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Abstract: To fabricate NiAl complex thin-walled components, a novel Ni/Al micro-laminated composite sheet
(NAMCS) was prepared by vacuum hot-pressing. Based on the uniaxial tensile tests at different temperatures, the
mechanical properties of NAMCS were investigated. To clarify the uniaxial tensile coordinated deformation mechanism
of NAMCS, the deformed microstructure at different tensile strains was characterized by scanning electron microscopy.
The results showed that some cracks formed in NiAl; and Ni,Al; layers at a tensile strain of 5%, room temperature and
300 °C. At 600 °C and a tensile strain of 20%, some microvoids were observed in the NiAls layers, but no cracks
formed in the NixAls layers until the sample fractured at a tensile strain of 78.7%. This indicated a good coordinated
deformation ability. The high-temperature free gas bulging test of NAMCS showed that the limit bulging ratio (the ratio
of limit bulging height to die diameter) of NAMCS at 600 °C reached 33.3%, implying good formability.
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1 Introduction

NiAl intermetallic compounds are widely used
in the aerospace industry due to their superior
physical and chemical properties, such as a high
melting point (1638 °C), low density (5.88 g/cm?),
excellent thermal conductivity (76 W/(m-K)), high
strength, and oxidation resistance [1—4]. They are
expected to serve as next-generation high-temperature
structural materials, but their applications face
two main barriers: poor toughness and fracture
properties at ambient temperature, and poor hot
formability [5—7].

Traditionally, NiAl intermetallic compounds
are processed using methods such as powder
metallurgy, casting, and isothermal extrusion.

However, these methods are only suitable for bulk
forming and fabricating components with simple
shapes and not suitable for forming thin-walled
components with complex shapes [8—10]. The
traditional methods for manufacturing complex
thin-walled components of high-temperature
structural materials can be divided into two steps:
(1) the sheet preparation with traditional casting —
forging — rolling method; (2) secondary forming of
the sheets at higher temperatures to obtain the final
shape [11,12]. However, NiAl sheets are difficult to
prepare due to their intrinsic brittleness and high
requirements for the rolling conditions.

In recent years, many researchers have used
the foil stacking reaction synthesis (SRS) method
and the combined process of accumulative roll
bonding and annealing to prepare NiAl intermetallic
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compound sheets and other multilayered
composites [13—19]. SUN et al [20] used SRS to
fabricate NiAl sheets with a homogeneous
composition and good performance. The micro-
structure featured alternately-stacked coarse and
fine grain layers that were closely correlated to the
thickness of the original foils. The deformation and
fracture mechanisms of a synthesized single- phase
NiAl sheet with this novel bimodal grain structure
were also investigated [21]. FAN et al [22] studied
the microstructure and mechanical properties of
a NiAl-based composite by a roll bonding and
annealing treatment method. The texture of NiAl-
based composite sheets is closely related to the
initial rolling textures of the original Ni sheets.
Although NiAl sheets have been prepared by solid-
state synthesis, the forming of NiAl thin-walled
components with complex shapes is still a great
challenge.

SUN et al [23] developed a novel process that
integrated the forming and reaction synthesis to
fabricate NiAl alloy curved shells using laminated
Ni/Al foils as the initial blanks by stamping with
rigid dies. WANG et al [5] put laminated Ni/Al
sheets into W-shaped components by stamping
using rigid dies.
microcracks generated in the diffused intermediate
zone self-repaired through a subsequent reaction.
However, this method of rigid die forming is only
applicable for forming components with simple
shapes and fails when used to form components
with complex shapes and closed sections. In
addition, to integrate the forming and reaction
synthesis, laminated Ni/Al foils need to be under a
uniform pressure at every position during the
reaction synthesis stage, which cannot be achieved
with rigid dies. Therefore, it is desired to prepare
more complex thin-walled NiAl components by hot
gas bulging.

