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Abstract: The thermal ductility and hot cracking sensibility of the forge and the rolling plates with 70 mm in thickness were

studied by optical microscope (OM), scanning electron microscope (SEM), and Gleeble 1500 thermal simulation equipment.

The results show that the forge and the rolling plates both have excellent thermal ductility; the samples taken from surface

position present higher thermal ductility than those taken from middle position of the same plate. During the heating process,

the rolling plate has higher thermal ductility than the forge plate at the lower temperature. With the increase of the temperature,

the forge plate is characterized by higher thermal ductility compared with the rolling plate. However, during the cooling

process, the forge plate indicates higher thermal ductility than the rolling plate. The fracture position features more smoother

morphology, even the melt phenomenon exists at some positions. Besides, high hot cracking sensitivity appears in both the

forge and rolling nickel alloy 690. And the crack number and length increase with the applied strain increasing.
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Nuclear facilities serve perennially service in the high
temperature, high pressure and radial environment of
nuclear station. The fabrication materials for nuclear station
shall have the characteristic of high temperature ductility
and hot cracking resistance in order to ensure safety and re-
liable operation!'!. As one of the most promising candidate
materials for super-critical water reactor (SCWR), nickel
alloy 690 has superior resistance to intergranular stress
corrosion cracking (IGSCC) and intergranular corrosion
(IGC) in various environments*®. Alloy 690 is applied to
manufacture the key components in nuclear plants, such as
nuclear pressurized water nuclear reactors and steam gen-
71, However, it has been pointed out that alloy 690 is
susceptible to hot cracking under heavy restraint conditions

erator

such as welding thick components. As for its nature, hot
cracks mainly include the solidification crack and the
ductility-dip crack (DDC).

The brittle temperature range (BTR) or the formation
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temperature range of solidification crack depends upon the
range of a solid-liquid state of metal in the solidification of
the weld. The lower limit of this range is determined by the
value of solidus temperature at the end of solidification!..

DDC is a solid-state hot crack, caused by grain boundary
embrittlement at the homologous temperature that ranges
from about 0.5 to 0.8 of the alloy melting points, which is
observed at grain boundaries™” ", This ductility drop may
result in intergranular elevated temperature cracking, often
referred to as (DDC)!'"™. DDC may occur during the high
temperature processing of these alloys or during welding if
the imposed strain exhausts the available ductility within
this temperature range® '*),

There are many important indexes conducted in nuclear
materials, such as the irradiation embrittlement for metal
components in primary circuit. The aim of the paper is to
study the thermal ductility and hot cracking features of 70

mm thick forge and rolling plates of nickel alloy 690 by
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thermal simulation and experiments. Further, the results in
the study may contribute to the database of nuclear industry.

1 Experiment

The 70 mm thick experimental alloy 690 plates used in this
paper were forged and rolled in the thickness direction. Its
chemical composition is shown in Table 1 and mechanical
properties is shown in Table 2. The final heat treatment was
solution and age heat treatment. The samples taken from the
surface and the middle of the forge plate and the rolling plate
were abbreviated to FS, PS, FM and PM, respectively. Fig.1
shows the OM images of the samples FM and PM.

The thermal ductility was analyzed by the thermal simu-
lation equipment Gleeble 1500. The samples with a size of
@6 mm X 115 mm were taken from the surface and middle
of the both plates of nickel alloy 690. The differential ther-
mal analysis (DTA) tests were carried out on an SETSYS
Evolution18 integrated thermal analyzer developed by
SETARAM Corporation. During the test the samples were
first heated to 1100 °C at a rate of 80 °C/min, and then
heated continuously to 1450 °C at a rate of 10 °C /min. The
initial melting point was measured through the first peak on
the melting curve. Fig.2 shows the DTA test results for the
rolling plate. The simulated thermal ductility process
includes the heating and cooling processes. During the
heating process the samples were heated to specified peak
temperature and held for 0.5 s, and hen quickly stretched at
a speed of 20 mm/s. During the cooling process the samples
were heated to 1350 °C peak temperature, held for 0.5 s,
then cooled to the specified temperature at cooling rate of

50 °C/s and subsequently held for 0.5 s, and finally quickly
stretched at a speed of 20 mm/s.

