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ABSTRACT

Welding thermal cycles with different peak temperatures were reproduced by a

Gleeble testing machine to simulate the heat-affected zone of a Ni-17Mo-7Cr

superalloy-welded joint. The effects of the thermal cycle times and peak tem-

peratures on the microstructure and tensile properties of the thermal simulation

specimens were systematically studied. The results show that no eutectic car-

bides are observed below 1300 �C, even when the number of thermal cycles is

increased to 5. However, the eutectic reaction occurs above 1300 �C and causes a

significant change in the carbide morphology because it transforms from a

granular to lamellar structure. Moreover, the carbide composition transforms

from (Ni, Cr)3Mo3C for the primary carbides to Ni3(Mo, Cr)3C for the lamellar

carbides after the eutectic reaction. Tensile tests show that the thermal cycle has

a minor effect on the tensile properties, except when the specimen underwent 5

thermal cycles with a peak temperature of 1340 �C. This is mainly due to the

severe liquation reaction caused by elevated temperatures from the welding

heat source, which induces cracking along the grain boundaries and results in a

degradation of the tensile properties.

Introduction

Ni-Mo-Cr alloys have been widely used in the aero-

space, chemical and nuclear industries, and they

constitute an important class of superalloys [1–6].

Representative Ni-17Mo-7Cr solid solution strength-

ened alloy (UNS N10003 alloy) developed by Oak

Ridge National Laboratory was selected as a struc-

tural material for molten salt reactor in the 1960s and

thorium molten salt reactor (TMSR) in the 2010s
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[7–11]. The UNS N10003 alloy was confirmed to have

good mechanical performance at elevated tempera-

tures, good radiation resistance and oxidation resis-

tance and excellent molten salt corrosion resistance

[9, 12, 13].

Welding is an essential processing method for the

construction of nuclear reactors. Nevertheless, wel-

ded joints, in particular the heat-affected zone (HAZ),

are generally thought to be the weakest parts in

welded components. The HAZ is a very narrow zone

where the microstructure and mechanical properties

change with the heat thermal cycles during the

welding process [14, 15]. The strong microstructural

and mechanical heterogeneities in such a microregion

may result in potential risks of welded components

during long-term service. However, in view of its

narrow width, it is difficult to establish an essential

relationship between the welding thermal cycles and

overall performance in different microregions of the

HAZ. A Gleeble simulator can be used to simulate

the welding process and reveal the effect of thermal

cycles on the microstructural evolution and

mechanical properties in HAZs [16, 17]. A previous

study [18] on the microstructure in the HAZ of

Inconel 617 simulated by a Gleeble machine showed

that continuous lamellar structures occurred along

the grain boundaries at peak temperatures (PTs) in

the range from 1300 to 1350 �C, resulting in a

reduction in the tensile properties with increasing PT.

Mohammadi [19] simulated the weld HAZ of an API

X-80 pipeline steel with four PTs and two cooling

rates to study its corrosion resistance in both acidic

and alkaline solutions. Their results showed that the

martensite-retained austenite (M–A) phase was pro-

duced at the PT of 770 �C, and the microstructure

change and corrosion resistance varied with cooling

rates and PTs.

For Ni-17Mo-7Cr superalloy, a substantial amount

of research has been conducted on its microstructure

and properties. One consensus is that M6C is the

main carbide type in the Ni-17Mo-7Cr solid solution

superalloy [20, 21]. According to the research by Jiang

[21], M2C also appeared in the alloy as a function of

the Si content, and the M2C and M6C eutectic car-

bides coexisted when the silicon content was less

than 0.2 wt%. For the welded alloy with a Si content

greater than 0.2 wt%, all precipitates before and after

the post-weld heat treatment were identified as M6C

with different morphologies [22–24]. After long-term

exposure from 500 to 1000 �C, the M6C particles pre-

cipitated in the grain boundaries [20]. However, Han

[25] found that the fine carbide preferentially precipi-

tated at the grain boundarieswasM12C. These carbides

coexisted with the preexisting M6C and were found to

be beneficial to the creep properties. In our previous

work [26], the effects of thermal agingwere studied on

the microstructure and mechanical properties of Ni-

17Mo-7Cr superalloy-welded joints, and the results

showed that there was no obvious change in the grain

size or tensile properties with increasing aging time

from 0 to 4000 h at 650 �C. Therefore, considering the

important role of carbides in the thermal history of Ni-

17Mo-7Cr superalloys, it is important to investigate the

microstructure changes of carbides and their effect on

the mechanical properties of the HAZ in Ni-17Mo-7Cr

superalloy-welded joints.

In terms of the thermal simulation work on Ni-

17Mo-7Cr superalloys, the effects of PTs (1200 �C,
1300 �C and 1350 �C) on the microstructure and

tensile properties were studied by Yang et al. [27].

