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Abstract: Cu75Pt25 brazing filler was applied to brazing GH99 superalloy to Nb, and the sound joints were obtained
by adjusting brazing parameters. The typical interfacial microstructure of the brazed joint was Nb/Nb;Nig+NbNis/
Ni(s,s)+Cr-rich NbNi;+(NbCr,+NbNi;)/GH99. The effects of brazing temperature and holding time on the interfacial
microstructure of GH99/Cu75Pt25/Nb joints were studied. The results showed that the solution and diffusion of Ni
atoms from GH99 substrate into brazing seam played a critical role in the interfacial microstructure evolution. As the
brazing temperature rose, the Nb—Ni reaction layer was formed instead of the initial Nb;Pt layer, and the thickness
increased firstly and then remained constant. The highest shear strength of the joint reached 152 MPa when brazed at
1150 °C for 15 min. All of the joints presented a brittle fracture mode during shear test, and the fracture location

changed from NbsPt layer to Nb—Ni compounds layer.
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1 Introduction

Owing to the attractive properties such as
excellent high-temperature strength, corrosion and
oxidation resistance, GH99 superalloy has been
applied widely in the advanced aeronautic industrial
engine combustion chamber and the heat-
resistant combustion equipment [1,2]. In practical
engineering applications, components utilizing
GH99 superalloy and other materials are inevitable.
Niobium (Nb) is regarded as an ideal refractory
metal material due to its good stability and
relatively high strength at high temperature [3,4].
Therefore, reliable joining of GH99 to Nb is a
promising work for high-temperature service, such

as fuel nozzle and annular combustion chamber in
aerospace industry.

Various methods have been utilized to achieve
reliable joining of nickel-based superalloys, such as
laser welding [5—7], diffusion bonding [8,9] and
friction welding [10—12]. Since GH99 alloy
contains more elements, the high degree of alloying
increases the difficulty of joining to other metals. In
fusion welding method [13—15], the intergranular
and interdendritic cracking appeared in the fusion
zone and heat affected zone (HAZ) of the welded
joint owing to the differences of physical properties
among dissimilar materials. Compared to the fusion
welding method, brazing method possesses good
repeatability, simple operation and small thermal
impact on the substrates [16], which received great
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attention in joining nickel-based alloy.

Recently, researches have mainly focused on
the exploitation of filler alloys suitable for brazing
nickel-based superalloys. Nickel-based filler alloys,
containing melting point depressant (MPD)
elements such as boron, silicon and heat-resistance
elements, are considered as the typical high
temperature  filler metal to braze super-
alloys [17-19]. However, the brittle intermetallic
compounds, deriving from the reactions between
the low-melting-temperature elements of filler
metal and nickel-based superalloys, deteriorated the
strength of brazed joints [20,21]. In order to
overcome this shortage, Cu75Pt25, a novel brazing
alloy, aiming to diminish the brittle compounds in
the brazing seam was designed. It is noteworthy
that copper has good plasticity to release the
residual stress produced by different coefficients of
thermal expansion of dissimilar materials. As a
classic inert metal, the addition of Pt can be
conducive to the high-temperature performance of
the brazed joint owing to its anti-oxidant properties,
high-temperature creep and heat corrosion
resistance [22,23].

In this work, GH99 superalloy was brazed to
Nb using Cu75Pt25 filler. The influences of brazing
temperature and holding time on the interfacial
microstructure and mechanical properties of the
joints were analyzed in details. In addition, the
typical interfacial microstructure and evolution
mechanism of brazed GH99/Nb joints were
investigated.

