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The novel metallurgical joining process for bonding IN718 superalloy was investigated by hot
compressive bonding (HCB) process under the deformation temperature range of 1000 °C to
1150 °C and true strains ranging from 0 to 0.5 at a strain rate of 0.001 s™'. The effect of HCB
process parameters on the tensile strength was analyzed. Both the as-deformed and the
interfacial microstructures were characterized using the optical microscope, electron
backscattered diffraction and transmission electron microscope (TEM) analysis. The results
of tensile property revealed that the degree of metallurgical bonding is promoted by increasing
deformation temperature and strain. The evolution of the interfacial microstructure showed that
the migration of interfacial grain boundary (IGB), which is characterized by discontinuous
dynamic recrystallization, is the dominant metallurgical bonding mechanism in the early stages
of bonding. TEM analysis indicated that the dislocation density is distributed heterogeneously
over both sides of IGB, which is the significant reason for the migration of IGB, during the

initial stage of HCB process.
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I. INTRODUCTION

THE nickel-based superalloy IN718 is being used in
the form of several critical parts of modern aero-engines,
gas-turbine components, and extrusion dies."™* These
applications require adequate bonding technologies,
such as fusion welding (including TIG welding!),
electron beam welding,® diffusion bonding (DB),l"™
linear friction welding (LFW),l'%!! ¢rc. for joining
various components during product application. How-
ever, these joining technologies have their inherent
disadvantages. For example, when using TIG welding
processes, formation of interfacial cracks is still a major
problem.l"*"?! Other bonding methods, such as DB,
commonly require prolonged joining time or compli-
cated heat treatments. Hence, it is of considerable
interest to explore a new welding technique which can
bond metal joints efficiently with minimal process time.
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As a metallurgical bonding technique, hot compres-
sive bonding (HCB) is a process wherein two bonding
surfaces initially come into close contact. With the
increasing in plastic deformation and temperature, the
metal joints are bonded due to the migration of
interfacial grain boundary (IGB) by removing the
original mating surfaces. The process that controls the
kinetics and quality of HCB process is the transforma-
tion of the interface into a grain boundary and the
subsequent migration of the grain boundary. For
successful bonding, the migration of IGB is most
beneficial, since it removes imperfections in the inter-
face. HCB is an advanced solid-state joining process and
has been applied successfully in steels and su};)eralloys.
According to previous research, Gao et al" investi-
gated the influences of temperature and strain rate on
microstructure and bond strength of the low-carbon
steel/high-chromium cast iron bimetal prepared by HCB
process. It was found that increasing temperature and
reducing strain rate could improve the bond quality due
to the increasing elemental diffusion. Sun er al!'®
studied the effects of process parameters on the diffusion
behaviors of different elements in HCB process of
bimetallic samples, and then proposed the element
diffusion model considering the influences of different
processing parameters. Based on this modified model,
the concentration profile and diffusion distance in the
transition zone could be well predicted. Yang et all'”
investigated the physical simulation of interfacial
microstructural evolution for HCB behavior of
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GH4169 superalloy. From FEM results, it was found
that both the axial and radial mises’ stresses have a
uniform distribution, and a continuous distribution of
mises’ stresses in both the axial and the radial directions.
The equivalent plastic strain (PEEQ) appeared in the
bonding interface. The decreasing extent of the PEEQ
along the axial direction is significantly higher than that
along the radial direction. Compared with traditional
joining methods, such as DB, the significant difference in
HCB process is the severe plastic deformation (SPD) on
the bonding area. Joining is accomplished through the
process of large plastic deformation at elevated temper-
ature. Hence, the crack generated in TIG welding can be
resolved with this method. The problems generated in
diffusion bonding process, such as long bonding times
and lower bonding strength, are also practically solved
by means of HCB process. The properties of the
materials produced by HCB process can meet the
requirements for most critical parts in terms of strength
and ductility. For these reasons, the technique is
preferred for bonding some superalloys which are used
in some critical conditions.

