
Vol.:(0123456789)

SN Applied Sciences            (2023) 5:46  | https://doi.org/10.1007/s42452-022-05268-6

Research Article

Interfacial structure between TiN sintered ceramics 
with and without an Fe‑containing grain boundary phase and Ag–Cu 
eutectic brazing filler material

Nobuyuki Terasaki1,3  · Naochika Kon2 · Hajime Chiba2 · Touyou Ohashi1 · Tohru Sekino3

Received: 26 September 2022 / Accepted: 22 December 2022

© The Author(s) 2022  OPEN

Abstract
To focus on the interfacial reaction between the Ag–Cu alloy layer and TiN in active metal brazing, the Ag–Cu brazed 
interfacial structures between Cu and two types of TiN sintered ceramics fabricated by different methods were examined. 
No grain boundary phase components consisting of the Ni-containing Fe phase or  Mo2C were detected on the TiN grain 
surfaces of the TiN liquid-phase sintered ceramic bonding surfaces before brazing. The brazed specimens were heated at 
850 °C for 0.5 h. No Cu/TiN solid-phase sintered ceramic bonding was obtained. The Ag–Cu alloy layer was bonded onto 
the TiN grains in the TiN liquid-phase sintered ceramic through an Fe- and Ni-containing segregation layer. This segrega-
tion layer was formed by an interfacial reaction between the TiN grains and the Ni-containing Fe in the TiN liquid-phase 
sintered ceramic dissolved in the Ag–Cu liquid phase.
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1 Introduction

To realize a carbon-free society in which the effects of 
global warming can be suppressed, many countries have 
been actively developing ways to improve energy effi-
ciency and utilize renewable energy sources. Renewable 
energy sources such as solar and wind energy that do not 
emit carbon dioxide as a greenhouse gas are considered 
important for a future carbon-free society and can be 
easily connected to the grid through high-voltage direct 
current (HVDC) transmission [1–5]. HVDC transmission is 
characterized by higher transmission efficiency than con-
ventional alternating current (AC) transmission. A cop-
per (Cu)–aluminum nitride (AlN) substrate, in which Cu 
is bonded onto an AlN substrate with low electrical con-
ductivity and high thermal conductivity, is suitable for the 

AC/DC conversion modules that are needed to connect 
HVDC technology to the consumer AC power grid. The 
power modules used in HVDC transmission systems con-
sist of high-voltage, large-capacity power semiconductor 
chips such as silicon (Si) insulated gate bipolar transistors 
(IGBTs) and silicon carbide (SiC) metal–oxide–semiconduc-
tor field-effect transistors (MOSFETs).

Both the direct copper bonding method [6–8] and the 
active metal bonding (AMB) method [9–13] have been 
used industrially for bonding between Cu and AlN. Above 
all, AlN–AMB substrates manufactured by the AMB method 
have been widely used for high-voltage applications such 
as HVDC and electric railways [1–5, 14]. The AMB method 
is a bonding technique that uses a Ag–Cu eutectic-based 
brazing material and active metals with a high reactivity to 
promote an interfacial reaction with inert ceramic surfaces 
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such as Ti, Zr, and Hf [9–13, 15–20]. The Cu/AlN bonding 
interfacial structure is characterized by a Ag–Cu alloy layer 
consisting of both a Ag-rich phase (a solid solution of Cu in 
Ag) and a Cu-rich phase (a solid solution of Ag in Cu), and a 
titanium nitride (TiN) layer formed by the interfacial reac-
tion between Ti and AlN when using a Ag–Cu–Ti brazing 
alloy [9–13]. Most importantly, according to our previous 
work, a TiN layer is always continuously formed at the Cu/
AlN interface to achieve highly reliable Cu/AlN bonding 
[11]. This implies that two types of interfacial reactions 
proceed in the AMB method: (i) a TiN layer formation reac-
tion; and (ii) an interface formation reaction between the 
Ag–Cu layer and TiN layer.

