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Cu foam has previously been investigated and verified to be an excellent interlayer
candidate for relieving high residual stress within C/C composite-Nb brazed joints.
However, the optimized geometric structure of Cu foam for brazing has never been
properly investigated since it was always employed as a reactant for acquiring
homogeneous distribution of the interfacial structures in the brazed joints. In this work,
graphene reinforced Cu foam composite (G-Cuf) interlayers were used for brazing C/C
composite and Nb. Through the protection effect of graphene on the Cu foam substrate,
the impact of porosity and thickness of a structurally intact Cu foam on the joint structure
and properties were investigated by finite elemental analysis as well as through
experimental studies. By introducing a G-Cuf interlayer with an optimized porosity of
90% and thickness of 0.15 mm, the shear strength of the C/C composite-Nb brazed joint
reached 45MPa, which is 3.5 times higher than that of the joint brazed directly without an
interlayer. The strain energy of the brazed joint assisted by G-Cuf interlayer reduced from
as high as 10.98 × 10–6 J to 6.90 × 10–6 J, suggesting that the residual stress was
effectively mitigated.
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INTRODUCTION

With the rapid growth of the aerospace industry, carbon fiber reinforced carbon composite materials
(C/C) have been considered as one of the most promising candidates for fabricating rocket nozzles as
part of combustion chambers due to their excellent high-temperature properties, low density, as well
as low coefficient of thermal expansion (CTE) (Krishnarao et al., 2018; Yang et al., 2019; Ba et al.,
2020b; He et al., 2020). Meanwhile, metallic niobium (Nb) has been widely used for manufacturing
throat rings, which are always required to be joined with the rocket nozzle (Ba et al., 2020a; Chen
et al., 2020). Among various joining technologies, vacuum brazing is the most suitable for connecting
metal/alloy and ceramic/composite due to its distinct characteristics of convenience and efficiency,
particularly for joining C/C and Nb (Luo et al., 2018; Jin et al., 2020; Niu et al., 2020). Nevertheless,
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the high CTE difference between C/C (∼2.0 × 10–6 K−1) and Nb
(∼7.2 × 10–6 K−1) has been generating an unavoidable intrinsic
issue of high residual stress in the brazed joint, which deteriorates
the joint properties severely.

To address this issue, a variety of reinforcement materials have
been introduced into such joints to optimize the seam
microstructures and to improve the CTE mismatch between
the parent materials (Yang et al., 2019; Ba et al., 2020b; Ong
et al., 2021; Yi et al., 2021). Research in the past decade has
manifested in the form of metallic foams, such as Cu (Wang et al.,
2018, 2019; Guo et al., 2020), Ni (Ba et al., 2018; Guo et al., 2019)
and stainless-steel (Shirzadi et al., 2008), to name a few. These
have become “hot topic” materials for use as brazing interlayers,
which have contributed to significant improvement of brazed
joint properties. In these investigations, the purpose of using
metallic foams during the brazing process could generally be
summarized as follows: 1) By taking the advantage of its high
specific area, a metallic foam could serve as growth substrate for
carrying another reinforcement material into the seam massively
and homogeneously. 2) With the help the of the unique three-
dimensional skeleton and good chemical activity of the metallic
foam, in-situ formed reinforcement materials could be evenly
distributed in the seam. 3) Through the exploitation of the
intrinsic ductile property of the metallic foam, the residual
stress could be released. In brief, the approach of employing
metallic foams indeed contributes towards improving the joint
strength effectively, whereas peculiar metallic foams are almost
always required to be sacrificed by reacting with the brazing filler
for producing in-situ reinforcements. This method generally gives
rise to great difficulty in studying the impact of a structurally
intact metallic foam on the residual stress mitigation behavior,
which needs to be inherently characterized to ascertain the effect
it has on the final system. It is worth noting that the unique strain
accommodation capability of a metallic foam, reported by Gibson
and Ashby (Andrews et al., 1999), can play a crucial part in
reliving the residual stress, which was always been neglected when
applying the metallic foam as a reactant. In short, it is apparently
essential to study the role of a structurally intact metallic foam
and its action in residual stress relief during the brazing process.
To overcome this issue, our previous work reported a three-
dimensional graphene coated Cu foam composite (G-Cuf)
interlayer fabricated via the chemical vapor deposition
method, which led to an exciting increase in the shear
strength of the C/C composite-Nb brazed joint (Wang et al.,
2017). Owing to the excellent chemical inertness of graphene, the
Cu foam skeleton substrate was protected from being chemically
etched by the Ag-Cu-Ti brazing filler at high temperature. Thus,
there is no doubt that the G-Cuf interlayer is an ideal candidate
for investigating the role of ductile network-structural materials
in relieving the residual stress and enhancing the joint strength in
brazed joints.