Although as a new metallurgical bonding technique, a
few research articles about HCB process have been
published in the recent past. However, the effects of the
deformation temperature and strain on the bonding
behavior of the material are far from being understood.
Therefore, this study is conducted with the aim to
understand these effects through detailed investigation
on the development of bonding area. The evolution of
interfacial microstructure under different temperatures
and strains was analyzed with optical microscope (OM),
electron backscattered diffraction (EBSD), and trans-
mission electron microscope (TEM) methods. The
tensile properties of the joints are analyzed. Moreover,
the formation mechanism of metallurgical bonding is
also discussed in depth.

II. METHODOLOGY
A. Materials

The material used in this study was superalloy
(IN718) with the chemical composition as shown in
Table I. After solution treatment at 1050 °C for 1 hour,
the steels were finally quenched to room temperature in
cold water. The initial microstructure with equiaxed
grains and annealing twins is shown in Figure 1.

B. Compressive Bonding and Tensile Test

The compression specimens (@8 mm x 6 mm) were
machined from the annealed material. As shown in
Figure 2, the contact pair was composed of compression
specimens. Before testing, the contact surfaces were
polished to remove the oxide, and obtain smooth
surfaces. HCB process was conducted in a Glee-
ble—3500 thermal simulator at the strain rate of
0.001 s™', in the temperature range of 1000 °C to
1150 °C to attain different true strain levels ranging
from 0 to 0.5. In the testing process, all samples were
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heated to the temperature with 5 °C s™', and then held
for 5 minutes to eliminate the temperature gradient in
each sample. In addition, vacuum level of 2.2 x 1073
Torr was maintained in the testing chamber. After hot
compression tests, the test samples were immediately
quenched by cold water.

Tensile test was used to measure the tensile strength of
the joints. In order to obtain tensile specimen with HCB
joints, two similar round bars, named A and B
(@10 mm x 40 mm) as shown in Figure 3, were hot
compressed to weld them together. Then the tensile test
samples (8 mm x 20 mm) were cut from the bonding
joints (A + B). The bonding joints (A + B) were
manufactured by HCB using the Gleeble—3500 thermal
simulator at the strain rate of 0.001 s~' under the
temperature range of 1000 °C to 1150 °C up to the true
strain from 0.2 to 0.5. Further, the tensile tests were
performed at room temperature on a mechanical testing
machine.

C. Microstructure Characterization

The as-deformed samples were cut from the center
along with the radial direction in order to examine the
interfacial microstructure. The samples containing the
interfacial microstructure were grinded and polished by
adopting standard procedures. The polished samples
were chemically etched in a cupric chloride solution
(100 ml HCI + 100 ml CH;CH,OH + 5g CuCly).
Then the microstructures were investigated by optical
microstructure (OM). In order to accurately estimate the
recrystallization volume fraction and the mean grain size
in the deformed microstructure, the central position of
the sample was seclected, and seven metallographic
images were randomly taken in the vicinity. Then the
images were statistically analyzed using Image-J soft-
ware. EBSD maps were obtained with a step size of 1.0
to 1.5 um depending on the grain size to be analyzed.
For transmission electron microscopy (TEM) observa-
tions, the 3-mm diameter disks were machined from the
bonding area in a manner that the bonding line runs
through the center of the disk along with the radial
direction. Then the disks were grinded to 20 um
thickness. Finally, the disks were polished by lon Beam
Grinding machine using double sides of ion beam.

III. RESULTS

A. Microstructure Evolution with Different Compressive
Bonding Temperatures

Figure 4 shows the matrix and interfacial microstruc-
tural evolution of the samples deformed at different
temperatures. It is clear that the bonding interfaces are
located in the center of the samples in Figures 4(a), (c),
(e), and (g). The statistics of the recrystallization volume
fraction and the mean grain size of the samples in
Figure 4 are shown in Figure 5. It can be clearly
observed from the Figs. that the dynamic recrystalliza-
tion (DRX) has occurred in the matrix on both sides of
the interface. The fraction and size of the recrystallized
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Table I. Chemical Composition (Weight Percentage) of the IN 718

Materials Ni Cr Fe Nb Mo

Ti Al Co Si Mn Cu C

IN718 53.35 19.10 17.65 5.18 3.02

0.98 0.56 0.04 0.05 0.03 0.01 0.034

Fig. 1—Initial microstructure of the annealing IN 718.
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Fig. 2—Sample of HCB process tests.

