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Abstract: Ni-based superalloys are one of the most important materials employed in high-temperature applications within the aerospace
and nuclear energy industries and in gas turbines due to their excellent corrosion, radiation, fatigue resistance, and high-temperature
strength. Linear friction welding (LFW) is a new joining technology with near-net-forming characteristics that can be used for the manu-
facture and repair of a wide range of aerospace components. This paper reviews published works on LFW of Ni-based superalloys with
the aim of understanding the characteristics of frictional heat generation and extrusion deformation, microstructures, mechanical proper-
ties, flash morphology, residual stresses, creep, and fatigue of Ni-based superalloy weldments produced with LFW to enable future optim-

um utilization of the LFW process.
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1. Introduction

Ni-based superalloys are widely applied in aerospace and
power generation industries, such as gas turbines, modern
aero engines, and other high-temperature applications, due to
their high-temperature strength, excellent oxidation resist-
ance, and satisfactory corrosion resistance [1—4]. Urgent im-
provements in engine manufacturing technology for the avi-
ation field are required, and it is particularly important to
conduct research on integral blade disk machining and manu-
facturing technologies. Ni-based superalloys are key materi-
als used in the manufacture of integral blade disks because
they meet the requirements of high technical indices and can
be used in harsh environments [5—6]. Currently, integral disk
manufacturing methods mainly include integral machining
(computer numerical control milling and precision casting)
and welding (electron beam welding, vacuum diffusion
welding, and linear friction welding) [7]. Linear friction
welding (LFW) is employed in engine integral disk manufac-
turing because of its solid phase connection, precision, and
environmental protection properties [8-9].

Compared with the disadvantages associated with fusion
welding of metals, such as solidification cracking, the se-
gregation of alloy elements, and the existence of pores in the
weld zone [ 10-14], solid-state welding technique does not in-
volve melting or solidification processes; therefore, it avoids
the limitations of fusion welding [15-17]. LFW extends the
solid-state technology of rotary friction welding to non-
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axisymmetric components and is suitable for use with differ-
ent metal combinations [18-21]. Therefore, compared with
other joining technologies, LFW is more suitable for manu-
facturing dual-performance blisks of aeroengines with a high
thrust-to-weight ratio. However, the LFW process has cer-
tain inherent disadvantages [22]: the method is limited by the
shape of the part to be welded, the part to be welded must be
able to undergo plastic deformation, and the flash produced
during the welding process must be eliminated after welding
is completed. Nevertheless, several materials have been suc-
cessfully joined by LFW, such as steels [23-28], superalloys
[29-36], titanium alloys [37—46], and aluminum alloys
[47-50].

Li et al. [24] investigated the influence of friction time on
the flash shape and axial shortening during 45 steel LFW un-
der appropriate welding conditions, and a sound weld with
fine microstructures was formed at a friction time of not less
than 3 s. Through the reciprocating movement and expulsion
of the plasticized material, periodic ridges were formed on
the flash edge; those in the direction of friction had a corrug-
ated band structure, and those in the vertical direction had the
structure of a small curled vortex. To weld aluminum alloys,
Mogami et al. [49] developed a high-frequency LFW with an
operating frequency of 250 Hz, which is larger than that tra-
ditionally used, and studied the relationship between the
mechanical properties and the microstructure of the LFW
joints of 6063 and 5052 aluminum alloys under different
strengthening mechanisms. The change in the flash shape
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with increasing time showed that high-temperature stress res- pressure, and the interface generates heat due to solid friction.
istance and thermal conductivity of the material greatly af- In the transition phase (Fig. 1(c)), the metal is continuously
fected the flow of the material in the joint. LFW has also cre- extruded from the interface between the two workpieces. At
ated a new impetus for the use of nickel-based superalloys the equilibrium stage (Fig. 1(d)), axial shortening begins to
[51]. occur, and the material in the heat-affected zone yields due to

