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Abstract: Structural characteristics and design requirements for the integration of the integral rotor
and disc shaft of the engine, the welding quality, and mechanical properties of superalloy weldments
have received more and more attention in recent years. Inertia friction welding (IFW) was carried
out with the typical fiber structure of the solid solution GH4065A alloy as the research object, the
microstructure evolution rules of the plastic deformation zone (PDMZ), the thermally affected zone
(TMAZ), and the welding zone (WZ) were studied, and the formation mechanism of metallurgical
joints was explored. The size difference of the y' phase at the grain boundary and in the fiber structure
was revealed. The reason is that the v’ phase located at the grain boundary has lower diffusion
activation energy and higher diffusion rate. The microhardness and tensile properties of the IFW
joints were explored, the study found that the microhardness of the TAMZ is the highest, followed by
the PDMZ and the WZ. The tensile test results show that with the increase in temperature, the fracture
position shifts from the BM to the WZ, the microstructure at the fracture changed significantly, and
the yield strength decreased from 1372 to 1085 MPa.

Keywords: GH4065A; inertia friction welding (IFW); microstructure; v’ phase; microhardness;
tensile properties

1. Introduction

GH4065A nickel-based superalloy is optimized on the basis of René88DT alloy com-
position. The alloy is similar in composition to the American René65 alloy. GH4065A
superalloy is a new type of v’ precipitation-strengthened deformed superalloy that can
be used for a long time at 750 °C, its comprehensive mechanical properties are compa-
rable to the second-generation powder superalloys, but the manufacturing cost is only
half, excellent mechanical properties and relatively low manufacturing cost make it attract
much attention in the development of engine models [1-3]. Authoritative agencies predict
that nickel-based deformed superalloys will be expected to become the backbone of high-
temperature structural materials for a new generation of aero-engines [4-7]. GH4065A alloy
inertia friction weldment has a harsh service environment and complex temperature and
stress conditions, which puts forward extremely high requirements on the welding quality
and mechanical properties of the alloy IFW joints [8-10]. Therefore, the research on the
formation process and microstructure evolution of nickel-based deformed superalloy IFW
joints has important engineering value and theoretical significance for optimizing process
parameters, improving joint quality, and revealing joint formation mechanism [11,12]. From
the perspective of practical application, the research has important guiding significance for
the connection between the rotor and the disk shaft of an aerospace engine, which can be
applied to disk-disk connection, disk-shaft connection, blisk connection, etc.

In the process of IFW, work hardening, and dynamic softening occur in the high-
temperature zone of friction under the thermal-mechanical coupling [13-15]. Due to the
special severe plastic deformation of torsional extrusion applied by IFW, the deformation
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effect and temperature conditions near the IFW joints are significantly different [16,17].
At present, in view of the structural characteristics and design requirements of the inte-
grated rotor and disk shaft of the engine, the key technical problems, such as disk connec-
tion, disk shaft connection, and leaf disk connection, need to be solved urgently [18-20].
Ding et al. [21] studied the microstructure and mechanical properties of the IFW joint
of nickel-based superalloy K418 and 42CrMo. The study found that element diffusion
promoted the metallurgical bonding of the joint. When the flywheel energy reached 50.6 kj
the joint was divided into two zones, the interface friction bonding layer and the diffusion
layer. Tiley et al. [22] studied the strengthening mechanism of LHSR (Low Solvus High
Refractory alloy) nickel-based superalloy IFW joints. The study found that it is necessary
to control the temperature and deformation of the joint to improve the strength of the
joint, and the increase of the joint strength mainly depends on the refinement of the size of
the v’ phase and the re-precipitation of the fine vy’ phase. Huang et al. [23] characterized
the microstructure of WZ of a superalloy and found that the WZ formed a uniform and
fine grain structure, the grain boundary was smooth, and a small number of carbides and
borides were precipitated, and there was also a single peak v’ phase precipitation. At
present, the key problems, such as metal flow rules, microstructure evolution rules, and
forming mechanism of metallurgical bonding joints during severe deformation due to
friction and twisting, are still unclear. Due to the extremely harsh operating environment
of GH4065A alloy, the inertia friction welding weldment has a significant impact on the
microstructure of different zones of the weldment under the action of thermal-mechanical
coupling. Therefore, the article focuses on the deformation of Ni-based high-temperature
alloy IFW near joint organization evolution rules research. The article, following the PDMA,
TMAZ, and WZ microstructure characterization analysis combined with the characteris-
tics of IFW process and implementation process, explores the deformation of Ni-based
superalloy organization evolution rules of IFW process. Based on the microstructure char-
acteristics of GH4065A alloy, a continuous and dynamic microstructure change process can
be clearly observed. Furthermore, the microstructure changes of the alloy under different
process parameters can be observed more intuitively. The mechanical properties of welded
joints can be indirectly judged by using the microstructure characteristics, and then the
process parameters can be reversed based on the properties and microstructures so as
to facilitate the subsequent optimization of process parameters. The tensile properties
and fracture morphology at different temperatures were analyzed, the microstructure and
fracture morphology at the fracture location of the weldment were explored, and the effects
of temperature on yield strength and tensile strength were obtained. In addition, the
microhardness distribution of the alloy joints at RT was analyzed.

