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Abstract

This study explored the aging time-dependent microstructures and strengthening mechanisms of dissimilar welds between
GH159 and GH4169 superalloy. The joint consisted of y-Ni matrix, nano-scale y’ and y” phases, granular MC carbides, and
Laves phase after welding and aging at 650 °C. The aging time mainly affects the precipitation, size, and transformation of
the strengthening phase. The weld joints aged for short times (<25 h); the content of small-sized strengthening phases y'
and y” increased gradually with the increased aging time. It can increase the microhardness of the weld center from 252 HV
(unaged) to 396 HV (aged for 25 h). With a longer aging time (> 600 h), the Laves phase produced during welding and the
nano-scale phases precipitated by aging are severely coarsened. With increasing aging time to 2000 h, the nano-scale phase
y' increasingly transforms into the d phase, resulting in its performance degradation. However, the 8 phase has the effect of

“cutting” the Laves phase, which can refine the Laves to a certain extent.

Keywords Post-weld aging treatment - Laves phases - y' phase - Microhardness

1 Introduction

Bolt connection is one of the most important and key con-
nection types in aero-engine combined rotor system. Its main
function is to connect the turbine disc and shaft [1-3]. A
superalloy is comprehensively used in high-pressure rotor
bolts because of its outstanding mechanical properties at
high temperatures, excellent fatigue properties, and good
oxidation resistance [4—7]. Generally, it is usually composed
of spring plates and bolts, and the long-term connection of
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the two parts is widely made by laser beam welding (LBW)
[8-10].

In order to lessen the machining costs and improve the
service life and performance of the bolted connection assem-
bly, a different combination of superalloys has been con-
sidered for using in high-pressure rotor bolt welding. For
instance, GH4169 superalloy is preferred at higher tempera-
tures (~ 650 °C) [11-13], while GH159 superalloy is used
at lower temperatures (~595 °C) [14, 15]. Both superalloys
exhibit superior corrosion resistance at high temperatures
attributing to the existence of chromium, while the GH159
superalloy is more advantageous owing to its higher strength
[16—18]. Therefore, dissimilar metal welding (DMW) of
GH4169 and GH159 superalloys is a promising option for
processing high-pressure rotor bolts. However, DMW com-
plicates the microstructure and mechanical properties of the
weldments. Ran et al. [19] reported that the macroscopic
morphology of the weld can be effectively improved and
the joint performance of GH4169 and GH159 superalloys
can be improved by adjusting the welding parameters. The
authors observed the existence of the eutectic Laves phase in
the center of the weld, and its precipitation would consume
strengthening elements, thereby reducing the mechanical
properties of the joints. Furthermore, it is difficult to obtain
high-quality joints with DMW of GH4169 and GH159
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Table 1 .'.fhe chemical elements Ni Co Cr Fe Nb Mo Ti Al C

compositions of GH4169 and

GH159 superalloy (wt %) GH4169 51.25 0.03 1791 21.61 4.89 2.96 0.80 0.52 0.03
GH159 25.5 35.5 19 9 0.6 7 3 0.2

superalloys because of variations in their material proper-
ties such as chemical composition, thermal conductivity,
and thermal expansion coefficients. For example, dissimilar
materials can generate severe elemental segregation during
welding and lead to uneven distribution of precipitates.

All the welding processes give rise to composition segre-
gation at the weld joints owing to different chemical compo-
sitions and thermal expansion coefficients of DMW. Many
researchers [20—24] reported that post-weld heat treatment
is an inevitable step for alleviating composition segregation
and stabilizing the microstructure of the weldment. Wang
et al. [25] confirmed that the aging treatment process con-
tributed to precipitating a large amount of y’ phases, and
the existence of y" phase with bimodal size could signifi-
cantly enhance the strength of IN718 superalloy. Zhou et al.
[26] found that the gradient grain is formed in the weld of
GH4169 superalloy after post-welding heat treatment, which
can effectively alleviate strain concentration and promote
the accumulation of more dislocations. Finally, the duc-
tility was increased by 16.57% compared to the samples
under the identical treatment, and the strength was not lost.
Damodaram et al. [27] have found that post-welding aging
promoted the precipitation of the strengthened phase and
was beneficial to improve the tensile property of the weld
of IN718 superalloy.

