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Abstract: The hot isostatic pressing-diffusion bonding (HIP-DB) was proposed to achieve the joining of CuAgZn and
GH909 directly without an interlayer. The microstructure of joint was characterized by scanning electron microscope
(SEM), energy dispersive spectrometer (EDS) and X-ray diffraction (XRD). The microhardness and shear strength were
tested to investigate the mechanical properties of joint. The results showed that the interface was complete, and the joint
was compact, uniform and free of unbonded defects. The maximum microhardness of joint was HV 443, higher than
that of two base alloys, and the average shear strength of joint reached 172 MPa. It is concluded that a good
metallurgical bonding between CuAgZn and GH909 can be obtained by HIP-DB with the process parameters of

700 °C,150 MPa and 3 h.
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1 Introduction

CuAgZn alloy consisting of copper, silver and
zinc is a Cu-based alloy, which has the features of
low melting point, good fluidity and wettability.
GH909 superalloy is a new kind of Fe—Ni—Co
based superalloy with low thermal expansion, high
strength and plasticity, high thermal fatigue
resistance, low expansion coefficient and other
comprehensive mechanical properties [1]. The
joining of CuAgZn and GH909 these two new
alloys can perform a high integrated property.
However, the bonding of dissimilar materials such
as CuAgZn alloy and GH909 superalloy has always
been a challenging work due to the large differences
in the thermal expansion coefficient and elemental
composition. One important application of hot
isostatic pressing (HIP) is an interfacial bonding by
using a high flexible media pressure loading at a
high elevated temperature [2]. Therefore, the hot

isostatic  pressing-diffusion bonding (HIP-DB)
method is an innovative joining technology
using a multiplier effect of high temperature
and high pressure to bond similar or dissimilar
materials which are difficult to be bonded by other
methods [3]. Especially, the pressure of hot
isostatic pressing-diffusion bonding is applied with
a gas (usually inert gas), hence it is flexible and
isostatic [4]. Consequently, with the characteristics
of three-dimensional isotropic and flexible medium
applied pressure, the joints obtained by hot isostatic
pressing-diffusion bonding have less residual stress,
less welding deformation and better quality.

Until now, few studies have been done on the
joining of CuAgZn alloy and GH909 superalloy as
they are both novel materials. Cu—Ag—Zn alloys
are often reported as filler metals to braze
materials [5—7] rather than the base materials.
Especially, many researchers address to apply
Cu—Ag—Zn or Cu—Ag alloys as solders to braze
superalloys with superalloys [8,9], metals [10],
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cermets [11], ceramics [12] and composites [13].
The studies of the joining of GH909 superalloy
mainly focus on laser welding [14—18]. And more
studies for the diffusion bonding of copper or
Cu-based alloys to superalloys directly [19] or as
intermediate layers [20,21] were -carried out.
Regarding to the hot isostatic pressing-diffusion
bonding of superalloys, some studies have been
conducted [22—24]. But the practical application of
hot isostatic pressing- diffusion bonding is more in
the joining of metals or alloys in the field of
nuclear [25,26], typical joints like W/steel [27],
W/CuCrZr [28], steel/steel [29], steel/CuCrZr [30],
Be/steel [31], and Be/CuCrZr [32], etc. As
described above, little attention has been focused on
the joining of CuAgZn alloy and GH909
superalloy.

In the present work, a method was proposed to
use hot isostatic pressing to realize the diffusion
bonding of the CuAgZn alloy and the GH909
superalloy in the solid state directly without an
interlayer. The microstructure, element distribution,
phase composition and mechanical properties of the
CuAgZn/GH909 diffusion bonded joint were
studied. The purpose of this work is to provide a
feasible method for the direct bonding of CuAgZn
alloy and GH909 superalloy.

2 Experimental

2.1 Materials

The experimental CuAgZn alloy was cast with
the Cu to Ag to Zn mass ratio of 50:25:25. The
chemical composition of the experimental GH909
superalloy is given in Table 1. The material of the
capsule used in this experiment was oxygen-free
copper and the capsule was processed to cover the
two base alloys for vacuum purpose. The oxygen-
free copper capsule was employed as it possessed
good plasticity and low yield strength at a high
temperature, which would promote the pressure
transfer and the diffusion bonding of the two base
alloys.