2. Materials and Methods

The raw materials for the experiment were forged fine-grained GH4065A Ni-based
deformed superalloys provided by Center Iron and Steel Research Institute. The nominal
chemical composition (wt.%) is shown in Table 1. The weldment was machined as hollow
bars with an outer diameter of 60 mm, an inner diameter of ¢28 mm, and a shaft length
of 100 mm. The weldment was treated with aging, and the surface of the weldment was
cleaned with acetone and then welded. The HWI-IFW-130 axial/radial inertia friction
welder independently developed by Harbin Welding Research Institute Co. Ltd. was used
for welding experiments. The welding parameters are shown in Table 2. The welded joints
of GH4065A alloy were strengthened by vacuum heat treatment furnace WZDT-65H after
welding. The heat treatment condition was 550 °C + 15 h, 700 °C holding 8 h, and the
cooling mode was furnace cooling (FC). After heat treatment, the inside and outside edges
of the welded parts were cut, and the welded joints were cleaned with acetone, and then
fluorescent flaw detection was carried out to ensure that there were no defects on the inside
and outside surfaces of the weldment.
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Table 1. Chemical compositions of GH4065A alloy (wt.%).

Element C

Cr

Co Ti Al Nb Mo W Fe Ni

Content 0.015

16.0

13.0 37 21 0.7 4.0 4.0 1.0 Bal.

Table 2. GH4065A alloy IFW welding process parameters.

. Initial Rotating Initial Force, Upset Forging Top Forging Force, Moment of
Base Materials Speed, r/min MPa Speed, r/min MPa Inertia, kg~m2
GH4065A 550 83 100 300 388

The specimens with a size of 16 X 16 mm were obtained from the radial posi-
tion of the welded joints center and were characterized by an optical microscope (OM).
The samples were etched in a solution of HCL (10 mL) + C;HsOH (10 mL) + CuCl,
(2 g). The specimens for scanning electron microscope (SEM) examination were pre-
pared first by mechanical polishing, then followed by electro-polishing in a mixture
of HySOy (45%) + HNOs3 (42%) + H3PO4 (13%) under the voltage of 4 V for 4 s at RT.
The specimens for electron backscatter diffraction (EBSD) examination were prepared
first by mechanical polishing, then followed by electro-polishing in a mixture of
HCIO4 (6 mL) + CH3(CH;)30H (34 mL) + CH30H (60 mL) under the voltage of 20 V for
10 s at RT.

The hardness test experiment adopts THV-1D hardness tester to measure the micro-
hardness of different zones of welded joints with the weld as the center. The microhardness
test dot parameters are shown in Table 3. Tensile experiments were carried out on the
mechanical properties of the plate samples using RDL100 equipment. The tensile test
parameters are: The temperatures are RT and 750 °C, the strain rate is 0.001 mm/s, and the
holding time is 10 min.

Table 3. GH4065A alloy microhardness test parameters.

Base Materials Load, g Pressu.re Holding Vertical Weld Deployment Parallel Weld Number of Steps
Time, s Interval, mm Interval, mm
GH4065A 500 10 0.2 30 0.5 5

3. Results and Discussion
3.1. Macro- and Microstructure Characteristics of Joint

GHA4065A alloy IFW joints had complete flash, the outside flash was turned 0.2 mm,
the inside flash was turned 1.5 mm. The fluorescent flaw detection results after acetone
cleaning showed that the joint had no cracks, as shown in Figure 1.

