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Suppressing interfacial defects toward high-perform-
ance diffusion bonded FGH99 superalloy via a sand-
wich-structured interlayer

Xiaolong Hong, Zhiwei Qin", Jiachen Li, Jilong Wang, Bingzhi Wang, Wenhao Wang, Fushuai Jin, Peng Li and
Honggang Dong"

Interfacial voids and unbonded defects acted as stress concentration sites that significantly degraded the mechanical
properties and directly compromised the structural integrity and service life of critical components. Herein, an innovat-
ively Ni/Crg6;5-Al; g75/Ni sandwich-structured interlayer was designed to achieve high-quality diffusion bonding of
FGH99 superalloy by regulating interfacial diffusion and recrystallization behavior. The results demonstrated that Ni foil
effectively promoted the closure of interfacial voids and induced the formation of a graded interfacial structure, includ-
ing the Ni transition zone (NTZ) and the interlayer diffusion zone (IDZ). This structure provided high-density grain
boundaries as fast diffusion channels for elements, and served as an in-situ reaction container for the precipitation of y'
strengthening phases. The shear strength of the joint with the sandwich-structured interlayer reached 857.7 MPa, which
increased by 67.6 MPa compared to that of the single-layer interlayer. The fracture path of the joint transformed from
the original bonding interface to the NTZ/IDZ interface. The fracture surface exhibited lots of fine dimples, indicating a
transition from weak interfacial bonding to bulk strengthening and toughening of the joint. This work elucidated the
mechanism of void closure and microstructural evolution mediated by the Ni interlayer, providing important theoretical

support for the development of high-performance Ni-based superalloy diffusion bonding technology.

hot end components of equipment such as air-
craft engines and gas turbines due to their excel-
lent high-temperature strength, creep resistance, and fatigue
resistancel'-4. With the continuous improvement of equip-
ment performance, the overall manufacturing technology
faced enormous challenges, employing diffusion bonding
technology as a key method for manufacturing complex hol-
low turbine disks and repairing damaged components!>-7,
Due to the high-temperature stability, low diffusion coeffi-
cient, and surface oxide film barrier of Ni-based superalloy, it
was easy to leave unbonded defects at the interface under
conventional bonding parameters, including micro-voids and
non-contact areas®9l. These defects, as sources of stress con-
centration, significantly reduced the fatigue life and high-
temperature endurance strength of the joint, becoming po-
tential failure factors for components in harsh service envir-
onments!'%, Therefore, using an interlayer was an effective
way to achieve high-strength diffusion bonding. The con-
tained activating elements can promote rapid atomic diffu-
sion, thereby achieving a high-quality interface. Significantly,

N i-based superalloy had become key materials for

School of Materials Science and Engineering, Dalian University of Techno-
logy, Dalian 116024, China

* Corresponding author, E-mail: ginzw@dlut.edu.cn ;
donghg@dlut.edu.cn

Received 16 November 2025; Accepted 26 December 2025; Published online 29
January 2026

© 2025 The Author(s). Materials Lab published by Lab Academic Press

inappropriate interlayer selection not only failed to suppress
these defects, but may also introduced new unbonded issues.
The severe mismatch between the physical and chemical
properties of the interlayer and the substrate can hinder ef-
fective atomic diffusion and interfacial voids closure, leading
to more stubborn interfacial defects('1:12,

To eliminate these harmful defects, researchers were com-
mitted to finding optimized interlayers to precisely regulate
the diffusion bonding process!'3-'8l, Although traditional
brazing and TLP bonding techniques can achieve interface
bonding, the brittle intermetallic compound phases (such as
boride and silicide) constituted a weak interface, seriously
damaging the high-temperature performance and reliability
of the joint9-21], The use of pure metal foil interlayer with ex-
cellent plasticity and good compatibility to the substrate
(such as Ti, Cu, Ni, etc) had received widespread
attention[22-27], The core idea was to use the plastic deforma-
tion of the interlayer to preferentially fill the interface voids,
and promote atomic interdiffusion through the interface
composition gradient(28], This strategy achieved interface me-
tallurgical bonding and microstructure optimization. Ni foil
was considered as an ideal candidate material for achieving
high-quality bonding due to its perfect physical and chemical
compatibility with Ni-based superalloy matrix and no risk of
harmful phase formation. It was meaningful to further em-
ploy the behaviors of Ni foil for optimizing unbonded inter-
face and develop strategies for avoiding the newly formed
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defects caused by insufficient atomic diffusion efficiency of
traditional interlayers.