Their results showed that the carbide morphology

changed at 1300 �C and that the tensile strength

sharply decreased for the alloy that experienced

thermal cycling with a PT of 1350 �C. However, there

are some shortcomings in their work. First, the tem-

perature intervals were 50 �C and 100 �C in their

study. The large temperature intervals may have led

to important details being overlooked. Second, the

HAZ was subjected to multiple thermal cycles rather

than a single cycle during the welding process; this is

a concern, especially for thick plates. Thus, a simu-

lation with multiple thermal cycles is closer to the

real situation than that with a single cycle. Further-

more, it is beneficial to study the microstructure

evolution and mechanical properties near the fusion

line in the HAZ, which experienced multiple thermal

cycles (i.e., a cumulatively large heat input).

To understand the rapid changes in the

microstructure and mechanical properties in the

HAZ in a Ni-17Mo-7Cr superalloy, six PTs between

1260 and 1340 �C with 20 �C intervals were studied

herein. Furthermore, both single- and multipass

welding thermal cycles were conducted by using a

Gleeble simulator. After that, the microstructure and

mechanical performance of the HAZ were systemat-

ically studied.
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Materials and methods

Materials

The Ni-17Mo-7Cr superalloy used in this work was

procured from Special Steel Shares Co., LTD (China).

The alloy was first melted by vacuum induction

melting and then vacuum arc melting. After that, the

ingots were hot rolled into sheets with a thickness of

16 mm. Finally, the sheets were solutionized at

1177 �C for 0.5 h followed by water quenching. The

nominal chemical composition is listed in Table 1.

The scanning electron microscopy (SEM) image

(Fig. 1) shows the microstructure of the Ni-17Mo-7Cr

superalloy. Chain-like primary carbides with sizes in

the range from 1 to 10 lm were nearly equiaxed and

present within the grains and grain boundaries.

Thermal simulation

Previous studies on a Ni-17Mo-7Cr superalloy

showed that carbides near the fusion line changed

into eutectic carbides during a welding process due

to elevated temperatures [28, 29]. To evaluate the

influence of thermal cycles on the microstructure and

mechanical properties of the superalloy after weld-

ing, thermal simulation tests with different thermal

cycles and PTs were conducted on a Gleeble simu-

lator 3500. In the present work, automatic tungsten

inert gas (TIG) welding was used to weld a Ni-17Mo-

7Cr superalloy plate with a thickness of 16 mm. Prior

to welding, thermocouples were welded on the sur-

face of the plate with different distances to the edge

of the welding groove. The welding current was 230

A, and the welding speed, pulse frequency and gas

flow rate were 100 mm/min, 2.5 Hz and 15 L/min,

respectively. The loaded thermal cycle curves were

acquired from the actual welding process by an OM-

DAQ-USB-2401 temperature recorder.

Figure 2 presents the geometry of the thermal

simulation and tensile test specimens. Note that the

temperature of the whole parallel section of the

thermal simulation sample was not uniform. In fact,

only the middle section of the specimens reached the

designated PT. The temperature in the rest of the

specimens gradually decreased with increasing dis-

tance from the middle section.

The thermal simulation in this study was divided

into two parts. The first part employed a single

thermal cycle with six different PTs on the specimens

to study the effect of the PT on the microstructure

evolution in the Ni-17Mo-7Cr superalloy; this was

conducted to determine the accurate transition tem-

perature of the eutectic reaction for carbides in the

alloy. The second part applied 5 thermal cycles with

three different PTs to the specimens to simulate the

microstructure changes near the fusion line in the

HAZ, which actually experienced several thermal

cycles (large heat input) during the welding of the

thick plate. Thus, the relationship between the

microstructure and mechanical properties was

investigated.

The actual thermal cycle curves used in the thermal

simulation tests are shown in Fig. 3. Six sets of single

thermal simulation cycles were conducted at differ-

ent PTs, including 1240, 1260, 1280, 1300, 1320 and

1340 �C. The heating rates in the range from 20 to

200 �C and from 200 to PT were 20 �C/s and 200 �C/
s, respectively. The holding time at the PT was zero

seconds. Then, the specimens were cooled in air.

To further investigate the relationship between the

cumulative heat input and both the microstructure

Table 1 Normal chemical

composition of the Ni-17Mo-

7Cr superalloy

Alloy Mo Cr Fe C Si Mn Ni

Ni-17Mo-7Cr superalloy (wt. %) 16.5 7.0 4.0 0.06 0.3 0.5 Bal

Ni-17Mo-7Cr superalloy (at. %) 10.6 8.3 4.4 0.3 0.6 0.6 Bal

Figure 1 Microstructure of the Ni-17Mo-7Cr superalloy, which

was composed of a Ni matrix and M6C granular carbides.
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and tensile properties of the Ni-17Mo-7Cr superalloy,

thermal cycles with three different PTs (1260, 1300

and 1340 �C) were loaded for five cycles in the ther-

mal simulation tests, as shown in Fig. 4.

