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Abstract

GH 5188 is a solution strengthening cobalt-based superalloy, which is widely used for manufacturing hot components with
service temperatures of 1000~ 1100 °C. GH 5188 superalloy was fabricated by laser melting deposition (LMD) followed
by solution treatment. The effect of heat treatment temperature ranging from 1140 to 1260 °C on microstructure and tensile
properties of as-LMD specimens was investigated. Optical microscope (OM) and scanning electron microscope (SEM) were
used for microstructural observation, and transmission electron microscope (TEM) was employed for phase determination.
The results showed that heat treatment did not affect phases within the as-LMD GH 5188 specimens, which were composed
of y, M,;C¢, M(C, and La,0,C,, whereas heat treatment temperature had an evident effect on the size and content of carbides.
In general, heat treatment improved both the ultimate tensile strength (UTS) and the elongation (EL) of as-LMD specimens.
With the increase of heat treatment temperature varying from 1140 to 1260 °C, the UTS enhanced firstly to 1051.9 MPa and
then decreased to 934.8 MPa. As the reason, Carbide dispersion distribution contributed to the increase of UTS below the heat
treatment at 1180 °C, and the decrease of volume fraction and size for carbide led to the decrease of UTS above the heat treat-
ment at 1180 °C. The EL increased slightly at first and then rose rapidly. On the contrary, YS monotonously decreased from
587.1 to 503.6 MPa. The dimples became deeper as the heat treatment temperature increased, indicating better toughness.
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1 Introduction

GH 5188 is a solution strengthening cobalt-based superalloy
with the addition of 13-16% tungsten, 20-24% chromium,
Highlights. and trace lanthanum, which is known for its ability of excel-
lent high-temperature thermostability and oxidation resist-
ance, satisfactory formability, and weldability [1-3]. Based
on the above advantages, it is suitable for fabricating hot
(2) Heat treatment had an evident effect on the size and content of components with the service temperature of about 1000 'C
carbides but nearly no effect on the phase of the as-LMD samples. [4-6]. Hence, this cobalt-based superalloy was widely used
in gas turbines, nuclear power, aero-engine, and aerospace
such as combustion chambers, heat exchangers, flame tubes,
and exhaust nozzle [7-9].

(1) GH5188 samples were fabricated by LMD, and effects of heat
treatment on microstructure and properties were studied.

(3) HT improved both strength and elongation of specimens, and all
HT samples exhibited a ductile fracture feature.

04 Neng Li At present, conventional methods for GH 5188 superal-
lineng621@163.com loy, such as casting and forging, were used in manufacturing
04 Huaping Xiong process of majority components. However, these conven-
xionghp69 @163.com; xionghuaping69 @sina.cn tional methods, usually, not only waste materials but also

) increase the fabrication cost and time [10-12].

Division of Welding and Plastic Forming, 3D Printing . . . “
Research & Engineering Technology Center, Beijing Additive manufacturing (AM) is defined as “the pro-
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the near-formed dense metal parts with complex shape from
3D model data [13-15]. Compared with the conventional
cutting process, it shows a lot of advantages including high
manufacturing flexibility and short production cycle as well
as low costs [16,17]. Laser metal deposition (LMD) is a typi-
cal additive manufacturing technique that is widely applied
to various high-temperature alloys, such as Inconel 625 [18],
Inconel 718[19], Hastelloy X [20], and Inconel 100 [21].
LMD is characterized by rapid heating and cooling induced
by the large temperature gradient, which can generate the
supersaturated solid solution [22,23]. Cr-rich and W-rich
carbides will precipitate in the unstable supersaturated sod
solution at the elevated temperature. As is well-known, the
size, content, distribution, and morphology of Cr-rich and
W-rich carbides play a significant role on the mechanical
properties [24].

In general, to obtain the desired mechanical properties
and ideal microstructure, heat treatment is necessary which
can not only adjust the microstructure features [25] but also
decrease the level of residual stresses and eliminate element
segregation [26-28].