grains are extremely influenced by the deformation
temperature. With a temperature of 1000 °C, a lot of
fine equiaxed recrystallized grains are evolved at initial
grain boundaries of the mating surfaces. With the
increasing temperature, the fraction and size of the
recrystallized grain became higher and bigger (Figure 5).
It becomes almost fully recrystallized at 1150 °C, while
the morphology of the bonding interface at the center of
samples significantly varies with the deformation tem-
peratures. It is quite evident from Figure 5 that the
bonding interface, shown with the black lines, are
becoming more invisible at the centers of all samples.
The square regions in Figures 4(a), (c), (e), and (g),
including the bonding interface, were magnified by OM,
as shown in Figures 4(b), (d), (f), and (h), respectively. It
is revealed that the bonding interface gradually
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transforms into a curved grain boundary with the
increasing deformation temperature. Under relatively
low temperature, it can be seen that most sections of the
interfacial grain boundary are still straight. With the
increasing deformation temperature, some local sections
of the interfacial grain boundary, as marked by red
dashed line, migrate toward to the opposite side of the
interface. When the temperature exceeds 1150 °C, the
interface become completely invisible., Above results
show that at a given true strain level of 0.5, the straight
interface in the center of the deformed samples is
gradually replaced by the curved grain boundaries. This
phenomenon becomes more prominent with the increas-
ing temperature.

B. Microstructural Evolution with Different True Strains

Figure 6 shows the matrix and interfacial microstruc-
tural evolution of the samples deformed to different
strains (0 < & < 0.20) at the similar deformation temper-
ature (1150 °C) and strain rate (0.001 s™'). When the
samples are heated to 1150 °C, many initial interfacial
grains, displaying a square-like morphology, are closely
arranged on both sides of interface, (Figure 6(a)). It can
be observed that the bonding interface in the center of
sample is almost completely straight, and there is no
possibility of macroscopic void formations at the
interface as a result of the polishing process. As shown
in Figure 6(b), when the samples are deformed to a true
strain of 0.05, the shapes of the initial grains on the
interface are gradually transformed into abnormal
morphology due to inhomogeneous plastic deformation.
In this process, the original smooth grain boundaries are
transformed into serrated ones. This phenomenon is
commonly regarded as the grain boundary bulging.!'®
When true strain is increased to 0.1, many small DRXed
grains start to appear on some grain boundaries, and the
straight bonding interface is gradually replaced by the
curved grain boundaries (as shown by the red dashed
lines in Figure 6(c)). This is attributed to the preferential
migration of many small interfacial boundaries to the
opposite grains during the continuous deformation.
When the true strain reaches to 0.2, most of the initial
grains are transformed into small DRXed grains.
Obviously, the initial straight interface is completely
displaced by the curved grain boundaries (as illustrated
in Figure 6(d)). The disappearance of the straight
interface indicates that the samples are completely
bonded by HCB process.

Figure 7 shows the statistics of the mean grain size of
the samples, which are deformed to different true strains
(0 ££<0.50) by HCB process at 1150 °C. It can be seen
from Figure 7 that the mean grain size slightly decreases
in the initial stage of the deformation (¢ = 0.05), and
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then rapidly decreases (0.05 < & < 0.30) until it reaches
to a steady state (0.30 < &< 0.50). It is clear that the
coarse-grained starting sample (Do = 230 um) is con-
tinuously refined during HCB process until the
stable grain size of 45 um is attained. Taku Sakail'”
attributed such evolution of grains to the mechanism of
dynamic recrystallization: the necklace mechanism gen-
erally operates from the existing grain boundaries into
grain interiors. It is obvious that a typical necklace
structure is formed when the deformation strain is 0.10
at 1150 °C, as shown in Figure 6(c). The necklace grain
is formed bg strain-induced bulging of prior grain
boundaries.””! In addition, it is worth noting that, under
the premise of the same initial structure, the mean grain
sizes of the deformed structures (¢ = 0.50) increase with
the increasing deformation temperature (from 1000 °C
to 1150 °C), as shown in Figure 5. Obviously, the
increasing deformation temperature can accelerate the
boundary migration which result in the increased grain
growth.