In this work, a novel Ni/Crqgs5-Al,g75/Ni sandwich-struc-
tured interlayer was designed to ameliorate the thermal mis-
match of base metal (FGH99 superalloy) and the used inter-
layer through a Ni foil. Microstructural evolution and mechan-
ical proprieties of the joints with Ni/Cryg,5-Al,g75/Ni sand-
wich-structured interlayer and Crgg,5-Al; g75 interlayer were
investigated. The interfacial element diffusion behaviors and
recrystallization mechanism induced by Ni foil were thor-
oughly elucidated, thereby establishing a transferable theor-
etical framework for the suitable bonding technology of ad-
vanced superalloys.

Materials and methods

Powder metallurgy Ni-based superalloy of FGH99 was used
as the base metal for diffusion bonding and processed into
small samples of 10 mm x 10 mm x 5 mm using wire cutting.
The chemical composition of FGH99 superalloy was presen-
ted in Table 1. Cluster-plus-glue-atom model was used to
design the composition of the interlayer. A series of interlay-
ers with composition of Nij;Al;5,CoCr,Nbg,sTag,s (x=0,
0.625, 1.25, 1.875) were designed by performing similar atom-
ic substitution on [AI-Ni;,] Al; clusters using Cr, Co, Nb, and Ta
elements, while the chemical composition of different inter-
layers was illustrated in Table 2. The raw materials (Ni, Al, Co,
Cr, Nb and Ta, with a purity of 99.99%) were mixed according
to the designed ratio and placed in a vacuum arc melting
equipment (DHL-350) for repeated melting at least 8 times to
ensure the preparation of a uniformly composed interlayer al-
loy ingot. The alloy ingot was prepared into an interlayer with
a thickness of about 100 pm and dimensions of 12 mm x 12
mm through wire cutting, grinding, and polishing. According
to the research of Guo et al.2%, a pure Ni foil with a thickness
of 10 um was used as a plastic transition layer to promote in-
terface element diffusion and void closure.

Before the diffusion bonding, the FGH99 base metal was
ground and polished to remove the oxide film on the surface
of the sample to be bonded, and then cleaned with anhyd-
rous ethanol ultrasonic for 15 min. The specimens, assembled
in the configuration of FGH99/Nij;Al;5,CoCr,Nbg,sTag s/
FGH99 and FGH99/Ni/Nij;Al,g75C0Crg625Nbg25Tag,5/Ni/FGH99,
were placed in a vacuum diffusion bonding furnace (ZTF2-10).
A pressure of 20 MPa was subsequently applied under a vacu-
um of 6 X 10~3 Pa to ensure intimate contact between the
samples. According to our previous researchB3%, heating was

Table 1. Chemical composition of FGH99 superalloy (wt.%).

conducted at 10 °C min~' to 800 °C with a 60 min holding time
to achieve a uniform temperature, and then continued at the
same rate to 1100 °C for a 120 min holding time, before fur-
nace cooling to 80 °C.

The joints were wire-cut into 5 mm X 5 mm x 10 mm speci-
mens for microstructural characterization and shear testing.
Metallographic samples were ground and mechanically pol-
ished to a mirror finish. Microstructure and phases were char-
acterized by field-emission SEM (ZEISS SUPRA 55, 15 kV)
equipped with EBSD and TEM (JEOL JEM-2100F, 200 kV) with
EDS, where the TEM samples were prepared by FIB (Helios G4
UX). Elemental homogenization and concentration of bond-
ing area was analyzed by EDS. Compression shear tests were
performed on three joints using a DNS-100 universal tester,
and the resultant fracture morphologies were observed by
SEM.