As a result, post-welding heat treatment is an essential
means to restore the excellent mechanical properties of
joints by adjusting the morphology, distribution, and quan-
tity of various precipitates. However, there are very few
literature reports on the effect of post-welding aging treat-
ment on welded joints of GH4169 and GH159 superalloys.
The characteristics and interrelations of weld appearances,
microstructure evolution, and mechanical properties of the
weldment under post-welding aging treatment conditions are
still unclear. The research of this paper is mainly to provide
some references for these problems.

2 Materials and methods

The leaf spring and bolt materials used in this experiment
are GH4169 and GH159 superalloys, respectively. Its chem-
ical composition is shown in Table 1. Before laser beam
welding (LBW), the GH4169 and GH159 superalloys are
heat treated under different conditions, respectively. For
GH4169 superalloy, the solution treatment was conducted
at 1050 °C for 2 h and then air-cooled to room temperature.
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Fig. 1 Schematic diagram of laser welded joint of dissimilar superalloy

Table2 Operation parameters for laser welding of GH4169 and
GHI159 superalloy

Laser power Welding speed Protection Heat input (J/mm)

(watt) (mm/s) gas flow
(L/h)
528 15 500 35.2

Afterward, double-aging treatment (720 °C X 8 h/furnace
cooling followed by 620 °C x 8 h/air cooling) is carried
out in the solution-treated GH4169 superalloy. For GH159
superalloy, the samples were solution annealed at 1025 °C
for 4 h before the welding and then air-cooled to room tem-
perature. Subsequently, the solution-treated samples were
cold-drawn to a strain of 48% by multi-pass and then were
hot pier. Figure 1 shows the schematic diagram of the welded
joint, and the microstructure of different areas in the welded
joint is observed. The equipment used in the connection bolt
laser welding is CF-1000 continuous laser welding machine,
and argon gas serves as the protective gas during the whole
welding process. Table 2 shows the welding parameters used
in this study. Post-welding heat treatment is performed on
GH159 and GH4169 superalloy joints at 650 °C for 25, 600,
and 2000 h.

The samples were polished employing prescriptive metal-
lographic preparation methods, which were etched in a solu-
tion of 5 g CuSO,+ 100 ml HCI1+5 ml H,SO, The micro-
structures of the specimen were observed by using optical
microscopy (OM) selected Olympus GX51, a thermal field
emission scanning electron microscope (SEM) and EDS
analyzer with OXFORD energy spectrum, and transmission
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electron microscopy (TEM) with an accelerating voltage of
200 kV (FEI Talos F200X). The microhardness value of the
welded joint in all areas was measured by the HVS-1000
Vickers microhardness employing a load of 1000 g for 10's,
and the test is no less than three times to ensure the accu-
racy of hardness values. The size and volume fraction of
all precipitates were measured by the Image-Pro Plus (IPP)
analysis software.

3 Results and discussions
3.1 Microstructure of the weld

The microstructure of the weld joint of GH159/GH4169
superalloy is shown in Fig. 2a, which shows a stemless
wine cup shape without defects such as metal spatter and
non-fusion. However, it is unavoidable to observe the pres-
ence of porosity at the bottom of the weld. The presence
of porosity is mainly related to the high Ni content in the
base metal (BM) [28]. As is shown in Fig. 2b, the micro-
structure and properties of solid BM on both sides of the
weld significantly change under the action of the welding
thermal cycle, forming a heat-affected zone (HAZ) [29, 30].
The dashed line near the center of the weld is the fusion
line, and the dashed line near the BM is the HAZ boundary.
The weld zone (WZ) is the high-temperature concentrated
melting zone of the fusion welding heat source. Presented
in Fig. 2c is the microstructure of the weld joint from left
to right, followed by GH159BM, GH159 heat-affected
zone (GH159HAZ), weld, GH4169 heat-affected zone
(GH4169HAZ), and GH4169BM. The center structure of
the weld is fine equiaxed crystals, and the edge of the weld
is a dendrite region. The dendrites grow along the vertical
direction of the solid-liquid interface; that is, the vertical
fusion line grows toward the center of the weld. Based on the
fast heat dissipation at the edge, the grains near the fusion
line grow the fastest and are mainly coarse dendrites [31,

Fig.2 Microstructures of alloy
joint: (a) The whole morphol-
ogy; (b) Magnification of b in
(a); (c) Magnification of (a)

& >

32]. Due to the difference in melting temperature between
the two superalloys, the width of HAZ zone on both sides
is different. The width of the HAZ formed after welding is
determined by the physical properties of the material, such
as melting point, thermal conductivity, and thermal expan-
sion coefficient. In addition, the width of heat-affected zone
is also related to welding parameters (such as welding power
and speed). By comparison, it can be observed that the low-
strength GH4169 superalloy has a wider liquefaction region;
this phenomenon has been mentioned in previous studies by
Moosavy et al. [33].