C. Orientation Evolution of Interfacial Microstructures

Figure 8 shows inverse pole figure maps of the
interfacial microstructures obtained for different true
strains at 1150 °C and at a strain rate of 0.001 s~ !,
During the primary stage of the compressive bonding
(e = 0.05), the grain boundaries on both sides of the
straight bonding interface migrate toward the adjacent
ones, as a result of the grain boundary bulging. Several
twin grains generate on interfacial grains (as shown in
Figure 8(a)). EBSD map shows that the orientations of
the initial grains located on each side of bonding

R5mm

Hot
Compressive
bonding

Bonding
Interface

Fig. 4—Matrix and interfacial microstructural evolution results of P
the dual samples deformed to strain of 0.5 at a strain rate of
0.001 s~ at different temperatures of (a) 1000 °C, (¢) 1050 °C, (e)
1100 °C, and (g) 1150 °C, where (b), (d), (f), and (h) are the
magnification of the white square areas in (a), (c), (¢), and (g),
respectively.

interface are different. With the increasing true strain
to 0.10, a large number of small DRXed grains can be
observed on both sides of the bonding interface. Twin
grains, formed in the initial grains, have all disappeared.
In addition, some sections of the bonding interfacial
boundaries begin to migrate toward the opposite grains
(as shown by white circle in Figure 8(b)). Moreover, the
orientation of migrating boundaries remains the same as
that of their parent grains. When the true strain is
further increased to 0.15, as shown in Figure 8(c), a few
new DRXed grains are constantly generated on the
bonding interface. Meanwhile, some DRXed grains
gradually grow up in size. Clearly, the migrating
boundaries generated on the bonding interface contin-
uously migrate in the direction away from the centers of
their own curvatures. It is worth noting that the
orientations of these migrating boundaries remain the
same as those of their own parent grains (as shown by
white circle in Figure 8(c)). When the true strain reaches
to 0.20, a new grain grows up on the opposite side, such
as grain A, shown in Figure 8(d), and the interface
finally disappears. From the above results, it is evident
that the protrusions of the interfacial grains generated
by grain boundary migration always remain in the same
orientation as those of their own parent grains during

Load
Bonding t
Mechanical
Test

| 20mm |

R2.5m

Load

Fig. 3—Schematic of a normal tensile property test process of the HCB-processed sample.
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the grain-growth process. In addition, fraction of the

low-angle grain boundaries, which is marked by

thin-red

lines in each grain, does not increase significantly with

the increasing strain.

D. TEM Analysis of Interfacial Microstructures

Figure 9 sh

ows representative TEM maps of the

interfacial microstructures obtained at temperature of
1150 °C with strain rate of 0.001 s~' for different true
strain levels. At the beginning of compressive bonding,

the interfacial
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«Fig. 8—Inverse pole figure maps of the interfacial microstructures
with different strains of (a) 0.05, (b) 0.10, (¢) 0.15, (d) 0.20, (e) color
code. (The high-angle grain boundaries and low-angle grain
boundaries are indicated by thick-black and thin-red lines,
respectively) (Color figure online).

straight line (as shown by dashed white line in
Figure 9(a)). Few dislocations are located inside the
interfacial grains because of low plastic deformation of
the interfacial grains. As the true strain is increased to
0.10, it is clear that a large number of dislocations were
generated inside the interfacial grains. Most of them
move toward the interfacial grain boundary. Because of
the potential activation of different slip systems and the
local inhomogeneous plastic deformation, different dis-
location densities are observed inside the interfacial
grains. It is worth noting that the interfacial grain
boundary bulges into the opposite grain, which pos-
sesses a higher dislocation density, as shown in
Figure 9(b). Upon deformation to a true strain of
0.15, it can be seen that the grain boundary migrates
into the opposite side through the initial interfacial grain
boundary (marked by yellow arrows in Figure 9(c)). The
regions swept by the grain boundary migration have
almost no dislocation. When the true strain is further
increased to 0.20, the original deformed grains on both
sides of interface are all transformed into fully DRXed
grains, such as grain A and grain B in Figure 9(d). It
appears from Figure 9 that, in the initial stage of
deformation (0 < ¢ £ 0.10), the number of dislocations
in the interfacial grains gradually increases with the
increasing true strain. Subsequently, most of them move
to the grain boundaries, resulting in the increasing
dislocation density at the grain boundaries. It is known
that the dislocation storage rate may be dependent on
grain orientation during the deformation process.!'
Hence, the dislocation densities on both sides of the
interface are in contrast to each other. It can be
observed that the grain boundary migrates from one
side (with a lower dislocation density) to the other side,
having a higher number of dislocations. The effect of
this migration is to reduce the total number of disloca-
tions in the deformed sample. The TEM observations
are in complete agreement with the OM and EBSD
results.