In the internal structure of the TiN layer, Cu and Ag 
inclusions derived from the Ag–Cu based brazing material 
have been detected at the Cu/AlN part of the substrate/
braze interface in work on the wettability of AlN-based 
ceramics using Ag–Cu–Ti AMB alloys by Taranets et al. [11], 
in work on the heat transfer characteristics of active brazed 
ceramic–metal joints by Sivaprahasam et al. [12], and in a 
model of interfacial evolution for a Cu-metalized polycrys-
talline AlN substrate using Ag–Ti paste by Zhang et al. [13]. 
In addition, our recent work has clearly shown that the 
TiN layer formed by the interfacial reaction between the 
Ag–Cu–Ti brazing filler and AlN is a composite of TiN grains 
and a grain boundary phase consisting of Ag and Cu [21]. 
In the present work, to focus on the interfacial reactions 
between the Ag–Cu alloy and TiN grains, we investigated 
in detail the interfacial structures between the Cu(Ag)-
rich phase and TiN grains formed by Ag–Cu brazing of Cu 
plates on TiN sintered ceramics that contained no Cu and 
Ag inclusions and were fabricated by a solid/liquid-phase 
sintering method.

2  Experimental method

In this work, two different sintering methods were selected 
to produce the TiN layer. One was a commercial TiN solid-
phase sintered ceramic (diameter 50.8 mm × 6 mm) fabri-
cated by the solid-phase sintering method, in which there 
was no grain boundary phase composed of metal compo-
nents, and this was cut into a 10 mm × 10 mm × 6 mm rec-
tangular parallelepiped. The other was TiN–8.4 wt% Fe–2.2 
wt% Ni–1.1 wt% C–3.8 wt%  Mo2C, which was fabricated 
by the liquid-phase sintering method (referred to as the 
TiN liquid-phase sintered ceramic). TiN (D50 = 1.3 μm), Fe 

(D50 = 6.1 μm), Ni (D50 = 2.5 μm), C (D50 = 4.7 μm), and  Mo2C 
(D50 = 1.8 μm) powders were added to ethanol and mixed 
for 40 h in a ball mill together with tungsten carbide balls 
(3 mm diameter). D50 is the 50th percentile of volume-
based grain size. The resulting mixture was dried at 150 °C 
for 3 h under vacuum, and then formed into a cylinder 
(diameter 20 mm × 8 mm) at a pressure of 200 MPa. The 
molding was sintered at 1400 °C for 2 h in  N2 containing 
3 vol%  H2 at atmospheric pressure and then formed into 
a 10 mm × 10 mm × 6 mm rectangular parallelepiped by 
grinding. The relative densities of these solid- and liquid-
phase sintered ceramics were 81.9% and 99.8%, respec-
tively, indicating that the TiN liquid-phase sintered ceram-
ics were sufficiently densified. In addition, the area ratio 
of TiN grains to the grain boundary phase on the surface 
to be bonded to the TiN liquid-phase sintered ceramic is 
about 80:20. The concentrations of impurities in the TiN 
solid-phase sintered ceramic as found by inductively cou-
pled plasma optical emission spectrometry (ICP-OES) are 
shown as Table 1. The TiN solid-phase sintered ceramic 
had purity of > 99.9 wt%. Of the nine impurities includ-
ing Al, K, and Ca, the largest impurity concentration was 
Fe (0.018 wt%). These impurities would be derived from 
the TiN grains used as a raw material for the TiN solid-
phase sintered ceramic, or from the Ti material used as a 
raw material for the TiN grains. In addition, this Fe impu-
rity concentration is about 0.2% of the Fe concentration 
in the TiN liquid-phase sintered ceramic. Furthermore, 
an 800-μm-thick oxygen-free copper (OFC) plate and a 
50-μm-thick Ag–Cu eutectic brazing foil (Ag–28 wt%Cu; 
eutectic temperature: 780 °C) [22] were selected as the 
materials to bond onto the TiN sintered ceramic to repro-
duce the same interfacial structure as the Cu–bonded 
nitride ceramic fabricated by the AMB method. These 
materials were cut into 10 mm × 10 mm squares and then 
layered in the following order: Cu, Ag–Cu eutectic braz-
ing foil, TiN solid- or liquid-phase sintered ceramic, Ag–Cu 
eutectic brazing foil, Cu. The layered specimens were 
heated under vacuum at 850 °C for 0.5 h under a com-
pressive stress of 1 MPa, with heating and cooling rates 
of 10 °C/min.