Results and discussion

Interfacial microstructure

Fig. 1 illustrated the interfacial microstructure using four
different interlayers (Cry-Alss, Crgg5-Alygzs, Cryas-Aly,s, and
Cr, g75-Al; 625) were bonded at 1100 °C/120 min/20 MPa. Con-
tinuous micro voids and unbound defects were observed at
all four bonding interfaces, which can be attributed to the mi-
croplastic deformation and insufficient atomic diffusion at the
bonding interfaces at 1100 °C (Fig. 1a,-1d,). The unbonded
zone at the bonding interface with Cry-Alz 5 and Cryg,5-Als g75
interlayer was relatively smaller. This indicated that the com-
position between Cry-Alz 5 and Cryg,5-Alyg75 interlayer and
FGH99 superalloy was relatively matched, which was condu-
cive to the diffusion of interface elements (Fig. 1a, and 1b,).
The interface phase was analyze based on the EDS results in
Table 3. The Ni/Cry-Al;5/Ni interlayer consisted of grayish-
white block-like phase A and grayish-black dendritic phase B
(Fig. 1a;). The chemical compositions of phases A and B were
similar, with the Al and Ni element ratios being approxim-
ately 1:3. Therefore, phases A and B were confirmed as NizAl
phase. The phase A was rich in Ta element, and the phase B
was rich in Nb element, because Ta and Nb atoms can oc-
cupy the B position of the A;B-L1, structure3'32], The I1Z with
Ni/Crg625-Al, g75/Ni interlayer consisted of core-shell colum-
nar phase (Fig. 1b;). The chemical compositions of phase C
(shell) and D (core) were 18.89 at.% Al+67.59 at.% Ni+1.55
at.% Ta+1.61 at.% Nb and 19.22 at.% Al+68.61 at.% Ni+1.22
at.% Ta+1.07 at.% Nb, respectively. Therefore, phases C and D
were also confirmed as NizAl with Ta and Nb. The chemical

Alloy Co Cr Mo Ti Al

W Nb C Zr B Ni

FGH99 20.20 12.65 3.83 3.70 345

231 2.18 0.90 0.05 0.05 0.02 Bal.

Table 2. Chemical composition of different interlayers designed in this work.

Mass fraction (wt. %)

Alloys
Ni Al Cr Co Nb Ta
Ni;1Al; sCoNbg »5Tag 55 74.43 10.89 0 6.79 2.68 5.21
Niy1Aly 875C0Crg,635Nbg 25Tag 25 73.11 8.79 3.68 6.67 2.63 5.12
Ni11A|2,25C0C|'1‘zsNboAstao‘zs 71.84 6.76 7.23 6.56 2.58 5.03
Niy 1Al 625C0Cry g75Nbg 25Tag 25 70.61 479 10.66 6.45 2.54 495
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Fig. 1 Interface microstructure of FGH99 alloy was diffusion bonded by interlayers with different Cr content. a-a, Cry-Al; 5 interlayer. b-b,
Crp625-Al, g75 interlayer. €-¢, Cry 55-Al, 55 interlayer. d-d, Cry g75-Al; 6,5 interlayer.

Table 3. Results of the point analysis of EDS (at.%) at the marked positions in Fig. 1.

Point Al W Ta Ni Co Cr B Zr Nb Mo Ti Possible phase
A 20.21 1.06 1.47 70.55 5.44 0.04 - 0.03 1.19 - - Niz(Al,Ta,Nb)
B 22.69 0.06 0.87 67.01 6.91 - - - 2.46 - - Ni3(Al,Nb,Ta)
C 19.76 0.14 1.55 67.59 5.05 4.30 - - 1.61 - - Ni3(AlNb,Ta)
D 19.22 0.1 1.22 68.61 6.12 3.62 - 0.01 1.07 - 0.02 Ni3(Al,Ta,Nb)
E 2.61 6.64 0.65 26.20 14.53 2218 17.82 0.10 0.70 5.83 2.74 M3B,
F 14.29 0.05 1.56 64.14 7.82 9.81 - - 2.33 - - Ni3(Al,Nb,Ta)
G 10.68 0.04 1.15 66.06 9.26 11.76 - - 1.05 - - NizAl +(Ni,Cr,Co),
H 7.26 0.76 0.69 49.27 19.18 15.23 - 0.02 0.55 2.62 442 Ni3(AlTi)+(Ni,Co,Cr)s
| 18.81 0.14 1.15 68.29 6.33 3.27 - - 2.01 - - Niz(Al,Nb,Ta)
J 17.57 0.08 1.52 69.41 6.27 3.94 - 0.01 1.17 - 0.03 Ni3(Al,Ta,Nb)
K 8.36 0.04 0.56 78.31 6.74 4.56 - - 0.58 0.03 0.83 NizAl+Nigg
L 7.14 0.05 0.35 79.24 4.25 5.01 - - 0.56 0.46 294 Ni3(ALTi)+Nigg
M 3.92 0.64 0.79 47.82 15.38 11.02 - 0.35 1.83 1.77 16.48 Tiz 3Al+(Ni,Co,Cr)
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composition of bright white particle phase E was 4.64 at.%
W+22.18 at.% Cr+17.82 at.% B+5.93 at.% Mo (Fig. 1b,). Phase
E was confirmed as M3B, boride with tetragonal crystal struc-
ture. According to the chemical composition of phase F exis-
ted in the I1Z with Cr, 55-Al, 55 interlayer, the phase F was con-
firmed as Nb-rich Niz(Al, Nb, Ta) phase (Fig. 1c;). With the fur-
ther increase of Cr content (the decrease of Al content), the
phase of the IZ with Cr, g;5-Al; 55 interlayer was completely
transformed into small particle y'-Ni;Al phase (point H) (Fig.
1d;). The chemical composition of black blocky phase | was
7.26 at.% Al+49.27 at.% Ni+19.18 at.% Co +15.23 at.% Cr+4.42
at.% Ti (Fig. 1d,). Phase | was confirmed as Ni;(Al, Ti)+(Ni, Co,
Cr)ss phases.

