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Evolution of Soft Zone in a Simulated 1.25Cr-0.5Mo ®

Check for

Steel-Welded Joint During Post-weld Heat Treatment
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In the present study, the effect of post-weld heat treatment on the soft zone of 1.25Cr-0.5Mo
steel welded joint has been systematically studied. Outstanding features of the soft zone,
including grain size, number density of carbides, volume fraction of carbides, and hardness
distribution, are quantitatively analyzed by means of scanning electron microscopy and a
microhardness testing. Results show that ferrite grain growth, carbide coarsening, and alloying
element segregation are main factors accounting for hardness variations.
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1.25CR-0.5MO ferritic heat-resistant steel has
been universally employed for fabricating heat exchang-
ers and superheater tubes in thermal powering applica-
tions.!! Such large-scale pressure vessel components
normally require welding and post-weld heat treatment
(PWHTQ before being positioned into high-temperature
service.**) Up to now, a consensus has been formed that
the location of short-term creep failure, commonly
coined as soft zone, is identified in the fine-grained
heat-affected zone (FGHAZ) or intercritical heat-af-
fected zone (ICHAZ) of the welded joints, where
hardness values are generally lower.*® Consequently,
it is of technical significance to identify the presence,
investigate the formation mechanism, and profile pos-
sible microstructural and mechanical responses of the
soft zone.

However, it is notable that most previous studies only
focused on observing the microstructures of the soft
zone in Cr-Mo steel weldments after creep tests, tryin
to clarify creep rupture mechanisms.”® Sawada er al.!
suggested that the multiaxiality of stress promoted
Z-phase formation in the FGHAZ of E911 steel during
creep, resulting in an abrupt decrease in hardness and a
higher creep cavity density. Shrestha er all'” investi-
gated creep rupture behavior of fusion-welded Grade 91
steel and discovered that the fracture point had the
lowest hardness of 56 VHN. Laha et al.'! reported that
the pronounced hardness drop and creep fracture were
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observed in the ICHAZ of the welded joints of a
2.25Cr-1Mo steel after creep testing, which might be
attributed to the absence or less abundance of the fine
acicular Mo,C precipitates in the ICHAZ.

Moreover, microstructural features and formation
mechanisms of the soft zone are not well understood
during welding and PWHT procedures. Wang et al.!
concluded that the initial soft zone was identified to be
formed at the as-welded state by using microhardness
profiling and microstructural verification. Heteroge-
neous structure observed in the soft zone, consisting of
Cr-rich re-austenitized prior austenite grains and fine
Cr-depleted, tempered martensite grains, could be
directly responsible for the hardness reduction. Albert
et al'”) demonstrated that the soft zone imparted by the
migration of carbon in a dissimilar welded joints
between 9Cr-IMo and 2.25Cr-1Mo steels could be
observed after applying PWHT. It should be pointed
out that tracking the soft zone structure back to the
initial as-welded and PWHT states may likely provide
an insight into state-of-the-art understanding of the
formation mechanisms and microstructural evolution of
the soft zone, which has been largely ignored.

Therefore, from the above point of view, the present
work aims to determine the exact position of the soft
zone in 1.25Cr-0.5Mo steel after notable checking
points, such as welding and PWHT, and systematically
investigate microstructural evolution and mechanical
performance. In addition, an in-depth understanding of
the mechanism of hardness variation in the soft zone
under varying PWHT schemes is presented, which might
offer an optimized PWHT scheme for pressure vessel
industry and contribute to comprehend premature
failure mechanisms of the final products.

1.25Cr-0.5Mo steel (ASTM A378 Grade 11 Class 2)
was used as the base material, and corresponding
chemical composition is shown in Table I.
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Detailed heating and cooling procedures for heat
treatment and welding are presented in Figure 1. The
as-received steel plate with dimensions of 140 mm in
width (rolling direction), 410 mm in length, and 110 mm
in thickness was held at 1203 K above Ac; (1085 K) for
220 minutes, quenched into water, tempered at 1003 K
below Ac; (1036 K) for 330 minutes, and air cooled,
which is referred to as the QT state. To simulate
welding, samples with a size of 11 x 11 x 80 mm were
cut from the position which was near the 1/2 thickness
of the QT state steel plate for welding simulation on a
thermal simulation tester (Gleeble 3500, Dynamic sys-
tem INC.). The peak welding temperature was 1673 K
with a holding time of 1 second, and the cooling time
from 1073 K to 773 K (t5;5) was estimated to be 7.07
seconds, which was designed to simulate shielded metal
arc welding with 12 kJ/cm heat input.!'* Thermal cycle
was described by employing the Rykalin-3D heat
transfer model. The farther away from the center of
the heat source, the lower the peak temperature is.
Therefore, graded microstructure can be obtained as the
direct result of cascaded temperature distribution. For
convenience, samples subjected to welding simulation
without PWHT are designated as the as-welded (AW)
state. Afterwards, AW state samples were sealed into a
quartz tube, evacuated, and argon filled to prevent
oxidation during PWHT. The tube was placed into a
pit-type crucible furnace (VF-1200X, China), heated
from 673 K to 963 K at a rate of 55 K/h, held for desired
durations (6 hours, 48 hours, and 480 hours), cooled to
673 K at a rate of 55 K/h, and then air cooled to room
temperature. These sample are labeled as P6, P48, and
P480, respectively.