3.2 Microhardness

Figure 3 exhibits the microhardness profile of the weld-
ments and the corresponding microhardness values are
listed in Table 3. The welding center is often regarded as
the weakest link of the assembly. The failure of GH159 and
GH4169 superalloy welds mostly originates from the weld
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Table 3 The average microhardness values at each zone in Fig. 3

Aging temperature T/C ~ Holding time th ~ GH4169 (HV)  GH4169HAZ (HV)  WZ(HV)  GHI59HAZ (HV)  GHI159 (HV)
650 0 442.7 327.5 252.3 365.2 481.6

25 4512 4334 396.0 468.6 520.5

600 450.1 457.8 4578 512.1 539.7

2000 4272 4272 442.4 512.3 543

center area with the lowest hardness. The microhardness of
unaged weldment (0 h) increases gradually from WZ to BM,
and the post-weld aging treatment can greatly improve the
microhardness of the weld center, making the microhardness
distribution of each area of the weldment more uniform,
resulting in a greatly improved service life of the joint. It
can be seen from the microhardness-aging time curve that
the microhardness of GH159BM increases with the aging
time, while the microhardness of GH4169BM increases with
the holding time within 25 h and gradually decreases after
25 h. According to previous research, GH4169 superalloy
is a precipitate-strengthened nickel-based superalloy, and
thus, the microhardness enhancement after aging treatment
for 25 h mainly depends on the kind, volume fraction and
size of precipitates [25].

The microhardness values of the WZ increase with aging
time increasing. Especially at 25 h, the microhardness has
the most significant enlargement, in which the value of
microhardness was 396 HV about 144 HV higher in com-
parison with the unaged specimen. After the aging time is
extended to 600 h, the microhardness gradually decreased.
The WZ values are respectively 457.8 HV (600 h) and 442.4

Fig.4 OM images of the
welded joints: (a) GH159; (b)
GH4169; (¢), (d) are the distri-
butions of elements across the
fusion boundary in (a) and (b)

HYV (2000 h). Overall, the WZ was aged at 650 °C, and the
microhardness increased rapidly with the aging time within
25 h. However, the increase rate of hardness decreased
slowly from 25 to 600 h, and the microhardness value began
to decline surpassing 600 h.

3.3 Chemical compositional change

The compositional changes in the weld joint with the
unaged sample were microanalyzed by EDS through the
weld line. EDS line scans of the main elements (Ni, Fe,
Nb, Co, Mo, and Cr) are shown in Fig. 4. The content
of elements in the transition region from the BM to
the weld has a large gradient, and the elements dif-
fuse from the BM to the center of the weld with uneven
distribution. The Ni and Co at the joint are diffused
from the base metal at both ends to the weld joint, fol-
lowing the principle of high concentration to low con-
centration diffusion. It can be observed from Fig. 4c
and d that the content of Al and Fe does not change
significantly, while Nb fluctuates significantly in HAZ
and WZ. A small amount of Nb element contributes

3

0 L

- d
A @ ( )(,o | —Ni —cr
—Fe —Nb e
wl Ll ——Co Al —Co
or wZ HAZ GH4169
| GHI59 HAZ Wz

NrvAAmmaAne A AU,

C]
w
=3

T

M

. .
400 600
Distance / pm

0 200

L L L L L
1200 0 200 400 600 800 1000

Distance / pm

1
800 1000 1200

@ Springer



Welding in the World (2023) 67:1765-1779

1769

to stabilizing the austenitic microstructure, while Nb-
enriched regions easily give rise to the appearance of
MC-type carbides and precipitated phases [34].
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the overall element distribution, the element content fluc-
tuates the closest to the fusion line, which means that the
composition gradient on both sides is the largest and the
most uneven. It is distinct that the content of Ni, Fe, and
Nb reduced from GH4169BM to GH159BM side, while the
content of Ti, Al, and Cr is almost unchanged. This is due to
the transfer of atoms from high-content alloys to low-content
alloys; the diffusion itself hinges on the intrinsic diffusion
coefficient of each atom [29]. The Ni, Fe, and Nb are fully
diffused and evenly distributed in all positions without seg-
regation on aged at 25 h. In general, the aging treatment
could effectively facilitate the diffusion of the elements and
ease composition segregation. Besides, the element diffusion
could alter the formation, distribution, and size of precipi-
tates [35-37]. The effects of composition segregation on the
precipitation of the second phase will be further studied in
the following.