In the current study, our previous work is furthered by
focusing on the impact of the geometric structure of the
G-Cuf interlayer on the joint strength and the residual stress
relief mechanism. Through simulating the residual stress of the
joint by using finite element analysis (FEA), the geometric
parameter of the G-Cuf interlayer are optimized. Afterwards,

experimental study is conducted for verification of the simulative
portion. Ultimately, the residual stress reliving mechanism of the
joint, exerted by the G-Cuf interlayer, is also discussed in terms of
the strain energy theory. This work is expected to point towards a
perspective on the role of structurally intact metallic foams as
brazing interlayers and on their ability of mitigating brazed joint
residual stress.

EXPERIMENTAL

Initially, the G-Cuf interlayer was fabricated via chemical vapor
deposition at 1,000°C using methane (CH4) gas as a precursor
under a mixed atmosphere of hydrogen and argon gas. The
preparation details of this experimentation may be found in
detail in our previous work (Wang et al., 2017). Post process,
a combination of Ag-Cu-Ti foil/G-Cuf interlayer/Ag-Cu-Ti foil
was sandwiched between C/C and Nb parent materials, the
schematic of which is shown in Figure 1. The joining surfaces
of C/C and Nb were ground by SiC grit paper and ultrasonically
cleaned in alcohol and acetone prior to the brazing process. Next,
the brazing assembly, pressured by a graphite jig for better
contact, was heated to 880°C at the rate of 10°C/min, then
held at 880°C for 10 min, followed by being cooled to room
temperature at the rate of 5°C/min in a vacuum furnace. The
microstructures of the joint interfaces were examined through a
scanning electron microscope (SEM) equipment. The shear
strength of the brazed joint was evaluated using the Instron
1,186 machine at room temperature with a strain rate of
0.2 mm·min−1.

FEA was conducted by applying COMSOL Multiphysics
software to study the residual stress distribution within the
joints. The geometric model of the joint includes the following
three parts: C/C composite, brazing seam composite (BSC) and
Nb, all of which use graded free-triangle mesh, as shown in
Supplementary Figure S1. The joint is cooled down from 820 to
20°C at the rate of 5°C·min−1 during the simulation. It should be
clarified here that the Ag-Cu-Ti brazing filler keeps a solid state
throughout the FEA simulation, with no change in phase taking
place. Thus, the BSC is designed to be a laminar-shaped slice
which is composed of the intact G-Cuf interlayer and Ag-Cu-Ti
brazing filler filled within the porous inner space of the G-Cuf

FIGURE 1 | Schematic of the brazing assembly (left) and shear strength
test assembly (right).
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interlayer. Note that neither pore density (PPI) nor morphology,
but only the porosity is mentioned since PPI and morphology
have negligible effects on the overall physical and mechanical
properties of the G-Cuf interlayer (Gibson and Ashby, 1982;
Andrews et al., 1999). The thickness of the BSC was also
considered during the simulation since it is deemed a crucial
factor effecting the joint strength (Erskine et al., 2014; de Prado
et al., 2020). In this work, the porosity and thickness of the G-Cuf
interlayers vary in the range of 60–98% and 0.05–0.3 mm,
respectively.

RESULTS AND DISCUSSION

Due to the advantages of high degree of resemblance in structure,
close-packed pore units as well as distinct structural periodicity,
the truncated octahedron (Kelvin) model was applied to build the
G-Cuf interlayer skeleton for FEA calculation, as depicted in
Figure 2. In each minimized unit (marked as a rectangular with
red dash line), ligaments and nodes of the G-Cuf interlayer
skeleton are corresponding to the green line segments and
endpoints, respectively. The unoccupied space (white part) in
the same unit corresponds to the Ag-Cu-Ti brazing filler, which
filled the pores within the G-Cuf interlayer well. According to
Kanaun and Jaeger’s studies (Kanaun and Tkachenko, 2008; De
Jaeger et al., 2011), it could be calculated that the porosity of the
Kelvin model is in the range of 60–100%, which shows almost no
difference compared with a common commercial open-cell Cu
foam. On this basis, the porosity (φm) of the G-Cuf interlayers
studied in the current work are 60, 75, 90 and 98%.

