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Abstract

Ensuring the homogeneous and excellent mechanical properties of 2.25Cr-1Mo-0.25V ultra-thick steel plate is the key to the
production of hydrogenation reactor equipment. Thus, it is required to understand the heterogeneity of microstructures and
properties of ultra-thick plate after heat treatment. In this work, the effect of post-weld heat treatment (PWHT) on the strength,
plasticity, toughness and microstructures of the 193-mm-thick steel plate was investigated, and the formation mechanism of
heterogeneity was elucidated. The PWHT decreased the room- and high-temperature yield strength (YS) and ultimate tensile
strength (UTS) of the steel plate after normalizing and tempering (NT), while the room- and high-temperature YS and UTS
decreased from the surface to the center of 193-mm-thick steel plate. It was attributed to the enhanced decomposition of

martensite—austenite (M—A) constituents and coarsening of grains and precipitated carbides.
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1 Introduction

The 2.25Cr-1Mo-0.25V steel has been widely used in the
petrochemical pressure vessels, heat exchanger pipes and
hydrogen equipment, due to its high-temperature strength,
creep resistance, hydrogen corrosion resistance and hydro-
gen embrittlement [1, 2]. The high content of V alloying
elements and the complexity of its manufacturing process
makes it necessary to conduct post-weld heat treatment
(PWHT) on the welded structure after rolling the steel plate
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into and welding to a cylindrical shell. The PWHT can
improve the microstructure and mechanical properties of the
welded joint, eliminate the welding stress, enhance the cor-
rosion resistance, decrease the generation and propagation
of cracks and further prevent the brittle failure in the welded
structure [3—7]. Therefore, the simulated PWHT is crucial to
ensure the standard manufacturing of the 2.25Cr-1Mo-0.25V
steel pressure vessel.

Effect of PWHT on the microstructure and mechanical
properties of the as-welded 2.25Cr-1Mo-0.25V steel has been
investigated to provide references for the service integrity of
the equipment. Li et al. [8] found that PWHT of 705 °Cx8 h
increased the impact toughness of the as-welded 2.25Cr-1Mo-
0.25V steel and changed the microstructure composed of gran-
ular bainite in the steel. The enhanced properties were attrib-
uted to the decomposition from martensite—austenite (M—A)
constituents into carbides. Li et al. [9] determined the micro-
structure consisted of granular bainite and lath bainite in the
2.25Cr-1Mo-0.25V steel before and after PWHT. The PWHT
promoted the widening of the bainite—ferrite lath and precipi-
tation of coarsened carbides, decreasing the impact toughness
and strength. With increasing PWHT time, the toughness
and strength decreased. In addition, the PWHT decreased the
residual stress and dislocations in the as-welded specimen,
accompanied by the decreasing microhardness and increasing
elongation and Charpy impact value [10, 11]. Consequently,
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the PWHT had a strong influence on the microstructure and
mechanical properties of the 2.25Cr-1Mo-0.25V steel. In
practice, the 2.25Cr-1Mo-0.25V steel plate for manufactur-
ing pressure vessel has ultra-thickness larger than 160 mm,
which usually exhibits the heterogeneous microstructures
from the surface to the center of ultra-thick plate and limits
the manufacture of 2.25Cr-1Mo-0.25V steel pressure vessel
[12]. However, the previous studies focus on the PWHT con-
ducted on the specimen with small dimension and/or a part of
the ultra-thick plate. The effect of PWHT on the heterogene-
ous microstructures and properties of the 2.25Cr-1Mo-0.25V
steel ultra-thick plate is still unclear, as well as the formation
of heterogeneity.

In this study, the effect of Min and Max PWHT on the
microstructures, room- and high-temperature mechanical
properties of the 2.25Cr-1Mo-0.25V steel plate with the
thickness of 193 mm was investigated. The diversified
microstructures and properties versus different parts of ultra-
thick steel plate after PWHT were discussed, and the transition
mechanism of microstructures and properties from the surface
to the center of ultra-thick steel plate was elucidated. This
result will provide theoretical and technical guidance for the
production of 2.25Cr-1Mo-0.25V ultra-thick steel plate and
pressure vessel.

