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Aging Treatment on the Microstructures and
Mechanical Properties of New Groove T92/Super
304H Dissimilar Steel Joints

Abstract: The effect of aging treatment on the micro-
structures and mechanical properties of new groove T92/
Super 304H dissimilar steel joints is studied in this paper.
The experimental results show that the heat-affected
zone (HAZ) of T92 is mainly composed of coarse-grained
and fine-grained martensitic, whereas the microstructure
of Super 304H HAZ and weld seam exhibit an austenitic
structure. Aging treatment increases the nucleation and
growth of second phase particles of the weld joints,
especially at T92 side. The weld joints have a low tensile
strength (<700 Mpa) and a high tensile strength (>700
Mpa) when the tensile fractures are located at weld
seam and T92 base metal, respectively. With increasing
aging time, the hardness and tensile strength of the weld
joints initially decrease, then increase, and finally stabi-
lize. Moreover, the weld joints have a maximum hardness
value at the T92 heat-affected zone. At room temperature
condition, the impact absorbed energy reaches the mini-
mum value, which is related to the coarse grain contain-
ing equiaxed dendrites in the weld seam.
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1 Introduction

Dissimilar steel weld joints have been widely used in
various fields including thermal power, nuclear power,
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and petrochemical applications in recent years. In the
steam generating system of supercritical and ultra-
supercritical power plants, ferritic or martensitic heat-
resistant steels are usually used in low-temperature condi-
tions, whereas austenitic heat-resistant steels are used in
high-temperature sections [1-2]. Considering their supe-
rior performance of the creep rupture strength and high
temperature corrosion and steam oxidation resistance,
T92 and Super 304H steels are widely used in super critical
boilers [3-12]. Therefore, the use of dissimilar steel weld
joints is inevitable. However, the performance of T92/
Super 304H dissimilar steel joints must be assessed in
harsh environments with extreme high temperature.

This study investigates the effect of aging treatment
on the microstructures and mechanical properties of the
new groove T92/Super 304H dissimilar steel joints. Chen
Guohong explored the effect of high-temperature aging
(0 h to 3000 h) treatment on the mechanical properties
of conventional welding T92/Super 304H dissimilar steel
joints. Studies showed that the tensile strength and hard-
ness values initially decreased (0 h to 100 h), then in-
creased (100 h to 1000 h), and eventually stabilized
(1000 h to 3000 h), whereas the toughness decreased with
increasing aging time. Moreover, the tensile fracture was
always located on the T92 base material [13]. Cao Jian
studied the relationship between microstructures and me-
chanical properties of T92/Super 304H welding dissimilar
steel joints of V-shaped groove at room temperature [14].
The tensile fractures of the dissimilar steel joints was at
the T92 coarse grained heat affected zone rather than weld
seams. The lateral orientation and distribution of crystal
grains herein contributed to the high tensile strength of
the dissimilar steel weld joints, and the minimum hard-
ness value was located at weld seams.

In addition, other researchers investigated the micro-
structure and mechanical properties of dissimilar steel
weld joints [15-23, 26]. Hajiannia studied the microstruc-
ture and mechanical properties of AISI 347/A335 dis-
similar steel using two welding materials. Results showed
that ERNiCr-3 was the best choice for dissimilar steel joints
because dissimilar steel joints had a high hardness values
and impact absorbing energy and tensile strength [15].
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Table 1: Chemical compositions of experimental materials

C Cr Mo v Nb Ni Mn S Si N Al w B Cu
T92 0.11 9.0 0.50 0.23 0.06 0.26 0.46 0.015 0.002 0.40 0.05 - 1.64 0.004 -
S304H 0.09 18.33 - - 0.50 8.90 0.80 0.03 0.001 0.025 0.11 0.009 - 0.001 2.94

Celik studied the microstructures and mechanical prop-
erties of St37-2/AISI 304 dissimilar steel joints. The results
showed that recrystallized grains were found in dissim-
ilar steel welded joints, and the hardness of the weld
seam was lower than that in the heat-affected zone [16]. In
the paper “Phase evolution in P92 and E911 weld metals
during ageing,” [17] uneven and coarse austenite grains
were obtained, and the growth of the boundary precipi-
tates leaded to the reduction of the impact absorbed
energy.