Tensile testing and microstructure
characterization

The tensile test samples were actually the same as

those for the thermal simulations, as shown in Fig. 2.

They were tested at 700 �C on a Zwick Z100 universal

testing machine after thermal simulation. The strain

rates were set as 0.005/min and 0.05/min before and

after the yield point, respectively, according to ASTM

E21.

Specimens for microstructural evaluation were cut

from the cross sections of the thermal simulation

specimens and polished with a 0.5-lm diamond

paste, followed by etching with aqua regia

(HCl:HNO3 = 3:1) for 30 s. The microstructures of the

specimens before and after tensile tests were

Figure 2 Geometry of thermal simulation and tensile test

specimens.

Figure 3 One thermal cycles

used in the thermal simulation

test with different PTs:

a 1240 �C, b 1260 �C,
c 1280 �C, d 1300 �C,
e 1320 �C, and f 1340 �C.
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characterized using a Zeiss LEO 1530VP scanning

electron microscope equipped with energy-disper-

sive spectroscopy (EDS) and Oxford electron back-

scattered diffraction (EBSD) systems. The measure-

ments of the chemical compositions were taken on a

SHIMADZU 1720 electron probe micro-analyzer

(EPMA).

Experimental results

Effect of the thermal cycles
on the microstructure evolution

Figures 5 and 6 show the optical micrographs and

grain sizes of the thermally simulated Ni-17Mo-7Cr

superalloy, respectively. These figures show that the

microstructure of the thermal simulation samples

varies with increasing PT. In the range from 1240 to

1300 �C, the average grain sizes are approximately

150 lm with the exception of the grain size at

1260 �C, which is 180 lm. When the PT exceeds

1300 �C, the grains grow as the PT increases. The

grain sizes reach 177 lm and 208 lm at 1320 and

1340 �C, respectively. In addition, the carbide mor-

phologies change from small particles to large chains

when the PT exceeds 1300 �C.
Figure 7 shows the SEM micrographs in the center

of the thermal simulation specimens after a single

thermal cycle at different PTs. With an increase in the

PT from 1240 to 1280 �C, no significant change in the

morphologies of carbides in the matrix is detected, as

shown in Fig. 7a–c, where the morphologies are

similar to that for the as-received Ni-17Mo-7Cr

superalloy in Fig. 1. However, a small difference can

be observed, such as the presence of thin and long

tail-like carbides (indicated by the black arrows in

Fig. 7) that grow from primary carbides along the

grain boundaries. When the PT reaches 1300 �C, a
significant change occurs in the morphology of the

majority of the carbides, as shown in Fig. 7d. A large

number of holes emerge in the carbides, although the

carbide still retains its original shape. There is more

than one type of carbide shape with multiple holes.

Other carbide shapes are also observed. Long tail-like

carbides grow from the original carbide and propa-

gate along the grain boundaries, as shown in the inset

of Fig. 7d. As the PT exceeds 1320 �C, a different

morphology change occurs due to the complete

eutectic reaction of the carbides. Two new forms,

carbides with multiple holes and strip-like carbides,

coexist in the alloy, as shown in Fig. 7e, f. Note that

the majority of carbides are still carbides that contain

multiple holes, as shown in Fig. 7e. However, at the

higher PT of 1340 �C, the majority of the carbides are

strip-like, as shown in Fig. 7f. Based on these results,

it can be deduced that the temperature of the eutectic

Figure 4 Five thermal cycles

used in the thermal simulation

test with different PT values:

a 1260 �C, b 1300 �C, and
c 1340 �C.
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reaction starts at 1300 �C due to the significant mor-

phology change at this temperature.

