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Abstract: The deformation behavior and fracture characteristics of NiAl intermetallic alloy containing
5~7 at% Cu are investigated at room temperature under strain rates ranging from 1 x 1073 to
5 x 10% s~ 1. It is shown that the copper contents and strain rate both have a significant effect on
the mechanical behavior of the NiAl alloy. Specifically, the flow stress increases with an increasing
copper content and strain rate. Moreover, the ductility also improves as the copper content increases.
The change in the mechanical response and fracture behavior of the NiAl alloy given a higher copper
content is thought to be the result of the precipitation of 3-phase (Ni,Cu)Al and y'-phase (Ni,Cu);Al
in the NiAl matrix.
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1. Introduction

NiAl intermetallic alloy has many favorable properties, including a high mechanical strength,
a low density, a high melting point and a good oxidation resistance at high temperature
environment [1-5]. As a result, it is an ideal material for structural applications subject to corrosive
and oxidant environments [6-8]. However, under room temperature conditions, NiAl has a poor
ductility. Meanwhile, NiAl intermetallic alloy has poor creep resistance and strength at elevated
temperature [9]. These are the major drawbacks to its engineering use. Several attempts have been
made to improve the room temperature ductility of NiAl intermetallics alloy through the addition of
alloying elements, reduction of grain size and other solidification processing [10,11]. Furthermore,
it has been shown that the addition of elements such as Cu, Co, Mo, Ti and Fe is particularly beneficial
in improving the mechanical properties of NiAl intermetallic alloy [12-17]. Among these additions,
Cu is an excellent addition to improve the room ductility of NiAl intermetallic alloy [18]. Some
studies reported that the improvement of the NiAl alloy’s room temperature ductility are governed
by the presence of 3-phase (Ni,Cu)Al and y'-phase (Ni,Cu)3Al [19,20]. Furthermore, there are many
studies in the literature that have reported the quasi-static loading condition (under low strain rate)
performance of NiAl intermetallic alloy [21-23]. However, previous studies have not investigated
the effect of the high strain rate on the mechanical and fracture properties of NiAl intermetallic alloy.
However, the strain rate has a critical effect on the mechanical integrity of structural components;
under high strain rate loading, adiabatic shear bands are readily formed which serve as preferential
sites of crack initiation [24-26]. Accordingly, the present study investigates the mechanical behavior of
NiAl intermetallic alloy containing 5~7 at% Cu at a temperature of 25 °C and strain rates ranging from
1073 to 5 x 10° s~ 1. The microstructural evolution of the various NiAlCu samples is observed using
scanning electron microscopy (SEM) and optical microscopy (OM).
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2. Material Preparation and Experimental Procedure

The NiAlCu intermetallic alloys were prepared in a vacuum arc melted furnace under an Ar
atmosphere using appropriate quantities of high-purity (99.99%) Ni, Al and Cu powders (support
by Golden Optoelectronic Co. Ltd., New Taipei City, Taiwan). Each ingot was inverted and remelted
three times in order to ensure compositional homogeneity. Finally, the ingots were heat treated at 1473
K for 24 h. The cylindrical specimens with a length of 5 + 0.1 mm and a diameter of 5.1 mm were
machined from the as-cast ingots and finished to a final diameter of 5 + 0.1 mm via a center-grinding
process. The mechanical properties of the various ingots were evaluated at room temperature by
means of quasi-static and dynamic tests. In the quasi-static tests, the specimens were deformed
at strain rates of 1073, 1072 and 10! s™!, respectively, using a material testing system (MTS 810
series; MTS Systems Corporation, Minneapolis, MN, USA). The dynamic tests were performed at
strain rates of 3 x 103 s71,4 x 10 s~! and 5 x 10% s~! using a split-Hopkinson Pressure Bar (SHPB)
system (Long Win Science and Technology Corporation, Taoyuan, Taiwan). When performing the
dynamic tests, the specimens were sandwiched between the incident bar and the transmitter bar
of the SHPB system, and the incident bar was then impacted by a striker bar fired by a gas gun.
The stress—strain curves of the impacted specimens were obtained by measuring the stress waves
propagating through the incident and transmitter bar by means of strain gauges attached to the
midpoint position of each bar. The microstructural characteristics of the impacted specimens were
examined by SEM (JEOL-6330TF; JEOL Ltd., Akishima, Japan) and OM (Carl Zeiss NEOPHOT 2;
Carl Zeiss, Now York, NY, USA). In addition, the constituent phase of the various specimens was
identified by X-raydiffraction (Philips X'Pert-MRD X-ray diffractometer; Spectris plc, Almelo, The
Netherlands). Finally, the microhardness of each specimen was measured using a Buehler MHT2
microhardness tester (Buehler Company, Lake Bluff, IL, USA) with Vickers diamond pyramidindenter
(Buehler Company, Lake Bluff, IL, USA), and a load of loads of 300 g and time of 15 s on the test
materials. For each specimen, at least 5 measurements were executed.