Table I. Chemical Composition of 1.25Cr-0.5Mo Steel
(Weight Percent)

C Si Ma Cu Ni Cr Mo P S
0.13 052 054 0.02 0.18 1.42 0.63 0.006 0.0011

P6, P48, P480
963K, 6h&48h&480h

Temperature

Water Air "

"
Cooling Coolingy,
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"
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Time -
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Fig. 1-—Thermal cycles of (a) quenching and tempering, (b) welding,
and (c) post-weld heat treatment.

1582—VOLUME 52A, MAY 2021

For microhardness characterization, cross-sectional
specimens were cut from AW state and PWHT state
samples. These specimens were mounted, ground, pol-
ished, and etched with 4 pct (Percent) nital for 10
seconds (s) by using standard metallographic proce-
dures. Vickers hardness across the cross section of the
etched specimens was measured with a load of 0.2 kgf, a
dwell time of 12 seconds, and an indentation spacing of
200 pm with the straight lines separated by a distance of
1 mm by using a microhardness tester (HXD-1000TMC/
LCD, China). Five lines were obtained to ensure
repeatability. Microstructures of the base metal (BM)
and HAZ were characterized using a field-emission
scanning electron microscope (FESEM, MATA3 XMH,
TESCAN, CZ). The average grain size of different state
specimens was measured from SEM images by the
intercegt method (ASTM EI12) using the ImageJ soft-
ware.' Precipitate morphology was examined by an
FE transmission electron microscope (TEM, Tecnai
F20, FEI, U.S.A.). Elemental distribution was revealed
by an FE electro-probe microanalyzer (EPMA,
JXA-8530F, JEOL, Japan) combined with a wave-
length-dispersive X-ray spectroscope (WDS). More
detailed descriptions of TEM and EPMA specimen
preparations are presented elsewhere.'”!
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Fig. 2—(a) Macrograph of the entire HAZ of 1.25Cr-0.5Mo steel
(The region marked by white rectangle is used for hardness test); (b)
hardness distributions across the entire HAZ at the AW and PWHT
states. (Three white shadows with red, blue, and violet dash lines
represent the soft zones after PWHT at 963 K for 6, 48, and 480 h,
respectively) (Color figure online).
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Figure 2(a) presents the etched macrograph of the
entire HAZ of 1.25Cr-0.5Mo steel, which clearly con-
sists of three different zones, including coarse-grained
heat-affected zone (CGHAZ), FGHAZ, and ICHAZ.
Microhardness line scanning was conducted at the
mid-thickness across the entire HAZ (marked by the
white rectangle in Figure 2(a)) to show the hardness
distribution and identify the location of the soft zone.
Figure 2(b) shows the average microhardness profile
across the entire HAZ at both the AW and PWHT (963
K for different durations) states. Statistical results of the
HAZ hardness values under four thermal states are
further compared in Table II.

As the bainitic structure is inside coarse prior austen-
ite grains (PAGs),'” the CGHAZ of the AW shows the
highest hardness value (above 400 HVO0.2). Moving
along the center line, the hardness value cascades from
385.9 HV0.2 (FGHAZ) to 223.6 HV0.2 (ICHAZ), and
to 182.6 HV0.2 (BM) as a result of lowered peak
temperature and reduced soaking time.