2 Experimental

The substrates used in this study were GH99
superalloy and pure Nb. GH99 superalloy was
cut into specimens with sizes of 20 mm x 10 mm x
2 mm by wire cut electric discharge machine. The
dimensions of Nb substrate specimens were 5 mm X
4 mm x 3 mm. The chemical composition and
microstructure of GH99 superalloy are shown in
Table 1 and Fig. 1, respectively. Prior to joining, the
surfaces to be joined were ground by SiC sandpaper
up to 1000-grit and then polished by diamond
pastes. The brazing filler of Cu75Pt25 foil was
polished to the thickness of 40 um after being
ground with 800-grit SiC sandpapers. According to
our previous work [24], Cu75Pt25 filler metal was
Cu-based solid solution in microstructure and

started to melt at 1127 °C (Ty, solidus temperature)
and turned to be liquid at 1170 °C (7;, liquidus
temperature). Subsequently, all of the above
polished samples were ultrasonically cleaned in
acetone and dried by air blowing. The Cu75Pt25
filler alloy foil was placed between the brazing
couple. The assembly diagram of brazed joint is
illustrated in Fig. 2(a). A pressure of 1 kPa provided
by graphite was applied to ensuring close contact.
The vacuum was kept higher than 3.0x107 Pa in
the brazing process.

The samples were firstly heated to 900 °C at a
rate of 10 °C/min and held for 10 min, then elevated
to the specified brazing temperature at a rate of

Table 1 Chemical composition of GH99 superalloy
(wt.%)

Cr w Co Mo Ti Al Fe Ni
1832 823 6.56 293 142 1.05 031 Bal

Fig. 1 Microstructure of GH99 superalloy

(@ u

Cu75Pt25

Pressure

(b)

Fig. 2 Schematic diagrams of brazing assembly (a) and
shear test (b)
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10 °C/min and held for different holding time. At
last, the brazed specimens were cooled down to
room temperature at a rate of 10 °C/min. The
brazing experiment was carried out at 1100, 1120,
1130, 1140, 1150 and 1160 °C, respectively, and the
effects of holding time on brazing properties were
studied.

The microstructure and composition of brazed
joints were analyzed by scanning electron
microscope (SEM, MERLIN Compact, Zeiss)
equipped with an energy-dispersive spectroscope
(EDS, OCTANE PLUS, EDAX). To evaluate the
joining properties of brazed joints, room
temperature shear tests were performed by the
universal testing machine (Instron 5967) with a
constant speed of 0.5 mm/min, as shown in

Fig. 2(b). At least five samples were tested to
average joint strength for each experimental
condition. The reactive phases at the interface and
fracture morphology of joints after shear test were
examined using an X-ray diffractometer (XRD,
DX-2700) equipped with Cu K, radiation.

3 Results and discussion

3.1 Typical interfacial microstructure of GH99/
Cu75Pt25/Nb joints
The BSE image in Fig. 3(a) displays the
interfacial microstructure of GH99/Cu75Pt25/Nb
joint brazed at 1140 °C for 10 min, and the sound
joint without any defect such as micro-crack or
pore was obtained. The larger thickness of brazing

L AE R ; i

Fig. 3 Interfacial microstructure (a) and element distributions (b—f) of GH99/Cu75Pt25/Nb joints brazed at 1140 °C for
10 min
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seam (~200 um, thicker than that of the filler alloy)
indicated the intensive interaction between the
molten filler alloy and the substrates during brazing
process. According to the difference in the interface,
the brazed joint could be divided into two zones
(labeled as Zones I and II). Figures 3(b—f) give the
distributions of main elements of Pt, Cu, Nb, Ni and
Cr, respectively. It is obvious that element Pt is
distributed evenly throughout the joint, as shown in
Fig. 3(b). Element Cu is also distributed throughout
the area of brazing seam, especially enriched in the
bits of strip gray-black phase located in Zone I
(Fig. 3(c)). A continuous Nb-rich layer (Fig. 3(d))
adjacent to Nb substrate is formed, and mass of
lamellar Nb-rich phases are formed in the diffusion
zone due to the diffusion of Nb substrate into
molten filler alloy, and element Nb also diffuses
into the brazing seam, existing in the block
composite phases and dark gray lath phase in
Zone II. By contrast, element Ni (Fig. 3(e)) is
mainly accumulated in the black matrix phase and
part of reaction layer in Zone 1. The distribution of
element Cr (Fig. 3(f)) demonstrates a gradient-
decreasing characteristic from GH99 substrate to
brazing seam, and it cannot be found in dark gray
lath phase for its low solubility. In addition, the
mixed phases contain elements Ni, Nb and Cr, and
the black matrix mainly consists of element Ni.
According to the contrast difference in Fig. 4,
Zone 1 is made up of continuous reaction layer
(marked as A) and multilayer of compounds
mixture (marked as B, C, D, E, respectively), and
Zone II consists of a small amount of dark gray lath
phase (marked as G), composite flocculent structure
composed of bright grey, dark grey phases (marked
as F and H, respectively) and black matrix phase
(marked as J). The corresponding element contents
of different spots are listed in Table 2. According to
the Nb—Ni binary phase diagram and Refs. [25,26],
it can be inferred that the continuous reaction layer
A and phase E are Nb;Nig phase. The molar ratio of
Ni to Nb about 3:1 in spots B, C and D is inferred
to be NbNi; phase [27], and the contrast difference
of NbNi; is derived from the contents of solid
solution elements Cr and Cu. In Zone II, four
typical phases (F, G, H and J) are distinguished
visibly. On the basis of the isothermal
Ni—-Nb—Cr ternary phase diagram and related
references [28—32], it can be inferred that the floc-
like composite structure (F and H) composed of Nb,