The typical microstructure of the GH4065A alloy IFW joints is shown in Figure 2.
The PDMZ has strong torsional deformation, and the “fiber tissue” on the outside has
obvious rheological behavior. The middle position is mainly affected by three-dimensional
compressive stress, and the torsional flow is limited, so the central “fibrous tissue” does
not bend significantly. The inner temperature is the highest, and due to the influence of
dislocation accumulation, the “fibrous structure” has undergone DRX and transformed
into equiaxed recrystallized grains. The width of the TMAZ is about several hundred of
microns, and its structural characteristics are obviously different from the PDMZ and the
WZ, which fully shows that the TMAZ is subjected to high-temperature influence while
twisting and deformation occurs, and DRX occurs to obtain fine equiaxed grains. The
grain size in the WZ is significantly larger than that in the TMAZ. This characteristic shows
that the WZ has completely DRX under the combined action of continuous input thermal
friction and severe plastic deformation, which also shows that the temperature of the WZ
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is likely to be higher than the dissolution temperature of the y’ phase, while the PDMZ and
the TMAZ may be lower than the dissolution temperature of the v’ phase.

1N,
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Figure 1. Sample diagram of solid solution GH4065A alloy IFW joints.

3.2. Characterization and Analysis of Joint < Phase
3.2.1. v/ Phase Morphology in the Base Metal (BM)

The dissolution temperature of v’ phase of GH4065A superalloy is about 1119 °C [24].
The thermal processing path significantly affects the shape, size, and distribution of the
v phase. The typical v’ phase morphology in the GH4065A alloy fiber structure is shown
in Figure 3. The v phase at different positions is divided into three sizes, the large-sized
v' phase with an equivalent diameter of 2-5 um, the medium-sized 7y’ phase with an
equivalent diameter of 1 to 2 pm, and the dispersed 15 nm small-sized y’ phase. The large-
sized v’ phase is irregular and massive and is mostly distributed at the grain boundaries
of DRX. The medium-sized v phase is also irregularly massive, mainly distributed in
the unrecrystallized zones. The small-sized y’ phase is mostly dice-shaped and nearly
spherical, dispersed in the recrystallized equiaxed and non-recrystallized zones.

For polycrystals, the arrangement of atoms at the grain boundary is more dispersed
and in a higher energy state because it has lower diffusion activation energy and higher
diffusion rate. The research shows that the grain boundary diffusion coefficient is several
orders of magnitude higher than the bulk diffusion coefficient [24,25], which explains the
phenomenon that the size of the v’ phase in the non-dynamically recrystallized zones is
much smaller than that of the y’ phase in the recrystallized zones in Figure 3a. It should be
noted that according to the Ostwald ripening theory [26,27], there is a critical dimension
Y'lim for the coarsening of the v’ phase, which depends on the content of the elements
forming the v’ phase in the alloy. There is another mechanism for the coarsening of the v’
phase, that is v’ gather and grow [28-30], as shown in Figure 3a yellow line circles.
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Figure 2. Microstructure distribution of solid solution GH4065A alloy IFW joints.
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Figure 3. (a) Morphology of v’ phase in the BM, (b) Microstructure of the BM.

3.2.2. Morphology of the y’ Phase at the Joint

The morphology of v/ phase in the PDMZ, TMAZ, and WZ of GH4065A IFW joints
is shown in Figure 4. It can be seen from the figure that there are large-sized v’ phase,
medium-sized y’ phase and small-sized v’ phase in the PDMZ, the large-sized v’ phase in
the TMAZ is significantly reduced, and the small-sized v’ phase is dispersed in the WZ.
Combined with the microstructure evolution process of the PDMZ, TMAZ, and WZ, it can
be determined that the recrystallization nucleation and grain growth are affected by the
v’ phase.

Figure 4. Morphology of the v’ phase near the GH4065A joints. (a) PDMZ, (b) TMAZ, (c) WZ.