In this paper, the microstructure, tensile fracture, and
impact fracture of dissimilar steel weld joints were charac-
terized using an optical microscope, a scanning electron
microscope, and an energy spectrum analyzer. Combined
with the mechanical properties of weld joints, the struc-
ture and property evolution law of T92/Super 304H dis-
similar steel joints used in supercritical power plants were
explored.

2 Experimental

T92 and Super 304H steel tubes with sizes of ®51 mm x
13 mm were selected for the experiment, and their cor-
responding chemical compositions in accordance with
ASME standards, are shown in Table 1. The ERNiCr3
welding wire with a ®1 mm specification was selected,
and its chemical composition is shown in Table 2.

In this experiment, gas tungsten arc welding was
used for the welding of T92 and Super 304H steel tubes,
and the welding parameters are shown in Table 3. Dis-
similar steel welding uses asymmetric grooves, and the
schematic is shown in Fig. 1. The weld gap ranges from
0 mm to 1 mm, and the groove angle is a = 20°. The post-

Table 2: Chemical composition of the ERNiCr-3 welding wire

C Mn Si P S Cr Ni Cu Ti

0.031 2.80 0.04 0.004 0.002 20 69.5 0.02 0.35

Table 3: Dissimilar steel welding parameters

Layer Current Voltage Width Wire feed Heater
(A) ) (mm) speed current
(mm/min) A)
1 280 9.3 0 1100 11
2 350 12.4 5.2 7500 36
3 350 13 9.4 7400 38
4 330 12.6 12.6 7100 15

weld heat treatment of T92/Super 304H steel tube after
welding was 2 h at 730-760 °C to eliminate the welding
residual stress.

After X-ray nondestructive testing, high temperature
aging heat treatment were conducted on the new grooves
of T92/Super304H dissimilar steel welded joints, and the
aging periods were 0, 2000, 4000, and 8000 h. Accord-
ing to the steam temperature and the metal temperature
of modern power plants, 625 °C was more proper as the
ageing temperature than that in Ref [13]. Afterward, ap-
propriate metallographic samples containing dissimilar
steel weld heat-affected zone and base metal were col-
lected and processed into long strips for tensile and
impact tests. SANS and XYB305C were used for tensile and
impact tests. A VH-5DC hardness tester was used for the
hardness test, and the specific position of this test is
shown in Fig. 1.

Super

304H
Y __

3/

Unit:mm

Fig. 1: Schematic diagram of welding process of T92/S304H dissimilar joints and hardness position
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Specimens were grinded by SiC papers (up to 2000#),
followed by polishing with 0.5 um alumina powders.
The welded joints were then etched for 10s to observe the
metallurgical structure in each section. Three etching
solutions were used as follows: 1) T92: Picric acid 5 mL,
ethanol 40 mL; 2) Super 304H: CuSO44g, HCl 20 mL,
ethanol 20 mL; 3) weld seam: aqua regia. Finally, an
optical microscope (Olympus GX4) and an scanning elec-
tron microscope (JED 2200) equipped with an energy dis-
persive spectroscopy (EDS) were used to observe morphol-
ogies of specimens and analyses the precipitated particles.
After ultrasonic cleaning with alcohol, the fracture mor-
phologies of the impact and tensile specimens were ob-
served using an scanning electron microscope (JED 2200).

3 Results and discussion

3.1 Microstructure

The heat-affected zone (HAZ) of T92 steel is composed
of coarsed and fine-grain HAZ, as shown in Fig. 2. The for-
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mation of these grains is correlated with the horizontal
distribution of the welding temperature. The welding tem-
perature of fine grain HAZ is close to the austenitizing
temperature AC,;, whereas the welding temperature of
coarsed grain HAZ is higher than the austenitizing tem-
perature AC,. The distances of coarsed and fined grain
HAZ to the fusion line are approximately 120 and 50 pm,
respectively. The fusion line between T92 and weld seam is
clear.