Several studies have been reported on additive manufac-
turing of GH 5188; for example, Wei et al. [29,30] investi-
gated the microstructure and mechanical properties of SLM-
fabricated GH 5188 Co superalloy. The results showed that
fine eutectic carbides were formed in as-SLM specimens and
as-SLM specimens exhibited excellent strength and ductil-
ity compared with forging and casting samples. Addition-
ally, it was also found that horizonal samples had a higher
ductility compared with vertical samples. Xu et al. and Liu
et al. [31,32] discussed the effect of processing parameters
on the density of SLM GH 5188, and the results showed
that with the energy density increases, density of specimens
firstly increased and then decreased, and the hardness and
elongation increased significantly. Also, researchers mainly
focused on the microstructure and mechanical properties of
GH 5188 manufactured via ultrasonic-assisted laser powder
bed fusion[33]. The results showed that ultrasonic vibration
could refine the grain and inhibit the preferred orientation

Dy(=57.0 ym
D4,=78.6 ym
Dgo=108.5 ym

)
T

Relative Volume (%)
S

10 100 1000
Particle Size (um)

(a)

of texture to improve the mechanical properties. Eissel et al.
134 reported that the Co—Cr alloy with different contents of
Ti and Zr up to 1 wt% exhibited significant effects on the
welded solidification morphology, as well as the subsequent
machinability. However, no study focused on the effect of the
heat treatment on the microstructure and mechanical proper-
ties of GH 5188 fabricated by AM. Meanwhile, as a solid
solution strengthening superalloy, the optimization of tem-
perature should have a significant impact on microstructure
and mechanical properties of GH5188.

In this study, different heat treatment temperatures were
conducted on the as-LMD GH 5188 specimens. Meanwhile,
the relationship between heat treatment temperature, the
microstructure, and mechanical properties of as-LMD GH
5188 specimens was discussed.

2 Experimental procedures
2.1 Powder materials

The gas atomized GH 5188 powder supplied by Avimetal
Power Metallurgy Technology Co. Ltd. was used as the
feedstock material in this study. The chemical composition
in weight percentage (wt. %) is Co (balance), Cr (22.78),
Ni (22.64), W (14.56), Fe (1.21), Si (0.42), Mn (1.00), C
(0.10), and La (0.02). The particle size distribution with D10
of 57.0 pm, D 50 of 78.6 pm, and D 90 of 108.5 pm was
obtained by Malvern MS 2000 HYDRO 2000MU software
(Fig. 1a). The powder morphology was shown in Fig. 1b
and c.

2.2 LMD process

GH 5188 specimens were fabricated by a LMD equipment,
which consisted of a powder feeder system, working table,
and YLR-6000 fiber laser. Laser deposition parameters
used in the experiment were listed in Table 1. A 90° rota-
tion of scanning strategy between adjacent deposited layers

Fig. 1 Particle size distribution (a) and SEM images at low (b) and high magnification (¢) of GH 5188 powders
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Table 1 Laser deposition parameters used in the experiment

Laser Laser Powder Spot Argon gas Overlap

power scanning feed rate  diameter flow rate rate
speed

500 W 600 mm/ 3 g/min 0.3 mm 20 L/min  50%

min

Table2 Heat treatment procedure for the as-LMD GH 5188 speci-
mens

Condition Heat treatment process Cooling method
LMD GH 5188 - -
Heat-treated (HT) LMD + 1140 °C/30 min Wind cooling
specimens LMD + 1180 °C/30 min
LMD + 1220 °C/30 min

LMD + 1260 °C/30 min

was applied to eliminate anisotropy on the X-Y plane. A
wrought GH 5188 sheet was used as the substrate, with a
thickness of 12 mm. As-LMD specimens with the dimen-
sion of 45 mm X 15 mm X 8 mm were fabricated by LMD
equipment.

2.3 Heat treatment and microstructure
characterization

Based on the knowledge of wrought counterpart, as-LMD
specimens were subjected to the heat treated at different
temperatures at 1140 °C, 1180 “C, 1220 °C, and 1260 °C for
30 min followed by wind cooling to room temperature. The
heat treatment procedure was given in Table 2. A controlled
atmosphere furnace without quenching ability for the treat-
ment and a fan with a speed of 8 m/s was adopted for the
cooling process.