To acquire the physical and mechanical properties of the BSC,
a modified Mori-Tanka model reported by Wakashima
(Wakashima and Tsukamoto, 1991) is employed to calculate
the modulus of elasticity, bulk modulus, shear elasticity and
the Poisson’s ratio of the BSC. The Kerner model (Balch et al.,
1996) and shear-lag model (Weerasinghe et al., 2017; Hu et al.,

2019) are utilized to obtain the CTE and yield strength of the BSC,
respectively. Note that the coefficient of the Hashin bulk modulus
required for calculating the CTE of BSC could be acquired from
the modified Mori-Tanka model (Wakashima and Tsukamoto,
1991). Additionally, it is worth mentioning that the prepared
graphene has negligible impact on the physical and mechanical
properties of Cu foam substrate since the thickness of graphene is
extremely thin, even if its intrinsic properties are much better
than Cu. The specific physical and mechanical properties of C/C
composite, Nb and different BSCs derived from the G-Cuf
interlayer with different porosities are presented in
Supplementary Tables S1–S3 in the supplementary material.

At first, the shear residual stress τx and the axial residual stress
σz distribution in C/C-Nb joints brazed using G-Cuf interlayers
with the same thickness (h � 0.2 mm) and different porosities
were evaluated, with the results presented in Figure 3.

It is worth noting that the peak value of τx is always located at
the center of the brazing seam, whereas the peak value of σz is
always located at the edge of the brazing seam. This may be
attributed to high tensile stress in the opposite direction, derived
from dramatic CTE difference between C/C composite and Nb
parent materials. In this section, note that the positive and
negative values of τx and σz merely differ in the stress
direction. On one hand, it is obvious that τx in the joint
brazed directly without an interlayer reached its maximum
value around 73 MPa/−50 MPa at the interface in-between
C/C composite and the brazing seam and then gradually
diminished as the studied position moved away from the
interface. By contrast, the peak value of τx in the C/C
composite-Nb joints brazed with a G-Cuf interlayer distinctly
decreased to approximately 43 MPa/−47 MPa. This change
suggests that the introduction of the G-Cuf interlayer
contributed significantly to reducing τx, while the variation of
porosity of the G-Cuf interlayer did not significantly affect the
distribution of τx. On the other hand, the peak value of σz of the
joint brazed directly without an interlayer reached −186 MPa/
252 MPa. When introducing G-Cuf interlayers, the peak value of
σz in-between C/C and the brazing seam dropped to around
200 MPa, but the peak value of σz in-between Nb and the brazing
seam almost unchanged. Although the interface between the
brazing seam and Nb is not supposed to be weakest area in
the system, the peak value of σz of the G-Cuf interlayer with 90%
porosity reduced to the minimum value (−133 MPa/200 MPa).

τx and σz distribution in C/C-Nb joints brazed using G-Cuf
interlayers with the same porosity (φm � 90%) and different thickness
were also calculated, as depicted in Figure 4. It is distinct that the
thickness of G-Cuf interlayer had neglectable impact on the τx in-
between Nb and the brazing seam, while σz decreased from −61MPa
to −41MPa as the thickness increased from 0.05 to 0.3mm.However,
σz of the joints brazed using G-Cuf interlayers with different
thicknesses evidently altered. Specifically, σz of the joints at the
interface between the brazing seam and parent materials were
−178MPa/194MPa, −105MPa/173MPa, −95MPa/173MPa,
−133MPa/223MPa as well as −199MPa/255MPa, corresponding
to G-Cuf interlayer thicknesses of 0.05, 0.1, 0.15, 0.2 and 0.3mm
respectively. To summarize, the G-Cuf interlayer with a thickness of
0.15mm and a porosity of 90% displayed optimum properties.

FIGURE 2 | Schematic of Kelvin model and its structural
correspondence to the G-Cuf skeleton.
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In order to verify the computational data acquired by FEA
simulation, C/C composite and Nb were experimentally brazed
by using different G-Cuf interlayers. The interfacial
microstructures and shear strength at room temperature of
the joints brazed by using G-Cuf interlayers differing in
porosity (h � 0.2 mm) are shown in Figure 5.

The uniformly distributed dark grey phases correspond to the
Cu solid solution derived mainly from the Cu foam substrate and
the light grey phases correspond to Ag solid solution derived from
the Ag-Cu-Ti brazing filler (Wang et al., 2017). When applying a
G-Cuf interlayer (φm � 60%), the network skeleton occupied the
main part within the brazing seam which makes the Cu foam
substrate easier to soft during brazing process at high
temperature. At the same time, a relatively low porosity gave
rise to higher friction forces and a larger Renault coefficient,
which may cause deterioration of the brazing filler flow through

the pores within the G-Cuf interlayer. The shear strength at room
temperature of the corresponding joint was 35 MPa. As φm
increases to 75%, the distribution of Cu solid solution was
improved to some extent and the shear strength of the joint
rose to 39 MPa. When φm increases to 90%, the G-Cuf interlayer
skeleton remained intact to exert its synergetic function and the
joint shear strength reached 44 MPa. However, as the φm
increased up to 98%, the joint shear strength slightly decreased
to 42 MPa. This could be attributed to the deterioration of the
strain accommodation capacity of G-Cuf interlayer which
consequently influenced the joint residual stress mitigation
(Gibson and Ashby, 1982; Andrews et al., 1999). The above
experimental results suggest that the joint brazed with a G-Cuf
interlayer with a porosity of 90% (h � 0.2 mm) performed the best
with the highest shear strength. This is consistent with the FEA
simulation prediction conducted during this study.