Cr and Ni are mainly NbCr, and NbNi;,
respectively. The XRD pattern in Fig. 5 further
confirms the above analysis. Likewise, the
stoichiometric of Nb/Ni molar ratio of the dark
gray lath phase G of about 1:3 is NbNi; phase,
and the black matrix phase J can be identified as

Nb

Fig. 4 Interfacial microstructure of GH99/Cu75Pt25/Nb
joint brazed at 1140 °C for 10 min

Table 2 Chemical compositions and possible phases of
spots in Fig. 4

Molar fraction/% Possible
Spot
Nb Ni Cu Cr Pt phase
A 5294 39.09 6.11 1.2 0.66 Nb;Nig
B 2233 6434 1201 05 0.82 NbNi;
C 29.35 49.64 10.15 9.54 1.32 NbNi;
D 2691 6040 7.83 3.63 1.23 NbNi;
E 47.07 4024 255 690 3.24 Nb;Nig
F 28.64 4641 0.74 23.00 1.21 Cr,Nb+NbNij
G 2657 66.16 1.18 573 0.36 NbNij
H 26.09 48.60 8.38 16.52 0.41 Cr,Nb+NbNis
J 0.07 74.68 042 23.65 1.18 Ni(s,s)
= —NbCr,
. o — NbNi,
v —Nb,Ni,
. + —Ni
* —Nb

20 30 40 50 60 70 80 90
20/(°)

Fig. 5 XRD pattern of GH99/Cu75Pt25/Nb joint brazed
at 1140 °C for 10 min
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Ni(s,s) [33]. In summary, the typical interfacial
microstructure of Nb/Cu75Pt25/GH99 joint is Nb
substrate/Nb;Nig + NbNi3/Ni(s,s) + Cr-rich NbNi;+
(NbCr,+NbNi3)/ GH99 superalloy.

3.2 Effect of brazing parameters on interfacial

microstructure of GH99/Cu75Pt25/Nb joints

Figure 6 shows the BSE images of GH99/
Cu75Pt25/Nb  joints  brazed at  different
temperatures for 10 min, and each joint can be
divided into two zones by contrast difference. With
the elevation of brazing temperature, the fast atomic
diffusion of liquid alloy to Nb substrate led to the

increasing width of reaction layer (Zone I). As
shown in Figs. 6(a) and (b), the joint interface was
even and flat, and the thickness of brazing seam
was equal to that of original filler when brazed at
1100 and 1120 °C. When the brazing temperature
was above 1127 °C, the thickness of brazing seam
increased remarkably (Figs. 6(c—f)), and the
elements of Cu and Pt in the filler metal were
distributed throughout the joints.

