatments on microstructure and
mechanical properties are also discussed.
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2 Experimental

Master alloy of the experimental material was
prepared by induction melting of superalloy K444 and
aluminum blocks. Table 1 lists the nominal compositions
of the as-cast alloy. The specimens were cut by electron
discharge machining (EDM) from the ingot and then heat
treated under the schedule of (1 523 K, 20 h, air
cooling)+(1 123 K, 16 h, furnace cooling). Parts of the
heat-treated specimens were long-term aged at 1 173 K
for 8 500 h.

Table 1 Nominal composition of as-cast alloy (molar
fraction, %)

Al Cr Co Ti w
26.6 134 8.1 43 1.3
Mo C B Ni
0.9 0.3 0.3 Bal.

Microstructure was analyzed wusing scanning
electron microscope (SEM) and transmission electron
(TEM). SEM, energy
dispersive X-ray spectroscopy (EDX), was performed
with 20 kV accelerating voltage using a JEOL
JSM—6301F field emission gun (FEG) scanning electron
microscope. Each datum presented in the report is an
average of 3 readings by FEG-SEM-EDAX attachment.
TEM analysis was conducted using a JEOL 2000 FXII
TEM operating at 200 kV. SEM samples were prepared
using 25 mL HCI + 2.5 mL H,SO4 + 10 g CuSO, + 100
mL H,O as etchant. Samples for TEM were thinned
mechanically to a thickness of about 50 um and then ion
milled to the final thickness.

Compression

microscope coupled with

specimens with dimensions of
4 mmx4 mmx6 mm were taken by electron discharge
machining. All the incisal surfaces were ground to 1 000
grit by abrasive paper. The compressive testing was
conducted in air with a Gleeble-1500 testing machine at
room temperature under the initial strain rate of
1.94x107 s™'. The autographically recorded load—time
curves were converted to true stress—strain curves by
taking constant volume into account.

Fracture toughness of the alloy at room temperature
was measured by the three-point bending method.
Specimens with dimensions of 5 mmx10 mmx50 mm
were cut by electron discharge machining. A fatigue
pre-crack was not introduced at the notch tip. Prior to the
toughness testing, all incisal layers were ground to a
finish of 1 000 grit. Then the specimens were loaded in

flexure over a 40 mm span on a MTS880 machine. The
crosshead speed was 18 mm/h.

3 Results and discussion

3.1 Microstructural evolutions

Fig.1 shows the microstructure of the as-cast alloy,
which is composed of a white phase (Ni-31.63A1-7.20Cr-
6.03C0-3.24Ti-0.32W, molar fraction, %) and NiAl
matrix  phase  (Cr-17.19Co-18.55Ni-6.37Mo0-6.97W,
molar fraction, %). The Cr-rich phase distributed along
the NiAl matrix grain boundaries is further identified as
Cr3Ni, compound through TEM (see Fig.2). Cr3Ni,
compound is demonstrated to be a brittle phase in
Ref.[22].

Fig.1 SEM BSE (back scattered electron) micrograph of as-cast
alloy

Microstructure of the alloy after heat treatment of
(1 523 K, 20 h, air cooling)+(1 123 K, 16 h, furnace
cooling) is shown in Fig.3. Compared with the as-cast
alloy, there are three differences in this heat-treated
alloy: 1) Cr;Ni, phase is still distributed along the grain
boundaries of NiAl matrix, but becomes small and
discontinuous; 2) there exist lath-shaped precipitates in
the NiAl matrix; 3) close observation in Fig.3(b) shows
that substantive small spherical particles are precipitated
from the NiAl matrix. Fig.4 shows the TEM micrograph
of the lath-shaped and spherical precipitates which are
identified as Ni;Al and a-Cr phases respectively by their
corresponding diffraction patterns.

During the solution treatment at 1 523 K, the Cr3Ni,
phase dissolved, and the Cr and Ni atoms from the
dissolved Cr;3Ni, phase diffused into the NiAl matrix[22].
Due to the fast cooling rate (AC), no precipitates formed
after cooling.

Subsequent short aging at 1 123 K (1 123 K, 16 h,
furnace cooling) results in the precipitation of Ni;Al and
a-Cr phase from the saturated NiAl matrix rich in Cr and
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Z=[211]

Fig.2 Bright field TEM image (a) of NiAl and Cr;Ni, phases in as-cast alloy and their corresponding diffraction patterns of NiAl
along zone axis [211] (b) and Cr;Ni, along zone axes [410] (c¢) and [001] (d)

Z=[100]

Fig.4 Bright field TEM image (a) of Ni3Al and a-Cr precipitates in alloy after heat treatment and their corresponding diffraction
patterns of Ni;Al along zone axis [110] (b), a-Cr along zone axis [100] (c)
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Ni element. EDS reveals that the composition of NiAl
matrix in the as-cast alloy is Ni-31.63A1-7.20Cr-6.03Co-
3.24Ti-0.32W, as seen in Table 2. According to the NiAl
binary phase diagram and NiAl-Cr pseudo-binary phase
diagram[23—24], Ni;Al and a-Cr should be precipitated
in NiAl alloy containing Al ranging from 27% to 41%
and NiAICr alloy with more than 7% Cr (molar fraction),
respectively, after aging treatment of (1 123 K, 16 h,
furnace cooling). The experimental results in this work
are in good agreement with the phase diagrams.