3.4 Microstructure of specimens before aging
treatment

3.4.1 Base metals

Figure 6a exhibits the microstructure of GH159BM. It
is seen that the microstructure of GH159BM consisted
of some fine recrystallization grains formed at the grain
boundaries of deformed grains (circle 1, corresponding
magnification micrographs are shown in Fig. 6¢), which
resulted from hot pier processing before laser welding.
Moreover, some coarse MC carbides were observed in
the microstructure of GH159BM. These coarsened MC

Fig.6 Microstructure of base | (a)
metal GH159: (a)SEM image; S

(b) EDS diagram of NbC; (¢) ) - SR
Recrystallization grains of
arrow 1 in (a); (d) TiC carbide;
(e) SAED of TiC carbide

@ Springer

carbides were confirmed as NbC by the EDS analysis
(Fig. 6b). Figure 6d shows the TEM microstructure of
GHI159BM. Some fine second phases were visible, which
was confirmed as TiC by the selected-area diffraction
(SAD) (Fig. 6d and e). It is interesting to note that a large
number of closely spaced intersecting networks were also
found on the microstructure of GH159BM (Fig. 6d). It
is seen from Fig. 3 that the microhardness of GH159BM
is the highest in the weld joint of the GH159/GH4169
superalloy. The enhancement in the microhardness of
GHI159BM is mainly attributed to the appearance of a
closely spaced intersecting network formed during cold
drawn and fine TiC particles [16, 38—40].

Figure 7a and b illustrates the microstructure of
equiaxed crystals and twins distributed in GH4169BM.
SEM images result show that the blocky precipitate
was confirmed to be NbC, and TEM images exhibited
that nano-meter-size precipitates were observed in the
GH4169BM (Fig. 7c). The SAD pattern of the sample
along the [001]y direction is shown in Fig. 7d, where
the red precipitates represent the y' phase, while the yel-
low precipitates are expressed as y” phase with a body-
centered tetragonal DO,, structure. The resulting dark
field image using the diffraction spot marked by the red
circle in Fig. 7d representing one family of y' phases is
given in Fig. 7e; and the morphology of y” phases are
depicted Fig. 7f. It is generally known that the coherent
strain between y” and matrix is higher and the y” phase
usually presents with a disc-like shape, while the y’
phase, which has a low coherent strain with the matrix,
is normally globular [5, 11].

Z-[001]



Welding in the World (2023) 67:1765-1779

1771

Fig.7 Microstructure of base
metal GH4169: (a) SEM image;
(b) TEM image; (c) TEM BF
image; (d) SAD pattern with the
[001] zone axis indicating the
coexistence of y' phase and y”
phase within y matrix; (e), (f)
corresponding dark field images
of y' phase and y” phase in (d)

(020) y (220)y

0135y

o1 y"

3.4.2 Phase compositions

Irregular-shaped precipitates can be observed in the center of
the weld (Fig. 8), which show independent island-like, dendritic,
and semi-continuous distributions with different sizes. Previous
studies have shown that during the welding process of GH4169
superalloy, the redistribution of Nb and Ti will lead to the pre-
cipitation of topographically close-packed (TCP) phase, such as
Laves (Fe, Ni, Cr),(Nb, Mo, Ti) (hexagonal) [41]. The Laves
phase is a non-equilibrium eutectic product of L—y+Laves that
can be formed in the final solidification stage of the GH4169
superalloy [35, 37]. Figure 8c shows the electron diffraction pat-
tern of the intergranular phase, which indicates that it has a hex-
agonal close-packed structure (HCP). Further EDS map analysis
showed that this precipitated phase was enriched in Nb and Ti,
and the contents of Ni and C were lower than those of y matrix
(as shown in Fig. 8d and e). The precipitated phase was identi-
fied as the Laves phase based on its structure and composition.
The microhardness of the weldment unaged increased from the
center of the weld to both sides. This is because the Laves phase
consumes the strengthening element Nb, which reduces the weld
strength, resulting in the lowest microhardness value of the weld
center. The softening behavior of the Laves phase is consistent
with that reported in the literature [1, 19].