In addition, Ni/Al micro-laminated composite
sheets (NAMCS) can be used to manufacture
energetic composite components with  good
mechanical performance and energy density [24—27].
Therefore, it is important to investigate the formability

Their results revealed that

Table 1 Chemical compositions of Al and Ni foils (wt.%)
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of Ni/Al micro-laminated composite sheets.

In this study, the microstructure and
mechanical properties of NAMCS prepared by the
hot pressing of pure Ni/Al foils were investigated.
The initiation and propagation of cracks and
thickness changes of each layer during tensile
deformation at different temperatures were studied
to clarify the coordinated deformation mechanism
of NAMCS. The fracture mechanism of NAMCS at
ambient and high temperatures was also discussed.
The formability of NAMCS at 600 °C was evaluated
by the limit bulging ratio (ratio of limit bulging
height to die diameter), which was tested with the
free gas bulging test.

2 Experimental

2.1 Materials preparation

Commercially pure nickel foils (N6) and
aluminum foils (1060) with initial thicknesses of
0.06 and 0.09 mm respectively were used to prepare
NAMCS. The chemical compositions of the Al and
Ni foils are shown in Table 1. To improve the
formability of NAMCS, the Ni foils were annealed
at 700 °C for 1 h.

The detailed fabrication process of NAMCS
was as follows.

(1) Ni and Al foils were cut into 160 mm x
170 mm squares, and the Ni foils were annealed to
improve their ductility. Then, they were cleaned
with 5 vol.% HF and 15 vol.% NaOH solutions to
remove the oxide layers.

(2) The Ni and Al foils were ultrasonically
cleaned in 70 vol.% alcohol to remove the residual
acid and alkali substances from the surfaces and
then dried in a drying oven.

(3) Ni foils (7 pieces) and Al foils (6 pieces)
were stacked alternately and then hot-pressed at
630 °C and 20 MPa under a 1x107?Pa vacuum for
0.5h to obtain NAMCS with a good interfacial
bonding strength. The schematic diagram for the
preparation of NAMCS is shown in Fig. 1, and the
schematic processing route for preparing NAMCS
is shown in Fig. 2.

Material  Cu Fe Mg Mn Si Ti Za A% Al C S Ni
Alfoil 0.0004 0.015 0.0008 0.0005 0.053 0.016 0.01 0.0005 >99.9
Nifoil 0.015 0.04 0.01  0.002 0.03 0.01  0.001 >99.9
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Fig. 1 Schematic diagram for preparation of NAMCS
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Fig. 2 Schematic processing route for preparation of
NAMCS

(4) For comparison with NAMCS, pure Ni and
Al laminated sheets with the same total thickness as
that of NAMCS were also prepared using the same
route in Fig. 2.

2.2 Microstructure characterization

The microstructures of NAMCS and the
tensile fracture surfaces were observed with a
scanning electron microscope (SEM) equipped with
an energy-dispersive X-ray spectrometer (EDS).
SEM specimens were prepared by electrochemical
polishing in a solution of 6 vol.% perchloric acid,
35 vol.% eugenol, and 59 vol.% carbinol at —30 °C
for 30—45s. The polishing current density and
working voltage were set to be 0.6 A/cm? and 20V,
respectively. The phase composition of NAMCS
was determined using an Empyrean smart X-ray
diffractometer (XRD, Philips XPert) at 26 from 15°
to 90° with Cu K, radiation.

2.3 Tensile test
To study the deformation and fracture
mechanisms of NAMCS at different temperatures,

_ (630 °C, 20 MPa, 0.5 h)

Graphite

mold
Hot pressing process ey

Ni/Al
laminates

ﬁ

\'
v

Furnace cooling

Ni/Al micro-laminated Unloading

composite sheets

tensile tests were respectively carried out at room
temperature, 300 and 600 °C and an initial strain
rate of 1x1073s!' on a UTM4304 electronic
universal testing machine. The tensile specimens
with gauge dimensions of 3.5 mm in width and
15 mm in length were cut by electrical discharge
machining. Before tests, the samples
mechanically ground and then polished with 0.5 um
diamond suspension. The hold time before tensile
deformation was 5 min. Isothermal tensile tests
were repeated at least three times to ensure the
repeatability of the data. A schematic of the tensile
specimen is shown in Fig. 3.
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Fig. 3 Schematic diagram of tensile specimen