Fig.5 shows the microstructure of the alloy after
long-term aging at 1 173 K for 8 500 h. Except the NiAl

matrix and the discontinuous Cr;Ni, phase, short
rod-shaped and spherical precipitates are found in this
heat treated alloy. SAD patterns in Fig.6 and Fig.7
indicate that the short rod-shaped precipitates are NizAl
phase and the spherical particles are a-Cr phase. The size
and morphology of the two kinds of precipitates in Fig.5
are different from those in Fig.3. This means that the
long-term aging (1 173 K, 8 500 h) leads to the
coarsening of a-Cr particles and the degeneration of
lath-shaped NizAl precipitates. LAPIN and VANO[25]
also observed the coarsening phenomenon of o-Cr
particles in the Ni-Al-Cr-Ti type alloy with the additions

Fig.6 Bright field TEM image (a) of a-Cr precipitate in alloy after long-term aging and corresponding diffraction pattern along zone

axis [111] (b)

Fig.7 Bright field TEM image (a) of Ni3Al precipitate in alloy after long-term aging and corresponding diffraction pattern along zone

axis [110] (b)
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of Mo and Zr during heat treatment.

3.2 Mechanical Properties

Fig.8 shows the room temperature compression
behavior for the present alloys. For comparison, the
curve of the NiAl-28Cr-6Mo-0.05Sc[26] eutectic alloy is
also plotted. The result indicates that the present alloy
after heat treatment obtains the combination of improved
compressive strength up to more than 1800 MPa and
good compressive ductility which is comparable with
that of NiAl-28Cr-6Mo-0.05Sc alloy (see Fig.8).
Compared with this heat treatment state, the alloys at the
as-cast and long-term aging states show lower strength
and almost no plastic ductility.

It is known that the microstructure influences the
mechanical properties. Network-shaped brittle Cr;Ni,
phase may cause catastrophic damage. It is confirmed
that there is smooth cleavage in the continuous Cr3Ni,
phase on the fracture surface after the three-point
bending test, as seen in Fig.9. On the other hands, the
Ni;Al precipitates embedded in NiAl matrix can enhance
the room temperature compressive plasticity and impact

-+ (A

i |

Fig.9 SEM second electron images of fracture surface of alloys after three-point bending test at room temperature: (a)—(b) As-cast
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Fig.8 True stress—true strain curves of present alloy under
different states and NiAl-Cr(Mo)-0.05Sc[26] eutectic alloy
tested at room temperature (“—” indicates onset of crack
growth)

resistance[27]. MISRA et al[28] found that the
directional solidified Ni-30Al exhibits up to 9% of
tensile ductility at room temperature due to the addition

alloy; (c)—(d) Heat treated alloy; (e)—(f) Long-term aged alloy (4 in Fig.9(b) represents source of crack initiation.)
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of NizAl phase. The present alloy after heat treatment
acquired an optimum microstructure. The brittle CrsNi,
distributed continuously along the NiAl matrix grain
boundaries was dissolved in this heat treatment. In
addition, ductile lath-shaped Ni;Al phase and o-Cr
particles were precipitated. This marked change in
microstructure gives rise to the improvement of the
compressive properties.

The fracture toughness, K, values of the present
alloy under different states are summarized in Table 2.
Among these three states, the heat treated alloy possesses
the highest fracture toughness value of 8.6 MPa-m"”?. The
mechanisms of fracture in the present alloy were
characterized by SEM fractography, as shown in Fig.9.
The predominant model of fracture in the as-cast alloy
was intergranular fracture. The network-shaped Cr;Ni,
phase failed in cleavage and became the fracture
initiation point (Fig.9(b)). The cleavage
propagated into the NiAl matrix in a radiant direction.
Because of the microstructural evolution, fracture model

fracture

changed after heat treatment. Big cleavage facets
disappeared. Lath-shaped NizAl precipitates blunted the
crack tips and obstructed the fracture paths. In this case,
the K value was enhanced. The fracture toughness of
the alloy after long-term aging is 7.4 MPa-m'?, better
than that of the as-cast alloy but worse than that of the
heat-treated alloy. When the crack propagated in the
alloy after long-term aging, the a-Cr particles coarsened
during the long-term aging and deflected and obstructed
the fracture paths instead of NizAl precipitates. However,
the attribution of the a-Cr particles to the fracture
resistance is less than that of Ni;Al precipitates in the
heat-treated alloy.

Table 2 Mechanical properties of present alloy under different

states
. . Fracture
State Compressive Compressive toughness/
1 0,

strength/MPa strain/% (MPa'ml /2)

As-cast 1095 0.0 6.3

Heat treatment 1815 10.5 8.6

Long-term aging 1180 2.5 7.4

4 Conclusions

1) The as-cast alloy (Ni-26.6Al-13.4Cr-8.1Co-
4.3Ti-1.3W-0.9Mo, molar fraction, %)) is composed of
NiAl and Cr3Ni, phases which are distributed along the
NiAl matrix grain boundaries as a network. During heat
treatment, the Cr;Ni, phase dissolves and becomes
discontinuous; lath-shaped Ni3;Al and small spherical

a-Cr particles are precipitated from the NiAl matrix.
Then the long-term aging exposure results in the
coarsening of a-Cr particles and the dissolution of the
Ni;Al precipitates.

2) The alloy after heat treatment possesses the
perfect combination of compressive properties and
fracture toughness at room temperature due to the
dissolution of brittle Cr;Ni, phase network and the
precipitation of ductile Ni;Al and a-Cr phase. The
worsening of the mechanical properties in the alloy after
long-term aging is mainly ascribed to the dissolution of
Ni;Al precipitates.
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