The Varestrain test was used to evaluate transverse hot
cracking sensitivity of nickel alloy. The samples were taken
from the surface and middle of the 70 mm thick forge and
rolling plates of nickel alloy 690 with a size of 320 mmx80
mmx8 mm. During the test, the samples were forced to dif-
ferent external strains, while welding to the center position
of the samples. Mechanical grinding and polishing were
applied to prepare the samples for microstructure observa-
tion, followed by etching using a 5 g CuSO,+20 mL HCI
+20 mL H,O reagent for 20~30 s. The microstructures were
observed by optical microscope (OM), and scanning elec-
tron microscope (SEM).

2 Results and Discussion

2.1 Thermal ductility

Fig.3 shows the thermal ductility of the forge and the
rolling plates of nickel alloy 690. As shown in Fig.3, the
rolling plate has higher thermal ductility than the forge
plate at lower temperature (lower than 1200 °C) during the
heating process. With the increase of the temperature
(higher than 1300 °C), the forge plate has higher thermal
ductility than the rolling plate. The samples taken from
surface plate have higher thermal ductility than those from
middle position in the same plate. During the cooling proc-
ess, the forge plate shows higher thermal ductility than the
rolling plate, especially the samples taken from the surface
of the forge plate which show existing an excellent thermal
ductility than others.

Table 1 Chemical composition of alloy 690 (wt%)

Element C Si Mn S P Mg Cr Al Ti Fe Ni
Forge plate 0.027 0.15 0.38 0.002 0.003 0.001 29.22 0.1 0.23 8.9 Bal.
Rolling plate 0.02 0.29 0.3 <0.001 <0.005 0.0019  29.04 0.18 0.21 10.2 Bal.
Table 2 Mechanical properties of alloy 690
Mechanical properties Rpo2/MPa R./MPa 0/% w/%
Forge plate 250 599 60 58
Rolling plate 245 625 55 63

200 pm

Fig.1
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Optical micrographs of middle position of plates: (a) the forge plate and (b) the rolling plate
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The tendency of hot cracking is always related to the
thermal properties, such as Nil-strength temperature (NST),
Nil-ductility temperature (NDT), Nil-ductility range (NDR)
and brittleness temperature range (BTR). Those parameters
play crucial roles in the hot cracking, and can be summa-
rized from Fig.3 and shown in Table 3. The rolling plate
shows higher Nil-strength temperature and Nil-ductility
temperature than the forge plate in heating process. How-
ever, Nil-ductility temperature is the same for both plates in
cooling process. Therefore, the rolling plate has wider
Nil-ductility range and Brittleness temperature range than
the forge plate.

2.2 Fracture morphology of thermal ductility

Fig.4 and Fig.5 show the fracture morphologies of the
samples during the heating process at 1300 °C. A high
thermal ductility exists in the heating process, as shown in

and Engineering, 2019, 48(3): 0758-0764

ple from the surface position of rolling plate. Fig.5 shows
the SEM morphology of the fracture positions. The fracture
positions were characterized by smooth morphology, even
the melt phenomenon was observed in some positions.

Fig.6 and Fig.7 show the fracture morphologies of the
cooling process at 1300 °C. High thermal ductility is also
found in the cooling process, as shown in Fig.6. In particu-
lar, the sample reduction of the area can reach 62% at the
middle position of the forge plate; however the thermal
ductility sharply decreases after the thermal circle of the
sample PS. Fig.7 shows SEM morphologies of the fracture
positions. The fracture positions present smooth morphol-
ogy, and some positions exhibit the melt phenomenon. The
melt phenomenon may arise from the high peak temperature.
Some dimples are distributed in the fracture position of the
sample FM.

Fig.4. The reduction in the area can reach 72% for the sam- -
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Fig.3 Thermal ductility during the heating (a) and cooling (b) processes

Table 3 Thermal pro

perties of alloy 690

Sample Nil-strength temperature Nil-ductility temperature Nil-ductility temperature Brittleness temperature
number (NST)/°C (NDT)-heating/cooling process/°C range (NDR)/°C range (BTR)/°C
FM 1356 1350/1330 20 26
FS 1352 1345/1330 15 22
PM 1363 1355/1330 25 33
PS 1360 1355/1330 25 30
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Fig.4 Macroscopical fractures during the heating process

Similar cavity-like feature was identified on the fracture
surfaces in the heating process, as shown in Fig.8. The
fracture surfaces and cavities are clearly intergranular even
though some oxides are covered. Moreover, discontinuous
cavities along the secondary crack of the fracture surface
are observed as shown in Fig.8. There is no doubt that all
these cavities are evidence of weakness zone during the
crack growth, indicating that cavities play an important role
in the crack propagation in thermal ductility during the
heating process.