E. Mechanical Property

The effects of deformation temperature and true
strain on the strength and elongation of the bonding
joints are shown in Figure 10. It is obvious that the yield
strength, tensile strength, and elongation increase with
the increasing deformation temperature and true strain
(Figures 10(c) and (d)). Combined with the evolution of
microstructure, it is easy to understand that the lowest
strength and elongation in  Figure 10(c) are
attributable to no migration in IGB (Figures 4(a) and
(b)). It is worth noting that the increasing grain size
leads to a decrease in strength and ductility for metals.
However, with the increasing deformation temperature
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Fig. 9—TEM maps of the interfacial microstructures showing the interfacial grain boundary migrations obtained at temperature of 1150 °C at
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from 1050 °C to 1150 °C, the strength has not
decreased, so much so the plasticity is increased, since
the grain growth was observed in the bonded joints
(Figure 5). Obviously, the migration in IGB plays a
crucial role in enhancing strength and ductility of the
bonded joints. The increased strength and ductility of
HCB sample (Figure 10(d)), not only result from the
refined grains (Figure 7), but also arise from more
complete migration of IGB. The interfacial grains grow
across the bonding interface by IGB migration, and the
crack growth though these grains becomes not facility,
thus leading to the stronger joints.*? It is evident that
the migration of the IGB is a necessary morphological
characteristic of high-quality bonding with good per-
formance under various testing conditions.
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IV. ANALYSIS AND DISCUSSION

A. Interfacial Microstructural Evolution

Evidences from the matrix and interfacial microstruc-
ture, as well as the EBSD and TEM analysis, suggest
that the following processes had occurred during HCB
process. The microstructures of the bonding interface in
the center of sample do significantly vary with the
compressive bonding temperatures. With the increasing
deformation temperature, the bonding interfaces are
becoming more invisible in the centers of all the samples.
That is because the straight interface in the center of the
deformed sample is increasingly replaced by the curved
grain boundaries with the increasing deformation
temperature.
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Fig. 10—Tensile curves of the joints bonded at different temperatures (a)

strength and elongation (¢) and (d), respectively.

When the compressive bonding tests are conducted at
1150 °C, it can be observed that DRX grains are first
generated on the matrix grain boundaries, and then
many small portions of the grain boundaries on the
bonding interface gradually migrate into the opposite
grains and finally become curved ones with the increas-
ing true strain, resulting in the complete disappearance
of the straight bonding interface. EBSD analysis shows
that the protrusions of the interfacial grains generated
by grain boundary migration have the similar orienta-
tion to that of their own parent grains. Further
investigation by TEM shows that the number of
dislocations in the interfacial grains gradually increases
with the increasing true strain. The interfacial grain
boundaries migrate towards the adjacent grains, having
a higher of dislocation density.

B. Compressive Bonding Mechanism

The observations of interfacial microstructures clearly
indicate that the migration of grain boundary occurred
on the bonding interface during compressive bonding
process of IN718 superalloy. This phenomenon also
appeared in the DB process. Few mechanisms of
interfacial migration have been proposed by many
researchers, such as Kirkendall effect being applied to
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dissimilar DB of materials,* and concentration gradi-
ent effect existing in transient liquid-phase diffusion
bonding process.”” However, these mechanisms are not
applicable to hot compressive deformation bonding,
because Kirkendall effect or concentration gradient
effect only exists between dissimilar materials.