The surface and cross-section of the TiN sintered 
ceramic were observed by scanning electron microscopy 
(SEM) and auger electron spectroscopy (AES). AES analysis 
and SEM observation of the TiN sintered ceramic surface 
were performed using a PHI 700 system (ULVAC-PHI, Inc.) 
operated at 10 kV. For cross-sectional SEM analysis of the 

Table 1  Concentrations of 
impurities related to the TiN 
solid-phase sintered ceramic 
by ICP-OES

Concentration/wt%

Al K Ca Cr Mn Fe Co Nb Mo

0.012 0.015 0.002 0.002 0.005 0.018 0.010 0.002 0.003
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TiN sintered ceramic, metallography specimens mounted 
in an acrylic polymer at room temperature were polished 
using standard metallographic techniques, with final pol-
ishing performed using an argon-based ion beam polisher 
(ArBlade 5000, Hitachi High-Tech). The microstructures 
of all cross-sectional specimens were observed using a 
GeminiSEM 500 system (Carl Zeiss AG) operated at 1.8 kV. 
In addition, cross-sections of Cu/TiN sintered ceramic/Cu 
brazed specimens, which were prepared in the same way 
as the TiN sintered ceramic cross-sectional specimens, 
were observed by SEM before more detailed observa-
tions were undertaken by scanning transmission electron 
microscopy (STEM). SEM observation and elemental analy-
sis of the cross-sections were performed using the Gemi-
niSEM 500 system with an energy-dispersive X-ray spec-
troscopy (EDS) system (NORAN System7, Thermo Fisher 
Scientific), which was operated at 1.8 kV and 7 kV. Cu/
TiN thin sections for STEM analysis were prepared using 
a focused ion beam (FIB) system (Scios, Thermo Fisher 
Scientific), and their thickness was adjusted between 30 
and 100 nm. The elemental distributions of the thin sec-
tions were evaluated using a Titan G2 ChemiSTEM system 
(Thermo Fisher Scientific) equipped with an EDS system 
(NSS7, Thermo Fisher Scientific) operated at 200 kV.

3  Results and discussion

Cross-sectional secondary electron (SE) images of the 
near surface of the TiN solid-phase sintered ceramic and 
the TiN liquid-phase sintered ceramic before brazing are 
shown in Fig. 1. It can be seen that the TiN solid-phase 
sintered ceramic contained a large number of voids. 
This was due to the low sinterability of TiN grains [23]. 
In contrast, the TiN liquid-phase sintered ceramic had 
a dense structure due to the bonding of the TiN grains 
through the crystalline grain boundary phase consisting 
of a Ni-containing Fe phase (Fe–44at%Ni, cubic, Fm 3 
m, a = 3.586 Å) [24–26] and  Mo2C (hexagonal, P63/mmc, 
a = 2.994 Å , c = 4.732 Å) [27]. In addition, it can be 
seen that although the surface of the TiN liquid-phase 
sintered ceramic finished by grinding had some fine 
cracks, it was flatter than the TiN solid-phase sintered 
ceramic. Surface SE images of the TiN solid-phase sin-
tered ceramic and the TiN liquid-phase sintered ceramic 
before brazing, together with the AES spectra obtained 
from these surfaces are shown in Fig. 2. Some voids were 
present on the surface of the TiN solid-phase sintered 
ceramic and appeared to be connected to the voids 
inside the ceramic as shown in Fig. 1a. In addition, the 
shape of the AES spectra suggests that the impurities 
shown in Table 1 were not significantly segregated on 
the TiN grain surface (#1). In contrast, the SE image of 

the TiN liquid-phase sintered ceramic is composed of dif-
ferent brightness regions (Fig. 1b). In the AES spectrum, 
the dark contrast region (#2) appears to be composed 
of the TiN phase with C and O, while the bright contrast 
region (#3) appears to be composed of the Ni-contain-
ing Fe phase in addition to the same TiN phase. Thus, no 
grain boundary phase components were present on the 
surface of the TiN grains on the surface to be bonded to 
the TiN liquid-phase sintered ceramics.