3. Results and Discussion

3.1. Stress—Strain Response

Figure 1a—c show the stress—strain curves of the NiAl alloys with 5 at%, 6 at% and 7 at% Cu,
respectively. It is seen that for all specimens, the flow stress varies with both the strain rate and the Cu
content. For a given Cu content, the flow stress increases with increasing strain rate. Moreover, for
a given strain rate, the maximum stress increases with increasing Cu content. Overall, it is seen that
the strain rate has a greater effect on the flow stress than the Cu content. In addition, it is noted that
specimen fracture occurs more readily in the specimens with a lower Cu content. For the specimens
containing 5% Cu, the fracture strain decreases with increasing true strain (Figure 1a). However, as the
Cu content is increased to 6%, the fracture strain increases (Figure 1b). For the maximum considered
Cu content of 7%, fracture occurs only at the highest strain rate of 5 x 103 s~!. In other words, both
the strengthening properties and the ductility of the NiAl specimens increase with an increasing Cu
addition. Figure 1d compares the unalloyed NiAl alloy with different Cu contents under strain rate of
10~! s71 and 25 °C. It can be seen that the stress of unalloyed NiAl (binary) is the lowest.
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Figure 1. Stress-strain curves of NiAl intermetallic alloys deformed at strain rates of 1073-5 x 103 s~ 1:
(a) NigzAl3pCus; (b) NigzAlzCug; (¢) NigzAlz;Cuy and (d) comparison of four NiAl alloy.

The stress—strain curves presented in Figure 1 show that the specimens deformed at different strain
rates have a different work hardening response. In general, the stress—strain response of engineering
metals and alloys can be described by the power law:

o = A + Be" 1

where A is the yield strength, B is the material constant and 7 is the work hardening coefficient.

Table 1 presents the results obtained for A, B and n for the present NiAlCu specimens by
curve-fitting the experimental data in Figure 1. It is seen that for a constant Cu content, the yield
strength, material constant and work hardening coefficient all increase with increasing strain rate.
Moreover, it is noted that the material constant (B) has a higher value under quasi-static loading than
under dynamic loading. Thus, it is inferred that the dislocation density and multiplication rate increase
at higher strain rates and give rise to an enhanced flow resistance. For a given strain rate, the yield
strength, material constant and work hardening coefficient all increase with increasing Cu addition.
In other words, a higher Cu content not only increases the flow stress, but also the fracture strain.
Table 2 shows the hardness values of the different NiAlCu specimens. It is seen that the hardness
increases with both an increasing strain rate and an increasing Cu content.
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Table 1. Mechanical properties of NiAlCu intermetallic alloys deformed at room temperature (25 °C)

under strain rates of 1073-5 x 10% s~ 1.

Yielding Strength, Material Constant, = Work Hardening

: -1
Alloy Strain Rate (s™) A (MPa) B (MPa) Coefficient, n

103 449.3 3056.6 0.62
102 475.9 3410.9 0.64

-1
Nigs AlsyCuis 10 \ 520.67 3647.8 0.65
3 x 10 925.8 2257.9 0.68
4 x 103 1205.86 2626.8 0.72
5 x 103 1562.66 2918.2 0.77
103 571.3 2072.8 0.63
10—2 656.57 2203.3 0.66

-1
Nigs AlsyCug 10 \ 771.74 2162.3 0.67
3 x 10 1073.07 1802.4 0.7
4 x 103 1236.94 1884.8 0.73
5 x 103 1331.2 2171.2 0.78
10—3 695.5 1628.0 0.65
102 750.7 1697.4 0.68

-1
Nigs AlyyCuy 10 ; 809.0 1744.0 0.70
3 x 10 1048.6 1563.0 0.71
4 x 103 1289.6 1661.6 0.75
5 x 103 1676.5 2190.0 0.80

Table 2. Hardness values of NiAlCu intermetallic alloys.

Alloy Average Hardness Value
Ni63Al32—Cu5 30116(HV)
Ni63A131-C116 32563(HV)
Ni63Al30-CU7 3539(HV)

In general, the precipitation of secondary phase y' from the 3-phase results in alloys with a
greater hardness and a reduced susceptibility to brittle fracture [27]. Furthermore, lattice defects in
the intermetallic structure may increase or decrease the intermetallic hardness depending on lattice
distortion [28]. In the present study, a notable strengthening of the binary NiAl intermetallic alloy
system occurs as the Cu content is increased. Hence, it is inferred that Cu addition results in major
lattice distortion due to substructure defects, and leads to a greater microhardness as a result.