Following PWHT, the hardness value of the HAZ
demonstrates an ever-decreasing trend. The CGHAZ
hardness sharply decreases from 407.0 HV0.2 (AW) to
277.1 HV0.2 (P6), 212.0 HVO0.2 (P48), and 182.8 HV0.2
(P480), which indicates that an even greater tempering
effect on lowering the hardness can be obtained via
PWHT for a sufficiently long time. In the case of the
FGHAZ, a hardness dip (167.6 HV0.2 in P6), which is
lower than BM, occurs in the FGHAZ close to the
ICHAZ after PWHT holding for 6 hours, indicated by
the white shadow with red dash lines in Figure 2(b).
This hardness dip has been identified as the soft zone, as
illustrated by previous studies.”! With the increase of
holding time, as displayed by the white shadows with
blue and violet dash lines from Figure 2(b), it can be
seen that the hardness value of the soft zone gradually
decreases from 164.2 HVO0.2 (P48) to 149.5 HV0.2
(P480). In addition, it is observed that the widths of the
soft zone of P48 and P480 are considerably wider than
those of P6, increasing from 0.6 to 1.8 mm and to 3.8
mm. It can be found that the soft zone first appears in
the FGHAZ close to the ICHAZ, then gradually
widened, and occupied almost the entire FGHAZ after
prolonged PWHT. The hardness of the ICHAZ on the
right side maintains between 160 HV0.2 and 180 HV 0.2
without significant reduction, which is consistent with
changes in the BM.

Simultaneously, it is seen that the hardness difference
between the sub-zones of the HAZ continuously
decreases. Hardness variations within the HAZ are

below 30 HV0.2 after PWHT at 963 K for 480 hours. It
is implied that a homogenized HAZ with uniform
hardness values can be obtained by long-term PWHT.!”!

Figure 3(a) shows the typical microstructure of
1.25Cr-0.5Mo steel of the QT state. It has a character-
istic tempered troostite structure, which is mainly
composed of lath ferrite, with sizable amount of fine
granular carbides evenly distributed inside the grains.
The average grain size of the QT state is 2.4 um.
Figure 3(b) shows the TEM image of the QT state,
where rod-shaped and globular-shaped carbides are
evenly distributed, with a size ranging from 100 to 200
nm. A seclected area electron diffraction pattern, repre-
sented in the inset of Figure 3(b), indicates that the
Cr-rich carbide is M;Cs-type carbide with hexagonal
structure, which is consistent with a previous study.!'!

Figures 3(c) through (f) exhibit quintessential micro-
graphs of the soft zones at four different thermal states.
As shown in Figure 3(c), an equiaxed PAGs structure
with an average size of 8.6 um is observed in the
FGHAZ close to the ICHAZ of the AW state. Bainites
and undissolved carbides are the main substructures
within the PAGs. Unlike the PAGs structure in
Figure 3(c), the soft zone after PWHT at 963 K for 6
hours (P6) in Figure 3(d) shows a structure consisting of
blocky ferrites and fine granular carbides evenly dis-
tributed inside the grains, which implies that PWHT has
significantly altered the microstructure of the soft zone.
As shown in Figure 2(b), it is believed that the initial
softening from the AW to the P6 state appears to be
related to the transition from a bainitic ferrite to a
blocky ferrite microstructure where the reduction in
dislocation density may be the dominant softening
mechanism.['”*!'81 Furthermore, after 48 hours of
PWHT, the microstructure of the soft zone carries a
mixture of coarse blocky ferrites and carbides, as shown
in Figure 3(e). After 480 hours of PWHT, the
microstructure of the corresponding soft zone has
evolved to equiaxed ferrites and coarse globular car-
bides, as shown in Figure 3(f).

Average grain sizes of ferrites at different PWHT
states are shown in Figure 4(a). It can be seen that with
the PWHT holding time mounting, the average grain
size increases from 4.9 um (P6) to 10.5 um (P48) and to
14.6 um (P480), which indicates appreciable ferrite grain
growth.'"” Grain refining is commonly known to
enhance strength and hardness of polycrystalline mate-
rials. In particular, it is widely accepted that the yield
strength of a metallic material as a function of grain size
can be well described by the empirical Hall-Petch
Eq. [11,2022

Table II. Average Vickers Hardness Values of the Sub-zones of the HAZ at Various Thermal States (HV0.2)

Thermal State CGHAZ FGHAZ ICHAZ BM

AW 407.0 + 10.0 385.9 £ 42.7 223.6 =424 182.6 & 3.1
P6 277.1 +£ 54 236.5 +43.2 181.7 £ 5.3 182.5 + 2.1
P48 212.0 £ 3.5 182.5 &+ 18.1 181.5 £ 6.2 181.6 1.8
P480 1828 £ 2.4 152.1 £ 11.2 163.4 £+ 3.0 164.7 + 3.3
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Fig. 3—Typical microstructural features of 1.25Cr-0.5Mo steel observed at the QT state: (¢) SEM micrograph and (b)) TEM micrograph; SEM
micrographs showing the microstructure of the soft zone at (¢) AW, (d) P6, (e) P48, and (f) P480 states. (Green, red, yellow, and blue dash lines
represent lath ferrites, prior austenite grain boundaries, blocky ferrites, and equiaxed ferrites, respectively) (Color figure online).