(@)

40

Metallographic specimens were cut horizontally to the
building direction from the as-LMD specimens and HT
specimens and subsequently prepared according to standard
procedures. Finally, specimens were etched by a solution of
5 mL H,0,+ 100 mL HCI for 10 s. The microstructure of
as-LMD specimens and HT specimens was analyzed with an
optical microscope (OM) and scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spectrometer
(EDS). The grain size was determined by linear intercept
method, and the reported values were the result of 20 inter-
cept experiments. The size and volume fraction of carbides
were recorded by Image-Pro Plus software, and reported val-
ues were calculated from 10 SEM images at 2000 times. The
detailed microstructure was examined by the Tecnai G2F20
transmission electron microscope (TEM). These specimens
were prepared firstly by thinning down mechanically to thin
foils with a thickness of 70 pm and then punched 3-mm-
diameter disks from the foils. Finally, these disks were
thinned by ion milling.

2.4 Mechanical property test

The tensile test was conducted at room temperature using
an Instron 5887 universal tensile testing machine with ISO
6892-1 specimens. The size of tensile tested specimen was
shown in Fig. 2. The reported value was the average values
of ultimate tensile stress (UTS), yield stress (YS), and elon-
gation (EL) from three measured specimens for each case.

3 Results and discussion

3.1 Microstructure of LMD GH 5188

OM image of as-LMD GH 5188 specimens was shown
in Fig. 3a that columnar structure with the orientation
of ~45-50° to the substrate was observed in all layers.

10 14
34

Fig.2 Dimensions of as-LMD GH 5188 samples (a) and sketch of tensile samples (b)

@ Springer



942

Welding in the World (2024) 68:939-951

(@) As-LMD
) Z ;'J/

0

o N

D,

Dy : Heat flux due to laser source.
D;: Heat flux due to substrate.
Dy : Resultant heat flux

(c) A-

., aNey

Fig. 3 Microstructure of as-LMD GH 5188 specimens. a OM image, b schematic of heat flux, ¢ SEM image, and d detailed cellular structure of ¢

Meanwhile, the growth direction of the columnar structure
was oriented along the moving direction of the heat source.
The difference in columnar growth direction in the adja-
cent deposited layers was due to the difference in the scan-
ning strategy in the adjacent deposited layers. As shown in
Fig. 3b, D, was related to the laser moving direction, D, was
the heat flux direction along the substrate or previous layers,
and D, was the resultant heat flux which was the columnar
growth direction. Therefore, it was obvious that the colum-
nar growth direction was mainly influenced by the heat flux
of vertical and horizontal directions (D, and D,). This result
was in accordance with the previous experiment result for
Inconel 718 fabricated by LMD [35].

SEM image in Fig. 3¢ showed that microstructure for the
as-LMD GH 5188 specimens was composed of columnar
and cellular structures. Cellular structures were attributed
to a large temperature gradient and rapid solidification rate
during LMD. As well-known, a molten pool was formed
and then a large temperature gradient was created when the
laser beam was applied to powders during the LMD process.
With the laser beam moving, rapid solidification occurred
immediately within the molten pool and then led to a large
rapid solidification rate (10° ~ 107 K/s). Based on the grain

@ Springer

growth mode, the higher ratio of the temperature gradient
to rapid solidification rate was favorable to formation of
cellular structures. Further details of columnar and cellular
structures were shown in Fig. 3d, which revealed that the
columnar structures were composed of sub-grains with a
higher ratio of length to width whereas cellular structures
consisted of equiaxed sub-grains. Additionally, it was obvi-
ous that the boundaries and sub-grains boundaries were
decorated with chain-like precipitated phases. Chao et. al
[36] pointed out that the chain-like precipitated phases were
not a stable phase at elevated temperatures and they were
easy to transform to granular morphology.