LFW is a process that involves the reciprocal motion the friction pressure applied to it. A high temperature occurs
between a stationary component and a moving workpiece un- at this stage, and a flash forms with a shape that is directly re-
der a force [31,51-53]. Fig. 1 shows the LFW process [24]. lated to the material properties. However, when forging pres-
Fig. 1(a) shows the schematic of LFW process. As shown in sure is applied in the deceleration stage (Fig. 1(e)), the
Fig. 1(b)—(e), the LFW process includes four stages: initial, samples are brought to a rapid standstill. The final stage
transition, equilibrium, and deceleration stages. In the initial strengthens the weld and is a very important stage in the fric-
stage (Fig. 1(b)), the two workpieces move linearly under tion welding industry.
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Fig. 1. LFW process [24]: (a) schematic of LFW process; (b) initial stage; (c) transition stage; (d) equilibrium stage; (e) deceleration
stage. Reprinted from Mater. Lett., 62, W.Y. Li, T.J. Ma, Q.Z. Xu, et al., Effect of friction time on flash shape and axial shortening of
linear friction welded 45 steel, 293-296, Copyright 2008, with permission from Elsevier.

The LFW process provides many advantages for the man- in recent years. Studies of physical models of the LFW pro-
ufacture of integral blisks [54—56]. For example, compared to cess and superalloys have mainly focused on physical simu-
traditionally manufactured bladed disk assemblies, which lations of the deformation behavior of the friction and extru-
rely on mechanical fasteners and dovetail joints to connect sion processes [51,65-69]. The two-dimensional (2D) model
the blade to the disk (as shown in Fig. 2(a)), the LFW meth- provides sufficient information about LFW theoretical prob-
od can significantly reduce the weight of components lems, including shape characteristics (such as shortening and
[57-59], as shown in Fig. 2(b), and the lack of a mechanical flash shape) and physical field information (such as that per-
interface between the blades and disk eliminates the com- taining to the temperature field, stress field, and strain field);
mon source of fatigue crack initiation. Furthermore, a linear as such, it plays an effective role in understanding the basic
friction welded (LFWed) blisk improves the gas flow per- laws of LFW [51-52,56,70-77]. However, despite these ad-
formance [40,56,60—64]. vantages, 2D numerical simulations can only reflect joint de-

With the development of computer technology, numerical formation behavior from the 2D plane. Therefore, three-di-
simulations of LFWed Ni-based superalloys have progressed mensional (3D) models are increasingly used by researchers

to conduct comprehensive studies of the LFW process
@ ®) [63,68,78—88]. In this respect, Geng et al. [68] established a

3D LFW model with 30000 tetrahedral elements and a mesh
density that decreased with distance from the contact inter-
face, which saved calculation costs. The results from a 3D
LFW simulation based on the strain compensated Arrhenius
model showed good agreements with LFW experimental res-
ults. As such, this model was considered to be more suitable
for use in GH4169 LFW simulations than the other two mod-
els (modified F-B and J-C models).
This paper reviews published works on LFWed Ni-based
superalloys to understand the characteristics of frictional heat
X . . X generation and extrusion deformation, the simulation of
Fig. 2. (a) A conventional bladed disk assembly and (b) a lin- . . . .
ear friction welded blisk [56]. Reprinted from Acta Mater., 59, physical fields, microstructures, mechanical properties, flash
R. Turner, J.C. Gebelin, RM. Ward, and R.C. Reed, Linear morphology, residual stresses, creep, and fatigue associated

friction welding of Ti-6A1-4V: modeling and validation, 3792- with Ni-based superalloy weldments. The findings in the
3803, Copyright 2011, with permission from Elsevier. published work contribute extensively to understanding the
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metallurgical and thermomechanical coupling behavior of
dissimilar nickel-based superalloy joints made by the LFW
process.

This paper proceeds as follows: simulations and analyses
of multiphysical fields during the LFW of Ni-based superal-
loys are reviewed, studies based on microstructures and the
mechanical properties of LFW of Ni-based superalloys are
then analyzed, and the flash morphology of LFW of Ni-based
superalloys is subsequently investigated. Then the residual
stress, creep, and fatigue of the joints of Ni-based superal-
loys produced using LFW are discussed. In the final section,
the future research focus is proposed.