3.5 Microstructure evolution of welded joints
after aging treatment

3.5.1 Microstructure of the BM
The microstructure of GH159BM under different aging

treatments did not change significantly with the extension
of aging time. However, the TEM image of Fig. 9a reveals

(200)

Grain boundary

that nano-precipitates appear in the matrix after aging treat-
ment of GH159BM, and the SAD diagram shows that the
nano-phase is the enhanced phase y'. Figure 9b—d shows
that the nano-meter y’ phase is dispersed in y matrix. The
heat treatment temperature of GH159BM before welding
is higher than the complete dissolution temperature of y'
phase (910 °C), resulting in the disappearance of y’ phase
[42]. Therefore, there was no precipitation in the unaged
sample. According to the statistics in Fig. 9e, the aging
treatment is beneficial to the precipitation of y" phase, and
the volume fraction and the size of y' phase increase with
aging time. The phenomena suggest that the microhardness
of GH159BM increases with aging time due to the amount
of y' phase in the matrix increasing.

Figure 10 exhibits the morphology, size, and volume
fraction of y’" and y"” phases in GH4169BM subjected to
different aging treatments. The spherical y' phase has
been observed in the matrix at aging 25 h; with continu-
ous extending aging time, the y' phase continues to grow,
and two or more fine particles are combined and finally
grow into a strip y' phase (Fig. 10c and d). Similarly, the
v" phase grows from an ellipsoidal shape to a thick strip
with lengthening time, and the growth extends toward the
two ends of the strip (Fig. 10e-h). The precipitated phases
vy" and y" are counted by IPP software, and the volume
fraction and size of the strengthened phase are displayed
in Fig. 10i and j. There is no significant difference in the
average size of ¢’ phase at aging for O h and 25 h with the
mean diameter value of 1.6 +0.2 nm, and volume fractions
are 4.0 +0.4% and 5.9 +0.3%, respectively. While the size
of the y' phase increased from 40.8 nm (600 h) to 65.4 nm
(2000 h), and the y" phase increased from 42.3 nm (600 h)
to 104.1 nm (2000 h). This observation confirms that the

@ Springer
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Fig.8 (a) SEM image of microstructure of weld center; (b) TEM BF image; (c) SAED pattern taken from the corresponding marked area in (b);
(d) HAADF image; (e) TEM mapping micrograph

Fig.9 (a) SAD pattern with the
[001] zone axis indicating the
coexistence of y' phase within

y matrix; (b), (¢) and (d) are y'
phase dark field (DF) image of
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(e) The statistical results of
average diameter and volume
fraction of y’ phase
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Fig. 10 TEM morphology of y’' and y” phase of GH4169BM under different aging time: (a-d) y’ phase for 0, 25, 600 and 2000 h respectively;
(e-h) y” phase for 0, 25, 600 and 2000 h respectively; (i) and (j) are statistical results of volume fraction and average diameter of y" and y” phase

precipitates are constantly precipitated and grown during
the long aging process. The growth of the main strength-
ening phase is controlled by the diffusion of Nb atoms,
and the diffusion of elements is inevitably related to the
temperature and time of aging treatment [43]. Therefore,
the size of the precipitates can be controlled by regulating
the aging treatment. The y’ and y” phases have an excellent
strengthening effect, and the microhardness increases with
the increase of the number of precipitates within 25 h.
However, the severe coarsening of the precipitated phase
is caused by a long aging period [44, 45], which leads to
a weakening of the strengthening effect and a consequent
decrease in microhardness values (Fig. 3).