In order to identify the phase composition of as-LMD
GH 5188 specimens, high-angle annular dark field SEM
(HAADF) and selected area electron diffraction (SAED)
TEM images were collected. Figure 4 presented the typical
HAADEF images and corresponding SAED TEM images of
all phases in as-LMD GH 5188 specimens. The white phases
should be confirmed as eutectic carbides which one for the
M,;C¢ and MC and the other for M,;C¢ and La,0,C,. In the
meantime, the matrix was identified to be y phase. There-
fore, the microstructure of as-LMD specimens was com-
posed of three types of carbides and y phase (Fig. 5).
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Fig.4 TEM images showing
different eutectic carbides (a, ¢)
and yphase (e) and correspond-
ing SAED analysis (b, d, f)

(a) As-LMD

Eutectic carbides
(M23C6+MgC)

(c) As-LMD

Eutectic carbideQ

(M5;C6+La,0,C;)

Several studies dealt with the presence of the La,0,C,
phase within GH 5188 superalloy. For example, Zeng et al.
[37,38] pointed out that La and O elements showed strong
affinity with each other, and thus, they preferentially formed
La,0; phases within the grains of GH 5188 superalloy.
Meanwhile, during the solidification, C element easily com-
bined with Ni, Cr, Co, and W elements to form M¢C-type
carbides, but a little amount of C element still existed alone
in the alloy. Additionally, the reaction to form La,0,C, was
ever reported in reference [39,40]:

La,05(s) + 3C(s) = La,0,C,(S) + CO(g) (1)

According to the above equation, the enthalpy of forma-
tion La,0,C, based on the appropriate thermodynamic date
was calculated as —320.0 +2.0 kcal/gfw [39]. Therefore, the
presence of La,0,C, phase was reasonable for the as-LMD
GH 5188 superalloy. Meanwhile, CO rapidly escaped due to
the relatively short duration of the LMD process, and thus,
the microstructure of as-LMD specimens had no cracks.

(b) As-LMD
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To study the effect of solution heat treatment on the
microstructure of as-LMDed GH 5188 superalloy, OM
micrographs of as-LMD GH 5188 specimens heat treated
at different temperatures were examined, as shown in
Fig. 6. From Fig. 5a the grain size was 51.1 pm and the
grain shape was mainly columnar structure. Compared to
as-LMD specimens (Fig. 3a), heat treatment at 1140 °C did
not significantly change the grain size and shape. With the
heat treatment temperature increasing to 1180 ‘C (Fig. 5b),
the grain size showed grain growth with an average size of
84.1 pm, and columnar structure was gradually destroyed
and altered to equiaxed grains. As Tucho et al. reported [41],
when the heat treatment temperature was higher than 1100
°C, the presence of recrystallization would occur within the
SLMed superalloy. Therefore, for as-LMD GH 5188 speci-
mens with heat treatment temperatures ranging from 1140
to 1180 °C, the residual stress would relieve, and dislocation
density would reduce during the as-deposition process and
then transform the driving force of recrystallization, which
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Fig.5 OM micrographs of as-
LMD GH 5188 specimens heat
treated at 1140 °C (a), 1180°C
(b), 1220°C (¢), 1260°C (d), and
grain size at different heat treat-
ment temperatures (e)
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contributed to grain coarsening “*!1. Additionally, it was
noticeable from Fig. 5¢ and d that the morphology of the
grain boundary altered from the serrated grain boundary
to the straight boundary as the heat treatment temperature
increased from 1220 to 1260 °C. Furthermore, the heat treat-
ment temperature of 1260 “C resulted in the formation of
annealing twins. This behavior was in accordance with the
twins within the former study as-LMD IN 625 after anneal-
ing at 1025 “C [43]. As could be seen from Fig. Se, the
grain size grew bigger with the heat treatment temperature
increasing from 1180 to 1260 °C, but the grain sizes under
these three temperatures were almost the same. The reason
for grain sizes with no change under these three tempera-
tures was that the higher heat treatment temperature would
provide the stronger driving force to mainly dissolve car-
bides and facilitate twins formation [41].