Fig. 1  Cross-sectional SE images of a the TiN solid-phase sintered 
ceramic and b the TiN liquid-phase sintered ceramic near the sur-
face

Fig. 2  Surface SE images of a the TiN solid-phase sintered ceramic 
and b the TiN liquid-phase sintered ceramic. c AES spectrum 
obtained from areas marked by white open circles in (a) and (b)
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The appearance of the TiN solid-phase sintered ceramic 
and that of the Cu plates brazed with Ag–Cu eutectic braz-
ing foil at 850 °C for 0.5 h are shown in Fig. 3. Poor adhe-
sion can be seen between the Ag–Cu alloy layer and the 
TiN grains. This result is different from the bonding state 

at the Ag–Cu alloy layer/TiN layer interface involving the 
interfacial reaction between the Ag–Cu–Ti liquid phase 
and the AlN substrate in the AMB method. In addition, 
Ag–Cu alloy layers were formed on the entire bonding 
surface of the copper plate and on the edge of its non-
bonding surface. This suggests that a sufficient amount of 
Ag–Cu liquid phase generated during heating did not pen-
etrate into the voids leading from the surface to interior 
of the TiN solid-phase sintered ceramic shown in Figs. 1a 
and 2a. Thus, good bonding was not achieved between 
the Ag–Cu alloy layer and the TiN grains by mechanical 
bonding, such as the anchor effect [28].

The cross-sectional energy-selective backscattered elec-
tron (EsB) image of the interface between the Cu and the 
TiN liquid-phase sintered ceramic after bonding for 0.5 h at 
850 °C, together with the elemental distributions, is shown 
in Fig. 4. In contrast to the bonding state between Cu and 
the TiN solid-phase sintered ceramic shown in Fig. 3, here 
the Cu/TiN liquid-phase sintered ceramic brazing interface 
appears to fit the shape of the ceramic without any mac-
roscopic gaps or pores. The most significant feature of the 
cross-sectional microstructure of the Cu/TiN liquid-phase 

Fig. 3  Appearance of the TiN solid-phase sintered ceramic and Cu 
plates brazed with a Ag–Cu eutectic brazing foil after heating at 
850 °C for 0.5 h

Fig. 4  a Cross-sectional 
EsB image of the Cu/TiN 
liquid-phase sintered ceramic 
interface after bonding for 
0.5 h at 850 °C. b–i Elemental 
distributions of b Cu, c Ag, d 
Ti, e N, f Fe, g Ni, h Mo, and i C 
obtained by EDS
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sintered ceramic is that the Ni-containing Fe phase was 
substituted for the Cu-rich and Ag-rich phases from the 
Cu/TiN liquid-phase sintered ceramic brazing interface to 
the interior of the TiN liquid-phase sintered ceramic to a 
depth of about 2 μm. This suggests that interdiffusion of 
the Ni-containing Fe phase with Cu(Ag)-rich phase could 
replace these phases while maintaining the shape near the 
brazed surface of the TiN liquid-phase sintered ceramics. 
In addition, no distinct signals of Fe and Ni can be seen in 
the Ag–Cu alloy layer, suggesting that the concentrations 
of these elements are below the limit of detection due to 
their diffusion to the Cu surface side. The Cu/TiN liquid-
phase sintered ceramic macroscopic interfacial structures 
can be divided into three interfaces. The first is the Ag–Cu 
alloy layer/TiN brazing interface formed by the interfacial 
reaction between the Ag–Cu liquid phase and the TiN 
grains (Interface I). The second is the substituted Ag–Cu 
phase/TiN interface, where the grain boundary phases 
of the TiN liquid-phase sintered ceramic are substituted 
for the Ag–Cu brazing filler components (Interface II). The 
third is the interface between the TiN grains and the grain 
boundary phase without substitution by the Cu-rich and 
Ag-rich phases in the TiN liquid-phase sintered ceramic 
(Interface III).

