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ABSTRACT

The present research work investigates the effect of the re-austenitizing based post-welded tempering
(PWNT) treatment on microstructure evolution and fracture characteristics of the P91 welds joint under
creep exposure condition. The major problem associated with the P91 welded joint is the failure from the
soft inter-critical heat affected zone (ICHAZ) during elevated creep service conditions. The failure is asso-
ciated with the altering of the microstructure of the P91 steel as a result of the welding heat, which leads
to the formation of ICHAZ. To investigate the creep performance of the welded joint, creep tests have
been conducted at 620 °C for applied stress of 200 MPa (PWNT 1) and 150 MPa (PWNT 2). The crept spec-
imen was carried out in detail by using the scanning electron microscope (SEM). The PWNT have
observed a significant effect on fracture characteristic, and it shifted from the soft ICHAZ to over-
tempered base zone. The inter-metallic Laves phase was observed in each region of the weldments for
specimen exposed at 620 °C for applied stress of 150 MPa (PWNT 2).

© 2020 The Authors. Published by Elsevier Ltd.
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1. Introduction

The continuous consumption of fossil fuels in coal-fired power
plants leads to environmental pollution through the emission of
greenhouse gases [1,2]. To protect the environment from the gas-
eous pollution and enhance the efficiency of the plants, ultra-
supercritical (USC) power plants are constructed. The aim of poor
pollution and enhanced efficiency is achieved by increasing the
operating parameters of steam [3-5]. The traditional creep
strength enhanced martensitic steel like P122 is not used in such
conditions as a result of poor oxidation resistance [6,7]. To meet
the challenges, 9% Cr steel is developed with excellent
creep-rupture properties and oxidation resistance at a higher
temperature of about 600-650 °C [8-10]. At the initial stage of
the development of the 9% Cr steel, P9 steel was developed. P91
steel has been developed by adding the micro-alloying element
like V, Nb, and N in P9 steel with enhancing creep strength and
mechanical properties [11-13]. A lot of studies have been con-
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ducted to investigate the effect of heat treatment on microstruc-
ture and mechanical behavior of the P91 steel and their
weldments [14-18]. The P91 steel weldments have reported a
serious issue during the elevated temperature service application-
because of the common failure of the steam generator components
from the welds joint. The failure of the welded jointmost com-
monly occurred in the soft fine-grained heat-affected (HAZ) or
inter-critical HAZ [19-22], and termed as the Type IV failure. The
failure associated with soft ICHAZ/FGHAZ zone resulted in inferior
creep properties of the P91 welds joint as compared to virgin P91
steel. A lot of trial basis heat treatments were performed to
enhance the elevated temperature strength of P91 welds joint
and to overcome the Type IV cracking [23-25]. The most common
heat treatment employed for martensitic grade welds joint istem-
pering in the temperature range of 730-760 °C for the varying time
in the range of 60-120 mins [26,27].The studies related to re-
austenitizing based post-weld tempering (PWNT) treatment has
also been performed for the P91 welded joint and have observed
a positive response on mechanical and microstructural behavior
[15].The PWNT also helps in the dissolution of unwanted delta fer-
rite patches forms in WM and HAZ during the welding cycle
[28,29]. The hydrogen induced cold cracking of the welds joint is
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another serious issue. Schaupp et al. [30] had performed the Weld-
ability test of the 960 MPa grade high-strength steels by using the
Implant test. The effect of the diffusible hydrogen content on lower
critical stress has also been studied. The crack initiation during the
implant tests was mainly observed in coarse-grained HAZ because
of their brittle nature. The brittleness nature in CGHAZ can be
reduced by using the reasonable bead.

Sequence [31]. Pandey et al.[32,33] had also studied the role of
the diffusible hydrogen content on mechanical performance of the
welds joint by using the Implant tests. The mechanical properties
of the welds joint get decreased significantly by increasing the
amount of the diffusible hydrogen content in the deposited metal.

From literature, it is clear that the research related to the effect
of the PWNT on creep behaviors of the P91 welded joint has not
been reported yet. The present work focuses on the creep behavior
of the P91 welded joint and microstructure characterization of WM
and HAZ for the crept specimen.

