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A nickel-based superalloy honeycomb sandwich was manufactured by high-temperature
brazing. The microstructural evolution and the out-of-plate mechanical properties were
determined for honeycomb sandwiches aged at 800 °C. The maximum tensile strength was
28.5 MPa and the compressive yield strength was 29.6 MPa for the original specimens. These
parameters decreased to 24.7 MPa and 23.5 MPa for specimens aged for 10 h, to 24.9 MPa and
21.5MPa for specimens aged for 20 h and to 26MPa and 24.8 MPa for specimens aged for 30 h,
respectively. With increased aging time the tensile elongation decreased, the intermetallic
compounds and the eutectic structure in the brazing region disappeared, and the solid
solution approaching the matrix gradually increased.
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1. Introduction

For the design and construction of lightweight transportation
systems such as satellites, aircraft, high-speed trains and fast
ferries, structural weight-saving is a major consideration. To
meet this requirement, sandwich construction is frequently
used instead of increasing the material thickness. Nickel-
based superalloys have been used as materials for sandwich
facings and cores that operate at a high-temperature. Several
core shapes and types of core material have been applied to
the construction of sandwich structures. Among them, a
honeycomb core consisting of very thin foil in the form of
hexagonal cells perpendicular to the facings is the most
popular. Superalloy honeycombs are very important parts in
advanced metallic thermal protection systems and their
performance influences the economic efficiency and security
of these systems.

Witherell [1] performed an extensive theoretical study for
the structural design of an air-cushion vehicle-hull structure
using aluminum honeycomb sandwich panels. Okuto et al. [2]
demonstrated the validity of the so-called equivalent plate
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thickness method in which a honeycomb sandwich panel
subjected to in-plane loads was approximately replaced by a
single-skin panel with equivalent plate thickness. Elasto-
plastic bending behavior of sandwich panels was studied by
Kobayashi et al. [3]. Yeh and Wu [4] investigated the buckling
strength characteristics of aluminum honeycomb sandwich
panels in axial compression. The characteristics of the energy
absorption capacity of bare honeycomb cores under lateral
crushing loads was studied by Kunimoto et al., both theore-
tically and experimentally [5,6]. The dynamic properties and
failure behavior of composite sandwich structures are com-
plex and test programs are destructive, time-consuming and
consequently expensive for industry [7,8]. An experimental
study of the impact response ofmetallic cellularmaterialswas
carried out by Zhao et al. [9]. Metallic sandwich panels with
textile cores were subjected to combined bending and shear
and then designed for minimumweight [10]. The fatigue crack
growth behavior of Ni-base honeycomb panels was studied at
room temperature [11]. The longitudinal shear deformation
behavior and failure mode of aluminum alloy honeycomb
coreswere investigated using single-block shear tests [12]. The
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Fig. 1 –Fabrication of the honeycomb core.
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bending performance of a sandwich construction with thin
cellular metal cores was measured and simulated [13].

Diffusion inevitably occurs in the joint region of honey-
comb sandwiches at a high-temperature, which may change
the mechanical properties of the structure. To stabilize the
structure of nickel-based superalloy honeycomb sandwiches,
it is thus essential to understand the microstructural evolu-
tion and changes in the mechanical properties. For this
reason, a honeycomb sandwich was fabricated from a
nickel-based superalloy by high-temperature brazing and its
microstructural evolution and mechanical properties were
investigated after aging at 800 °C.
Fig. 2 –Micrograph of the nickel-based honeycomb sandwich
in section.
2. Materials and Methods

A nickel-based superalloy was used for the honeycomb core
and for the two face sheets comprising the sandwich sample.
The cell shape of the honeycomb core was a regular hexagon,
with each side 4 mm in length. The honeycomb cores were
prepared by a sheet crimping process, as shown in Fig. 1. The
stacked sheets were bonded by laser welding and the cores
were cut and adhesively bonded to the face sheets to create
the sandwich panel by high-temperature brazing. The wall
thickness of the core and face sheet was 0.09 mm and
Fig. 3 –Micrograph of the nickel-based honeycomb sandwich
in cross-section.



Fig. 4 –Micrographof thenickel-basedhoneycombaged for 10h.

Fig. 5 –Micrographof thenickel-basedhoneycombaged for 30h.

Fig. 6 –XRD pattern for
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0.225 mm, respectively; Brazing was conducted with BNi2 at
1050 °C and the braze was applied uniformly over the sheets.
Capillary action drew the braze metal into the joints, resulting
in an excellent bond. During the joining process, a low
pressure of approximately 20 kPa was applied to the sample
to ensure close contact between the face sheet and the
honeycomb core.

Specimens of the nickel-based honeycomb sandwich were
aged inamuffle furnaceat 800 °C for aging timesof 10, 20and30h.

Compressive and tensile testswere carried outonauniversal
material testing machine (Instron 5569) at room temperature.
3. Results and Discussion

A section and cross-section of the nickel-based honeycomb
sandwich are shown in Figs. 2 and 3, respectively. The face
sheet of the honeycomb sandwich is marked I, the core is
marked II and the brazing region is marked III. Metallographic
results for the nickel-based honeycomb aged at 800 °C for 10
and 30 h are shown in Figs. 4 and 5, respectively. The region
approaching the matrix is a solid solution and there are
intermetallic compounds and a eutectic structure in the
middle of the brazing region. According to the metallographic
results, for brazing clearance of less than 20 μm no inter-
metallic compounds or eutectic structure were present in the
brazing seam, confirming that the critical brazing clearance
was 20 μm. An XRD pattern for the brazing region is shown in
Fig. 6, indicating that there aremany intermetallic compounds
in the brazing region, such as Ni2Si3, BCr and Cr2Ni3, and so on.