Fig. 2 presented the elemental line scan profiles across the
joints fabricated with interlayers of varying Cr/Al composi-
tions (Cro-Alss, Crogys-Alygrs, Cryas-Alyss, and Crygrs-Alygas).
The interfacial regions exhibited distinct compositional parti-
tioning, where the concentrations of Cr and Al varied system-
atically with the composition of the interlayerB3.. In all four in-
terfaces, localized unbonded defects were identified by char-
acteristic sharp compositional transitions: a concurrent deple-
tion of Ni and Al alongside a pronounced enrichment of Cr.
This elemental segregation implied the presence of oxide or
impurity that hindered atomic diffusion and intimate contact
during bonding. As indicated in Fig. 2a-b, d, an increase in Cr
and O signals at certain interfacial voids suggested the forma-
tion of Cr-rich oxides. These oxides likely originated from sur-
face adsorption or impurity introduced during processing.
Meanwhile, the enrichment of W and C elements at voids in
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Fig. 2
interlayer. ¢ Cry 55-Al, 55 interlayer. d Cr, g;5-Al; 625 interlayer.

Fig. 2c indicated the precipitation of W-rich carbides, which
was attributed to the segregation of slow-diffused W and C
atoms at the interface during thermal cycle. The formation of
these stable oxides and carbides at the interface exerted a
strong pinning effect on the boundary migration between
the FGH99 superalloy and the interlayer. This pinning effect
stabilized the interfacial microstructure and significantly
hindered the complete elimination of interfacial defects and
the migration of grain boundaries during prolonged high-
temperature exposure, thereby adversely affecting the inter-
facial integrity and mechanical performances.

To eliminate unbonded defects at the bonding interface, a
Ni foil was introduced as a plastic interlayer. Based on prior
experimental results, the interlayer with a composition of
Crpe25-Alyg75 exhibited the fewest defects and the highest
joint strength. Therefore, a sandwich-structured interlayer
with a Ni/Cryg,5-Al,g75/Ni configuration was designed and
employed for diffusion bonding. Fig. 3a-c depicted the inter-
facial microstructure of the joint bonded at 1100 °C/120
min/20 MPa using this sandwich-structured interlayer. The in-
terface appeared continuous and complete, with no evident
voids or unbonded defects, indicating that the introduction
of Ni foil effectively promoted atomic-level contact and diffu-
sion across the interface. Thus, it achieved high-quality metal-
lurgical bonding. According to the chemical composition ana-
lysis results in Table 3, phase | and phase C, as well as phase J
and phase D, exhibited similar compositions. Thus, phase |
was confirmed as Nis(Al, Nb, Ta) and phase J was confirmed as
Niz(Al, Ta, Nb). Phase K contained 8.36 at.% Al and 0.83 at.%
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Interfacial elemental line distribution of the joint bonded by interlayers with different Cr content. a Cry-Al; 5 interlayer. b Cryg,5-Al, g75

Materials Lab 2025, 4, 250104

250104 (Page 4 of 11)


https://doi.org/10.54227/mlab.20250104

Materials LAS

IDZ

Scanning line

+ K

M

“" L 10|._1m

| e—

DOI: 10.54227/mlab.20250104

e C1 Co Mo Ti e Al Ta w
= 7r B——Ni——0 470
IDZ Ni/Cr, g;5-Al; 65/Ni
160 ¢
W“/ <
: {50 2
1Z - > 5
NTZ 140 b=
Ni,(Co, Cr) DAZ 430 §
c
o
o

10 20 30 40 50 60
Distance (um)

Fig.3 Microstructure and elemental line distribution of the joint bonded with Ni/Cr ,5-Al, g;5/Ni interlayer. a The cross-section image of typ-
ical interface. b The magnified view of zone in (a). d The elemental line distribution in (c).