2. Physical simulation of LFW process with Ni-
based superalloys

The LFW process is associated with frictional heat gener-
ation and extrusion deformation. Yang et al. [65] used finite
element method (FEM) models and experimental methods to
investigate the temperature distribution in the friction inter-
face of GH4169 superalloy. As shown in Fig. 3(a), heat at the
friction interface of the specimen was generated in a noncon-
tinuous way; the grinding marks consisted of many ran-
domly distributed pits, and the main grinding types were ab-
rasive wear and adhesive wear. Yang et al. [66] conducted a
physical simulation study of the interfacial microstructure
evolution and the hot compression bonding behavior of
GH4169 superalloy joints produced using LFW; as shown in
Fig. 3(b), the novel hot isothermal compression bonding tests
were performed on a Gleeble-3500 thermal simulator in the
temperature range of 970 to 1150°C at a strain rate range of
0.01 to 10 s™'. The macroscopic morphology and the interfa-
cial microstructure evolution of the hot compression GH4169
bonded joints were investigated using an optical microscope
(OM) and scanning electron microscope (SEM). Defects in
the joint interfaces were also observed by SEM, and the in-
terfacial oxidation of the compression-bonded joints was dis-
cussed. Furthermore, Yang ef al. [67,89] and Geng et al. [68]
conducted a thermophysical simulation study of the hot de-
formation behavior and constitutive model of the LFW pro-
cess with GH4169 superalloy. As shown in Fig. 3(c), the
constitutive Arrhenius-type equation model characterized the
deformation behavior of the GH4169 superalloy during the
LFW compression process. True stress—true strain curves
were found to be sensitive to the temperature and strain rate:
at the same strain rate, the flow stress increased with a de-
crease in the temperature; at the same temperature, the flow
stress increased with an increase in the strain rate. The con-
stitutive equation parameters of GH4169 under different
strains (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7) were calculated.
The average relative error between the predicted data and the
experimental data was approximately 4.6%, and the maxim-
um relative error was less than 17.2%, which indicated that
the experimental curves were in good agreement with the cal-
culated curves.
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3. Numerical simulation of LFW process with
Ni-based superalloys

In practice, many aspects of the LFW process are difficult
to measure by experiment, especially phenomena such as the
temperature and deformation history relating to the welding
interface. In the LFW process, the welding heat sources are
concentrated in local areas of the workpiece rather than
throughout the entire weldment, which results in extremely
uneven heating and cooling of the workpiece. However, the
welding heat source and the workpiece are both in relative
motion; therefore, the area of the weldment that is heated
constantly changes, the metal in the high-temperature zone of
welding is always in a strong state of motion, and the temper-
ature at a certain point on the weldment also changes over
time. Nevertheless, welding heat sources are usually highly
concentrated, and the heating area is small, resulting in ex-
tremely fast heating of the workpiece, which causes rapid
local heating. Due to the localization of heating and the
movement of heat sources, the cooling speed of the work-
piece is also very high. The heat transfer process inside the
joint is dominated by metal heat conduction, while outside
the joint, it is dominated by convective heat transfer. In sum-
mary, the welding heat transfer problem is complex due to
the LFW thermal processes, and understanding these pro-
cesses is difficult due to the rapid nature of the process and
the fact that the interface of the workpieces cannot be ob-
served during welding. Computational modeling provides a
practical method for studying the history of the welding pro-
cess, allowing an in-depth understanding of the rapid devel-
opment process [55-56,58,70,90], and physical simulations
have been used to study the friction behavior and extrusion
deformation characteristics of LFW of Ni-based superalloys
[65—67,89]. Numerical models of the LFW process with Ni-
based superalloys have also been used to obtain data on vari-
ous welding responses of those alloys, such as the temperat-
ure fields, stress fields, and flash morphology. In this respect,
the main advantage of finite element analysis is that it can
predict many outputs that are difficult to obtain experiment-
ally.