Precipitated particles from grains and boundaries are
mainly M,,C,, as shown Fig. 3 [3-6]. With increasing aging
time, the second phase particles grew slowly, but their
number gradually increased. The number of precipitated
particles in the HAZ is less than that of T92 base metal,
causing by the secondary heat tempering of T92 base
metal.

The microstructure of Super 304H HAZ is austenite
with little crystal twins in Fig. 4. The size of austenite
(30 um) in the HAZ was significantly bigger than that of
the base metal (20 pm) due to the high temperature during
the welding process. Although the phase transformation
temperature was not reached, austenite only grew in the
HAZ. The compositions of precipitated particles are shown

Fig. 2: Microstructures of 792 HAZ: (1) aging 0 kh, (2) aging t 2 kh, (3) aging 4 kh, (4) aging 8 kh
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Fig. 4: Microstructures of Super 304H HAZ: (a) aging 0 kh, (b) aging 2 kh, (c) aging 4 kh, (d) aging 8 kh
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Element (kev) Mass% Element (keV) Mass%
Crk 5411 13.88 C Kk 0277 6.28
fek 6.398  40.31 Crk 5.411 28.62
Ni K 7.471 4.93 Fe K 6.398 57.60
Nb L 2,166 40.88 Ni K 7.471 5.74
Total 100.00 Mo L 2.293 1.76

Total 100.00
007

008

Fig. 5: EDS results of precipitates of the HAZ of Super 304H. Grain boundary (007); In grain (008)

in Fig. 5. Precipitates from grains mainly consist of rich
Nb phase, whereas those from grain boundaries mainly
consist of M;,C, (M=Fe, Cr) [12]. After aging treatment
(2000 h), carbide precipitates appear constantly at the
grain boundaries and increase in size, thereby weaken-
ing the mechanical properties of the heat-affected zone.
Therefore, the rich Nb and the rich Cu phase have an im-
portant effect on maintaining the strength of the heat-
affected zone. The rich Cu phase can effectively pin dis-

|

c) (d)

locations and grain boundaries with less coarsening in
the ageing treatment [9-10].

The microstructure of the weld is single austenite with
a large grain size, as shown in Fig. 6. When the welding
material contains a high amount of nickel element, which
is the necessary element for austenite phase, austenite is
formed [24]. Meanwhile, the equivalents of Cr and Ni were
calculated to be 20.60% and 71.33% based on the Schaef-
fer equation, respectively. In the common Schaeffer phase

Fig. 6: Microstructure of weld seam: (a) aging 0 kh, (b) aging 2 kh, (c) aging 4 kh, (d) aging 8 kh
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kev) Mass Element (kev) Mass®
4.508 2.52 TiK 4.508 1.62
5.411 10.61 Crk 5.411 2017
6.398 572 Fek 6.398 11.54
7.471 21.37 Ni K 7.471 44,43
2166 59.78 Nb L 2.166 22.25

100.00 Total 100.00

001

Fig. 7: EDS results of precipitates in weld seams. Strips (001); Spherical (002)

diagram [25], the corresponding location is the austenite
phase. However, the slower cooling rate of the metal in
the weld pool and a long residence time promote the ex-
tremely fast growth of grains because austenite has a low
welding thermal expansion coefficient, leading to the
poor thermal performance.

A large amount of precipitated particles was found
in the grain boundaries and columnar dendrites of the
weld seam, as shown in Fig. 7. Precipitated particles
shaped strip mainly consist of rich Nb-Ni phase. In
Fig. 6(a—c), columnar dendrites and grain boundary
migration are observed, whereas in Fig. 6(d), equiaxed
dendrites are observed. With increasing aging time, the
size of precipitated particles of the weld seam gradually
increased.