2. Experimental details

The P91 steel plate of dimensions 150 mm x
100 mm x 18mmwas used for the experiment purpose. The joining
of the P91 steel plate was carried out by using the shielded metal
arc welding (SMAW) process and Gas Tungsten Arc (GTA) welding
process. The detailed experimental investigation, including the
welding process parameters and groove designs are discussed in
my earlier work [34]. TheGTA welding process with ER90S-
B9electrode(®1.6 mm) and SMAW processwith electrode rod of
diameter 4 mm wasemployed for the root passes and filling passes,

Table 1

Creep tests condition.
Creep test Applied stress Temperature Fracture
condition (MPa) (°C) location
PWNT 1 200 620 BM
PWNT 1 150 620 BM

Whbage b
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respectively. The welded jointhas been subjected to re-
austenitizing at 1040 °C for 60 min and followed bytempering at
760°C for 2 h (PWNT) [35,36].The creep test specimens were
machined from the heat-treated plate with gauge length and gauge
diameter of 50 mm and 4 mm, respectively, as per reference [36].
The test condition employed for the creep is depicted in Table 1.
The crept specimen has been cross-sectioned for the metallo-
graphic characterization and mounted in resin. For polishing, stan-
dard metallography technique has been utilized. To reveal the
microstructure of the different zone in the crept specimen, pol-
ished samples were etched in Villella’s solution. The fracture sur-
face of the crept samples was also studied using the optical
microscope. The creep curves for PWNT 1 and PWNT 2 are dis-
cussed in my previous work [34]. The creep rupture life is mea-
sured to be 467 hrs for PWNT 1 condition and 2432 hrs for
PWNT 2 condition.

3. Results and discussion
3.1. Microstructure evolution during the creep exposure

The crept specimen for both the heat-treatment conditions is
depicted in Fig. 1(a). For microstructure characterization in a dif-
ferent zone and to serve the fracture location, the fractured speci-
mens are mounted in resin, as shown in Fig. 1(b). Fig. 1(b) shows
the fracture location of the creep tested specimen, and it was in
over-tempered base zone. The weld zone, HAZ, and over-
tempered base zone are clearly marked in Fig. 1(b). The detailed
characterization of different zones (pointed in Fig. 1(b)) of the frac-
tured specimen is discussed below.

Fig. 2 shows the micrograph of the crept sample at different
locations for both PWNT 1 and PWNT 2 conditions. For PWNT 1,
the creep cavities are observed near the crack tip of the fractured
specimen, as depicted in Fig. 2(a). At the AGBs, a higher density
of the coarse carbide particles is observed in the black dotted form
(Fig. 2(a)). The creep cavities are mainly noticed along the lath

Fig. 1. (a) Fractured creep tests specimen in different PWNT condition (b) mounted specimen removed from the crept specimen for detail microstructure analysis.
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Fig. 2. Micrographs at different locations, as shown in Fig. 3(b); for PWNT 1 (a) at crack tip, (b) away from crack tip, (¢) fine-grained HAZ, (d) WFZ; for PWNT 2 (e) at crack tip,

(f) away from crack tip, (g) FGHAZ, (h) WFZ.

blocks and PAGBs and formation of creep cavities are attributed to
the evolution of the brittle intermetallic phases and presence of
coarse My3Cg particles. The lath blocks surrounded by the precipi-
tates are also observed inside the packet boundaries of the PAGBs.
The precipitates located along the boundaries show the brittle nat-
ure as compared to the martensitic matrix. At point b (Fig. 2(b)),
the density of particles is higher, and the PAGBs are also difficult
to trace that confirms the coarsening of the grains. The microstruc-
ture observed at point ¢ (FGHAZ) shows a similar behavior as point
a. Both PAGBs and lath blocks are observed to be surrounded by the
precipitates, as depicted in Fig. 2(c). However, the density of coarse
precipitates is observed to be less as compared to point b. The
identical microstructure with almost similar grain size, precipitate
size, and hardness was reported for the PWNT specimen [14,37].
However, the size of precipitates and the size of grains after he
PWNT are observed to be much higher than the post-weld heat-

ér'éep
cavities

i

treated sample and as-received material [9,11]. The coarse precip-
itates present in P91 weldments undergo further coarsening during
the creep exposure that results in the formation of deep cavities.
The microstructure at point d (fusion zone) shows the presence
of tempered martensite with coarse precipitates. In the weld fusion
zone, coarse precipitates along the PAGBs are shown in the red cir-
cle of Fig. 2(d).

For PWNT 2, the micrograph at a different location is shown in
Fig. 2(e-h) as per Fig. 1(b) [38]. The characterization of the crept
sample for the PWNT 2 condition is taken from my previous work
[38]. At point e, elongated lath blocks are observed in the direction
of the loading along with minute creep cavities (Fig. 2(e)). For
PWNT 2, the density of the coarse precipitates is observed higher
than the PWNT 1. The precipitates in the lower stress regime are
confirmed as the coarse M,3Cs and intermetallic Laves phase. The
Mo-rich Laves phase (Fe,Mo) is developed during creep exposure.