To study the Mises stress and equivalent plastic strain
fields at different welding times, Yang et al. [51] conducted
friction-wear tests and established a 2D thermomechanical
coupling model based on the shear and extrusion deforma-
tions characteristics of the LFW process. The authors recor-
ded the actual LFW process of GH4169 and observed the
temperature field of the joint surface with a high-speed cam-
era and infrared thermal imager, and finally verified the sim-
ulation results through the axial shortening and macroscopic
morphology of the LFW joint , where the actual specimen
was a block measuring 40 mm (height, /) x 10 mm (length,
L) x 18 mm (width, #). In the LFW process, frictional shear
stress played a dominant role at a welding time of 0-0.75 s.
At a welding time of 0.75-1.65 s, the friction shear stress de-
creased, and the extrusion pressure increased. Extrusion pres-
sure then played a leading role at a welding time of 1.65—
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Fig. 3. Physical simulation of LFW process with Ni-based superalloys: (a) temperature and microstructure evolution in friction in-
terface of GH4169 [65]; (b) interfacial microstructure evolution for hot bonding behavior in LFWed joint of GH4169 [66]; (c) con-
stitutive modeling of GH4169 superalloy during LFW process (—strain; ¢—strain rate (s™); c—flow stress (MPa); R—gas constant
(8.3154 J-mol-K™"); T—absolute temperature (K); n, a, and 4A—material constants; Q—deformation activation energy (kJ/mol);
r—correlation coefficient) [67]. (a) Reprinted from Mater. Des., 84, X.W. Yang, W.Y. Li, J. Li, et al., FEM analysis of temperature
distribution and experimental study of microstructure evolution in friction interface of GH4169 superalloy, 133-143, Copyright 2015,
with permission from Elsevier. (b) Reprinted from Mater. Des., 104, X.W. Yang, W.Y. Li, Y. Feng, et al., Physical simulation of inter-
facial microstructure evolution for hot compression bonding behavior in linear friction welded joints of GH4169 superalloy, 436-452,
Copyright 2016, with permission from Elsevier. (c) Reprinted from J. Alloys Compd., 656, X.W. Yang, W.Y. Li, J. Ma, ef al., Thermo-
physical simulation of the compression testing for constitutive modeling of GH4169 superalloy during linear friction welding, 395-
407, Copyright 2016, with permission from Elsevier.

1.75 s. The quasi-steady state of the welding process ap-
peared after the welding time exceeded 1.75 s. Geng ef al.
[87,91-92] established a 3D coupled thermomechanical
model to simulate the LFW of Ni-based superalloys. The au-
thors used the plastic/plastic friction pair model to consider
the full frictional contact interaction between two deform-
able workpieces to study the temperature gradient, the flow
property, and the thermoelastic effects in the LFW process
[91-92]. Here, the actual specimen was a block of 33 mm
(H), 14 mm (L), and 10 mm (#). Furthermore, the sliding
model and sliding-sticking model were respectively used in
the FEM model [87] to characterize the friction condition and
study morphology of the plastic deformation zone.

To establish optimal welding conditions for the sound
LFWed joint integrity of IN718/FGH96 dissimilar superal-
loys, Geng et al. [93] studied the effects of different process
parameters on macroscopic and microscopic formation and
the evolution and properties of the microstructure. Increasing
the oscillation frequency or reducing the applied pressure
promoted grain refinement and continuous dynamic recrys-
tallization, although discontinuous dynamic recrystallization
remained dominant. The dissolution enhancement of the
strengthening phase (6 phase on the IN718 side and y' phase
on the FGH96 side) was observed from the thermomechan-
ically affected zone to the interface. The main mechanism for
enhancing interface bonding was solid solution strengthen-
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ing, which was promoted by the mutual deformation of
materials on both sides. Furthermore, based on the
Johnson—Mehl-Avrami—Kolmogorov recrystallization mod-
el, Javidikia ef al. [94] studied the evolution of the average
grain size as a function of the most influential process para-
meters, and the experimental results were verified.