2.3 Varestrain test

The Varestrain test was used to evaluate the transverse
hot cracking sensitivity of nickel alloy 690 which is shown
in Fig.9. The variably strain was obtained by the different

Fig.5 Fractures morphologies during the heating process: (a) FM, (b) FS, (¢) PM, and (d) PS

Fig.6 Macroscopical fractures during the cooling process

radius curvature modules of the welded samples. The ten-
sile strain may be varied by:

£=0/2R*x100% (1)
Where ¢ is the strain of the sample, ¢ is the thickness of the
sample, and R is the radius curvature of the module. Tung-
sten inert gas welding was used to weld on the surface of
samples. The welding direction is from the position A to the
position C. The given tensile strain was forced on the sam-
ples while the welding went to the central position B. The
welding parameters are as follows: welding current 200 A,
welding voltage 14~16 V, welding speed 2~3 mm/s. Fig.9
shows the schematic diagram of Varestrain test.

The surface cracks were inspected by a liquid penetrating
test. The maximum length and total length of cracks are
shown in Fig.10. From the results, it can be summarized
that the forge or rolling nickel alloy 690 plate has high hot
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cracking sensitivity, and critical cracking strain is only
0.8% to 1%. The crack number and length both increase
with the strain level.

The four cracking positions are shown in Fig.11 from the
sample with the strain of 1%. The depth of the crack is of-
ten over 1 mm. The cracks are not only generate on the sur-
face of samples, but also appear inside the samples. The
cracking direction is vertical to the loading strain.

20.0kV 44.3mm x210 SE

3 Discussion

Generally, because of the differences between deforma-
tion and microscopic structure for the thermal ductility and
weldability, some differences between the nickel alloy 690
with a thickness of 70mms are possibly found, which are
caused by forging and rolling. Otherwise, with a thickness
of 70mm, following the traditional process conditions,
some differences in surface and middle position still exist.

Fig.8 Magnified fracture morphologies during the heating process: (a) FM, (b) FS, (¢) PM, and (d) PS



Jiang Yunlu et al. / Rare Metal Materials and Engineering, 2019, 48(3): 0758-0764

The result shows clearly that the grain size of the forge
plate is one magnitude larger than that of rolling plate (as
shown in Fig.1), but whether forge or rolling plate is used,
there is no significant difference between the grain size and
microscopic structure in surface and middle positions. This
helps us get a conclusion that the material properties of the
surface and the middle positions are nearly the same. This

TIG I

Cambered module

763

is possibly due to the strengthening elements of the forge
plate and the forging process, which can lead to the fact that
the grain size of the forge plate is one magnitude larger than
that of the rolling plate, but the similar mechanical property
is observed.

Few differences in the thermal ductility are observed for
both the forge and rolling plates, including NST, NDT,

Fig.9 Schematic diagram of Varestrain test
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Fig.10 Crack counts on the sample surface: (a) maximum crack length vs tensile strain and (b) total crack length vs tensile strain
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NDR and BTR. Also, similar results appear for the hot
cracks sensitivity, which is one of the most important indi-
cators of the weldability. Those indicate that the grain size
that affects the conventional mechanical property has little
effect on the thermal ductility and hot cracking sensitivity.

The morphology show that cavity features on the fracture
surface as clear evidence of hot cracking. The hot cracking
is influenced by the liquid phase of nickel alloy in high
temperature process. These cavities which nucleate around
grain boundary, probably result from the condensation of
liquid phase. At the same time, the low melt point impurity
is easy to gather in grain boundary, such as phosphorus and
sulphur. Those cavities and liquid phase are sensitivity po-
sition when suffering from loading. Therefore, the grain
boundary exists as the source of initiation crack in high
temperature tension.

4 Conclusions

1) The forge and rolling plates of the nickel alloy 690
have high thermal ductility at high temperature. The frac-
ture positions present smooth morphology, even some posi-
tions featuring the melt phenomenon.

2) The forge and rolling plates of the nickel alloy 690
both have high cracking sensitivity. The number and length
of crack increase with the tensile strain level. The depth of
crack is over 1 mm. The cracks are always generated on the
surface and interior of the samples. The cracking direction
is almost vertical to that of loading strain.

3) Few differences are presented for the thermal ductility

and hot cracking sensitivity of the forge and the rolling plates.
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