FIGURE 3 | τx and σz distribution in C/C-Nb joints brazed with different G-Cuf interlayers differing in porosity.
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FIGURE 4 | τx and σz distribution in C/C-Nb joints brazed with different G-Cuf interlayers differing in thickness.

FIGURE 5 | SEM images and mechanical performance of C/C-Nb joints brazed using different G-Cuf interlayers differing in thickness.
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Based on the results above, the thickness of G-Cuf interlayer
has been further optimized. The interfacial microstructures and
shear strengths at room temperature of the joints brazed by
using G-Cuf interlayers differing in thickness (φm � 90%) are
shown in Figure 6. When h was as low as 0.05 mm, the G-Cuf
interlayer is extremely weak and it is difficult to maintain its
network structure during the brazing process, resulting in the
joint shear strength being merely 33 MPa. As h increased to
0.1 mm, the network structure of the G-Cuf interlayer was
retained and the joint shear strength increased to 37 MPa.
When h increased to 0.15 mm, the network skeleton was still
retained but the joint shear strength stabilized at a value of
45 MPa. For the joints brazed by employing a G-Cuf interlayer
with h ≥ 0.2 mm, the network skeleton of the G-Cuf interlayer
was retained but the joint shear strength also remained stable at
a value of 44 MPa. The results above imply that when φm � 90%
and h � 0.15 mm, the geometric parameter of the G-Cuf
interlayer are optimum and the shear strength of the
corresponding joint is ∼3.5 times that of the joint brazed
directly without interlayer (13 MPa) (Wang et al., 2017).

Ultimately, the mechanism of residual stress relief of the
joint by applying the G-Cuf interlayer is evaluated by strain
energy theory (Park et al., 2002). Specifically, the strain energy
Ue,C is associated with the equivalent yield strength σseam,
the joint contact parameter r, as well as a correction function
f (A, B):

Ue, C � (
σ 2
seam r3

EC/C
) · f(A, B) (1)

The correction function f (A, B) in Eq. 1 could be further
expressed as follows:

f(A, B) � 0.027A + 0.11B + 0.491 (2)

Herein, A and B in Eq. 2 are associated with the coefficient of
thermal expansion of the parent materials αNb and αC/C, the
temperature difference ΔT, the equivalent elastic modulus and the
coefficient of thermal expansion of the brazing seam Eseam and
αseam, respectively. The formulae are expressed as follows:

A � (αNb − αC/C) · ΔT · Eseam

σseam
(3)

B � αNb − αC/C
αseam − αC/C

(4)

By introducing the required data exhibited in the supplementary
material, A and B factors in Eqs 3, 4, are calculated to be 3.22 and
0.36, respectively. Thus, the value of f (A, B) is around 0.618 and
the Ue,C is consequently 6.90 × 10–6 J, for the brazed joint assisted
by the G-Cuf interlayer. By comparison, the joint brazed directly
without an interlayer shows a Ue,C value as high as 10.98 ×
10–6 J. The experimental and theoretical results make it clear that
the introduction of G-Cuf interlayers contributed remarkably to
reducing the strain energy. In other words, the G-Cuf interlayer
effectively enhanced the joint plasticity and toughness which is
conducive to relieving the joint residual stress and hence the joint
shear strength increased significantly.

CONCLUSION

In summary, by using a G-Cuf interlayer for brazing, the structure
of the Cu foam substrate remained intact during the brazing
process. On this basis, the porosity and thickness of the Cu foam

FIGURE 6 | SEM images and mechanical performance of C/C-Nb joints brazed using different G-Cuf interlayers differing in thickness.
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substrate was optimized to be 90% and 0.15 mm, respectively.
The shear strength of the corresponding joint reached 45 MPa
which is ∼3.5 times that of the joint brazed directly without an
interlayer. By introducing the optimized interlayer, the strain
energy of the joint reduced significantly from as high as 10.98 ×
10–6 J to 6.90 × 10–6 J, implying that this optimized interlayer
played a key role in relieving the residual stress.
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