2.4 Bulging of NAMCS

To investigate the formability of NAMCS, gas
bulging tests were carried out, and the ultimate
bulging height was measured. Figure 4 shows a
schematic diagram and experimental setup of the
gas-forming process. The radius of the die bore (7)
and the die corner (r.) was 30 and 2.5 mm,
respectively. The bulging height was indicated by 4.
The original and instantaneous thicknesses of the
NAMCS during the gas forming were indicated by
to and ¢, respectively. To prevent the sheet from
bonding with the die at high temperatures, boron
nitride flux was sprayed on both sides of the
NAMCS.
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Fig. 4 Schematic diagram and experimental setup of gas-forming process

The gas bulging loading path is shown in
Fig. 5. The NAMCS samples were placed in the die
and bulged at 600 °C until rupture occurred
and then removed from the die. The bugled
hemispherical specimens of NAMCS were cut
along the bulging height direction, and the wall
thickness distribution was measured with a
GP—-300C measuring microscope.
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Fig. 5 Gas bulging loading path of NAMCS
3 Results and discussion

3.1 Microstructure of NAMCS

Figure 6 depicts the microstructure of NAMCS
samples hot-pressed at 630 °C and 20 MPa for
30 min. The XRD pattern in Fig. 6(c) shows that the
phase composition of NAMCS was Al + NiAl; +
Ni;Alz + Ni. The specific compositions of different
regions (4—D) in Fig. 6(b) measured by EDS are
recorded in Table 2. In the areas from A4 to D, the
nickel content gradually increased, while the
aluminum content gradually decreased. In Regions
B and C, the molar ratios of Ni to Al were 1:3.0

e —Ni
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Fig. 6 Microstructures (a,b) and XRD pattern (c) of
NAMCS hot-pressed at 630 °C and 20 MPa for 30 min

and 2:3.1, respectively, which were close to the
theoretical compositions of the intermetallic
compounds NiAl; and Ni,Als. Thus, the darkest and



790 Yu-peng LU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 786—797

brightest contrast regions indicated the Al and Ni
layers, respectively. The wide gray region with a
straight interface on both sides of the Ni layers was
a Ni2Als layer, while the narrow gray region with a
rough interface on both sides of the Al layers was
the NiAls layer.

The average thicknesses of different layers in
the Ni/Al system measured by SEM are shown in
Table 3. As the diffusion reaction proceeded, the
thicknesses of the nickel and aluminum foils
gradually decreased, while the thicknesses of NiAls
and Ni,Als layers gradually increased. The NiAls
layer was much thinner than the Ni>Al; layer. The
changes in the thickness and phase composition of
NAMCS during hot pressing depended on the
two-stage diffusion reactions as follows [20]:

Step 1: Ni+3Al->NiAl+AH, (1)
Step 2: NiAL+Ni—NiAL+AH, (2)

In the first stage, the Al layer with a relatively
low melting point reacted with the adjacent Ni layer,
forming NiAl; phase grains at the interface. The
interface between the NiAl; and Al layers was the
outer grain boundaries of the NiAls layers. The
waviness was proportional to the NiAl; grain size.
Therefore, the larger grain size of the NiAl; phase
resulted in a rougher interface between NiAl; and
Al layers. In the second stage, the Ni and NiAls
layers reacted to form NixAls layers.