Table 1 Chemical composition of experimental GH909

superalloy (wt.%)
Ni Co Nb Ti Cr Cu
35.0 14.0 43 1.5 0.5 0.5
Mn Si Al Others Fe
0.45 0.3 0.1 0.07 Bal.

2.2 Procedure

Firstly, the bonded surfaces of the base alloys
were ground and polished to remove the oxide layer
and enhance the surface roughness, then ultrasonic
cleaner was applied to cleaning the residual oil
remained on the surfaces. Subsquently, the two base
alloys were assembled into the oxygen-free copper
capsule as shown in Fig. 1, and then the capsule
was degassed until the vacuum degree reached
1.0x107 Pa and sealed in vacuum state. Finally, hot
isostatic pressing was carried out to make a
diffusion bonding of the CuAgZn alloy and the
GH909 superalloy under the process parameters of
700 °C, 150 MPa and 3 h of holding time. After hot
isostatic pressing, the capsule was removed by
machining.

(a)

(b)

Fig. 1 Assembled samples: (a) Schematic diagram of
assembled sample; (b) Picture of assembled sample

2.3 Methods

The microstructure and fracture morphologies
of the CuAgZn/GH909 bonded joint were observed
by a JSM6010 scanning electron microscope (SEM).
The element distribution of the joint was analyzed
by a CamScan—3400 energy dispersive spectrometer
(EDS). The sample was cut, ground and polished
before SEM and EDS. The phase composition of
the joint was characterized by a D/MAX-2500
X-ray diffraction (XRD). Three shear samples were
prepared, as shown in Fig. 2, and the shear tests
conducted by a CTMI100G electronic
universal testing machine. Three microhardness
samples were prepared, and the FM800 Vickers
hardness applied to testing the
microhardness of the joint with a load of 1.96 N for
15 s. Three points for each position were evaluted
to determine a average value.

WEre
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Fig. 2 Schematic diagram of shear sample (unit: mm):
(a) Front view; (b) Top view

3 Results and discussion

3.1 Microstructure of CuAgZn/GH909 joint

The microstructure of the CuAgZn/GH909
diffusion bonded joint is shown in Fig.3. The
bonded joint can be divided into three regions as
shown in Fig. 3(a), in which the areas from left to
right are GH909 base alloy region, bonded interface
and CuAgZn base alloy region, respectively. It can
be found that the bonded interface is tight and
complete, and the joint is compact, uniform and
free of unbonded defects such as cracks, pores and
voids, which can indicate that a good metallurgical
bonding between the CuAgZn alloy and the GH909
superalloy is obtained. The desirable joining results
for these two dissimilar materials benefit from the
multiplier effect of high temperature and isostatic
pressure of hot isostatic pressing-diffusion bonding.

Interface

CuAgZn

3.406 um

3.200 um

3.100 pm

During the hot isostatic pressing-diffusion bonding
process, on one hand, pores and voids were
gradually eliminated by the high flexible media
pressure. On the other hand, atoms in two base
alloys interdiffused across the interface at the high
temperature. Therefore, a smooth transition of the
interfacial components was achieved and a sound
joint was obtained. In addition, the segregation of
Ag element in the CuAgZn base alloy can be
clearly observed.

The magnified image of Fig. 3(a) is shown in
Fig. 3(b). There is a diffusion layer at the interface
as shown in Region I in Fig. 3(b), but it is not
distinct. The magnified image of Region I was
obtained as shown in Fig. 3(c), and it can be found
that the thickness of the diffusion layer is
approximately 3 um, which is relatively thin. The
main reason for the formation of the diffusion layer
is that the intermetallic compounds (IMCs) were
formed at the interface by the interdiffusion and
reaction of the atoms in the two base alloys [33].
When dissimilar materials are joined together by
diffusion bonding process, the growth of the
interfacial reaction layer, particularly the thickening
of the intermetallic compounds reaction layer is
detrimental to the joint properties [34]. Because the
interfacial reaction layer is prone to defects and
becomes the preferential layer to crack [35], the

Diffusion layer

Fig. 3 SEM micrographs of cross section of CuAgZn/GH909 bonded joint: (a) Morphology of whole joint;

(b) Magnified image of (a); (c) Magnified image of Region I in (b); (d) Magnified image of Region II in (b)
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excessive thickening of the diffusion layer will be
harmful to the joint properties [36]. Moreover, the
study [37] has shown a linear relationship between
the thickness of the diffusion layer and the square
root of the holding time, as shown in the following
equation:

yocDt (1)

where x is the thickness of the diffusion layer (m);
D is the diffusion coefficient (m?¥s) related to the
temperature; ¢ is the holding time (s). It can be
concluded from Eq. (1) that the temperature and
holding time selected for this experiment were
suitable, and there was no severe interfacial reaction
and no excessive increase in the thickness of the
diffusion layer.