The large-sized v’ phase at the initial grain boundary can be broken and refined under
severe plastic deformation and can provide nucleation sites for recrystallization. When
the grain boundary large-sized v’ phase-induced recrystallization occurs, the forming ele-
ments diffuse into the dislocation entanglement zones of new grains. With the continuous
dislocation motion and recrystallization process, the grain boundary large-sized ' phase
is significantly refined. It should be noted that temperature is also an important factor
affecting the content of the vy’ phase. As the temperature of the PDMZ, TMAZ, and WZ
gradually increases, the dissolution of the v’ phase becomes more and more serious, then
the content decreases, and the pinning effect is weakened, which promotes the nucleation
and growth of crystals.
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3.3. Research on Joint Formation Mechanism
Dynamic Softening Behavior of Joints

Taking the solid solution welded joints as the research object, the influence of IFW
process on the grain orientation and DRX behavior of each zone of the joints were researched
and analyzed by EBSD technology. Figure 5a shows the microstructure of the BM of
GHA4065A alloy. It can be seen that there is an obvious “fiber structure” in the BM, which
is the residual deformed grains that have not completed DRX. Its special morphology is
conducive to the observation of each typical zone of the joint. According to statistics, the
long-axis length of the elongated grains in the BM is about 400 um, and the short-axis
length is about 16 um. According to the corresponding kernel average misorientation
(KAM), it can be determined that there is large dislocation density and a large number of
small angle grain boundaries in the long strip grain. This is mainly related to dynamic
recovery (DRV), in which the dislocations are fully activated, and edge dislocations of
the same size climb and polygonalize in the direction perpendicular to the slip plane and
form small-angle subgrains within the grain. In addition, in the KAM diagram, it can also
be observed that the subgrains with a large difference in the orientation of the subgrains
inside the “fibrous structure” grains and the surrounding subgrain “break away” from
the “fibrous structure” matrix to form large-angle recrystallization nuclei, as shown by
the black circles in Figure 5a. Recrystallization nucleation can also be observed inside the
elongated grains and at the interface of the equiaxed grains, as shown by the white and
yellow circles in Figure 5a. The above phenomenon shows that there is a large deformation
storage energy inside the “fibrous structure”, and it is easy to recrystallize first, nucleate
and grow into new equiaxed grains when the temperature conditions are satisfied [31].

Figure 5. (a) IPF map of the BM; (b) KAM map of the BM; (c) IPF map of the PDMZ; (d) KAM map of
the PDMZ.

During the IFW process of GH4065A alloy, the strain in the PDMZ is small, which is not
enough to fully activate DRX. However, the “fibrous tissue” can initiate recrystallization
and nucleation under the action of the temperature field because of its high residual
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deformation storage energy. As shown by the white arrows in Figure 5¢, a small amount
of HAGBs have been formed inside the elongated grains. This phenomenon is associated
with the transformation of LAGBs into HAGBs due to subgrain rotation, resulting in the
generation of new CDRX grains. As shown by the black arrows in Figure 5¢, part of the
grain boundary bowing can be observed inside the “fibrous tissue”, which is a typical
DDRX nucleation feature. In addition, the overall dislocation density distribution in this
region is also affected by the distribution of the temperature field. Comparing Figure 5b,d,
it can be seen that the KAM value of the PDMZ is significantly higher than that of the
BM. This is mainly because the PDMZ is affected by the deformation heat, which softens
the metal and causes obvious plastic deformation. In Figure 5d, the KAM value shows
a decreasing trend from left to right, which is mainly because the temperature gradually
increases as the distance from the WZ gradually decreases, and the softening mechanism
of DRV is gradually enhanced.

Figure 6a,b shows the IPF and KAM maps of the TMAZ of the GH4065A alloy. Due
to the increase in temperature, the plastic flow of the metal is more sufficient, and the
dynamic softening mechanism is fully activated, which promotes the complete DRX of the
“fibrous structure” and the original equiaxed grain structure to form a new undistorted
equiaxed fine grain, the average grain size reaches 3.9 um. Figure 6¢,d shows the IPF and
KAM maps of the WZ. The metal plastic deformation in the zone is higher, the thermal
influence caused by high temperature is more severe, and the strengthening phase in the
WZ is basically completely dissolved [15,32]. As a result, the grain boundary migration
rate is gradually accelerated, and the newly recrystallized grains grow rapidly and coarsen.
The average grain size reaches 10.16 um.