Table 2 Average compositions in different areas in
Fig. 6(b) of NAMCS

Area Ni content/at.% Al content/at.%
A 0.75 99.25
B 24.61 75.38
C 39.43 60.56
D 99.37 0.62

Table 3 Average thicknesses of different layers in Ni/Al
system measured by SEM

Thickness/pm
Al NiAl; NiAls  Ni
As-received 90 60
630°C,20 MPa,0.5h 4888 5.0 18.61 35.56

Condition

3.2 Tensile properties of NAMCS
Figure 7(a) shows the engineering stress—strain
curves of NAMCS at room temperature, 300 °C,

600 °C and an initial strain rate of 0.001 s'. As the
temperature increased, the yield strength and
ultimate tensile strength of NAMCS decreased,
while the elongation did not change monotonically.
The sample showed an elongation of 21.5% and an
ultimate tensile strength of 175.8 MPa at room
temperature. When the temperature increased to
300 °C, the ultimate tensile strength decreased to
117.5 MPa, and the elongation decreased to 18.1%.
When the temperature was 600 °C, the elongation
increased to 78.7%, while the ultimate tensile
strength decreased to 81.1 MPa.
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Fig. 7 Tensile engineering stress—strain curves of
NAMCS at different temperatures (a), and tensile
engineering stress—strain curves of Ni and Al sheets at
600 °C (b)

For comparison, pure Ni and Al sheets were
also prepared using the same hot pressing
parameters as NAMCS. Figure 7(b) shows the
engineering stress—strain curves of pure Ni and Al
sheets at 600 °C and a strain rate of 0.001 s™'. Ni
sheets exhibited a higher ultimate tensile strength of
128.3 MPa and a much lower elongation of 26.9%.



Yu-peng LU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 786—797 791

In contrast, Al sheets exhibited a relatively low
ultimate tensile strength of 5.2 MPa and a much
higher elongation of 63.0%. The elongation to
failure of NAMCS was much higher than that of
individual Ni and Al laminates, which was
attributed to the improved ductility of NiAl; and
NiAls phases in the laminate structure at 600 °C
and the coordinated deformation of NiAls layers
with Ni layers.

Figure 8(a) shows the true stress—strain curves
of NAMCS at room temperature, 300, and 600 °C.
The relationship between the true stress (o)
and true strain (¢) can be described by the Hollomon
equation [28]:

o=Ke" 3)

where K is the strength coefficient, and » is the
strain-hardening exponent.

To determine n, the natural logarithms of
Eq. (3) were calculated as

In o=In K+nln & 4

The relationship between Ino and Ilne was
obtained by substituting the true stresses and the
corresponding true strains into Eq.(4), as shown
in Fig. 8(b). The slope of the line in Fig. 8(b)
represents the value of »n. By linear (fitting,
the values of n at RT, 300, and 600 °C were
determined to be 0.29902, 0.24793, and 0.33272,
respectively. Generally, n decreased as the
temperature increased, and the material with a
larger value of n showed a greater tendency to
undergo uniform deformation. The value of n
reached the minimum at 300 °C, indicating that
NAMCS had the lowest ability to undergo uniform
deformation. In theory, n should decrease during
deformation at 600 °C, but the opposite trend was
observed. This was because the Ni;Als layer with a
higher strength was continuously thickened during
the deformation, which greatly improved the
hardening rate. As the hot pressing time increased,
the thickness of NiAls layers within the Ni/Al
laminated composite sheet increased, which
increased the ultimate tensile strength of the sheet,
indicating that the NiAl; layer had better high-
temperature strength [29]. When the Ni/Al
micro-laminated composite sheet deformed at high
temperatures, the NiAl; layers also thickened.
Since it thickened more greatly at 600 °C than at
300 °C, the deformation showed a greater increase
with the strain hardening rate at 600 °C.
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Fig. 8 True stress—strain curves of NAMCS (a), and
relationship between Ino and Ine (b) at different
temperatures