Ti, while phase L contained 7.14 at.% Al and 2.94 at.% Ti.
Phase K was located near the interlayer, and phase L was
close to the diffusion zone. It can be concluded that phase K
consisted of NizAl + y-Ni solid solution (Ni,), and phase L con-
sisted of Niz(Al, Ti) + Nig. Additionally, phase M was rich in Ni
(47.82 at%), Ti (16.48 at.%), Co (15.38 at.%), and Cr (11.02
at.%), with an Al content of 3.92 at.%. The atomic ratio of Ti to
Al was approximately 3.3:1, which revealed that this region
was a Tiz3Al + (Ni, Co, Cr),, phases. Based on the microstruc-
tural and compositional analysis, the diffusion-bonded inter-
face can be divided into the interlayer zone (1), the Ni trans-
ition zone (NTZ), the interlayer diffusion zone (IDZ), and the
diffusion-affected zone (DAZ). The interfacial zoning charac-
teristics can also be identified from the elemental line distri-
bution map (Fig. 3d). The corresponding elemental line distri-
bution further exhibited a smooth compositional transition
across the interface. Notably, the localized enrichments of Co
and Cr within the ellipsoid-marked regions suggested the
formation of Ni,(Co, Cr) phase. The IDZ primarily resulted
from interdiffusion between the interlayer and the Ni foil,
leading to the formation of numerous fine y-NizAl precipit-
atesB4. The NTZ was formed mainly by the diffusion of Al and
Ti (y-forming elements) from the FGH99 base metal into the
Ni foil, resulting in the precipitation of fine y"-Ni5(Al, Ti) precip-
itates. Therefore, the Ni foil not only acted as a plastic buffer
layer to mitigate interfacial strain caused by thermal mis-
match, but also helped establish a gradual compositional
gradient, facilitating directly elemental diffusion and redistri-
bution near the interface®sl. More importantly, the Ni foil
served as an in-situ reaction container, providing favorable
conditions for the uniform and fine precipitation of v
strengthening phases. This significantly enhanced the micro-
structural homogeneity and mechanical properties of the in-

250104 (Page 50f 11)

terfacial region.

Fig. 4 illustrated a detailed examination of the interfacial
microstructure in the DAZ with Ni/Crg,5-Al; g75/Ni interlayer
bonded at 1100 °C for 120 min. The compact bonding inter-
face without nano-voids was obtained, and two types of
nano-precipitates were formed at the bonding interface (Fig.
4a). The phases on the DAZ of the joint in Fig. 4a were identi-
fied as Tis3Al i3, L1119y @nd FCCoy 5o phases by SAED,
respectively (Fig. 4b-d). The SAED images also proved that
L1511y nano-phase and FCC-yyq5 matrix was coherent.
The contribution of L1,-y' nanoparticles coherent with the
matrix can be described by the shear mechanism. The anti-
phase boundary (APB) was formed when the dislocation
sheared the ordered precipitated phasel36l. The proportion of
L1, precipitated phase in the interface was larger, thus, the
shear mechanism played a dominant role in improving the
strength of the joint. The HRTEM image of the interface
between Ti; 3Al and FCC-y was observed in Fig. 4e. The IFFT
image (Fig. 4g) was obtained based on the [002] crystal plane
of FCC-y and [331] crystal plane of Ti;;Al of the FFT image
(Fig. 4f) in the pink area of Fig. 4e. The corresponding crystal
plane spacings of FCC-y g3 and Tiz 3Al 557, were calibrated to
0.2137 nm and 0.2568 nm, respectively, through the intensity
line profiles of individual atomic columns (Fig. 4i-j). Accord-
ing to the calculation formula for lattice mismatch3738], the
lattice mismatch of the two-phase interface was calculated to
be 18.32%, indicating an incoherent interface. Fig. 4h demon-
strated the corresponding lattice stripe reconstruction image.
Significant distortion was observed on the (331) crystal plane
on the Ti3 Al side, which indicated copious strain energy was
stored in the Ti; ;Al phase.