A high-angle annular dark field (HAADF) image and ele-
mental distributions of Interface I after brazing for 0.5 h at 

850 °C are shown in Figs. 5 and 6 for the Cu-rich phase/TiN 
grain interface and the Ag-rich phase/TiN grain interface, 
respectively. The highest signal in the Fe and Ni maps is 
located uniformly at Interface I between the Cu-rich phase 
and TiN grain (Fig. 5f and g). By comparison, a Cu signal is 
detected at Interface I between the Ag-rich phase and TiN 
grain in addition to the Fe and Ni signals (Fig. 6b, f, and g). 
Cu segregates with Fe and Ni at Interface I between the 
Ag-rich phase and TiN grain, while the regions where these 
elements do not segregate correspond to very small voids 
of size 1 to 2 nm. Line EDS profiles of Interface I after braz-
ing for 0.5 h at 850 °C are shown in Figs. 5j and 6j, where 
the line EDS profiles correspond to the white dashed 
arrows in Figs. 5b and 6b, respectively. The peak positions 
of the Fe and Ni signals at the interface between the Cu-
rich phase and TiN grain almost overlap, as shown in Fig. 5j. 
The overlap of the peak positions between these elements 
is also detected at Interface I between the Ag-rich phase 
and TiN grain (Fig. 6j), while the peak position of the Cu 
signal is shifted toward the Ag-rich phase with respect 
to the peak positions of the Fe and Ni signals. No Fe or 
Ni was present on the TiN grain surface of the TiN liquid-
phase sintered ceramic before brazing (#2 in Fig. 2c). These 
results suggest that the segregation layers containing Fe 
and Ni, which are expected to be austenite with Ni solid 
solution [25, 26], are formed by the interfacial reaction 

Fig. 5  a Cross-sectional HAADF image of the Cu-rich phase/TiN 
grain interface after brazing for 0.5 h at 850 °C. b–i Elemental dis-
tributions of b Cu, c Ag, d Ti, e N, f Fe, g Ni, h Mo, and i C obtained 

from the selected area marked in (a) by EDS. j Line EDS profile 
obtained along the white dashed arrow shown in (b)
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between the TiN grains and the Ag–Cu liquid phase, which 
contained Fe and Ni components derived from the grain 
boundary phase of the TiN liquid-phase sintered ceramic. 
This means that both the Cu-rich and Ag-rich phases are 
not directly bonded to the TiN grain. On the other hand, 
such interfacial reactions seemed not to occur during braz-
ing in the TiN solid-sintered ceramic system because the 
dissolution of TiN grains into the Ag–Cu liquid phase did 
not provide enough Fe, one of the impurities shown in 
Table 1. In addition, there appeared to be a Cu-containing 
segregation layer between the Ag-rich phase and the Fe- 
and Ni-containing segregation layer at Interface I between 
the Ag-rich phase and TiN grain.

A HAADF image and elemental distributions of Interface 
II after brazing for 0.5 h at 850 °C are shown in Figs. 7 and 8 
for the substituted Cu-rich phase/TiN grain interface and 
the substituted Ag-rich phase/TiN grain interface, respec-
tively. The highest signal in the Fe and Ni maps is located 
uniformly between the Cu-rich and Ag-rich phases and the 
TiN grain at Interface II, similar to Interface I (Figs. 5 and 6), 
as shown in Figs. 7f, g and 8f, g. In addition, a Cu signal was 
detected at Interface II between the substituted Ag-rich 
phase and TiN grain in addition to the Fe and Ni signals 
(Figs. 8b, f, and g). The line EDS profiles of Interface II in 
Figs. 7j and 8j, corresponding to the white dashed arrows 
in Figs. 7b and 8b, show that the Fe and Ni peak positions 

coincided with the Cu-rich phase/TiN grain interface. In 
addition, the Cu peak position was shifted toward the Ag-
rich phase compared with the Fe and Ni peak positions 
coinciding with the Ag-rich phase/TiN grain interface. 
Most importantly, these features of Interface II formed by 
interdiffusion between the grain boundary phase and the 
Ag–Cu liquid phase are in perfect agreement with those of 
Interface I formed by the interfacial reaction during braz-
ing. Specifically, the interfacial structure across the Fe- and 
Ni-containing segregation layer is a feature common to the 
Cu-rich phase/TiN grain interface and the Ag-rich phase/
TiN grain interface. Also, a Cu-containing segregation layer 
may have been present between the Ag-rich phase and 
Fe- and Ni-containing segregation layer at the Cu-rich/TiN 
grain interface for Interfaces I and II.