4. Microstructure and mechanical properties
of LFW of Ni-based superalloys

Ma et al. [36] conducted LFW experiments with a single-
crystal nickel-based superalloy to produce sound welds. In
their study, the specimens were cut to the following dimen-
sions: 50 mm (H), 19.2 mm (L), and 6.25 mm (W); the over-
all cross-sectional microstructure of the joint along the oscil-
lation direction is shown in Fig. 4(a). The weld zone (WZ)
was clearly identified, and there were no defects in the weld.
In the WZ, the microstructure contained recrystallized poly-
crystals instead of a single crystal (Fig. 4(b) and (c)). Both
elongated and globular y' phases existed in the thermomech-
anically affected zone (TMAZ), and the amount of Y was
much less than that in the parent material, as shown in
Fig. 4(d). The occurrence of y' in the middle of the TMAZ
(Fig. 4(e)) was lower than at the edges (Fig. 4(d)). It can be
seen from Fig. 4(e) that the y' phase in the dendritic regions
was less than that in the interdendritic regions. As shown in
Fig. 4(f), the significant difference in the amount of y' precip-
itation within the TMAZ located away from the interface in-
dicated that the temperature field in TMAZ was not uniform.
In addition, Ma ef al. [34] found that fine recrystallized grains

Int. J. Miner. Metall. Mater., Vol. 31, No. 6, Jun. 2024

in the WZ of the GH4169 LFW joint could be obtained un-
der certain conditions, and the grains in the TMAZ presented
no obvious deformation. Moreover, due to the high interface
temperature during the welding process, the segregation of
certain impurity elements along the grain boundaries and the
reversion of y” and y' resulted in the decline of the mechanic-
al properties of the joint. In addition, a weak layer of oxide
and carbide residues was formed at the end of the joint, which
was detrimental to the integrity of the joint. Ma e al. [31]
discovered fine microstructures in the WZ and TMAZ of
GH3044 LFW joints and limited oxide at the weld edges un-
der certain welding conditions. The flow line feature was
present in the WZ and TMAZ due to carbide rearrangement,
and the microhardness and tensile strength of the joints were
higher than those of the base metal (BM). The weld micro-
structure during the LFW process underwent discontinuous
dynamic recrystallization, accompanied by limited continu-
ous dynamic and static recrystallization, resulting in a signi-
ficant increase in the proportion of low-angle grain boundar-
ies (LAGBs) and a dramatic decrease in the proportion of £3
twin boundaries in WZ and TMAZ. Karadge et al. [30] in-
vestigated the effects of crystal orientation on weldability and
microstructural evolution during LEFW of single-crystal nick-
el-based superalloy to polycrystalline nickel-based superal-
loy. In their paper, deformation and the microstructure devel-
opment were observed by electron microscope. The friction
coefficient varied with crystal orientation and was related to
metallurgical adhesion. These changes were explained by
considering the mechanism of single-crystal deformation.
During the LFW process, the orientation of the single crystal

Oscillation direction

T longatedlys

Fig. 4. (a) Overall view of the weld with OM; (b) high magnification of the WZ in zone B;(c) high magnification of the WZ in zone
Aj; (d) high magnification of the TMAZ in zone B; (e, f) high magnification of the TMAZ in zone A (f is further away from the inter-
face) [36]. Reprinted from Mater. Des., 85, T.J. Ma, M. Yan, X.W. Yang, et al., Microstructure evolution in a single crystal nickel-
based superalloy joint by linear friction welding, 613-617, Copyright 2015, with permission from Elsevier.
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relative to the pressure axis was important due to the orienta-
tion change of the primary slip system in the fcc-based single
crystal lattice.