2 Experimental
2.1 Materials

The raw materials were pig iron and scrap steel. The large
ingot of 2.25Cr-1Mo-0.25V steel, used for manufacturing
hydrogenation reactors in the petrochemical and coal chemical
industries, was produced by the electric furnace smelting, ladle
furnace refining, vacuum degassing and electroslag remelting.
After casting, the ingot was rough rolled and finish rolled to
plate, and the final rolling temperature was set to be higher than
950 °C. The chemical composition of the 2.25Cr-1Mo-0.25V
steel was detected by spark atomic emission spectrometry, and
the results are listed in Table 1.

2.2 Post-welding Heat Treatment

The 2.25Cr-1Mo-0.25V steel plate with thickness of
193 mm after normalizing (950 °C x5 h) and tempering
(690 °Cx2.5 h) was subjected to Min PWHT in a heating
furnace at 705 °C for 8 h and Max PWHT at 705 °C for 32 h.
The schematic diagram of normalizing, tempering and PWHT
is shown in Fig. 1. Both of the heating and cooling rates were

set to 60 °C/s. To investigate the effect of normalizing temper-
ature/time and tempering temperatures on the microstructures
and mechanical properties of the steel plate, the normalizing
temperatures were set to 920 °C and 960 °C, the normalizing
times were set to 80 min and 160 min and the tempering tem-
peratures were 680 °C, 700 °C and 720 °C, respectively.

2.3 Mechanical Properties Tests

To investigate the effect of PWHT on the microstruc-
tures and properties of the 2.25Cr-1Mo-0.25V steel plate
at different positions, the specimen with dimension of
300 mm X 200 mm X 15 mm for mechanical properties tests
and microstructures characterization was cut from the sur-
face, quarter position and half position of ultra-thick plates,
as shown in Fig. 2a—c. To measure the yield strength (YS),
ultimate tensile strength (UTS) and elongation, the speci-
mens with 10-mm diameter and 50-mm length were tested
on an Instron Universal 1251 Testing Machine according
to GB/T228.1-2010 standard. The V-notched specimens
for Charpy impact test was prepared to assess the impact
toughness by using ZBC2452 impact testing machine. The
uniaxial tensile tests were conducted on a SHIMADZU AG-1
250 kN testing machine at various temperatures (200 °C,
250 °C, 300 °C, 350 °C, 400 °C, 450 °C, 500 °C and 550 °C)
with loading rate of 1 mm/min. To keep the temperature
homogeneity, the specimens were held at the desired tem-
peratures for 6 min.

2.4 Microstructures Characterization

The metallographic specimens, extracted from the top
surface to the center of the ultra-thick steel plate, were
machined to determine the microstructures. The speci-
mens were ground with grinding papers and mirror pol-
ished, then etched by a 5% Nital solution and cleaned with

705°Cx32h

2°Cs 705 °Cx8 h
690 °Cx2.5h
60°C/h 60°C/h

Temperature (°C)

60 °Ch 60 °C/h

Normalizing Tempering Min PWHT Max PWHT

0 Time (h)

Fig. 1 PWHT of the 2.25Cr-1Mo-0.25V steel plate for different dura-
tions and cooling strategies

Table 1 Chemical composition C Si Mn P S Cr Mo Ni v Cu
of the 2.25Cr-1Mo-0.25V steel
plate (wt%) 0.14 0.08 0.54 0.003 0.002 2.25-25 1.0-1.1 0.08 0.28-0.35 0.08
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Fig. 2 Positions of the specimens extracted from the ultra-thick plate and schematic diagram of the tensile and impacted samples: a on the sur-

face, b at the quarter position, ¢ at the half position

ethanol. Finally, the microstructure was characterized by
using the optical microscopy (OM) and scanning electron
microscopy (SEM), the morphologies of carbides were
observed by using the transmission electron microscopy
(TEM).