The interface behaviors and recrystallization were closely
related during the diffusion bonding of Ni/Crg g55-Al, g5/Ni in-

Materials Lab 2025, 4,250104
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Fig.4 Atomic scale characterization of the interface in the DAZ of the joint bonded with Ni/Cr g,5-Al, g;5/Ni interlayer under thermo-mechan-
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columns of i Tiz 3Al and j FCC-y.

terlayer. Fig. 5 depicted the EBSD results of the joint bonded
with the Ni/Crgg,5-Al, g75/Ni interlayer. Fig. 5a showed that the
interface was composed of a series of newly formed grain
boundaries interconnected, with an average grain size of
11.13 pum (Fig. 5f). The initial interface gaps between the inter-
layer, Ni foil, and FGH99 superalloy were eliminated through
the interdiffusion of elements such as Cr, Al, Ni, and Ti. Fig. 5d
illustrated that the area proportions of recrystallized grain
and substructure at the interface were 53.2% and 46.7%, re-
spectively. During the diffusion bonding, the concentration
gradient and thermal stress generated by diffusion in the in-
terface and near interface regions provided the driving force
for recrystallization3949], The original deformed grain (or sub-
structure induced by bonding pressure) gradually formed
new recrystallized grain without strain through mechanisms
such as grain boundary migration and dislocation rearrange-
ment®1-431, During the recrystallization, the newly formed
grain not only refined the interface structure, but also re-
placed the physical separation of the initial interface through
the extensive formation of high angle grain boundaries
(HAGBs) (accounting for 94.9%) (Fig. 5¢, h). The excellent mi-
gration ability of HAGBs further promoted the uniform diffu-

Materials Lab 2025, 4, 250104

sion of elements and effectively suppresses the segregation
of interface component. The pole figure (PF) plot demon-
strated a pole density of 19.07, which reflected significant
preferential orientation characteristics of grains in the inter-
face region (Fig. 5e). The lower misorientation (KAM,,.=0.27°)
inside the recrystallized grains (Fig. 5b, g) reduced the intern-
al stress in the interface region, avoiding interface cracking
caused by stress concentration. The final interface trans-
formed from initial physical contact to a stable metallurgical
bond, giving the diffusion bonding interface good bonding
strength and structural stability.

Fracture analysis

The shear strength of FGH99 superalloy joints diffusion-
bonded using different interlayers were summarized in Fig. 6.
The direct diffusion-bonded FGH99 joint achieved a shear
strength of 720.8 MPa, while the joint with a Cr-free interlayer
exhibited lower strength. With the introduction of Cr into the
interlayer, the joint shear strength exceeded that of the dir-
ect-bonded joint, despite the presence of micro-voids and
localized unbonded defects at the interface. This improve-
ment was attributed to the role of Cr in regulating the activity

250104 (Page 6 of 11)
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Fig. 6 The shear strength of the joints with different interlay-
ers bonded at 1100 °C-120 min-20 MPa.

and diffusion paths of elements such as Al and Ti. Moreover,
the high affinity of Cr for oxygen helped mitigate the detri-
mental effects of surface oxide films during bonding, thereby
enhancing interfacial integrity. Notably, the joint with the
Ni/Crg 625-Al, g75/Ni sandwich-structured interlayer exhibited a
significant increase in shear strength, reaching 857.7 MPa.
This result clearly demonstrated the effectiveness and superi-
ority of the functionally graded sandwich-structured interlay-
er designed in this work. Future work will focus on the high-

250104 (Page 7 of 11)

temperature bonding behavior of this sandwich-structured
interlayer to facilitate its implementation in diffusion bond-
ing of advanced superalloys.

Fig. 7a-d demonstrated the fracture path of FGH99 superal-
loy joint without using Ni foil as a transition layer. The frac-
ture paths all occurred in the bonding interface area, and the
main reason can be attributed to the presence of voids and
unbound defects at the interface. After adopting the
Ni/Crg65-Al, g75/Ni sandwich-structured interlayer, the frac-
ture path of the joint underwent a significant change, ex-
panding along the interface between NTZ and IDZ. The frac-
ture morphology showed a more tortuous feature, as depic-
ted in Fig. 7e.