During this compressive bonding of similar materials,
it was revealed that the evolution of interfacial grains
takes place in two stages: the first stage is the DRX
process which occurs in the initial grains as a fall-out of
the previous deformation operation. The second stage is
the metallurgical bonding process in which small grain
boundaries on the interface first bulge into the opposite
side, and then the bulging boundaries continue to
migrate with the increasing strain. Hence, it seems that
the mechanism of interfacial grain boundary migration
is probably related to DRX of interfacial grains.

It is well known that the nucleation mechanisms
associated with dynamic recrystallization can be classi-
fied as two types: i.e., discontinuous dynamic recrystal-
lization  (DDRX) and  continuous  dynamic
recrystallization (CDRX).*>?®! The DDRX is charac-
terized by nucleation of new grains through grain
boundary bulging phenomenon followed by growth of
the recrystallized grains.*’?®! On the contrary, CDRX
commonly involves the formation of low-angle grain
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boundaries (LAGBs), which transform to high-angle
grain boundaries (HAGBs), with the increasing misori-
entations of the subgrain boundaries.*” Obviously,
there is no nucleation in CDRX.

In Figure 8, according to the EBSD map, it is quite
clear that under relatively small strains, the grain
boundaries are completely bulged. These bulged regions
may act as potential sites for the subsequent nucleation
of DRX through the migration of grain boundaries.
This indicates that DDRX, characterized by nucleation
through grain boundary bulging, is the primary mech-
anism of DRX for IN718 during HCB process. It is also
found that some parts of the IGB bulge into the
opposite grains during the initial stage of DRX. The
grain orientations of the bulged regions on the interface
remain the same as that of their own parent grains
(white circles in Figures 8(b), (c) and (d)). It is demon-
strated that the bulging of interfacial grain boundaries
results in metallurgical bonding of the interface. There-
fore, the interfacial grain boundary bulging, which is
characterized by DDRX, is the dominant metallurgical
bonding mechanism in the early stage of bonding.

In general, grain boundary bulging is driven b]y the
energy difference between the adjacent grains.*%' The
TEM analysis of the interfacial microstructure in
Figure 9 revealed that the nonuniform deformation of
interfacial grains at the initial stage of HCB process
could give rise to the difference of the dislocation
densities on opposite sides of IGB. This would cause the
difference of distortion energies in the location of IGB.
Subsequently, a small portion of IGB bulges from the
lower distortion energy level to the higher one. Com-
pared with the grains in the matrix, the occurrence of
bulging on the IGB is invariably delayed. This is due to
the fact that the straight boundary needs more energy to
move than the curved one.

V. CONCLUSIONS

The interfacial microstructural evolution of IN718
superalloy was investigated by HCB process tests. The
metallurgical bonding mechanisms of the interface were
analyzed. The main conclusions drawn from this work
are the following:

1. As the deformation temperature increases, a higher
fraction of bigger recrystallized grains appears in the
matrix structure, and the bonding interface becomes
more invisible.

2. The interfacial microstructural evolution includes two
stages during HCB process. The first stage is the DRX
process that occurs on the initial grain boundaries at
the beginning of deformation. DDRX, characterized
by nucleation through grain boundary bulging, is the
primary mechanism of DRX for IN718 during HCB
process at 1150 °C with small strain. The second stage
is the metallurgical bonding process, in which a small
portion of IGB first bulges into the opposite side, and
then the bulging IGB continues to migrate with the
increasing strain. The migration of IGB is the domi-

METALLURGICAL AND MATERIALS TRANSACTIONS B

nant metallurgical bonding mechanism in the early
stage of HCB process.

. The nonuniform deformation of interfacial grains at

the initial stage of HCB process readily results in the
difference of dislocation densities on opposite sides of
IGB. On the other hand, the driving force for IGB
migration is the energy difference, which is caused by
the difference in the numbers of dislocation densities
on the opposite sides of IGB.

The strength and elongation both increase with the
increasing deformation temperature and true strain.
The migration of IGB is a necessary morphological
characteristic of high-quality bonding with good
performance corresponding to that of the tensile test
results under different conditions.
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