Figure 6. (a) IPF map of the TMAZ, (b) KAM map of the TMAZ, (c) IPF map of the WZ, (d) KAM
map of the WZ.
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3.4. Analysis of Mechanical Properties of GH4065A Alloy IFW Joints
Joint Microhardness

In order to understand the influence of the change of the microstructure of the joint
on the mechanical properties, the microhardness and tensile mechanical properties exper-
iments of the welded joints were carried out, respectively. Figure 7 shows the contour
map of the microhardness value at the solid solution GH4065A IFW joint. The test zones
are located on the outside, middle, and inside of the IFW joint, and each part completely
covers the BM, PDMZ, TMAZ, and WZ. Figure 7a,b shows that there are obvious micro-
hardness peaks in the TAMZ on both sides of the weld closer to the outer direction, while
the microhardness of the WZ, the PDMZ on both sides, and the BM is lower. Figure 7c,d
shows that the microhardness is lower than the hardness value of the corresponding area
on the outside, and its distribution pattern and changing rules are quite different from
those on the outside, but the microhardness peak is still located in the TMAZ of the joint.
Figure 7e,f shows, compared with the outer and middle zones, the most obvious change in
the microhardness distribution here lies in its unimodal distribution, as indicated by the
white arrow.

Previous studies have shown that the microstructure of the TMAZ of the solid solution
GH4065A alloy IFW joint is equiaxed fine grains with different orientations, and the average
grain size is only 3.90 um, the higher number of grain boundaries per unit area results in a
higher microhardness here. The microstructure of the PDMZ is mainly composed of small
equiaxed crystals and a small amount of residual fibrous structure, and the average grain
size of the equiaxed crystals is about 6.12 um. At the same time, the EBSD characterization
results confirmed that the KAM value in the microstructure is higher in this region due to
plastic deformation, that is, the dislocation density is higher, resulting in the work hardening
effect (Figure 5d), the combined effect of these two factors makes the microhardness of
this region second only to the TMAZ with extremely small average grain size. The larger
deformation and higher temperature in the WZ lead to obvious coarsening of the newly
formed DRX grains, with an average grain size of 10.16 um, so its microhardness is lower
than that of the TMAZ. In addition, the average grain size of equiaxed crystals in the BM is
about 5.67 pm, but there is a large number of fibrous structures in the BM, and the average
long axis size can reach 400 um and the grain boundary strengthening effect is relatively
weak. At the same time, the temperature field generated by frictional deformation heat has
a limited range, so it is difficult to produce obvious plastic deformation, and it is difficult
to produce obvious work hardening in the BM. The above two factors work together to
cause the microhardness of the BM to be the lowest in the four typical areas of the solid
solution GH4065A alloy joint. In conclusion, the microhardness values of the solid solution
GH4065A alloy IFW joints in each area are significantly different on the outside, middle,
and inside of the joint. The hardness of the TMAZ outside the joint has the most significant
increase (about 60 HV) compared to the hardness of the BM. The hardness value of the
PDMZ in the middle of the joint (about 450 HV) and the hardness value of the BM (about
435 HV) have little difference (5.56%). The PDMZ (460—475 HV) on the outside and inside of
the joint is also greatly improved compared to the BM. The reason for the above phenomena
is the difference in metal plastic flow on the outside, center, and inside of GH4065A alloy
hollow bar during the IFW process, as well as the difference in microstructure after welding
caused by the difference in cooling rate after welding.



Metals 2022, 12, 1390 10 of 14

unimodal distribution

¥

Figure 7. Microhardness distribution in different zones of GH4065A alloy IFW joints. (a,b) Out-
side contour map and microstructure map, (¢,d) Middle contour map and microstructure maps,
(e,f) Inside contour map and microstructure maps.
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3.5. Tensile Failure Analysis of Joints