3 Results
3.1 Phase Transformation Temperature

The continuous cooling transformation (CCT) diagram
is one of the theoretical basis to formulate heat treatment
process. The continuous cooling experiments in this study
were conducted on the German quenching deformation

1000

dilatometer DIL80SA, and the CCT diagram was estab-
lished by plotting the phase transition points at different
cooling rates. The specimens were heated to 940 °C with a
heating rate of 15 °C/s, held for 600 s and cooled to room
temperature at cooling rates varying from 0.1 to 150 °C/s.
The CCT diagram of 2.25Cr-1Mo-0.25V steel is shown in
Fig. 3. The austenitizing start temperature (Acl) and fin-
ish temperature (Ac3) were determined to be 794 °C and
896 °C, respectively. The proeutectoid ferrite, bainite and
martensite transformation occurred during continuous cool-
ing, instead of pearlite transformation. When the cooling
rate was less than 0.5 °C/s, the austenite transformed into
ferrite and bainite, the microstructure contained ferrite and
bainite. When the cooling rate was between 0.5 and 8 °C, the
austenite transformed into bainite. As the cooling rate was
larger than 8 °C/s, the martensite transformation occurred,

800

600

400 o SECER

Temperature (°C)

200

0 ‘ :
10-1 2 34 100 2

Fig.3 CCT diagram of 2.25Cr-1Mo-0.25V steel
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Fig.4 OM and SEM images of microstructures of 2.25Cr-1Mo-0.25V steel plate at different positions after without PWHT a-c, Min PWHT d-f
and Max PWHT g-i: on the surface a, d, g, at the quarter position b, e, h and at the half position ¢, f, i

the microstructure at room temperature was consisted of
bainite and martensite. When the cooling rate was larger
than 30 °C/s, the single martensite existed in the microstruc-
ture. Consequently, the normalizing temperature, tempering
temperature and PWHT temperature were determined to be
950 °C, 690 °C and 705 °C.

3.2 Microstructures After PWHT

To investigate the effect of Min PWHT and Max PWHT
on the microstructures of the 2.25Cr-1Mo-0.25V steel and
detect the microstructure homogenization in the 193-mm-
thick plate, the OM images and magnified SEM images of
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Fig.5 Tensile strength and plasticity of the specimens at various positions of the 2.25Cr-1Mo-0.25V ultra-thick steel plate: a YS, b UTS, ¢ elon-

gation, d Ry »/R,,

the microstructure at different positions of the ultra-thick
plate are shown in Fig. 4. The microstructures on the sur-
face, quarter position and half position of the plate after nor-
malizing and tempering (NT) are illustrated in Fig. 4a-c. In
the OM images, the striped ferrite was formed in the granu-
lar bainite. The dimension of granular bainite in the speci-
mens after PWHT was larger than that after NT. Addition-
ally, the bainite size increased with increasing distance from
the surface into the center of the ultra-thick plate. Based on
the SEM images, the microstructure was determined to be
consisted of tempering granular bainite, and carbides par-
ticles locating in the grains and on the grain boundaries.
From the surface to the center of the plate, the grain size
decreased and the amount of precipitated carbides increased.
This was attributed to the long tempering times, promoting
the precipitation of carbides. After Min PWHT and Max
PWHT, the precipitation of carbides increased, especially
for the carbides in the grains (Fig. 4d-i). The dimension of
the carbides decreased from the surface to the half posi-
tion of the steel plate. The carbides after Max PWHT was
coarser than the carbides after Min PWHT. It was ascribed
to the long tempering time, promoting the coarsening of the
precipitated particles.

@ Springer

3.3 Mechanical Properties After PWHT

The tensile properties of different parts of the 193 mm-
thick 2.25Cr-1Mo-0.25V steel plates after NT, Min
PWHT and Max PWHT are shown in Fig. 5. Compared
to the specimens after NT, the YS, UTS and R, ,/R,, of
the specimens after PWHT decreased (Fig. 5a, b and
d) and the elongation increased (Fig. 5c¢). The strength
and R, »/R,, after Min PWHT were larger than that after
Max PWHT, while the elongation after Min PWHT was
smaller. In addition, the YS, UTS and R, ,/R,, decreased
from the surface, quarter position to half position of the
ultra-thick steel plate. Conversely, the elongation tended
to increase with increasing distance from the surface of
the steel plate. The high strength of the specimens after
NT, Min PWHT and Max PWHT was attributed to solid
solution strengthening enhanced by the addition of alloy-
ing elements and precipitation strengthening of carbides.
The PWHT and longer holding time at the quarter and
half positions decreased the solution of alloying elements
and promoted the precipitation of carbides, resulting in
the decreased strength and increased elongation.
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Fig. 6 Impact work and fracture percentage of the specimens versus temperature after Min PWHT a, b and Max PWHT ¢, d