Fig. 8 illustrated the fracture morphology of the joints ob-
tained using single-layer Cryg,5-Al; g75 and Ni/Crg g55-Al, g75/Ni
sandwich-structured interlayer, respectively. For the joint us-
ing only the Cry¢,5-Al, g75 interlayer, the fracture surface ex-
hibited a mixed feature of tearing edges and a small number
of toughness dimples, which was due to the plastic deforma-
tion and separation of the local bonding area at the interface
under shear stress. Based on the chemical composition ana-
lysis results in Table 4, the A, B, and C phases presented on
the fracture surface were identified as the y' + (Ni, Co, Cr)
phases, confirming that the fracture occurred at the interface
between the interlayer and the base metal. The joint with

Materials Lab 2025, 4,250104
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Deflection

Fig. 7 Fracture paths of the joints with different interlayers. a Cry-Als 5 interlayer. b Cryg,5-Al, g75 interlayer. € Cr, 55-Al, 55 interlayer. d Cry g75-

Al; 625 interlayer. e Ni/Crq 655-Al, g75/Ni interlayer.

Fig.8 Fracture morphology of the joints with a-b Crj ¢,5-Al; g75 and ¢-d Ni/Cr ¢,5-Al, g75/Ni interlayer.

Ni/Crg 625-Al, g75/Ni sandwich-structured interlayer exhibited a
fracture morphology characterized by the coexistence of
cleavage steps and numerous small dimples. These high-
density small dimples increased the effective fracture area,
which indicated that crack propagation requires more energy
consumption, resulting in a significant improvement in joint
strength macroscopically®4-46l, The components of D, E, and F
phases on the fracture surface were identified as Nig phase
and y' + Nig phases, respectively, indicating that the fracture
location had shifted to the vicinity of NTZ. The migration of

Materials Lab 2025, 4, 250104

this fracture path and the increase in the number of tough-
ness dimples were attributed to the effective regulation of in-
terface reactions by the introduction of Ni foil, which pro-
moted the plastic deformation ability of the joint.

Interface void closure mechanism

Interfacial voids constituted a critical factor limiting the
joint strength during diffusion bonding, underscoring the im-
portance of investigating voids closure mechanisms!#7. In this
work, the introduction of a Ni foil as transition layer signific-
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Results of the EDS point analysis (at.%) for the marked positions in Fig. 8.

Point Al Ti Cr Co Ni Zr Nb Mo Ta w Possible phase

N 9.75 344 14.38 17.92 49.59 0.00 0.63 2.39 0.93 0.97 v'+(Ni,Co,Cr)g

0} 12.19 3.91 13.26 17.07 47.20 1.75 0.67 2.01 1.10 0.84 v'+(Ni,Co,Cr)gs

P 10.42 3.82 13.59 17.73 48.93 0.26 0.65 232 1.07 1.21 v'+(Ni,Co,Cr)s

Q 0.88 0.36 2.02 3.98 92.64 0.04 0.02 0.00 0.04 0.02 Nigg

R 1.75 0.13 1.21 3.69 93.11 0.00 0.02 0.00 0.07 0.02 Nig

S 3.20 0.68 2.18 3.30 90.13 0.00 0.20 0.00 0.25 0.06 v'+Nigg
antly enhanced the closure of interfacial voids. Based on the V= 2409y (l . L) (1)
observed morphological evolution of interfacial voids during nkT \ri R

bonding, a mechanism for void closure was proposed, as illus-
trated in Fig. 9. During the initial stage of diffusion bonding,
localized plastic deformation occurred upon contact between
the two surfaces. Owing to surface roughness, the actual con-
tact area was limited (Fig. 9a), resulting in stress concentra-
tion at asperities. The curvature difference between the con-
tact asperities and the void surfaces induced a chemical po-
tential gradient, which acted as the driving force for surface
diffusion of atoms toward the interfacel*8l. As depicted in Fig.
9b, activated atoms migrated directionally from regions of
higher chemical potential to those of lower chemical poten-
tial, thereby progressively filling the interfacial voids. The
volume transfer rate (V) was given as9:

Where D is the diffusion coefficient, A is the surface diffu-
sion area, Q is the atomic volume, k is the average surface
curvature, y is the surface tension, and T is the absolute tem-
perature. r; and R, are the short and long axes of the gap, re-
spectively. When pressure was applied, a stress gradient
(80 /Hx) appeared along the bonding interface near the voids.
Atomic diffusion occurred in the stress gradient region, as
shown in Fig. 9b. The stress induced atoms flux (Jg;.ss) along
the interface can be described by the following formulal>%;

-D [ _do
=— (o=
QkT( ax)
As the bonding temperature increased, a significant tem-
perature gradient was formed in the initial contact area. The