Another key point is that the microvoids are
observed in CuAgZn base alloy near the interface
as shown in Region II in Fig. 3(b). From the
magnified image Fig.3(d) of Region II, the
maximum size of the microvoids is no more than
5 um. Conversely, there are no microvoids in
GHO909 base alloy, and it can be inferred that these
microvoids may result from the Kirkendall effect
due to the unbalanced diffusion.

3.2 Element distribution of CuAgZn/GH909

joint

The element distribution of the CuAgZn/
GH909 diffusion bonded joint was studied by using
line scanning analysis of EDS as shown in Fig. 4
and the result shows that there is significant
element diffusion across the interface. The Fe, Ni
and Co elements in the GH909 base alloy and Cu,
Ag and Zn elements in CuAgZn base alloy
interdiffuse across the interface, which can indicate
that there is a diffusion zone in both GH909 and
CuAgZn base alloys. Furthermore, the segregation
of Ag element in the CuAgZn base alloy can also be
clearly observed in Fig. 4. The elemental analysis
was performed at three points, as shown in Fig. 4,
and Point 1 was in GH909 base alloy region 50 um
from the interface, Point 2 was at the bonded
interface, and Point 3 was in CuAgZn base alloy
region 50 pm from the interface. The corresponding
analysis results are displayed in Table 2. Cu is
detected at Point 1 and Ni is detected at Point 3,
which can confirm that there is sufficient element
diffusion between the two base alloys. In addition,
at Point 2 at the interface, the content of Fe in

GHO909 base alloy is the highest, followed by Co
and Ni. The content of Cu in CuAgZn base alloy is
the highest, followed by Zn and Ag. This result
shows the diffusion fluxes of the main elements in
the two base alloys at the interface.

Fig. 4 Line scanning analysis of EDS for CuAgZn/
GH909 bonded joint

Table 2 EDS results for CuAgZn/GH909 bonded joint
(at.%)

Element Point 1 Point 2 Point 3
Fe 43.28 44.45 -
Ni 34.69 3.55 1.6
Co 13.39 13.11 -
Cu 2.56 20.08 64.49
Ag - 3.21 7.26
Zn - 8.59 26.65
Nb 2.93 3.68 -
Ti 1.81 1.7 -
Si 0.87 0.89 -
Cr 0.47 0.74 -

Total 100 100 100

3.3 Mechanical properties of CuAgZn/GH909

joint

The mechanical properties of CuAgZn alloy
should be investigated to be compared with the
CuAgZn/GH909 bonded joint because the
microhardness and shear strength of GH909 base
alloy are higher than those of CuAgZn base alloy.
Since the CuAgZn alloy is a kind of new material
which lacks relevant mechanical properties data, the
microhardness and shear strength of the CuAgZn
base alloy employed in this experiment were
directly tested, and the results are shown in Tables 3
and Table 4.
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Table 3 Microhardness of CuAgZn base alloy

Number Microhardness (HV)

1 105.5

2 105.5

3 108

4 106

5 103.2

6 107
Average 105.9

Table 4 Shear strength of CuAgZn base alloy

Number Shear strength/MPa

1 229.2

2 234.6

3 226.8

4 230.4

5 219.6

6 225
Average 227.6

The microhardness from the GH909 superalloy
side to the CuAgZn alloy side was measured. The
location of the measured points and the distribution
of the microhardness are shown in Fig. 5. On the
whole, the microhardness decreases slightly from
the interface to the base alloy on both sides with the
increase of distance. Because the interfacial
diffusion layer is mainly composed of intermetallic
compounds and solid solutions, it exhibits higher
microhardness than the two base alloys. When
crossing the interface, the microhardness is steeply
decreased from the range of the hot isostatic
pressing-diffusion bonded (HIP-DBed) GH909
superalloy to the range of the HIP-DBed CuAgZn
alloy. Especially, on the GH909 alloy side, the
maximum microhardness is HV 443, which is
located near the interface. The farther the distance
from the interface, the lower the microhardness, and
finally, the stable value HV 431 can be obtained,
which can be decided as the microhardness of the
HIP-DBed GH909 superalloy. The microhardness is
much higher than that of the GH909 base
superalloy before HIP-DB (HV 208) and the
GH909 laser-welded joint (HV 250) [38]. It can be
found that GH909 superalloy has been hardened
after HIP-DB process. On the CuAgZn side, the
distribution of microhardness is similar to that of