Figure 6 shows the results of Charpy tests. The Charpy
impact energies of the specimens after Min PWHT and
Max PWHT increased monotonically with increasing
temperature, as shown in Fig. 6a and c. The impact energy
after Max PWHT was higher than that after Min PWHT,
and the impact energy increased from the surface, quarter
position to half position of the ultra-thick steel plate. The
fracture appearance transition temperature (FATT), indi-
cating 50% percentage of cleavage fracture surface, was
determined from the curve of percentage of cleavage frac-
ture surface and fracture morphologies of Charpy speci-
mens (Fig. 6b and d). The FATT after PWHT decreased
from the surface, quarter position to the half position.

3.4 Effect of Normalizing and Tempering

The YS, UTS and elongation of the specimens at the half
position of the thick steel plate after NT and Max PWHT
with different normalizing and tempering parameters are
illustrated in Fig. 7, and the corresponding microstruc-
tures are shown in Fig. 8. For the specimens normalized

at 920 °C for 80 min, the YS and UTS increased with
increasing tempering temperatures. The elongation first
decreased, and then increased (Fig. 7a-c). After normal-
izing, the microstructure was consisted of bainite and mar-
tensite—austenite (M—A) constituents. During tempering
and PWHT, the carbides precipitated from the bainite,
and the M—A constituents transformed to bainite and fer-
rite. The amount of M—A constituents transformation and
precipitated carbides increased with increasing temper-
ing temperature (Fig. 8a-c). When the normalizing time
prolonged to 160 min, the YS and UTS of specimens first
increased, then decreased with increasing tempering tem-
perature (Fig. 7). The increasing tempering time improved
the strength, which was related to the decreased M—A con-
stituents and increased carbides precipitation (Fig. 8d-f).
When the normalizing temperature increased, the grains
became larger and the carbides became coarser, accom-
panied by the enhanced precipitation of carbides on the
ferrites (Fig. 8g-1). This led to the decreased strength and
decreased elongation.
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Fig. 7 Mechanical properties of the 2.25Cr-1Mo-0.25V steel after Max PWHT with different NT parameters

3.5 High-Temperature Properties

Figure 9 shows the variation of YS, UTS and elongation
of the different parts of the ultra-thick steel plate after
Min PWHT and Max PWHT versus temperatures. The YS
and UTS decreased (Fig. 9a and b), while the elongation
increased with increasing temperature (Fig. 9c and d). The
strength after Min PWHT was higher than that after Max
PWHT, while the elongation after Max PWHT was larger. It
was attributed to the enhanced decomposition of M—A con-
stituents and the coarsening of the grains and carbides with
increasing PWHT time at higher temperatures. Additionally,
the strength of the specimens at elevated temperatures on the
surface was higher than that at the quarter position and half
position. When the temperature was higher than 450 °C, the
strength of different parts of the thick steel plate tended to
be equal. This was ascribed to the similar decomposition
of M—A constituents and the coarsening of the grains and

@ Springer

carbides in the different specimens at the elevated tempera-
tures higher than 450 °C.

4 Discussion

Figure 10a shows the TEM image of the microstructure
after NT and Max PWHT. The microstructure was con-
sisted of bainite—ferrite, M—A constituents and carbides
(Fig. 10a). The carbides were located in the grains and at
the grain boundaries, and the morphologies of carbides
were diversified and irregular. Jiang et al. have investi-
gated the NT Cr—-Mo-V steel and concluded that the car-
bides after short tempering time consisted of the agglom-
erated M,C carbides and tiny needle-like VC carbides. The
increased tempering time promoted the formation of rod-
shaped M,C; and spherical M,;C, carbides [13]. Based on
the analysis of composition (Fig. 10b), the carbides were
determined as agglomerated M;C, rod-shaped M,C;,
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960 °Cx80 min
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Fig. 8 Microstructures of the 2.25Cr-1Mo-0.25V steel after Max PWHT with various NT parameters