3.5.2 Dendrite

The sampling follows the principle that the BM zone,
HAZ, WZ, and other areas of the weld are in the same
plane. The sample is cut vertically from the center of
the bolt and spring joint along the direction of the laser
beam, and the sampling of different aging treatments
strictly follows the same cutting mode. According to
this principle, the morphology of dendritic tissues near
the fusion line did not change significantly under dif-
ferent aging times. The dendrite arm spacing was meas-
ured by IPP software, and the relationship with aging
time was depicted in Fig. 11. No significant difference
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was observed in dendrite arm spacing within 25 h,
while increased significantly when the aging time was
extended to 600 h (4.72 pm) and 2000 h (5.42 pm),
respectively. From this, it can be inferred that with the
prolongation of aging time, the dendrites coarsen and
the dendrite spacing increases. The dendrite arm spacing
is a function of the cooling condition [19]. With increas-
ing cooling rate, the dendrite arm spacing is decreased.
In this present work, all samples were cooled to room
temperature at the same cooling rate, and the effect of
cooling rate on the dendrite arm spacing is the same.
However, the dendrite arm spacing in this investigation
is increased with increasing aging time. This indicates
that the aging time also has a significant effect on the
dendrite arm spacing. This may be attributed to the fact
that the coarse dendrites formed first can exist stably,
while the fine dendrites formed later will dissolve. The
dissolution of fine dendrites results in an increase in the
spacing of dendrite arms during long time aging.

From equation HV = C + kA~1/2[46], where C and K are
intrinsic constants of material and A is dendrite arm spac-
ing. According to the formula, the microhardness value is
inversely proportional to the dendrite spacing. That is, the
microhardness value increases with decreasing dendrite arm
spacing. However, in this paper, with the extension of aging
time, the dendrite arm spacing increases, while the micro-
hardness of the weld area still increases (Fig. 3). Therefore,
the difference in dendritic arm spacing after aging treat-
ment has little effect on microhardness, and the precipitation
phase plays the most important role and can overcome the
softening effect of the material caused by the wide spacing
of the dendrite arms.

5.6

54 F

52 F

50 F

48 |-

4.6

The dendrite arm spacing (um)

wl E\i

42 F

40

0 25 600 2000
Aging time (h)

Fig. 11 The statistical results of dendrite arm spacing of joint with
different aging time
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3.5.3 Precipitate phase analysis of the WZ

Figure 12 depicts the evolution of the Laves phase on aged
at 650 °C. The Laves phase particles in the weld without
aging treatment are coarse and clustered into chained pat-
terns in Fig. 12a, while they are semi-continuous on aging
for 25 h. The sample aged 25 h offers better homogeniza-
tion compared to the 0-h condition, as reflected in the more
regular shape of Laves precipitates. The Laves phase distri-
bution is highly interconnected in Fig. 12c with the aging
time increasing. Figure 12e and f shows the curve of the
volume fraction and average diameter of Laves phase chang-
ing with aging time. More than 25 h, the volume fraction of
Laves phase increases with its coarsening after aging for a
long period, and its morphology changes from the original
chain structure to the network structure. The size and vol-
ume fraction of Laves phase obtained in the weld of 600 h
are 0.95 pm and 27.35%, respectively. Upon increasing to
2000 h, the size of Laves phase decreased and the volume
fraction of the Laves phase of the weld was only 19.59%
(Fig. 12e). This is due to the presence of needle-like precipi-
tates, which had a cutting effect on the Laves phase.

To identify such needle-like precipitates and their rela-
tionship to the matrix, a detailed TEM investigation is pre-
sented in Fig. 13. The inserted fast Fourier transformation
(FFT) patterns verify that the needle-like precipitates were
0 phases, which have an orthorhombic crystal structure,
and the y matrix has an FCC crystal structure in Fig. 13b.
HRTEM micrograph exhibits the interface between the &
phase and the y matrix, and the results of FFT show that the
orientation relationship between the matrix and 8 phase is
[011], //1100]s. This result is consistent with the proposi-
tion put forward by previous studies [47, 48]. Furthermore,
a large-area y' phase could not be found in the aging-treated
specimens during TEM observations, only a bit y' phase
existed in the region away from the Laves phase, and the
0 phase was precipitated around the Laves phase. Aging
treatments at temperatures of 650 °C are insufficiently high
to eliminate the microsegregation of Nb and Ti [43]. Once
thermodynamic conditions permit, the acicular or rod-like
0 phases will precipitate at grain boundaries that still retain
enough Nb. When the aging time is extended to 2000 h, the
Laves phase in the weld center is often used as the nuclea-
tion position of 8 phase, and the remaining Nb around it
promotes the nucleation and growth of & phase [49].