Masoumi et al. [95] and Ye et al. [35] respectively stud-
ied the microstructure evolution and mechanical testing of
the superalloy joints welded with LFW before and after heat
treatment. Tabaie et al. [96-97] used LFW to weld the elect-
ive laser melted (SLM) Inconel718 (IN718) superalloy and
the forged AD730™ nickel-based superalloy. The micro-
structure was evaluated, especially in terms of the grain size
and orientation differences, and changes in the different areas
of the WZ were studied and correlated with the evolution of
microhardness. Geng ef al. [98] found that refined grains
were observed in the weld seam of GH4169 joints welded
with LFW due to dynamic recrystallization (DRX). The
phase gradually dissolved from the BM to the weld interface,
where almost no § phase exists. Discontinuous DRX mainly
occurred in the welding zone, accompanied by limited con-
tinuous DRX. Furthermore, Geng et al. [99] investigated the
microstructural evolution and microhardness in LFW of
FGH4096 and GH4169 superalloys. Complete DRX was
achieved in the friction interface zone, and there were no ob-
vious secondary phases (including 6 and carbide phases) on
the GH4169 side, and no primary and secondary y' phases on
the FGH4096 side. The TMAZ showed incomplete DRX
with significantly lower amounts of LAGBs and partially dis-
solved secondary phases depending on the distance from the
weld line.

Chamanfar et al. [100] studied the tensile properties and
microhardness of nickel-base superalloy (Waspaloy) linear
friction welded (LFWed) joints and compared those with the
post-weld heat treatment (PWHTed) state. The results
showed that in the weld area consisting of the weld interface
and the TMAZ, y' dissolution occurred and led to softening.
Grain refinement occurred in the entire weld area due to dy-
namic recrystallization and the increase in axial shortening,
and the finer the grains, the higher the yield strength (YS),
and the lower the elongation. The applied post-weld heat
treatment (PWHT) recovered the dissolved y' particles and
resulted in significant increases in the YS and ultimate tensile
strength (UTS) of the weldment. In addition, the stored en-
ergy in the welding zone was relaxed, grain growth occurred
in the weld area during PWHT, and there was an improve-
ment in the elongation of linear friction welds after heat treat-
ment.

5. Flash morphology of LFW of Ni-based su-
peralloys

Yonekura et al. [88] discussed the importance of the flash
path for the quality of LFWed joints; they studied the flash
extrusion path through experiments and demonstrated that
flash tends to flow toward the nearest edge. Based on such
observations, a mathematical model of flash extrusion was
established, and a Voronoi diagram based on the flash extru-
sion prediction method was proposed. Geng ef al. [99] estab-

lished a thermomechanical coupling model to predict the
temperature, plastic strain, and stress distribution during
LFW of FGH4096 and GH4169 superalloys. They com-
pared the cross-sectional morphology and flash shape
between the experiment and simulation at different friction
pressures, and the results showed that the difference in the
average error percentage of the total shortened length of the
four joints was less than 8%, indicating a satisfactory match
between the predicted and the measured deformation.

6. Residual stresses, creep, and fatigue

Smith et al. [101] analyzed the elastic residual stress of IN
718 linear friction welds, where the dimensions of the speci-
men were 9 mm (H), 34 mm (L), and 12.5 mm (). The
evolution in the residual strains and stresses in the heat-af-
fected zone (HAZ), TMAZ, and DRX of the weld was in-
vestigated using the neutron diffraction and contour methods.
The results indicated that the magnitude of residual stress ori-
ginating from the BM increased and reached a peak at the
welding interface. In addition, the peak amplitude of the re-
sidual stress was lower than the yield stress of IN 718. Fur-
thermore, Masoumi et al. [102] conducted high-temperature
creep tests on AD730™ Ni-based superalloy as-welded and
post-weld heat-treated (PWHTed) joints at two different tem-
peratures: 700°C under 600 and 750 MPa stress levels, and
850°C under 100 and 200 MPa stresses. Here, the dimen-
sions of the specimen were 37 mm (H), 26 mm (L), and
13 mm (W). The creep resistance of the PWHTed joints was
higher than that of the welded specimens. The PWHTed
joints exhibited better ductility than the BM at 850°C, while
they exhibited slightly lower creep life compared to the BM
at 700°C. Furthermore, Yang et al. [103] used the FEM to in-
vestigate the fatigue crack growth behavior of an LFWed su-
peralloy joint and its important influencing factors (the di-
mensions of the actual block specimen were 55 mm (H),
12 mm (L), and 18 mm (W)). The authors considered the
source of joint failures, such as voids, hard inclusions, and re-
sidual stress, and established a finite element model of fa-
tigue joints with different geometric and positional features
containing initial voids and inclusions. The order of crack
initiation and propagation in fatigue joints under different
characteristics was studied, and the important factor levels of
crack propagation were classified.