Figure 6 presented the microstructure of as-LMD GH
5188 specimens treated at different solution tempera-
tures. There was a noticeable phenomenon that carbide

@ Springer
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agglomeration would happen as the solution temperature
treated at 1140 “C, but carbides were dissolved when the tem-
perature was further increased to above 1180 “C. Addition-
ally, carbides were mainly distributed in the inter-dendritic
and intra-dendritic regions. Meanwhile, heat treatment tem-
perature did not change the granular carbide morphology.
The volume fraction and the average size of carbides with
respect to heat treatment temperatures were shown in Fig. 6e
and f. It could be seen from Fig. 6e and f that the average
size and the volume fraction of carbides were almost no
change below the heat treatment temperature of 1180 C.
However, the distinct difference was the more dispersed dis-
tribution of the carbides for the LMD + 1180 ‘C specimens.
This was attributed to the higher heat treatment temperature,
which would provide the stronger driving force to eliminate
the segregation and destroy the dendrite structure. Increas-
ing the heat treatment temperature to 1220°C, carbides were
dissolved, and thus, its size and volume fraction decreased
dramatically to 0.47 pm and 1.46%, respectively. Further
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Fig.6 SEM micrographs of
as-LMD GH 5188 specimens
with heat treated at 1140°C (a)
(a)), 1180°C (b) (b,), 1220°C

(€) (cy), 1260°C (d) (d,), and
volume fraction (e), and average
size (f) of carbides with respect
to different heat treatment
temperatures
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increase in heat treatment temperature to 1260 “C resulted
in a further decreasing of the size (0.24 pm) and volume
fraction (0.61%).

Figure 7 presented carbide morphology of as-LMD GH
5188 with heat treatment at different temperatures accord-
ing to HAADF TEM images. It was found that carbides
exhibited square and spherical morphology below the heat
treatment temperature of 1180 ‘C, while the morphology
of carbides altered from square to spherical above 1180 C.
This was attributed to the fact that the shape corner of white
particles characterized by higher specific surface and higher
internal energy would absorb more laser energy, resulting in
its priority dissolution. Additionally, carbides mainly distrib-
uted in the inter-dendritic and intra-dendritic regions for all
the heat treatment conditions.

HAADF micrograph and corresponding EDS mapping
results of HT specimens with solution temperature at 1180
°‘C were shown in Fig. 8. A large amount of carbides was
enriched with W, Cr, and C elements. Generally, M,;Cg¢
carbides were enriched with variable amount of Cr and C
elements, and M¢C carbides were enriched with Cr and C
elements in the GH 5188 alloy [30]. Additionally, it was
noticeable from Fig. 8 that some phases were enriched with
O elements and their diameter were about 30 nm. The pre-
vious study ever pointed out that phases enriched with O
elements were observable in the powder bed fused Inconel
718 before and after heat treatment [44].

The typical HAADF and SAED images of HT speci-
mens with heat treatment at 1180°C were shown in Fig. 9.
As shown in Fig. 9A, B, C, and D, the precipitations were

Fig.7 TEM images showing
carbides morphology of as-
LMD GH 5188 with heat treat-
ment at different temperatures:
(a) 1140 °C, (b) 1180 C, (¢)
1220 °C, (d) 1260 C

(a) LMD+1140
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identified as M C-type and M,;C,-type carbides and
spherical carbides as La,0,C,. Therefore, heat-treated
specimens were composed of y phase and three types of
carbides, and heat treatment temperature does not sig-
nificantly change the phases composition of as-LMD
samples.

3.2 Tensile properties at room temperature

The fluorescent penetration result of as-LMD specimens
was shown in Fig. 10. It was noticeable that the surface of
as-LMD specimens was free of micro-cracks.

Finally, compared with the HT specimens’ proper-
ties with different solution temperatures, the effect of
different solution temperatures on stress—strain curves
and tensile properties at room temperature was shown
in Fig. 11. Evidently, UTS and EL of all HT specimens
were higher than that of as-LMD specimens, indicating
heat treatment improved both strength and elongation.
This difference is believed to be caused by the fact that
the chain-like precipitated phase has a negative effect on
the mechanical properties [45]. From the results of HT
specimens at different temperatures, the UTS is firstly
enhanced and then decreased. Obviously, among all HT
specimens, LMD + 1180 ‘C samples exhibited the highest
UTS (1051.9 MPa). And the EL increased from 42.6 to
50.7% with the heat treatment temperature ranging from
1140 to 1180 °C. Additionally, it was found from Fig. 7¢
to f that almost no change occurred with regard to the
content and the size of carbides for the LMD + 1140 C