3.3 Uniaxial tensile coordinated deformation

mechanism of NAMCS

To investigate the uniaxial tensile coordinated
deformation mechanism of NAMCS, the micro-
structure of the samples at different tensile strains
was observed, as shown in Fig.9. At room
temperature and 5% strain, some microcracks
formed perpendicularly to the loading direction in
the NiAl; and NixAl; layers (Fig. 9(a)). However,
these cracks did not extend into the Ni and Al layers
due to good ductility of Ni and Al. As deformation
continued, the width and number of cracks
increased, but they never extended to Ni and Al
layers until the sample fractured. After deformation,
the Ni and Al layers became significantly thinner,
as illustrated in Fig. 9(b), indicating that the
deformation of NAMCS was dominated by the Ni
and Al layers. At 300 °C and 5% strain, narrower
and fewer cracks were observed in the NiAls
and Ni,Als layers (Fig. 9(c)) compared with those
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Fig. 9 SEM images of NAMCS at different temperatures and strains: (a) RT, 5%; (b) RT, 18%; (c) 300 °C, 5%;
(d) 300 °C, 18%; (e) 600 °C, 10%; (f) 600 °C, 20%; (g) 600 °C, 70%; (h) 600 °C, 0%

deformed at room temperature. This indicated the
improved ductility of NiAls and Ni>Al; at a higher
temperature. When the tensile strain increased to
18%, the width and number of cracks increased,
and necking occurred in some locations within
Ni and Al layers (Fig. 9(d)). This indicated that,
the deformation uniformity, which was heavily
dependent on the hardening rate, became worse
at higher temperatures. Therefore, increasing the

deformation temperature produced two opposing
effects on the formability of NAMCS. One was to
improve the ductility of NiAl; and NixAls;, which
improved the elongation to failure. The other was
to reduce the hardening rate, which heavily
contributed to the deformation uniformity and was
prone to decrease the elongation to failure. If
the former is dominant, the elongation to failure
of NAMCS will increase, while if the latter is
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dominant, the elongation to failure of NAMCS will
decrease. The deformation of NAMCS at 600 and
300 °C followed the two cases, respectively.

Figure 9(e) showed that the interface of each
layer was uniform and smooth without cracks after
10% strain at 600 °C. When the tensile strain
increased to 20%, scattered microvoids began to
form in the NiAls layers, indicating that NiAls
layers had the lowest ductility (Fig. 9(f)). Due to the
huge disparity of NiAls; to Al in ductility, their
deformation was difficult to coordinate well. As a
result, cracks formed at the interface between them
and finally evolved into microvoids located near the
Al layer side in the NiAls layers. When the tensile
strain increased to 70%, the size and number of
voids in the NiAl; layers increased sharply. No
cracks formed in NiAl; layers until the sample
fractured, indicating good ductility of NixAl; layers
at 600 °C. Both Ni and Al layers showed various
scales of necking, and their thickness decreased
obviously, predicting the onset of fracture
(Fig. 9(g)). The elongation to failure of pure Ni
sheets was only 26.9% at 600 °C, while the Ni
layers in NAMCS did not fracture at a tensile strain
of 70%. This indicated that the good bonding effect
of Ni2Al; to Ni enhanced the plasticity of Ni layers,
exhibiting the coordinated deformation of NAMCS.

Table 4 shows the thickness of each layer at
different positions of the NAMCS sample after
tensile deformation at 600 °C. According to the
principle of constant volume, the thickness of each
layer should continuously decrease during the
deformation. Due to the good ductility and low
strength of Ni and Al layers, about a 70% reduction
occurred in them, which was nearly consistent with
the strain of the whole NAMCS. The Ni,Als layers
were also reduced, further proving their ductility;
however, the reduction was less than that of Ni and
Al layers due to the simultaneous transformation of
Ni and Al into Ni>Als during deformation. Due to
the brittleness of NiAls layers, they prematurely
cracked without reduction and thickened instead,
which was also due to the simultaneous
transformation reaction during deformation.

The thickness reduction rate (y) could be
calculated by the following equation:

t =t -
0% strain 70% strain
n=—-—-" - x100% (5)
t70% strain

where v sirain 1S the NAMCS sample thickness after

0% strain, and #70%smain 1S the NAMCS sample
thickness after 70% strain.