Fig. 3. Micrographs of crack tip (a) creep sample for PWNT 1, (b) creep sample PWNT 2; magnified view showing location of the cavities for (c) PWNT 1, (d) PWNT 2.
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The accumulation of the coarse precipitates in the subzone of the
crept P91 welded sample is highlighted in the red circle. At point
f and g (FGHAZ), the coarse PAGBs are difficult to observe, and it
can be traced by the precipitates present along it, as shown in
Fig. 2(f) and 2(h), respectively. For short term creep exposure, both
M,3Cs and Laves phase provide the pinning to grain boundaries
and improves the strength of the welds joint. The Laves phase
shows a higher coarsening rate after the evolution [6,39,40] and
losses their pinning effect with time. In WFZ (point h), grain
boundaries are clearly traceable by the precipitates (Fig. 2(h)).
For further investigation of the crack tip, the low magnification
optical micrographs are taken, as shown in Fig. 3. For the creep
exposed sample at 620 °C at 200 MPa (PWNT 1), the crack tip of
the crept sample shows the elongated deep cavities in the direction
of the loading, as shown in Fig. 3(a-b). However, a number density
of creep cavities for PWNT 2, i.e., the low level of applied stress was
measured higher as compared to PWNT 1, as shown in Fig. 3(b).

Materials Today: Proceedings xxx (XXXX) XxX

The detailed view of crack-tip shows the origin of the creep cavi-
ties, and it was generally originated at the PAGBs or along the lath
blocks having a higher density of the precipitates, as shown in
Fig. 3(c—d). The nucleation of the creep cavities along the PAGBs
and lath blocks leads to higher stress concentration as a result of
brittle, coarse precipitates, and soft matrix. The creep voids are
generally considered along the packet boundaries, lath boundaries,
PAGBs, or triple boundaries, mainly due to a higher density of sec-
ondary phase coarse M,3Cg particles or Laves phase. The voids for-
mation at the triple boundaries of PAGBs and martensite laths are
clearly shown in Fig. 3(c). The stress concentration as a result of
coarse precipitates is widely accepted and reported cause of creep
voids/creep cavities resulting in final creep fracture of the P91
welded joint [41].

Typical SE image at different zone of the crept specimen is
shown in Fig. 4 for both low and high applied stress regimes at
creep exposure temperature of 620 °C. For PWNT 1 condition, at

Fig. 4. Micrographs at different location as shown in Fig. 1(b); for PWNT 1 (a) at crack tip, (b) away from crack tip, (c) FGHAZ, (d) WFZ; for PWNT 2 (e) at crack tip, (f) away

from crack tip, (g) FGHAZ, (h) WFZ.
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Fig. 5. Higher magnification micrograph at the crack tip for crept specimen of PWNT 1 condition, (b) EDS analysis of the white particles located at PAGBs, (c) area elemental

mapping of the FGHAZ for PWNT 1 condition.

crack tip (point a), typical columnar lath decorated with coarse
precipitates are observed, as shown in Fig. 4(a). Typical size and
morphology of coarse M,3Cg precipitates are shown in the top right
portion of Fig. 4(a). At point b, microstructure looks similar to point
a with coarse M,;Cgprecipitates along lath and PAGBs. The coarse
precipitates density is observed higher at PAGBs and lath blocks,
as shown in Fig. 4(b). The fine precipitates in order of 20-40 nm
are observed inside the martensitic matrix region and remain
stable thought out the creep exposure service, confirmed as V
and Nb-rich MX type precipitates [42]. In FGHAZ (point c), triple
point with a higher density of precipitates is observed that resulted
in higher stress concentration at triple points, which leads to dam-
age. The triple point with a higher density of the precipitates is also
observed in Fig. 4(c). At point d (WFZ), microstructure looks differ-
ent as compared to other points in terms of precipitates morphol-
ogy. In micrograph of the WFZ shows the agglomeration of carbide
precipitates at the grain boundaries (Fig. 4(d)). The size of the

agglomerated precipitates measured to be in the range of 490-
600 nm.The agglomeration of precipitates also leads to stress con-
centration and leading to crack nucleation.