Figure 8 shows the microstructure of the speci-

mens that underwent 5 thermal cycles. When the PT

of the thermal cycle is 1260 �C, the morphologies of

the matrix and carbides in Fig. 8a, b are almost the

same as that of the sample that underwent 1 thermal

cycle with a PT below 1300 �C as depicted in Fig. 7a–

c. However, after 5 thermal cycles with a PT of

1300 �C, the primary carbides in the samples change

into a structure with multiple holes due to the

eutectic reaction. It can be clearly seen in Fig. 8c, d

that the dense primary carbide becomes a large

number of very small particulate carbides, although

its original profile is still maintained. When the PT

reaches 1340 �C, the tiny particulate carbides shown

in Fig. 8d cannot be detected anymore in Fig. 8e, f. It

seems that the particulate carbides further grow into

long strip-like carbides, and the overall morphology

of the eutectic carbides becomes lamellar in appear-

ance. The sizes of the eutectic carbides are much

larger than those of the primary carbides. The length

of the initial granular carbide is approximately

10 lm, while the length of the eutectic carbides can

reach 30–40 lm, indicating that several primary car-

bides melt and combine into one large eutectic car-

bide after the heating process. The area indicated by

Figure 5 Optical microscopy

(OM) micrographs of the

thermal simulation specimens

that underwent 1 thermal cycle

with different PTs of

a 1240 �C, b 1260 �C,
c 1280 �C, d 1300 �C,
e 1320 �C and f 1340 �C.

Figure 6 Average grain sizes of the thermal simulation specimens

at different PTs.
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the red arrow in Fig. 8e shows that a primary carbide

completely transforms into eutectic carbides.

According to a comparison of the microstructure

between 1 and 5 thermal cycles, it is clear that the

carbides undergo a eutectic reaction in the superalloy

when the PT exceeds 1300 �C. However, when the PT

is less than 1300 �C (1260 �C), the increasing heat

input cannot result in a eutectic reaction, even after 5

thermal cycles. Therefore, it can be concluded that PT

is a more critical factor in the eutectic reaction of

carbides than the heat cycles.

Characterization of carbides
before and after eutectic reaction

Various types of carbides may appear in nickel-based

alloys, such as MC, M2C, M6C, M12C and M23C6. The

M6C tend to form when the Mo and/or W content is

greater than 6–8 atomic percent [30]. For the Ni-

17Mo-7Cr superalloy, the element content of Mo is

more than 10 at.%. Thus, M6C is the main type of

carbides in the alloy. According to previous works

[10, 11, 21, 24, 28], MC and M23C6 carbides have not

been detected in Ni-17Mo-7Cr superalloys. However,

a small amount of M2C can form in the superalloy

when the Si content is less than 0.2 wt% [21]. In

addition, very small M12C particles were found in the

grain boundaries after long-term exposure ([ 1000 h)

at a high temperature of 700 �C [10, 25]. For the as-

welded joint of the Ni-17Mo-7Cr superalloy with 0.27

wt.% Si, only M6C was detected in the welded joint,

including the base metal, HAZ and welded metal

[24]. This finding is also supported by other studies

on the characterization of carbides in Ni-17Mo-7Cr

superalloys [20, 31].

The temperature in the parallel section of the

sample for thermal simulation is not uniform. Only

the middle part of the samples can reach the PT

during the heating process. As mentioned above, the

eutectic reaction is mainly affected by the tempera-

ture. There must be certain sections where fully

transformed carbides, partially transformed carbides

and primary carbides coexist. To further determine

Figure 7 SEM micrographs

of thermal simulation

specimens that underwent 1

thermal cycle with different

PTs: a–c PTs of 1240 �C,
1260 �C and 1280 �C,
respectively, where small tails

grew from the primary

carbides; d PT of 1300 �C,
where carbides formed

multiple holes; and e, f PTs of

1320 �C and 1340 �C, where
carbides formed multiple holes

and strip-like shapes after the

complete eutectic reaction.
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the types of carbides before and after transition, the

samples are analyzed by EPMA.

Figure 9 shows a specially selected area where the

whole eutectic reaction process occurs in the samples

that underwent 1 thermal cycle with a PT of 1320 �C.
We can see three different carbide morphologies,

including fully transformed carbides, partially trans-

formed carbides and primary carbides. In this area, the

temperature is approximately 1300 �C. A fully trans-

formed eutectic carbide is on the left side of the

microstructure image in Fig. 9, while partially trans-

formed carbides and primary carbides are on the right

side. The difference in the composition of these car-

bides can be observeddistinctly in the EPMA results. It

is shown that all the carbides are rich in Mo, Si and C

but lack Ni, Fe, Mn and Cr in comparison with the

composition of the matrix. Moreover, the lamellar

carbide lacksMoand Si but is slightly rich inCr,Mn, Fe

and Ni in comparison with the composition of the

primary carbide, which suggests that the eutectic

reaction during the real welding process results in

significant variations, not only in the morphology of

carbides but also in their elemental composition.