spherical M,;C, and fine VC alloy carbides. This result
was consistent with the samples after NT in the previous
study [14]. Figure 10c shows the schematic diagram of
microstructure evolution of the different parts of the ultra-
thick steel plate. After normalizing, the formed bainite
microstructure was consisted of bainitic ferrite matrix and
M-A constituents. During tempering, the M—A constitu-
ents decomposed and the carbides precipitated. The

strength of the specimens after NT was attributed to the
solute strengthening and precipitate strengthening. The
solute strengthening of the 2.25Cr-1Mo-0.25V steel is
mainly contributed by the solution of C, Cr, Mo and V
alloying elements into the matrix, resulting in the lattice
distortion [15]. The corresponding strengt3h increment
(Acg) was described by Ao, = G(|6]| + %)lnl 5(%“)5, where
G is the shear modulus, d and # are parameters related to
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Fig. 9 High-temperature properties of the 193 mm-thick 2.25Cr-1Mo-0.25V steel plates at different positions after Min PWHT a, ¢ and Max

PWHT b, d

the lattice and shear modulus changes of the steel and x,
is the atomic percentage of solute atoms in the bainite—fer-
rite matrix [16]. The fine precipitated carbides strength-
ened the steel through hindering the dislocation motion,
enhancing the precipitate-dislocation interactions [17].
The increasing strength (As,) based on Orowan strength-
ening mechanism was determined by

_ _081Gh_In@r/b) . ;
Ao, = o A2’ where G is the shear modulus, b is

the Burgers vector, v is the Poisson's ratio, dp is the aver-
age size of carbides, f, is the precipitated carbides volume
fraction and 4 is the spacing between the carbides [18].
The cooling rates of different specimens on the surface,
quarter position and half position of the ultra-thick steel
plate were diversified, reflecting the various tempering
times. The long tempering time at the half position

@ Springer

decreased the solution of alloying elements and promoted
the precipitation of carbides, resulting in the decreased YS
and UTS. During PWHT, the M—A constituents continu-
ously decomposed and the carbides precipitated in the
grains and at the grain-boundaries, accompanied by the
coarsening of grains and carbides. Therefore, the strength
after Min PWHT and Max PWHT decreased, and the
specimens at different positions exhibited diversified YS,
UTS and elongation. With increasing PWHT time and dis-
tance from the surface of ultra-thick steel plate, the coars-
ening of grains and carbides was enhanced, further
decreasing the YS and UTS of the specimens. In contrast,
the toughness of the specimens after PWHT was improved
with increasing distance from the surface to the half of
ultra-thick plate.
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Fig. 10 a TEM image and b compositional analysis of the microstructure of the specimens after NT and Max PWHT ¢ schematic diagram of

microstructure evolution of the specimens after NT and PWHT

5 Conclusions

The effect of PWHT on the microstructure evolution and
mechanical properties of the 2.25Cr-1Mo-0.25V steel after
NT was investigated, and the homogeneity of microstruc-
ture and properties of the 193 mm-thick steel plate after
Min PWHT and Max PWHT was discussed. The main con-
clusions are as follows:

1. The microstructure of the specimens after NT consisted
of bainite, ferrite matrix and M—A constituents. The
PWHT promoted the decomposition of M—A constitu-
ents and coarsening of grains and precipitated carbides,
decreasing the strength and increasing the elongation of
steel plate after NT.

2. The YS and UTS after NT and PWHT were attributed
to solute strengthening and precipitate strengthening,
which decreased with increasing tempering tempera-
tures and time. The YS and UTS after Min PWHT were

higher than Max PWHT. The 2.25Cr-1Mo-0.25 V steels
after NT, Min PWHT and Max PWHT had excellent
comprehensive mechanical properties.

3. The specimens at different positions exhibited hetero-
geneous microstructure and mechanical properties of
the ultra-thick plate. The YS and UTS at RT and HT
decreased, while the elongation increased from the sur-
face, quarter position to half position, which was related
to the combined effect of weakening solution strengthen-
ing, enhanced decomposition of M—A constituents and
precipitation of carbides, and coarsening of grains and
precipitates.
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