J. stress

@

Stress concentration interlayer

FGH99 FGH99
Plastic deformation zone Surface source
diffusion /_
At ! il
_----_Di
m 4@ Ni foil S 1 T
-

m %‘Q Ni foil

Plastic deformation zone

Interface source diffusion

FGH99 FGH99
Rapid diffusion
channel \
/|l
— T
GB diffusion Grain growth
—

GBs

Schematic diagram of the joint with sandwich-structured interlayer. a Initial plastic deformation. b Surface source diffusion and inter-
face source diffusion. ¢ GB diffusion and grain growth. d Well bonded joint with alternating coarse- and fine-grain layers, y'-Ni;Al phase, and y'-

Niz(AlTi) phase.
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heat induced atomic flux (Jinermar) €@n be expressed as
—b (o' o1
QkT\ T ox

Here, 0T /0x is the temperature gradient at the bonding in-
terface near the gap, and Q* is the atomic transfer heat. Com-
bining Egs. (2) and (3), the total interface source diffusion flux
(J) can be described as follows:

_Q—CIZ*IeTI)

3)

Jthermal =

-fC,
f exp( RT

kT Qo T ox

The thermomechanical coupling effect during diffusion
bonding promoted dislocation recovery and grain rotation at
the interface, leading to the formation of contact surfaces.
Following the establishment of these contact areas, the com-
bined action of the thermal gradient across the interface and
the compositional gradient established by the Ni foil en-
hanced the atomic flux, thereby inducing accelerated interdif-
fusion of elements from both sides. This process effectively in-
tensified both surface diffusion and interfacial diffusion,
which consequently facilitated the closure of microscopic in-
terfacial voids.

The growth of grains along the interior of the voids in Ni
foil also promoted the closure of voids during the bonding

J=

s I

dR
process (Fig. 9¢), and the void closure rate (E) can be ex-
pressed as5':

dR AGvoid
= _—_MP _void
dr eXp( kT )

In the equation, M is the migration rate of grain boundar-
ies, P is the driving force for GB migration, AG,,; is the en-
ergy barrier for void closure, and &, is the Boltzmann con-
stant. M and P can be estimated as the following equation:

(%

M DQ :fCVQ « _0-C|Zetl (6)
20k, T 26kyT RT
271317
p= 7
y (M)

Where d is the average grain size and y,, is GB energy. Ac-
cording to Egs. (5) - (7), the void closure rate can be ex-
pressed as follows:

d_R __ fC,Q (_ 0-C|zZY| eTI) & ox (_AGW,,',;) ®)
dt 26k, T RT d kyT
According to Eq. (8), the fine grains (smaller d-value) within
the NTZ facilitated void closure. Grain boundaries (GBs) can
serve as fast diffusion channels for elements. The driving force
for GB diffusion included concentration gradients, temperat-
ure gradients, and stress gradients along the GBs near the
voids. As shown in Fig. 5¢, the bonding interface contained a
high proportion of HAGBs, which significantly enhanced the
diffusion rate of elements such as Al and Ti from the interlay-
er and base metal along the GBs. This accelerated diffusion
promoted the in-situ precipitation of a large number of y'
strengthening phases within the NTZ, as illustrated in Fig. 9d.

Conclusions

This work successfully achieved high-strength diffusion
bonding of FGH99 superalloy by introducing a sandwich-

Materials Lab 2025, 4, 250104

structured Ni/Crgyg,5-Al, g75/Ni interlayer. The results demon-
strated that the sandwich-structured interlayer played a critic-
al role in interfacial voids closure and microstructural optimiz-
ation. Under thermo-mechanical coupling, the Ni foil prefer-
entially filled macroscopic voids through plastic deformation,
while curvature-driven surface diffusion and stress gradient-
dominated interfacial diffusion collectively contributed to the
rapid filling of microscopic voids. The interfacial recrystalliza-
tion process generated a high proportion of HAGBs, which
provided fast diffusion channels for y'-forming elements such
as Al and Ti, promoting the in-situ precipitation of numerous
fine y' strengthening phases and significantly enhancing the
interfacial region. Compared with the single-layer interlayer,
the sandwich-structured interlayer effectively eliminated con-
tinuous micro-voids and unbonded regions at the interface,
achieving dense metallurgical bonding and a joint shear
strength of 857.7 MPa. The fracture path shifted from the ori-
ginal bonding interface to the NTZ/IDZ interface, with the
fracture surface exhibiting high-density fine dimples. This
study systematically elucidated the optimization mechanism
of the sandwich-structured interlayer, providing important
theoretical and experimental foundation for the develop-
ment of diffusion bonding technology for superalloy.
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