Table 4 Thickness of each layer at different positions of
NAMCS sample after tensile deformation at 600 °C

Thickness/pm
Strain/%
Ni Al NizAl;  NiAls
0 37.70 37.78 2424 545
70 2222 2198 18.18  6.06
Thickness reduction
rate/% 70 72 33 10

3.4 Fracture mechanism of NAMCS

Figures 10(a—c) depict the fracture surface of
the sample deformed at room temperature. Many
dimples, tearing ridges, and ripple patterns can be
observed in the Al and Ni layers, implying ductile
fracture (Fig. 10(b)). However, the surfaces of the
Ni;Alz and NiAls layers were relatively smooth and
flat, showing remarkable rock candy patterns,
implying intergranular fracture (Fig. 10(c)). The
different fracture modes of the Al/Ni and NixAls/
NiAl; diffusion layers led to uneven fracture
surfaces on the samples.

Figures 10(d—f) display the fracture surface of
the sample deformed at 300 °C. The fracture
surface was flatter than that fractured at ambient
temperature. However, there was local separation of
the Al layer from the diffusion layer (NiAls) due to
their uncoordinated deformation, which resulted in
the lowest elongation to failure for the sample at
this temperature, as shown in Fig. 10(d). Many
ripple patterns and tearing ridges were found in
the Ni and Al layers, suggesting that they still
underwent ductile fracture (Fig. 10(e)). The fracture
surface of the diffusion layer (NiAl3 and NixAls)
also showed a rock candy pattern, implying brittle
fracture (Fig. 10(f)).

Figures 10(g—i1) show the fracture surface of
the sample deformed at 600 °C. There was no local
separation between the layers, indicating that the
diffusion layer was well bonded with the Ni/Al
layers. Compared with the other two temperatures,
the thinning of the Ni and Al layers was much worse
due to drastic plastic deformation (Fig. 10(g)). The
thickness of the diffusion layers did not change
much, and there were no obvious cracks or holes
observed between them, indicating that the Ni and
Al layers underwent coordinated deformation with



794 Yu-peng LU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 786—797

Dimples

Tearing/ri'dge l:l/ &

i
Ripple/pavlttern D
B

—

NiAl;

Ni,Al;

Ni

Tearing ridge

Ripple pattern
~~a

20

NiAlk
NiAl,

7 Nigl,

i . .

Roqk cahdy p\a,tgé;'ri ) m

Fig. 10 SEM image showing fracture surface morphologies of NAMCS after tensile tests at different temperatures:
(a, b) RT; (c) Magnified SEM image of red box region in (b); (d, €) 300 °C; (f) Magnified SEM image of red box region
in (e); (g, h) 600 °C; (i) Magnified SEM image of red box region in (h)

the diffusion layers at this temperature. Furthermore,
both Ni and Al layers showed different shapes of
dimples, tearing ridges, and ripple patterns, which
were typical ductile fracture characteristics. The
diffusion layer still exhibited a rock candy pattern
and underwent brittle fracture, although the NiAls
layers showed good ductility (Figs. 10(h, 1)).

3.5 Gas bulging of NAMCS

Due to good ductility of NAMCS at 600 °C
and only a few microvoids formed in the NiAl;
layers, the gas bulging temperature was set to be
600 °C. Figure 11 depicts the shells formed from
NAMCS, Ni, and Al sheets, which all freely bulged
to failure. The cross-section of the NAMCS shell is
shown in Fig. 11. Due to different yield strengths
between NAMCS, Ni, and Al sheets, the gas
bulging pressure and pressure retention time were
set to be 2.5, 5, and 0.5 MPa, and 12, 10, and 3 min,
respectively. The maximum bulging heights of Ni,
Al sheets, and NAMCS were 16, 31, and 20 mm,
representing bulging rates of 26.7%, 51.6%, and
33.3%, respectively. The formability of NAMCS
was determined by the Ni and Al sheets. Although

Fig. 11 Gas bulged hemispherical shells of pure Al, pure
Ni and NAMCS

the elongation to failure of the Al sheet is lower
than that of NAMCS, its bulging rate was higher
than that of NAMCS. This was because NAMCS
underwent biaxial tensile stress during gas bulging,
which more easily caused the crack initiation and
propagation in the diffusion layers and reduced the
plastic deformation capacity.