: .
(@ LMD+1260 °C

-
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Fig. 8 HAADF micrograph and corresponding energy-dispersive spectroscopy (EDS) mappings of LMD + 1180°C specimens

Fig.9 HAADF (a) and SAED
images (A, B, C, D) of heat-
treated specimens with heat
treatment at 1180 °C
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Fig. 10 As-LMD specimens (a)
and the corresponding fluores-
cent penetration result (b)
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Fig. 11 Effect of solution temperature on stress—strain curve and tensile property at room temperature of as-LMD and HT specimens

and LMD + 1180 “C HT specimens. Therefore, the increase
in UTS below the heat treatment at 1180 C was due to
the dispersed distribution of carbides. In the case of heat
treatment temperature at 1260 °C, the EL was increased
dramatically to 75%, but UTS was decreased obviously to
934.8 MPa and YS decreased to 503.6 MPa. The lowest
UTS and YS values were attributed to the complete dis-
solution of carbides.

Additionally, YS values of all HT specimens were
smaller than those of as-LMD specimens, and the YS
decreased monotonously with the heat treatment tem-
perature ranging from 1140 to 1260 °C. The decrease of
YS could be attributed to the fact that, the solution tem-
perature was high enough to dissolve fully or partially
the strengthening phases formed during the LMD pro-
cess, resulting in the further weakening of YS for all HT
specimens.

Meanwhile, Fig. 11 presented the relationship between
EL and heat treatment temperatures of HT specimens. Based
on the fact that carbides are brittle phases, their large size

@ Springer

and high content will reduce the ductility of the material.
Dispersed distribution and partial dissolution of carbides
below the heat treatment at 1220 °C produced a slight
improvement in ductility. The complete dissolution of the
carbides in the LMD + 1260 °C specimens induced a signifi-
cant improvement in ductility.

3.3 Fracture morphology of tensile tested
specimens

Fracture surfaces of tensile tested specimens treated at
different temperatures were examined by SEM. As could
be seen in Fig. 12, the fracture surfaces of all HT speci-
mens consisted of a number of dimples with different
sizes, suggesting a ductile fracture feature. With the heat
treatment temperature ranging from 1140 to 1260 °C, the
dimples became deeper, indicating better toughness. The
LMD + 1140°C specimens exhibited the lowest EL value
(42.6%), while LMD + 1260°C specimens showed excellent
EL (75.0%).
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Fig. 12 Fracture surfaces of
tensile tested specimens with &
heat treatment temperature of ) X
1140°C (a), 1180°C (b), 1220°C
(), 1260°C (d)
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4 Conclusions

This study focused on the effect of heat treatment tempera-
ture on the microstructure and mechanical properties of GH
5188 fabricated by LMD. The main conclusions were sum-
marized as follows:

(1) The dense GH 5188 superalloy specimens were fabri-
cated by LMD successfully. The as-LMD alloys were
mainly composed of y, M,;C4, M(C, and La,0,C,
regardless of the heat treatment temperature.

(2) Heat treatment temperature had an evident effect on the
size and content of carbides. The size and volume frac-
tion of carbides exhibited almost no change below 1180
°C, while carbide size decreased dramatically from
0.62 to 0.24 pm, and the volume fraction of carbides
decreased from 3.75 to 0.61% when the heat treatment
temperature increased from 1180 to 1260°C

(3) Heat treatment improved both strength and elongation
of as-LMD specimens. The EL was increased from
16.6 to 50.7%, and the UTS enhanced from 921.0 to
1051.9 MPa with the heat treatment temperature rang-
ing from 1140 to 1180 °C. In the case of heat treatment
temperature at 1260 ‘C, EL increased remarkably to
75%, but UTS decreased obviously to 934.8 MPa.

(a) LMD+1140 °C
‘\\”‘-7 \

0°C

), —.'(' ‘—

(4) All HT specimens exhibited a ductile fracture feature.
With the heat treatment temperature ranging from 1140
to 1260 °C, the dimples at the fractured surface become
deeper, indicating better toughness.
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