The magnification SEM image of the microstructure of
Laves phase aged at 650 °C is illustrated in Fig. 14, and the
corresponding EDS analysis results are shown in Table 4.
The content of Nb in Laves phase formed by WZ is only
8.68%, which is lower than 10%, thus resulting in an incom-
plete stable state of Laves phase [34, 35]. The low content
of Nb in Laves phase during laser welding is attributed to a
fast cooling speed, which results in not enough time for Nb
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Fig. 12 SEM micrographs
showing the microstructure

in the center of weld pool for
GH4169/GH159 samples with
different aging time: (a) 0 h; (b)
25 h; (e) 600 h; (d) 2000 h;(e),
(f) are statistical results of
volume fraction and average
diameter of Laves phases
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Fig. 13 (a) Bright-field TEM
of the center of the weld joint
aged at 650°C for 2000 h; (b)
HRTEM micrograph of d phase
precipitating, superimposed
with the FFT patterns of the
image. Magnified atomic reso-
lution TEM images of (c) the y ,
matrix along its [011] zone axis, N Laves phase,
(d) 6 phase with an orthorhom-
bic crystal structure examined
from its [100] zone axis

to fully diffuse and form a stable Laves phase. Therefore, the
Laves phase was irregular and uneven in the samples after
laser welding [8, 9]. During aging for 25 h, some unsta-
ble Laves phase will dissolve to the matrix and cause an
increase in the content of Nb, whereas some other unstable

Aging time (h)

Z=1[011] )20)
T ., 0 phase
1

'y matrix

Py

Y matrix

Laves phase distributed in the region with a high Nb content
can transform to a stable Laves phase by obtaining Nb from
the matrix [34], as shown in Fig. 12e and f. With increas-
ing aging time to 600 h, the stable Laves phase gradually
grow to 0.95 pm and the volume fraction of Laves phase
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Fig. 14 SEM micrographs of
the Laves phase at different
aging time: (a) 0 h; (b) 25 h; (¢)
600 h; (d) 2000 h

Table 4 Energy spectrum

; Aging time (h) Nb Ti Cr Mo Co Fe
analysis of Laves phase and
mataix (wt %) Laves 0 32.95 868 316 1478 689 1673 11.0
25 27.03 12.45 2.32 13.07 7.38 8.47 11.29
600 29.18 12.87 2.57 14.22 10.04 13.09 9.69
2000 21.85 12.05 3.21 22.3 12.39 18.2 9.8
Matrix / 46.16 2.16 1.89 17.53 3.11 7.2 17.76

was measured to be approximately 27.35%. It was noted that
the volume fraction of the Laves phase decreased to 19.59%
after aging treatment for 2000 h. This is attributed to the
formation of a large number of needle-like d phases around
the Laves phase, which results in a decrease in the content
of Nb in Laves phase, and thick Laves phase is cut into frag-
ments [50, 51]. Some of the fragments of Laves phase will
dissolve into the matrix during aging, leading to a decrease
in the volume fraction of the Laves phase.

Figure 15 displays the microstructure of the weld center
analyzed by TEM. From the bright-field image, the nano-
phase distributed in the Laves phase interval region can be
observed, and the y’ phase exists in the matrix by calibrat-
ing the diffraction pattern. Dark-field image of the y' phase
(Fig. 15c) is marked by the red circle in (b). Since the pres-
ence of Laves phase consumes Nb and suppresses the nucle-
ation of y” phase, the presence of y” phase is not detected.
Therefore, the y' phase in the center of the weld plays a
major strengthening role. Figure 15c—e shows the y’ phase
distribution at the weld center at the different aging times of