The micrograph of the different zone in PWNT 2 conditions
(620 °C/150 MPa) is shown in Fig. 4(e-h) and includes the crack
tip, base zone, FGHAZ, and WFZ [38]. The characterization of the
crept sample in the PWNT 2 condition is reported in detail in my
previous work [38]. At point (e), typical elongated columnar lath
morphology is observed. The coarse precipitates which are sur-
rounded by some other fine precipitates are observed in the crack
tip zone, as shown in Fig. 4(e). For detailed observation, the SE
micrograph at a magnification of 50000x is taken, as shown in
the top right of Fig. 4(e). The SE image shows the accumulation
of precipitates at the grain boundaries and lath blocks. The Laves
phase (Fe;Mo) evolution is observed in each zone of the PWNT 2
crept specimen. The evolution of the Laves phase are mainly
occurred at the PAGB, or lath and packet boundaries in block-
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Fig. 6. Line mapping of WFZ in PWNT 1 condition (a) and (b); peaks of different element (c) Cr, (d) V, (e) Fe, (f) Nb, (g) Mo, (h) C.

shape, chain shape, or a bulky shape. The evolution of the Laves
phase results in swallowing of the M,5Cg and other useful precip-
itates. That results in degradation of the creep strength of the
welds joint.

The formation of the Laves phase is also observed in FGHAZ
(point g) and WFZ (point h), respectively. The detailed observation
of the coarse Laves phase is also performed using the line and ele-
mental mapping, as discussed below. The size of M,3Cg precipitates
is measured in a range of 110 to 397 nm, with an average of
283 nm. The size of the Laves phase is measured in a range of
575 to 837 nm, with an average of 695 + 80 nm.

The crack tip micrograph for PWNT 1 is shown in Fig. 5(a). The
EDS analysis(Fig. 5(b))confirms the formation of M,3Cg precipitates
enriched with Fe and Cr and MX precipitates enriched with Nb. Ele-
mental mapping is performed for the FGHAZ of the crept sample
exposed in a high-stress regime of 200 MPa (PWNT 1). The triple
point shows the three PAGBs boundaries surrounded by coarse
precipitates. The elemental area mapping confirmsthe higher den-
sity of C, Nb, and Mo at the PAGBs and poor densityfor Fe. A uni-
form distribution is observed for the Cr and V. The higher density
of C and Mo confirms the formation of the Cr-rich M,3Cg phase,
and diffusion of Mo precipitates along the boundaries. In as-
received conditions, Mo is observed to be distributed both in the
matrix region and along the PAGBs; however, a higher weight per-
centage was observed along the PAGBs [43]. Nb enriched NbC for-
mation is also confirmed along the PAGBs. The Fe shows the poor
density at the PAGBs (Fig. 5(c)). Hence, the elemental mapping of

FGHAZ confirms the formation of Cr-rich M»3Cg and Nb-rich NbX
along with the diffusion of Mo towards the PAGBs that latter leads
to the nucleation of Laves phase in the expense of M33Cg. The ele-
mental line mapping is performed for the WFZ, whichconfirms the
higher peak intensity of C, Nb, and Mo at the bulk precipitates
while simultaneous lower peak intensity of Fe (Fig. 6). The peaks
of the other elements are observed to be uniform except for the
Cr. The increase in peaks of Cr at white precipitates confirms the
formation of Crp3Ce. The higher peak intensity of Mo confirms
the accumulation of Mo particles at the PAGBs, and Nb and C con-
firm the formation of NbC and Cr,3Cs. The higher peak intensity of
Mo might also be due to the evolution of Mo enriched Laves phase.
In PWNT 2 condition, the different morphology precipitates at the
crack tip are shown in Fig. 7(a) [36]. The detailed characterization
of the crack tip has been reported in my previous work [36]. The
EDS analysis shows the Nb, C, and Mo as a major element. The area
elemental mapping also ensured the segregations of Mo at the
PAGBs. The precipitates may be Mo enriched Laves phase, and
Mo and Cr enriched M,3Cg. The higher weight percentage Nb at
bulk particles might be due to the formation of NbC at the vicinity
of the Laves phase (Fig. 7(c)).

In PWNT 2 condition, to confirm the precipitates in FGHAZ of
the crept sample, the detail characterization is reported in Fig. 8.
For the same condition, the detailed characterization of the FGHAZ
is reported in my previous work [38]. The agglomeration of precip-
itates along the PAGBs is shown in Fig. 8(a). The EDS analysis of the
spectrum (Fig. 8b) ensures the formation of the Mo and W enriched
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Fig. 7. (a) Crack tip of the crept specimen for PWNT 2 condition, (b) EDS spectra of the white precipitates, (c) area elemental mapping of the crack tip.