18 3.5

%

-@-Average grain size ]
é Ml -Area fraction of carbide|

0
4 L . L 1.0 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-
P6 P48 P480 Carbide size/pm

(a) (b)

-
»
T

Average grain size/pm
- - —_
o N »
T T T

©
T

Area fraction of carbide/%
Number density of carbides(x10° /mm?)

Fig. 4—(a) Average grain sizes of ferrites and area fraction of carbides as a function of PWHT holding time; (b) number density and size
distribution of carbides at different thermal states.

i where ay 1s yield strength, g, (100 MPa) and k (600
0'y=0’0+kD_/ ) (1] MPa um'’?) are constant, D is grain size, and the

1584—VOLUME 52A, MAY 2021 METALLURGICAL AND MATERIALS TRANSACTIONS A



relationship between the hardness and yield strength
also approximately follows the Eq. [2] as below:!**!

H =~ 30, 2]

where H is the Vickers hardness. According to Egs. [1]
and [2], with the increase of grain size, the value of
hardness will decrease to Hpg = 1113.2 MPa, Hpsg =
855.5 MPa, and Hpszo = 771.1 MPa, respectively.
However, Vickers hardness values of P6, P48, and
P480 states measured from the experiment are not
strictly followed by the linear relationship between H
and D2, Thus, in the present work, it can be
considered that ferrite grain growth may merely
constitute part of the reasons for the hardness
reduction.

Concurrently, as shown in Figure 4(a), the area
fraction of carbides is 1.6 pct (P6), 2.6 pct (P48), and
3.4 pct (P480), respectively. It is observed that the area
fraction of P480 is twice that of P6. Moreover, the
evolution of number density and size distribution of
carbides at P6, P48, and P480 states is shown in
Figure 4(b). The number density of carbides in P6
specimen is 9.08 x 10°/mm?, and their average size is
0.35 um. After 48 hours of holding time, the number
density of carbides decreases to 6.14 x 10°/mm? and
the size distribution of carbides has undergone signif-
icant change. The number density of carbides less than
0.2 um decreases, while that of large-size carbides
ranging from 0.4 to 0.6 um increases significantly. With
the increase of holding time, the number density and
size distribution of carbides in P480 undergo apprecia-
ble change. The number density and average size turn
into 5.89 x 10°/mm? and 0.49 um, respectively. It can
be seen that, comparing with P6 and P48, the number
of carbides larger than 0.6 um in P480 increases
substantially. To a large extent, PWHT is equivalent
to high-temperature tempering treatment.** As the
PWHT holding time increases, a large number of fine
carbides aggregate and coarsen in the grain, which is
considered to be responsible for the decrease of number
density and the increase of carbide size. Based on the
measured particle sizes and particle number densities,
the volume fraction of particle can be expressed by
Eq. [3] as below:*!

P

where f'is the volume fraction of precipitates, d is the
diameter of precipitates, and N, is the number of
precipitates sections per unit area. According to Eq. [3],
with the increase of holding time, the volume fraction of
precipitates increases from 2.36 pct (P6), to 3.92 pct
(P48), and eventually to 5.49 pct (P480).

In addition to the effect of grain size on hardness,
coarsened carbides may lead to depressed precipitation
strengthening, which is also considered to be detrimental
to hardness. Precipitation strengthening in steels is

f d’ - Ny, 3]

usually estimated by the Orowan—Ashby Eq. [4]:[?%27)
K d
oJ,ZEf*/ZlnE, 4]
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where K is a constant (5.9 N/m), b is the burgers vector
(0.246 nm), and d and f are the average diameter and
volume fraction of precipitates. According to Egs. [2]
and [4], the calculation shows that the decrease in
hardness during PWHT can be explained by a reduction
of precipitation strengthening due to the coarsening of
carbides. Thus, during subsequent PWHT, i.e., from P6
to P480, ferrite grain growth and carbide coarsening are
observed. Both aspects may lead to a combined effect
for hardness decrease and widening of the soft zone.