The corresponding high-magnification BSE
images of the joints brazed at different temperatures
are shown in Fig. 7, and the main phases were
characterized by EDS (Table 3). When brazed at

Fig. 6 BSE images of GH99/Cu75Pt25/Nb joints brazed at different temperatures for 10 min: (a) 1100 °C; (b) 1120 °C;

(c) 1130 °C; (d) 1140 °C; (e) 1150 °C; (f) 1160 °C

IMliicroscracks

Fig. 7 High-magnification BSE images of GH99/Cu75Pt25/Nb joints brazed at different temperatures for 10 min:
(a) 1100 °C; (b) 1120 °C; (c) 1130 °C; (d) 1140 °C; (e) 1150 °C; (f) 1160 °C
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Table 3 Chemical composition and possible phases of
spots in Fig. 7

Spot or Molar fraction/% Possible
phase Nb Ni Cu Cr Pt phase
A 5086 856 826 — 3232 Nb;Pt
25.57 2737 13.67 — 3339  Pi(s,s)

C 61.64 2587 3.62 224 6.63 Nb+Nb;Nig

D 6251 8.82 3.06 405 21.56 Nb;Pt
E 2660 44.01 10.17 2.57 16.65 NbNi;
o 47.66 4136 5.04 337 2.57  NbsNig
o, 3541 49.70 427 927 1.35 NbNi;
a; 52.01 32.04 481 7.53 3.61 Nb;Nig
pi 2691 6040 7.83 3.63 1.23 NbNis
B, 47.07 4024 255 690 324  Nb;sNig
y 2938 49.06 10.08 4.37 7.11 NbNi;
y,  47.66 3433 624 485 692  Nb;Nig
o1 3050 5476 525 8.76 0.73 NbNi;
0, 4181 4630 560 588 041 Nb;Nig

1100 °C (Fig. 7(a)), Zone 1 was composed of two
distinctive layers with different contrasts, indicating
that the reaction layer A was Nb;Pt phase and layer
B phase was Pt(s,s) according to the EDS results
and Nb—Ni—Pt ternary phase diagram. When brazed
at 1120 °C (Fig. 7(b)), the formed gray and black
overlapping phase layer (point C) was similar to the
oa/yla, lamellar structure appeared near the TiAl
substrate during brazing process [34—36], which
could be considered as Nb/Nb;Nig lamellar
structure. Further analysis of points D and E in
Fig. 7(b) indicated Nb;Pt phase and NbNi; phase
according to the EDS results, respectively.

The forming process of Nb/Nb;Nis lamellar
structure was speculated as follows. The dissolution
of substrates into molten filler metal and the
diffusion of dissolved elements (Ni, Nb, Cr, etc.)

from the filler occurred at 1120 °C. Based on the
binary phase diagrams of Cu—Nb and Cu—Ni,
elements Ni and Cu can form infinite solid solution,
while Nb and Cu are almost immiscible. Meanwhile,
elements Nb and Ni have larger chemical affinity
(—44 kJ/mol) and similar atomic radius (rni/7ne=
0.87). Therefore, a large amount of element Ni and
part of Cr in the GH99 side diffused toward Nb
substrate side, while only a small amount of
element Nb diffused into the brazing seam. The
formation of overlapping layer occurred not only
because Nb substrate reacted with diffused Ni to
form Nb;Nig at the interface for larger chemical
affinity, but also because the residual element Nb
remained around Nb;Nig during the cooling
process.

When the brazing temperature was higher than
the 7; of Cu75Pt25 filler, the gray-black phase and
light gray phase layers (Nb—Ni compounds) in Zone
I were formed. In order to investigate the element
distributions of the joints at different temperatures,
the line scanning analysis was carried out. As
shown in Figs. 8, a series of changes occurred with
the brazing temperature rising. Firstly, element Cu
was gradually distributed from original Cu-rich
phase in Zone II to the whole joint, and the
distribution of element Pt changed from Nb;Pt
compound at 7} in Zone I to disperse well in the
joints. The disappearance of Nb;Pt layer was due to
the closer electronegativity of Nb and Ni than that
of Nb and Pt (the electronegativity values of
elements Nb, Ni and Pt are 1.6, 1.8 and 2.2,
respectively). Moreover, Pt and Ni are mutually
soluble in liquid filler metal, and then Pt can also be
dissolved into GH99 substrate. With more
components of substrates dissolving into brazing
seam, the contents of elements Ni, Nb and Cr in
Zone II increased, while the contents of Nb, Ni
and Cr in Zone I had no change because the phase