Chen et al. [104] studied the residual stress of a single
crystal nickel superalloy CMSX-4 TIG welding joint. By
comparing the residual stress of a single crystal nickel super-
alloy CMSX-4 TIG welded joint and an IN 718 LFWed joint,
the authors found that the residual stress of LFWed joints was
lower than that of fusion welded joints. During creep tests,
Pasiowiec et al. [105] investigated the microstructure evolu-
tion of Inconel 625 additively manufactured by laser powder
bed fusion (LPBF); In this paper [105], it is evident that a
constant negative strain was found after a short incubation
time of approximately 20 h during the creep test at
600°C/100 MPa. The creep curve of the specimen tested at
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700°C/100 MPa shows that the initial phase of the second
creep phase occurred at about 700 h, and the strain was relat-
ively low (at about 0.6%) after the creep test had continued
for 2000 h. In the 800°C creep test, fracture occurred after
240 h, and the creep curve shows a dominant tertiary creep
stage and a short secondary creep rate occurred at 30—100 h.
Wen et al. [106] investigated the typical fatigue fracture mor-
phologies of GH4169 electron beam welded (EBWed) joints
at various temperatures. All the fatigue cracks were caused
by welding defects in relation to the stress concentration, as
represented by the red ellipse. In their study [106], the types
of welding defects were divided into four categories accord-
ing to the characteristics and location of defects: surface
welding cracks, surface welding inclusions, surface welding
pores, and internal welding pores.

7. Recommendations for further research

Although recent progress has been made in understanding
Ni-based superalloys LFW, existing knowledge gaps need to
be addressed to assist our understanding of the associated
processes and to improve the industrial implementation of
LFW. We suggest that research should focus on the follow-
ing areas.

(1) Oxygen elements effects. The LFW process occurs
over a short time at a high strain rate. The interface temperat-
ure rises quickly, and there is a large temperature gradient. In
consideration of the temperature factors during the welding
process, the diffusion mode, path, and depth of the oxygen
elements affect the microstructure and properties of the joint.
In addition, the action of oxygen elements can alter the
chemical composition of the joint and its impact on the initi-
ation and propagation behavior of defects in the joint.

(2) Microstructural simulation methods. Computer model-
ing, numerical or visual simulation, and microstructural sim-
ulation can be used to study the evolution process and mech-
anism of microstructures, as well as the basic characteristics
of materials at the micro or mesoscale. Models can be used to
study the influence of processing conditions on the evolution
of microstructure; this enables the characterization of the ef-
fects of processing conditions on various phases, the average
grain size, the grain microstructure, and the grain spatial dis-
tribution of Ni-based superalloy welds.

(3) Near-net-forming. LFW technology has good applica-
tion prospects in near-net-forming. By designing special
clamps to splice small pieces into large components, it can
overcome the disadvantages of fusion welding (performance
degradation at welded joints), and this is a suggested future
research direction.

(4) LFW of aeroengine blisks. At present, the challenges
faced by the LFW of aeroengine blisks are mainly divided in-
to the following aspects: first, it is difficult to control the ac-
curacy, including the joint forming accuracy and axial short-
ening accuracy at the end of welding. Second, the process of
removing excess flash from joints is problematic, and it is es-
sential to ensure that the blades are not damaged during flash

Int. J. Miner. Metall. Mater., Vol. 31, No. 6, Jun. 2024

removal. Third, the overall heat treatment process for reliev-
ing residual stress after welding can severely deform the
blades, and implementing local heat treatment is the key to
reduce the deformation of the welded parts.
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