@ Springer

25, 600, and 2000 h, respectively. The y' phase precipitation
is spherical, and the distribution is fine and uniform within
25 h. A clear increase in the overall size of the precipitates
is seen as the aging time reaches 2000 h in Fig. 15e. In con-
trast, ¥’ phase in GH4169BM grew from spherical to a long
strip after long-term aging treatment, and y' phase in the
weld center was still spherical after aging for 2000 h. This is
because Laves phase is evenly distributed in the center of the
weld, Y’ phase can only precipitate in the Laves phase gap,
and its growth is hindered by Laves in the aging process.
Therefore, the final morphology is still spherical.
Microhardness is the result of the joint effect of grain
refinement degree and dissolution or transformation of
the strengthening phase [45]. No y' and y” phases were
observed in the unaged sample, which attributes to the
characteristics of LBW with high temperature and cooling
speed [52, 53]. The y’ and y” phases in the BM dissolve
during the welding process, while there is not enough time
to precipitate during the solidification process. In addi-
tion, the irregular and uneven distribution of Laves phase
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Fig. 15 TEM photograph of
weld pool center of GH4169/
GH159 welding joint: (a) bright
field image aged at 650-C for
25 h; (b) SAD diagram with
the [001] zone axis, indicating
that y’ phase exists in y matrix;
(c) the dark field image cor-
responds to the y’ phase marked
by the red circle in (b); (d)

600 h; (e) 2000 h

resulted in the lowest microhardness of the unaged sample
(as shown in Fig. 12). After aging for 25 h, the micro-
hardness has a significant increment, which is attributed
to a fact that the aging treatment promoted the diffusion
of elements, improved the distribution of Laves phase,
and precipitated the strengthened phases y’ and y” [54]. It
can effectively improve the weld microhardness and bring
broad application prospects for welding products. However,
the precipitated phase grows with the extension of aging
time. Especially, after aging for 600 h, both the strength-
ening phase and the Laves phase in the weld have severe
coarsening, which results in a slow increase in microhard-
ness. It is worth noting that the WZ had a more obvious
increasing trend compared with the BM and the HAZ in
Fig. 3, which can be attributed to the existence of the Laves
phase which can hinder the coarsening of the strengthening
v’ phase. After aging for 2000 h, the microhardness of WZ
sample is slightly lower than that of 600 h. This has been
caused by the 8 phase precipitated along the boundary of
Laves phase, which consumes Nb and inhibits precipita-
tion of the strengthening phase, eventually leading to the
decrease of the microhardness [51].

Fig. 16 Schematic illustration ( (l)
of the microstructure in the

center of weld pool at different :
time of 650-C aging treatment: ’

(a) 600 h; (b) 2000 h
\Lg:'eiphase‘

\

3.‘%%

6
\.\‘

o %
%0.'0

The schematic illustration of the microstructure in
the WZ at 650 °C for different holding times is shown in
Fig. 16. After the welding, there is a uniform Laves phase
in the center of the weld, which gradually coarsens with
the extension of aging time. Furthermore, nano-phase v’ is
precipitated in the matrix, which grows spherically due to
the obstruction of Laves. At 2000 h, the y’ phase exists only
in the region far from Laves, while it is not observed in the
region near Laves. It was confirmed that Nb was consumed
due to the precipitation of d phase around Laves; therefore,
the precipitation of strengthened phase y' is reduced. The
reason is that the 8 phase tends to nucleate preferentially at
the interface of Laves phase because of the large distortion
energy in the region around Laves phase.

4 Conclusions

In this paper, Laser beam welding is used for dissimilar
welding of GH159/GH4169 superalloys. The effect of post-
weld aging treatment on weld microstructure and microhard-
ness is studied. Main conclusions can be drawn as follows:
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1. A non-uniform distribution of composition and micro-
hardness was observed based on the large difference
between BM and WZ. The WZ of the joint has the
lowest microhardness and is often the weakest link of
the welding parts. The WZ microhardness increases by
144HYV after aging for 25 h, and the microhardness is the
result of the joint effect of grain refinement degree and
dissolution or transformation of the strengthening phase.

2. The post-weld aging treatment effectively alleviates
the serious problem of alloying element segregation in
welded joints. It can promote the full diffusion of ele-
ments to form a stable microstructure and improve the
uneven distribution of the precipitated phase.

3. With the extension of aging time, the volume fraction
and size of nano-phase y’ and y” in the matrix increased.
Owing to the precipitated phase with fine dispersion dis-
tribution having a higher hardening effect, the short-term
aging hardness increases significantly, while long-term
aging time leads to severe coarsening of the strength-
ened phase, resulting in a reduction in microhardness.

4. On aged 650 °C for 2000 h, the d phase precipitates at
Laves interface can promote the dissolution of Laves phase.
The volume fraction and size of Laves phase in the sam-
ples aged for 2000 h decreased significantly compared with
600 h. It is similar to the Laves phase being “cut” by the &
phase from a long strip shape to a large granular shape.
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