3.2. Strain Rate Effect

The strain rate sensitivity of the NiAICu alloy specimens can be calculated from the experimental
stress—strain curves presented in Figure 1 in accordance with [29].
. 0y — 01
= (0o/dlng) = —F——— 2
= (o/oiné) = 1 B0 @
Figure 2a—c present the corresponding results obtained for the strain rate sensitivity of the NiAl
alloys with Cu additions of 5 at%, 6 at% and 7 at%, respectively. It is observed that the strain rate
sensitivity increases with increasing strain rate, strain and Cu content [5]. It is thought that the greater
strain rate sensitivity is the result of a rapid multiplication of dislocations [30-32] in the deformed
microstructure under an increased strain rate and the blocking of these dislocations by secondary
phases precipitated under higher levels of Cu addition.
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Figure 2. Variation of strain rate sensitivity with true strain as function of strain rate for different NiAl
intermetallic alloys: (a) Nig3AlzpCus; (b) Nig3Al3pCug and (c) Nigz Al Cuy.

3.3. Microstructural Observations and Fracture Analysis

Figure 3a—c present OM micrographs of the as-cast NiAl alloys with different levels of Cu addition.
It is seen that the matrix contains a random distribution of annealing twins and precipitates in every
case. Moreover, the number of precipitates increases with an increasing Cu content. (Figure 4a—c
present the X-ray diffraction (XRD) analysis results for the NiAl alloys with different levels of Cu
addition. Moreover, it is seen that for each specimen, the peak value of the 3-phase (Ni,Cu)Al is greater
than that of the y'-phase (Ni,Cu)3Al In general, the results presented in Figures 3 and 4 suggest that
the enhanced flow stress and strain rate sensitivity of the NiAlCu alloy observed at higher strain rates
and levels of Cu addition are a result of the increased precipitation of 3-phase (Ni,Cu)Al and y'-phase
(Ni,Cu)3AL

Figure 5a—c present SEM micrographs of the fracture surfaces of the NiAl alloy containing 5%
Cu following impact testing at strain rates of 3 x 10 s~1,4 x 10> s~ and 5 x 10% s~ !, respectively.
The images show that the specimens fracture in a brittle failure mode. Furthermore, the number of
cleavage surfaces increases with an increasing strain rate. However, for the specimen with a higher Cu
content of 6%, the number of cleavage surfaces is reduced and melted knobby structures are observed
(Figure 5d,e). The presence of the knobby features suggests that the local temperature exceeded the
melting point of NiAl alloy during deformation. Furthermore, only the specimens tested under strain
rates of 4 x 103 s~! and 5 x 103 s~! failed, which suggests that a higher Cu content increases the
ductility of NiAl alloy. For the highest considered Cu content of 7 at%, the fracture surface contains a
greater number of knobby features (Figure 5f). Moreover, only the specimen tested at the maximum
strain rate of 5 x 103 s~ failed. Consequently, the effect of Cu addition in improving the ductility of
NiAl alloy is further confirmed.
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Figure 3. Optical micrographs of as-cast NiAl intermetallic alloys: (a) Nig3Al3pCus; (b) Nig3AlzpCug;

and (C) Ni63A132CLI7.
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Figure 4. X-ray diffraction (XRD) analysis results for as-cast NiAl intermetallic alloys: (a) Nig3Al3;Cus;
(b) Ni63A132Cu6; and (C) Ni63A132C117.
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Figure 5. Fracture features of impacted NiAl intermetallic alloys: (a) 3 x 103 s~L; (b) 4 x 10° s~ L;
(€) 5 x 103 s—1; NigzAlsyCus; (d) 4 x 103 s71; (e) 5 x 10° s~ NiggAlspCug; (£) 5 x 103 s~ 1 NigzAlzpCuy.

4. Conclusions

The impact flow response of NiAl intermetallic alloy with Cu contents ranging from 5 to 7 at% has
been investigated under room temperature conditions at strain rates in the range of 1073-5 x10% s~ 1.
It has been shown that the flow stress, strain rate sensitivity, hardness and ductility of the NiAl alloy
all increase with an increasing Cu content. The microstructural observations have revealed that the
change in the mechanical flow response of the NiAl alloy with an increasing Cu addition is the result
of the increased precipitation of y'-phase (Ni,Cu)sAl from (-phase (Ni,Cu)Al in the NiAl matrix.
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