3.2 Mechanical properties

The tensile strength initially decreased (0 h to 2000 h),
then increased (2000 h to 4000 h), and eventually stabi-
lized (4000 h to 8000 h). As shown in Fig. 9, tensile
strength values met ASME standards. The fracture mor-
phology changes from ductility to intergranular and sub-
sequently changes into quasi-cleavage fracture. As shown
in Fig. 8, the weld joint fracture is located in the weld
seam with aging times of 0, 2000, and 4000 h. When the
aging time is 8000 h, the welded joints fracture is located
in the T92 base metal because the size of austenite grains
is basically the same as T92 HAZ. However, the alloying
element content of the austenite grain is higher than that
of martensite, so the precipitated particles pinned dis-
locations and grain boundaries. As a result, the strength
of T92 HAZ is lower than that of austenite. Moreover, the
size of precipitated particles in martensite is significantly
greater than those in the T92 HAZ because the T92 base

metal experiences two tempering processes. In the tensile
test, dislocation effect around the secondary phase par-
ticles is counteracted, leading to the decrease of strength.
When the tensile strength is less than 700 Mpa, the frac-
ture position is at the weld seam. By contrast, when the
tensile strength is higher than 700 Mpa, fracture position
is located at T92 base metal.

At room temperature, the toughness of welded joints
is higher than ASME standards (49]), as shown in Fig. 9.
The impact fracture of Super 304H and T92 were both
ductile fracture. In Fig. 10(a) the fracture dimples of Super
304H HAZ were large and deep. The dimple of T92 HAZ
was uneven in size. Many small dimples were found in the
big dimples in Fig. 10(b). In Fig. 10(c) large and shallow
dimples with uneven size were observed, which is directly
related to the toughness of the material. Given that T92
HAZ in the welded joints contains coarse and fine-grained,
the impact absorbing energy of T92 HAZ is quite different,
because it is difficult to control the elongation direction
in the rupture process. In Fig. 10(d) the impact fracture
had a flat surface on the weld seam, which contains coarse
grains with dendritic microstructures. Thus, the tough-
ness of weld seam decreases.

Figure 11 shows the hardness of the weld joint that
underwent aging treatment. Overall, the hardness value
of T92 HAZ is maximum (280 to 330 HV), whereas that of
the weld hardness seam is the minimum (170 to 220 HV).
The austenite-martensite transformation occurred in T92
HAZ because the welding temperature is higher than
the phase transformation temperature of T92. Thus, a
hardened martensitic structure is formed. The hardness of
T92 base metal, super 304H base metal, and Super 304H
HAZ are almost same. The hardness of the lower weld
seam is equal to the hardness of the upper weld seam.
Among all the tested aging times, the hardness of the weld
joints (2000 h) was minimal.
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Fig. 9: Tensile test and impact test results T92/S304H dissimilar materials joints

4 Conclusion

posed of the single austenite containing columnar
dendrites.

1. Super 304H HAZ is composed of coarse austenite. T92 2.

HAZ contains a tempered martensite structures com-
posed of coarse and fine grains. No significant change
in the grain size was observed with increasing aging
time. The microstructure of the weld seam is com-

The tensile strength, impact toughness at room tem-
perature, and hardness of T92/Super 304H dissimilar
steel welded joints at all aging times met the ASME
standards. When the tensile strength of the welded
joints is less than 700 MPa, the fracture position is
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Fig. 10: SEM fractographs of impact fracture: (a) Super 304H, (b—c) 792, (d) weld metal

Hardness/HV

BT92BM  B:T92HAZ  p:WM  (:S304HAZ p:S304BM :T92BM  y:T92HAZ WM yS304 HAZ 7:5304 BM

Fig. 11: Hardness test results T92/S304H dissimilar materials joints

located at the weld seam, whereas when the tensile
strength is higher than 700 Mpa, the fracture position
is located at the T92 base metal.

Room temperature impact test results illustrate that
the impact toughness of the weld seam is the mini-
mum, which is correlated with coarse and irregular
austenite grains of weld seam. The hardness value of
the T92 HAZ is significantly higher than in other parts.
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