A HAADF image, elemental distributions, and a line EDS 
profile of Interface III  (Mo2C/TiN grain) after brazing for 
0.5 h at 850 °C are shown in Fig. 9. The elemental distribu-
tions and line EDS profile are obtained from the selected 
area shown in Fig. 9a and the white dashed arrow shown 
in Fig. 9b, respectively. The highest uniform signal in the 
Fe map can be clearly seen at Interface III as shown in 
Fig. 9f. In addition, the Ni concentration of 6.2 at% at the 
Ni peak position is close to the value of about 4.9 at% in 
 Mo2C, which may appear unclear. However, the Ni peak 
position is consistent with the Fe peak position in the line 

Fig. 6  a Cross-sectional HAADF image of the Ag-rich phase/TiN 
grain interface after brazing for 0.5 h at 850 °C. b–i Elemental dis-
tributions of b Cu, c Ag, d Ti, e N, f Fe, g Ni, h Mo, and i C obtained 

from the selected area marked in (a) by EDS. j Line EDS profile 
obtained along the white dashed arrow shown in (b)
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Fig. 7  a Cross-sectional HAADF image of the substituted Cu-rich 
phase/TiN grain interface after brazing for 0.5 h at 850 °C. b–i Ele-
mental distributions of b Cu, c Ag, d Ti, e N, f Fe, g Ni, h Mo, and i 

C obtained from the selected area marked in (a) by EDS. j Line EDS 
profile obtained along the white dashed arrow shown in (b)

Fig. 8  a Cross-sectional HAADF image of the substituted Cu-rich 
phase/TiN grain interface after brazing for 0.5 h at 850 °C. b–i Ele-
mental distributions of b Cu, c Ag, d Ti, e N, f Fe, g Ni, h Mo, and i 

C obtained from the selected area marked in (a) by EDS. j Line EDS 
profile obtained along the white dashed arrow shown in (b)
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EDS profile in Fig. 9j. It is suggested that the surfaces of TiN 
grains constituting the TiN liquid-phase sintered ceramic 
are covered by an Fe- and Ni-containing layer due to an 
interfacial reaction during the liquid-phase sintering pro-
cess above the Ag–Cu brazing temperature. This means 
that the TiN grains are bonded to the grain boundary 
phase through the Fe- and Ni-containing segregation layer 
in the TiN liquid-phase sintered ceramic used in this work.

Combining the results of brazing between the Ag–Cu 
brazing filler metal and the TiN solid-phase sintered ceramic 
and those of the three sets of interfacial structures for the 
Cu brazed TiN liquid-phase sintered ceramic, a bonding 
mechanism for TiN grains to Cu-rich and Ag-rich phases is 
proposed, as illustrated in Fig. 10. During the liquid-phase 
sintering process (1400 °C), which is the manufacturing pro-
cess for the TiN liquid-phase sintered ceramic, the surfaces 
of TiN grains are covered with an Fe- and Ni-containing seg-
regation layer due to the interfacial reaction between the 
TiN grains and the grain boundary components consisting 
mainly of Fe. The TiN liquid-phase sintered ceramic used 
in this work is formed by the bonding of TiN grains with a 
grain boundary phase such as the Ni-containing Fe phase 
and  Mo2C through this Fe- and Ni-containing segregation 
layer. The surface to be bonded to the TiN liquid-phase sin-
tered ceramic consists of flat TiN grains and a grain bound-
ary phase due to the grinding process, as shown in Fig. 10a. 