Fig. 8 Interfacial line scanning images of GH99/Cu75Pt25/Nb joints brazed at different temperatures for 10 min:

(a) 1120 °C; (b) 1130 °C; (c) 1150 °C
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composition of Zone | kept the same after filler
alloy melted. Consequently, it was concluded that
the distribution and diffusion of elements Cu and Pt
were primarily affected by brazing temperature. The
phase composition in Zone I changed significantly
with the 7; of Cu75Pt25 filler (1127 °C) as the
limit.

Figure 9 shows the cross-sectional interfacial
microstructures of joints brazed at 1150 °C for
different holding time. It is obvious that the width
of diffusion zone (Zone II) increased gradually and
the thickness of reaction zone (Zone I) increased
firstly and then remained constant when the holding
time exceeded 10 min. The faster diffusion of
numerous elements Nb and Ni could accelerate the
interfacial reaction to thicken the Nb—Ni reaction
layer. When the holding time reached 20 min, the
phases in the joints became coarsening and large
amount of roughened strip gray-black NbNi; phases
were formed, and then the thickness of brazing
seam was nearly twice thicker than that at 5 min

(Fig. 9(d)).

3.3 Interfacial microstructure evolution of
GH99/Cu75Pt25/Nb joint
Based on the above discussion about the
interfacial microstructure of GH99/Cu75Pt25/Nb

joints, the interfacial microstructure evolution of
GHO99/Cu75Pt25/Nb joint was proposed with the
melting temperature (1127 °C) of Cu75Pt25 as the
limit, as illustrated in Figs. 10 and 11, respectively.
When the brazing temperature was lower than
1127 °C (Fig. 10), the joint formation could be
divided to the following stages. (1) The formation
of liquid phase. During the heating process, the
local Cu-rich zone in the solid filler metal began to
melt, and the micro zone gradually developed to a
larger one. (2) The dissolution and diffusion of
elements. The formation of liquid phase promoted
the elements dissolution, and element Pt dissolved
into the molten filler and diffused to Nb substrate to
form Nb;Pt reaction layer. When raising the brazing
temperature, element Ni in GH99 substrate
dissolved in the molten filler and rapidly diffused to
the Nb side for concentration gradient, which
promoted the formation of Nb;Nig phase. Besides, a
part of Nb atoms diffused to the solid filler and
reacted with Ni atoms to form NbNi; compounds.
(3) The stage of solidification. During the cooling
process, the residual molten filler in the brazing
seam gradually solidified and precipitated Cu(s,s).
Finally, the typical interfacial microstructure
of Nb/Nb+Nb;Nis/Nb;Pt+NbNis/Cu(s,s)/GH99 was
obtained in GH99/Cu75Pt25/Nb brazed joint.

Fig. 9 BSE images of GH99/Cu75Pt25/Nb joints brazed at 1150 °C for different holding time: (a) 5 min; (b) 10 min;

(¢) 15 min; (d) 20 min
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Fig. 10 Schematic formation processes of GH99/
Cu75Pt25/Nb brazed joint (<1127 °C): (a) Slow melting
of Cu75Pt25 filler; (b) Formation and growth of reaction
layers; (c) Formation of interface at cooling stage

When the brazing temperature was higher than
1127 °C (Fig. 11), the joint formation processes
were as follows. (1) The formation of liquid phase.
The Cu75Pt25 filler metal began to melt and liquid
phase was formed when brazing temperature
exceeded its melting point. (2) The dissolution and
diffusion of elements. Element Ni began to dissolve
from GH99 into the liquid. EIJK et al [37]
illustrated that element Ni in superalloy diffused
into the brazing seam more easily than other
alloying elements. Because of the lower partial
enthalpy, element Ni has a stronger tendency
to react with Nb rather than Pt [38,39], and
the Gibbs free energy for the formation of Ni—Nb