Laves phase (Fey(W, Mo)). The formation of Nb rich NbX particles is
also ensured from the EDS analysis. The elemental line mapping
along the boundaries shows the higher peak intensity of Mo and
Nb, which also ensures the accumulation of Laves phase and NbX
along the PAGBs(Fig. 8(c-d)). Fig. 8(e) shows the results of area ele-
mental mapping. The creep exposure results in the diffusion of Mo
from the martensitic matrix to boundaries and surrounds the
M,3Cg particles. After a certain period of exposure, the higher den-
sity of Mo at boundaries leads to the nucleation of the bulky inter-
metallic Laves phase. The nucleation generally occurs at the M33Cg
particles, and after a certain time of exposure formation of the
Laves phase results in the swallowing of M,3Cg particles and a
drastic coarsening rate is observed. From the elemental mapping,
a higher density of Mo and Nb is clearly seen on the bulk precipi-
tates. The higher Cr concentration is also observed along with the
bulk particles that ensure the surrounding of the Laves phase from
the Cr-rich M»3Cg particles. The WFZ was characterized for the
crept specimen of PWNT 2 and results are depicted in Fig. 9. The
EDS analysis confirms the formation of the Laves phase (Fig. 9
(b)). The heterogeneity in the distribution of the Fe, Mo, C, Nb is
seen from the area elemental mapping. Mo and Nb show the higher
density at the bulk precipitates, which ensures the formation of the
Fe,Mo and NbC. A uniform distribution of V particles inside the
martensitic matrix is ensured from Fig. 9(e).

3.2. Microhardness before and after creep tests

The microhardness of the virgin base plate of P91 steel was
measured 231 +5 HV. In the as-welded condition, a great hetero-
geneity was reported in hardness along the P91 weldments as a
result of the welding heat [44]. The welding heat also leads to
the development of the quenching stress in the welds joint, which
leads to the premature failure of the welds joint. To remove the
quench stresses and enhance the mechanical properties of the
welds joint, PWHTs was recommended. PWHT also helps to
enhance the creep rupture life of the welds joint by delaying the
Type 1V failure. However, the hardness gradient still exists across
the P91 weldments after the PWHT [12]. The PWNT results in an
almost negligible hardness gradient across the P91 weldments, as
reported by Pandey et al. [14].

After the creep failure, the variation in hardness along the weld-
ments is shown in Fig. 10. For the low level of the applied stress, the
hardness was measured in the range of 190-195 HV at the crack tip.
The hardness gets increased as move away from the crack-tip, and
the maximum was measured in the WFZ. The hardness in WFZ and
HAZ does not show much variation after the creep failure. Sample
crept in high applied stress regime shows the higher hardness as
compared to sample crept in low-stress regimes of 150 MPa. The
hardness near the crack tip is measured to be 215 HV (PWNT 1)
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Fig. 8. For PWNT 2: (a) SE micrograph of FGHAZ showing the formation of Laves phase, (b) EDS spectra of white particles, (c) and (d) elemental line mapping at PAGBs, (e)

elemental area mapping of the microstructure.

WEFZ was 203 HV for both PWNT 1 and PWNT 2. As compared to the
PWNT sample before the creep exposure, a slight decrease in hard-
ness of P91 weldments was observed after the creep rupture.

and observed to be decreased as the move away towards the WFZ.
The hardness measured in FGHAZ is higher for the PWNT 1 as com-
pared to PWNT 2. However, the average hardness measured in the
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Fig. 10. Hardness variation along the weldments in the crept sample [28].

4. Conclusions

The present research work showed the effect of the heat-
treatment on creep rupture behavior of the P91 welds joint. The
obtained results have been summarized as follows:

e The crept sample at high applied stress regime (PWNT 1)
showed the coarsening of M,3Cg precipitates along with the dif-
fusion of Mo towards thePAGBs for each region of the weld-
ments (crack tip, FGHAZ, and WFZ).

e The crept sample at a low applied stress regime (PWNT 2)
showed the nucleation of the Mo-enrichedinter-metallic Laves
phase at the grain boundaries in the expense of M,3Cg for each
zone of the weldments. The segregation of the Nb particles at
the PAGBs has also been observed.

e A higher density of creep voids was observed at the triple
boundaries, which was associated with a higher density of
coarse M,3Cg precipitates. The interface of the brittle phases
(coarse My3Cg precipitatesand Laves phase)and soft matrix at
the triple boundaries led tohigher stress concentration that
resulted inthe formation of and creep voids.
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