Figure 10 shows the microstructure and chemical

distribution of the carbides before and after the

eutectic reaction. The EDS line scan results of the

primary carbides in the base metal, holey (partially

melted) and lamellar eutectic carbides in the sample

after 1 thermal cycle with a PT of 1320 �C are shown

in Fig. 10a–c, respectively. From the EDS line scan

results, the contents of Mo, Si and C in the primary

carbides and holey (partially melted) carbides in

Fig. 10a, b are higher than those in the matrix, while

the content of Ni is much less than that in the matrix,

which is consistent with the EPMA results. The zig-

zag waveform curves in Fig. 10c show the same trend

as that in Fig. 10a, b, in which the lamellar carbides

are enriched in Mo, Si and C and lack Ni, Cr and Fe in

comparison with that of the matrix. Moreover, the

thermal cycles bring remarkable changes to the

morphology of the carbides after the eutectic reac-

tion. It is clear that eutectic carbides in Fig. 10c have a

Figure 8 Microstructure after

different thermal cycles was

repeated 5 times with a PT of

a, b 1260 �C, where the

morphology of the carbides

retains the primary shape; c, d

1300 �C, where the carbides

completely change into a

structure with multiple holes

due to the eutectic reaction;

and e, f 1340 �C, where the

morphology of the carbides

become lamellar.
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lamellar structure and several parallel linear carbides

grow from two long horizontal carbides.

Figure 11a shows the morphology of coexisting

lamellar eutectic and partially melted carbides in the

sample after 1 thermal cycle with a PT of 1320 �C.
Previous studies have indicated that the primary

carbides, partially melted carbides and lamellar

eutectic carbides are M6C [24], and the type of pri-

mary carbides is close to Ni3Mo3C [20]. EBSD is

employed to further determine the crystal phase of

the carbides before and after the eutectic reaction.

The results show that the structures of the lamellar

eutectic carbides and some partially melted carbides

are both Ni3Mo3C, as shown in Fig. 11b, which is the

same trend as that for the primary carbides.

The composition of the matrix and three kinds of

carbides in the sample after 1 thermal cycle with a PT

of 1320 �C are analyzed by EDS. The results are

shown in Fig. 12 and Table 2. The composition of the

matrix at points 1–3 is almost the same as that shown

in Table 1, indicating that the EDS results are accurate

and convincing. Figure 12a, b shows the primary and

partially melted M6C carbides. No significant differ-

ence in the morphology is found between them.

Points 4–5 and points 6–8 in Table 2 show the cor-

responding compositions of the carbides. Their ele-

ment contents are similar, indicating that their

structure types are probably the same.

According to the EBSD result shown in Fig. 11, the

lamellar and partially melted carbides are both Ni3-
Mo3C. However, it should be noted that this is not the

true chemical composition, since other alloying

atoms, such as Cr, could replace the Ni or Mo atoms

in the Ni3Mo3C structure [32]. As shown in Table 2,

the (Ni ? Cr): Mo ratio for the primary and partially

melted carbides are 0.93:1 and 1.05:1, respectively,

corroborating that both of them probably have the

same carbide type and structure of (Ni, Cr)3Mo3C.

Points 9–13 in Table 2 show the composition of

lamellar carbides. The ratios of Ni:Mo and (Ni ? Cr):

Mo are 1.42:1 and 1.7:1, respectively, which is not

consistent with the Ni3Mo3C structure. Since the ratio

of Ni:(Mo ? Cr) is close to 1:1.1, the structure of the

lamellar M6C carbides may be Ni3(Mo, Cr)3C, indi-

cating that some Mo atoms are replaced by Cr atoms.

The difference in the elemental content of these

three carbides implies that M6C carbides do not have

a stable chemical composition and it varies with the

degree of eutectic reaction. During the eutectic reac-

tion process, the liquid solution generates two solid

phases at the same time when cooled to the eutectic

temperature, while the concentration of the liquid

solution depends on the time of the localized melting

and element diffusion. For the lamellar carbides in

Fig. 12c, the holding time above the temperature of

the eutectic reaction is much longer than that of

partially melted carbides in Fig. 12b. Thus, it is

understandable that the composition of the partially

melted carbides is slightly different from that of the

primary carbides but distinctly different from that of

the completely transformed eutectic carbides.

Effect of the thermal cycles on the tensile
properties of the thermal simulation
specimens

The highest designed service temperature of Ni-

17Mo-7Cr superalloys in TMSR is 700 �C. To study

Figure 9 EPMA results of carbides before and after transition in the sample after 1 thermal cycle with a PT of 1320 �C.
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the influence of welding thermal cycles on the

mechanical properties, tensile tests are conducted on

the thermal simulation specimens at the service

temperature of 700 �C. Before the tensile tests, the

thermal simulation specimens are subjected to 1 and

5 thermal cycles at different PTs (RT, 1260 �C,
1300 �C and 1340 �C).