Moreover, the distributions of the main alloying
elements, such as C, Cr, and Mo, in the soft zone of
AW, P6, P48, and P480 states have been documented by
EPMA-WDS in Figure 5. Backscattered electron (BSE)
images of the AW and PWHT states are observed in
Figures 5(a), (e), (i), and (m). Figures 5(b) through (d)
show that distributions of C, Cr, and Mo are essentially
uniform at the AW state, with a few high-intensity spots
of Cr being identified as undissolved Cr-rich carbides.
After 6 hours of PWHT, bainitic features gradually
disappear and blocky ferrites are formed. Certain
carbides with high C, Cr, and Mo contents may form
along grain boundaries, as shown in Figures 5(f)
through (h). As the PWHT holding time increased to
48 hours and 480 hours, more globular carbides with
higher concentrations of C, Cr, and Mo appear to
significantly populate and aggregate inside the grains, as
demonstrated in Figures 5(G) through () and
Figures 5(n) through (p), respectively. Combining the
results of EPMA and calculated volume fraction of
precipitates, it is postulated that solid solution strength-
ening is decreasing as PWTH prolongs. Since solid
solution strengthening is one of the main strengthening
mechanisms for Cr-Mo steel,” as PWHT holding time
increases, carbides may likely precipitate and coarsen,
and carbon in the matrix will be depleted, which will
lead to appreciable hardness reduction.

Figure 6 provides a schematic illustration of
microstructural evolution in the soft zones based on
the above analyses after different thermal states. As
shown in Figure 6(a), the original microstructure of the
QT state consists of ferrite, with a large number of
granular carbides evenly distributed inside the grains.
During welding, as the FGHAZ is exposed to a peak
temperature just above Acz and a short soaking time,
small carbides will completely dissolve into the austen-
ite in the FGHAZ, while large carbides are partially
dissolved, which may be present in the bainite matrix in
Figure 6(b). When the welded joints are subject to
PWHT, supersaturated carbon in bainite will assist the
nucleation and growth of carbides. After PWHT at 963
K for 6 hours, blocky ferrites with fine granular
carbides evenly distributed inside the grains are
observed in Figure 6(c). With the PWHT holding time
prolonged from 6 hours to 480 hours, the average grain
size of ferrites increases from 4.9 to 14.6 um, as fine
blocky ferrites morph into equiaxed ferrites. More
carbides are precipitated and aggregated inside the
grains, and exhibit considerable coarsening and
spheroidization. Dixit er al*® and Yang er alBP”
showed that tempering time played an important role
in the evolution of microstructure and the associated
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Fig. 6—Schematic illustration showing microstructural evolution in the soft zone at (a) QT, (b)) AW, and (¢) PWHT states.
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changes in mechanical performance. Long-term service
at high temperature may cause a significant growth of
grains and coarsening of carbides. As a result, pro-
longed PWHT may promote sustained grain growth,
continuous carbide coarsening, and depressed solid
solution strengthening, which may constitute the main
factors contributing to the decrease in hardness values
and account for the evolution of the soft zone after
prolonged PWHT.

In this work, microstructural features and mechan-
ical responses of the soft zone in a simulated
1.25Cr-0.5Mo steel welded joint have been investigated,
under continuous thermal histories, at the AW-ed and
various PWHT-ed states. The main causes for the
variation of the soft zone were proposed after extensive
microscopic analysis. The conclusions are summarized
as follows:

1. The soft zone could be accurately positioned in the
region of the FGHAZ adjacent to the ICHAZ after
PWHT. With the increase of PWHT holding time,
the width of the soft zone increases from 0.6 mm
(P6) to 1.8 mm (P48) and to 3.8 mm (P480).
Concurrently, the hardness value of the soft zone
decreases from 167.6 HV0.2 (P6) to 164.2 HVO0.2
(P48) and to 149.5 HV0.2 (P480).

2. The microstructure of the soft zone is primarily
composed of ferrite and carbides. As the PWHT
holding time is mounting, the average grain size of
ferrite in P6, P48, and P480 increases from 4.9 to
10.5 ym and to 14.6 um, the number densities of
carbides are 9.08 x 10°, 6.14 x 10°, and 5.89 x 10°
/mmz, and their average size are 0.35, 0.38, and 0.49
um, respectively.

3. The combined effects of grain growth, carbide
coarsening, and alloying elements segregation dur-
ing PWHT will lead to a decrease in hardness,
which is believed to lower creep strength and
eventually fail with short-term service.
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