The thickness distribution of the NAMCS
hemispherical shell from the bottom to top at 10°
intervals is shown in Fig. 12. The thinnest point
at the top of the hemispherical shell was only
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650 um, representing a thinning rate of 32.29%.
The thickness gradually decreased from the bottom
to the top due to the depression of the sheet into the
inner hole of the die by the gas pressure. According
to the principle of constant volume, the deformation
of the sheet completely depended on thinning in the
thickness direction, i.e., the severer the deformation,
the greater the thinning.

850
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Thickness/pm
~
i
(=)

~)

(=1

S
T

650

0 2IO 4l() 6]0 8I0 l(I)O léO 14]10 léO 180
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Fig. 12 Thickness distribution of Ni—Al laminated

hemispherical shell

Figure 13 presents SEM images of the three
typical areas of the NAMCS hemispherical shell
shown in Fig. 11. The thickness of each layer at
Positions 1-9 in Fig. 13 is listed in Table 5. Point 4
underwent the severest deformation. Local necking
occurred on the Ni and Al layers, and the thickness
of the Ni»Als diffusion layers was also reduced. At
Point B, the thickness reduction of Ni, Al, and
NiAls diffusion layers was slightly less than that at
Point A4, but local necking still occurred on Ni and
Al layers. It can be detected that Ni,Als diffusion
layers and Ni layers at Points 4 and B underwent
coordinated deformation. After deformation,
although their thickness was greatly reduced, both
were still closely bonded, and no cracks were
generated. In addition, NiAl; and NiAls layers
were well bonded with irregularly-shaped
microvoids on the side of the Al layers, whereas the
microvoids did not extend into the NiAls layers.
This result was consistent with that of uniaxial
tensile deformation. In addition, the maximum
reduction rates of Ni and Al layers (about 75%)
were almost the same as the elongation to failure of
NAMCS. The thickness of NiAl; and Ni>Al; layers
decreased less than the Ni and Al layers, also due to
the continued reactive synthesis during heating and
hot gas bulging.

Fig. 13 SEM images of different positions of gas bulged
NAMCS spherical shell in Fig. 11: (a) Point 4; (b) Point
B; (c) Point C

Table 5 Thickness of each layer at different positions of

bulged spherical shell

Point in Thickness/pm

Fig. 11 Ni Al NiAl#+NiAl
A 16.66 (1) 14.81(2) 259(3)
B 18.51 (4) 20.37(5) 29.62(6)
C 29.62 (7) 25.92(8) 37.03(9)

Thickness
reduction rate 78 75 43

of Points 4 to C/%

Numbers in brackets represent the thickness of Positions 1-9 in
Fig. 13

4 Conclusions

(1) The NAMCS sample prepared at 630 °C
under 20 MPa for 0.5 h contained four layers (Ni,
Al, NiAls, and NiAl3) and showed an elongation
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of 21.5% and an ultimate tensile strength of
175.8 MPa at room temperature. When the tensile
temperature increased from 300 to 600 °C, the
ultimate tensile strength decreased from 117.5 to
81.8 MPa, while the elongation to failure increased
from 18.1% to 78.7%. The limit bulging ratio of
NAMCS at 600 °C reached 33.3%.

(2) Some microcracks perpendicular to the
loading direction formed in the NiAl; and NiAls
layers at a tensile strain of 5% from RT to 300 °C,
but they did not extend into the Ni or Al layers. At
600 °C and a tensile strain of 20%, some
microvoids began to form in the NiAls layers, but
no cracks formed in the NixAl; layers until the
sample fractured, indicating a good coordinated
deformation ability.

(3) From room temperature to 600 °C, the
NAMCS showed identical fracture modes. The
fracture mode of the Ni/Al layers was ductile
fracture with many ripple patterns, dimples, and
tearing ridges, while the fracture mode of the NiAls
and Ni;Al; diffusion layers was intergranular
fracture with rock candy patterns.
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