The tensile test results for the thermal simulation

specimens are shown in Fig. 13. The YS (yield

strength), UTS (ultimate tensile strength) and elon-

gation are approximately 200 MPa, 485 MPa and

32%, respectively, indicating that the changes in the

thermal cycle time and PT (B 1300 �C) have no

obvious effects on the mechanical properties. How-

ever, it is worth noting that remarkable changes in

the mechanical properties occur when the PT of the

thermal cycles reaches 1340 �C. For the specimen

after one cycle, its mechanical properties remain

Figure 10 EDS line scan of a primary carbide in the as-received alloy, b partially melted carbides and c lamellar carbides in the sample

after 1 thermal cycle with a PT of 1320 �C.
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unchanged, and the UTS and elongation are 492 MPa

and 32%, respectively. For the specimens after 5

thermal cycles, the YS remains at 200 MPa and varies

slightly with the number of thermal cycles, while the

UTS and elongation sharply decrease to 306 MPa and

7.1%, respectively. The deteriorated performance is

mainly due to the microstructure evolution caused by

the long holding time at elevated temperatures in the

thermal simulation specimen, and additional details

are discussed later.

Microstructure of thermal simulation
specimens after the tensile test

The cross-sectional microstructures of the cracked

thermal simulation specimens are analyzed after the

tensile test. Figure 14a, b shows the microstructure

near the fracture location that experiences 1 and 5

thermal cycles, respectively, with a PT of 1260 �C,
and both consist of a Ni matrix and granular M6C. No

obvious differences are found between them, except

that micro-cracks occur in the grain boundaries of the

latter (Fig. 14b). As the PT increases to 1300 �C, sig-
nificant changes in the microstructure are found, as

shown in Fig. 14c, d. No carbide particles are dis-

covered, whereas voids and eutectic carbides are

simultaneously distributed along grain boundaries.

The inset in Fig. 14d shows a grain almost sur-

rounded by cracks and eutectic carbides, indicating

that the bonding strength of the grain boundaries is

weak and that it is easier for the specimens to fracture

during the elongation process. This is mainly because

eutectic carbides are able to weaken the bonding

strength of grain boundaries at elevated temperatures

[33]. Similar microstructures are also found in

Fig. 14e, f when the PT reaches 1340 �C. The inset in

Fig. 14e further confirms that the formation of voids

and cracks originates from the eutectic carbides. For

the specimen that experiences 5 thermal cycles, as

Figure 11 a SEM image of the eutectic and partially melted

carbides and b EBSD phase map in the sample after 1 thermal

cycle with a PT of 1320 �C.

Figure 12 SEM–EDS of

a matrix and primary carbides,

b partially melted carbides and

c lamellar carbides in the

sample after 1 thermal cycle

with a PT of 1320 �C.
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shown in Fig. 14f, long-term exposure at 1340 �C
leads to tremendous changes in the microstructure.

The size of the voids and width of cracks are much

larger than those of other specimens. Moreover, cel-

lular grains can be seen in the matrix.

Fracture analysis is conducted on the thermal

simulation specimens after tensile tests at 700 �C by

SEM. The fracture morphologies are shown in Fig. 15.

Figure 15a shows the specimen after 1 thermal cycle

with a PT of 1260 �C. The fracture morphology shows

a typical intergranular fracture feature. Note that the

brittle fracture becomes very obvious after 5 thermal

cycles (Fig. 15b). In addition to the intergranular

characteristics, some solidification cells or dendrites

distributed on the fracture surfaces result in an egg-

crate-type appearance as the PT increases to 1300 �C
and 1340 �C, as shown in Fig. 15c–f. The amounts of

solidification cells in Fig. 15c–e seem almost the

same. It is worth noting that additional solidification

cells are found on the fracture surface when the

specimens experience five cycles with a PT of

1340 �C. This microstructure is very loose, and dis-

tinct gaps can be clearly observed between the

dendrites.

Discussion

In this work, the effects of thermal cycling and PTs on

the microstructure evolution and tensile properties of

a Ni-17Mo-7Cr superalloy were studied. As men-

tioned above, no obvious changes in the microstruc-

tures of the alloys were observed when the PT was

below 1300 �C and 5 thermal cycles. However,

eutectic reaction of the primary M6C carbides occur-

red when the PT was higher than 1300 �C. It was

found that not only the morphologies of the carbides

changed from granular primary carbides into lamel-

lar eutectic carbides but also the types of carbides

transitioned from (Ni,Cr)3Mo3C to Ni 3(Mo,Cr)3C.

Moreover, a large number of solidification cells and

dendrites were found on the fracture surface when

the PT was above 1300 �C. The smooth, rounded

fracture features (Fig. 15) are normally indicative of

the presence of liquid during the heating stage,

showing that local melting occurred at temperatures

above 1300 �C. Cracking (Fig. 14c–f) along the grain

boundaries can be defined as HAZ liquation crack-

ing, which was the direct result of localized melting.