GH9Y,

” 2+

Fig. 11 Schematic formation processes of GH99/
Cu75Pt25/Nb brazed joint (>1127 °C): (a) Quick melting
of Cu75Pt25 filler; (b) Formation and growth of reaction
layers; (c) Formation of interface at cooling stage

intermetallics at 880 °C also testified it [40].
Therefore, the formation of Ni—Nb reaction layer
was thermodynamically favorable and formed along
Nb substrate in the brazing seam (Fig. 11(b)).
Meanwhile, the formation of diffusion zone was
attributed to the diffusion of elements towards filler
metal [41]. Because the diffusion and consumption
of element Ni came from GH99, the Ni(s,s)
diffusion zone was formed at the GH99 side, which
enriched with various alloying elements (Cr, Co,
Mo and W). On the other hand, the prolonging
holding time led to the strong inter-diffusion of
elements Ni and Cr from GH99 and element Nb
from Nb substrate to each side [42], which
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increased the contents of elements Nb, Ni and Cr in
the liquid filler, and the floc-like composite
structures (NbCr, and NbNi; phases) precipitated
during the cooling process. Elements Cu and Pt in
the brazing filler were mutually soluble with Ni,
leading to their diffusion into GH99 substrate, and
then elements Pt and Cu distributed throughout the
interface evenly (shown in Figs. 3(b, c)). (3) The
stage of solidification. During the cooling process,
the liquid phase contained a part of residual
elements Ni, Nb and Cr solidified into floc-like
composites (NbCr, and NbNi; phases), and a small
amount of lath Cr-rich NbNi; phase precipitated in
the matrix Ni(s,s). Finally, the typical interfacial
microstructure of Nb substrate/Nb;Nigt+NbNis/
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Ni(s,s)+Cr-rich NbNi;+(NbCr,+NbNi3;)/GH99 super-
alloy was formed.

3.4 Effect of brazing parameters on mechanical
properties of joints
Figure 12 shows the shear strength of
GH99/Cu75Pt25/Nb joints brazed at different
brazing parameters. It can be seen clearly that the
effects of brazing temperature and holding time on
the joining strength are similar. When elevating the
temperature and holding time, the shear strengths of
the joints increased firstly and then decreased, and
the maximum shear strength of ~152 MPa was
achieved when brazed at 1150 °C for 15 min.
Figure 13 gives the fractography of GH99/

®) 71150 °C

160 {_
140
120 {7 %

100

T

T

Shear strenghth/MPa

40t
20

5 10 15 20
Holding time/min

Fig. 12 Effect of brazing parameters on shear strength of GH99/Cu75Pt25/Nb joints: (a) Brazing temperature;

(b) Holding time

4

Fig. 13 Brazed joint fracture characterization at 1100 °C (ay, a;), 1120 °C (b;, by), 1130 °C (cy, ¢,), 1140 °C (d;, d,),
1150 °C (ey, e5) and 1160 °C(f}, f,) for holding time of 10 min
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Cu75Pt25/Nb  joints  brazed at  different
temperatures for the same holding time. When the
brazing temperature was lower than 7} of Cu75Pt25
filler, the crack mainly occurred in the Nb;Pt layer
and then propagated rapidly to tear part of Nb
substrate, as shown in Figs. 13(a;, by). The fracture
results indicated the lower bonding strength of
Nb substrate/brazing seam interface owing to
insufficient element diffusion, and the formation of
layered NbsPt brittle phase, which was detected by
the XRD pattern (Fig. 14(a)), also deteriorated the
joint strength [43,44]. As the brazing temperature
increased over T;, the fracture started from the
Nb—Ni intermetallic compound in Zone I and the
crack propagated to the Ni-based solid solution
along the interface between Zone I and Zone 11, as
shown in Figs. 13(c;—f,). The EDS results of
fracture surface showed that the fracture occurred
when the Nb;Nis or NbNi; phases was formed. The
disappeared Nb—Pt compounds were conducive to
the improvement of joint strength. However, the
increasing solubility of Nb and Ni in the substrates
led to the formation of Nb—Ni brittle phases, which