the GH909 superalloy side. The maximum

microhardness of HV 114 is also located near the
interface, and the stable value HV 106 is obtained,
which is within the range of the CuAgZn base alloy
before HIP-DB process. And it can be seen that the
microhardness of CuAgZn alloy does not change
significantly after the HIP-DB process, which is
different GH909
superalloy.
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The measured shear strength of the CuAgZn/
GH909 bonded joint is shown in Table 5. The
average shear strength of the joint reaches 172 MPa,
which is as high as 76% that of the CuAgZn base
alloy, and this value is relatively high in the absence
of an intermediate layer.

Table 5 Shear strength of CuAgZn/GH909 bonded joint

Number Shear strength/MPa
1 165.552
2 170.001
3 180.016
Average 171.856

3.4 Shear fracture of CuAgZn/GH909 joint

The fracture morphology of the shear
specimen is shown in Fig. 6. The fracture region
forms on the CuAgZn alloy side near the interface
because the interfacial shear strength is the lowest
and some microvoids caused by the Kirkendall
effect exist on the CuAgZn alloy side. The fracture
on the CuAgZn alloy side has obvious plastic
deformation and necking phenomenon, and the
length of the fracture is extended from 5 to 6 mm.
On the contrary, the fracture on the GH909 alloy
side has no deformation or elongation. It can be
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seen that the experimental shear stress causes
plastic deformation of the CuAgZn base alloy, but
has not yet reached the plastic deformation range of
the GH909 base alloy. The fractures on both sides
are flat and bright, and the parallel lines can be
observed. It can be found that the shear fracture is
mainly characterized by brittle fracture. The shear
fracture morphologies were further observed by
SEM, and the results are shown in Fig. 7.

"
f

: 'CuAan

6 mm =—=

Fig. 6 Fracture morphologies of shear samples

In Fig. 7(a), the shear fracture is flat and
bright, and obviously, there is a crack formation
(Region I), a crack propagation (Region II) and a
shear lip (Region III). In the magnified image of
Fig. 7(a) as shown in Fig. 7(b), there are flat
parallel lines at the fracture (Area I'V), which can be
determined that these areas are brittle. In addition,

there are tearing edges and a certain number of
dimples at the fracture (Area V), which can be
determined that these areas are ductile. Typical
brittle areas and ductile areas are shown in
Figs. 7(c) and (d), respectively. Therefore, the shear
fracture has the common characteristics of both
brittle fracture and ductile fracture, and it is
characterized by the ductile—brittle mixed fracture
morphology and exhibits micro-plasticity. However,
the brittle fracture areas are significantly more than
the ductile fracture areas in general, and the ductile
characteristics are not more obvious compared to
the brittle characteristics. Hence the shear fracture
is mainly characterized by brittle fracture, which is
consistent with the observation of the macroscopic
morphology.

With further higher magnification observation,
as shown in Fig. 8, there are a large number of
cleavage steps and river-like patterns (rectangular
areas in Figs. 8(a), (b), (c) and (d)) at the fracture,
and small, shallow dimples and tearing edges
(circular areas in Figs. 8(a), (b), (c) and (d)) exist at
the intersection of the steps, which can indicate that
these steps were formed by tearing. According to
the fracture mechanism, it is speculated that the
quasi-cleavage fracture occurred. The fracture
process was analyzed, with the increase of shear
stress, plastic deformation firstly occurred in the

Fig. 7 SEM micrographs of shear fracture of CuAgZn/GH909 bonded joint: (a) Morphology of whole fracture;
(b) Magnified image of (a); (c) Characteristic of brittle fracture; (d) Characteristic of ductile fracture
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Fig. 8 SEM micrographs of shear fracture in four regions: (a) Region 1; (b) Region 2; (c) Region 3; (d) Region 4