Figure 16 shows a diagram of the microstructure

evolution during the welding thermal cycling and

crack initiation under a load. Figure 16a shows that

the Ni-17Mo-7Cr superalloy was composed of a Ni

matrix and primary M6C. It is well known that

solutes and impurity elements are not distributed

uniformly in the base metal, and further segregation

may occur above some critical temperature during

the welding thermal cycle [30, 34]. Grain boundaries

typically have a higher concentration of alloy and

impurity elements, such as P, S and Si, than the alloy

matrix [34, 35]. During the welding thermal cycles,

some of the low solubility elements in the Ni matrix

segregated aggressively to the grain boundaries, as

shown in Fig. 16b. These elements are particularly

harmful because they lower the solid/liquid surface

energy and promote extensive wetting of the grain

Figure 13 Effect of the number of thermal cycles and the PT on

the tensile properties at 700 �C.

Table 2 Chemical compositions of the matrix and carbides

Region Si (at.%) Cr (at.%) Mn (at.%) Fe (at.%) Ni (at.%) Mo (at.%)

Matrix (1–3) 1.0 ± 0.2 8.7 ± 0.2 0.7 ± 0.1 4.5 ± 0.1 74.6 ± 0.4 10.6 ± 0.1

Primary carbides (4–5) 6.8 ± 0.7 7.0 ± 0.2 0.0 1.6 ± 0.2 37.1 ± 0.7 47.6 ± 0.1

Partially melted carbides (6–8) 9.0 ± 0.8 6.3 ± 0.6 0.0 1.4 ± 0.2 39.6 ± 2.0 43.7 ± 0.8

Lamellar carbides (9–13) 6.4 ± 0.4 9.1 ± 0.2 0.6 ± 0.1 2.9 ± 0.2 47.7 ± 1.1 33.4 ± 1.0
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boundaries by low-melting-point compounds/films

[30, 34]. When the thermal simulation specimens

were subjected to thermal cycles with a PT above

1300 �C, the low-melting-point impurities locally

melted (Fig. 16c). Then, during the cooling stage, the

liquefied films that were distributed along the grain

boundaries may have cracked due to contraction,

resulting in the formation of a loose, crystalline-free

cellular structure. From the cross section and fracture

microstructure observations, it was noted that the

morphologies and the amounts of dendrites were

remarkably similar (Fig. 14c–e). This can also be seen

in Fig. 15c–e, which supports the similar tensile

properties of the specimens that underwent thermal

cycles at 1300 �C (1 and 5 times) and 1340 �C (1 time).

However, Fig. 14f and Fig. 15f show that the local

melting became much worse than that of the other

specimens because of the longer heat duration caused

by 5 thermal cycles with a PT of 1340 �C. The local

melting and loose dendrite structure severely degra-

ded the bonding of grain boundaries and acted as

nucleation sites of cracks under an external load, as

shown in Fig. 16d. Hence, the UTS and elongation of

the specimens sharply decreased after 5 thermal

cycles with a PT of 1340 �C, as shown in Fig. 13.

Note that the degraded mechanical properties of

the specimens not only were dependent on the

liquation cracking caused by local melting in the

grain boundaries, as shown in Fig. 14f and Fig. 15f,

but also were affected by the dispersive eutectic M6C.

The evidence is shown in Fig. 14, where the eutectic

reaction occurred along the grain boundaries and in

the matrix during the thermal cycles. The eutectic

reaction of nickel-based alloys has been discussed in

a previous work [24]; the reaction occurs during the

transitory period of a thermal cycle when the tem-

perature decreases. Since most solutes and impurities

tend to diffuse and segregate along grain boundaries

and interfaces between the carbides and matrix

[34, 36], some metal compounds may decompose and

diffuse over a short distance under rapid heating

during the thermal cycles. The alloying elements,

Figure 14 The cross-sectional

microstructures of thermal

simulation after 1 and 5

thermal cycles after the tensile

test: a, b PT of 1260 �C,
where microcracks along the

grain boundaries after 5

thermal cycles can be seen; c,

d PT of 1300 �C, where voids

and cracking along the

boundaries can be seen; and e,

f PT of 1340 �C, where a large
number of voids and cracking

accompanied by eutectic

carbides can be seen.
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including Mo, Cr, Ni, C, S and P, enriched in the local

area around the primary carbides that reach the

eutectic composition point (Fig. 16b). Finally, eutectic

reactions occurred, and eutectic carbides were

formed (Fig. 16c). Unlike carbide particles, which can

impede dislocation movement and increase grain

boundary strength, these dendritic eutectic M6C

structures were very brittle and cracked under a large

external strain or load, as shown in Fig. 16d.