A tensile fractograph for the original honeycomb sandwich
is shown in Fig. 7; tensile fractographs for specimens aged for
10, 20 and 30 h are shown in Figs. 8–10, respectively. In all
tensile specimens, fracture occurred wholly within the
honeycomb core and no interface separation was observed,
indicating that the brazing process was satisfactory. The out-
of-plate tensile mechanical properties of the honeycomb
sandwich are shown in Fig. 11.

The original as-fabricated specimen had a maximum
tensile strength of 28.5 MPa, a tensile elastic modulus of
128 MPa and tensile elongation of 28.5%. After aging at 800 °C,
these parameters were 24.7 MPa, 357 MPa and 17.11%,
24.9 MPa, 319 MPa and 11%, and 26.0 MPa, 496 MPa and 7.5%
the brazing region.



Fig. 9 –Tensile fractograph of the honeycomb sandwich aged
for 20 h.

Fig. 7 –Tensile fractographof theoriginalhoneycombsandwich.

181M A T E R I A L S C H A R A C T E R I Z A T I O N 6 0 ( 2 0 0 9 ) 1 7 8 – 1 8 2
for specimens aged for 10, 20 and 30 h, respectively. No
obvious plastic deformation was observed in the tensile curve
of the original specimen.

Compared to the original samples, the tensile mechanical
properties changed after aging: themaximum tensile strength
decreased by more than 8.5%, the tensile modulus increased
by more than 149% and the tensile elongation decreased by
more than 39%. The decrease in the maximum tensile
strength of specimens aged at 800 °C can be seen in Fig. 11.

The compressive properties of the honeycomb sandwich are
shown in Fig. 12. The compressive elasticmodulus of the original
specimen was 223 MPa and the maximum yield strength was
29.6 MPa; these parameters were 245 MPa and 23.5 MPa, 391 MPa
and 21.4 MPa, and 292 MPa and 24.8 MPa after aging at 800 °C for
Fig. 8 –Tensile fractograph of the honeycomb sandwich aged
for 10 h.
10, 20 and 30h, respectively. Compared to the original specimens,
aging for 10, 20 and 30 h increased the compressive elastic
modulus of specimens by approximately 10%, 75% and 31%, and
decreased the yield strength by 21%, 28% and 31%, respectively.

These results indicate that the microstructure of the
honeycomb sandwich changed greatly during aging at 800 °C
for the first 10 h; longer aging did not lead to further significant
changes in the microstructure, so the mechanical properties
did not change greatly.

The nickel-based honeycomb sandwich exhibited the
tensile characteristics shown in Fig. 11, with no obvious
plastic deformation. This characteristic was confirmed by
tensile fracture of the honeycomb sandwich. Tensile fracture
Fig. 10 –Tensile fractograph of the honeycomb sandwich
aged for 30 h.
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of the honeycomb core was obviously brittle and no dimples
were observed. Boundaries between the matrix and the
brazing region were evident, as shown in Figs. 2 and 3. With
increasing aging time, the boundary became indistinct, the
intermetallic compounds and eutectic structure in the middle
of the brazing region disappeared, and the solid solution zone
approaching the matrix gradually increased, as shown in
Figs. 4 and 5. This was also observed during tensile fracture, as
shown in Figs. 8–10. The fracture characteristics of the solid
solution zone approaching the matrix are obviously different
from those of the matrix, so the solid solution zone can easily
separate from the matrix.
Fig. 12 –The compressive stress versus strain curves of the
honeycomb sandwich.
4. Conclusions

A nickel-based honeycomb sandwich was manufactured and
the microstructural evolution and the change of properties
were studied. The original specimens had the following
properties: tensile elasticmodulus, 128MPa;maximum tensile
strength, 28.5 MPa; elongation, 28.5%, compressive elastic
modulus, 223 MPa; and maximum yield strength, 29.6 MPa.

Specimens aged at 800 °C for 10 h had the following
properties: tensile elasticmodulus, 357MPa;maximum tensile
strength, 24.7 MPa; elongation, 17.11%; compressive elastic
modulus, 245 MPa; and maximum yield strength, 23.5 MPa.

Specimens aged at 800 °C for 20 h had the following
properties: tensile elastic modulus, 319 MPa; the maximum
tensile strength, 24.9 MPa; elongation, 11%; compressive elastic
modulus, 391 MPa; and maximum yield strength, 21.5 MPa.

Specimens aged at 800 °C for 30 h had the following
properties: tensile elasticmodulus, 496MPa;maximum tensile
strength, 26 MPa; elongation, 7.5%; compressive elastic
modulus, 292 MPa; and maximum yield strength, 24.8 MPa.

With increasing aging time, the solid solution zone
approaching the matrix increased and the intermetallic
compounds and eutectic structure in themiddle of the brazing
region gradually decreased. Plastic deformation was not
Fig. 11 –The tensile stress versus strain curves of the
honeycomb sandwich.
observed in any of the tensile curves, which was confirmed
by the tensile fracture behavior.
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