CuAgZn base alloy (Region I in Fig. 7(a)). While
the joint was brittle and cannot coordinate the
plastic deformation of the CuAgZn base alloy. And
due to the microvoids caused by the Kirkendall
effect, stress concentration increased on the
CuAgZn alloy side near the interface. When the
stress concentration reached the critical value,
cracks were formed and rapidly propagated in
Region II in Fig. 7(a). Finally, the shear sample
fractured in Region III in Fig. 7(a). This fracture
process was similar to that of quasi-brittle fracture.
The EDS analysis was performed on two
points (Fig. 7(d)) at the fracture, and Point 1 was in
the ductile area and Point 2 was in the brittle area.
The EDS analysis results are shown in Table 6. At
Point 1, the main elements are Cu and Zn, where
ductile phases may be formed by these elements. At
Point 2, the main elements are Ag, Zn and
Fe, where brittle phases may be formed by
these elements. Therefore, it can be considered
that the different elements in the two base alloys

Table 6 EDS results for shear fracture (at.%)
Poit Fe Co Ni Cu Zn Ag  Total
1 2.16 0.77 2.07 67.88 2293 4.19 100
2 1122 7.73 1.38 9.73 13.07 56.87 100

interdiffused to form various phases during the hot
isostatic pressing-diffusion bonding process, and
the shear fracture exhibits different characteristics
due to these phases.

In order to analyze the phase composition
more accurately and verify the analysis results of
EDS, X-ray diffraction analysis which employed a
Cu target with 40 kV voltage and 200 mA current
was used to analyze the phase composition of the
fracture. The results of XRD are shown in Fig. 9,
the main phases at the fracture are Ag (solid
solution), CugesZngzs and FesZnj,. Among them,
FesZnj is a Fe—Zn intermetallic compound while
Ag is a solid solution, and they are both brittle
phases, which results in the brittle characteristics of
the shear fracture. CugesZngs6 1s @ Cu—Zn eutectic
phase, and it is an electronic compound that belongs
to a high-strength plastic phase, which results in the
ductile characteristics of the shear fracture. The
results are consistent with the previous analysis
based on the EDS. The fracture in this work is
different from the ductile fracture of the superalloy
joint brazed by CHEN et al [39] using the copper
foil because the Ag and Zn elements in the CuAgZn
alloy also affect the joint properties. More
specifically, for the joining of superalloys, Cu can
restrain the formation of intermetallics [40] and
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decrease the formation of brittle phases [41], and
Ag forms a solid solution which is brittle [42] while
the solid solution can enhance the joint
microhardness [43]. SIMOES et al [44] also used
Ag—Cu sputtered-coated Ti foil to increase the
hardness and eliminate the detrimental extensive
segregation of hard and brittle compounds, which
ultimately improved the mechanical properties of
joints. Consequently, it can be confirmed that the
diverse elements in the two base alloys reacted and
formed Fe—Zn, Cu—Zn intermetallic compounds
and Ag solid solution in the diffusion zone during
the hot isostatic pressing-diffusion bonding process.
Fe—Zn intermetallic compound and Ag solid
solution are brittle phases, and they enhanced the
joint microhardness while decreased the joint
strength. Cu—Zn intermetallic compound is a ductile
phase, and it reduced the brittleness of the joint.

o0

A — Ag

v — CuyeuZng 36
e —Fe;Zny

o —[Fe, Ni]

4I0 Sb 6I0 7‘0 8I0 9I0 160 11‘0 12‘0 13IO 140
200(°)
Fig. 9 XRD pattern of shear fracture

4 Conclusions

(1) The CuAgZn alloy and GH909 superalloy
were directly diffusion bonded by hot isostatic
pressing successfully with the process parameters
of 700 °C, 150 MPa and 3 h. The bonded interface
was tight and complete, and the joint was compact,
uniform and free of unbonded defects. The
diffusion layer at interface was not distinct and the
thickness was approximately 3 um, which was
beneficial to the properties of the joint. There was
significant interdiffusion across the interface at the
joint and the diffusion zone existed in both GH909
and CuAgZn base alloys.

(2) The joint exhibited higher microhardness
than the two base alloys and the maximum
microhardness was HV 443, which was attributed to

the higher microhardness intermetallic compounds
and solid solutions formed in the diffusion zone.
The average shear strength of the joint reached
172 MPa, which was as high as 76% that of the
CuAgZn base alloy.

(3) The brittle nature dominated the shear
fracture, but it also had ductile characteristics as
Fe—Zn, Cu—Zn intermetallic compounds and Ag
solid solution were formed in the diffusion zone.
These brittle and ductile phases together affected
the fracture characteristics.
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