Liquation cracking is always accompanied by

cell/dendrite structures and eutectic M6C carbides,

as shown in Fig. 14 and Fig. 15. Usually, liquefaction

and eutectic carbides negatively impact the mechan-

ical properties. However, noticeable changes in the

microstructure had almost no effect on the tensile

properties, except for after the 5 thermal cycles at a

PT of 1340 �C. This was mainly because there must be

enough liquefaction area and eutectic carbides to

cause crack formation during a tensile test. As men-

tioned above, the temperature distribution of the

parallel section in the thermal simulation samples

was not uniform. Only the temperature in the middle

area of the parallel section measured by thermocou-

ples can reach the intended PT. With increasing dis-

tance from the middle section, the temperature

sharply decreased. For the thermal cycle simulation

with a PT of 1260 �C, Fig. 7 and Fig. 8 show that the

overall microstructures were almost the same as that

of the as-received alloy. Thus, it was reasonable for

the UTS, YS and elongation to show little change

between the thermal cycle simulation specimen with

a PT of 1260 �C and the as-received alloy. Enough

liquefaction area and eutectic carbides were not

formed for 1 and 5 thermal cycles with a PT of

1300 �C when the eutectic reaction just occurred.

Figures 5 and 8 show that after 1 and 5 thermal cycles

with a PT of 1300 �C, the eutectic carbides still

maintained the same profile as the primary carbides,

indicating that the eutectic reaction was not sufficient

and that the eutectic carbides were in the minority.

For 1 thermal cycle with a PT of 1340 �C, the resi-

dence time at a high temperature over 1300 �C was

Figure 15 Fracture surface of

thermal simulation samples

after 1 and 5 thermal cycles

after the tensile test: a, b PT of

1260 �C, where the fracture

morphology with a typical

intergranular fracture feature

can be seen; c, d PT of

1300 �C, where solidification

cells or dendrites are

distributed on the fracture

surfaces; and e, f PT of

1340 �C, where a large

number of solidification cells

and cracking can be seen on

the fracture surface.
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only 1 s, which was too short to form a sufficient

liquefaction area and eutectic carbides. However, the

situation was completely different after 5 thermal

cycles with a PT of 1340 �C, and the cumulative res-

idence time over 1300 �C reached 5 s. The repeated

heating process resulted in sufficient liquefaction and

eutectic reaction. Large numbers of liquefaction areas

and eutectic carbides that appeared in the simulated

samples exerted obviously negative impacts on the

mechanical properties. Therefore, it can be concluded

from the above analysis that the high cumulative

welding heat input, namely the long-term exposure

at an elevated temperature, could greatly degrade the

mechanical performance of Ni-17Mo-7Cr superal-

loys, especially in the partial HAZ near the fusion

line of the welded joint. Thus, it is strongly suggested

that a low welding heat input should be applied as

much as possible. The interpass temperature should

be controlled during welding of Ni-17Mo-7Cr

superalloys.

Conclusions

In the present work, different thermal cycles were

reproduced on a Ni-17Mo-7Cr superalloy by a Glee-

ble 3500 machine to obtain an enlarged HAZ. The

effect of thermal cycles on the microstructure and

tensile properties of the simulated HAZ were sys-

tematically studied. The obtained results are sum-

marized as follows:

(1) The eutectic reaction caused a significant

change in the morphology of the carbides when

the specimen underwent thermal cycles with a

PT of 1300 �C. However, the increased heat

input (5 thermal cycles with a PT of 1260 �C)
did not result in a eutectic reaction for the

carbides.

(2) Carbides in the Ni-17Mo-7Cr superalloy had an

unstable chemical composition, which varied

with the degree of eutectic reaction. The pri-

mary carbides with a (Ni,Cr)3Mo3C structure

Figure 16 Microstructure

evolution during the welding

thermal cycling and crack

initiation a for the base metal,

b during the elemental

segregation and eutectic

reaction of primary carbides,

c during the local liquefaction

near the grain boundaries and

d during cracking initiation

near the grain boundaries and

eutectic carbides under a load.
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transformed to lamellar carbides with a Ni3(-

Mo, Cr)3C structure after the eutectic reaction.

(3) The effects of the thermal cycles (1 and 5 times)

and PTs (B 1300 �C) on the mechanical prop-

erties were negligible. However, the UTS and

elongation sharply decreased when specimens

underwent 5 thermal cycles with a PT of

1340 �C. This was mainly due to the liquation

cracking caused by the liquefaction reaction

along the grain boundaries at a high tempera-

ture and cumulative heat input.

(4) A low welding heat input is strongly suggested

for the welding of Ni-17Mo-7Cr superalloys.

The interpass temperature should also be kept

under a certain temperature.
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