(2)

e

v — Nb;Nig
+ —Nb;Pt

10 20 30 40 50 60 70 8 90

20(°)
®) .
« — NbNi;
N
1 ek¥ :
10 20 30 40 50 60 70 80 90
200%)

Fig. 14 XRD patterns of fracture surface after shear test
of joint brazed at different temperatures for 10 min:
(a) 1120 °C; (b) 1150 °C

was harmful to the joint strength to some extent. In
addition, the phases in the brazing seam became
coarser and the reaction layer got thicker with
the increasing brazing temperature, which also
resulted in the degradation of joint strength. Finally,
the shear strength of GH99/Cu75Pt25/Nb joints
reached the maximum of 133.3 MPa when brazed at
1150 °C.

The fracture morphology in Fig. 15 showed
that the fracture mode was the second brittle rupture,
as described above at 1150 °C for different holding
time. Totally, the effect of holding time on the
joining properties was similar to that of brazing
temperature. With holding time prolonging, all of
the fracture location occurred in Nb—Ni compounds
layer close to Nb substrate and the fracture surfaces
presented cleavage facet features, as shown in
Fig. 15. With further increasing holding time to
20 min, the fracture surface was dominated by
larger cleavage surface with small amount of
Ni-based solid solution, as shown in Fig. 15(h).

4 Conclusions

(1) The typical interfacial microstructure of
GH99 superalloy and Nb brazed at 1140 °C for
10 min was Nb substrate/Nb;Nigt+NbNis/Ni(s,s)+
Cr-rich NbNi;+(NbCr,+ NbNi3)/GH99 superalloy.

(2) Brazing temperature and holding time
accelerated the
elements between molten filler and substrates,
which resulted in the increasing thickness of Nb—Ni
intermetallic reaction layers and diffusion layer. The
thicknesses of diffusion zone and reaction layer on
GH99 superalloy side increased gradually with the
extension of holding time. With the elevation of
brazing temperature, the thickness of Nb—Ni
reaction layer that replaced the Nb;Pt phase formed
at low brazing temperature increased firstly and
then remained constant.

(3) The shear strength of joints increased
firstly and then decreased as the temperature
increasing or holding time prolonging. The highest
average shear strength reached ~152 MPa when
brazed at 1150 °C for 10 min. Cracks tended to
initiate and propagate in the brittle Nb;Pt phase
when brazing temperature was lower. The fracture
location transformed into the Nb;Nig/NbNi; layer
adjacent to Nb substrate when brazing temperature
was higher than 1127 °C.

inter-diffusion and reaction of
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Fig. 15 Brazed joint fracture characterization at 1150 °C for 5 (a, b), 10 (c, d), 15 (e, f) and 20 min (g, h):
(a, c, e, g) BSE images of fracture path; (b, d, f, h) Corresponding fracture surface morphologies
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Cu75Pt25 $FRHTIE GH99 F1 Nb (EFEEL i
RHEBLERIIF MR

Aag !, Apm ' Fx5 F e RpeE ' gEFf?

1 MR T2 () AR B R AR IR R LR SR =, B 2642005
2. MERIETNPR S SEdb It S X i Se 0 =, IG/RUE 150001

#  E: KA Cu75PR5 4RI GH99 MR & 45 Nb A4k ie:, Wil IR ES S RIFINEH Rk, 5
PRSI 1 B Y AL S A 2R 45 K9 O NIb/NbsNig+NDbNi3/Ni(s,s)+ & Cr NbNis+HNbCr,+NbNiy)/GH99. 73 &7 45 i B
PRI TR X GH99/Cu75Pt25/Nb 23k S WA R e . 45 RER ], GH99 &4 Ni J& T RS E RO A
B R LR RS B REEMIEM .. BEEIRRERN T &, No-Ni B EWRGEUR R R A B NbsPt A4
2, BHJEREAHK, RIEHIEFEAZE. 1150 °C RIR 15 min I, FriS4FEE L fa R aIsR A 152 MPa; %3k
Y RO AR, WAL E B NbsPt JZ 17 Nb—Ni (b &2 45 .
R BEEIRS 4 B8 Cu7sPRs FRRL 4TI, BAALL Jitted
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