Figure 8a shows the stress-strain curve and microstructure of the fracture of the [IFW
joint of the solid solution GH4065A alloy. The tensile strengths of the IFW joints at RT
and 750 °C are 1610 and 1105 MPa, the yield strengths are 1372 and 1085 MPa. There are
significant differences in the macroscopic morphology of the joint fracture under different
tensile test temperatures. There is an obvious necking phenomenon at the fracture at RT,
but no necking phenomenon is observed at the fracture at 750 °C. Figure 8b,c shows the
fracture position at RT is located in the BM, while the fracture position at 750 °C is located
in the center of the weld. It should also be noted that the microstructure near the RT tensile
fracture is composed of fine equiaxed crystals and elongated “fibrous structure”, and no
obvious bending or twisting of the “fibrous structure” was observed. Therefore, it can
be judged that the fracture position of the joints is in the BM. Under this condition, the
mechanical properties of the IFW joints surpass the performance of the BM. Figure 8c shows
that the fracture surface of the tensile fracture at 750 °C penetrates the TMAZ and the
WZ composed of equiaxed grains. Therefore, the fracture position of 750 °C is gradually
transferred from the BM to the WZ of IFW.

Strain rate=0.001s!
1600
(a) S
vinle T RS

1200

1000

0
=
=

600

Engineering stress/MPa

400

0.00 0.05 0.10

Engineering stain

0.15 0.20 0.25 0.30

Figure 8. (a) Stress—strain curve of GH4065A alloy IFW joints at RT and 750 °C, (b) Microstructure
of IFW joint fractured at RT, (¢) Microstructure of IFW joints fractured at 750 °C.

Figure 9 shows the macro- and micromorphological characteristics of tensile fracture
of solid solution GH4065A alloy. Figure 9a,b shows that the shear lip at the fracture surface
at RT is clearly demarcated from the radial zone, and the joint is composed of a large
number of dimples, which is a typical ductile fracture. Figure 9¢,d shows that the boundary
between the shear lip zone and the radiation zone at 750 °C is not clear, and the size of
the equiaxed dimple on the section is significantly larger than that at RT (yellow arrow in
Figure 9d). In addition, there are deep irregular holes in the local zone of the fracture, as
shown by the red arrows in Figure 9d. It is worth noting that the “cleavage like” small plane
appears in the local zone of the joint (white arrow in Figure 9d). Combined with the above
irregular holes, it can be judged that the fracture shows a certain degree of quasi-cleavage
fracture characteristics [33,34].
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Figure 9. (a,b) Macro- and microfracture morphology of the tensile test temperature at RT,
(c,d) Macro- and microfracture morphology of the tensile test temperature of 750 °C.

4. Conclusions

In this work, the microstructure of the BM, PDMZ, TAMZ, and WZ were characterized.
Combined with the process characteristics and implementation process, the metal flow
characteristics were researched, and the microstructure evolution process of each charac-
teristic area of the joint under the action of severe friction and torsion was analyzed. The
mechanical properties of IFW joints were tested, including microhardness analysis at the
joints, tensile mechanical properties test, and failure analysis at RT and high temperature.
The research results have reference significance for the application of GH4065A alloy weld-
ing parts, which is beneficial to the application of GH4065A alloy in the connection of rotor
and disc shaft of an aerospace engine. The main conclusions are as follows:

The IFW joints of GH4065A alloy mainly include PDMZ, TAMZ, and WZ. The torsional
deformation in the PDMZ leads to an increase in the dislocation density, and recrystalliza-
tion occurs when the appropriate temperature conditions are reached. The temperature
of the TAMZ continues to increase under the action of torsional extrusion plastic defor-
mation, and DRX occurs to obtain a fine equiaxed grain structure. The recrystallized
grains in the WZ grow slightly, with a high degree of equiaxing, uniform size, and straight
grain boundaries.

There are large-sized vy’ phase, medium-sized y’ phase, and dispersed fine y’ phase in
the PDMZ, the large-size v’ phase in the TMAZ is significantly reduced, and the small v’
phase is dispersed in the WZ. The large-sized v’ phase at the initial grain boundary can
be broken and refined under severe plastic deformation and can provide nucleation sites
for recrystallization.

The results of microhardness tests show the microhardness of the TAMZ and the
PDMLZ is higher, while the microhardness of the central WZ and the BM on both sides
is lower.

Temperature has a significant effect on the yield strength, fracture location, and
micromorphology of weldments. The yield strength decreased from 1372 MPa at RT to
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1085 MPa at 750 °C, and the fracture position was transferred from the BM at RT to the WZ
at 750 °C. The fracture tissue is composed of dimples at RT. However, in addition to large
dimples, there are a few “cleave-like” small planes and pores at 750 °C.
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