Therefore, no Fe- and Ni-containing segregation layer is 
present on the surfaces of the TiN liquid-phase sintered 
ceramics to be bonded. As shown schematically in Fig. 10b, 
the grain boundary components of the TiN liquid-phase 
sintered ceramic first dissolve into the Ag–Cu liquid phase 
above the Ag–Cu eutectic temperature, causing erosion of 
its grain boundary phases. Then, as this erosion progresses, 
the concentrations of Fe and Ni in the Ag–Cu liquid phase 
increase, promoting the interfacial reaction with TiN grains 
to form the Fe- and Ni-containing segregation layer on the 
surface of TiN grain, as shown in Fig. 10c. While this inter-
facial reaction is occurring, interdiffusion occurs between 
the grain boundary phase and the Ag–Cu liquid phase. 
After brazing, the Ag–Cu liquid phase separates into the 
Cu-rich and Ag-rich phases by solidification. Most impor-
tantly, the following interfacial structure is formed through 
this Fe- and Ni-containing layer: Cu-rich phase/Fe- and Ni-
containing segregation layer/TiN grain and Ag-rich phase/
Cu-containing segregation layer/Fe- and Ni-containing seg-
regation layer/TiN grain (Fig. 10d and e respectively). This 
suggests that the Fe- and Ni-containing segregation layer 
contributes to lowering the energy of the entire interfacial 
reaction system, and furthermore that formation of the Cu-
containing segregation layer between the Ag-rich phase 
and the Fe- and Ni-containing segregation layer promotes 
stabilization of the interfacial structure. This implies that a 

Fig. 9  a Cross-sectional HAADF image of the  Mo2C/TiN grain inter-
face after brazing for 0.5  h at 850  °C. b–i Elemental distributions 
of b Cu, c Ag, d Ti, e N, f Fe, g Ni, h Mo, and i C obtained from the 

selected area marked in (a) by EDS. j Line EDS profile obtained 
along the white dashed arrow shown in (f)
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Cu-containing segregation layer may have been present 
between the Ag-rich phase and the Fe- and Ni-containing 
segregation layer. Taken together with the results of Ag–Cu 
brazing of the Cu plate onto the TiN solid-phase sintered 
ceramic, in which there was no grain boundary phase com-
posed of metal components, the addition of elements to the 
interfacial reaction system capable of forming a segregation 
layer between the metal phase and the TiN grain is a key for 
achieving Ag–Cu brazing onto TiN grains.

4  Conclusions

In this work, the Ag–Cu brazing interfacial structures 
between Cu and TiN sintered ceramics, which simulate the 
AlN–AMB interfacial structure, were analyzed in order to 
focus on the interfacial reaction between the Ag–Cu alloy 
layer and the TiN grain.

A solid-phase sintered ceramic without a grain bound-
ary phase and a liquid-phase sintered ceramic with grain 
boundary phases such as a Ni-containing Fe phase and 
 Mo2C were used as the TiN sintered ceramics. No different 
phases were present on the TiN grain surfaces of these TiN 
sintered bonding surfaces.

No bonding was obtained between the TiN solid-phase 
sintered ceramic and the Ag–Cu alloy layer. Bonding of 
the Ag–Cu alloy layer and the TiN grains requires chemi-
cal bonding rather than mechanical bonding. In contrast, 
three types of interfacial structures were observed in the 
Cu/TiN liquid-phase sintered ceramic brazed specimen: 
Interface I (Cu-rich and Ag-rich phases/TiN grain brazing 
interface), Interface II (substituted Cu-rich and substi-
tuted Ag-rich phases/TiN grain interface), and Interface 
III (original grain boundary phases/TiN grain interface). 
These interfaces are characterized by the common fea-
ture that the TiN grains are bonded to the grain boundary 
phases through the Ni-containing Fe segregation layer 

Fig. 10  a–d Schematic mechanism for the interfacial reaction 
between the TiN liquid-phase sintered ceramic and Ag–Cu eutectic 
brazing filler metal while heating above the Ag–Cu eutectic tem-

perature. (d), e Details of the interfacial structures at (e) the Cu-rich 
phase/TiN grain interface and f the Ag-rich phase/TiN grain inter-
face for Interface I and Interface II after heating
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present before brazing in Interface III. This Ni-containing 
Fe segregation layer at Interface I is formed by the interfa-
cial reaction between the TiN grains and the grain bound-
ary phase components of the TiN liquid-phase sintered 
ceramic dissolved in the Ag–Cu liquid phase. In addition, 
a Cu-containing segregation layer is formed between the 
Ag-rich phase and the Ni-containing Fe segregation layer 
at both Interfaces I and II. The fundamental interfacial 
structure in this brazing system is as follows: Cu(Ag)-rich 
phase/Cu segregation layer/Fe- and Ni-containing layer/
TiN grain.
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